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Abstract

The Nuclear Shell Model provided the first coherent description of the nucleus which
accounted for a wide range of nuclear properties. The model originated from observations of
particularly stable isotopes with certain numbers, known as ‘magic numbers’, of protons and
neutrons. At the time it was developed, in the 1960s, observations were limited to naturally
occurring, and therefore stable, isotopes. With the advent of radioactive beam facilities, new
studies indicate that the magic numbers seem to evolve and model corrections are required.

In this thesis, the TITAN Multiple-Reflection Time-Of-Flight Mass Spectrometer (MR-
TOF-MS) was employed to study ‘new’ magic numbers N=32,34 across a range of isotopic
chains about the traditionally magic Z=20. This work includes a characterisation of the
TITAN MR-TOF-MS and high-precision mass measurements of °*Ca, 545%Sc, 54=56T}i, and
54-58V . Isotopes of neutron-rich Ca, Sc, Ti and V were produced at the TRIUMF-ISAC
facility and transported to the TITAN facility for measurement.

The results show magicity at N=32 is at a maximum in °2Ca, and the effects decrease with
increasing Z across the isotopes measured, the effects are slightly weaker in ?3Sc, and cease
between ®#Ti and ®>V. This evolution is dramatically different due to the new measurements
of ®558c. The precision on the masses of all isotopes measured in the study is improved
in comparison to the AME2016, and results include the first ever direct mass measurement
of ®8V. The evolution of N=32,34 magicity is explored via these new high-precision mass
measurements.
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Chapter 1

Introduction

The nucleus of an atom is formed of protons and neutrons, collectively known as nucleons.
All isotopes can be classified on the chart of nuclides, shown in figure 1.1, according to their
proton number (Z) and neutron number (N). Z defines the different chemical elements, and
N defines the different isotopes for a given element. The isotopes in figure 1.1 in darker
grey squares are ‘stable’ isotopes (they do not spontaneously radioactively decay or their
determined nuclear half-life exceeds the Earth’s age) which form what is known as the ‘valley
of stability’. The valley of stability follows Z=N until approximately Z=20, after which point
it veers towards heavier N (more neutrons in the nucleus), referred to as more ‘neutron-rich’
nuclei. At this point more neutral nucleons are required to keep the nucleus bound by buffering
the repelling effects due to the Coulomb force between the positively charged protons in the
nucleus. The Coulomb force repulses protons from one another, and has infinite range. The
strong (nuclear) force binds the nucleus and is stronger than the repulsive Coulomb force, but
has an effective range only within the nucleus (~1 fm).

Within the nucleus there is an internal nuclear structure of protons and neutrons, similar
to the electron structure in an atom. The atomic shell model is used to describe the structure
of orbital electrons about the nucleus where electrons fill discrete energy levels to form closed
shells. At specific numbers of electrons the ionisation energy is particularly high. A similar
hypothesis can be applied to the nucleus of the atom: the nuclear shell model [2]. The closed
shells form at empirical ‘magic numbers’: 2, 8, 20, 28, 50, 82 and 126. At magic numbers
of protons and neutrons closed nuclear shells form where the energy required to separate a
proton or neutron from the nucleus is particularly high. These magic numbers are true for
isotopes which are in and close to the valley of stability. However, in isotopes located far from
the valley of stability (known as ‘exotic’, and defined by a large N/Z asymmetry) these magic
numbers have been observed to disappear [3] and ‘new’ magic numbers to appear [4] which has
stimulated investigations to understand the evolution from the original shell behaviour. Magic
numbers become fickle far from stability due to the large imbalance between the protons and
neutrons and the complex interactions between the nucleons within the nucleus, as discussed
in [5]. Figure 1.1 shows the empirical magic numbers marked at 2, 8, 20, 28, 50, 82, and 126,
and also indicates where shell features have been observed outside these traditional magic
numbers.

The nucleons outside the closed shells (valence nucleons) govern the properties of the
nucleus, much the same as valence electrons govern the properties of the atom. These prop-
erties include the energy of the excited states of the nucleus, nuclear charge radii, half-life
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Figure 1.1: Features in the neutron (a) and proton (b) shells derived from nuclear properties.
Blue diamonds label unexpected shell effects, black squares label expected shell effects, red
circles indicate a lack of shell features. Orange stars indicate mixed findings. More details
are found in the original figure, taken from [1].

in radioactive nuclei and the energy required to separate a nucleon from the nucleus. From
measuring these properties, evidence for nuclear shell effects can be studied, thus revealing
the nuclear structure related to the shells of the nucleus.

The energy of the first excited state in an even-even nucleus (even Z and N) is typically
high at a magic number [1]; a greater energy is required to promote a magic nucleus (nucleus
with a magic number of protons or neutrons) to an excited state. Figure 1.2 from [5] shows
the classic magic numbers (top) and ‘new’ magic numbers (bottom) from studies of the first
excitation energy. Energies of excited nuclear states can be measured via «-ray spectroscopy.
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Figure 1.2: Excitation energy of the first 24 state in even-even nuclei for stable and long-lived
species (a) and of all nuclei as of 2016 (b), as a function of neutron number for many isotopic
chains. Empirical magic numbers are demonstrated in (a), but more features are seen in (b)
around ‘new’ magic numbers. Figure taken from [5].

Nuclear charge radii can be explored via the ‘mean-square charge radius’ (which is not a
direct observable, but can be extracted from experimental findings) due to the charge density
distribution in the nucleus. Closed shell effects are observed by a sharp rise in the mean-
square charge radius when one additional nucleon is added beyond the closed shell [1]. The
nucleon binding at a closed shell is particularly ‘strong’ and this leads to the assumption of
a tightly arranged spherical configuration, where the protons are close together. This in turn
would be reflected in a smaller charge radius. With an additional nucleon added beyond the
magic number, the charge (and matter) radius increases as the valence nucleon is less bound
outside the closed shell. Nuclear charge radii can be studied via laser spectroscopy [6].

Exotic nuclei are often referred to as ‘short-lived’ due to their short half-lives. Magic
nuclei are more bound than their neighbours and this can manifest in an increased half-life.
The half-life of an isotope can be measured via decay spectroscopy.

At closed shells, the nucleus can be described as more bound; it requires more energy to
separate a proton or neutron from the nucleus than in neighbouring isotopes, thus allowing
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identification of where nuclear magic numbers exist. As nucleons are added to the nucleus, the
separation energy decreases as a trend overall, however there are deviations within the trend.
For example, after a closed shell the separation energy has a more significant drop. This is
evidence of closed shell behaviour and indicative of magic nuclei being more stable in compar-
ison to neighbouring isotopes. High-precision mass measurements enable the measurement of
the proton or neutron separation energy [7] and, when coupled to a source of radioactive ions
for example a RIB facility, is a direct method to study these nuclear phenomena in exotic
species.

The binding energy of a nucleus is the cumulation of all interactions between the nucleons.
From E = mc? it is known that energy can be equated to mass. The binding energy is
calculated from the difference in mass from the nucleus as a whole and its protons and
neutrons. Thus, it is the energy required to break the nucleus into individual nucleons. The
single nucleon separation energy, the energy required to remove a single nucleon from the
nucleus, oscillates with odd and even Z and N, where nuclei with an even number of protons
or neutrons have a higher separation energy (and are more bound). Even—even nuclei are
more stable than odd-odd due to their unpaired nucleon. By studying the two-neutron (or
two-proton) separation energy (S2xn ), that is the energy required to release two neutrons from
the nucleus, this disparity is avoided. Syy is defined by equation 1.1 where M(Z,N) is a
nucleus with Z protons and N neutrons, m,, is the mass of a neutron and c is the speed of
light.

Son = [M(Z,N —2) — M(Z,N) + 2my]c? (1.1)

This gives a quantifiable measurement to interpret nuclear stability while avoiding odd-even
pairing effects. Figure 1.3 from [8] shows the Son with increasing neutron number for many
isotopic chains. Particular features can be seen to demonstrate nuclear shell closures, for
example, beyond N=28 the Sox decreases rapidly in many isotope chains indicating a global
reduction in binding energy after the well-known shell closure. A similar but local effect can
be seen around N=32 in Ca and Sc.

The evolution of the traditional magic numbers is of particular interest around N=32,34,
between the N=28 and 50 shells, around magic Z=20. ‘New’ subshells at N=32,34 have been
most prominently observed in Ca isotopes with magic proton number Z=20. Studies have
extended into neighbouring isotope chains in order to map the progression of these shells
in this region. Evidence for magicity has been seen in decay-spectroscopy data and mass
measurement data, but curiously this is not reflected in charge radii data.

First descriptions of the N=32 subshell arose from (-decay studies of 3K, 52Ca, and ®3Sc
[9]. This was followed by TOFI mass measurements observing increased binding at N=32
[10-12]. Decay-spectroscopy studies at NSCL expanded into Sc, Ti, V, and Cr isotopes, and
provided further evidence for a subshell at N=32, and suggested a subshell at N=34 in 5‘Ca
[13-16]. Alongside these experimental results, theorists predicted shell closures in Ca at N=32
and N=34, explained due to the increasing N-Z imbalance causing the pf-shell interactions
in this region [17]. Penning trap mass measurements, to complement the decay-spectroscopy
studies, were performed on Cr isotopes which indicated a sub-shell closure at N=32 [18].
Systematic studies of the half-lives of neutron-rich Ca isotopes contributed further evidence
to the presence of a subshell gap at N=32 [19]. [-decay studies of Ca, Sc, and Ti isotopes
around N=32 provided yet more evidence for the existence of the subshell in Ca isotopes [20].
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Figure 1.3: Two-neutron separation energy (Say) for increasing neutron number for isotopic
chains 10>7>42. The expected N=28 shell closure manifests as a kink in the slope and can
be observed for nearly all species shown. In comparison a similar sudden drop at N=32,34 is
unexpected and restricted to the neighbourhood of 5%54Ca. Figure taken from [8].

Meanwhile the conclusion of the theoretically predicted subshell closure at N=34 was unclear
[18, 20-22].

In the past decade, TITAN mass spectrometry up to N=32 identified 2Ca to be signif-
icantly more bound than previously determined, and directly identified this doubly magic
nuclei [3]. This was subsequently confirmed at ISOLTRAP [4]. Decay-spectroscopy measure-
ments of ®*Ca at RIKEN identified N=34 shell effects in °*Ca, though of a lower magnitude
than in 52Ca [23], later supported by mass measurement results [24]. In neighbouring chains,
mass measurement results and ~-ray studies support the persistence of the N=32 subshell into
Ar, K and Sc isotopes [25-27], and the N=34 subshell closure in Ar and Sc [27, 28]. Converse
to the decay-spectroscopy and mass measurement data, the charge radii of ®>Ca measured
at ISOLDE was found to be “much larger than expected for a doubly magic nucleus” [29].
The TITAN investigation into the region beyond the N=28 shell closure in nuclei far from
stability continued in 2017 via the study of neutron-rich ®!=5°Ti and 52~%°V isotopes across
the N=32 shell closure [30, 31] utilising the established TITAN measurement Penning trap
and demonstrating the TITAN MR-TOF-MS as a trusted mass measurement device. The
results, as well as significantly reducing uncertainties on the mass values, identified weak shell
effects in Ti isotopes and complete quenching of shell effects in V isotopes.

In this thesis, systematic mass measurements of Ca, Sc, Ti and V isotopes across the
N=32,34 shell closures are presented to map the evolution of magicity with increasing proton
number. Ca is proton magic, with Z=20, and hence an anchor point from which these
studies originate. As protons are added, the forces between the nucleons changes and the
N=32,34 shell closures evolve. High-precision mass measurement results around Z < 20 were
collected at the TITAN facility, using the TITAN MR-TOF-MS. The TITAN MR-TOF-MS,
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commissioned in 2017, is characterised in the thesis, including an analysis of systematic errors
which contribute to all TITAN MR-TOF-MS measurements. This evaluation of errors is
utilised in the analysis of high-precision mass measurements of isotopes of Ca, Sc, Ti, and V.
The mass measurement results are complimented by half-life measurements of 1 ~?4Ti isotopes
collected via decay spectroscopy at the ISAC Yield Station. The results presented in this
work combine to provide a multifaceted picture of the N=32 shell closure, and extend beyond
N=34, in the Z < 20 region, and provide motivation for both experimental and theoretical
developments to better understand the complex forces between nucleons, and their evolution
at the extremities of the nuclear chart.
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Chapter 2

Background to Experimental
Methods

To study the nuclear properties which are exhibited by magic nuclei, access to radioactive
ions is required. Nuclei far from the valley of stability, with a great imbalance of protons to
neutrons, described as the most exotic nuclei, are the most difficult to produce and the most
interesting to study due to their rarity and the unusual effects which do not occur in stable
nuclei. Moreover, the extreme proton-to-neutron ratio represents a ‘stress test’ of theoretical
predictions in extreme environments. Experimentally, these species have the shortest half-
lives (down to ns and below) which makes performing measurements on them more challenging
due to the short time window before their decay. It is a technical requirement to get these
isotopes from production to the measurement facility fast enough, compared to their specific
nuclear half-life. Moreover, these nuclei tend to have the lowest production rates due to
reduced production cross-sections and suffer the most from contamination due to increased
production yields of isobars closer to stability.

2.1 Radioactive Ion Beam (RIB) production

To perform measurements on radionuclides a radioactive ion beam (RIB) is required.
There are two main methods for RIB production: the in-flight method and the isotope sepa-
ration on-line (ISOL) method [32], both shown in figure 2.1.

The in-flight method

The in-flight method projects a heavy ion beam (up to U) onto a thin target at high energy
(~100 MeV to 1 GeV). Due to the heavy ion beam at high energy, the reaction products are
liberated from the target and are carried forwards. Consequentially, they are separated while
in flight (hence the name ‘in-flight’). Due to the high beam energy the products are projected
forward from the target in an ionic state. This is a fast production method where flight
times are on the scale of 100-300 ns. All elements up to U can be produced which gives an
opportunity for new isotopes to be discovered. The beam produced has a large energy spread
and is a cocktail of elements. In addition, such an approach leads to low beam purity of a
specific desired ion of interest, and requires a fragment separator to select species. Current
examples of in-flight facilities are at GANIL in France [34], GSI in Germany [35], NSCL/MSU
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Figure 2.1: Schematic for the two radioactive ion beam (RIB) production methods: the
isotope separation on-line (ISOL) method and the in-flight method. Also included is the
hybrid method which uses a gas catcher, this method is not discussed in detail. Figure taken
from [33].

in the US [36], RIKEN in Japan [37], and the Heavy Ion Research Facility in Lanzhou, China
[38]. Future facilities or upgrades are planned at FAIR at GSI [39], and FRIB at NSCL/MSU
[36].

The Isotope Separation On-Line (ISOL) method

ISOL uses light particles (typically protons, neutrons, deuterons, photons or He ions) at
high energy (around 100 MeV to 1 GeV) impinged upon a thick target. The target is thick
enough so the light projectile is stopped within it and nuclear fission (in the case of photons),
fragmentation and spallation reactions occur in the target, depending on the target material
(for example Ta, UCx, U, etc.). The reactions happen essentially ‘at rest’ as opposed to ‘in-
flight’. The reaction products diffuse out of the target through a transfer line for ionisation.
Compared with in-flight, the ISOL technique is more element specific and typically leads to
singly charged ions, and subsequently cleaner beams with less contamination are produced.
The energy spread in the resulting beam is smaller than in-flight, originating from heating of
the target and corresponding ionisation methods and geometries. ISOL beams are ideal for
low energy experiments, for example in-trap high precision mass measurement experiments
and laser spectroscopy. The ion beam can be re-accelerated if high-energy beams are needed.
Current major ISOL facilities are HIE-ISOLDE at CERN [40, 41], SPIRAL at GANIL in
France [42], TRIUMF/ISAC in Canada [43], IGISOL in Finland [44] and ALTO in France
[45]. Future projects are SPIRAL-2 at GANIL [46], and ARIEL at TRIUMF [47].

2.2 Mass measurement techniques

Mass spectrometry is a direct measurement method which can be employed to measure
the mass of stable or radioactive ions (given access to a RIB facility). Mass measurements of
radioactive nuclei have expanded knowledge and understanding of the nucleus, which has led
to the development of the nuclear shell model [2]. Current high-precision mass measurement
techniques provide knowledge for nuclear structure, nuclear decay, nuclear astrophysics, as
well as input and testing of theoretical models [48].
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For high-precision mass measurements to be performed, mass spectrometers need high
resolving power and low relative uncertainty. Mass resolving power (R = m/Am) is the
ability to separate and distinguish between two species. Relative uncertainty (precision)
(6m/m) is the ratio of the absolute uncertainty of the mass value to the mass value itself. The
latter has contributions from many factors including energy spread, statistics and systematic
uncertainty of the measurement method or device. The precision required to determine
nuclear shell effects (which are on the order of MeV) is typically dm/m = 1 x 10~7, nuclear
astrophysics dm/m = 1 x 1077 - 1078, while other nuclear applications (for example, testing
fundamental symmetries and neutrino physics) need as much as ém/m = 1 x 1078 - 107 [7].

In the following sections different mass spectrometry techniques suitable for mass mea-
surements of radioisotopes will be discussed and compared. The techniques discussed are
considered to be a form of Time-Of-Flight (TOF) Mass Spectrometry: a particular type of
mass spectrometry which utilises the principle that ions with a given kinetic energy, which
are travelling the same distance, will take a different time to travel from one point to another
depending on their mass-to-charge ratio, which ultimately can be used to deduce the mass.

Storage Ring Mass Spectrometry

A storage ring is used to store charged particles at well-defined energies. Currently, storage
rings for RIBs exist at in-flight facilities and so facilitate the study of fragmentation based
isotopes [7]. Plans exist to couple the ISOLDE-ISOL facility with a storage ring [49]. In
storage ring mass spectrometry the ions are separated using bending and focusing magnetic
multipoles. A beam of ions with charge q, travel through a well defined magnetic field B,
with momentum p, to form a circular motion with a gyroradius of p (this is the radius of
the circular motion) due to this field. The revolution time of an ion in a storage ring with
fixed magnetic rigidity Bp, defined in equation 2.1, depends on its momentum—to—charge ratio
given by muv/q, where m is the ionic mass.

Bp ‘ . (2.1)

The mass-to-charge ratios (m/q) of the separated ions is deduced from their revolution

frequencies v, according to equation 2.2 where v is the relativistic Lorentz factor typically

needed for the energies used at fragmentation facilities, +; is the ’transition energy’ of the

storage ring (which all species in the storage ring are given regardless of their m/q), and Av/v
is the velocity spread of the beam.

2
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Storage ring mass spectrometry uses two techniques: Schottky Mass Spectrometry (SMS)
and Isochronous Mass Spectrometry (IMS), both schematically shown in figure 2.2 [50]. In
SMS the ion beam is ‘cooled’ to increase the precision of the measurement by reducing the
inherent energy spread. The revolution time of an ion in a storage ring depends on its
momentum-to—charge ratio. An electron beam cooler (with cold electrons travelling in the
opposite direction to the ion beam) is used to reduce the velocity spread of the ions, thereby
making the second term of equation 2.2 practically zero. So, the revolution frequencies of
cooled ions depends only on their mass-to-charge ratio m/q. The cooling time is 1-2 s which
means the most exotic species cannot be studied and hence the technique is suitable only
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for longer-lived nuclei. The ions induce a charge on a detector with each revolution. A
Fourier transformation of the signal reveals a spectrum of the revolution frequencies which
can be translated to the m/q and ultimately the atomic mass. IMS does not involve cooling
and uses TOF measurement techniques for short-lived exotic nuclei which are injected at
the transition energy ;. The revolutions of the ions are tuned such that ions with different
velocities have different orbits within the ring so all ions of a given m/q will have the same
revolution frequency. The revolution time (time-of-flight) of the different ion species are
measured for each lap of the ring, thus allowing mass measurement and identification of the
different species.
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Figure 2.2: Diagram of SMS (left) and IMS (right) at the ESR. Figure from [50].

Currently, storage rings exist at in-flight fragmentation RIB facilities. Due to this produc-
tion method many exotic isotopes are produced. However, they have a large energy spread.
The time required for cooling in SMS to reduce the energy spread and obtain a high resolution
measurement severely limits the lifetime of species possible for study at these facilities. IMS
can measure short-lived nuclei (due to the lack of cooling) but is restricted in the number of
ions that can be stored at one time to approximately 50. In addition to this, ideally all species
from the target will be completely stripped of electrons to allow unambiguous identification,
but in reality species emerge out of the target in various charge states. These all enter the
storage ring and it is difficult to identify the species of interest due to the numerous A/q in
the beam.

Mass resolving power of both SMS and IMS is on the order of 1 x 10° (this is an accuracy
on the order of 100 keV for A~150 u nuclei), these techniques are sensitive enough to detect
a single ion of interest (I0I) with production rates as low as one ion per day [7] and species
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with half-lives of a few microseconds can be measured [50]. Both IMS and SMS were first
developed and successfully applied at the ESR [51] at GSI, however in the meantime multiple
successful experiments have also been carried out at the CSRe ring facility [52] at Lanzhou,
China.

Penning Trap Mass Spectrometry

A Penning trap confines ions using a combination of electrostatic and magnetic fields.
Figure 2.3 shows a diagram of the Penning trap: an electrostatic potential is produced by
the biasing of the ring electrode and end cap electrodes. An electrostatic potential well is
created along the magnetic field lines. Figure 2.4 shows how the magnetic field confines the
ions radial motion, while the electrostatic potential well confines the ions axially (along the
magnetic field lines) [48]. The combination of fields causes the ion to oscillate in a harmonic
motion while being confined in three dimensions.
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Figure 2.3: A schematic of a Penning trap. For more details, see the main text. Figure from
[7].

The mass of an ion in a Penning trap is found by measuring its cyclotron frequency v,
the frequency of the ion motion in a magnetic field, described by equation 2.3 [53] where m
is the mass of the ion with charge ¢ in a Penning trap with magnetic field strength B.

m B

Ve = ;271'

(2.3)

There are three ways to measure the cyclotron frequency v, of ions in a Penning trap.
The Time-Of-Flight Ton-Cyclotron-Resonance (TOF-ICR) [54] technique uses the application
of a Radio-Frequency (RF) excitation on the trapped ions. After a defined excitation time,
the ion is ejected from the trap to a detector where the time of flight is measured. Fourier-
Transform Ion-Cyclotron-Resonance technique (FT-ICR) [55] measures the ion eigenmotion
within the trap using a pair of pickup electrodes, and applies Fast Fourier transformation
on the signal, similar to SMS in a storage ring. Phase-Image Ion-Cyclotron-Resonance (PI-
ICR) [56] measures the phase of the radial eigenmotions of the ion within the trap at well-
defined times projected onto a position sensitive detector outside the trap. The ions phase is
reconstructed from these data and the cyclotron frequency can be deduced.
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Figure 2.4: A diagram of the ion motion within a Penning trap, described in more detail in
the text. Figure from [48].

TOF-ICR, due to its destructive nature, requires at least 100 ions, with ideally only
a single ion in the trap at any time, to obtain a measurement with sufficient uncertainty.
However, TOF-ICR is robust and universally applicable. FT-ICR, in principle, requires only
one ion to determine a mass [7] but is rarely applied to radioactive ions due to the time
needed to obtain sufficient data. The induced signal current in FT-ICR is so small (fA) that
electronic noise can effect the measurement.FT-ICR is more complex than TOF-ICR, requires
cryogenic temperatures, and the measurement benefits from highly charged ions. FT-ICR can
achieve uncertainties below 1 x 10719 on stable ions. PI-ICR is the most recently developed
of the three methods and is aimed at very short-lived nuclides and investigating low-lying
nuclear isomeric states. Compared with TOF-ICR, the precision of PI-ICR is approximately
five times greater, and the resolving power approximately 40 times greater [48].

Penning trap mass spectrometry [57] provides the highest resolution, precision, and accu-
racy of all on-line mass measurement techniques, and can perform measurements on species
with half-lives as low as a few milliseconds [48] and production rates as low as two ions per
week [58]. Because Penning trap mass measurement techniques were initially developed for
use on stable isotopes, the device and operation can be optimised and calibrated using stable
isotopes [7]. This technique is very well studied and established for accuracy and precision for
measurements on radioactive isotopes [7]. A mass resolution of m/Am= 1 x 107 corresponds
to a few keV for A~50 u. Relative mass precisions of dm/m = 1 x 10~ have been reached
with stable species [59], and dm/m = 1 x 10710 for radioactive species [60, 61]. The current
record for the measurement of isotope with the shortest half life is "'Li with t; s2 = 8.8 ms
[62]. Additional methods have been developed to increase the precision of mass measurements
in a Penning trap. For example, increased magnetic field strength or increasing the charge
state of the ions.

Penning traps are the leading device in high-precision mass measurements for RIB. TRI-
UME’s ion trap for atomic and nuclear science (TITAN) [63] is such a facility. Currently there
are many other online Penning trap mass spectrometers including ISOLTRAP at ISOLDE
[64], JYFLTRAP [65] at the University of Jyvaskyla, SHIPTRAP [58] at GSI, TRIGATRAP
[66] at the University of Mainz, LEBIT [67] at the NSCL-FRIB facility and CPT [68] at
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Argonne. RIKEN are currently developing the SLOWRI Penning trap system.

Multiple-Refection Time-Of-Flight Mass Spectrometry

More recently, a new type of on-line mass spectrometry has been developed: Multiple-
Reflection Time-Of-Flight (MR-TOF) Mass Spectrometry [69]. In these devices, ions are
injected into a trap formed of two electrostatic mirrors between which the ions are reflected.
Multiple reflections create a long path length [ [70]. During this time the ions become sep-
arated according to their mass-to-charge ratio m/q. From measuring the time-of-flight ¢ of
the ions when they are ejected from the trap to a detector, their m/q can be deduced using
equation 2.4, where v is the ion velocity and V is the potential.

m 2V 12
Pl 2Vl—2 (2.4)

MR-TOF mass spectrometry allows a long flight path to be achieved using a small space,
which translates to a high mass resolving power (m/Am > 1 x 10%). Measurement times
are on the order of ms and precisions are better than dm/m < 1 x 107%. Due to their
unique performance combining high resolution, precision, operating in a fast time frame,
with sensitivity able to detect below 0.01 pps these devices are ideal for mass measurements
of exotic isotopes far from stability [69].

MR-TOF mass spectrometers are installed at both ISOL and in-flight facilities, these
include ISOLTRAP at ISOLDE [71], TITAN at TRIUMF [72, 73], RIKEN [74], FRS at GSI
[72], CPT [75] at Argonne, JYFLTRAP at IGISOL [76] and there is a diagnostic MR-TOF
mass spectrometer planned at PILGRIM [77] at SPIRAL2.

Comparison of mass spectrometers

Table 2.1 compares the mass resolving power (R = m/Am), precision (dm/m), lowest
half-life of species measured (t;/5), and order of magnitude for the typical number of ions
needed for the measurement (N) for the different types of mass spectrometry discussed.

Method R om/m t1/9 N
SMS 10° 2x 1077 1-2 s 1
IMS 10° 1x10% ~1ms 1

TOF-ICR 107 1x1072 ~1ms 100-200

FT-ICR 107 1x10710  ~1s 1

MR-TOF-MS 10 1x107 ~ 10 ms 10

Table 2.1: Comparison of typical values of resolving power (R = m/Am), precision (dm/m),
lowest half-life of species measured (t/5), order of magnitude for the number of ions needed
for the measurement (N) for the different methods of mass spectrometry.

Storage ring IMS techniques can study the most short-lived exotic nuclei due to the short
timescale it takes to perform a measurement, and the location of these experiments at in-
flight facilities with high beam energy. Penning traps are ideal for use at ISOL facilities
due to the low-energy beam. However, due to the target chemistry, some elements have
low diffusion rates rendering the extraction times too long compared to the half-lives, which
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makes experiments impossible. Although this can be overcome at in-flight facilities, the high-
energy ion beam produced has a large momentum spread which is unfavourable with the low
energy and emittance needs for Penning trap mass spectrometry [48]. Penning trap mass
spectrometry excels in resolving power and precision. Unlike a Penning trap, MR-TOF mass
spectrometry can simultaneously measure several species, like a storage ring, but with a much
simpler data analysis process. The combination of high resolving power, fast measurement
cycle, and high sensitivity in MR-TOF mass spectrometry make it applicable for the study
of exotic isotopes produced at a low rate with high contamination.

High-precision mass measurements performed by the TITAN MR-TOF mass spectrometer
(MR-TOF-MS) are the subject of this doctoral work. The TITAN facility, where the work
was conducted, is discussed in chapter 3 where a detailed explanation of the principles of the
TITAN MR-TOF-MS is included. Provided in chapter 4 is the first comprehensive study of
the systematic performance of the TITAN MR-TOF-MS leading to a detailed error budget
of all results produced by the device. Chapter 5 presents the scientific results of this thesis:
precision mass measurements of Ca, Sc, Ti and V isotopes in the N=32,34 region, supported
by half-life measurements of Ti isotopes. The findings and implications of the research are
explored, before concluding and looking forward in chapter 6.
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Chapter 3

The TITAN Facility

The experiments described in this thesis were performed at TRIUMF’s Ion Trap for Atomic
and Nuclear science (TITAN) [63], which is located at the Isotope Separator and Accelerator
(ISAC) [43] facility at TRIUMF, Vancouver, Canada. The data were taken with the TITAN
Multiple-Reflection Time-Of-Flight Mass Spectrometer (MR-TOF-MS) [78]. Details of beam
production are described in section 3.1, and the TITAN facility is described in section 3.5.

3.1 Beam production at ISAC-TRIUMF

TRIUMF is Canada’s particle accelerator centre located in Vancouver, Canada. The
TRIUMF cyclotron, the largest in the world, is dedicated for research in nuclear physics,
particle physics, nuclear medicine, materials science, and accelerator physics [43]. The Isotope
Separator and ACcelerator (ISAC) [43] facility at TRIUMF, shown in figure 3.1, uses the well
established Isotope Separation On-Line (ISOL) [79] method to produce Radioactive Ion Beams
(RIBs).

ISAC-I and ISAC-II Facility

SR TRIUMF

Figure 3.1: The TRIUMF-ISAC facility with TITAN shown in the red circle. Image taken
from [79].

28



Ion sources The TITAN Facility

Protons from the cyclotron, at energies up to 500 MeV and currents up to 100 pA [80], are
impinged upon a thick target, see figure 3.2. The target is composed of compressed disks made
from material, typically metal composites, containing chemical elements from heavy to light Z
[43]. In the centre is a three pronged electrode contact connection for heating to 2300°C, and
the transfer tube. Inside the target, proton beam induced nuclear reactions occur to generate
radioactive species. Reactions include (for heavy material) fusion, fission and spallation. The
products diffuse inside the target and down to the relatively colder surfaces as neutral atoms.
Various and specific ionisation methods are used to generate ionised isotopes.

Figure 3.2: Image of two standard ISAC targets: low power (top) and high power (bottom).
The high power target has metal fins along the target tube for cooling. The targets are 19 cm
long between the holders, with the 3-pronged heating electrode contacts and the transfer tube
in the middle. Image from [43].

3.2 Ion sources

To generate specific beams, various ion sources are utilised. The beam formed from these
isotopes is delivered at 20-60 keV transport energy to a magnetic mass separator. After
selection the remaining beam is delivered to the experiment. There are four general ion
sources available at TRIUMF.

The Surface Ion Source (SIS)

The most simple of the ion sources available at TRIUMF is the Surface Ion Source (SIS)
[43]. This is most effective for alkalis and some rare earth elements, with an ionisation
potential below 6 eV. The transfer tube, made of Ta, has inside a Rh foil which surface
ionises the atoms as they escape from the target. The first ionisation potential of group I
and II elements in the periodic table is lower than the work-function of the first electron of
Rh, so, for these elements it is energetically favourable to ‘share’ an electron. The result is a
liberated ionised isotope.
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The TRIUMF Resonant Ionisation Laser Ion Source (TRILIS)

The TRIUMF Resonant Ionisation Laser Ion Source (TRILIS) [81, 82] utilises an element-
selective two- or three-step laser ionisation scheme. For this, the laser wavelengths are chosen
to be resonant with the excitation steps of the selected species, thus exciting the valence
electron of the atom into the continuum (resulting in ionisation). Figure 3.3 shows an example
of the laser ionisation scheme of Ti.

- Al
55400 cm-!
361.663 nm

27750.124 cm!

365.454 nm

386.874 cm™!

Figure 3.3: Example of a two-step Ti laser ionisation scheme. Laser wavelengths are shown
in blue. Al indicates autoionisation.

Figure 3.4 shows how multiple laser beams overlap, and are injected through the pre-
separator magnet, to form the ionisation region [81]. Temperatures are around 2000°C to
enable optimal extraction of the desired species from the target [82].

Isotope production target pre-separator magnet laser laboratory

& ion source lon beam extraction
N
A TiSa 42

)
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Figure 3.4: Image of the TRILIS laser setup and the laser beam path to the ISAC target
station. The laser beams overlap upon entrance into the pre-separator magnet. Figure from
[81].

The Ion Guide Laser Ion Source (IG-LIS)

A specific version of TRILIS is the Ion Guide Laser Ion Source (IG-LIS) [83], which uses a
combination of laser ionisation and suppression of surface ionised background ions. Resonant
laser ionisation maximises the yields of the selected elements, as in TRILIS, and uses an
RF guide for axial confinement. A charged repeller electrode is used to block all surface
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ionised species so only the neutral atoms enter the RF guide and are laser ionised, and then
extracted. This reduces contamination from unwanted surface ionised species, and results
in a highly selective ion source, like TRILIS, but with decreased beam intensity due to the
repeller electrode removing all except the species ionised by resonant laser excitation.

The Forced Electron Beam Induced Arc Discharge (FEBIAD)

The Forced Electron Beam Induced Arc Discharge (FEBIAD) [84] plasma ion source is
used for species with high ionisation energies, for example noble gases. Species from the
target diffuse down the transfer line and into the plasma chamber. Electrons produced by
a hot cathode are accelerated through a potential of 100-200 V to an anode, and a plasma
is formed by RF radiation. The plasma interacts with the neutral isotopes from the target
and ionises isotopes though impact ionisation. The ions are then extracted and formed into
a beam.

The Off-Line Ion Source (OLIS)

For stable (non-radioactive) beam, the Off-Line Ion Source (OLIS) [43, 85] produces beams
for experiments in the ISAC facility. OLIS has the options of a surface ion source, microwave
cusp ion source, a multi-charge ion source, and a hybrid surface-arc discharge ion source.
The OLIS surface ion source is similar to the ISAC SIS, and is used for the production of
stable alkali isotopes. The microwave cusp ion source [86] produces cocktail ion beams from
microwave-power applied to a mixture of gases to form a magnetically confined plasma. The
multi-charge ion source [87] was installed for species with higher charge states (A/q < 6) for
use with the linear accelerator or post-accelerator system. The hybrid surface-arc discharge
ion source [88] was developed for a specifically requested “°Ca?t ion beam. Beam from
ISAC or OLIS can be delivered to many experimental facilities at ISAC, one of which being
TRIUMEF’s Ion Trap for Atomic and Nuclear science (TITAN) [43].

3.3 Beam transport

After the ion source is a pre-separator magnet which performs a preliminary mass selection
to clean the beam and reduce contamination. Following the pre-separator magnet is the high-
resolution mass separating magnet, labelled in figure 3.1. The ISAC mass separator system
is designed for the mass range of 6 to 238 u (He to U isotopes) [80], and has a mass resolution
of approximately R = m/Am = 2000 [43]. The ion beam exits the mass separator and is
injected into the low-energy-beam-transport (LEBT) line. The 20-60 keV beam is transported
to the ISAC-I experimental hall.

3.4 The ISAC Yield Station

The ISAC Yield Station [89], situated in the ISAC-I experimental hall, is primarily used for
determining beam composition and intensity prior to beam delivery to experiments, and can
also perform half-life measurements. The radioactive ion beam is implanted onto aluminised
Mylar tape within a vacuum chamber. Surrounding the implantation spot are two PIN
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diodes for a-detection, four plastic scintillator detectors for -detection, and a single high-
purity germanium (HPGe) detector for v-detection. The collected data permits half-life
determinations and ~-ray tagging.

3.5 TITAN

TITAN, circled in red in figure 3.1 and shown schematically in figure 3.5, comprises
multiple experimental elements for performing precision mass measurement experiments on
trapped ions for studies of nuclear structure, nuclear astrophysics, and fundamental symme-
tries. The combination of ion traps at TITAN (including an Electron Beam Ion Trap (EBIT)
charge-breeder, Penning trap, and Multiple-Reflection Time-Of-Flight Mass Spectrometer
(MR-TOF-MS) isobar separator) provides unique opportunities for mass spectrometry not
possible at any other facility. The facility is located in the ISAC experimental hall which
gives access to RIB for these studies. The different traps, detailed in the following sections,
each have a dedicated function [90]. For example, the EBIT for producing highly charged
ions (HCI), the Penning trap for high-precision mass measurements, and the MR-TOF-MS
for fast mass separation and identification.

MPET
High-precision @
mass measurements

Cooler-
buncher

Radioactive ion beam R T g

Figure 3.5: Schematic diagram of the TITAN facility. Continuous ion beam (blue) is sent
to the TITAN Radio-Frequency Quadrupole (RFQ) where it is cooled and bunched. The
bunched beam (red dashed) can then be sent to the other traps: the Multiple-Reflection
Time-Of-Flight Mass Spectrometer (MR-TOF-MS), the Electron Beam Ion Trap (EBIT), the
Cooler Penning Trap (CPET, currently under development), and the Measurement Penning
Trap (MPET). The numbers refer to specific elements which are discussed in the main text.
The RFQ and MR-TOF-MS were used in this doctoral work. Figure modified from [78].

The TITAN Ion source
The TITAN Ion Source (TIS) (labelled 1 in figure 3.5) is a stable surface ion source which
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can produce alkali beams like 394K+ and 8%%"Rb* for off-line operation and calibration of

the TITAN experimental system independent of beam from ISAC or OLIS.

The TITAN RFQ cooler-buncher

The first ion trap is a segmented, linear, gas-filled Radio-Frequency Quadrupole (RFQ)
cooler /buncher (indicated as 2 in figure 3.5) [91, 92] which accumulates the continuous ion
beam of (typically) singly charged ions (SCI), cools them using hydrogen or helium gas,
and releases the ions in well defined bunches. The cooled ion bunches can be sent to any
subsequent trap depending on the intention of the measurement. This RFQ consists of four
rods, whose RF is 180° out of phase with its nearest neighbours. The RF field results in the
transverse confinement of the ions. Longitudinal segmentation of the rods and applying an
appropriate electrostatic field leads to an electrostatic potential that guides and holds the
ions. The RFQ is required at TITAN for general beam preparation, to reduce the 20 keV ion
beam from ISAC to 1.3 keV for use at TITAN, to reduce energy distribution (cooling) for
high-precision experiments, and to form bunches of the continuous ion beam for high-efficiency
pulsed experiments.

The TITAN Electron Beam Ion Trap & decay spectroscopy program

The Electron Beam Ion Trap (EBIT) (labelled 4 in figure 3.5) [93] traps and charge
breeds singly charged ions (SCI) to multiply charged ions (MCI) or highly charged ions (HCTI).
The ions can be extracted as a bunch and sent to subsequent traps for mass measurement.
Alternatively, HCI can be stored in the TITAN EBIT and in-trap decay-spectroscopy studies
of HCI [94] can be performed, utilising the open geometry of the EBIT combined with a suite
of detectors.

In general, an EBIT uses electron impact ionisation to charge breed SCI in order to pro-
duce MCI or HCI. Electrons are released at the electron gun and accelerated as a beam
through a series of cylindrical drift tubes towards the electron collector. The potential differ-
ence between the drift tubes and the electron gun cathode defines the kinetic energy of the
electrons. A pair of superconducting Helmholtz coils magnetically confines and compresses
the electron beam with maximum density occurring at the trap centre at the highest field.
This geometric configuration together with the space-charge of the electron beam itself leads
to a 3-dimensional confinement of the ions, while electron impact ionisation takes place. By
switching the electrostatic potential of the drift tube the ions can be extracted.

The TITAN Measurement Penning trap

The TITAN measurement Penning trap (labelled 6 in figure 3.5) [95] is a system developed
to perform high-precision mass measurements on SCI and HCI. The TITAN measurement
Penning trap is the only on-line system coupled to a charge breeder to allow measurements
on highly charged ions. A Penning trap uses a strong homogeneous magnetic field to radially
confine ions, combined with a quadrupolar electrostatic potential to axially trap the ions. The
ions are trapped in a small volume so well-defined and stable conditions can be maintained.
For measurements, the cyclotron frequency, as described in equation 2.3, which scales with
m/q (the mass-to-charge ratio), is measured via the time-of-flight ion-cyclotron-resonance
technique (TOF-ICR) [96]. The homogeneous magnetic field strength within the trap can be
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derived from calibration measurements, so the m/q can be calculated. By using HCI from

the EBIT, the resolving power R in the Penning trap can be increased according to equation

3.1 where Trp is the radio-frequency excitation time [97] for the TOF-ICR.
m qBTRF

B= x> omm

(3.1)

Penning trap mass spectrometry is the most precise on-line mass measurement technique
currently [48]. The maximum precision of the TITAN Penning trap is ém/m = 3 x 1079
achieved in measuring 27Al [98]. TITAN currently maintains the record of measurement of
the shortest-lived nuclide with Penning trap mass spectrometry: "'Li with a half life of 8.8 ms
[62] and precision of ém/m = 7.5 x 1079,

The TITAN Multiple-Reflection Time-Of-Flight Mass Spectrometer

The TITAN MR-TOF-MS [78], shown at 3 in figure 3.5 and in the red box in figure 3.6,
is used to perform mass measurements and can also be used for isobaric separation [99]. An
MR-TOF-MS uses two electrostatic ion mirrors to achieve multiple reflections of the ions to
generate a long flight path so they are spatially separated according to their mass-to-charge
ratio m/q. As the quasi-monoenergetic bunch of different ions oscillates between a pair of
electrostatic mirrors, it separates into its components based on their m/q as the velocity is
energy and mass dependent. The mass of each component can be deduced by recording and
comparing the individual time of flight.

.
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Figure 3.6: Image of the TITAN platform with a human standing underneath the MR-TOF-
MS (highlighted in the red box) for scale.
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As an isobar separator, the technique of ‘retrapping’ is used to mass-separate ions in
space, or correspondingly in (arrival) time at a certain point in space [99]. Ions outside of the
chosen time-of-flight window (corresponding to the unwanted species) can be ejected from the
system. An isobarically clean bunch of ions can be used either for mass measurement with
the MR-TOF-MS or be sent to another trap, for example the measurement Penning trap for
high-precision mass measurement, or the EBIT for charge breeding.

The maximum precision achieved with the TITAN MR-TOF-MS is ém/m = 8 x 108
[100], with measurements performed on ions with lifetimes as short as 5.5 ms [101]. The
MR-TOF-MS is extremely sensitive and requires a rate of only 0.01 particle per second for a
measurement. The setup is described further in this section, and systematic studies including
error evaluations will be discussed in chapter 4.

The TITAN MR-TOF-MS is based on the design in [72, 102], and has two main sec-
tions: a buffer-gas-filled low-energy ion transport and preparation section [103], indicated 1
in the schematic of the TITAN MR-TOF-MS shown in figure 3.7, and a ultra-high-vacuum
(~ 1 x 10~® mbar and lower) electrostatic mass analyser section, indicated 2 in figure 3.7.

MagneTOF
Detector

Mass
Mass Range = analyser
Selector section

n _JPreparation
Trap

lon
I Output transport
RFQ . U S
Ejection Optics
(to TITAN) preparation

Internal Ion N . - section

RFQ

Figure 3.7: A diagram updated from [78] of the TITAN MR-TOF-MS. Ion optical elements
are highlighted in yellow, detectors are shown in blue. The red arrows indicate the direction
of ions passing through the system.
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The ion transport & preparation section

Part 1 includes a series of trapping and cooling systems [33, 72]. The input RFQ guides
beams from the TITAN RFQ to the six-way RFQ switchyard [103] which directs the beam
and allows merging of multiple beams. Thus, stable calibrant ions from an internal ion source
may be used during RIB experiments. Ions proceed through the transfer section and are
accumulated in the injection trap where they are cooled and bunched. The injection trap is a
buffer-gas filled linear RF ion trap. Collisions with the He gas cool the trapped ion bunch to
reduce the size and thus reduce the time and energy spreads of the ejected ion bunches [104].
The injection trap can also be used for retrapping. The ion bunch is injected into the mass
analyser through an accelerating lens and aperture of the entrance electrode of the first ion
mirror.

The mass analyser section

Part 2 is the mass analyser, shown in figure 3.8, formed from nine cylindrical electrodes:
the outermost three electrodes (E1-3 and E7-9) each form two identical axially symmetric
gridless electrostatic ion mirrors at either end of the analyser and have openings (apertures)
for injection or extraction, an accelerating Einzel lens electrode next to each mirror (E4 and
E6), and the central electrode (E5) is a drift tube at ground potential. The ion-optical design
is based on [104], but this device is a more compact version [72]. The voltages of the first
ion mirror are switched to low values (lower than the nominal kinetic energy of the incoming
bunch) during injection at the start of the measurement cycle. At the centre of the analyser is
the mass range selector (MRS) [72], a cylindrical electrode split four-fold, used to remove non-
isobaric contaminants from the time-of-flight (TOF) spectra. A pulsed potential is applied
to the electrodes to deflect ions outside of a chosen TOF and therefore mass-to-charge (m/q)
range. The deflection voltage is applied only after the ion of interest (IOI) has passed, and
therefore all contaminants can be deflected out of the analyser via two apertures before and
after the mass range selector. The MRS is applied for several turns during each measurement
cycle.

Drift Tube (E5) E7 E8 E9
To MCP

Figure 3.8: An image of the mass analyser section of the TITAN MR-TOF-MS. The ion optics
elements are labelled. Image from [78].

Tons are reflected between the mirror electrodes and become spatially separated according
to their A/q. The ions are ejected by switching off the mirror potential where they are
ejected to either a TOF detector [105] for mass measurement or back into the injection trap
for mass-selective retrapping. The electron multiplier detector (MagneTOF) is chosen because
it operates well under high pressure (~ 1 x 10~% mbar and lower) and has a narrow pulse
width (FWHM < 0.55 ns), which is good for mass resolving power. In addition, it does not
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need to be stored under vacuum and has low-noise performance. Using the detector, the ions
TOF is measured and their mass deduced.

The time at which the ion bunch is injected into the mass analyser is the start of their
flight time. While the ions are in the injection trap they will have some distribution in space,
time and energy. This is reduced by buffer gas cooling but there remains a small amount
which carries forward into the motion of the ions when in the analyser. The ions path also
includes travel from the injection trap into the analyser, and from the analyser to the detector
when they are ejected. To correct for the distribution, and the small additional distances,
after injection into the analyser the ions first undergo a time-focus shift (TFS) turn [106]. The
TFS turn is used to focus the ions regardless of their starting distribution and compensates
resulting effects. The time focus of the ions in the analyser is altered by varying the potential
of the electrodes which form the mirrors (and hence the reflecting and accelerating field), as
seen in figure 3.9. The TFS reflection accelerates ions which are ‘behind’ and reduces the
energy of ions which are ‘ahead’ in order to focus them in time. Figure 3.10 shows the initial
time focus of the ions leaving the injection trap, the TFS reflections focusing ions to the centre
of the analyser, and the isochronous turn (IT) reflections focusing them on the detector plane.
The ions are separated according to their mass using a defined series of isochronous turns
(IT). The combination of reflecting and accelerating fields in the mirror electrodes means
these reflections are independent of the ion energy so the TOF only depends on A/q. To
achieve the highest possible resolving power of the device, the ions undergo hundreds of IT
between the two mirrors until they are ejected from the analyser.

\Y) focus
e- & e~
K
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Figure 3.9: Diagram describing the effect of time focus shift (TFS): ions which begin ‘behind’
(blue) gain kinetic energy (K) due to the electric acceleration field and arrive at the same
time as ions which began ‘ahead’ (red) as their energy gain is reduced. Image modified from
[33].

In the analyser, ions reflected between the electrostatic mirrors reach flight path lengths
up to hundreds of meters. The total time-of-flight ¢t7or and total distance travelled o of
an ion in the MR-TOF-MS can be found from the sum of the path from the injection trap to
the detector, including the TFS reflection (trrg, lrrs), and N number of IT reflections (¢,
;) within the analyser.

tror = tTrs + Ntir (3.2)
lror = lrrs + Nl (3.3)

37



TITAN The TITAN Facility

Detector T T, T

m:::::m[l[l[lm_ll_l[lrl

= JlJlUJlJIJIJH

I L1 <
— Y~~~ M

Injection TFS turn 1 multi-turns Detection or retrapping

Ion trap

Figure 3.10: Schematic diagram showing the time focus (circles) of an ion bunch in the
MR-TOF-MS. The ions path is overlapping in reality, with only one pair of mirrors, but
is separated and shown repeatedly in sequence from left to right for clarity in this graphic.
Yellow indicates the TFS turns, grey is IT. Figure from [107].

The mass of an ion is determined based on the relationship between the mass m, the
charge ¢, and the time-of-flight needed to travel a certain flight path. The potential V of the
ion mirrors is set to provide ions with velocity v.

Epot - Ekzn (34)

1
‘/ = — 2
q 2mv

Equation 3.5 can be solved for the mass-to-charge ratio m/q.

m 2V t2

Equations 3.2 and 3.3 allow the introduction of calibration parameters ¢, ty and b.

m _gyttor _ gy tror (3.7)
q Bor (Irrps + Nlrr)?
tror — to)?
T ooy (tror (l)) - (3.8)
q lps(1+ NIT?S)

to is a time offset, originating from the time difference between when the ions are triggered
to be injected into the trap compared with when they actually enter the trap, plus the delays
for the signal to reach the data acquisition. c is a calibration parameter specific to this
device which depends on the kinetic energy and path-length of the ions not including IT
(only injection, TFS, and ejection) as described in equation 3.9.

2V

TFS

c (3.9)
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to and ¢ can be determined from reference measurements using ions with well-known masses.
b is used for scaling to multiple turns as in equation 3.10.

l
b= 1T (3.10)
lrrs
Thus, the mass of the ions can be determined from equation 3.11 via
tror — to)?
m _ lror —to)” (3.11)

q (1+ Nb)?

If the calibrant ion has the same mass number and charge, and therefore performs the same
number of turns, as the ion of interest (IOI) then equation 3.11 can be simplified to

m
i c(tror — to)?

(3.12)
Mass resolving power R is calculated by equation 3.13, where m is the mass of the ion, and
Am is FWHM of that mass peak. Mass resolving power of the TITAN MR-TOF-MS routinely

exceeds R > 200 000.
R M __t

Methods for reducing contamination

When performing experiments using RIB, the spectra can be dominated by contaminants
with much higher yields than the species of interest. Two techniques specific to the TITAN
MR-TOF-MS can be applied to combat this: firstly ‘retrapping’ [99] and secondly ‘collision
induced dissociation (CID)’ [100].

Retrapping selectively ‘retraps’ the ions of interest within the MR-TOF-MS system and
expels all other ions [99]. Figure 3.11 shows a simple diagram describing mass-selective
retrapping. Different species are spatially separated in the analyser. The potential of the
entrance electrodes is lowered to allow ions to fly back into the injection trap. The injection
trap potential is closed only for a specific TOF window (when the ion of interest is inside)
and thus all ions which arrive before and after that window are reflected. The purified beam
can be reinjected back into the analyser for mass measurement.

g ", ra Ly
Too late O H =2 -
lons in trap during closing O : !
Too early - J

Figure 3.11: Diagram describing mass-selective retrapping using the injection trap potential
(dashed line) to selectively retrap only the IOI. Tons extracted from the mass analyser are
transported back to the injection trap. The ions are separated in space according to their
mass, with kinetic energy K. By timing the switch of the capture electrode potential (indicated
dynamically by the diagonal line), both for open and closing, specific ions can be captured.
Figure modified from [33].
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CID is used to remove contaminant molecular species which are created in gas stopping
cells when reducing beam energy [100, 108]. Increasing the gas pressure in the input RFQ
of the MR-TOF-MS breaks apart the contaminant molecules, fragmenting the molecules into
separate elements (with a different mass-over-charge ratio), which are then no longer in the
spectra at the mass unit of interest.
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Chapter 4

The TITAN MR-TOF-MS system

The MR-TOF-MS system is an important part of mass determination and beam prepa-
ration at TITAN. Its basic operational principle has been introduced in chapter 3. The un-
certainty of mass measurements studied with well-known calibrant isotopes has a dominant
contribution from systematic errors, hence, in this chapter, a detailed study of the MR-TOF-
MS characteristics, performance, and uncertainty is presented. Despite the dramatic rise
of MR-TOF mass spectrometry in RIB mass spectrometry, a comprehensive examination of
systematic uncertainties has yet to be published. As many of these are device specific (as
opposed to experiment specific) they can be examined through off-line, as well as on-line,
studies.

In chapter 3 an ideal MR-TOF-MS measurement was described: a single calibrant ion
and a single radioactive ion (called the ion of interest, IOI) traverse the same electric fields,
resulting in a small difference in their time of flights (TOF) due strictly to their mass dif-
ference. A realistic ion bunch however, has an energy and time distribution, which results
in a peak (instead of a delta function) in the TOF distribution, whose shape depends also
on tuning or shaping of the electrostatic fields. Ideally, the mechanical structure is exactly
machined and aligned; however realistic imperfections affect trap lifetime and thus resolving
power and precision. Besides the geometry, the employed power supplies can be dynamic or
time-dependent and hence the electric field may suffer variations (such as, jitter or drift).
Short fluctuations (< us jitter) affect only one ion and thus shift the measured TOF and
mass [73, 109]. Longer fluctuations (> hours drift) threaten the stability of the tune and thus
resolving power and precision.

High beam intensities cause peak broadening for the most abundant species of the resulting
spectra. Moreover, the accumulative space-charge influences the overall electric field in a
dynamic manner. Furthermore, peak shape in the TITAN MR-TOF-MS spectra has varied
since the commissioning in 2017, when the peak shape was Lorentz-like. More recently (since
2019) the peak shape is Gaussian with tails to the left and right. This is a reflection of the
detailed settings and shaping of the MR-TOF-MS mirrors. The tails depend on the tune
of the analyser (and the voltages applied). The electrode voltages have been tuned in the
years since commissioning to improve resolving power, and so as a result the peak shape has
evolved.

Peaks overlapping one another in a spectrum, which occurs when masses are very similar,
can make it difficult to obtain an optimum fit for species in close proximity and obtain their
true mass values. Deadtime effects at the detector can be observed for an extremely abundant
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peak with rates above 2 counts per cycle (cpc). Ton-ion interactions can be observed as peak
shifting. This typically occurs via two phenomena: with rates of 0-10 cpc the ions repel
each other so peak separation increases, whereas for rates of 100-1000 cpc the ions begin
‘bumping into’ each other and form bunches, a phenomena known in accelerator physics as
‘self-bunching’ [110, 111]. While accumulating data two clocks operate within the system:
one to trigger the processes of the MR-TOF-MS and another to acquire data. Ideally, the
two clocks are fully synchronised.

This study was conducted in 2019. Some of the sections in the chapter discuss the system
in terms of years 2017, 2018 and 2019 because each year since commissioning there have
been upgrades to the system which alter the associated uncertainty. Some of these upgrades
are discussed here, for example, upgrading the time-to-digital converter (TDC), balancing
RF amplitudes and modifying switches. Alongside this, tuning of the system voltages and
operation has been developed over the past years, including limiting the incoming rate of ions.
Some upgrades were done prior to the time covered here and are discussed in other theses
[33, 100, 107, 112].

High-precision measurements typically rely on an isobaric species as a calibrant, which
are not always available during online radioactive beam experiments. If there is no suitable
calibrant ion at the same mass as the ion of interest, there is the possibility to use a non-isobar
calibrant species for analysis. However this is accompanied by an increased uncertainty due to
the difference in mass between the calibrant and the IOI and hence a difference in ‘sampled’
field regions and variation in flight path. Data from several online experiments, the details
of which are given in table 4.1, were analysed to assess the capabilities of the TITAN MR-
TOF-MS for the use of non-isobaric calibration species and compare the results from 45 well
known isotopes with AME2016 data [8].

Table 4.1: Details of each data set including date taken, calibrant ions for parameters ¢ and
to, mass units (A/q) included in this study, target, and ion source.

Date Calibrants A/q Target  Ion source
May 2017 394K+ 52-54, 56 LPTa SIS/TRILIS
June 2017 85.8TRbh+ 80-84 UCx IGLIS
Nov 2018 133Cs™, 858"RbT 97,99, 101-103, 106 UCx  SIS/TRILIS
Dec 2018  133Cg™T, 8587Rb+ 106- 107 LPTa SIS/TRILIS
Oct 2018  133Cst, 8587Rb* 130 UCx IGLIS
Aug 2018 133Cg™, 858TRb+ 149, 151-157 HPTa SIS/TRILIS

For all data in this chapter the MR-TOF-MS operated on a 20 ms cycle time and, unless
otherwise mentioned, beams were produced by the ISAC facility and merged with ions from
a stable alkali source mounted on one side of the RFQ switchyard inside the MR-TOF-MS,
shown in figure 3.7. In the case of radioactive beam either a Surface Ion Source (SIS), the
TRIUMF Resonant Ionisation Laser Ion Source (TRILIS) [81] or the Ion-Guide Laser Ion
Source (IGLIS) [83] were used to ionise the desired species. All systematic errors in this
study are extrapolated for an ion with A/q=80, typically performing approximately 300 IT
resulting in an average TOF of 7 ms.
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4.1 Analyser

Mechanical & alignment uncertainties

Perfect machining and alignment would form the perfect trap and hence the lifetime, and
thus resolving power and precision would be of the highest standard. Misalignment in the
device can lead to asymmetry in the fields, which in turn affects the ions in the system, and
therefore precision and resolution of the measurements. Perfection is impossible, so features
have been built into the design of the MR-TOF-MS to aid with alignment and beam steering
to strive for maximum resolving power and precision [33].

The TITAN MR-TOF-MS was aligned along the axis of the TITAN Penning trap beamline
using a theodolite [113]. Alignment along the TITAN RFQ axis however, was not directly
possible due to the lack of line of sight through the MR-TOF-MS RFQ switchyard. The
output apertures are aligned to the axis of the TITAN Penning trap beamline. Thus, because
of the independent alignment, the MR-TOF-MS input optics are not aligned with the vertical
axis of the TITAN beamline (the TITAN RFQ beamline). This decision was made based on
the beam quality for injection into the Penning trap being more sensitive than the injection
from the TITAN RFQ into the MR-TOF-MS input optics. Moreover, since the MR-TOF-MS
system was considered a standalone unit, a self-contained approach for internal alignment
was preferred.

There are flanges with membrane bellows between each section of the MR-TOF-MS. These
could be altered to align each separate segment during installation and commissioning. Due
to the flexible bellows, the alignment of the MR-TOF input optics could be better than
+ 1 mm [113]. A lens and steerer are part of the MR-TOF-MS injection optics to correct for
misalignment and optimise efficiency of the ions incoming from the TITAN RFQ.

Within the MR-TOF-MS RFQ switchyard there are alignment rods, and alignment holes
and threads to connect the adjacent system features. There is a set of steerer electrodes before
the analyser section to further compensate for misalignment and maximise efficiency. A set
of ceramic rods, as seen in figure 4.1, ensure alignment between the injection steerer, lens and
analyser. A series of electrodes form a lens between the steerer and the analyser. Precision
ground ceramic balls ensure distancing and alignment between the electrodes. Figure 4.1 also
shows the vertical alignment rods in the analyser section, and some of the analyser electrodes
(E1-5). The MRS electrodes (inside E5) function as steerers within the analyser if needed.
These numerous features of the system ensure compensation for mechanical misalignment,
and allow steering of the ions, minimising these effects on the system.

Uncertainty due to phase space in the injection trap

The injection trap, labelled in figure 3.7, is formed of four RF segments and two aperture
electrodes at either end. After ions are injected, the ‘push’ aperture is switched to +1600 V,
the ‘pull” aperture lowered to +1000 V, before that both are biased at +1300 V. Several
effects in the injection trap contribute to the systematic uncertainty.

Firstly, the phase space of ions (which describes the transverse position and velocity of the
ions, and can be reduced by cooling) in the injection trap varies for different mass-to-charge
ratios while they are stored in the injection trap. The effect scales with Am since the velocity
distribution is mass dependent. During the He buffer gas cooling, a lighter ion will have a
greater relative momentum transfer to a He ion than a heavier ion, so the cooling is less
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Figure 4.1: Image of part of the analyser section labelled with optics and alignment rods.

efficient for heavy ions. Prior to this study, SIMION simulations confirmed the effects from
phase space in the injection trap for isobars to be negligible. The effect is, however, relevant
only when the IOI and the mass calibrant are non-isobars, for example as shown in section
4.4. In order to reduce this uncertainty when using non-isobar calibrants at TITAN, the ions
are ejected at a random RF phase. As a result, the initial injection states are averaged over
multiple injection cycles and the variation averages out. Though, this is at the cost of a
slightly reduced resolving power due to variation in the phase of the ions being injected for
each measurement cycle.

In addition, the IOI and the mass calibrant ion may experience different fields from non-
balanced RF amplitudes which induce an additional DC field from the surrounding apertures.
Furthermore, the switching time of these apertures when injecting ions into the trap is typ-
ically on the same order as the time it takes the ions to leave the trap itself. This results
in a mass dependent energy gain of the ions, such that lighter ions are physically closer to
the analyser when the switching is completed, while heavier ions move slower. This effect
was greatly reduced by improving the switching characteristics before the 2018 experimental
season.

Upper limit values from the uncertainty due to non-ideal switching of the aperture voltages
(dm/mppasg) are shown in table 4.2. The maximum uncertainty for non-isobar calibrants
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is dm/m < 1.4 x 1077 for a difference in mass of a factor of 2, given the RF amplitudes are
balanced within 0.5 V. Since this effects only ions with different A/q, the effect is zero when
using isobar calibrants.

Table 4.2: Uncertainty estimates due to phase space variations inside the injection trap in
three different measurement campaigns. This effect applies only to non-isobars.

| 2017 2018 2019
dm/mpHASE (HS) 1.0 0.5 0.5
(rel) | 2.8 x 1077 1.4 x 1077 1.4x 107"

Uncertainty from non-ideal mirror switching

A major source of systematic uncertainty during MR-TOF-MS operation is the switching
of the mirror electrode voltages. Variation in the switching (time, amplitude, switching-
profile) manifest as systematic drifts of the IOI’s TOF. The mirror electrodes within the
mass analyser can have three modes: open, time-focus-shift (TFS), and isochronus turn (IT),
as described in section 3.5. During an operation cycle, the electric potential of the mirror
electrodes is changed four times, as shown in figure 3.10. Firstly, mirror 1 changes from open
to TFS to allow the ions to enter the analyser and then for the initial TFS ion turn. Next,
both mirrors sequentially will undergo a change from TFS to IT voltages. Finally, mirror 2
changes from IT to open to allow ions to reach the detector. The switching is performed when
the IOI has the largest distance to the switched mirror: when it is in the other mirror, the
timing is established empirically. The switching of these mirror voltages is not instantaneous
but instead follows a switching process with a reproducible profile.

This effect was investigated offline using '33Cs™ ions from the internal ion source by
changing the time when each of the mirror voltages is switched. The slope of the electrical
potential at the mirror is constant throughout the measurement. In this measurement, the
point in time when the mirror switching occurs was scanned and the TOF was monitored.
Upgrades have been made to isolate and stabilise the mirror power supplies in order to adjust
the rise and fall time of the mirror voltages and reduce field fluctuation effects, improve
reproducibility of the switching and facilitate more ideal behaviour [114].

The switching time was measured and compared to its set point, as shown in figure 4.2.
Flat regions indicate insignificant deviations and therefore insignificant shifts in TOF. Curved
regions indicate increasing deviations, indicating the ions experienced unstable fields. If the
calibrant ion is an isobar, only the ejection (bottom panel, mirror 2: I'T—open) impacts their
TOF since injection and switching to I'T mode occur when the IOl and calibrant are still
near identical TOF (and position). The remaining scatter of the points corresponds to a
dm/m < 7.4 x107% (0.26 ns) uncertainty.

For non-isobaric calibrant species, however, the other switching operations matter. Here,
the first operation (top panel, mirror 1: open—TFS) shows the largest effect of up to 3 ns
deviation, corresponding to a maximum dm/m < 8.6 x 107 relative uncertainty. Further-
more, this effect increases in magnitude in proportion with the difference in time-of-flight
between the calibrant ion and the ion of interest at the time of the switching operation.

Since 2018, upgrades have been made to isolate and stabilise the mirror power supplies in
order to slow down the switching time of the mirrors and reduce field fluctuation effects. The
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values in table 4.3 are upper limits of the uncertainty due to non-ideal switching for isobars
(dm/mswiTcHisobar) and non-isobars (dm/mswTc Hnon—isobars)-

time-of-flight deviation (ns)

3k mirror 2: |T—open _
1 M 1 M 1 M 1 1

-10 -5 0 +5 +10

switching time - set value (us)

Figure 4.2: Variation in the time of flight of ¥3Cs* as a function of switching time difference
from the set point value.

Table 4.3: Upper limit uncertainties originating from non-ideal switching for isobar and non-
isobar species in 2017, 2018 and 2019 for measurements taken with the TITAN MR-TOF-
MS. Uncertainties are shown as absolute values (ns) for a 7 ms time-of-flight and as relative
uncertainties (rel).

2017 2018 2019
A/ Mgy 106 Hisobar (ns) | 0.80 0.42 0.26
(rel) | 23 x 1077 1.2x1077 7.4x1078
A/ Mgy 1rcimon—isopar (18) | 3.00 3.00 1.00
(rel) | 8.6 x 107 8.6 x 10~7 2.9 x 1077
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Uncertainty due to space-charge in the analyser

Ton-ion interactions occur between charged species with similar masses which travel in
close proximity to one another in an external field. The Coulomb repulsion between the
equally positive charges results in peak shifts in the TOF spectrum, the magnitude of which
depends on the mass difference between the two species participating. Space-charge effects
were investigated using the isobar pair of 4OAr;r and 3Krt, as shown in figure 4.3. The
isobar pair were delivered with comparable rates from OLIS to the TITAN MR-TOF-MS.
The overall rate was varied from an intensity of approximately 0.02 counts per cycle (cpc) of
40Ar§ and 0.03 cpc of 89KrT (combined rate of 0.05 cpc) up to 5 cpc A‘OAr;r and 7.8 cpc of
80Ky* (combined rate of almost 13 cpc).

Using 3Kr* as the calibrant peak, the relative mass deviation of “°ArJ from the literature
value indicates the rising effect of the ion-ion interactions as the beam rate is increased. The
results of the study indicate the optimal operating intensity is on average less than 1 cpc.

T T T T T T 10000' T . T i T " T
0.0 —T}{ .

a0
“OArs
\\\ % 100
-5.0x107 JK
] I 3 % |
i I ﬁw
-1.0x107° \ 79.910 79915 m;gss;z(uu) 79.925 79.930

-1.5x10° >

(Mg - Meyp) / My (rel.)

-2.0x10° \\;

0 2 4 6 8 10 12
average detected particles per cycle

Figure 4.3: Increasing number of ions within in the analyser from an average of 0.05 counts
per cycle up to a total of 13 counts per cycle demonstrates an increase in the relative mass
deviation from literature with a rate of dm/m = —1.9 x 107 per detected particle per cycle.
Data taken using OLIS beam of 40Ar§Ir undergoing 300 IT in the analyser, using 3°Kr+

the calibrant. Inset: Sample MR-TOF-MS spectra of the isobar pair of 40AI";_ and Krt, a
Gaussian fit is shown in red.

Uncertainty due to the mass range selector (MRS)

The mass-to-charge spectrum of the MR-TOF-MS displays all ions detected in the system,
which can often include ions of different species undergoing different numbers of revolutions
in the analyser. The additional species in the spectrum can be removed by pulsing the MRS
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quadrupolar electrode to deflect ions outside of a defined time-of-flight (and therefore mass-to-
charge) range, as described in section 3.5. Recently the switches which control the changing
electrode voltage were updated for more precise switching times of about 80 ns [112] from
160 ns, to better define the start and end of the TOF window.

As a consequence of using the MRS, all ions in the system experience some effects when
pulsed deflector voltage is switched on and off. To investigate this effect, the MRS was
switched on (voltage applied) and off (zero voltage) periodically during a measurement cy-
cle of 133Cs* ions from the internal ion source [112]. The centre of the 33Cs™ peak was
recorded and the variation analysed. The systematic shifts due to the MRS are at maximum
dm/m < 8.6 x 107® as documented in table 4.4. The scale of these effects is non-negligible
and requires further investigations and improvements.

Table 4.4: Maximum uncertainty from using MRS (relevant for isobars only) in years 2017,
2018 and 2019.

| 2017 2018 2019
dm/mpyrs (ns) | 0.68 0.3 0.3
(rel) | 1.9 x 1077 8.6 x107% 8.6 x 1078

4.2 Detection

Uncertainty due to instabilities of the timings

While accumulating data there are two clocks operating within the system: one to trigger
the processes within the MR-TOF-MS (TTL) and one for the data acquisition (TDC). A
discrepancy in the TTL and TDC timings would contribute uncertainty toward the time-of-
flight value. The TDC was upgraded in 2018. Previously an Ortec 9353 TDC was used during
the measurements of 2017. This was replaced in 2018 with the FAST ComTeK MCS6A TDC.

To estimate the instability of the timing system, the TTL was fed directly to the TDC for
a long (> 12 hours) measurement and the peak drift was analysed. The resulting peak had a
standard deviation of 0.3 ns, contributing to the relative uncertainty at dm/m < 8 x 1078
for a TOF of 7 ms. This is considered to be the maximal effect, and most likely the effect
is accounted for in peak broadening or jitter (causing a loss in resolving power). Additional
effects arising from the non-linearity of the two clocks may be investigated in the future.

Investigation of rate effects on detection uncertainty

Dead time effects can occur at the ion detector itself, due to the ion signal, or from the
speed of the DAQ system used. There is a period of time after the detection of an event where
no event is recorded while the detector resets, typically recharging depleted areas. This alters
the peak shape by increasing the FWHM since no counts are added during this period.

Using the isotope pair of 3K+ and 4K (93.3% and 6.7% natural abundance, respectively)
the maximum detectable rate can be studied. The intensity of the ions within the system
was increased until dead time effects are observed. To enhance the effect, the measurement
was performed at a minimum number of turns (not to maximise resolution), resulting in a
TOF peak width of approximately 4-5 ns for 3*K*. In figure 4.4, at a rate of 2 3K™ ions per
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cycle, the abundance of 'K+ increases. This occurs because the 3K+ is now in dead time
due to pile-up, but the 'K+ peak (due to the lower abundance) can still be detected. Thus,
in this example, about 2 39K ions per cycle can be detected. Additionally, as a result of the
study the ideal rate is identified as less than 1 cpc. Dead time effects do not contribute to
uncertainties in the mass values in this study as the rate was kept below 1 cpc.

0.25

0.20

0.15

0.10

“1K*concentration

0.05

0.00 T T T T
0.0 0.5 1.0 1.5 2.0 25

39K* intensity (counts per cycle)

Figure 4.4: A plot showing increasing intensity of **K* ions until the peak enters dead time
at approximately 2 counts per cycle, where only the counts of *'K* jons can then increase.

4.3 Mass analysis procedure

Uncertainty of the calibration parameters Aty, Ab and Ac

The mass of the ions is determined by equation 3.11, which includes calibration parameters
to, c and b. ty accounts for the offset from the time when the ions are triggered to be injected
into the trap and when they actually enter the trap, plus delays in the data acquisition.
¢, defined in equation 3.9, depends on the kinetic energy and path-length of the ions (not
including the IT). b is used for scaling to multiple turns as in equation 3.10. Parameters tg, ¢
and b are determined offline from a pair (or more) of stable calibrants prior to the experiment.
These calibrant masses are well-known, and typically from the internal ion source. Using at
least two well-known peaks, the parameter is identified and the uncertainty is determined
[73]. If IOI and calibrant undergo the same number (the calibrant is an isobar) of turns then
Ac=0.
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Uncertainty in the time-resolved calibration (TRC)

The TOF of a particular species may vary throughout the experiment due to fluctuations
in the power supplies of the electrodes which form the ion mirrors. The drifts of the power
supplies over the course of the measurement can be compensated with a time-resolved cali-
bration (TRC) applied to a TOF spectrum. This is a procedure using a dynamic feedback
algorithm based on identifying and fitting a peak in the spectrum over a longer range in time.

An identified peak of ions accumulated over 200 counts, with a known number of turns,
preferably isolated in the spectrum (not overlapping with another species) is chosen as a TRC
calibrant. The mass-to-charge value and FWHM of this calibrant in the initial spectrum of
the measurement is used to set the searching range for the calibrant peak across the selected
portion of the data file. An optimum ‘block size’ is selected to define the number of spectra
to be summed across the TRC which depends on the incoming rate of the calibrant ion and
IOI. The TRC compensates for power supply drifts by assuming the 101 and the calibrant ion
experience the same fields, as demonstrated in figure 4.5 showing a 4 hour off-line measurement
of 33Cs™ ions with an initial calibration plus a TRC. Resolution of the peak before TRC is
80,000 and 200,000 after.

The error on the TRC, given by equation 4.1, depends on the statistics of the chosen
calibrant in each block, the drift that occurs between the blocks Aprrc and the total number
of blocks Nrgc.

OTRC = Arne. <m> (4.1)
VNrre \ ¢ 101

For the ideal case where the calibrant ion is delivered at a rate of 1 cpc (about 50 pps detected)
the uncertainty on the TRC is dm/m < 1 x 1078, Should the calibrant ion have a lower
rate, the TRC is less effective which is reflected in a non-ideal peak shape (larger FWHM)
and lower resolving power. This in turn makes peak fitting more difficult and is associated
with a greater uncertainty. For the results shown in this work maximal TRC uncertainties of
dm/m < 3 x 1077 were observed.

Uncertainty in the peak shape

The peak shape in the spectra of MR-TOF-MS has evolved since commissioning in 2017.
Initial spectra were more Lorentz-like, and now the peak shape is Gaussian with tails to the
left and right. These tails originate from the tuning of the analyser voltages, which has been
altered over time, and as a result the peak shape has evolved. Under ideal conditions, the
peak shape in a MR-TOF-MS spectrum is identical for all species, and hence independent of
the mass itself. An appropriate peak shape can be selected for all peaks in a given spectrum
which adequately describes the peak shape, and enables a centroid value of the m/q to be
obtained. The chosen peak shape is fitted on a calibrant peak, to find the peak width which
is proportional to the m/q of the ion, then applied to all other peaks.

Through testing peak fittings of Gaussian, inverse polynomial, Lorentz and hyper-
Exponentially Modified Gaussian (Hyper-EMG, which combines a Gaussian centre with
exponential tails [73]), see figure 4.6, the best describing characterisation is Hyper-EMG.
However, in this study the IOI were mostly well separated from other peaks in the spectra
and so, for ease and speed, a Gaussian fit suffices. Uncertainty from the fitting of a
Gaussian fit to an well-separated 10l peak gives an uncertainty contribution on the order of
dm/m < 9 x 1078 for the masses discussed in section 4.4.
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Figure 4.5: Example of a TRC correcting for peak drifts in a 4 hour spectrum of '33Cs™ ions
undergoing 321 turns. Graphs show the mass-to-charge spectra pre-TRC (left) and post-TRC
(right). The top panels show the drift of the peak from spectrum to spectrum. The bottom
panels show the summed mass-to-charge spectra and therefore the resulting mass peak.
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Figure 4.6: Comparison of Hyper-EMG, Lorentz, inverse polynomial and Gaussian peak
shapes on a typical MR-TOF-MS spectrum peak.
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Uncertainty in overlapping peaks

Peaks in the spectrum of the MR-TOF-MS are not always well-separated and may overlap
depending on the mass resolving power of the system, number of turns and closeness in mass.
If the overlap of peaks is minimal then fitting is trivial and a Gaussian fit is sufficient. If peaks
overlap to a greater degree the fitting becomes more complex as the centroids and widths of
the peaks become convoluted. A common example is fitting of both the ground state and
an isomer of the same species, due to biasing of the fit results towards the centre of the two
peaks because the A/q is so similar, the two peaks are indistinguishable. Analysis for these
overlapping peaks has a limit where they are unresolveable from each other.

Investigations using a typical TITAN MR-TOF-MS peak were carried out and found it is
possible to fit peaks separated by a minimum of approximately 3 FWHM, as shown in figure
4.7. On the x-axis is relative peak deviation (Am/FWHM, shown in MeV on the top axis)
which is how much two peaks are separated by. Shown on the y-axis is relative deviation
between the actual (applied) separation of two peaks and the separation as a result of the
Gaussian fit. Results from data using two peaks with identical intensity are shown in blue,
an intensity ratio of 1:5 (one peak is five times greater than the other) are shown in green,
and a difference in intensity of 1:10 shown in red.
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Figure 4.7: This graph shows how the actual (applied) separation between the two peaks
is detected by the fit. Inserts show examples of fitting species separated by approximately
400 keV (left) and 1 MeV (right) at 99u. See text for details.

The relative deviation decreases as the relative peak deviation increases, since the separate
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peak centroids are easier to distinguish and fit. The studies with one more dominant peak
shows the relative deviation is greater due to the the fitting algorithm skewing the fit to
one particular peak. These investigations found it is possible to fit peaks separated by a
minimum energy of approximately 300 keV at 99 u, indicating a minimum relative separation
of dm/m = 3 x 107% is required to distinguish species of the same mass. The contribution
to the uncertainty is on the order of dm/m < 1 x 1077 when the peaks are separated by
3 FWHM, beyond this limit the peak fitting is compromised. Typical mass resolving power
of 200,000 enables peaks within <30 keV of each other to be separated with masses around
A~100 u.

Uncertainties during the mass calibration

The mass calibration, used to determine the mass value of the IOI using another calibrant
mass in the spectrum, has an uncertainty composed of multiple parts. Firstly the statistical
uncertainty of the chosen calibrant, error in the fit of the calibrant peak, as well as the
uncertainty in the literature mass value of the calibrant ion, as given by equation 4.2.

2 2 2
() ¢ () (Y () w2
m J catib m ) sTAT m Jrrr m Jrr

The statistical uncertainty of a mass value deduced from detected counts which form a
Gaussian distribution is given by equation 4.3

FWHM
Ostat = ASTATW (4.3)

where Agrar = 0.424, FWHM is the FWHM of the calibrant peak, and N is the number of
counts in the peak. Uncertainty from the fit is from the fitting of a Gaussian peak to the
calibrant peak. The uncertainty from the literature value was taken from the AME2016 [8]
uncertainty.

An ideal calibrant is one of high abundance in the spectrum, preferably not significantly
overlapping with other species, which is usually close to stability (or stable) and therefore has
a well-measured mass with a small relative uncertainty, and no isomers. This is typically on
the order of dm/m ~ 1x 1077,

For example, in chapter 5 of this thesis, the calibrant used at 54u was **Crt. The
literature uncertainty from the AME2016 [8] is 3.78 x 107 u, statistical uncertainty of the
peak is 1.98 x 10~7 and the fit uncertainty from the Gaussian fit is 2.19 x 10~7 u. Using
equation 4.2, the relative uncertainty of 54Cr* as a calibrant is dm/m = 4.8 x 10~".

4.4 Uncertainties stemming from using non-isobaric
calibrant ions

For the data presented in chapter 5, isobaric calibrants were used at all mass units.
However, during other analyses, there are cases where a suitable isobaric calibrant peak is
difficult to identify. A substantial peak for calibration, with minimal overlap with other
species, that already has a well measured and accepted mass, is needed. Ideally stable ions
from the internal MR-TOF-MS ion source are used as calibrants however these ions are,
in most cases, non-isobars of the IOl and undergo a different number of turns within the
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system, which may lead to a different experience of fields and hence increased uncertainty.
The magnitude of this effect has been investigated.

A study across experimental data taken in 2017 and 2018 with the TITAN MR-TOF-MS
has been performed in order to determine the uncertainty associated with using a stable non-
isobar calibrant from the internal MR-TOF-MS ion source. The study covered more than
100 mass units in order to locate spectra containing stable non-isobar calibrants considering
only peaks of well-measured species, containing approximately 200 counts or more, which
do not overlap with neighbouring peaks which may alter the mass values calculated. For
these measurements MRS was off, as the investigation used non-isobar calibrants, and hence
this does not contribute to the uncertainty of these measurements. Masses are compared
with AME2016 data [8]. Calibration of ¢ and tg was performed according to table 4.1, high-
resolution mass calibrants for b were either 3> K, 8:87Rb or 133Cs jons as documented in
table 4.5, extending up to a mass difference of 36 AMU between calibrant and IO1.

Mass values from six TITAN RIB beam times from 2017 and 2018 were analysed using
non-isobar calibrant ions, and the systematic uncertainties as described in this chapter were
considered. The results are shown in figure 4.8 and presented in table 4.5. Results are given
in terms of the mass excess (ME), defined by equation 4.4 where N is the number of neutrons,
Z is the number of protons, M(Z, N) is the mass of the nucleus, u is the nucleon unit mass
based on 1/12 the mass of the 12C atom, and A is the total number of nucleons.

ME(Z,N) = M(Z,N) — uA (4.4)

Table 4.5: Mass excess (ME) as determined by the TITAN MR-TOF-MS using non-isobar
calibrants. Nyor and Noarrp are the number of turns in the analyser for the species being
measured and the calibrant ion, respectively. ME is in keV. Lines separate the measurement
campaigns during which the masses were measured.

Species Calibrant Nj;o;r Ngarre MErrran

%2Cr 4K 512 577  -55423(43)
52Ty 4K 512 577  -49473(41)
%3Cr 3K 512 567  -55275(41)
33Cr 4K 512 582  -55266(41)
Y 3K 512 603 -49909(43)
oty 4K 512 588  -49910(43)
%4Cr 39K 512 603  -56939(43)
%4Cr 4K 512 588  -56940(43)
5Mn 3K 512 603  -55557(43)
5 Mn 4K 512 588  -55558(43)
6 Cr 39K 512 614  -56929(43)
%6 Mn 3K 512 614  -55295(44)
81Ga ®Rb 373 364  -57621(44)
81Ga 8TRb 373 360  -57605(45)
82Ga 85Rb 382 371 -52940(43)
82Ga 8TRb 382 375 -52924(44)
9Rb 133Cs 394 336 -58511(48)
98y 133Cs 390 336  -62523(49)
9Rb 133Cs 390 336 -51118(47)
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100Gy 133Cs 396 343 -59803(49)
100Rb 133Cs 396 343 -46218(46)
101Gy 133Cs 394 343 -55298(48)
102Gy 133Cs 392 343 -52166(48)
106pq 133Cs 398 355  -89924(58)
106Ru 133Cs 398 355  -86317(56)
1061y 133Cs 398 355  -80607(56)
1061 133Cs 398 355  -80635(50)
107 133Cs 395 345  -83551(51)
130X e 133Cs 345 341 -89906(51)
B 133Cs 324 343 -76441(61)
151y 133Cs 335 357  -T4686(61)
152Fy 133Cs 332 355  -72899(61)
153 133Cs 330 354  -73412(61)
153Dy 133Cs 330 354  -69168(61)
154 B 133Cs 328 353  -T1761(61)
154Dy 133Cs 328 353 -70422(60)
154yh 133Cs 328 353 -49920(59)
155Eu 133Cs 326 352 -T1856(61)
155Dy 13305 326 352 -69204(61)
155yh 133Cs 326 352  -50516(59)
156yh 133Cs 324 351 -53269(59)
15THo 133Cs 323 351  -66872(44)
15TEr 133Cs 324 351 -63470(44)
157Tm 133Cs 324 351 -58810(60)
157yh 133Cs 324 351  -53503(59)

From the results shown in figure 4.8, the uncertainty stemming from using a non-isobar
calibrant varies for each measurement campaign (shown in different colours). The inset in
figure 4.8 shows the average deviation from literature is dm/m = 8 x 10~ with a standard
deviation of 2 x 1077, The slope is 6 x 107 per mass unit difference but can be significantly
less depending on each effect discussed within this chapter and should be assessed for a given
experimental campaign.

4.5 Summary

Sources of uncertainty in the TITAN MR-TOF-MS system have been studied, including
effects originating within the analyser, at detection, and during the analysis procedure. The
study of using non-isobaric calibrant ions reproduced mass values of species with average
deviation of dm/m = 8 x 10~® and associated standard deviation of 2 x 10~7, compared with
literature results. The approximate individual error contributions originating in the analyser
and at detection are detailed in table 4.6, for using an isobar or non-isobar calibrant ion, given
that the MR-TOF-MS was operated with a maximum of 1 ion detected per cycle to avoid
space-charge and deadtime effects. Uncertainties in the mass analysis procedure are calculated
separately for each individual beamtime analysis. From this study, and the calculation of
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Figure 4.8: Deviation in mass value between TITAN and literature results from the use of
non-isobar calibrants for multi-turn calibration as a function of mass difference between ion
of interest and calibrant. Different colours indicate the experiment in which each data set was
collected. The linear fit is shown as a black line with 95% confidence band in grey. Inset shows
a histogram of the deviation from literature as a frequency count plot. The MR-TOF-MS
shows an average deviation of dm/m = 8 x 10~® and standard deviation 2 x 107",

uncertainties contributing from the mass analysis procedure, a relative systematic uncertainty
contribution to the mass measurements taken with the TITAN MR-TOF-MS presented in
Chapter 5 can be determined to be dm/m < 1.9 x 10~7. The individual uncertainties from
fitting, statistics, and the mass calibration, as well as the systematic uncertainty contribution,
are presented in table 5.1.

During the year this study was conducted (2019), and the years since commissioning in
2017, numerous improvements have been made on the TITAN MR-TOF-MS system. The
mass resolving power of the TITAN MR-TOF-MS is now consistently above R = 200,000.
Isotopes observed between 2017-2020 are shown in figure 4.9, including a measurement of
125mInt with t4 /2 ~ 5 ms, and at rates below 1 pps from the target. The future capabilities of
the TITAN MR-TOF-MS are vast due to the unique setup of the TITAN facility which allows
for a variety of precision mass measurements as well as other more diverse measurements.
The TITAN MR-TOF-MS opens up the possibility to selectively ‘retrap’ a particular portion
of ions [99] which can be applied to the TITAN MR-TOF-MS for mass measurement with
reduced contamination, or to produce isobarically, and possibly even isomerically, pure beams
for delivery to other systems.
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Table 4.6: Maximum relative uncertainties deriving from the analyser and detection, for using
isobar and non-isobar calibrants, provided the MR-TOF-MS was operated with a maximum
of 1 ion detected per cycle.

isobar non-isobar
Uncertainty due to phase space in the injection trap - 1.4 x 1077
Uncertainty from non-ideal mirror switching 74x1078 29x1077
Uncertainty due to space-charge in the analyser - -
Uncertainty due to the MRS 8.6 x 1078 0
Uncertainty due to instabilities of the timings 8 x 1078 8 x 1078
Investigation of rate effects on detection uncertainty - -
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Figure 4.9: Chart of nuclides showing isotopes measured by the TITAN MR-TOF-MS from

2017-2020 in colour. Target isotopes for each measurement campaign are labelled.
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Chapter 5

Exploring the emergence of the
N=32,34 subshells for Z>20

The discovery of magic isotopes, corresponding to particularly bound nuclei with specific
numbers of neutrons or protons, led to the Nobel-prize winning nuclear shell model [115].
It is essentially analogous to the atomic shell model, where the neutrons and protons are
filled into shells, and closed shells from at magic numbers which provide extra stability. The
discovery in the 1960s was limited to stable or near stable species. Now, with access to
radioactive species at RIB facilities, a larger range of isotopes has been investigated, and new
phenomena have emerged. One of them is the evolution of shell closures in traditional magic
numbers, which has been considered for a long time and the current status is reflected in
detail in [116]. In particular, the study first mentions of magic-like behaviour in exotic nuclei
at N=32,34, away from conventional shells at N=28 and 50. Signatures of magic behaviour in
exotic nuclei are observed in trends of binding energies from mass measurements. Enhanced
energy of the first excited states and reduced ~-ray transition probabilities are also ‘hints’ at,
but do not directly indicate, nuclear shell effects. Shell closures near stability can be seen in
charge radii measurements, though the same is not always observed far from stability [29].
Mounting evidence for traditional magic numbers evolving in cases with a large imbalance
of protons and neutrons spur both experimentalists and theorists to work on understanding
proton-neutron interactions.

Each nucleon experiences the potential V in the nucleus created by the other nucleons.
This nuclear potential can be described by the Woods-Saxon potential, given in equation 5.1

_ W
" 1+expl(r— R)/d]

where V (r) is the potential as a function of the distance r from the centre of the nucleus,
Vo is the potential well depth, R is the mean radius of the nucleus (given by R = RoAl/3
where Ry ~ 1.2 fm and A is the total number of nucleons) and a is the mean skin thickness
(given by a = 0.524 fm) [117]. The addition of the spin-orbit interaction further allowed
predictions of the energy levels of the protons and neutrons. As seen in figure 5.1, the
circled numbers correspond to magic numbers of protons and neutrons where nuclear shells
form. Shell gaps are between these closed shells (indicated with double ended arrows) where
the energy difference is larger. The notation of these orbitals, on the right, encompasses the
principal quantum number n, the angular momentum (or orbital angular momentum) [ which

Vi(r) (5.1)
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gives the orbital (s (I=0), p (I=1), d (I=2), f (I=3), ...), and the total angular momentum
j = 1+ s which combines the orbital angular momentum and the nucleon spin s (protons
and neutrons have s = —1/2 or +1/2 according to the Pauli principle). The degeneracy
(maximum number of nucleons in a given level) is given by (2j 4+ 1). 7 and v can sometimes
be used to distinguish proton and neutron orbitals, respectively.
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Figure 5.1: Shell structure showing cumulative number of nucleons with each closed shell, and
the magic numbers which are circled. Double ended arrows indicate the shell gaps. Notation
is shown on the right.

99



Exploring the emergence of the N=32,34 subshells for Z>20

Protons and neutrons which each fill the energy levels seen in figure 5.1 interact with one
another within the nucleus. Nucleon-nucleon interactions are governed by the strong (nuclear)
force which has a finite range (on the order of fm) and is attractive, though on the very short
scale (< 1 fm) it is repulsive. Proton-neutron interactions are known to change the relative
energies of the neutron orbitals when protons are added or removed from the proton orbital
[5]. In the N=32,34 region, the 7 f;/5, vp; /o and v f5 5 orbitals are the focus, as demonstrated
in figure 5.2. In %°Fe (Z=26, N=34) the proton-neutron interaction between the 7 f; /2 and
v [f5/2 is strong as indicated in the thickness of the arrow in figure 5.2. As protons are removed
from the = f7 /5 orbital in %8Cr (Z=24, N=34), the strength of the proton-neutron interaction
decreases, and causes the energy of the v f5/; orbital to shift towards the vp; /5 orbital. In the
nucleus of *Ti (Z=22, N=34) there are two valence protons in the = f; /2 shell (degeneracy
(274 1) = 8). The increased imbalance between proton and neutrons in the nucleus causes an
energy level inversion of the vp;/, and v f5/, orbitals, and the neutrons instead fill the vp;
level because of its relatively lower energy. The degeneracy of the vp; /5 level is (2j+1) = 2 so
it is completely occupied and a closed shell and magic effects begin to show. In %*Ca (Z=20,
N=34) both the proton and neutron shells are completely filled (closed). More comprehensive
studies of these interactions and their role in structural evolution of the shell model require
theoretical models and experimental data in the N=32,34 region to benchmark the models.

Protons Neutrons b d == :4_ = -”:2
VP12 Py
___“_v_fsﬁ ---“-FSZ a YPis2
’ VPasz /“E VPap
L - Vi T f'f7{2 7y _ ?B e
—VUVVU— 90000000 —uuUUVU— V00V 00000000

50Fe (Z = 26) 58Cr (Z = 24) ETi (Z = 22) 54Ca (Z = 20)

Figure 5.2: Schematic of the interaction between the 7f7/5 and v f5/, orbitals, as indicated
by the thickness of the black arrow, for N=34. This figure is discussed in more detail in the
text. Figure modified from [23].

Theoretical models correctly predicted shell closures at N=2,8,20 using established calcu-
lations of nucleon-nucleon (NN) forces, but these failed at N=28. The calculations focusing on
NN interactions consider only the interaction of two nucleons and ignores all other nucleons
in the nucleus. The introduction of three-nucleon (3N) forces in chiral effective field theory
(EFT) [118] established that 3N forces depicted the repulsive interactions between two va-
lence neutrons and an additional nucleon are essential in the explanation of the N=28 magic
number. This identified the N=28 shell closure and the predicted double-magicity (magic in
both N and Z) of *®Ca. These studies also predicted N=32,34 shell closures, validating the
results from the experimental ~-spectroscopy studies of Ti [22].

Calcium isotopes (with magic Z=20) play a key role in understanding nuclear structure
at and beyond the N=28 region. TITAN mass spectrometry up to N=32 found ®?Ca to be
1.74 MeV (a value similar to the binding energy of the deuteron) more bound than previ-
ously determined [3], indicating unexpected magicity. This large deviation was subsequently
confirmed at ISOLTRAP [4]. These first direct mass measurements identify the N=32 shell
closure in Ca isotopes from the sharp decrease in Sy, similar to the behaviour seen in doubly
magic “8Ca. Decay spectroscopy measurements of **Ca at RIKEN identify ‘the onset of a
sizeable subshell closure at neutron number 34’ from the energy of the first 2+ excited state

60



Experimental details Exploring the emergence of the N=32,34 subshells for Z>20

of the nucleus E(2+) [23], see figure 5.3. The large E(2+) of *Ca indicates the strength of
the shell closures at Z=20 and N=28, the classical magic numbers. E(24) at N=32 is slightly
lower and therefore indicates a slightly weaker subshell closure in ®?Ca, which is slightly
weaker still at N=34 in **Ca.
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Figure 5.3: (a) Energies of the first 27 (and 37) states in Ca isotopes as a function of N. (b)
energy of the first 27 state in N=30,32,34 isotonic chains as a function of Z. Figure modified
from [5, 23].

3N forces employed in chiral EFT calculations have mapped the evolution of the shell
structure of neutron-rich Ca isotopes towards the dripline [119]. These results confirmed the
shell closure in “8Ca due to the effects of 3N forces, with similar effects seen in 52Ca, and a
‘weak subshell closure’ in >Ca. NN and 3N interactions work well in isotopes as heavy as O,
but ab initio calculations are needed beyond this point. Ab initio (based on first principles,
assuming that each nucleon is a point-like and non-relativistic particle) calculations have been
performed for Ar, K, Ca, Sc, and Ti isotopic chains up to N=32 [120] to investigate off-shell
(Z#20) in surrounding non-doubly-magic nuclei.

To match theoretical predictions in the mid-shell region, the masses of neutron-rich 51 =25Ti
and °2759V isotopes were determined at TITAN previously, where the N=32 shell closure
effects were observed to weaken in Ti, and disappear in V [30, 31]. This work extends this
effort into the Sc and Ca isotopic chains, and beyond N=34. Details of the experimental
procedure are in section 5.1. The beam, contaminants and techniques used to reduce these
are discussed in section 5.2. The data analysis procedure is discussed in section 5.3. The
mass measurement, and half-life, results are presented in section 5.4. Finally, the results are
discussed in section 5.6.

5.1 Experimental details

An ISAC RIB beam containing neutron-rich Ca, Sc, Ti and V isotopes was produced by
impinging 480 MeV protons with 50 pA intensity onto a high-power Ta target. The TRILIS
laser ion source [81, 82| was used to ionise Ti while all other elements were surface ionised.
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The beam from ISAC was sent to TITAN with a transport energy of 20 keV. The TITAN
RFQ accumulated the ions for 20 ms, cooling and bunching the ions, and a pulsed drift tube
was employed to adjust the ion kinetic energy to 1.3 keV for operation with the MR-TOF-MS.

The TITTAN MR-TOF-MS was operated on a 50 Hz duty cycle, synchronised with the RFQ
cooling scheme. A new ion bunch was sent from the TITAN RFQ every 20 ms (corresponding
to the time for one measurement cycle). After the pulsed beam entered the TITAN MR-
TOF-MS, it was further cooled and bunched for about 13 ms in the trap section. The ions
underwent 350-550 isochronous turns (IT) depending on the A/q ratio of the ions under
investigation, resulting in flight times of around 7 ms. This corresponds to resolving powers
of R = 180-200k. The number of ions was kept around 1 ion detected per cycle.

Total measurement efficiencies, including transport and detection, varied 10-30% depend-
ing on the species and its charge state. Efficiency of ions being detected was calculated from
the measured rate of ions on a detector before the TITAN beamline, and again at the Mag-
neTOF detector at the top of the MR-TOF-MS, see figures 3.5 and 3.7. The detected rate of
the ions of interest ranged from approximately 0.01-1 pps. Large contributing factors to ion
losses are residual gas interactions within the system (due to an imperfect vacuum), imperfect
tuning and detector limitations. It was possible to measure nuclei further from stability than
in previous measurements (beyond 55u, as in [30, 31]) due to the increased capabilities of
the MR-TOF-MS as a result of system upgrades described in chapter 4. Overall, masses of
species at 54-58u were measured with the TITAN MR-TOF-MS.

5.2 Beam properties

The beam delivered from ISAC was controlled in mass range by the mass separator magnet
which is tuned (along with optics and slits) to the requested mass unit. However, because of
the resolution R=2000-3000 the beam can contain a cocktail of isobars from the ISAC target
and ion source. An example of the delivered beam is shown in the MR-TOF-MS spectrum in
figure 5.4 and in the time-of-flight spectra for all beams which can be seen in the Appendix.

For all isotopes measured in this chapter, efforts were made to identify the constituent
species in the beam. Vanadium isotopes were observed in all beams while calcium and scan-
dium were detected up to A/q = 54 and 55 respectively. Titanium isotopes, found at A/q =
54-56, were additionally identified by measuring a spectrum with and without laser ionisation.
The ionisation gain due to lasers was determined to be up to a factor of 10 for °*Ti, and a
factor 2 for ®®Ti as seen in figure 5.5.

The most abundant species at every mass unit were Cr™, Mn™, and Fe™. Molecular
contaminants like calcium oxide were observed. Also observed were doubly and triply charged
contaminants. The 2+ and 3+ contaminants are most likely caused by the effect of ‘back-
streaming electrons’ in the target. Electrons can be emitted from the so-called ‘puller’ and
‘eround’ electrodes near the target (either because of heating or radioactive decay), which can
then be accelerated back into the target with enough energy (approx 20 kV) to ionise some
species through electron-beam impact ionisation. These elements are then drawn from the
target and some can pass through the mass separator magnet to be detected at the MR-TOF-
MS. A discussion of all spectra and contaminants in detail are provided in the Appendix.

Contamination was reduced through three steps: first, by adjusting the ISAC mass sepa-
rator magnet, the ratio of titanium to contamination was optimised. Secondly, the technique
of collision induced dissociation (CID) [100], as described in section 3.5, uses increased gas
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Figure 5.4: TITAN MR-TOF-MS spectrum at A/q = 54 where ions underwent 520
isochronous turns within the mass analyser. The most dominant species in the spectra are
Cr™, Mn™, and Fet. The isotopes of interest V*, Ti*, Sc™ and Ca™, have well separated
but smaller peaks. Molecules of ZrO?T and CIFT are present in this beam, as well as Er3™,
Tm3*, Yb3t and Lu?t. Resolving power was 210,000.

pressure to break-up molecular contaminants. The molecule fragments have different A/q
ratios and can be separated. Finally, the technique of retrapping, described in section 3.5, se-
lectively traps the 101 and is especially useful in cases where the 101 peak is close in mass to a
dominant neighbour. This increases the probability to be selected for the IOI. The retrapping
method was used for A/q = 55,56.

5.3 Data analysis procedure

Following the measurements, analysis of TITAN MR-TOF-MS spectra was done in various
steps. The first is a time resolved calibration (TRC) to account for temperature drifts and
fluctuations in the power supplies throughout the data collection. Peaks in the TOF distribu-
tion are considered Gaussian with asymmetric tails, due to energy spread of the ion bunches.
The specific tail shape can depend on the tune of the analyser and hence the voltages applied.
The centre of the peaks of interest were fitted with a Gaussian function, as shown in figure
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Figure 5.5: TITAN MR-TOF-MS spectra at A/q = 55 where ions underwent 350 isochronous
turns within the mass analyser. Top panel shows a spectrum with active laser ionisation
(lasers on), bottom panel shows with surface ionisation only (lasers off). A sizeable increase
in the °Tit peak can be seen. Resolving power was 210,000.

5.6, and the centroid was identified. This allowed for a mass-calibration with a well-known
calibrant ion, for example, in this work Cr™ for all mass units, except 58u where Fe™ was the
calibrant.

The error on each mass value was calculated from a combination of the fit and statistical
uncertainty (of a Gaussian), uncertainty from the mass calibration (including the fit and sta-
tistical uncertainty of the chosen calibrant, and the uncertainty in the literature mass value of
the calibrant mass), and the relative systematic uncertainty contribution, detailed in chapter
4,0f 1.9 x 1077, In table 5.1, the uncertainty from the IOI fit, IOI statistical uncertainty, un-
certainty from the mass calibration, and the systematic uncertainty contribution are listed for
each isotope measured. The uncertainties were added following error-propagation, resulting
in uncertainties of 66 keV or less, as seen as the uncertainties in table 5.2.

All peaks in the spectra have been identified. To identify peaks, first, mass markers
for all species with q=1 of the mass window under study are taken from AME2016 data.
The remaining unidentified peaks can be tested with q=2" or 37 mass markers, or likely
molecular contaminants. Molecular contaminants are first trialled with a combination of the
stable isotope of the ion of interest, or neighbouring elements, plus H*, O*, C*, F+, OHT,
etc. Research prior to the experiment into the AME value and previous measurement methods
of isotopes is performed to ensure the range for the mass peak is covered by the study.
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Figure 5.6: Example of a TOF spectrum fit with a Gaussian function (red) for ®V, where
ions underwent 350 isochronous turns and resolving power was 210,000.

Table 5.1: Error values (in keV) from each contributing factor for each isotope measured by
the TITAN MR-TOF-MS in this work.

Species  Fit error Statistical error Mass calibrant error Systematic error Total

2Ca, 12.87 11.31 0.46 9.55 20
54G¢ 7.40 6.02 0.45 9.55 14
%S¢ 56.54 24.59 0.81 9.69 62
51T 31.07 17.85 0.45 9.55 37
55T 13.04 18.63 0.57 9.69 25
564 13.71 21.37 4.14 9.90 28
by 11.49 9.69 0.46 9.55 18
55y 1.54 2.93 0.57 9.72 10
56y 2.95 8.25 3.44 9.90 14
5Ty 2.79 6.29 1.89 10.08 12
58y 54.88 35.57 1.21 10.26 66

5.4 Mass measurements of *Ca, *~%°Sc, **-°Ti, and ***V

Table 5.2 summarises the mass measurement results of the experiment and compares
them to recent literature values. These include the latest AME2016 measurements, prior
TITAN measurements [30, 31], and the difference between AME2016 and this work. The
AME evaluation procedure combines all measurements of a particular nucleus (direct and
indirect) and produces a recommended mass value based on the evaluated information. This
process has been done in regular intervals and is published [8, 121-125]. Here, the AME
from 2016 is used to indicate the most recent publication. Results are given in terms of the
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mass excess (ME), defined by equation 4.4. All individual spectra used for this analysis are
presented in the Appendix. Here, a short summary of the individual mass units is given.

A/q =54

This first time TITAN observation of °4Ca is in agreement with the AME2016 value, within
uncertainty, -30.6 keV different from the AME result. The AME value is based entirely
on the only previous direct measurement of ®*Ca from ISOLTRAP [4] via MR-TOF mass
spectrometry, as shown in figure 5.7. The TITAN value agrees very well within uncertainty
and has a reduced error bar.
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Figure 5.7: Comparison of 3*Ca ME values with the AME2016, from ISOLTRAP [4]. AME
uncertainty is shown as a grey band. This work is shown in red.

The observation of °*Sc is a first-time measurement of this isotope for TITAN. The AME
combines results from Los Alamos measured using the TOFI method [10-12], a GSI TOF
measurement [126], two NSCL TOF measurements [127, 128], and a CSRe result [129]. The
weighting of these values in the AME evaluation is not even and the numerous measurements
of 54Sc are contradicting, see figure 5.8. Since the AME2016, there have been an updated
value from CSRe [130] and NSCL [131].

Most of the measurements for the mass excess of *Sc seem to fall into two regions:
one approximately -140-300 keV from the AME, and another 540-760 keV from the AME.
The three results from Los Alamos vary around the AME value, with the GSI measurement
agreeing with the two later studies. The 2011 and 2015 NSCL results agree with the first Los
Alamos study, though the error bars do also reach into agreement with other data points. The
2020 re-evaluated result from NSCL takes their input closer to heavier ME measurements.
The two CSRe results are close to the GSI and later Los Alamos results, and uncertainties
overlap with the NSCL 2020 updated result. The 1998 TOFI and 2004 GSI measurements
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Figure 5.8: Measurements of the mass excess of °*Sc compared with the AME2016 (uncer-
tainty shown as grey band). Previous measurements from Los Alamos [10-12], GSI [126],
NSCL [127, 128, 131], and CSRe [129, 130]. The result from this study is in red.

are of significantly lower weighting in the AME2016. Updated results from CSRe and NSCL,
and the new result from TITAN, suggest the AME of 54Sc may need reviewing.

The masses of ®*Sc from the 2011 and 2015 NSCL studies are heavier than other mea-
surements included in the the AME2016. All 15 other masses published in the 2011 NSCL
publication are systematically lighter than their corresponding AME values, except **Sc which
is heavier than its corresponding AME value. The ®>Sc measurement from this paper is high-
lighted in the AME as disagreeing with other literature values. The 2015 NSCL study agrees
with the previous measurement of ®*Sc from the same facility, but this time the other masses
in the study are all systematically heavier than the AME2016. Additionally, the AME2016
places an extremely low weighting of the mass measurements of *>53Sc from this source. The
2020 re-evaluation of the 54Sc is 400 keV different. The paper includes updated results for the
other Sc isotopes which differ from the groups original values by up to 830 keV. Uncertainties
from these papers, using this TOF technique, are 210 - 990 keV.

The TITAN measurement of 4Sc is 547 keV from the AME2016 value, in agreement with
CSRe, GSI, and the majority of the early TOFI measurements, outside of the uncertainty
of the NSCL measurements. This new TITAN measurement supports the scepticism of the
AME in the NSCL Sc data, and a diplomatic averaging of all measured values for future mass
evaluations.

The numerous studies obtaining a value for the ME of *Ti are shown in figure 5.9.
54Ti was also measured at TITAN in 2017, the difference between the two TITAN values
is -8.89 keV: 113 keV different from the AME2016 value but in close agreement with each
other. Previous measurements which are combined to form the AME value are time-of-
flight isochronous (TOFI) spectrometer measurements from the 1990s at Los Alamos [10-
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12], and an Isochronous Mass Spectrometry (IMS) measurement taken at the cooler storage
ring (CSRe) in Lanzhou in 2015 [129]. Since the AME2016, there have been some revised
results from the CSRe study, including °*Ti [130]. There is also a 3-decay measurement
result [132]. The updated CSRe value is closer to the TITAN values than the initial result,
both agree within uncertainty. The two TITAN MR-TOF-MS measurements, though lighter
than previous measurements, are in close agreement, with the previous measurement having
a lower uncertainty probably from statistics due the rate of Ti from the target. The new
TITAN results agree within uncertainty with all prior measurements, with a reduced error
bar, and an averaging of the current AME and TITAN results would be recommended for the
mass evaluation of **Ti.
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Figure 5.9: Comparison of all previous *4Ti ME measurements, from decay studies [132], TOFI
measurements [10-12], CSRe results [129, 130], the previous TITAN result [30], and this study
(red). Measurements are shown as their deviation from the AME2016 value (uncertainty of
which is demonstrated by the grey band).

4V has only been directly measured once before, at TITAN [31]. All previous measure-
ments are documented in figure 5.10. The two TITAN mass values measured in 2017 and 2019
agree within uncertainty with a difference between the measurements of only -7.7 keV. Prior to
the 2017 TITAN measurement, the mass of ®*V was only measured indirectly [132-134]. The
AME2016 value is weighted mostly on the 1977 measurement. The new measurement agrees
very well with the AME2016 within uncertainty, the difference is a mere 3.11 keV. There is
not much impact from this measurement except installing confidence in the measurements of
the device. Given that the two TITAN data points are the only direct measurements and
are in close agreement with one another, their weighting could be significant to a new mass
evaluation of >4V,

54u is a rich spectrum as retrapping was switched off and so all species in the 54u mass
range are seen. The peaks of interest are all isolated in the spectrum reducing the uncertainty
in the fit. The abundance of Ca™, Sc™ and VT are sufficient to have a confident fit. The
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Figure 5.10: Comparison of **V mass excess (ME) values with AME2016. Previous indirect
measurements [132-134], the previous TITAN measurement [31], the measurement from this
study (shown in red), and AME2016 uncertainty shown in the grey band.

counts of °ATi are lower, but despite this the mass value agrees with the previous TITAN
study.

A/q =55

%S¢ was measured for the first time at TITAN. Previous mass measurements of ®Sc which
contribute to the AME value were obtained at Los Alamos via TOFT in the 1990s [10, 12],
and more recently at NSCL [127, 128]. A re-evaluated figure recently came out from NSCL
[131] which is not accounted for in the AME value. The TITAN value is 683 keV lighter than
the AME value, but is in agreement with the 2020 NSCL data [131], and is within the error
bars of the two other previous NSCL measurements [127, 128], shown in figure 5.11.

%Ti and %°V were measured at TITAN in 2017. In the cases of both ®Ti and %V,
the TITAN measurements agree within uncertainty. The uncertainties are reduced from
the 2017 TITAN experiment. The TITAN 2019 measurement of 5°Ti is -11.9 keV different
from the previous TITAN value and 152 keV from the AME2016 value. Previous ®°Ti mass
measurements averaged for the AME value were performed via TOFI at Los Alamos in the
1990s [10-12]. There was also a $-decay measurement for 5>Ti [132]. As with 54Ti, the TITAN
values are lighter than the AME values, shown in figure 5.12, but are in close agreement with
one another, and the recent NSCL measurement. Due to the close agreement between the
recent and direct measurements, an average of these 3 values would be a good new evaluation
of the mass of *>Ti.

The mass difference from the previous TITAN value of °V is 5.1 keV, the first direct
measurement of this isotope, and -14.46 keV from the AME2016 value. Previous **V ME
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values are from decay measurements [132, 135], as shown in figure 5.13. All measurements
agree within uncertainty, with the TITAN values significantly reducing error bars, and an
averaging of all values would be appropriate.

The data taken at 55u shows multiple isolated peaks. Retrapping was switched on and
thus reduces contaminants in the spectra.
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Figure 5.11: Comparison of %Sc mass excess measurements with the AME2016. Uncertainty
of the AME2016 is shown in the grey band. Previous measurements are from TOFI [10, 12],
and NSCL [127, 128, 131]. This work is shown in red.
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Figure 5.12: Mass excess value of 5Ti compared with AME2016 (uncertainty displayed as
grey band). Decay measurement [132], TOFI [10-12], a previous TITAN measurement [30],
and a recent NSCL value are shown to compare with the value in this study (shown in red).

70



Mass measurements Exploring the emergence of the N=32,34 subshells for Z>20

300 T T T T
~—— AME2016
200 4 PTi(YV = ME[AME-Iit]
SSV(ﬁ')ssCr 1996
1977

100 4 E
TITAN
2017 This work

: 1 *

-100 —

ME[AME-it] (keV)

-200 E

55V 1

-300 T T T T

Figure 5.13: Measurement of the ®*V mass excess compared with the AME2016. Uncertainty
of the AME2016 is shown in the grey band. Previous measurements are from decay spec-
troscopy studies [132, 135], and a previous TITAN measurement [31]. This work is shown in
red.

A/q = 56

Mass 56 posed a challenge to obtain a measurement of 5°Ti due to it’s extremely close
proximity to CaO. The technique of collision induced dissociation (CID) [100] was used in
an attempt to breakup some of the molecules in the system. A small distinguished peak of
22 counts of °°Ti was used to obtain a mass value. The mass measurement obtained closely
agrees with the AME2016 value, with 27.55 keV difference. The AME value is an average of
the three Los Alamos TOFI papers [10-12], a TOF measurement taken at GSI [126], and a
measurement from CSRe [129]. Since the AME2016, the CSRe has published updated results
for 5°Ti [130], and a new measurement from NSCL has been published [131]. See figure 5.14
for all previous measurements, including an additional indirect measurement [132]. CSRe
results from these studies are consistently lighter than the AME2016 and in this case lie
outside the uncertainty band of both the AME and TITAN measurements. The TITAN
measurement agrees with the AME, including the later TOFI and GSI 2004 measurements,
within uncertainty and has significantly reduced error. The TITAN result should be included
in future mass evaluations of the species.

%V has never before been measured at TITAN. The AME value is an average of the
three Los Alamos TOFI papers [10-12]. There is an additional previous measurement from
decay studies [132]. The new mass value agrees with the AME2016 within uncertainty. The
difference from the TITAN ME value to the AME value is 110.98 keV and with significantly
decreased uncertainty, see figure 5.15. The recent NSCL measurement agrees with this study
within uncertainty. The new measurement can be added to the averaging for determination
of the mass of *°V.
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Figure 5.14: Comparison of ®6Ti measurements. AME2016 uncertainty is shown as the grey
band. Previous measurements shown include decay spectroscopy [132], TOFI [10-12], a GSI
measurement [126], CSRe values [129, 130], and an NSCL measurement [131]. The TITAN
measurement is shown in red.
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Figure 5.15: Comparison of *V mass excess values with AME2016 values. Uncertainty of
the AME value is displayed as the grey band. This study is in red. Previous measurements
are via decay [132] and TOFI [10-12]. There is an additional measurement from NSCL.
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A/q = 57

This is the first time 57V has been measured at TITAN. The AME value is a combination
of three Los Alamos TOFI measurements [10-12] and a more recent CSRe experiment [129],
see figure 5.16. There is very little weighting from the 1990 measurement in the AME2016,
more from the others. There is also S-decay data from which a ME value is calculated [132],
and a recent measurement from NSCL. The difference between the TITAN and AME values
is -32.56 keV. These values are relatively close and this measurement has significantly reduced
the uncertainty. 57V is in the shoulder of the hugely abundant peak of Sn?*, retrapping was
used and sufficient separation was achieved. Due to the close agreement and low uncertainty
of both the TITTAN and NSCL measurements, an average of the these values is suggested.
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Figure 5.16: 57V mass excess values compared with AME2016 (uncertainty shown as grey
band) including a value from decay data [132], Los Alamos TOFI measurements [10-12], a
CSRe measurement [129]. A recent NSCI measurement is included, as well as the current
study (in red).

A/q = 58

9 counts of ®®V were observed by TITAN, these low statistics are reflected in the 66 keV
error bar. The AME combines TOFI measurements taken at Los Alamos [10-12], a TOF
measurement from GSI [126], and a CSRe result [129]. Figure 5.17 shows the previous mea-
surements of °®V and the TITAN 2019 measurement in red. Of the data taken at TITAN,
the difference from the AME is -30 keV, with an uncertainty of 66 keV. 58u shows an isolated
peak in a spectrum, but the rate of 5V was extremely low. The TITAN mass of %V falls
within the uncertainty of the AME2016.
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Figure 5.17: Comparison of °®V mass excess results. AME2016 uncertainty is shown as grey
band. Possibly mass excess value from the data in this thesis in red. Previous values from
Los Alamos [10-12], GSI [126] and CSRe [129] are shown in black.

Summary

The TITAN measurement of >*Ca is in agreement with the AME2016 value (based entirely
on the only previous direct measurement of >*Ca from ISOLTRAP [4]) with a greater than
factor 2 reduced uncertainty of 20 keV. The TITAN measurement of °*Sc is 547 keV lower than
the AME2016 value. The AME evaluation of multiple experiments is not of even weighting
and the numerous measurements of °4Sc are contradicting. Since the AME2016, these results
now have updated values from the Experimental Cooler-Storage Ring (CSRe) in Lanzhou
[130] and the National Superconducting Cyclotron Laboratory (NSCL) at Michigan State
University (MSU) [131]. For *Sc, the TITAN mass uncertainty was 14 keV, and hence much
smaller than the previously reported uncertainties of 210-990 keV from all other studies. The
TITAN measurement of °Sc is 683 keV lower than the AME2016 value. Since the AME2016,
NSCL reevaluated their results [131] leading to a deviation of more than 200 keV from the
previous values. The uncertainty for *Sc is 62 keV whereas uncertainties from other results
are 220-1000 keV.

The measurements of *»5°Ti are within one sigma of the previous TITAN measurements,
and the AME2016 values, in agreement within uncertainty with all prior measurements and
revised results from the CSRe [130] and NSCL [131]. The mass measurement of *Ti obtained
is close to the AME2016 value and has significantly reduced error. The new measurements
of 5495V agree very well with the previous TITAN measurements, and with the AME2016.
%6:5TV mass values agrees with the AME2016 and the recent NSCL measurements [131] within
uncertainty, with significantly decreased error. The mass measurement of ¥V falls within the
uncertainty of the AME2016, though the rate of *®V was extremely low.
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Table 5.2: Mass excess values (in keV) for Ca, Sc, Ti and V isotopes measured by the TITAN
MR-TOF-MS in this work, AME2016 values [8], previous TITAN measurements [30, 31], and
the difference between the AME2016 and this work.

Species M Ernis work MEanmre2016 METrran21s  AMEANME2016—This work

Ca -25130(20)  -25161(48) -31(51)
*1Sc -34438(14)  -33891(273) 547(273)
2Sc -30842(62)  -30159(454) 683(458)
24T -45735(37)  -45622(82) -45744(16) 113(90)
5T -41820(25)  -41668(162)  -41832(29) 152(163)
56T -39348(28)  -39320(121) 28(124)
ody -49896(18)  -49893(15) -49904(17) 3(23)

Y -49130(10)  -49145(95) -49125(27) -15(96)
6y -46266(14)  -46155(177) 111(178)
AV -44381(12)  -44413(80) -32(81)
By -40372(66)  -40402(89) -30(111)

5.5 Half-life measurements of > 54Ti

Nuclear shell effects can manifest in nuclear observables other than mass, for example
longer half-life, certain patterns in the excitation energies and nuclear charge radii [1]. Hence,
another avenue to elucidate the N=32 subshell is via a detailed decay-spectroscopy study.
Limited decay-spectroscopy of Ti isotopes was performed at the ISAC Yield Station [89].
The half-lives of the Ti isotopes were determined through (S-counting and using the mscfit
program [136], as shown in figure 5.18. A two-species fit method, where the abundance ratio is
a floating parameter, was used for the analysis. Initial fit parameters for background, activity
and half-life are inputs, which can be a value, range or free parameter. The half-life for °'Sc
(mother) and %2754V (daughter) isotopes were taken from ENSDF [137], and the half-life and
activity for Ti were fitted. All half-lives agreed with evaluated literature values [137], with
the exception of °4Ti; see table 5.3, a comparison is shown in figure 5.19.

Table 5.3: Half-live values (in s) of ®1~%4Ti isotopes measured by the ISAC Yield Station in
this work, and literature values taken from ENSDF [137].

tl 2 This work (S) tl 2 literature (S)

LT 337(45) 345.6(6)
92T 102(11) 102(6)

3T 32(3) 32.7(9)
4T 9(1) 2.1(10)

The Evaluated Nuclear Structure Data File (ENSDF) [137] lists two half-lives for 4Ti;
2.1(1.0) s [20] and 1.5(4) s [132]. Both deviate from the here presented measurement of 9(1) s
by 6 sigma. The data collected at the Yield Station does not utilise y-gating and uses a simple
-collection method so the observed 9(1) s lifetime cannot be unequivocally assigned to 54Ti;
however, circumstantial evidence supports the identification of the ®*Ti ground state. These
include comparable yields measured at the Yield Station and the TITAN MR-TOF as well as
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Figure 5.18: Example of decay spectroscopy data. Shown are fits of S-decay curves obtained
using data from the ISAC yield station for ' ~>*Ti (black). The half-lives of 5'Sc and 5254V
are applied (red), and the fitting of °'Ti was calculated from this decay information. All
literature half-lives are taken from ENSDF [137]. All half-life values from the fitting procedure

agree within error with published values with the exception of 54Ti.

no other identified species possessing a half-life consistent with 9(1) s. Furthermore, a recent
theoretical study into S-decay properties of Ca, Ti and Cr isotopes predicts the half-life of
%4Ti to be close to 10 seconds [138], in support of this work.
The half-lives (from ENDSF [137]) of isotopes in the region from N=28-37 are plotted for
K, Ca, Sc, Ti, V and Cr in figure 5.20. Current published values of the Ti half-lives, and
uncertainties, are shown in the blue band. A strong kink and large uncertainty is seen in the
half-life of ®*Ti. The half-life value from this work, with significantly reduced uncertainty,
supports the conclusions in [30] that Ti shows weak shell closure effects at N=32 from the
longer half-life value. The disagreement not only draws scrutiny to the nuclide’s half-life but
also highlights the paucity of spectroscopic information in the region. A new, updated, and
independent measurement could clarify the 4Ti half-life and reduce uncertainty, contributing
more data to the nature of N=32 in Ti isotopes, which could then be extended beyond N=32

and into other isotopes.
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Figure 5.19: Half-lives of Ti isotopes as a function of neutron number (N). Literature [137]
values are plotted in black, and this work is plotted in red. ®*Ti deviates from the literature
values to form a smooth curve.

100 5

104

Half-life (s)

0.1+

0.01

Figure 5.20: Half-lives as a function of neutron number (N) for K, Ca, Sc, Ti, V and Cr
isotopes near the N = 32 shell closure. Uncertainties are shown as bands. Drastic differences

in the literature values [137] (blue) and this work (red) of ®*Ti indicate more detailed studies
are needed. Image modified from [31].
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5.6 Magicity at N=32 & N=34

The mass values (or ME) in this work have uncertainties of 66 keV or less, significantly
improving previous values by up to an order of magnitude. While most masses agree with the
AME2016, deviations in the masses of >%%°Sc ranged from 547-683 keV, which significantly
impacts the interpretation of nuclear structure in this region around N=32. Alongside this
work, mass measurements of *°~53Sc were recently performed at the LEBIT facility at NSCL
[139].

The trends in two-neutron separation energy (Sap), defined by equation 1.1, reveal inter-
esting shell behaviour. For example, a drastic change in slope in Soy values indicate a shell
closure, while a flattening in Sop points towards collective behaviour. The results of Sopn cal-
culations performed on isotopes in this work are shown in a combined plot with neighbouring
isotopic chains in 5.21, and separately in figure 5.22.
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Figure 5.21: Summary plot of two-neutron separation energy (San) of Ar, K, Ca, Sc, Ti and
V isotopic chains plotted against neutron number (N). Data from AME2016 are in black, and
data from this work are in red. Data from LEBIT [139] are in blue, experimentally measured
values are in filled symbols, symbols which are half filled use a combination of AME and
TITAN/LEBIT data, symbols which are entirely open are AME extrapolated values.
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Figure 5.22: Two-neutron separation energy (S2y) of Ca, Sc, Ti and V isotopic chains plotted
against neutron number (N). Data from AME2016 are in black, and data from this work are
in red. Data from LEBIT [139] are in blue, experimentally measured values are in filled
symbols, symbols which are half filled use a combination of AME and TITAN/LEBIT data,
symbols which are entirely open are AME extrapolated values.

79



Magicity at N=32 & N=34 Exploring the emergence of the N=32,34 subshells for Z>20

Closed shell effects are revealed by a sudden change in the slope of two-neutron separation
energy as shown for this region in figure 1.3. The well established closed shell effects at magic
number N=28 can be seen as a downward slope after the shallow slope between N=20-28.
Between N=30-32 the Sy surface of Ca is flat once again, the abrupt change in slope of S
can be seen again at N=32 which flattens again around N=35.

As seen in figure 5.22, the Sy for Ca isotopes after N=28 drops by approximately 2.1 MeV
to N=29, and by 5.7 MeV to the next flat region at N=30. Similarly, after N=32 the change
in Son is 1.6 MeV less to N=33 and 5.7 MeV to the next flat region at N=35. The N=28
and N=32 closed shells are of similar magnitude in Ca isotopes.

Sc, with one additional proton, shows remarkably similar neutron shell effects to Ca, both
at N=28 and N=32 in figure 1.3 (data which is plotted in black in figures 5.22 and 5.21). The
new data (in red) shows a significantly different Son surface than the AME2016 data in Sc
isotopes at N=33,34. The deviations in Sox values between the AME2016 and this work are
0.5-0.8 MeV for these two isotopes.

In this work, the Son of Sc isotopes from N=28 to N=29 decreases by 2.2 MeV, and to
the plateau region at N=30 there a reduction of 5.5 MeV. From N=32 to N=33 the Son of Sc
drops by 1.6 MeV, which is smaller than AME2016 data (2.2 MeV). From N=32 to the plateau
region at N=35, there is a decrease in Son of 5.1 MeV, greater than the AME2016 (4.7 MeV).
The N=32 subshell closure is of slightly smaller magnitude compared with the shell closure
at N=28. The N=32 subshell closure from Sy values is smaller in magnitude than in the
AME2016. This indicates the effects are ‘weaker’ than previously thought. Compared with
the Ca N=32 subshell closure, see figure 5.21, the change in Sy is slightly less steep to the
next plateau, supporting the argument of a slightly weaker subshell. The new data extends
up to N=34 in Sc but more mass measurements of °5”Sc are needed.

The N=28 shell closure effects in Ti isotopes grow slightly weaker with the additional
protons. Son, according to AME2016 data, decreases by 1.8 MeV from N=28-29, and 4.9 MeV
N=28-30. The reduced shell effects are mirrored in the N=32 subshell closure, given by the
reduction in Sy of 1.3 MeV to N=33 (identical to the AME2016 value) and 4.1 MeV from
N=32-35 (slightly greater than AME2016 value of 3.9 MeV). These changes in Sox are smaller
compared to Sc, and smaller still than Ca, indicating the doubly magic shell effects that are
seen in Ca at N=28,32 weaken with greater Z.

The change in Son in V is similar to Ti from N=28-29 (2.0 MeV), though slightly smaller
from N=28-30 (4.6 MeV). The changes in Son after N=32 are smaller in V than in Ti: a
drop of 0.9 MeV to N=33 (similar to the AME2016 value of 1.0 MeV), and 3.2 MeV to N=35
(close to the AME2016 result of 3.0 MeV). The V Syy surface demonstrates shell effects
at traditional magic number N=28, but no such effect at N=32. The flat plateau region
after N=35 seen in the data of Ca, Sc, and Ti is not seen in V isotopes, instead the gentle
downwards slope continues. This could be an indication of a lack of N=32 subshell closure
in V isotopes, or some effects around N=34. The summary plot of the Syx isotopic chains is
shown in figure 5.21, which illustrates the overall landscape for the isotopes between N=26
and N=38.

A ‘derivative’ of the two-neutron separation energy is the empirical neutron-shell gap
(Agy), as calculated by equation 5.2, which is often used to identify the magnitude of shell
effects. Aoy results of isotopes in this work combined with LEBIT data [139] are shown in
figure 5.23.

AQN:SQN(N,Z)_SQN(N+2,Z) (52)
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Figure 5.23: Empirical neutron-shell gap (Asy) plotted against neutron number (N) for Ca,
Sc, Ti and V isotopic chains. Data from AME2016 are in black, and data from this work
are in red. Data from LEBIT [139] are in blue, experimentally measured values are in filled
symbols, symbols which are half filled use a combination of AME and TITAN/LEBIT data,
symbols which are entirely open are AME extrapolated values.
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Strong shell effects at the classic magic number N=28 are seen in all isotopes in figure
5.23. In Ca, the Aoy peak at N=28 is around 6 MeV, which drops close to zero at N=26 and
N=30. Another peak is seen at N=32 up to 4 MeV. Closed shell behaviour is clearly seen at
N=28 and N=32 in Ca isotopes.

Closed shell effects in Sc are seen as peaks at N=28 and N=32 but they are slightly
smaller (and therefore indicate slightly weaker shell effects) than in Ca. Ayy at N=28 in Sc is
approximately 5.5 MeV. The Agy graph of AME2016 data around N=32 maps a sharp peak
of approximately 4.4 MeV. The data of this work shows a smoother curve with a flattened
top from N=32 to N=33 around 3.5 MeV, much smaller than at N=28. Figure 5.24 shows
the difference between the Ayn values from the AME2016 and this work (combining TITAN
and LEBIT data) for Sc isotopes, the dark blue line is the difference and the wider band is
the uncertainties. From the data in this study, Aoy around N=32 increases monotonically
through 3Sc and peaks at *?Ca, consistent with the latter being a doubly-magic nucleus.

A AME2016 - A, TITAN/LEBIT (MeV)

28 30 32 34 36

Figure 5.24: Difference between the empirical neutron-shell gap (Agy) data of Sc isotopes
from the AME2016 and a combination of this study and LEBIT [139] data, plotted against
neutron number (N). The dark blue line is the difference between the two values, and the
band is the uncertainties.

The Aoy at N=28 is approximately 5 MeV in both Ti and V. The Asny around N=32
in Ti forms a curve similar to Sc isotopes, though the maximum is around 2.7 MeV. In V
the curve around N=32 is even more shallow, about 2 MeV. The graphs of Asy show the
N=28 shell closure clearly in all elements, and the N=32 subshell disappear with increasing
protons. The difference in behaviour of V isotopes after N=35 is again shown in figure 5.23
where, unlike the other elements, Aoy decreases rather than increases. This observation, as
a result of the measurement of ®8V, suggests that shell effects have disappeared at N=32 in
V isotopes or possible weak shell effects at N=34.

These mass measurement results provide a valuable test for theoretical models. Figure
5.25 shows the Agy data compared to various ab initio (VS-IMSRG with 1.8/2.0(EM) [140]
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and NN+3N(Inl) [141]) and phenomenological (KB3G [142] and the GX1A [17]) models [139].
The VS-IMSRG 1.8/2.0(EM) calculations correctly predict the trends of the data, but over-
predicts the strength of effects at N=32 and N=34. The results from VS-IMSRG NN+3N(Inl)
calculations are similar to VS-IMSRG 1.8/2.0(EM) but, in general, do not perform as well.
The phenomenological models map the data well at N=28 and N=30, but after that point
GXI1A diverges. KB3G is reproduces the data the best of all models at N=32. The results of
these calculations support the N=32 shell closure data, but do not form unanimous agreement
in the N=34 region. Ab initio models have been applied to TITAN data in this region
previously [30]. In this work the mass measurement results cover the N=32 and N=34 region,
providing data for comparison of these models. The results indicate the models successfully
map the trends at N=32, but need additional development at N=34. In the future, ab initio
calculations will also be applied to V isotopes from this work.

Measurements:
o AME16

4 ® 4+ Recent
] * Sc

4 Predictions:

| —1.8/2.0(EM)
1 -~ NN+3N(Inl)
GX1A

N=30 f  N=32 ] N=34 ]

Ay, [MeV]
oy e s 9oy

18 20 22 24 26 18 20 22 24 26 18 20 22 24 26 18 20 22 24 26
Proton Number

Figure 5.25: Measurements (points) and predictions (lines) of the empirical neutron-shell gap
(Agn) data for isotones with N=28,30,32,34. For more details see text. Figure from [139].

Investigations presented in this work in the Z>20 region dramatically alter the role of Sc in
the N=32 shell closure. The N=32 shell displays a smooth evolution above Z=20; it develops
between °°V and %*Ti, increasing in strength through ®3Sc, and peaks in Ca, supporting °2Ca
as a doubly-magic nucleus. The new V measurements extend beyond N=34 and question the
existence of a N=34 subshell closure. High-resolution mass measurements beyond N=34 in Sc
isotopes are required to form a complete conclusion. Decay spectroscopy data in this region
would provide valuable insight. High-resolution mass measurements of isotopes in the Z<20
would be of great value to investigate the evolution of N=32,34 shells in isotopes ‘south’ of
Ca.
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Chapter 6

Conclusions & Outlook

Nuclear magic numbers are an anchor of nuclear physics. Since their discovery in stable
nuclei they have been confirmed and are considered to be robust indicators for the underlying
nuclear structure. However, in nuclei far from the valley of stability, with a great imbalance
of protons to neutrons, ‘new’ magic numbers appear, which has been a rife area of research in
recent years. There seems to be a strong indicator that some of the theoretical assumptions
made for the stable nuclei do not hold for those further from stability. These most exotic
nuclei have the shortest half-lives which makes studying them a technical challenge, due to
the limited observation time available to deliver the ions from production to experimental
facility before their decay. In addition, they are produced with low rates and a high level
of contamination. With the advancement of RIB facilities and high-sensitivity mass spec-
trometry, the study of these nuclides to a high-precision has been unlocked, and with it the
ability to explore the evolution of shell behaviour. Thus, providing ideal conditions to test
and possibly improve model assumptions, and ultimately ‘stress test’ the applied theoretical
framework.

The TITAN facility, coupled to the TRIUMF-ISAC RIB facility, has a world-wide unique
combination of ion traps including an EBIT for charge breeding, a high-precision measurement
Penning trap, and a recently installed MR-TOF-MS. This high-sensitivity device, capable of
precisions comparable to Penning trap measurement methods, can be used to investigate
short-lived radionuclides in regions of interest. The novel design of the TITAN MR-TOF-MS
provides unique features, such as mass-selective retrapping, and it has successfully oper-
ated in many experiments at TRIUMF since its commissioning in 2017, establishing it as a
trusted mass measurement device. The TITAN MR-TOF-MS can detect ions with production
rates under 1 pps, measure species with lifetimes as short as 5 ms, and achieve precisions of
dm/m =1x107".

The TITAN MR-TOF-MS was employed in this thesis to perform high-precision mass
measurements of **Ca, ®»5Sc, 45T, and 547°%V around the N=32,34 region. Neutron-rich
calcium, scandium, titanium and vanadium isotopes were produced by the ISOL method at
the TRIUMF-ISAC facility. The ions were mass separated and transported to the TITAN
MR-TOF-MS, where the atomic masses of ®*Ca, 54%5Sc, >4=56Ti, and 54~%%V were measured to
precisions of 66 keV and under. The uncertainty of all masses measured is reduced compared
with the AME2016, and the first ever direct mass measurement of ¥V is recorded. The
uncertainties of **Ca, ®*Sc, °Ti and 5*~°7V are all equal to or below 20 keV. Of note is 5>V
with an uncertainty of 10 keV, and the uncertainty of >Sc which is reduced by greater than a
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factor of seven. Mass measurements of ®%5Sc were on the order of 500-700 keV different than
previous measurements, which dramatically alters the Ssy surface of the N=32 shell closure
in this region.

The results presented in this thesis show a gradual decrease in strength of the N=32 shell
closure across isotones with Z>20, revealing a dramatic change in the role of Sc isotopes
in this evolution compared to previous literature values. The measurements confirm the
double-magicity of *Ca, as reported by [4], with increased precision and confirms that the
effects are at their maximum in Ca amongst local isotope chains, and not in Sc, as previously
documented. The N=32 shell closure is at its maximum in 52Ca, is slightly weaker in ®3Sc,
and the effects vanish somewhere between ®®V and T, as established in the previous TITAN
campaign [30, 31]. These new precise measurements of V isotopes reach beyond N=34 and
aberrations are seen in the Son and Asy plots in this region. The effects are smaller than
those seen at N=32 in other isotope chains, but may be caused by shell effects at N=34. High-
resolution mass measurements beyond N=34 in other isotope chains, as well as developments
in theory calculations and decay-spectroscopy studies, is required to further understand this
phenomena. These mass measurement results can be used to improve theoretical studies
of nuclear structure and the observations around N=34 in V isotopes could inspire decay
spectroscopy studies in the region.

There may be more ‘new’ nuclear magic numbers to discover in nuclei with an extreme
Z=N imbalance. The combination of the novel technologies of MR-TOF mass spectrometers
and world-class RIB development enables the study of these exotic species with low pro-
duction rates and short half-lives. The TITAN MR-TOF-MS is only recently installed, but
it is established as a trusted mass measurement device from comparisons with the TITAN
measurement Penning trap, and now with another MR-TOF mass spectrometry facility. The
measurement of >*Ca, for which the uncertainty is more than halved, serves as a direct critical
cross-check between MR-TOF mass spectrometry at different facilities around the globe. The
agreement between this study and the prior ISOLTRAP result [4] confirms the robustness
and reliability of this measurement technique, even in very exotic species. In the initial years
of Penning trap mass spectrometry, general scepticism persisted, but today it is considered
the gold standard of high-precision mass measurement. The future of the TITAN MR-TOF-
MS is to utilise the device as an isobar separator to feed pure beams to the measurement
Penning trap, and eventually include the EBIT for charge breeding too, while also providing
complimentary access to direct mass measurements. These scientific and technical advances
will enable higher sensitivity, precision, and resolution studies to elucidate more remote areas
of the nuclear chart and further our understanding of the more complex nuclear structure
that exists there.
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Appendix

A Mass Results
Mass 54

The dominant species at mass 54 were °4Crt, ®Fet and *Mn*. The chosen calibrant
ion was %4CrT. In post-analysis of the data, a total of 97 counts of **Ca™, 344 counts of °*Sc,

39 counts of **Tit, and 132 counts of >4Vt were observed. An example spectrum for mass
54 is shown in figure A.1.

Table A.1: Mass excess (ME) of the species of interest at 54u as measured by the TITAN
MR-TOF-MS. The half-life (t;/3) of %471 is the value measured in this work.

Species  ty/5 (ms)  Calibrant ME (keV)
"Ca 90(6) Cr -25130(20)
Sc 526(15) PCr -34438(14)
%Ti  9000(1000) %4(Cr -45735(37)
SV 49800(500) Cr -49896(18)
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Figure A.1: TITAN MR-TOF-MS spectrum at A/q = 54 taken with 520 isochronous turns
(IT). The achieved resolving power was over 200,000.
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Mass 55

At 55u, ®>Cr™ is the most abundant species, as seen in figures A.2 and A.3, and is employed
as the calibrant ion. Species of interest are 5°Sc* (13 counts), *Tit (37 counts) and 5°V+
(21489 counts).

Table A.2: Mass excess (ME) of the species of interest at 55u as measured by the TITAN
MR-TOF-MS.

Species  ty,9 (ms) Calibrant ME (keV)
»Se 105(6) % Cr -30842(62)
°Ti  1300(100) Cr -41820(25)
BV 6540(150) 5 Cr -49130(10)

100004 ®™nt ~ b b0 T b ]
1 & >°Fe* s5Cr* E
1000 -
o
C
3
c 1004 sty 1602 E
1108 2+
10 - " **Cu’ -
3] 55v+ 155 R B
] 18037+ Sc
ST
) N I I 1
54.935 54.940 54.945 54950 54.955 54.960 54.965 54.970
Alq

Figure A.2: TITAN MR-TOF-MS spectrum at A/q = 55 taken with 350 IT. The achieved
resolving power was over 200,000.
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Figure A.3: TITAN MR-TOF-MS spectrum at A/q = 55 taken with 350 IT. The achieved
resolving power was over 200,000.
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Appendix

Mass 56

12812+ is the most abundant species at 56u, with other well identified peaks of *6Cr™,
%Fet and *°Mn™ visible in the spectrum. °6Crt was used for calibration. A spectrum of
mass 56 is shown in figure A.4. The °V* is isolated in the spectrum, and 152 counts were
obtained. %9TiT is to the right of the indicated CaO peak. A spectrum was obtained where
the °5Ti peak is separate, containing 22 counts, which enabled a mass measurement to be

made.

Table A.3: Mass excess (ME) of the species of interest at 56u as measured by the TITAN

MR-TOF-MS.
Species ty/5 (ms) Calibrant ME (keV)
6Ty 200(5) BCr  -39348(28)
Y% 216(4) 6Cr -46266(14)
I v 1 I I I 1
1128n2+
1000 5 E
56Cr+
-0(2 100 _E 962r1602+ _:
§ 4OCa160+
(8] s6F Gt 56\n* 1292+
10 3 56v+ \ —
] 112Sb2+ ]
\ 6Ti*
i | | |
! I
55.935 55.940 55.945 55.950 55.955 55.960

Alq

Figure A.4: TITAN MR-TOF-MS spectrum at A/q = 56 taken with 550 IT. The achieved

resolving power was over 180,000.
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Mass 57

At 57u 'Sn?T is the dominant species. A significant peak of 57CrT is used as the
calibrant. The mass excess of °"V (t; 5 = 350(10) ms) measured by the TITAN MR-TOF-MS
is -44381(12) keV. There are 174 counts of 5"V*, which is to the right of the 14Sn?* peak.
A spectrum of mass 57 can be seen in figure A.5.

T T T
114g 2+
1000 —:
] 57Cr+ ]
n 100 4 =
+ E 4004160 H* 3
g 3 57+ Ca™0 ]
8 S"Mn*
10_557Fe+ _:
|
A I 1
] : i
56.94 56.95 56.96

Alq

Figure A.5: TITAN MR-TOF-MS spectrum at A/q = 57 taken with 528 IT. The achieved
resolving power was over 200,000.
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Mass 58

At 58u the dominant species are 58Fe™, %Nit, 58Co™T, 5¥Mn™, 5¥Crt as well as 116Sn?t,
see figure A.6. 9 counts of ®*V+ were detected. From this data, using **Fe™ as the calibrant,
the mass excess of ®®V (1, = 191(10) ms) is measured by the TITAN MR-TOF-MS to be
-40372(66) keV.

T T T T T
58Mn+ 580r+
] BN
58Fe* 116q 2+
1000 . Sn il
] Co’ ]
2
C 100 - -
> ] ]
3 i
(&]
420,160+
10 4 Ca™0 .
] 58y/+
\

57935  57.940 57.945 57.950  57.955
Alq

Figure A.6: TITAN MR-TOF-MS spectrum at A/q = 58 taken with 520 IT. There are six
detected counts in the **VT peak. The achieved resolving power was over 200,000.
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Appendix

B Comparison with literature values
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Figure B.1: Comparison of mass excess (ME) measurements of calcium isotopes between the
AME2016 and this work (TITAN). AME2016 uncertainty is shown as the grey bands.
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Figure B.2: Comparison of mass excess (ME) measurements of scandium isotopes between
the AME2016 and this work (TITAN). AME2016 uncertainty is shown as the grey bands.
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Figure B.3: Comparison of mass excess (ME) measurements of titanium isotopes between the
AME2016 and this work (TITAN). AME2016 uncertainty is shown as the grey bands.
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Figure B.4: Comparison of mass excess (ME) measurements of vanadium isotopes between
the AME2016 and this work (TITAN). AME2016 uncertainty is shown as the grey bands.
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