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Abstract

Experimental investigations of nuclear structure provide a probe to study the strong
nuclear force, many properties of which still remain unknown. One powerful way
to experimentally investigate nuclear structure is through the mass of the atomic
nucleus, as it reveals the binding energy of the nucleus.

In this work, mass measurements of Mg and Na isotopes are carried out and
the results indicate, for the first time, a gradual re-emergence of magicity or closed
shell behavior for Z < 11 nuclei at the N = 20 island of inversion. The results also
discover a previously unknown low-lying isomer, hence a long-lived excited state
in 3>Na. In addition, complementary work at higher mass numbers which combines
mass measurements and decay energies allows us to trace the two-proton dripline
between iridium and lead, thus determining the limits of existence for elements
with proton numbers Z = 77 — 82 on the proton-rich side of the Segre chart. Com-
parisons with some theoretical calculations for this work show agreement while
others, such as ab initio theory calculations, are currently unable to reproduce ef-
fects of the N = 20 island of inversion, and will require further developments. Yet
the mass measurements serve as important benchmarks.

Beyond studies of nuclear structure via direct mass measurements, this thesis
describes the technical developments and improvements to the Measurement Pen-
ning Trap (MPET). The Penning trap, an experimental apparatus that uses electric
and magnetic fields to determine the atomic mass through the ion’s cyclotron fre-
quency, has been upgraded to operate at cryogenic temperatures with the goal to
reach storage times on the order of seconds for highly-charged Ions. The aim for
this upgrade is an improvement of the achievable precision by an order of magni-

tude. In addition, simulations and further technical upgrades towards the imple-
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mentation of the Phase-Imaging Ion-Cyclotron measurement technique are carried
out. With its new capabilities, the TITAN MPET is now able to perform mass mea-
surements of short-lived radioactive isotopes in singly and highly charged states

with an unprecedented precision.
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Lay Summary

The strong nuclear force, the force the holds together the protons and the neutrons
in the atomic nucleus, is extremely complicated to mathematically describe, due
to the fact that every proton and neutron in the nucleus interacts with every other
proton and neutron at the same time. This mathematical problem, usually referred
to as the many body problem, needs to be simplified if a solution is to be found. The
simplification of the many body problem happens in conjunction with experiment
where theoretical results are compared with experimental values to derive a theory
that closely matches experiments.

This work provides a number of newly determined experimental mass values
that are compared with theoretical values in order to further our understanding of
the nuclear force. In addition, this thesis describes the technical developments and
the first tests of a new mass spectrometer that will allow for more precise mass
measurements, which are necessary to answer other fundamental questions such as

how the heavy elements are produced in our universe.



Preface

This dissertation is a result of three distinct projects with one common denomina-
tor: the TITAN experimental facility. The TITAN facility, run by the TITAN col-

laboration, has been in operation since 2007 and many of the aspects that enabled

the successful completion of this thesis have been the result of a 16-year scientific

effort. The individual contributions corresponding to each one of the three projects

are listed below.

Experimental mass measurements of the neutron-rich Mg and Na isotopes de-

scribed in Chapter 5:

The experimental proposal was written by Maxime Brodeur, Thomas Brun-

ner and Jens Dilling in 2015.

The maintenance and operation of the MR-ToF MS device used for this
experiment was performed by Andrew Jacobs, Coulter Walls, Tobias Mur-
boeck, Ali Mollerabimi and Chris Chambers.

Coulter Walls was responsible for organising the experiment.

The group leader, Ania Kwiatkowski was responsible for the safety and

beam-time approvals for the experiment.

The people that participated and contributed to data collection and first in-
terpretation of the results were Sakshi Kakkar, Callum Brown, Rane Simp-
son, Jaime Cardona, Andrew Weaver, Stefan Paul, Alex Ridley, Fernando
Maldonado Millan, Dwaipayan Ray, Zach Hockenberry, Sam Porter, John
Ash, Yilin Wang, Behnam, Pascal Reiter, Brian Kootte, Annabelle Czihaly,
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Andrew Jacobs, Coulter Walls, Ali Mollerabimi, Tobias Murboeck, Chris
Chambers and 1.

* [ was the primary analyzer of the resulted dataset and Coulter Walls was the

co-analyzer.

* Communications with collaborators about the direction of the project were

performed by me.

* | am the first author of an upcoming publication that describes the results

discussed in Chapter 5.

Network calculations determining the two-proton dripline, as described in Chap-
ter 6:

* This work would not had been possible if it wasn’t for a previous TITAN
experiment which has been published in PRL. In that experiment, I took part
in the data collection and I was the second analyzer of the acquired data. I

am also a co-author in the publication.

* The idea for the network calculation comes from the published AME2016
evaluation and later, a research proposal by Pascal Reiter.

* The network calculation was conducted by Wenjia Huang with the additional

participation of George Audi, Dave Lunney, Andrew Jacobs and me.

* I was responsible for the analysis of the results and the construction and

submission of the subsequent publication.

» Feedback and review of the scientific publication was provided by Dave Lun-
ney, Wenjia Huang, George Audi, Jens Dilling, Ania Kwiatkowski, Pascal
Reiter, Timo Dickel and Wolfgang Plass.

The publication related to the mass measurements performed at TITAN is:
“Mass Measurements of Neutron-Deficient Yb Isotopes and Nuclear Structure at
the Extreme Proton-Rich Side of the N=82 Shell”, Sonke Beck, Brian Kootte, Irene
Dedes, Timo Dickel, A. A. Kwiatkowski, Eleni Marina Lykiardopoulou, Wolfgang
R. Pla3, Moritz P. Reiter, Corina Andreoiu, Julian Bergmann, Thomas Brunner,
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Dominique Curien, Jens Dilling, Jerzy Dudek, Eleanor Dunling, Jake Flowerdew,
Abdelghafar Gaamouci, Leigh Graham, Gerald Gwinner, Andrew Jacobs, Renee
Klawitter, Yang Lan, Erich Leistenschneider, Nikolay Minkov, Victor Monier, Ish
Mukul, Stefan F. Paul, Christoph Scheidenberger, Robert 1. Thompson, James L.
Tracy, Jr., Michael Vansteenkiste, Hua-Lei Wang, Michael E. Wieser, Christian
Will, and Jie Yang. Phys. Rev. Lett. 127, 112501 (2021).

The subsequent publication that describes the network calculations and its re-
sults is: Exploring the limits of existence of proton-rich nuclei in the Z=70-82
region, E. M. Lykiardopoulou, G. Audi, T. Dickel, W. J. Huang, D. Lunney, Wolf-
gang R. PlaB3, M. P. Reiter, J. Dilling, and A. A. Kwiatkowski (TITAN Collabora-
tion), Phys. Rev. C 107, 024311 (2023).

The third part of this thesis, which describes the technical upgrades, simula-
tions and commissioning of TITAN’s next generation Penning Trap had the fol-

lowing contributions:

* Mel Good and Erich Leistenschneider were responsible for the design of the

new spectrometer.

¢ Erich Leistenschneider, Chris Izzo, Sakshi Kakkar, Sam Porter, Annabelle
Czihaly and I were responsible for assembly, installation, and testing of var-

ious components and of the overall spectrometer.

* [ performed simulations about the feasibility of the PI-ICR technique at TI-
TAN and I ordered and lead the assembly and installation of all necessary
hardware and the performance of the new electronic components. During
assembly and installation, I was assisted by Sakshi Kakkar, Ivana Belosevic

and Andrew Weaver.

* Ilead the upgrades, assembly, installation and commissioning that took place
from 2021 to 2023.

* The commissioning of the spectrometer in the period 2022-2023, took place

by Ivana Belosevic, Sakshi Kakkar and myself.

* Technical support and assistance in the installations was provided by Mel

Good. Additional assistance regarding cryogenic components was provided
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by Bassam Hitti. Data aquisition support and development that enabled the
smooth operation of the spectrometer were performed by Ben Smith and

Ivana Belosevic.
* Analysis of the data presented in this thesis was performed by me.

The publication regarding the feasibility of PI-ICR technique is: “Towards
high precision mass measurements of Highly Charged lons using the Phase-Imaging
lon-Cyclotron-Resonance technique at TITAN”, Eleni Marina Lykiardopoulou, Christo-
pher Izzo, Erich Leistenschneider, Anna A. Kwiatkowski and Jens Dilling, Hyper-
fine Interactions 241, Article number: 37 (2020). Subsequent publications regard-

ing the commissioning of the new spectrometer are under way.
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Schematic of a cross section of the TITAN Electron Beam Ion
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netic field lines (purple), the ion optics and the applied volt-
ages (red). Also shown is the electron beam (red) produced by
the cathode. On the right, a schematic of the overlap between
the electron beam and the trapped ions is shown. The overlap
between the trapped ions and the electron beam results in elec-
tron impact ionization and the production of Highly Charged
Tons (HCI). . . . . . . . . . . i e
Charge breeding simulation as a function of breeding time for
74Rb ions in the TITAN EBIT for an electron beam current
I, =200 mA, an electron beam energy E, =5 keV, an electron
beam radius 7, = 5- 1073 cm and a trap pressure of P = 10710
Torr. (Top): Charge breeding times from O to 100 ms. (Bot-
tom): Charge breeding times from O to 1000 ms. The simula-
tion does not account for decay loses and is performed using
the simulation code EBIT Simulator for Ionization [226]. . . .
Injection optics of CryoMPET. The top of the figure shows a
schematic of the geometry of the electrodes, while the bottom
shows a schematic of the applied voltage on each of the elec-
trodes. . . . . ...
Top: Schematic of the extraction optics of CryoMPET, Bot-
tom: Typical extraction voltages and kinetic energy of ions in
CryoMPET . . . . . . .. . .
Focusing effect created by the common bias of the Lorentz
Steerer electrode in CryoMPET: In order for the ions to be
efficiently trapped, they need to arrive at the trap with mini-
mum total energy and minimum energy spread. At this setting,
which is partially determined from the Lorentz Steerer com-
mon bias the maximum trapping efficiency is achieved, as can

be seeninthe presentplot. . . . . . . . ... ... ... ...
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Figure 4.15
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Figure 5.2

Figure 5.3

Figure 5.4

Figure 5.5

Figure 5.6

Figure 5.7

Left: Schematic of the principle of the Lorentz Steerer elec-
trode. Upper figure: A schematic of the an ion’s tajectory
when passing through the Lorentz Steerer. Lower figure: A
cross section of the Lorentz steerer electrode with the applied
voltaged indicated. Right: The LS electrode of TITAN MPET

and its holding structure. . . . . . . ... ... ... ...

(a): TOF drifts of the 12C3+ peak in the mass spectrum of 36 u
without a Time Resolved Calibration (TRC). (b): Comparison
of the measured peak before and after TRC. . . . .. ... ..
Schematic of the TITAN MR-TOF MS. During extraction, ions
of different mass that have beem separated in the MR-TOF MS
are shown with red and blue. Figure adapted from [241]. . . .
Opening mirror scan from the 2021 measurement campaign.
Left: TOF variation as a function of the extraction delay. Right:
Histogram of the TOF variation for extraction delays within
[—4,4]us. The orange line corresponds to a Gaussian fit to
the data. The standard deviation of the fit corresponds to the
systematic error originating from switching voltages. . . . . .
Mass excess values of 3*Mg derived from TRC calibrations
with different binsizes. . . . . ... ... ... o0
The final mass spectrum of >Na™. Individual and combined
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literature mass of 3>Na™ is marked with purple. Other species
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Mass 32 u spectrum with Mass Range Selector (MRS) on. Fits
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Simulated LLR distributions in comparison with the observed
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Figure 5.8

Figure 5.9

Figure 5.10

Figure 5.11

Figure 5.12

Deviation from AME2020 [264] for the Na masses measured
in this experiment (blue). Previous mass values from TITAN
are plotted in orange and are depicted at a positive offset from
the integer mass number for easier comparison with the results
of this work. The light blue colored area corresponds to the
AME2020 mass uncertainty. . . . . . . ... ... ...
Schematic of the TRIUMF’s Resonant Ionization Laser Ion
Source (TRILIS) ion source at ISAC. A two or three step ioniza-
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ure adapted from [161]. . . . . . . . ... ... ... .....
Laser on/off comparison for *> Mg ™. The top plot shows the the
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Deviation from AME2020 [264] for the Mg masses measured
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Figure 5.13
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Figure 5.17

Figure 6.1

Figure 6.2

Count rate for all species in the mass spectrum of *Mg as a
function of the storage time. The red band corresponds to the
fit uncertainty while the purple band depicts the influence of

the uncertainty of the half-life of **Mg on the estimated count

Two-neutron separation values in the island of inversion. The
results of this work are plotted in red. The colored bands show
the uncertainty of the two-neutron separation derived from lit-
erature values [264]. . . . . . ... ... o
Values of the empirical shell gap for the N = 20 isotones. The
result of this work is plotted inred. . . . ... ... .....
Experimental empirical shell gap along with theoretical values
derived from ab initio calculations. . . . . . .. ... ... ..
Theoretical and experimental two neutron separation energies
of Mg and Na isotopes near the island of inversion. The results
of this work are represented with red data points, while the

theoretical results are depicted with dashed lines. . . . . . . .

Connection diagram of all isotopes determined in this work,
shown as a function of neutron (x-axis) and proton number (y-
axis); all isotopes that share the same color (chains) are con-
nected by known Qg, Qg or Sp. The masses of these isotopes
are determined using known decay energies and the AME al-
gorithm. The anchors of the chains are represented with dia-
monds, while one-proton emitters are marked with x-symbols.
The insert shows an example of how nuclei link to '32Yb.

Comparison between AME2020 and the masses determined in
this work. The green area indicates the AME2020 uncertainty.
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chain and their deviation arises from the deviation in the mass
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Figure 6.3

Figure 6.4

Figure 6.5

Figure 6.6

Figure 6.7

One-proton separation energy as a function of neutron number
N for odd-Z nuclei (top) and even-Z ones (bottom). The re-
sults of this work are represented with black data points while
all other data points were calculated using the AME2020. All
data-points have been calculated using existent or new mass
valuesand Eq. 6.4. . . . . . ... L oL
Two-proton separation energy as a function of neutron num-
ber N for elements of atomic numbers Z = 65 — 82. The col-
ored data-points indicate two-proton separation energies de-
rived from the literature mass values while the black data-
points represent the results of thiswork. . . . .. ... ...
Zoomed in version of Fig. 6.4, showing the two-proton dripline
forZ=T75—-82. . . .. ...
Nuclear chart plot of the region between Yb and Pb. The
color code indicates the two proton separation energies of the
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which were determined in this work. The theoretical two-
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lines. . . . . . . ..
Two proton decay energy as a function of the atomic number
of the daughter nucleus required to observe a two-proton decay
of a nucleus with / = 0 and 7/, = 1 ms based on the Geiger-
Nuttal law. The blue area represents the O, space where two-
proton decay is allowed while the white area represents the
space where it is forbidden. The results of this work are de-
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pictedinorange. . . .. .. .. .. ... ... ...
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Figure 7.1
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Figure 7.4

Figure 7.5

Two-neutron separation energy for the Lutetium isotopes near
the proton-dripline. The red band represents the literature val-
ues and their uncertainties while the data points represent the
results of this work. The blue dashed line is a combination of
the present results with literature and it demonstrates the per-
sistence of the N = 82 shell closure. There is no data-point for
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Chapter 1

Introduction

In the 5" century BC, Democritos and his mentor Leukippos developed the concept
that matter is made out of tiny indivisible particles that they named ‘“atoms” [30].
Today, 26 centuries later, we still use the same name to describe the building blocks
of our universe.

In Greek, atom (&touo) refers to something that cannot be split into smaller
components. However, we know today, that atoms are constructed of more fun-
damental particles: the protons and the neutrons that form the atomic nucleus and
the electrons that screen the protons’ positive charge and make the atom electri-
cally neutral. The studies of the electron cloud and its interaction with the atomic
nucleus are governed by the research field of atomic physics, while studies of the
atomic nucleus itself are subject to the field of nuclear physics. The protons and
neutrons inside the nucleus are composed of quarks and are held together by glu-
ons. Those are today the most fundamental or elementary particles we know, which
are studied in the field of Particle Physics.

In the atomic nucleus, Z protons and N neutrons are confined together creating
a configuration with a smaller mass or total energy than the one corresponding to
the sum of those of the nucleons, and applying Einstein’s E = mc?* equivalent. The
difference in energy between the two shows how favourable the confined config-
uration (nucleus) is. This quantity is referred to as the binding energy, given by
[151]:

BE = [Zm, + Nm, — (m(Z,A) — Zm,)]c* (1.1)



where m(Z,A) is the mass of the atom! with Z protons and N neutrons and A =
Z+N.

The binding energy plays a central role in nuclear physics, as systematic stud-
ies of binding energies in different nuclei reveal information about the underlying
nuclear force. Since the early days of nuclear physics, models are being created
to explain experimental data. One of the most well-known models is the mass
formula [31] based on a liquid drop model [100]. In the liquid drop model, the
nucleons are considered to be distributed in a non-compressible volume (like a lig-
uid). The binding energy can be expressed by a number of terms that describe
average properties of the nucleus. The result is the semiempirical mass formula

[151]:
Z(Z—1) (A—27)?

— _ 2/3 _ — A ——
BE = avA asA ac A1/3 AasSym A

+0 (1.2)

where
apA_3/4 N, Z even

0=<¢0 NorZodd (1.3)
—apA=3/* N, Zodd

and ay,ag,ac,asym,ap are free parameters that are adjusted to fits to experimental
data.

The first term in Eq. 1.2 is the so called volume term and is derived from the
experimental observation that the binding energy per nucleon (BE /A) is approxi-
mately constant (see Fig. 1.1). The second term is the surface term and is derived
from the fact that nucleons on the surface of the nucleus do not contribute to the
overall binding energy as much as those on the interior, as they have fewer nucleons
to interact with. The third term considers the Coulomb force between the positively
charged protons. The fourth term takes into account that most light stable nuclei
have similar numbers of protons and neutrons. This fact doesn’t hold for heavy
nuclei (more than ~ 100 nucleons) but since the term is inversely proportional to

A, it becomes less important as A increases. Finally, the last term reflects nuclear

'Eq. 1.1 ignores the binding energy of the atomic electrons as is it is more than four orders of
magnitude smaller than that of the nucleus. Even in cases where a higher precision is achieved or
required, the quantity of interest is usually the difference in binding energies between two nuclei, as
will be shown later, where the electron binding energies cancel out [151].
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Figure 1.1: Binding energy per nucleon as a function of the mass number
A. The binding energy is constant within 1 MeV/nucleon for A > 10,
though a maximum appears at A ~ 60.

pairing, which increases the binding energy of nuclei with even numbers of protons
and neutrons as all protons and neutrons are arranged in pairs. The preference of
pairing can be simply concluded by the ratio of even-even stable isotopes compared
to odd-odd ones which is 161:4 [63] for the currently known ~270 stable isotopes.

Since the liquid drop model was developed, there have been several other at-
tempts to describe nuclear properties and to model the nuclear force [186]. Much
attention, is nowadays directed towards microscopic theories (for example [210,
243, 250]), where the binding energy and other nuclear properties are not derived
by macroscopic bulk properties of the nucleus. In the microscopic models, each
nucleon in the nucleus is treated separately and the nuclear interaction is tied to the
fundamental nucleon-nucleon interaction. The pinnacle of microscopic theories,
are the ab-initio (from first principles) theories (for example [250]) where a fully
microscopic treatment is used. In other words, the nuclear potential is built by

summing the individual interactions of the nucleons thus eliminating the need for



an average (macroscopic) nuclear potential. However, due to limited knowledge of
the nuclear interaction, all theories need to be benchmarked against experimental
data. As one of the most fundamental properties of an atom, experimental binding
energies are key to fine tune microscopic theories, as they reflect all interactions of
the nucleons, and can guide one towards a nuclear theory capable to describe and
predict properties of all nuclei.

The present thesis begins with a description of basic nuclear structure and
the microscopic theories. Chapter 3, motivates the use of mass measurements in
revealing nuclear structure effects by determining the binding energy of nuclei.
Moreover, an introduction to the production of short-lived radioactive isotopes is
given as these are at the center-piece of the experimental investigations. Chapter 4
introduces the TITAN mass measurement facility and its components, while Chap-
ters 5 and 6 report the experimental results derived in this thesis. Finally Chapter 7
(and Appendix 2) describe technical developments which are related to the TITAN
Penning trap, and Chapter 8 summarizes the results of this thesis and discusses its

scientific impact while providing a future outlook.



Chapter 2

Nuclear structure at the limits of
existence

The term “nuclear structure” refers to how protons and neutrons are confined within
the nucleus. Currently, there are about 3,000 observed atomic nuclei [88], while it
is expected that the total number of individual nuclei in the Universe exceeds 7,000
[88]. Out of these, only about 270 [63] are stable while the rest decay towards
more stable configurations. The type of decay depends on the excess (neutron-rich
nuclei) or the deficit (neutron-deficient nuclei) of neutrons. Neutron-rich nuclei
decay by B~ -decay that transforms neutrons into protons while emitting negative
beta particles (electrons) and electron anti-neutrinos. Neutron-deficient or proton-
rich nuclei transform via f-decay or Electron Capture (EC). Heavy (beyond mass
~ 150 u) nuclei often decay via alpha-decay or fission, while other more exotic
decay modes (such as proton-decay) can exist but rarely appear (only ~ 2% of the
existing isotopes are known to undergo proton-decay).

Although all radioactive or unstable nuclei decay towards more stable config-
urations, there are some nuclei which are more strongly bound than others. Fig.
2.1 depicts all observed isotopes as a function of Z and N in what is known as the
nuclear chart or Segre chart [151]. The colormap, on the right, reflects the two-
neutron separation energy of each nucleus which is an expression of the relative
binding strength:

Sy, = BE(N,Z) — BE(N —2,%) 2.1)
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Figure 2.1: The nuclear chart including all observed nuclei. The stable iso-
topes are depicted with black squares. The color of each isotope corre-
sponds to its two neutron separation energy. The neutron shell closures
are represented with vertical lines. The data for this plot were taken
from [264].

where BE (N, Z) is the binding energy of a nucleus with N neutrons and Z protons.
As can be observed in Fig. 2.1, the Sy, is a smooth function of N except for eight
neutron number values where a sudden change in S,, appears (indicated by the ver-
tical lines). This sudden change of 7, corresponds to an increased binding strength
related to neutron numbers 2, 8, 20, 28, 50, 82 etc. Comparable observations are
made for proton numbers. Nuclei with such numbers of protons or neutrons are
called magic nuclei [117]. Similarly to atomic physics, with electrons occupying
atomic shells, the nuclear shell model, described in detail in the next section, pre-
dicts the magic numbers that correspond to fully filled energy shells and therefore
are referred to as shell closures. Nuclei with magic proton and/or neutron numbers
represent spherical, extra stable configurations.

Nuclear magicity manifests itself in a number of ways in experimental inves-
tigations. One way is through neutron and proton separation energies as shown
in Fig. 2.1 and Fig. 2.2 (Left). Similarly to the separation energy, shell closures



can be revealed by observing the experimental charge radius (the arranged vol-
ume where protons are located inside the nucleus), where sudden changes in the
radius correspond to shell closures, as can be seen in Fig. 2.2 (Right) [12], with
the assumption that a closed shell corresponds to a compact spherical object and
additional nuclei would drastically increase that volume. Another indication of the
appearance of a shell closure is the energy of excited states, such as the first 2% state
of even-Z and even-N isotopes and the ratio between the lowest 4T and 2" excited
states of even-Z and even-N nuclei [151]. Finally, the existence of shell closures
can be revealed (not always unambiguously) by determining neutron capture cross

sections, the decay energy, and the half-life of isotopes.
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Figure 2.2: Left: Two-neutron separation energies for elements between Sn
and Yb. The N = 82 shell closure is indicated by the dashed vertical line.
Right: Charge radius of elements between Kr and Ba. The N = 50,82
shell closures are shown with dashed lines. Figure taken from [12].



2.1 The nuclear shell model

Protons and neutrons are held together in the nucleus by the strong nuclear force. In
the quark-level, the strong force is described by Quantum Chromodynamics (QCD)
[248] in which the degrees of freedom consist of quarks and their interaction car-
riers: the gluons. The coupling constant of the strong interaction (os(Q?)) that
expresses how strongly the quarks couple to the gluons has been shown to be de-
pendent to the energy scale of the system (Q) by a number of different experimen-
tal techniques such as deep-inelastic scattering and e~ e™ annihilation, which are
briefly described below.

In deep inelastic scattering [112], a virtual photon is produced by the inelastic
scattering of a lepton on a proton. If the photon has enough energy to probe the
constituents of the proton, the products of the scattering will be due to electromag-
netic interactions (with a coupling constant ¢) and due to strong interactions (with
coupling constant ¢ts). From the final scattering cross section, the strong coupling
constant can be derived as a function of the energy of the incoming particles.

In e e™ annihilation [112], two beams of energetic electrons and positrons
collide producing quark-antiquark pairs. This process is electromagnetic and by
measuring its cross section, the cross section ratio R between e~ e — g7 and the
well-known e e™ — u~u™" can be derived. However, the process is not purely
electromagnetic as gluons can be emitted from the quark or antiquark (e e —
qqdg). As this is the result of the strong force, the ratio R also depends on .
Therefore, by measuring the cross-section ratio of these two processes, the strong
interaction coupling constant can be derived as a function of the eletron-positron
collision energy.

The experimental techniques described above have shown that the strong inter-
action coupling constant increases with decreasing the energy scale of the system.
Since the perturbation expansion, necessary to apply QCD to low-energies, is ex-
pressed in powers of o5 [32], a perturbative expansion in the nuclear physics energy
scale (Q < 1 GeV) is not meaningful. Therefore, nuclear structure has always re-
lied on phenomenological or semi-phenomenological approaches to describe how
protons and neutrons compose the atomic nucleus.

In the phenomenological description, a proton (or neutron) in the nucleus ex-



periences a short-distance attractive potential due to the strong interaction. In ad-
dition, protons, due to their positive charge, experience a repulsive Coulomb force,
while both protons and neutrons experience a centrifugal force that depends on
their angular momentum. These three forces give rise to the typical phenomeno-
logical nuclear potential that can be seen in Fig. 2.3 and it is usually referred to as

the mean field:

—Vo(1 4R~V kg /r 4+ 1(1+ 1) /2mr?, F>R
V(r) = 1 | 2 , ,
—Vo(1+ =R/ ‘H“I/r(1 —5(1 - ﬁ) ) +1(I+ )R 2mr=, r<R
(2.2)

where R = RyA!/3 is the nuclear radius, A is the mass number of the nucleus, Ry
= 1.2 fm [151] is a proportionality constant, g is the charge of the nucleus, V; is
the depth of the nuclear potential well (usually 50 MeV), « is a parameter related
to the skin thickness (4an3) which is depicted in Fig. 2.3, m is the mass of the
nucleus, / is its angular momentum and & is the Coulomb constant.

Due to their fermionic nature, the nucleons in a nucleus occupy discrete en-
ergy levels in the nuclear potential that can be derived by solving the Schrodinger

equation for a nucleon in a mean field potential V(7):

2
Y VW) = Ey () 3
where y/(7) is the wavefunction and E is the energy of the nucleon. The resulting
energy levels describe the structure of a particular nucleus and contribute to the
general picture that we refer to as nuclear structure. One of the most important
results of this process is that the resulting energy levels are arranged in groups with
large energy gaps between them. We refer to the occupation number before a large
energy gap as a magic number because a large amount of energy is required for
a nucleon to transition to a higher energy level. The solution of the Schrodinger
equation (Eq. 2.3) with the mean field potential of Eq. 2.2 results in the magic
numbers 2, 8, 20, but unfortunately it does not reproduce other experimentally
observed magic numbers (50, 82, 126).

In 1949, Mayer [176] and Jensen [117], inspired by the atomic spin-orbit in-

teraction, showed that the full set of magic numbers can be predicted if a nuclear
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Figure 2.3: A simplified form of the potential experienced by protons (blue)
and neutrons (orange). For the nuclear potential, a Wood Saxon po-
tential is used. The green line represents the Coulomb potential expe-
rienced by the protons. For this Figure the parameters of '2°Sn were
used.

spin-orbit potential is included in the calculation:
Vis = Vso(r)[-5 (2.4)

where Vso(r) is an adjustable parameter, [ is the angular momentum operator and
5 is the spin operator. The spin-orbit interaction has the ability to split levels of
the same angular momentum number [ into levels with the same total angular mo-
mentum j = I+5 which changes the energy level structure resulting from Eq. 2.2
according to Fig 2.4.
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2.2 Exotic phenomena in the neutron rich side of the
nuclear chart

A few decades after the conception of the nuclear shell model [176], it was realized
that although the model was able to accurately predict properties of stable nuclei,
its predictions were deviating from experimental data far away from stability. Ex-
perimental studies of binding energies [256], charge radii [123] and the excitation
energy of the first 2" state [71] in Na and Mg isotopes near N = 20, gave the first
evidence. This resulted in a hypothesis that the N = 20 shell closure vanishes for
neutron-rich nuclei.

In the first theoretical work that followed the experimental evidence, Wilden-
thal and Chung [270] concluded that the observed features cannot be explained
with nuclei occupying the sd-shell which supported the idea that some of the neu-
trons in the nucleus must be occupying orbitals in the pf-shell [51]. Theoretical
calculations then showed that the phenomenon can be explained by 2 particle - 2
hole excitations (2p2h) from the 1ds/; to the 1f7/, orbital [265] associated with
non-spherical nuclei, a property which is demonstrated via large quadrupole defor-

mation values [191]:

A
Q=e) (3 —r) 2.5)
i=1

where e is the charge of the electron, (z;, r;) are the position coordinates of the ith
nucleon and A is the mass number of the nucleus. Due to the fact that in the studied
nuclei the 2p2h configuration has a lower energy than the OpOh, the region of the
nuclear chart with N = 20 and Z ~ 12 was named the island of inversion.

The particle-hole configuration is often referred to as an intruder configuration
because of the negative parity 17/, level intruding the positive parity levels of the
sd-shell. A schematic of the normal configuration in comparison to the intruder
configuration can be seen in Fig. 2.5.

The emergence of the island of inversion is now attributed to the tensor force

between protons and neutrons [199]:
Ve = (% %) (51 5] YD) £(r) (2.6)
where 7 is the isospin and § is the spin of the nucleons, [s) -32](2) the coupling of

12
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Figure 2.5: Schematic of energy levels that the neutrons occupy in the nor-
mal configuration (left) and in the intruder configuration (right)

the two operators §; > to an angular momentum 2, Y are the spherical harmonics
and f(r) is a function of the relative distance r. As demonstrated in [199], the
tensor force causes a shift in the energy levels which is either attractive or repulsive
depending on the angular momentum of the valence neutrons and protons. The
interaction between the two orbitals is attractive if j, =/—1/2 and j, =1"+1/2,
or vice versa, where /1’ the orbital angular momentum number of the proton and
the neutron respectively.

Today, 50 years after the first experimental result that led to the discovery of
the N = 20 island of inversion, a number of other islands have been observed [26,
77, 253] as well as the emergence of new magic numbers [97, 134, 200, 247, 267]
on the neutron rich side of the nuclear chart. The next section further describes
the N = 20 island of inversion which is the most relevant to the experimental data

presented in this thesis.
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2.2.1 The island of inversion at N = 20

Due to the fact that the N = 20 island of inversion was the first one discovered it has
been extensively studied during the last fifty years. Nuclear reaction studies have
been used to study deformation and collectivity in Mg [94, 125, 135, 179, 182,
271], Na [83, 208], Ne [147, 179, 277], F [62, 220] and Si [124, 180] isotopes.
Laser spectroscopy [50], B-Nuclear Magnetic Resonance (NMR) [17, 175] and f3-
Nuclear Quadrupole Resonance (NQR) [17] have been used to determine the spin
and the electromagnetic moments of the nuclei in the island of inversion [120, 121,
150, 192, 276, 278, 279]. Gamma-ray spectroscopy has been employed to study
the excitation levels of the nuclei in the island of inversion [27, 78-81, 101, 194].
Mass measurements have been used to determine the binding energy [57, 103, 155]
and half-life studies (for example [66]) have been used to obtain an estimate of the
binding energy of the nuclei in the island of inversion.

The N = 20 island of inversion extends in proton number from fluorine [81,
220] to aluminum [119-121, 240, 276], as can be seen in Fig. 2.6. The alu-
minum isotopes are described by a combination of the normal configuration and
intruder configurations thus constituting the northern border of the island of inver-
sion. The southern border is currently defined by the fluorine isotopes, however, it
is suspected that it might extend to the oxygen isotopic chain, towards the neutron
dripline [220]. Whether or not 280 is in the island of inversion is particularly in-
teresting not only because it is a doubly magic (Z = 8, N = 20) nucleus according
to the conventional nuclear shell model but also because it is located beyond the
neutron dripline [88], where nuclei become neutron unbound.

Binding energies in the region of Z = 20 reveal the island of inversion by a kink
in the two-neutron separation energy in the Mg isotopes, as can be seen in Fig. 2.7.
For Z < 13, there is no sudden drop in S,, that would indicate a shell closure at
N = 20. In addition, the Mg and Al isotopic chains intercept at N = 21, an effect
that does not align with the smoothness of the mass surface and the predictions of
the nuclear shell model.

This effect is amplified when looking at the neutron shell gap A,,, which ex-
presses an empirical estimate of the energy gap between two nuclear shells. The

island of inversion is demonstrated by a drop of the empirical shell gap below the
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Figure 2.8: The two-neutron shell gap as a function of the proton number
for the N = 20 isotones. The maximum A,,, corresponds to the doubly
magic “°Ca while the minimum corresponds to 3*Mg. The area filled
with light blue represents the 10 uncertainty derived from literature val-
ues published in [264].

regular ~ 4 MeV level that appears for singly-magic nuclei. The Ay, value seems
to reach a minimum at >Mg and there are signs of increase of the empirical shell
gap for 3*Na, as can be seen in Fig. 2.8, which could suggest a recovery of the N
=20 magic number towards the dripline. However, the large uncertainty in the Ay,
of 33 Na along with the results from nuclear reactions do not exclude the possibility
of the island of inversion extending to the dripline (N = 8).

The eastern border of the island of inversion is presently unknown due to ex-
perimental inability in producing and measuring isotopes beyond N = 23. Never-
theless, it is proposed that the N = 20 island of inversion extends all the way to
N = 28 and thus merges with the N = 28 island of inversion [54]. An initial verifi-
cation to this effect has been resulted from in-beam gamma ray spectroscopy [80]

and lately from half-life and gamma ray measurements at the Facility for Rare Iso-
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Figure 2.9: The proton and neutron driplines. Figure taken from [88].

tope Beams (FRIB) [66, 173]. However, more experimental results are necessary to

verify if the merging of the two islands of inversion takes place.

2.3 Limits of existence of proton-rich nuclei

Nuclear existence ends when the nucleus has no capacity to hold additional neu-
trons or protons. The number of protons and neutrons that define the limits of
nuclear existence are expressed by two main driplines; the neutron dripline and
the proton dripline. These determine the point at which the one-proton (neutron)
separation energy:

Sy = (—m(Z,A) +m(Z—1,A—1) +m('H))c? 2.7)

Sy = (—m(Z,A)+m(Z,A—1)+m(n))c* (2.8)

becomes negative and therefore a nucleon is emitted from the nucleus. This in turn
means that adding more nucleons results in an unbound system, since their binding
energy (Eq. 1.1) becomes positive.

Although the one neutron dripline is far from what can currently be reached

experimentally, the one-proton dripline can be accessed, as can be seen in Fig. 2.9.
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proton unbound (blue) nuclei. Data taken from [264].

The first proton unbound nuclei were discovered as early as the 1980s [122, 234]
and by now we have more than 50 experimentally verified one-proton emitters
[264]. The one-proton unbound nuclei in the region of Z =40 — 100 can be seen
in Fig. 2.10 in blue.

Fig. 2.10 is an example of effects stemming from nuclear pairing: identical nu-
cleons (protons or neutrons) have a lower energy when their spins are paired rather
than when they are unpaired. Therefore, the one-proton dripline, sets the limits of
existence only for odd-Z nuclei, as those have an unpaired proton and therefore
will primarily decay with one-proton emission. On the other hand, elements with
an even number of protons contain only protons with paired spins. Therefore, due
to the additional energy required when breaking the pair, it is more energetically
favourable to emit a pair of protons than a single proton. Spontaneous emission of
a pair of protons is determined by the two-proton dripline. Similarly to the one-

nucleon dripline, it determines the point of which the two proton separation energy,
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given by:
Sap = (—m(Z,A) +m(Z—2,A—-2)+2m('H))c? (2.9)

becomes negative and therefore the point at which two nucleons are simultaneously
or sequentially emitted from the nucleus. The theoretical two-proton dripline for
even-Z can be seen in Fig. 2.9. The first two-proton decay was observed in *’Fe
[107, 203] and today the two-proton dripline up to Kr (Z = 36) is determined.

2.3.1 One- and two-proton radioactivity

Unlike neutrons, protons in the nucleus experience both an attractive mean field
potential and a long-range repulsive Coulomb potential as can be seen in Eq. 2.2.
The result of these two potentials is an attractive potential-well followed by a pos-
itive barrier, known as the Coulomb barrier, a schematic of which can be seen in
Fig. 2.3. Due to the Coulomb barrier, protons with positive binding energies (thus
unbound) cannot escape the nucleus unless they tunnel through the barrier.
Similarly to Gamow’s theory for alpha decay [151], these unbound protons
have a finite probability of tunnelling through this barrier with an average time of
[110]:
T o ¢ZIN/15] (2.10)

where Z is the proton number of the daughter nucleus, a = ke, e is the proton
charge, k is the Coulomb constant and S, is the one-proton separation energy. This
unique property of proton-rich nuclei was proposed in the 1960s as proton radioac-
tivity by Goldansky [108], Zeldovich and Karnaukhov and it is the reason why it
is possible to experimentally observe nuclei past the proton-driplines.

The description becomes more complicated for the case of two-proton radioac-
tivity. In this situation, there are two possible scenaria: a) a three-body decay
where the two emitted protons have no correlation between them but are emitted
simultaneously or b) a di-proton (%Heo) decay where a pre-formed %He0 cluster
tunnels through the Coulomb barrier and then decays outside the barrier. These
two descriptions are referred to as “pure two-proton decay”. In addition, it is pos-
sible that two protons are emitted sequentially from the nucleus. To discriminate

between pure and sequential two-proton decays, Goldansky defined the true two-
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proton emission [108] as the case where
Sp,>0 and §,, <O0. (2.11)

Moreover, he defined the threshold half-life #; , ~ 1072 s to separate the case of
two-proton radioactivity from particle-unstable nuclei.

The region in the nuclear chart between the one-proton dripline and 7/, ~
10~!2 s is referred to as the Litorral Shallow of the sea of instability [193]. For
light and medium nuclei (Z < 50, A < 130), the Littoral Shallow is narrow (only
contains few isotopes) because the Coulomb barrier is proportional to Z and hence
relatively low, thus not including many unbound energy levels, but as the atomic
number Z increases, so does the width of the Littoral Shallow.

However, as the potential barrier increases, so does the tunnelling time, accord-
ing to Eq. 2.10 and therefore the half-life of the proton-unbound isotopes. In such
cases, alpha-decay has proven to be faster than the proton decay and because of
that, it becomes the primary decay mode of heavy nuclei (Z > 50, A > 130). Olsen
et al. [195], suggest that sequential two-proton decay is suppressed for Z > 82,
while pure two-proton decay is suppressed for Z > 52. In agreement with that
finding, Neufcourt et al. [190], uses specific nuclear models with Bayesian anal-
ysis to predict the heaviest two-proton emitter to exist. They conclude that nuclei
with Z > 54 have a small (p < 0.4) probability for pure two-proton decay.

Nevertheless, the existence of two-proton radioactivity in heavy nuclides still
remains to be experimentally verified and the competition between two-proton and

alpha decay needs to be explored and tested.

2.3.2 Thomas-Ehrman shifts

Thomas-Ehrman shifts [64], which are shifts in the energy levels of unbound proton
states, appear or are predicted to appear in proton-rich (Z > N) nuclei, such as
3Sc [64] and they depend on the orbital angular momentum / of the unbound
proton states [13]. The effect can be visualized by looking at the nuclear potential
for different angular momentum quantum numbers as shown schematically in Fig.
2.11.

In the case of a proton with [ = 1 (p-orbital), the wavefunction of the last pro-
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Figure 2.11: Schematic of the energy level of an unbound proton for two
different angular momentum numbers. Picture adapted from [13].

ton is well-confined within the nuclear potential due to the large Coulomb barrier
created by the combination of the Coulomb interaction and the centrifugal force.
This overlap between the wavefunction of the core nucleus and the unbound proton
results in an energy level E, for the unbound proton as shown in the schematic of
Fig. 2.11.

In contrast, in the case of the s-orbital (/ = 0), the smaller Coulomb barrier,
created in the absence of a centrifugal force, and the larger radius of the potential,
allow for a broader wavefunction for the unbound proton and therefore a smaller
overlap between the wavefunction of the unbound proton and the one of the core
nucleus. As a result, the energy of the unbound proton is lower than that for the
p-orbital, as shown in Fig. 2.11.

Thomas-Ehrman shifts are determined through the excitation energies of pro-
ton unbound states [258] and the separation energies of proton unbound ground
states [193]. The effect was first seen in the 1950s by Thomas [258] and Ehrman
[82]. They compared the first excited states of two mirror nuclei: '>C and ’N. If
the energy levels are corrected as if there was no Coulomb interaction between the

protons, the energy levels between protons and neutrons should be almost identical
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Figure 2.12: Example of the a TE fit for the lutetium isotopes.

due to isospin symmetry'. Instead, in the case of '3C and '’N, they were apart
by 750 keV, leading to the conclusion that the two wavefunctions have different
degrees of overlap in each case and giving rise to the Thomas-Ehrman shift.

The Thomas-Ehrman shift has since been discovered in numerous light nuclei
by studying mirror nuclei. However, for Z > 50, there are no longer mirror pairs
which can be used for comparison, as the nuclear chart deviates from the N = Z line
and more neutrons need to be added to the nucleus to gain stability. A different way
to look for Thomas-Ehrman shifts for heavy nuclei was developed by Novikov et
al. [193]. In this approach, the one-proton separation energy is fitted as a function
of the neutron (N) or the mass (A) number for a number of nuclei close to the
proton dripline (provided that there are no changes in nuclear structure such as

shell closures and deformation), as can be seen in Fig. 2.12. The fit function, given

'In reality, isospin symmetry is also broken by the difference in mass between the proton and the
neutron.
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by:
c

b

where a, b, c fitting parameters, is a simplification of the liquid drop model formula.
If there is a Thomas-Ehrman shift in the element of interest, then there will be an
abrupt change in the one-proton separation energy [193] between bound (S, >
0) and unbound (S, < 0) nuclei and therefore a deviation from the S, predicted
by the liquid drop model due to the extra binding that comes from the reduced
wavefunction overlap. The change in the slope of S, for the unbound fluorine
isotopes that are known to demonstrate Thomas-Ehrman shifts [64] supports this

new method and can be seen in Fig. 2.13.
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2.4 Evolution of the nuclear shell model

Since the 1950s significant effort has been devoted to improving the nuclear shell
model of Mayers [176] and Jensen [117] in order to predict features such as new
magic numbers and islands of inversion. The emergence of such effects is at-
tributed to the residual interaction: a two-body or higher order effect that is not
captured in the mean field potential of the individual particle shell model.

The ideal way to to fully describe the properties of a nucleus is to start from
the most fundamental theory: QCD [248]. However, QCD is non-perturbative and
therefore it cannot be used in the energy scale that concerns the nucleons. Hence,
all theories that describe nuclear structure have, to this date, some roots in an ef-
fective field theory (for example [243]).

Ab initio theory (for example [250]), is the most fundamental class of nuclear
theories, and it is the one with the most ties to QCD. Following ab initio theories,
there is the class of effective field theories that derive nuclear properties by solving
the Hartree-Fock-Bogoliubov (HFB) equations [280]. The rest of the present sec-
tion describes the fundamental assumptions and approaches of the two theories as

well as their advantages and disadvantages.

2.4.1 Ab initio techniques

Unlike all other techniques, ab initio theories are the first fully microscopic theories
that do not contain any mean field components in the nuclear potential. One class
of ab initio theories is the VS-IMSRG theory [250], where the nuclear potential is
derived from chiral effective field theory [266] with nucleonic and pionic degrees
of freedom, due to the non-perturbative character of QCD. It mostly contains two-
nucleon terms that describe the exchange of one-pion (leading order), two-pions
(next to leading order) and so on. In certain cases three-body forces are needed to
bring the theory in better agreement with experimental data.

Except from their closer ties to QCD, ab initio theories also owe their name
to the lack of parameters that require adjustment from experimental observables.
However, this is not completely true. Ab initio theories are not calibrated using
measured binding energies and charge radii as will be seen for other theories in

the next section, but they use data from nucleon-nucleon scattering to define the
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nucleon-nucleon interaction. In addition, ab initio three-body forces do include
free parameters, the values of which are derived from simple nuclear systems such
as 3H and *He [163]. More specifically, the free parameters of the three-body force
component are varied until the resulting binding energies, charge radii, quadrupole
moments as well as other nuclear properties match the experimental values ob-
served in light nuclei [188].

After the nuclear potential has been determined, nuclear properties are derived

by exact diagonalization of the many-body Hamiltonian:

A 2

(; 2% +i;jv,;,-+i<jz<kv,~,-k)w —EW (2.13)
where p; the momentum of nucleon i, V;; the two-body interaction, V;j the three
body interaction (if included), E the energy eigenvalues and ¥ the many body
wavefunction. The many body wavefunction is given by the Slater determinant
of the single particle wavefunctions (usually expanded in the harmonic oscillator
basis)

¢1(r1)  @1(r2) . 91(ra)
1 |92(r) ¢2(r2) . §2(ra)

Wi =1, A) = = | A (2.14)

Pa(r1) a(r2) . @a(ra)

which is used to ensure antisymmetric wavefunctions.

Unfortunately, exact diagonalization is extremely difficult due to the fact that
the parameter space increases exponentially with the system size. Despite the com-
putational challenges, theories like the No Core Shell Model [187] have achieved
predictions of nuclear systems of up to A ~ 20 (for example [61]). A way to over-
come the computational limitations is to divide the parameter space into a core, a
valence space, and the outside space, as can be seen in Fig. 2.14. The core usu-
ally contains a closed shell nucleus (for example “°Ca), to ensure that there will
be no excitations from the shells within the core, while the valence space contains
open shells and some lower excitation levels. This approach has accelerated the
progress of ab initio theories and it has enabled ab initio caluclations for nuclei as

heavy as '32Sn [181]. However, calculations are in many cases restricted to proton
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Figure 2.14: Separation of the parameter space into core, valence space and
outside space in ab initio calculations of medium-mass nuclei.

and neutron numbers close to shell closures due to computation limitations related

to many valence energy levels.

2.4.2 Effective field theories

Before the emergence of ab initio interactions and before the chiral effective field

theory was established, the most realistic nuclear interactions were derived from
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effective field theories, such as [243]. In such theories, the Energy Density Func-
tional (EDF) & contains two and three-body terms that describe how the two-body
interaction is influenced by other nucleons [243].

Unlike the ab initio theories that solve the many-body Schrodinger equation,
the effective field theories solve the Hartree-Fock-Bogoliubov (HFB) equations
[280] that are derived using the variational principle on the energy density func-

tional [254]:
é

o¢i

where ¢; is the single particle wavefunction of nucleon i, ¥ is the antisymmetrized

(W] &t |¥) —E) =0 (2.15)

wavefunction, &, is the total energy density functional and E is the ground state
energy of the system. The total wavefunction is also constructed from the Slater
determinant (Eq. 2.14) of the single particle wavefunctions which are usually ex-
panded in the harmonic oscillator basis.

The advantage of the HFB equations is that they can be used to calculate the
entire nuclear chart without issues related to computational limitations. In addi-
tion, due to decades of improvement they are significantly more precise than ab
initio calculations [249]. However, they are not fundamental. Although they can
calculate correlations between nucleons, their potential has a mean field compo-
nent, and there are several parameters that need to be calibrated from experimental
data. Two of the main nuclear field theories are the ones employing Skyrme inter-
actions [243] and those employing the Gogny interaction [69]. These two theories
have been used to interpret the results of this thesis in Chapter 6, which motivates

a more detailed look at their features.

The Skyrme interaction

In its general form, the Skyrme density functional is given by [249]:

E = / d3 rn(@@kin + @@Skyrme + éaSkyrmepdd) + ECoulomb + E[Jair +Ecm (216)

where n the nucleon density, &%;, the kinetic energy functional, E¢yy0m» the Coulomb

energy, E., a center of mass correction, E,;, the pairing effect that accounts for
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the residual interaction which arises from valence nucleons and &skyrme, Esiyrme,odd

the Skyrme energy functionals:

Bo+Bsn® , Bj+Bin®

~ . e 32
n@pskyrme = ) n 2 n2+Bl(nT_J2) _Bll (l’lT—J )
B B! C Cl @17
— 22 0An + “2iAfi — BynV - J — (B4 + BL)aV - J+ —LJF — 1§
2 2 2 2
Co+C3n* , C(/) + Cén“ .2 O Cé X~
& = c 6°+—06A0 ——=6-AC
NGSkyrme,odd 3 + ) + ) ) (2.18)

—C16-T+C|6-%F—Byo - (V xj)— (B4 +B,)6 - (V x])

Although a detailed description of individual terms in equations 2.17, 2.18 lies
outside the scope of this thesis (for more information see: [249]), it is important
to note that all C and B parameters are free parameters of the model that are deter-
mined from fits to experimental data, giving rise to numerous Skyrme parametriza-
tion as discussed later on.

In addition, it needs to be noted that the densities n, 7, j, J, o are functions
of the single particle wavefunctions ¢;,i = 1,..,A, and the occupation numbers u;,
with the latter necessary in order to take into account the residual interaction. By
using the variational principle in with respect to ¢; and u; one derives the mean field
(Hartre-Fock-HF) and pairing (Bogoliubov-B) equations respectively. The result-
ing HFB equations are solved numerically to derive the desired nuclear properties.

The parameters C and B are adjusted to experimental data, such as binding
energies and charge radii. Different parametrizations arise from the choice of dif-
ferent experimental data sets. For example, the SLy4 [55] parametrization was
derived with a bias towards neutron rich nuclei in order to focus on nuclear astro-
physics studies, the SV-min parametrization [144] was developed using spherical
nuclei and the UNEDFO [149] included deformed nuclei [88]. The precision of the
resulting binding energies from HFB calculations are of the range of 0.5 MeV to
1.2 MeV [149].
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The Gogny interaction

The Gogny interaction [69] is similar to the Skyrme interaction, as they are both
effective interactions and determine nuclear physics parameters by solving the HFB
equations. A significant difference between them is that while the Skyrme interac-
tion has zero range (Vs (71,72) = 0 if 7| # 7, where V. the effective potential
and 71,7, the positions of two interacting nucleons), the Gogny interaction has a

finite range as can be seen from the first term of the Gogny effective potential:

2

Vi = Z e —72)?/u? (W;+B;Ps — H;P; _MjPGPT)+
=1
L FHRB
(1 +x0F5)8 (71 _“)[p( : 2 2)] (2.19)

—I—iWL5V5(71 —72) X V5(61 + 62)
2
+(1 +2’L’1Z)(1 +2T2Z)7

[P — 72
Due to its finite range, the Gogny interaction can be used to derive the intensity
of the pairing correlations between the nucleons [210]. Similarly to the Skyrme
interaction, the parameters u,W,B,H,M,xg,t3, 0 and Wy are free parameters that
are adjusted with the help of experimental data. Finally, the Gogny Hamiltonian
has been updated (SDCH model) to allow rotational and vibrational degrees of
freedom and thus to account for collectivity [210], which is the model used in the

framework of this thesis.
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Chapter 3

Mass spectrometry of exotic ions

The binding energy of a nucleus can act as a probe for nuclear structure effects, as
discussed in Chapter 2. The binding energy can be experimentally determined by
measuring the atomic mass of a nucleus: a quantity related to its binding energy.

The atomic mass can be expressed as:
m = Zm,+Nmy +Zm, — BE, /c* — BE,/c* (3.1)

where Z is the number of protons or electrons, N is the number of neutrons,
mp,, my, m, are the masses of protons, neutrons and electrons respectively and BE,, BE,
are the binding energies of the nucleons and the electrons. The goal of mass spec-
trometry of exotic ions is to provide high precision binding energies by measuring
the mass of short-lived and exotic atoms, as motivated in Chapter 2.

The present chapter begins with a description of the techniques used to produce
radioactive isotopes, it continues with some fundamental quantities and procedures
of exotic mass spectrometry and it ends with some of the most common techniques

applied for measurements of the masses of radioactive species.

3.1 Production of exotic ions

In exotic mass spectrometry, the quantity that is being measured is the ionic mass,
due to the convenience of manipulating and creating beams of charged particles

using electric and magnetic fields.
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Figure 3.1: Schematic of the ISOL and In-flight separation techniques. Fig-
ure from [35].

Exotic ions are produced and studied in Radioactive Ion Beam (RIB) facilities,
where a RIB can be generated typically by two different techniques [35]. The two
production techniques used in RIB facilities are the In-flight separation and the
Isotope Separation On-Line (ISOL) technique [35]. Fig. 3.1 shows a schematic of
the two techniques.

In the 1SOL technique [215], a light primary beam (usually protons) impinges
on a thick (= 20 cm) target of a high-Z material. In the target, a number of different
nuclei are created through spallation, fragmentation and fission reactions, depend-
ing on the material of the target. The new nuclei effuse through and diffuse out
of the target, where they are in a neutral state. The element of interest is ionized
by some method, for example surface [10] or laser ionization [170] and the Ions
of Interest (I01) are extracted using a strong electric field, typically 10-60 kV. In
practice, more than one element is ionized and therefore, a dipole magnet (mass
separator) [42] is used to separate the 10T from the ions which are not of interest,
hence background. However, background ions and molecules with a similar mass-
to-charge ratio as the 101 are able to pass through the dipole magnet and therefore
remain as background. The range of mass-to-charge ratios that can pass through

the mass separator is determined by the resolving power of the dipole magnet and
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ISOL In-flight separation
Projectile examples p.d Kr, Xe, U
Projectile energy [MeV/u] 500-1400 | 50-2000
Target thickness [g/cm?] 10-100 1
From production to delivery | ~ ms-h <100ns

Table 3.1: Characteristic parameters of the ISOL and the In-flight production
techniques.

it is discussed for the ISAC-I mass separator in Chapter 4.

The In-flight separation technique [105] employs a primary beam of heavy ions
(such as those in Table 3.1) that impinges on a thinner target resulting in in-flight
projectile fragmentation. Post fragmentation, the 101 are separated and transported
with a fragment separator (for example [239]). Some of the key parameters of the
two techniques can be seen in Table 3.1.

The two techniques are to an extent complimentary because although the 1SOL
technique offers pure high intensity beams, it cannot provide extremely short-lived
species (¢t < lms) due to ms-scale diffusion times of the ions from the thick target.
On the other hand, In-flight separation suffers from a beam cocktail that cannot
be efficiently separated but can provide isotopes with significantly shorter half-
lives thus being more suitable for isotope discovery. In addition, the In-Flight
technique has the advantages of being independent of target chemistry and not
requiring ion sources to ionize the isotopes. Finally, as can be seen in Fig. 3.1, the
two methods can be combined by coupling a so-called gas-catcher [231] after the
in-flight separator.

The 1SOL technique for exotic isotope studies is currently used at CERN-
ISOLDE [215], GANIL SPIRAL [167], and ISAC TRIUMF [25], while the In-
flight separation technique is employed at NSCL/FRIB [257], RIKEN [252] and
GSI [105]. These three In-flight facilities also use gas-catchers.

3.2 Fundamentals of exotic mass spectroscopy

Two fundamental quantities in exotic mass spectrometry are the precision of a mass

measurement and the resolving power of the mass spectrometer. The precision om,
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Figure 3.2: An example of two simulated overlapping mass peaks fitted with
Gaussian distributions. The FWHM and the fit parameters are noted on
the figure.

refers to the uncertainty in the determination of an ion’s mass, while the resolving
power refers to how well two species with similar masses, such as those in Fig.

3.2, can be separated. The resolving power can be calculated as:

m

R=—
Am

(3.2)

where Am is the Full Width Half Maximum (FWHM) of the mass distribution, as

shown in Fig. 3.2. Relative precision (§m/m) and resolving power are related as:

om 1
— o —— (3.3)
m RN
where N is the number of collected statistics.
There are two main methods for mass spectrometry of exotic ions: direct and

indirect mass spectrometry. In indirect mass spectrometry, the mass of the ion
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is determined from a known decay energy and the mass of the decay progenitor.
The technique is useful in unknown territories of the nuclear chart (with extremely
rare combinations of protons and neutrons) where half-lives and RIB production
yields are small. However, for indirect mass measurements to be accurate, a good
understanding of the energy levels of a nucleus is required as decays to unknown
excited or isomeric states can cause incorrect assignments and mass values.

Direct mass measurements, rely on the measurement of the inertial mass of
the ion. Direct mass spectroscopy itself, contains three main subcategories: mass
measurements with Storage rings [22, 38, 281], Time-of-Flight Mass Spectrome-
ters [59, 164, 204, 237, 272] and ion traps [18, 74, 75, 89, 140, 225]. The following
sections describe the latter two, which are employed at the TRIUMF’s Ion Trap for

Atomic and Nuclear science (TITAN) experiment [75].

3.3 Multiple-Reflection Time-of-Flight Mass
Spectrometry

Multiple-Reflection Time-of-Flight Mass Spectrometers (MR-TOF MS) is a subcat-
egory of Time-of-Flight (TOF) mass spectroscopy which allows the determination
of the mass of an ion by measuring its TOF through an approximately field free

region. If the ions travel with a non-relativistic speed and V(z = 0) = 0, the TOF

t:/OL\/;Z](Vo—V(z))ldzfx \/? (3.4

where L is the total path length, m is the mass of the ion, g is the charge of the ion,

relates to the mass as:

Vo is the electric potential at z = 0 and V(z) is the electric potential along the path
Z.
In TOF mass spectrometry, the resolving power of an TOF device is given by:
m t\?
R="_ (7) 3.5
Am At (3-5)
where ¢ the total flight path of the ion and Ar the spread in the TOF distribution.
Therefore, the larger the flight path the better the resolving power that can be

achieved in a TOF device. For this reason, TOF devices in Mass Spectroscopy
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Figure 3.3: Top: Simplified schematic of an MR-TOF MS device. Bottom:
The voltages applied to a typical MR-TOF MS device. Picture from
[163].

have evolved into MR-TOF MS since a long path in a well controlled and compact
device has many advantages. In an MR-TOF MS device, the flight path of the ions
can be arbitrarily extended by repeatedly reflecting them between two electrostatic
mirrors which are located approx. 30 cm apart, as can be seen in the schematic of
Fig. 3.3.

A MR-TOF MS device is a fully electrostatic ion trap that consists of a set of
two electrostatic mirrors separated by an approximately field-free drift region, as
can be seen in Fig. 3.3. Once the ions are in the spectrometer, they are reflected
between the mirrors for a number of times thus extending the flight path length of
the ions. Once the required path length has been reached, to achieve the required
resolving power, the ions are extracted to a particle detector where their TOF is
recorded. A typical spectrum on the TOF detector can be seen in Fig. 3.4, where
the ions have undergone 659 reflections, reaching a resolving power of 380,000.

The mass of the species in Fig: 3.4 can be calculated through their TOF using [21]:

c(t—19)?

m/q= T Nb (3.6)
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Figure 3.4: Time-of-Flight spectrum from the TITAN MR-TOF MS. The
ions have undergone 659 reflections, resulting in a resolving power of
380,000.

where ¢ the TOF of the ion, N the number of reflections, and #y, » and c fitting
parameters that are unique to each MR-TOF MS device. Parameters 7o, b and c are
calibrated prior to a mass measurement using ions of well known masses.

Due to their short-cycles (few ms) and their non-scanning measurement prin-
ciple, MR-TOF MS devices are ideal in detecting short-lived isotopes (Sms < t <
50ms) with very low production yields (< 1pps) and in achieving high signal to
background ratios (1 : 109) [217]. Their success and performance relies on some

of the following aspects.

3.3.1 Isochronicity

The relative properties of two ions of the same mass in an MR-TOF MS system

prior and after one mirror reflection can be described by a transfer matrix [273],
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Figure 3.5: Schematic of the electric potential of the ion injection into the
MR-TOF MS mass analyzer. A Time Focus point is shown with a vertical
dashed line. Figure from [127].

such as the one shown in [274]. The transfer matrix describes the evolution of the
ions’ position, angle, relative energy and relative TOF over time. The relative TOF
deviation 81" =t} /t{ — 1 after one mirror reflection, where ¢] and r} the TOF of ion 1

and ion 2 respectively, as derived from the transfer matrix, is proportional to [274]:
&t' o< (8t|6K)SK + 6t (3.7)

where 8¢ is the TOF deviation after a mirror reflection, o¢ is the TOF deviation
before a mirror reflection and 6K = K; /K, — 1 is the relative energy deviation
between the two ions. In order to achieve a high TOF resolution and hence a high

mass resolution, the MR-TOF MS system needs to be isochronous [274]:
(6t|0K) =0 (3.8)

resulting in minimum TOF spread, as can be seen from Eq. 3.7.

This is achieved by shaping the accelerating potential that transfers the ions
inside the field-free region, which is often referred to as the mass (or TOF) analyzer.
As can be seen in Fig. 3.5, ions starting from a earlier starting point inside the
potential (blue) will experience a larger field gradient and thus will acquire a larger

acceleration, allowing them to catch up with the slower ions that started earlier, at
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Figure 3.6: The trajectories of ions of different kinetic energies during a re-
flection from the mirror electrodes. In the mass analyzer, all ions with
the same m/q are focused in certain focus points (f1, f>) determined by
the electrostatic voltages applied to the electrodes. Figure from [127].

the time focus point (depicted with a vertical line). When the same ions arrive at
the position of the mirror (Fig. 3.6), due to their larger energy, they will penetrate
further, thus increasing their turn-around time which allows them to arrive at the
second Time Focus point (f,) at the same time with the rest of the ions after one
turn, as can be seen in Fig. 3.6.

Using the isochronicity requirement, the primary time focus, which is depicted
on Fig. 3.5, is achieved for

L=2L.y

while the secondary time focus, depicted in Fig. 3.6, requires that
Ly + Ly = 4Ly,

where L., and L. are the path lengths in the injection and reflection electric
fields and L, L, and L are the path lengths in the field-free region (see [127] for a
derivation).

In this way, the TOF spread remains controlled and a minimum TOF spread is

achieved at the detector, leading to maximum resolving power.
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3.3.2 Ion bunch size

Other important components for the successful operation of an MR-TOF MS device
are the initial conditions of the ions, as can be seen from the parameter 8¢ in Eq.
3.7. Ions need to enter the MR-TOF MS device in “bunches”: an ensemble of ions
with well-defined spatial and energy distributions. That is achieved by coupling
the MR-TOF MS device with a preparation system, here a Radio-Frequency (RF)
cooler-buncher trap [118] that creates ion bunches with a well defined energy, using
buffer-gas cooling. Certain MR-TOF MS devices, such as the TITAN MR-TOF MS,
have multiple RF cooler-bunchers which enable even further optimization of the
bunch size.

The dependence of the resolving power on the ion bunch size is visible in
Fig. 3.7, for the Multi Ion Reflection Apparatus For Collinear Laser Spectroscopy
(MIRACLS) MR-TOF MS [238]. Lack of cooling, in this case laser Doppler cool-
ing, results in significant transmission losses due to the large beam size and can be
devastating for measurements of rare isotopes. Buffer-gas cooling, reduces the size
of the ion bunch and results in higher transmission. Finally, further improvements
in the ion bunch size can be achieved by Doppler cooling in a Paul trap, which
has shown a 4.6 times increase in resolving power in MR-TOF MS measurements

compared to buffer gas cooling alone [238].

3.3.3 Contamination

Another key aspect for the successful operation of MR-TOF MS devices is the ab-
sence of unwanted ions or molecules in the original bunch, referred to as beam
contamination, or in a neutralized form in the trap, referred to as background con-
tamination.

The presence of contaminants in the ion bunch can have two major conse-
quences. First, if the 101 and the contaminant are sufficiently close in mass then
they might not be resolved, thus reducing the precision and accuracy of the mass
measurement. The second consequence of high rates of contamination in the ion
bunch is that the contaminants can Coulomb interact with the 10I and thus cause
systematic shifts in the TOF. An example of the mass shift as a function of the

number of ions per ion bunch can be seen in Fig. 3.8, where a 40 deviation can be
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Figure 3.7: Time-of-Flight distributions in the MIRACLS MR-TOF MS for dif-
ferent ion bunch preparations. The effect of cooling is indicated by the
width of the peak without (green) and with (blue) Doppler laser cooling.
Figure from [238].

observed for an increase in beam intensity by a factor of ten.

High concentrations of background gasses in an MR-TOF MS device are respon-
sible for neutral atom-ion collisions between ions and background molecules and
a transfer of kinetic energy. As a result, the ion bunch size increases causing the
reduction of resolving power and precision and in some cases, the loss of stored
ions.

There are a number of techniques applied to reduce contamination in MR-TOF MS
devices. A common way is the use of a central segmented electrode in order to
deflect unwanted species [72]. This electrode is referred to as the Mass Range Se-
lector (MRS) and it is used to deflect non-isobaric contaminants based on the m/q
dependence of the ion velocity leading to a different number of turns in the system
than the ion of interest. The voltage applied to the MRS is reflective at all times
except when the 101 is about to pass through. Its location among the other elec-
trodes of an MR-TOF MS can be seen in the schematic of Fig. 3.3. Alternatively,
the electrostatic mirrors or the central drift tube of the MR-TOF MS can be shortly
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Figure 3.8: The effect of ion-ion interactions in the measured mass value of
SIv1607 using the TITAN MR-TOF MS. Figure taken from [206].

opened, raised [131, 268] or repeatedly pulsed [227] to remove unwanted species.

Although it is desired to remove non-isobaric contaminants from the trap, the
beam contamination can still remain high due to isobaric contaminants. For this
reason, a new technique to reduce isobaric contamination has been developed. The
new technique, called Mass Selective Retrapping [29], relies on separating the ion
bunch in the MR-TOF MS and retrapping in the buffer-gas-filled Radio-Frequency
Quadrupole trap (RFQ). Only the subset of the initial ion bunch that contains the
ions of interest are captured and preserved for further measurement. TITAN is the
only experiment that currently uses the technique and more details are provided in
Chapter 4.

Over the last ten years, due to their non-scanning measurement approach and
their fast cycles, MR-TOF MS devices have proven to be ideal for mass measure-

ments of short-lived, low production exotic isotopes with their relative measure-
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ment precision reaching few-10"% [227]. However, although Eq. 3.5 indicates a
resolving power that scales with the time of flight, actual MR-TOF MS devices show
a saturation of resolving power for N ~ 700. The next section focuses on the causes

of the saturation of the MR-TOF MS resolving power.

3.3.4 Challenges of MR-ToF MS systems

Perhaps the most challenging aspect of increasing the MR-TOF MS’s resolving
power is the stability of power supplies for the electrostatic ion optics elements.
Although temporal voltage drifts can be corrected using a reference ion of well-
known mass [21], random voltage fluctuations or voltage “ringing” following fast
switching of voltages can have a large impact on the peak width.

Voltage “ringing” [130] occurs when a power supply does not settle smoothly
to the set voltage but instead fluctuates before reaching it [21]. This effect is one of
the primary sources of MR-TOF MS systematic errors as ion bunches that are well
separated experience a different amount of “ringing” depending on their position
when the voltage switch occurs. Fig. 3.9 shows a histogram of the TOF distribution
of 133Cs™ ions that were stored in the TITAN MR-TOF MS for different durations
(At = Tus). Different storage times correspond to ion bunches located at differ-
ent positions in the MR-TOF MS when the voltages of MR-TOF MS extraction optics
is switched, and the systematic uncertainty related to this effect can be estimated
by the width of the TOF distribution in Fig. 3.9.

To reduce the effects of voltage “ringing” and power supply fluctuations, pas-
sive (RC filters [127, 227]) and active voltage stabilization as well as temperature
stabilization [227] of the power supplies are applied.

One method to increase resolving power based on Eq. 3.5 is by increasing the
ion’s flight path. However, as the storage time in the MR-TOF MS increases, so do
the number of collisions with the background gas, which result in peak broadening.
Therefore, longer storage times require better vacuum conditions. This is achieved
by very effective differential pumping (where small orfices separate vacuum sec-
tions in the system, introducing reduced gas flow from one section to the other
between the MR-TOF MS vacuum section and the helium-filled Paul traps [127]. At
this point, more developments are needed to increase the number of reflections to
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Figure 3.9: Histogram of the TOF dstribution of '33Cs™ ions extracted at dif-
ferent times from the TITAN MR-TOF MS. By extracting ions at different
times, systematic effects from switching the electrostatic mirrors can be
studied. In an ideal case, the TOF distribution would be a delta function.

N > 700.

Although the MR-TOF MS is now the spectrometer of choice for extremely low-
yield, short-lived isotopes, its aforementioned limitations set a limit in the precision
that can be achieved. In order to reach relative precisions below 1077, the Penning

trap mass spectrometer method is preferred.

3.4 Penning Trap Mass Spectrometry

The Penning trap method was conceived and first developed by Hans G. Dehmelt
(Nobel prize in Physics 1989) in 1959 [7] to study the magnetic moment of the
electron. Since its first conception, the Penning trap has been utilized in a num-
ber of different fields to answer a plethora of questions. A non-exhaustive list of
modern applications of Penning traps in physics include: ion preparation [232],
tests of Quantum Electrodynamics (QED) [33, 251], quantum computing [48], the
study of antimatter [11, 20] and mass spectrometry [34]. Penning traps were
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Figure 3.10: Schematic of a hyperbolic Penning trap. The characteristic trap
dimensions are indicated.

first introduced as mass spectrometers of rare isotopes in the late 1980s [36] at
ISOLTRAP [143]. Today, there are seven systems operational: TITAN [75], CPT
[233], LEBIT [225], ISOLTRAP [143], JYFLTRAP [89], SHIPTRAP [74] and
TRIGATRAP [140] around the world that use Penning traps for mass spectrometry
of rare species while more systems are currently being constructed (as for example
the PIPERADE [18] Penning trap at GANIL).

A Penning trap is formed by the combination of a strong magnetic field for
radial confinement and a weak quadrupolar electric field for axial confinement.
The quadrupolar electric field can be described as [76]:

Vo

V(rz) = @(M —r?) (3.9)

where V; the voltage difference between two neighbouring electrodes that can be

seen in Fig. 3.10, and d = |/z3/2+r}/4 a characteristic dimension of the trap.
The parameters zo and rg are characteristic of the trap geometry and are shown in

Fig. 3.10.
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The quadratic potential of Eq. 3.9 can be achieved by two main geometries: a
trap with finite hyperboloid electrodes as shown in Fig. 3.10, or a trap with cylin-
drical electrodes. The first trap geometry has the advantage of creating quadratic
potential that requires only minor corrections, and hence can be operated with a
total four electrodes. However, the hyperbolic electrodes are challenging to manu-
facture. On the other hand, cylindrical Penning traps are easy to manufacture but
the quadrupolar electric field is significantly more difficult to achieve [34].

A hyperbolic Penning trap usually consists of four main electrodes:

* The Ring electrode that is typically segmented for ion manipulation through

excitations. The method is described in the sections below.

* A set of two end-cap electrodes that are responsible for the axial confine-

ment.
* A set of two tube electrodes that allow ions to enter and exit the trap.

* A set of two guard electrodes that are used to optimize the trap potential

shape to approach ideal field conditions.

The principle of mass measurements using Penning traps relies on the fact
that in the presence of a strong magnetic field, ions revolve with their cyclotron

frequency:
_ 4B

= 3.10
2nm ( )

Ve

where ¢ is the charge of the ion, B is the magnetic field strength and m is the mass
of the ion. However, due to the imprecise knowledge of the magnetic field and
due to magnetic field fluctuations and variations, the mass of the 101 is determined

through the frequency ratio R:

ref

mjor 7
R= - 3.11
Moy V¢! G

of the cyclotron frequency of the 101 and that of a different isotope with a well

f

re
known mass m,.r. The measurement of the reference frequency V.’ acts as a

calibration of the magnetic field strength.
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3.4.1 Ion motion in an ideal Penning Trap

Ions that are only trapped by the magnetic field, have a frequency inside the trap
that is equal to the cyclotron frequency of Eq. 3.10. However, due to the presence
of the quadrupolar electric field, the trapped ion’s motion is modified and can be
described by three eigenmotions: the reduced cyclotron motion with frequency v,

the magnetron motion with frequency v_ and the axial motion with frequency v;:

Ve Ve V2
=Yy 1_2<7> 3.12
Ve=oE5 v. (3.12)
L /qW
=—1\/— 3.13
V= 22\ a2 (3-13)
provided that the confinement condition:

v\ 2

1—2(—) >0 (3.14)
Ve

is satisfied.

The resulting motion from the superposition of the three eigenmotions can be
seen in Fig. 3.11, where the slow radial motion corresponds to v_, the fast radial
motion corresponds to vy and the axial motion corresponds to V;.

The three eigenfrequencies follow the Brown-Gabrielse theorem [46] accord-
ing to which:

ve=Vi+vi+v? (3.15)

with,
Ve>>V,>> Vo (3.16)

From Eq. 3.12, the cyclotron frequency can expressed as [46]:
Ve=Vi+V_ (3.17)

a property widely used across Penning trap experiments to determine the true cy-

clotron frequency from the reduced cyclotron and magnetron frequencies.
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Figure 3.11: Shown is the simulation of the motion in the Penning trap. Each
eigenmotion is depicted by a different color, while their superposition

is shown in blue.
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Quadrupole Excitation Dipole Excitation

Figure 3.12: Schematic of the applied voltages in a quadrupole (left) and
dipole (right) excitation, shown in colour is the polarity of applied volt-
ages.

3.4.2 Ion manipulation

In order to measure the cyclotron frequency of an ion stored in a Penning trap, it
is necessary to manipulate the stored ion, including its radius and eigenfrequency.
Controlling these properties is achieved by Radio-Frequency Dipole, Quadrupole
and higher-order pulses applied to the segmented trap electrodes, some of which

can be seen in Fig. 3.12.

Dipole pulses

The simplest pulse that is applied for ion manipulation is a single square dipole

pulse of duration Ty;,. The applied RF field is of the form:
URF (l) = VRFsin(a)t + (l)) (3.18)
where Vgp is the RF voltage amplitude, ® = @+ and ¢ = 0,7, as can be seen in

Fig. 3.12 (right).

The result of a dipole pulse at wgr = @4+ is a resonant increase of the ion’s
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radius and kinetic energy [261]:

. C1,pVrrTuip

i (3.19)

where Cj p is a geometry parameter [261].

In Penning trap mass spectrometry, dipole pulses serve a number of purposes.
They can be used to prepare the ion in a pure magnetron r_ or reduced cyclotron r
radius or they can be used to selectively drive unwanted contaminants away from
the trap centre, ultimately driving them into the confining electrode where they are

lost. This process is referred to as dipole cleaning [153].

Quadrupole pulses

Quadrupole pulses constitute an essential element of of Penning trap mass spec-
trometry. A Rabi quadrupole excitation consists of a single square pulse of dura-
tion 7,44, as can be seen in Fig. 3.13 (top). The difference from the dipole pulse
is that opposite segments of the ring electrode are supplied with an RF of the same
phase as can be seen in Fig 3.12 (left).

The amplitudes of the reduced cyclotron (r+) and the magnetron motion (r_)

during a quadrupole excitation are described by [156]:

1 071; Opr — O, 0 ki
re(t) = (thCOS(wBt):Fri[l( RF — @) |5k
2 OB

sin(wgt)>ei/2<“’”‘*‘°f>’ (3.20)

where Y. are the initial reduced cyclotron and magnetron radii, @y is the applied

RF frequency,

1
wp = E\/(a)RF—wc)erk% 3.21)
and v |
ko~ —2Ed__ - 3.22
"2l ma. — o (3-22)
If wrr = ., Eq. 3.20 simplifies to:
k . ki
ro(t) = rlcos (gr) F rOJFeZA‘Dsin (g:) (3.23)
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Figure 3.13: Schematic of the excitation pulses applied during a Quadrupole
Rabi (single-pulse) [156] excitation (top) and a Ramsey (double-pulse)
[213] excitation (bottom).

where A¢ corresponds to the phase difference:

Ad = Orr — (94 +9-) (3.24)

Eq. 3.23 results in a beat pattern between the magnetron and the reduced cyclotron
motion with period 7j,.¢. One full conversion from magnetron to reduced cy-
clotron frequency occurs for:

ko T T 2mmd? 2d’Br

—Towaa = = = Touga = — = WL —0_) =
) quad ) quad kO qVRF ( + ) Ve

(3.25)

and it is independent of the type of trapped ion. Eq. 3.25 determines the excitation
time required for a successful conversion if Wrr = @, and for a predefined Vzr.
Due to the fact that @, >> @_, a full conversion of an ion in the magnetron

motion (0 # 0, rﬂ = 0) to an ion in the reduced cyclotron motion significantly
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Figure 3.14: Left: Calculation of the radial kinetic energy of K™ ions for
different conversion times. Right: The radial kinetic energy profile for
one full conversion and the dependence of the FWHM of the central
maximum to the excitation time 7j,4q4.

increases the ion’s radial kinetic energy:

By ol = 2R (3.26)

if wgr = @, as can be seen in Fig. 3.14 (right). Fig 3.14 (left) also shows the
radial kinetic energy lineshape for excitation times that do not correspond to a full
conversion. The blue line shows an underconverted resonance while the rest show
examples of overconverted resonances.

Therefore, an unknown cyclotron frequency (and hence mass), can be precisely
determined by determining the RF frequency at which a full conversion between the
two eigenfrequencies takes place.

The precision of the frequency measurement is proportional to the FWHM of

the central fringe of the lineshape, which is inversely proportional to the excitation
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time 7j,qq, as can be seen in Fig. 3.14 (right). This proportionality between the
FWHM and T, comes from the Fourier transform of the applied RF pulse and
would approximate a delta function for an infinite pulse. Consequently, the longer
the quadrupolar excitation the better the precision and resolving power. However,
extending the duration of the excitation of the measurement can be difficult for

multiple reasons, some of which are:

* Poor vacuum conditions in the trapping region.
* Short half-life of the trapped ion.

* Stability of electrostatic system.

The next two sections describe alternative techniques that have been developed

and are used to improve the results of the traditional quadrupole excitations.

Ramsey pulses

Ramsey excitation schemes were first developed in magnetic resonance experi-
ments in 1949 [213, 214]. Prior to this development, the standard method was a
Rabi-type approach [211] to expose the ions to two superimposed magnetic fields
that are present in the same volume of space. In Ramsey type measurements, ions
are exposed to a sequence of different magnetic field configurations with a well-
defined phase relation [152].

In 1992, the Ramsey technique was applied in mass spectroscopy [37] where
the idea of the spatial sequence of magnetic fields is transformed into a time se-
quence of quadrupole pulses at the cyclotron frequency, as can be seen in Fig. 3.13
(bottom). In mass spectrometry, Ramsey excitations offer a reduction of ~ 30% to
the FWHM of the central fringe [76] of Fig. 3.14, thus improving the precision and
resolving power of Penning trap spectrometers. However, Ramsey pulses have not
fully replaced Rabi ones due to the sometimes ambiguous position of the central

minimum. As a result, they usually follow an initial Rabi-type measurement.

Octupole pulses

Higher order excitations are proven to be beneficial for certain mass measure-
ments. The LEBIT [222] and SHIPTRAP [74] mass spectrometers have investi-
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Figure 3.15: Schematic of the principle of the TOF-ICR technique. Due to the
magnetic moment of the ions and the magnetic field gradient, resonant
ions experience a larger axial force. Figure taken from [163].

4

gated the use of octupole pulses instead of quadrupole pulses and they both agree
in a ten-fold increase in resolving power [84, 224]. However, unlike in the case
of quadrupole pulses, the conversion frequency shows a strong dependence on the
initial conditions of the ion motion [224] thus making the technique more suscep-
tible to systematic errors, or requiring more preparation time for the ions to be well

localized.

3.4.3 Detection techniques

Mass measurements in Penning traps rely either on the measurement of the true
cyclotron frequency, or the measurement of the individual eigenfrequencies. The
three main methods for determining the frequency in on-line mass spectrometry

are described below.

Time-of-Flight Ion-Cyclotron-Resonance technique

The Time-of-Flight Ion-Cyclotron Resonance (TOF-ICR) technique [156] is a scan-
ning approach which requires repeated measurements under constant conditions
and relies on detecting the radial kinetic energy of the ions as a function of the
applied RF frequency as was shown in Fig. 3.14.

After a full conversion of the ion motion from v_ to v using a quadrupole
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excitation, the voltage of the trap’s extraction end-cap is lowered and the ions are
accelerated out of the trap towards a particle detector, as can be see in the schematic
of Fig. 3.15. As they travel towards the detector, they experience the gradual
decrease of the magnetic field (see Fig. 3.15, lower graph). The magnetic field

gradient interacts with the ion’s magnetic moment resulting in an axial force

E,(a)rf)

3 2.VB (3.27)

F=—[iVB=
which results in an increase of the axial energy of the ions and a reduction in the
TOF of the ions between the trap and the detector.

The detected TOF depends on the applied RF frequency, and can be described
and fitted by [156]

<f

ToF =

m 1/2

( _ _ ) dz (3.28)
w “2(Eg—qV(z) — [i(wgr) - B)
where Ej is the total initial energy of the ion and V (z) and B(z) are the voltage and
magnetic field experienced by the ion from the trap (z9) to the detector (z¢). An
example of a TOF resonance fitted with Eq. 3.28 can be seen in Fig. 3.16.

The precision of a mass measurement performed using TOF-ICR with Rabi or
Ramsey pulses is given by [37, 156]:

om m

- =C BT e TN (3.29)
where the proportionality constant C depends on the excitation scheme used. Al-
though C depends heavily on the quality of the resonance, a simple comparison
between Ramsey and Rabi excitations performed for ’Rb with Measurement Pen-
ning Trap (MPET) [90], results in Cryp; = 27 and Cramsey = 8.

Despite being very robust, the TOF-ICR technique suffers from a number of
disadvantages. First of all, it is a scanning technique, and thus a large number of
off-resonance ions (50:1 off- to on- resonance ions) need to be detected in order
to construct a TOF resonance. Although this is not a concern for stable isotopes,
it constitutes a potential problem for experiments with radioactive species from

RIB facilities. In addition, as mentioned before, the precision and resolving power
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Figure 3.16: TOF-ICR resonance of *K* ions, excited with a r = 100 ms
quadrupole excitation pulse. The orange line indicates a fit to the ex-
perimental data using Eq. 7.7.

of TOF-ICR is limited by the length of the excitation time applied, which itself is
limited by the isotope’s half-life and the storage conditions in the trap, typically
connected to the vacuum, since collisions and charge exchange with background
molecules negatively affect the resonance shape. The following two techniques are
developed to overcome the need for high statistics in TOF-ICR, showing advantages

to TOF-ICR under certain circumstances.

Phase-Imaging Ion-Cyclotron-Resonance

The Phase-Imaging Ion-Cyclotron Resonance (PI-ICR) technique is an alternative
to the TOF-ICR technique and it was first developed by SHIPTRAP [85].

In PI-ICR, the cyclotron frequency of the trapped ions is measured by projecting
the ion motion on a position sensitive charged particle detector located outside the
strong magnetic field. The measurement starts by injecting the ions at the center
of the Penning trap, where the center location has been previously determined.
The ions are excited to a radius with a dipole pulse at either the magnetron or the
reduced cyclotron eigenfrequency. After a well-defined time of free evolution at

that particular frequency, the ions are extracted and their position is recorded. An
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example of the projected images on the position sensitive detector can be seen in
Fig. 3.17. From the corresponding phase ¢ between the location created by ions
at the magnetron frequency and those at the reduced cyclotron frequency, the true
cyclotron frequency can be calculated as follows [86]:

27 _
VC:V++V_:¢+ (ﬂ++l’l )
zntacc

(3.30)

where 7, is the time of free evolution in the trap and n. is the number of full rev-
olutions of the ions in the reduced cyclotron and magnetron motions respectively.

The resolving power of the PI-ICR technique is given by:

Ve Vi . TV itacel+

~

AVC o AV+ Ar+

(3.31)

Rpi_icr =

where r the radius of the reduced cyclotron motion and Ar., one standard devia-
tion of the spacial ion distribution for the ions at the reduced cyclotron motion.

The PI-ICR technique offers a factor of 40 better resolving power and a factor
five better precision compared to TOF-ICR for singly charged ions [85]. In addition,
it reduces the time required for a measurement since scanning of RF frequencies is
no longer required, thus lowering the necessary number of detected ions. This of-
fers an efficient use of rare isotopes and is less susceptible to temporal fluctuations
of the experimental conditions.

However, the PI-ICR technique has higher demands for alignment between
the magnetic field axis and the trap axis [197] and for more stable trap voltages
[86, 197]. For example Orford et al. [197] report a 30° shift in the reference phase
due to a 1 mV drift over the course of a 24 hours. The technique also requires a
more complicated detection apparatus in order to record the position of the ions
which is more expensive. Today, more and more mass measurement Penning trap
experiments are contributing to further development and advancement of this tech-
nique [86, 136, 189, 197].

Fourier-Transform Ion-Cyclotron-Resonance technique

The TOF-ICR and PI-ICR techniques allow relative precisions of up to few 107°.

In many cases, as for example tests of QED [251], a higher relative precision is
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Figure 3.17: PI-ICR schematic. The groups of scattered points represent ion
spots with positions (x;, y;). lon spots after no excitation (center), mag-
netron excitation (magnetron) and reduced cyclotron excitation (red.
cyclotron) are shown. The cyclotron frequency is determined from the
phase between the latter two spots, while its uncertainty is determined
from the radius of excitation (represented with the green line) and the
position spread (2Ar.) of the ion spots.

required. The technique of choice to reach a precision of 10~!? is the Fourier-
Transform Ion-Cyclotron Resonance (FT-ICR) technique [76]. The FT-ICR tech-
nique is not destructive, allowing the ions eigenfrequencies to be probed continu-
ously while the ion is confined. This is achieved by coupling one of the trap elec-
trodes to an LC circuit with a resonant frequency similar to the storage frequency
of the trapped ions, as can be seen in Fig. 3.18 (top).

The ion signal appears as a reduction to the LC circuit’s noise signal (Fig. 3.18
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Figure 3.18: Top: FT-ICR schematic. Bottom: a) Noise spectrum of the res-
onant circuit without ions stored in the trap. b) Noise spectrum su-
perimposed with the signal from a non-resonant trapped ion. c) Noise
spectrum superimposed with the signal from a resonant ion. Figure
taken from [76].

(c)). The signal to noise ratio (S/N) is determined by [126]:

S/N ~ quo1 [ o | £ e (3.32)

where N is the number of ions, ¢ is the charge state p /py is the radius of the ions’
orbit relative to the trap radius, v/Av is the ratio of the ions frequency and the
spectral width, Q = R\/C/L is the quality factor, T is the temperature and C is the

capacitance of the circuit.
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In order to achieve a significant signal-to-noise ratio, the ambient noise needs
to be low. This is achieved by cooling both the electrodes and the circuit, typically
by immersing them in liquid helium and by using a circuit with a high quality
factor. In addition, in order to further improve the signal the ions can be prepared
in higher charge states (g > 1).

Although the FT-ICR technique offers a great advantage, a number of chal-
lenges need to be addressed. One of the most significant challenges is that it is lim-
ited to long-lived ions, as its resolving power scales with the storage time (Fourier
limited) and therefore the ion’s half-life, making the technique uncommon in rare
isotope studies (with an exception being the Single ion Penning Trap [113]). In
addition, the high quality factor circuits that are used in order to reduce the noise,
result in a narrow-band spectrum which reduces the range of ion frequencies at
which the circuit is sensitive to. As a result each isotope requires a custom cir-
cuit making the technique inflexible and in general not applicable for studies of

different species.

3.4.4 Ion motion in a realistic Penning Trap

An ideal trap assumes infinite hyperbolic surfaces without imperfections as well
as absolute vacuum. A real existing Penning trap cannot be constructed using
infinite or perfectly hyperbolic electrodes and cannot trap ions in absolute vaccum.
In addition, there can be misalignments between the magnetic field axis and the
trap axis [197] and magnetic non-uniformities [45]. All these effects distinguish
a real Penning trap from the description of a theoretical Penning trap and modify
the motion of the trapped ion. The corresponding aspects of the real Penning trap,
relevant to measurements, systematic effects and mitigation, are described in detail

below.

Finite hyperbolic electrodes and geometry imperfections

Due to the finite size of the hyperbolic electrodes and the holes in the end-cap
electrodes, necessary for injection and extraction of ions, the resulting electrostatic

potential includes non-quadratic, higher-order terms, such as octupole and dode-
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capole contributions [45]:

VO 4 2.2 3 4
V4(r,z) :C4<7ﬂ>[z —3z°r +§7" ] (333)
Vi 15 45 5
Vo(r2) = Co( 55 ) B0 =5 &4 + T = ] (3.34)

These non-harmonic terms induce shifts in the ion’s frequencies thus resulting in
systematic uncertainties.

The contribution of non-quadratic terms can be minimized with the use of “cor-
rection” electrodes. In the system used at TITAN, these are the Guard electrodes
and the Tube electrodes. A procedure has been developed to optimize the effec-
tiveness and is called “Trap compensation” [44]. It is performed to empirically
determine the optimal settings for these correction electrodes. There are two steps
to achieve it. The first step is dipole compensation [28] where the reduced cy-
clotron frequency is measured for different amplitudes of axial oscillations. The
axial oscillations in the trap depend on the ion’s axial kinetic energy and their am-
plitude can be controlled with the time at which the trap closes to trap the ions
(capture time) as can be seen in Fig 3.19. If the ions are not in the center of the trap
when the voltages of the trap switch from the open to the closed configuration, the
ions experience a voltage gradient that increases their axial energy.

The optimal potentials, in terms of dipole compensation, are achieved when
the shift in the reduced cyclotron frequency is minimal for different capture times.
Fig 3.20 shows an example of the reduced cyclotron frequency shift for different
capture times and different correction voltages. Each voltage setting is fitted with
a quadratic function y = o> + Bt + 7, where ¢ is the capture time and «, 3,y are
fit parameters. The set of quadratic parameters [¢, ®i—1,..] derived from different
voltage settings can be linearly fitted and the optimal guard or tube voltage is found
by solving the linear equation for & = 0. This method results in a set of optimal
values instead of a single optimal value as was shown in [45].

In order to determine the optimal Vg,q¢ and Vipe, a second step is needed
[45]. This requires the measurement of the true cyclotron frequency for different
conversion times of a quadrupole resonance. Here, the position of the centroid

of the quadrupole resonance is measured for different Tube and Guard voltages.
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Figure 3.19: Schematic of description of axial oscillations due to imperfect
trapping. Left: The injection end-cap voltage rises when the ions are
at the center of the trap thus the ions are not experience the voltage
switch. Right: The injection end-cap voltage rises when the ions are
decentralized and closer to the injection side of the trap. The ions
sense the voltage gradient, which results in an increase of their axial
energy. The excess axial energy causes the ions to axially oscillate
while trapped.

Similarly, the optimal settings are found when the shift in cyclotron frequency is
minimal for different conversion times. The result is also a set of optimal Vg4 and
Viuve- Now, by taking the intersection of the sets determined with the two methods,

the optimal V4,4 and V. is identified.

Real vacuum conditions

In the theoretical Penning trap, radioactive ions can be stored for as long as their
nuclear lifetime allows without any disturbance. However, that requires one parti-
cle to be stored in the absence of any other particles in the trap, charged or neutral.
However, real traps are affected by the existing vacuum conditions, and hence the
residual gases that are not removed out of the trap volume and molecules out-
gassing from the trap surfaces.

These molecules interact with the trapped ions and when the Coulomb interac-

tion between the electrons of the molecule and the trapped ion, which scales with
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Figure 3.20: Reduced cyclotron frequency variation for different capture
times and for two different voltage values of the Tube electrodes in
the TITAN Penning Trap. The tube voltages that are displayed in the
legend are amplified by a 20x-amplifier before being applied to the trap
electrodes. The ions trapped and excited are *K™ ions.

the charged state of the trapped ion, becomes larger than the binding energy of
those electrons, charge exchange between the molecule and the ion takes place.
This is typically detrimental since ions of different charge states have significantly
different cyclotron frequencies and therefore cannot be used for a single coherent
mass measurement.

Collisions with background gas atoms or molecules have primarily the effect
of disturbing the ion trajectories and reducing the energy of the ions. This can
be seen in the simulation results depicted in Fig. 3.21 by the increase in the TOF
(blue histogram) when increasing the collision rate. This effect is usually called
damping as it reduces the ion motion, similar to the cooling process employed in
the RF cooler trap. In the TOF-ICR technique, this effect is reflected in the data-

analysis in the form of a damping force F = —8mii [156), with

s—4 1 p/pw
mMionT/TN

(3.35)
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Figure 3.21: SIMION simulated TOF distribution for ions trapped under dif-
ferent pressures. The pressure and the number of collisions are dis-
played in the legend. The storage time of the ions is 500us.

where M;,, is the reduced ion mobility, m is the mass of the trapped ion, p is the
pressure in the trap, 7T is the temperature of the background gas and py, Ty are the
normal pressure and temperature. At TITAN the typical background composition in
the Penning trap is dominated by N», H», H,O and CO,. This is described in detail
in Chapter 7.

In order to minimize the effects of non-ideal vacuum, ion traps operate un-
der Ultra High Vacuum (UHV) conditions (P < 10~ Torr) and are manufactured
from materials that have low outgassing rates (mainly metals and ceramics with
outgassing rates smaller than 10~7 mbarns~'cm~2/h [158]). For further reduction
of background gas molecules, the system can be operated at lower temperatures as

demonstrated in Chapter 7.

Other aspects of the real Penning trap

The material out of which Penning traps are constructed also requires signifi-

cant consideration. The material requirements for Penning trap electrodes include
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being non magnetic, in order to not affect the uniformity of the magnetic field
which would result in systematic errors in the determination of the ions’ cyclotron
frequency. The material used for our system is Oxygen Free High Purity Cop-
per (OFHPC) [222]. We use copper because it is non-magnetic and we choose
oxygen-free copper instead of regular copper because the lack of oxygen reduces
the oxidation rate of the copper and because it results in better thermal conduc-
tivity [163]. However, the copper on the surface of the trap can still oxidize, by
forming ionic bonds with oxygen molecules that have not been pumped out of the
vacuum system. This is problematic as copper oxides are not electrical conductors
and therefore they can accumulate charge as they are insulated from the biased trap
electrode [116]. These charged areas that are created as a result of copper oxida-
tion are known as “patch effects” and can compromise the shape of the electric
field [116] that the trapped ions are exposed to. In order to prevent such effects,
the Penning trap electrodes are gold plated due to gold’s higher ionization energy
that results in a smaller reaction rate with oxygen. Moreover, gold plating achieves
high thickness and uniformity in the application process, maintaining the original
geometry of the electrodes. The gold plated TITAN Penning trap system can be
seen in Fig. 3.22.
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Figure 3.22: The TITAN Measurement Penning Trap is made of OFHP cop-
per and it is coated with a thin silver and gold layer to prevent oxida-
tion.
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Chapter 4
The TITAN experimental setup

TRIUMF’s Ion Trap for Atomic and Nuclear science (TITAN) [75] (Fig. 4.1) is one
of eight trap-based mass measurement experiments for short-lived nuclei operating
worldwide!. Similarly to other facilities, TITAN uses a series of ion traps to prepare
the ions before the final mass measurement. These preparation systems include a
Radio-Frequency Quadrupole trap, a Multi-Reflection Time-of-Flight Mass Sep-
arator/Spectrometer and a Measurement Penning Trap. Uniquely from all other
online mass experiments, the TITAN experiment also utilizes an Electron Beam Ion
Trap for charge breeding of ions. Charge breeding is used to boost the precision
of Penning trap mass measurements [90] and for decay-spectroscopy experiments
[162].

This chapter focuses on the ion traps constituting TITAN and how their opera-
tion can be combined to provide high-precision mass measurements of low-yield,

short-lived ions.

4.1 ISAC at TRIUMF

TITAN is located at the Isotope Separator and Accelerator (ISAC) Hall [25] at TRI-
UMEF. 1SAC is a RIB facility based on a proton beam with up to 520 MeV energy
and up to 100 uA of current [40], from the TRIUMF 520 MeV cyclotron [65].

IThe other seven are: LEBIT [222] at FRIB, Big-RIPS [237] at RIKEN, ISOLDE [143] at CERN,
SHIPTRAP [74] at GSI, FRS [205] at GSI, TRIGATRAP at Mainz [111] and JYFLTRAP [148] at
the University of Jyvaskyla.
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hot RIB

Figure 4.1: The TITAN experimental apparatus. Indicated in color are the
different ion traps. The lines and arrows along the beamline indicate the
path of Singly Charged (SCI) and Highly Charged Ions (HCI).

In the ISAC target stations [40] the proton beam impinges on an ISOL target [43],
which can be made of different materials, with two of the most common ones being
Ta and U. Spallation, fragmentation and fission reactions are induced by the pro-
tons, resulting in the production of a number of stable and radioactive species. Fig.
4.2 shows the measured production yields of elements produced using UC, targets
(top) and Ta targets (bottom) with a variety of ion sources, in units of particles-per-
second. The high production rate of proton-rich heavy isotopes (Z > 70) shown
in Fig. 4.2 is a result of the spallation reactions which remove either protons or
neutrons from the nucleus. For heavy-Z target materials, such as Ta and U, the
number of neutrons is much larger than the number of protons and therefore it is
more likely that neutrons will be emitted, creating, as a result proton-rich nuclei.

The simplest way to ionize the reaction products is by heating the target to a
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temperature (744 = 2000°C) which facilitates thermal field ionization. In ad-
dition, these conditions speed up diffusion of the reaction products in the target
and leads to ionization of chemical elements with low ionization energies (such as
alkali metals). Ionization of elements with higher ionization potential (for exam-
ple noble gases) is achieved with the use of a Forced Electron-Beam-Induced Arc
Discharge (FEBIAD) source [41]. Element-selective ionization can be achieved us-
ing laser ionization techniques, for example with TRIUMF’s Resonant Ionization
Laser Ion Source (TRILIS) [170].

Once ionized, the ions are accelerated electrostatically to an energy of 20 keV.
This process results in a beam cocktail containing a number of species. The most
common species are surface-ionized alcali metals as well as molecules such as cer-
tain fluorides (for example SrF) that have low ionization energies [139, 141]. The
contamination rates and variety increases when using ion sources capable of ion-
izing species with higher ionization potentials (Ejppizarion = 5 — 7 €V), such as the
FEBIAD ion source [41]. In order to separate the ion of interest from contaminant
ions, ISAC utilizes a dipole separator magnet [42] that separates ions based on their
mass to charge ratio (/m/q) as can be seen in the schematic of Fig. 4.3. The ISAC

mass separator has a resolving power of [42]:
R=""x2000 @.1)
Am

capable of generating overall isobarically pure beams. As can be seen from Eq. 4.1,
the separation is more effective for lower mass numbers, as Am = m /2000, thus
offering better beam purity but also requiring better optimization of the magnet
settings, so that the 101 is not “cut” by the magnet.

After separation using the dipole magnet, the radioactive beam from ISAC is
delivered to low-energy experiments, such as TITAN, or it is re-accelerated for

reaction studies in ISAC-II [25].

4.2 TITAN Radio-Frequency Quadrupole

The first unit within the TITAN experiment, which receives the mass separated
beam is the TITAN RFQ. The TITAN RFQ [47] is a linear Paul trap that is used
to cool and bunch the continuous radioactive beam from ISAC.
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Figure 4.2: Yields of isotopes produced at ISAC for different target materials.
Yield data taken from: [1].
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Figure 4.3: Schematic of a dipole separator magnet. The field strength is
selected so that only species with a unique m/q are transported though.
The inset shows the forces that an ion experiences in the dipole mass
separator.

The shape of the voltage of the RFQ electrodes, shown in Fig. 4.4, along with
collisions with the helium buffer gas, allow the confinement of ions into well-
localized groups (FWHM = 50 [47]-500 [217] ns spread in TOF), usually referred
to as “bunches”.

In order to store ions in the RFQ, three-dimensional confinement is achieved by
an alternating radial potential and a static axial potential. In a quadrupolar field,
such as the one employed in the TITAN RFQ [47], the motion of the ions is described
by the Meissner equations [177, 245]:

d’u

i +hu=0 (4.2)

for0 < { <m/2and n/2 < { < 7 respectively, with:
®*x

=27 43

u=— (4.3)
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Element Mass (u) V,, (V) Freq. (kHz) q

Na 23 230 1015 0.474
Al 27 240 960 0.471
K 39 252 820 0.470
Rb 85 295 600 0.471
Cs 133 325 500 0.478

Table 4.1: Confinement Paremeters for the TITAN RFQ for singly charged
ions. The parameter g, is derived from the Meissner equations (Eq. 4.2).

A .
v continuous beam
—

00%%

\
\-26.6V

z

Figure 4.4: Top: Schematic of the TITAN RFQ. Bottom: The axial voltages
and the principle of accumulation and cooling using buffer gas. Figure
from [47].

B 47ZeV

= 4.4
7 mo?r} “9

and h = +/2q, { = ot/2. In Eq. 4.4, V is the amplitude of the RF potential, ry is a
dimensional parameter of the trap and @ is the radial frequency of the RF potential.

In a linear Paul trap, the alternating radial potential is created by supplying an
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Figure 4.5: Top left: A cross section of an RFQ trap showing its characteris-
tic dimensions. Bottom left: The radial potential of a linear Paul trap.
Right: Three-dimensional schematic of a Paul trap. Figure from [47].

RF voltage to four axially segmented rods as can be seen in Figures 4.4 and 4.5.
The result is a harmonic saddle-shaped potential which depending on the phase
focuses the ions in the x or y direction as can be seen in Fig 4.5. The frequency
and the voltage of the radial alternating potential depends on the mass and charge
of ions being stored in stable conditions and consequently allows one to use these
parameters to tune the system as a mass filter. The typical values used during this
work and can be seen in Table 4.1 for the TITAN RFQ.

The TITAN RFQ is floated on a high voltage platform at 20 kV to in order to
stop the 20 keV beam supplied from ISAC. Floating the trap system allows TITAN
to achieve axial confinement by only a 20 V local DC voltage in addition to the
floating potential as can be seen in the plot of Fig. 4.4. The high-voltage platform
acts as an offset to all local potentials and hence simplifies the use of low voltage
power supplies.

Cooling of the ions in the RFQ is achieved with the use of He gas at a pressure

of ~ 1072 Torr [118] at room temperature. The trapped ions elastically collide with
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inert gas particles until they thermalize with the helium and the ions accumulate
at the minimum of the potential well (Fig. 4.4). Cooling times at P ~ 10~2 Torr
pressure are of the order of 1-10 ms [118].

Located underneath the RFQ setup is a thermal ion-source which provides sta-
ble, singly-charged alcali ions to TITAN for commissioning and testing purposes.

Ions are extracted from the RFQ by switching the voltages applied to the last
segment of the RFQ, as can be seen in the plot of Fig. 4.4 (red dashed line). The
extraction energy of the ions is determined by the difference in the electric field
from the RFQ, floating at high voltage, to the next optical element, the pulsed drift
tube (PB5). PBS is located at the exit of the RFQ and between the 20 kV and the 0
V sections of the TITAN beamline, as can be seen in Fig. 4.6. The kinetic energy
of the ions past the PBS5 drift-tube is determined by:

E]l = E) + q(Vrro — Vegs) (4.5)

where E,? is the initial kinetic energy of the ions, Vrrg = 20 kV, the voltage of the
RFQ bias and Vpgs = 17.8 kV (for MPET) or 18.3 kV (for MR-TOF MS), the voltage
applied to PB5. While the ions are within PBS, its voltage switches from 17.8 kV
(or 18.3 kV) to ground, so that ions are essentially in a field-free region and don’t
gain any additional kinetic energy from the potential difference between the PB5
high voltage setting (17.8 kV or 18.3 kV) and the rest of the beamline at ground.
The overall transfer efficiency of the TITAN RFQ is 50 — 80% depending on the ions
trapped and the quality of the tune of the RIB, coming from the ISAC target. Due to
the complexity and flexibility of the ISAC system using new targets and extraction
optics, every time TITAN receives beam, the beam needs to be optimized. The RFQ
decouples the TITAN system from the ISAC ion transport and provides essentially
identical and reproducible conditions of the ion bunches once delivered by the RFQ

system.
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Figure 4.6: Schematic of the TITAN RFQ to MR-TOF MS beamline. The in-
sets (a)-(c) show the TOF distribution of the ions after various stages of
cooling along the beamline. Cooling is achieved by the TITAN RFQ and
the MR-TOF MS RFQs. Figure from [217].

74



4.3 TITAN Multi-Reflection Time-of-Flight Mass
Separator/Spectrometer

The TITAN MR-TOF MS has been designed and built at the Justus Liebig Univer-
sity Giessen [129] and it has been in operation at TITAN since 2017. It was de-
signed based on the MR-TOF MS system installed at the FRS Ion Catcher [205] at
Gesellschaft fiir Schwerionenforschung (GSI) with the additional unique capabil-
ity of mass selective retrapping. The system and functions are described in the
following sections.

The TITAN MR-TOF MS consists of an RFQ transport system, the TOF analyzer
and a TOF detector as can be seen in Fig. 4.6. Under vacuum conditions, the
pressure in the system is 2-10~® Torr while when operated with He buffer gas,
the pressure in the RFQ transport section is 2- 1072 Torr. The pressure in the TOF
analyzer is 1107 Torr. This pressure difference is achieved through strong dif-
ferential pumping between the RFQ and the TOF analyzer section maintained by a
series of turbomolecular pumps [217].

The RFQ transport system ensures optimum beam quality of the ions before
injection into the TOF analyzer, which is necessary for achieving a high resolving
power. This is achieved by a series of buffer-gas filled RFQ traps as shown in
Figures 4.6 and 4.7. lons extracted from the TITAN RFQ with 1.3 keV of energy are
transported to the MR-TOF MS RFQ system where they are first trapped at the input
RFQ for about 1 ms [217] as can be seen in Fig. 4.7. Then they are transported
to the preparation RFQ where they can be merged with stable ions for calibration
purposes. After a 2 ms storage time, the ion bunch is transferred to the injection
RFQ for optimal cooling, as can be seen in Fig. 4.7 (c). The size of the beam at
various stages of the cooling and bunching process is plotted in Fig. 4.6 (a,b and
<).

The ions are injected into the TOF analyzer section by lowering the voltage
of the injection RFQ. The TOF analyzer consists of two pairs of four electrostatic
mirrors separated by a grounded drift tube as can be seen in the schematic of Fig.
4.8. It is equipped with an MRS electrode in the center of the TOF analyzer which
allows cleaning of non-isobaric background as explained in Chapter 3.

Uniquely, the TITAN MR-TOF MS acts as its own isobaric separator. As can be
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Figure 4.7: Schematic of the MR-TOF MS RFQ transport system. Indicated
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RFQ system. Figure from [217].
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Figure 4.8: Schematic of the MR-TOF MS installed in the TITAN beamline.
The ions are cooled in the preparation RFQs before the ToF analyzer.
The ToF analyzer that includes the electrostatic mirrors and the MRS is
where the ions perform hundreds of revolutions before they are ejected
and measured at the MagneToF detector shown at the top of the MR-
ToF MS.

seen in Fig. 4.7 (e), after a short number of turns in the TOF analyzer, the 101 (red)
can be selectively retrapped in the injection RFQ, while any non-trapped contami-
nants in the beam (blue) can be expelled. The retrapped beam undergoes a second
iteration of cooling in the injection RFQ which removes additional energy spread
due to ion-ion interactions with the previously co-trapped contaminants. After a
few milliseconds of re-cooling, the ions are ejected from the injection trap (Fig.
4.7 (f1)) and injected to the TOF analyzer for mass separation and for the mass

measurement. Due to this unique feature, the TITAN MR-TOF MS is able to operate
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at ion-of-interest to contaminant-ion ratios of up to 1 : 10%. Fig 4.9 (a) shows an
attempt to measure the mass of ’1'Yb in the MR-TOF MS without retrapping. Due
to the high rate of isobaric contaminants (with a signal to background ratio smaller
than 10~#) the mass spectrum is dominated by '3'Eu, and 31 Yb cannot be identi-
fied. In contrast, Fig. 4.9 (b,c) shows a measurement with similar overall statistics
(of total number of counts shown) while using the retrapping technique. Due to
the fact that retrapping increases the signal to background ratio by suppressing the
background ions, and given the limitation that the MR-TOF MS can only measure
1 ion per cycle to avoid systematic errors, this technique allows the MR-TOF MS
to reach the required statistics faster than without retrapping. In addition, by re-
moving the background contaminants, it produces cleaner mass spectra allowing
for mass measurements using less than 100 total counts.

The TITAN MR-TOF MS normally operates with a repetition rate of 50 Hz, cor-
responding to a 20 ms cycle. In cases when measuring the mass of isotopes with
112 < 20 ms, the repetition rate can be increased up to 160 Hz to minimize decay
losses. The 20 ms cycle is split into two 10 ms sections, where the first 10 ms are
dedicated to isobar separation and the second 10 ms section is used for the mass
measurement. During the mass measurement part of the cycle, the ions undergo

400-600 isochronus turns that result in resolving powers [217]:
M 400,000 (4.6)
Am

The maximum achieved precision of the TITAN MR-TOF MS has been found to be
dm/m ~ 1077, Tt is limited by voltage fluctuations in power supplies and ring-
ing of the voltages after fast switching [127]. Ringing occurs when the applied
voltage is affected by induction effects from fast switching of nearby high-voltage
electrodes. The vacuum enclosure acts as an antena and transmits the induced sig-
nal, eventually changing the ground potential and leading to fluctuations of the
well-defined potentials of the ion-optics. The overall transport efficiency of the
TITAN MR-TOF MS is 15% for radioactive beams [217] and arises from transmis-
sion losses in the RFQ section, losses due to collisions with background gas in the
TOF analyzer, the non-unity detection efficiency and re-trapping efficiency (when
utilized) [217].

78



Retrapping off

b o [ bt ot iB o ¢

10%k (b) 151 Retrapping on
= 1025 510 151 151+ 151Myy+
— 151 +
73 _IO-I - 151 Yb
[
= 10°% ||k t
T I
.g 150.92 150 93 150.94 150.95
3 10° |
8 (c) Retrapping on

‘ 151mYb+
10™ Typ* (J*=11/27)
(J" =1/2%)
10° |

|
150.954 150.956 150.958
Mass-to—charge ratio (u/e)

Figure 4.9: MR-TOF MS spectrum of mass 151 u with the goal of measuring
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(b) Mass spectrum with the use of retrapping, (c) The > Yb peak was
found to contain an undiscovered isomer. Figure taken from [29].

4.4 TITAN Electron Beam Ion Trap

A unique characteristic of the TITAN mass experiment, compared to other ion trap
systems, is that it provides the ability to measure the mass of both Highly Charged
Ions (HCT) and Singly Charged Ions (SCI). The use of HCI in Penning trap mass
spectroscopy results in faster or more precise measurements, as Eq. 3.28 implies
and as demonstrated for example in [90]. This is due to the fact that the cyclotron
frequency increases linearly with the charge g, while the error in the determination
of the cyclotron frequency depends on the observation time and it is hence inde-
pendent of the charge state. Although HCT are utilized in mass measurements of

stable and long-lived species (see for example [219]), TITAN is the only experiment
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that provides access to charge bred short-lived ions for mass measurements. The
instrument enabling this feature is the TITAN Electron Beam Ion Trap (EBIT).

The TITAN EBIT was built at the Max-Planck Institute for Nuclear Physics
(MPIK) in Heidelberg [98] and was first used for charge-breeding of rare isotopes
at TITAN in 2008. Charge breeding occurs by overlapping singly charged trapped
ions inside the EBIT with an intense and dense electron beam, as can be seen in Fig.
4.10. Collisions between free electrons of the electron beam and atomic electrons
cause the atomic electrons to be liberated from the atom. This process is repeated
until the bound electrons’ ionization energy is larger than that of the electron beam
energy.

The electron beam is formed by heating a barium cathode located outside the
trap. The formed beam is transported into the magnetic field through the trapping
region and it is collected by a hollow electrode at the other side of the trap, as
seen in Fig. 4.10. The electron beam is compressed and focussed to the center
of the trap with the use of a strong magnetic field (up to 6 Tesla) created by a
pair of superconducting coils arranged in Helmholtz configuration (Fig. 4.10).
Ions are injected into the EBIT trap region from the collector side and are trapped
radially by the electron beam and the magnetic field. Axial confinement is achieved
by applying a voltage difference between a number of tube electrodes to create a
potential well. The central tube electrode contains a number of radial openings to
allow for spectroscopic access [159, 166].

The charge state of trapped ions after a charge breeding time #cp, depends on
the electron beam current density, radius and energy. An example of how the dif-
ferent charge states are populated as a function of #¢p in the TITAN EBIT can be
seen in Fig. 4.11. As the charge breeding time increases, the population of ions in
higher charge states increases while that of lower charge states reduces. However,
if the electron beam energy is not high enough to populate higher charge states, a
saturation effect occurs, as seen in Fig. 4.11 (bottom).

Currently, the EBIT electron beam can be operated with energies of up to 66
keV [52], sufficient to produce bare nuclei of up to Z = 65 [95]. In addition, a new
electron gun has been designed for the TITAN EBIT which will allow for improved

electron beam compression and electron beam currents of up to 5 A [52].
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Figure 4.10: Schematic of a cross section of the TITAN EBIT. Shown are the
superconducting coils, the magnetic field lines (purple), the ion optics
and the applied voltages (red). Also shown is the electron beam (red)
produced by the cathode. On the right, a schematic of the overlap be-
tween the electron beam and the trapped ions is shown. The overlap
between the trapped ions and the electron beam results in electron im-
pact ionization and the production of HCI.

4.5 TITAN Measurement Penning Trap

TITAN MPET is a hyperbolic Penning trap used for high-precision mass measure-
ments of singly and highly charged ions. It currently holds the record of the fastest
on-line Penning trap demonstrated by the mass measurement of the neutron-halo
1i [244], produced via particle fragmentation reactions, with a nuclear half-life
of 71/, = 8.8 ms. In addition, it was demonstrated that a measurement cycle-time
of 5 ms [58], designed to carry out mass measurements of '“Be, produced again via
particle fragmentation reactions, can be achieved. In addition, since 2011, it spe-

cializes in high-precision mass measurements of short-lived, highly-charged ions
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Figure 4.11: Charge breeding simulation as a function of breeding time for
74Rb ions in the TITAN EBIT for an electron beam current I, = 200
mA, an electron beam energy E, = 5 keV, an electron beam radius
re =5-1073 cm and a trap pressure of P = 10~!* Torr. (Top): Charge
breeding times from 0 to 100 ms. (Bottom): Charge breeding times
from 0 to 1000 ms. The simulation does not account for decay loses
and is performed using the simulation code EBIT Simulator for Ioniza-
tion [226].
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[23, 90, 102, 142, 160, 242] provided by the TITAN EBIT. TITAN MPET has been
able to achieve relative precisions of 8m/m ~ 5-107° [154] and it is the spectrom-
eter of choice for §m/m < 1077 measurements at TITAN.

From 2008-2017 MPET [45] was operated at room temperature. However, due
to charge-exchange interactions between HCI and background gases [163, 165],
MPET’s vacuum required improvements which were achieved by an upgrade to
cryogenic temperatures. At cryogenic temperatures, the charge-exchange effect is
greatly minimized as the background gases condense at the trap surfaces and hence
improved vacuum conditions are achieved.

CryoMPET has replaced the room temperature system and is located in the
bore of a 3.7 Tesla superconducting magnet. The trap electrodes are located at
the center of the magnet bore, which corresponds to the most uniform section of
the magnetic field (1 part per million in a 2cm- lcm volume). These electrodes
are commonly referred to as the “trap” or the “trap system” in the rest of this thesis
while in practice a Penning trap consists of the complete system including the mag-
net, vacuum system, electrodes, electrical and electronics detection system. For
injection and extraction of ions to and from the trap, a series of room-temperature
electrodes are located before and behind the trap, as can be seen in Fig. 4.12 and
4.13. The design of CryoMPET along with upgrades and its first commissioning
are presented in detail in Chapter 7.

The trap injection structure contains four electrodes, as can be seen in the
schematic of Fig. 4.12.

The first two of those: the injection tube (NDT) and injection cone (NDC), are
biased to approximately 1000 V and 500 V respectively and are used to optimize
the injection of the ions into the Pulsed Drift Tube (PLT). The voltage applied to the
PLT switches between two values to adjust the kinetic energy of the beam from 2.2
keV to a few eV. The last element in the injection optics is the Lorentz steerer [223]
which is used for focusing the ions at the center of the trap (an example of which
can be seen in Fig 4.14) or for preparing them in an initial magnetron motion.

TITAN MPET is able to perform fast measurements due to the use of the Lorentz
Steerer electrode [225], as it avoids the need for additional RF manipulation steps
and reduces the preparation time. A Lorentz Steerer, is a four-way segmented

electrode (Fig. 4.15 (right)) that allows ion preparation in a magnetron radius ()
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Figure 4.12: Injection optics of CryoMPET. The top of the figure shows a
schematic of the geometry of the electrodes, while the bottom shows a
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Figure 4.13: Top: Schematic of the extraction optics of CryoMPET, Bottom:
Typical extraction voltages and kinetic energy of ions in CryoMPET
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Figure 4.14: Focusing effect created by the common bias of the Lorentz
Steerer electrode in CryoMPET: In order for the ions to be efficiently
trapped, they need to arrive at the trap with minimum total energy and
minimum energy spread. At this setting, which is partially determined
from the Lorentz Steerer common bias the maximum trapping effi-
ciency is achieved, as can be seen in the present plot.

upon entering MPET. The Lorentz Steerer electrode is located a few centimeters
away from the center of the trap and functions as follows: as the ions fly through
the Lorentz Steerer electrode, a voltage difference is applied. The combination of
the electric field generated by the voltage gradient and the 3.7 Tesla magnetic field
of the superconducting solenoid, results in a Lorentz force F = |gE + qiixB| that
prepares the ions at a magnetron radius r,, = (E/B)t, where E = —gAV and B, is
the magnetic field strength.

In the trap, the ions are captured in a 40 V potential well generated by a bias
across the trap electrodes. The ring electrodes of CryoMPET are segmented four-
way, allowing the use of dipole and quadrupole excitations as will be demonstrated

in Chapter 7.
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Figure 4.15: Left: Schematic of the principle of the Lorentz Steerer elec-
trode. Upper figure: A schematic of the an ion’s tajectory when pass-
ing through the Lorentz Steerer. Lower figure: A cross section of the
Lorentz steerer electrode with the applied voltaged indicated. Right:
The LS electrode of TITAN MPET and its holding structure.

Ions are extracted from CryoMPET by lowering the voltage of the extraction
electrodes of the trap. After the ions are extracted from CyoMPET they are accel-
erated and focused to a position-sensitive Multiple-Channel Plate (MCP) detector,
which is approximately 1 m away from the trap. The ion optics’ system that fo-
cuses and accelerates the extracted beam can be seen in Fig. 4.13 (top). Fig. 4.13
(bottom) shows the typically applied voltages and the corresponding kinetic energy
of the ions from the time the ions are extracted until they reach the MCP detector 2.

TITAN MPET currently employs the TOF-ICR technique to measure the cy-
clotron frequency of the trapped ions and their mass. In order to reduce the overall
measurement time and in order to increase the precision that can be achieved, the
TOF-ICR technique is currently being replaced by the PI-ICR technique, described
in Chapter 3. All necessary simulations and hardware upgrades for the implemen-
tation of the PI-ICR technique have been completed and are described in Appendix
B.

2These voltages are specfic to the TOF-ICR technique. For those appropriate for the PI-ICR tech-
nique see Appendix B
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Chapter 5

Resurrecting the N = 20 shell
closure near the neutron dripline

5.1 Mass measurements of neutron-rich Mg and Na
isotopes with the TITAN MR-TOF MS

In the last 30 years, mass measurements within the N = 20 island of inversion have
been conducted mostly by time-of-flight experiments, namely the SPEG [230] ex-
periment at GANIL, the TOFI [275] experiment at Los Alamos, the Mass mea-
surements at ISolde using a Transmission RAdiofrequency spectrometer on-Line
(MISTRAL) [260] experiment at CERN/ISOLDE and more recently the TITAN [75]
experiment at TRIUMF.

The masses of the Mg isotopic chain have been precisely measured (6m < 50
keV) by the MISTRAL [171] and TITAN [57] experiments for masses up to 34 u,
covering and extending further than the magic number N = 20 which is considered
to be collapsed [270]. However, scientific motivation for precise mass measure-
ments extends beyond N = 20. Recent half-life studies carried out at FRIB [66]
suggest that the deformation that begins at the island of inversion extends all the
way to 3¥Mg (N = 26). However, due to the large difference between the proton
and the neutron numbers of these isotopes, which makes them extremely exotic,

the only available results regarding this finding come from lifetime studies [66]
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and gamma spectroscopy [80]. As mentioned in Chapter 2, since lifetime studies
provide indications rather than definitive results due to the presence of ambiguities,
other measurement techniques are necessary to verify and further understand the
extent of the region of deformation.

Furthermore, 37Mg is shown to be a neutron halo [146]. In neutron halos, the
last neutron(s) are weakly bound to the nuclear core, resembling a halo. Due to the
weak binding and small spatial overlap between the last neutron(s) and the core,
neutron halos are characterized by small one-neutron separation energies (typically
S, <1 MeV) and low orbital angular momentum numbers (typically / = 0,1). In
this case, 37Mg, was studied via transfer reactions at RIKEN [146] in order to
determine whether it is a halo nucleus. It was found that its one-neutron separation
energy is S, = O.22f8:(1)§ MeV and that a low angular momentum (/ = 1) component
was necessary to explain the experimental results [146]. Despite the known halo
nature of 3’Mg after the RIKEN experiments, there is still an important reason for
measuring its mass with a higher precision. Due to the large proton to neutron
imbalance and due to the low-angular momentum component that arises from its
halo nature, 3’Mg is an excellent case for testing existing theories. However, the
current uncertainty in the one-neutron separation energy (~ 100 keV) limits this
ability. In addition, due to the low mass of 3’Mg, there is a plethora of theoretical
models that can be used in this region which allows for a wide comparison.

Although the island of inversion has been well-mapped for the Mg and Al
isotopes (see for example [120, 155, 182]), less information is available about its
southern border. A schematic of the area of the nuclear chart currently considered
within the island of inversion can be seen in Fig. 2.6. The masses of 313 >Na
isotopes have been measured using the TITAN Penning trap [103] but not with a
precision higher than 20-30 keV. Although this precision is sufficient to discover
sudden shell changes (typically of the order of few MeV as can be seen in Fig.
2.8), it does not allow the resolution of low-lying isomeric states that can provide
important structural information. In addition, the mass of 3*Na which has N =
22 neutrons and thus influences the two-neutron shell gap for N = 20, has only
been measured by the SPEG experiment [133] to a precision of 350 keV and is
susceptible to systematic errors. More specifically, ToF-Bp measurement methods

such as the one employed by SPEG are extremely fast (~ 11ts) and hence produced
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isomeric states are present in the beam that arrives for detection. As these isomeric
states do not have enough time to decay and as they cannot be resolved by the
spectrometer, they are sources of systematic shifts [230].

With the aim to extend our knowledge of the evolution of the island of in-
version, east and south of 32Mg, TITAN carried out mass measurements that took
place over two separate measurement campaigns. Both campaigns utilized a UC,
target with the Ion Guide Laser Ion Source (IGLIS) [212] and the TRILIS [161] ion
source for the first and the second campaign, respectively. The ion source is highly
chemical element sensitive and was setup for laser ionization of Mg isotopes. The
extracted isotopes from ISAC were mass separated using the standard isotope sep-
arator [42] and delivered to the experimental hall. Once at TITAN, the received RIB
beam was cooled and bunched in the TITAN RFQ [47] and then sent to the TITAN
MR-TOF MS [217] for mass separation and mass measurement. The measurement
cycle varied over the course of the experiment in order to account for the nuclear
half-life of the measured species, as can be seen in Tab. 5.1.

The first measurement campaign took place in 2021 and the main goal was
the measurement of the neutron halo 3’Mg. However, the rate of 3*Mg isotopes
delivered to TITAN was too low. Instead, the experiment carried out successful
measurements of the masses of 31=3>Mg and 3'~33Na. Of the measured masses,
we are able to improve the precision of **33Mg and 3! ~33Na.

The second campaign took place in November 2022 and the main goal was to
measure again the mass of 3’Mg in a UC, target and testing an ionization scheme
without surface ion suppression from the IGLIS ion source. However, the yield was
not improved and the campaign pivoted in the goal to measuring the mass of *Mg
and improving the results for 33 Mg.

The present chapter provides a brief discussion of the data analysis procedure
for data collected with the MR-TOF MS and the treatment of systematic uncertain-
ties. It continues with the description of the experimental results and it closes with
a summary of the results and their impact on our knowledge of the island of inver-

sion.
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5.2 Data analysis procedure

The data analysis procedure follows multiple steps to determine the measured mass
with the maximum precision. The first step is the so-called Time Resolved Cali-
bration (TRC) calibration, that corrects drifts in the ions’ TOF, and therefore mass,
caused by voltage drifts in MR-TOF MS’s power supplies. The TRC calibration is
followed by the precise determination of the peak-shape of the mass peaks via
a procedure called peak-shape calibration. Finally, all the peaks in the TOF spec-
trum are fitted simultaneously with the previously determined peak-shape, and their
mass values are determined.

As the MR-TOF MS system is based on electrostatic optical elements, changes
in the supplied bias of these elements will be reflected in the measured TOF. The
bias is provided by static power supplies, yet some variations over time can be
found as a slow drift, likely due to ambient conditions. The TRC corrects slow time-
of-flight drifts, such as the one in Fig. 5.1 (a). The origin of these drifts are mostly
bias changes due to temperature fluctuations and the expansion or compression of
the mass analyzer geometry due to temperature drifts [21].

In the TRC, the measurement data are separated in bins of a few seconds in
which the parameter b of Eq. 3.6 is being re-evaluated. The re-evaluation takes
place using a calibrant of well-known mass that is identified in the mass spectrum.
The centroid of the position of the calibrant in each bin is determined with a Gaus-
sian fit and the parameter b is adjusted so that the determined centroid matches the

literature mass:

b= ! 5.1

where ¢ is the charge of the ion, c,#y are MR-TOF MS calibration parameters which
are determined offline, 7.y, is the TOF of the ions in the MR-TOF MS system and N
is the number of isochronous turns that the ions perform while in the MR-TOF MS.
Fig. 5.1 (b) compares the peak shape before and after a TRC.

Once the TRC is completed, the mass spectrum is fitted using the EMGfit pack-
age [201]. The fitting function is determined using a high-statistics peak of an
isotope with well-known mass (typically with m < 1 keV) in the spectrum. The
identity and the mass of the peak needs to be well known so that there are no
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Figure 5.1: (a): TOF drifts of the IZC; peak in the mass spectrum of 36 u
without a TRC. (b): Comparison of the measured peak before and after
TRC.

isomers overlapping with it and possibly altering its shape. In addition, the peak
needs to have enough statistics (typically more than 1000 detected ions) so that the
EMGfit package converges to the correct fit model. The fit model is an exponen-
tially modified Gaussian function with a varying number of exponential tails on
each side of the peak which account for image aberrations, field imperfections and
mechanical misallignments. In its most general form, the fit function is given by
[209]:

) = O, T (20 )" 4 H e 22t

V2T T V2t V206 (5.2)
o T o6 \? x—Ug oG X— UG :
1 - _ f _
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where © determines the strength of left- versus right-side exponential tails, 1;
determines the weight of the right- or left-side exponential tail i, T; is the standard
deviation of the exponential distribution +i, m,n are the number of exponential
tails to the left and to the right of the Gaussian peak and ug and Gé are the mean
and variance of the Gaussian distribution. Finally x is the mass-to-charge ratio
(m/q) derived from the MR-TOF MS calibration (Eq. 3.6) and /., is the number
of counts that corresponds to each m/q.

The number of exponential tails in the fit is determined by fitting the peakshape
calibrant with an increasing number of exponential tails until the minimum Pearson
chi-squared 3 [24] value is reached. Overfitting is avoided by rejecting models
for which the parameter amplitudes are consistent with zero within one standard
deviation [201]. After the peakshape calibration is complete, the peakshape of all
subsequent fits remains fixed.

The next step is to fit the entire mass spectrum with the pre-determined peak-
shape. The only fit parameters are now the peak centroids and their amplitudes. In
contrast to the peak-shape fit which uses a y*> minimization to determine the best
fit model, the general fitting of the mass spectrum uses the Maximum Likelihood
Estimation (MLE) method [24], which minimizes the Log-Likelihood Ratio (LLR)
[24],

N )
LZZ;[f(xi)—yi+yiln(f2/;i)>] (5.3)

where f(x) is the fit model, and (x;,y;) are the experimental data. The MLE log-
likelihood ratio is preferred in this case because it respects the Poisson distribution
of counting statistics and thus can be used in cases with few counts (N < 50). On
the contrary, the x2 distribution assumes that the data are normally distributed, and

therefore cannot be used in cases of low statistics [201].

5.3 Evaluation of systematic uncertainties

There are three major sources of systematic effects impacting measurements per-
formed by the TITAN MR-TOF MS. These sources are: a) TOF fluctuations due to
the voltage switching of the MR-TOF MS electrostatic mirrors, b) ion-ion interac-

tions in the MR-TOF MS mass analyzer and, c) systematic effects depending on the
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Figure 5.2: Schematic of the TITAN MR-TOF MS. During extraction, ions of
different mass that have beem separated in the MR-TOF MS are shown
with red and blue. Figure adapted from [241].

block size in the TRC calibration.

The first, and usually dominant, systematic effect is related to voltage insta-
bilities due to voltage switching of MR-TOF MS’s electrostatic mirrors. This effect
becomes significant for the ejection mirror (Downstream E6-E9 mirror in Fig. 5.2),
where species are well separated, as shown in Fig. 5.2 and can therefore experi-
ence different voltage values of the mirror electrodes while extracted towards the
detector.

The estimation of the effect of mirror voltage switching in this particular ex-
perimental campaign was evaluated before the measurement, using a '3*Cs* beam
from the MR-TOF MS ion source. Fig. 5.3 shows the fluctuation of the average
time of flight of the >3Cs™ ions as a function of the opening time of the mirror.
The systematic effect is evaluated by calculating the scatter of the average TOF for
extraction delays within t =~ [-4,4] us, where the ions are in the field-free region
when the voltage switch occurs. Larger TOF variations as those seen in Fig. 5.3
(Left) for t > 4us and ¢t < 4us are avoided by carefully selecting the extraction
delay during the beam-time preparation period.

The histogram of the TOF variation can be seen in Fig. 5.3 (right). The or-

ange line corresponds to a Gaussian fit to the histogram data. From the standard
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Figure 5.3: Opening mirror scan from the 2021 measurement campaign.
Left: TOF variation as a function of the extraction delay. Right: His-
togram of the TOF variation for extraction delays within [—4,4]us. The
orange line corresponds to a Gaussian fit to the data. The standard de-
viation of the fit corresponds to the systematic error originating from
switching voltages.

deviation derived from the fit, the systematic uncertainty can be calculated as:

0 0.61ns

— =7.6-1078 5.4
2021 t 8ms 54)

o
m

The same analysis for the 2022 measurement campaign results in a systematic
uncertainty of:

%’"’mz —1.107 (5.5)

where the small difference in the overall uncertainty comes from differences in the

optimal voltage settings applied in the two measurement campaigns, which in turn
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Mass Number Campaign lons per second cycle (Hz) Rel. error  Error (keV)
31 2021 14.94 60 8.21-107° 0.24
32 2021 64.50 60 3.55-107%  1.06
33 2021 3.94 60 2.17-107°  0.07
34 2021 3.49 60 1.92-10°  0.06
34 2022 86.90 80 3.58.107%  1.14
35 2021 0.64 60 3.52-10719  0.01
35 2022 92.34 80 3.81-107%  1.24
36 2022 2.00 160 4.13-1071%  0.01

Table 5.1: Count rates and the corresponding systematic uncertainty due to
ion-ion interactions in the MR-TOF MS.

depend on the ambient conditions.

The second source of systematic uncertainty in MR-TOF MS measurements
originates from ion-ion interactions in the mass analyzer of the MR-TOF MS. As
described in Chapter 3, when a large number of ions are stored in the mass analyzer,
the TOF of the ions of interest is influenced by Coulomb interactions between the
ions, thus resulting in systematic deviations from the expected TOF. The effect of
ion-ion interactions has been investigated in the past [206], revealing a systematic
effect of:

om _3 .
= 3.3-10"°/per detected ion (5.6)
A figure of the ion-ion interaction effect can be seen in Fig. 3.8. Due to the fact that
the count rate of most of the measurements in the present two campaigns contained
less than 1 detected ion per cycle, as can be seen in Tab. 5.1, the ion-ion interaction
systematic effect (Table 5.1) is smaller than the mirror switching systematic effect.

The last systematic effect that needs to be taken into account originates from
the TRC. In the TRC, the re-evaluation of the parameter b depends on the binning of
the data during the re-evaluation. Here, the TRC systematic uncertainty is evaluated
from the mass deviations resulting from TRCs with different binning. An example
for 3*Mg can be seen in Fig 5.4. The systematic effect due to varying the bin
size in the TRC calibration amounts to §m/m =~ 3.7 - 1073, The overall systematic
uncertainty during this experiment can be seen in Table 5.2 and it has been added

in quadrature with the statistical uncertainty of each measured mass in the final
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Figure 5.4: Mass excess values of >*Mg derived from TRC calibrations with
different bin sizes.

result.

5.4 The sodium isotopic chain

Mg and Na isotopes were measured simultaneously for each mass unit, as Na is
co-produced in the UC, target and is delivered as an isobaric contaminant in the
Mg beam. Due to its low ionization energy (5.14 eV), Na can be surface ionized,
as the ion source surface typically reads a temperature of ~ 1500°C due to its
proximity to the hot target. Post ionization, the Na isotopes are delivered to TITAN
as the standard ISAC mass separator has insufficient resolving power to remove the
isobaric Na contaminants from the Mg beam.

3INa, was the most dominant species in the 31 u RIB beam, therefore result-

ing in a the smallest total uncertainty achieved in this experiment. The Mass Ex-
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Mass Number Campaign Relative Final systematic
systematic error  error (keV)
31 2021 8.40-1078 2.43
32 2021 9.08:1078 2.71
33 2021 8.37-1078 2.57
34 2021 8.37-1078 2.65
34 2022 1.12-1077 3.56
35 2021 8.36-1078 2.73
35 2022 1.13-1077 3.69
36 2022 1.07-1077 3.58

Table 5.2: Total systematic uncertainty for each mass unit. The uncertainty
from opening the ejection mirror dominates the total systematic uncer-
tainty in both measurement campaigns.

cess (ME) value and its uncertainty can be seen in Tab. 5.3. Our uncertainty is
dominated by the systematic uncertainty of the mirror voltage switching and the
result is within 10 agreement with the literature value, in Tab. 5.3. For the data
analysis, 1H§2C160Jr was used as the TRC calibrant, the peakshape calibrant and
the mass calibrant.

32Na was delivered to TITAN at a rate of 0.5 pps. Due to the low count rate of
the isobaric species at mass 32 u (total incoming rate was ~ 3 pps), stable beam
from MR-TOF MS’s thermal ion source was merged with the RIB beam [217]. This
allowed us to use 3°K™ as the TRC calibrant, injected at a rate of 56 pps. The
achieved resolving power provided by performing the TRC with a high statistics
peak, allowed for the resolution of two peaks instead of one in the position where
32Na was expected. The two peaks have been fitted with Eq. 5.2 and based on the
fit results, they are separated by 117.6(8.4) keV. The literature value for **Na lies
in-between the two fitted values, as can be seen in Fig 5.5. Possible explanations

of the origin of the second peak are described below.

* Stable or radioactive molecule of mass 32 u: One of the peaks corresponds
to 3>Na and one to a stable molecule of mass 32 u. Only the mass of the
molecule 2H’Li*?*Na* closely matches the first peak in Fig. 5.5. However,
it is too light, and therefore we exclude it from the potential candidates. The

possibility of a radioactive molecule was additionally investigated. However,
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Figure 5.5: The final mass spectrum of >Na*. Individual and combined fit
lines are shown in orange, green and red respectively. The literature
mass of 3>Na™ is marked with purple. Other species with similar m/q
are denoted with vertical lines.

no reasonable (71, > 10 ms) molecules were found to match the mass of the

peak under discussion.

* Doubly charged ions: One of the peaks corresponds to species of *?Na and
the other peak to a doubly charged ion of mass 64 u (m/q = 32). Since a dou-
bly charged ion (¢ = 2¢) with A = 64 has the same m /g with a singly charged
ion (¢ = le) with A = 32, a doubly charged ion produced in the ISAC target
can be transported and delivered to the MR-TOF MS. Previous MR-TOF MS
experiments have detected doubly charged ions produced by ISAC. However,
no doubly charged species are observed in the mass spectrum and there are

no doubly charged ions that match the mass of either two candidate peaks.

* Molecules of a different mass: One of the peaks corresponds to **Na and

one to a stable molecule of mass different from 32 u. As mentioned in
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Chapter 3, non-isobaric species are removed from the mass analyzer of the
MR-TOF MS using the MRS electrode. However, in order to use **K* as a
calibrant the MRS electrode could not be used. Therefore the mass spectrum
can contain species of any other mass that performs a different number of
turns in the MR-TOF MS. The position of the first peak matches with the po-
sition of a 1Hl"’03+ molecule at 530 turns, as can be seen in Fig 5.5. As it is
explained in the rest of this section, this scenario can be excluded based on

an MRS on measurement that followed the main MRS off measurement.

* Unknown Na isomer: It is possible that the first peak belongs to the ground
state of *Na and the second peak belongs to an unknown 3?Na isomer. This

hypothesis would require independent verification of such an isomer.

In order to investigate the third scenario; the presence of a molecule of a differ-
ent mass, we need a high statistics (N> 500 counts in the mass region of question)
measurement using the MRS electrode. This was not performed during the experi-
ment as there was no identified scientific interest at this mass. The only spectrum
that was taken is a low statistics measurement, that can be seen in Fig. 5.6. This
measurement included 86 detected 3>Na* ions and 344 total ions. Fig. 5.6 shows
a single (black) and a double (red) fit on the data of the MRS on measurement. The
comparison between the fits and the data favours the existence of two peaks in the
spectrum instead of one. As a result, both peaks have to be of m/g = 32 and there-
fore the presence of 1H16O§r (m/q = 49) can be excluded. However, due to the
low number of counts in this measurement, hypothesis testing [9] was performed
to further evaluate whether there are two peaks in the spectrum. The result, as de-
scribed in the next paragraph, verified that there are two peaks in the spectrum and
thus excluded scenario three.

Hypothesis testing has been implemented in the EMFGfit package [201]. In our
test, the null hypothesis corresponds to the case where there is only one peak in the
spectrum while the alternative hypothesis corresponds to having two peaks. A 3¢
significance is required in considering which hypothesis is true. The probability
is determined as the fraction of times that the simulated LLR exceeds the observed
LLR. The simulated LLR is determined with two different methods. The first uses
the Monte Carlo method to calculate the LLR distribution from the best-fit model
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Figure 5.6: Mass 32 u spectrum with MRS on. Fits with a single (black) and
a double peak (red) are shown.

of the null hypothesis, while the second method uses Multiple hypothesis testing,
where multiple LLR distributions are derived for different positions in the mass
spectrum. Plots of the simulated LLR distributions for the two methods compared
to the observed LLR value can be seen in Fig. 5.7. The results reveal that there are
indeed two peaks in the spectrum with a 4o significance and therefore, we conclude
both species have to be isobaric (m/g = 32), with the first peak corresponding to the
ground state of >Na and the second peak corresponding to a low-lying unknown
isomer of *’Na, with an excitation energy of 117.6(8.4) keV.

33Na was the last Na isotope that was measured during the experiment. The
average count rate was approximately 0.01 pps. In total, we collected 200 counts
of 3*Na which resulted in determining the mass with an uncertainty of 4.3 keV.
IHIE’O;\'r , produced from MR-TOF MS’s Electron Impact Source (EIS) was used as
a TRC calibrant and '"H*?S™ was used as the peakshape and mass calibrant. The
EIS uses thermally emitted electrons from a tantalum cathode in order to ionize

background molecules in the MR-TOF Ms vacuum. Our result for the mass of 3*Na
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Figure 5.7: Simulated LLR distributions in comparison with the observed
LLR value for the Multiple Hypothesis (top) and the Monte Carlo
method (bottom).

is in agreement with the literature value published in the 2020 Atomic Mass Eval-
uation (AME) [264] (AME2020) shown in Table 5.4 [264]) and it improves the
precision by two orders of magnitude. A comparison of the results with literature
values is shown in Fig. 5.8.

The literature mass values of Na isotopes for masses 31 u and 32 u originate
from previous TITAN mass measurements, where the Penning trap was used. The
mass values derived from that measurement campaign can be seen in Fig. 5.8 in
orange. In both cases, the TOF-ICR method with a 20 ms excitation was used [103],
due to the short half-life of the two species (f; , = 17.0(4) ms for *'Na [114] and
t1/2 = 13.2(4)ms for *Na [259]). A 20 ms TOF-ICR excitation corresponds to a

FWHM =~ 50 Hz, which corresponds to a resolving power of:

m Ve
R = — =
Am Ve

= 36,000 6.7
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Figure 5.8: Deviation from AME2020 [264] for the Na masses measured in
this experiment (blue). Previous mass values from TITAN are plotted
in orange and are depicted at a positive offset from the integer mass
number for easier comparison with the results of this work. The light
blue colored area corresponds to the AME2020 mass uncertainty.

Mass Number ME (keV) unc. (keV) MEayg (keV) unc.ayr (keV)
31 12245.3 2.6 12246 14

32 18548.7 7.7 18640 40

32 18666.3 33 18640 40

33 23599.0 4.3 23780 450

Table 5.3: Mass excess value of the Na isotopes measured in this work. The
last two columns correspond to literature values from AME2020 [264].

In order to separate a ~120 keV isomer from the ground state, the resolving power
needed is R = 250,000, which justifies why the isomer was not observed in [103].
Further evidence for the existence of a low-lying isomeric state in 3*Na is provided
by theoretical calculations [259] which are mention in more detail in the Discussion
of Results (Section 5.6).
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Figure 5.9: Schematic of the TRILIS ion source at ISAC. A two or three step
ionization laser scheme is directed through the pre-separator magnet

to the isotope production target. Due to their positive charge, ionized

isotopes are extracted through the high-resolution mass separator and
delivered to ISAC experimental apparatuses. Figure adapted from [161].

5.5 The magnesium isotopic chain

The magnesium isotopes were selectively ionized with the use of the TRILIS ion
source [170]. A schematic of the TRILIS ion source is depicted in Fig. 5.9. Ioniza-
tion takes place by applying a resonant two or three step ionization scheme. This
allows us to unambiguously identify whether the beam contains Mg isotopes as
resonant ionization can be interrupted by blocking one of the three laser beams. A
comparison of the composition of the RIB with all lasers unblocked and with one
of the lasers blocked can be seen in Fig 5.10.

The mass values of 3'~33Mg are all measured to a precision of 3 keV by pre-
vious TITAN [57] and MISTRAL [104, 171] measurement campaigns. Our results
agree within two sigma with the measured values. 3*Mg has been previously mea-
sured to a precision of 29 keV at TITAN [57]. The AME-2020 quotes a 7 keV preci-
sion, due to the precisely known Qg- energy [264] from beta-decay spectroscopy.
Our result improves the precision from 7 keV to 3.7 keV and agrees within two
sigma with the AME value.

In contrast to 3! 3*Mg, 3>Mg had not been previously measured in a Penning
trap. Jurado et al. [133] measured the isotope using TOF mass spectrometry at
GANIL with a precision of 180 keV. Due to an almost 2 MeV discrepancy from a
previous mass measurement [198], its overall precision quoted at the AME2020 is
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Figure 5.10: Laser on/off comparison for 3>Mg™". The top plot shows the the
mass spectrum with lasers on while the bottom plot shows the mass
spectrum with lasers off. The two plots contain different amounts of
statistics.

270 keV.

After both the 2021 and 2022 measurement campaigns, we were able to collect
a total of 120 counts of 3>Mg. The presence of Mg was verified by comparing
the mass spectrum with and without laser ionization of Mg, as can be seen in Fig.
5.10. This measurement, allowed us to determine the mass of >>Mg to a precision
of 6.4 keV, almost a 50-fold improvement from its previous mass precision. Our
mass value is 106.3 keV lower than the one in AME2020 [264].

The comparison between the literature values and the results of this work for
the Mg isotopic chain can be seen in Fig. 5.11.

The mass measurement of *Mg was attempted in the 2022 TITAN measure-
ment campaign. In the AME2020 evaluation [264], the mass of **Mg is determined
by combining the measurements published in [133, 228, 229] and the reported ME
value is 20380(690) keV.
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Figure 5.11: Deviation from AME2020 [264] for the Mg masses measured
in this experiment (blue). Previous mass values from MISTRAL [104]
are plotted in orange, while previous TITAN [57] results are plotted in
green. Both the MISTRAL and the previous TITAN results are depicted
at a positive offset from the integer mass number for easier comparison
with the results of this work. The light blue colored area corresponds
to the AME2020 mass uncertainty.

Mass Number ME (keV) unc. (keV) ME yg (keV) unc.aye (keV)
31 -3130.9 4.3 -3122 3

32 -829.2 3.0 -829 3

33 4954.0 3.7 4963 3

34 8314.8 3.7 8323 7

35 15533.7 6.4 15640 270

Table 5.4: Mass Excess values of the Mg isotopes measured in this work.
The last two columns correspond to the literature values from AME2020
[264].
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Figure 5.12: (a) Count rate comparison for lasers blocked/unblocked settings
for 3*Mg. (b) The Mg candidate peak under different laser settings.

During the TITAN measurement campaign, a peak of ME = 20496.8(7.7) keV
was detected which is within one sigma of the AME2020 [264] mass value for
3Mg and therefore could potentially correspond to *®Mg. In the following, the

origin of the detected peak is investigated.

Lasers on/off effect

Measurements with lasers blocked and lasers unblocked were compared to deter-
mine if the peak under question corresponds to laser-ionized species, specifically
3Mg. As can be seen in Fig. 5.12 (a) there is a 1/3 count rate difference between
lasers on and lasers off measurements. However, there is a consistent peak that is
formed in both cases as can be seen in Fig. 5.12 (b).

A comparison with the laser effect for Mg (Fig. 5.10), where there is almost

an order of magnitude reduction in count rate when the laser beam is blocked,
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Figure 5.13: Count rate for all species in the mass spectrum of Mg as a
function of the storage time. The red band corresponds to the fit un-
certainty while the purple band depicts the influence of the uncertainty
of the half-life of **Mg on the estimated count rate.

supports the argument that the peak in question does not belong to **Mg.

Storage time measurement

36Mg has a half-life of 7.6f§ ms [246]. Therefore, its existence in the TITAN
MR-TOF MS could be verified by storing it in the MR-TOF MS RFQ injection trap
for different storage times and comparing the count rate for each storage time. If
it would be delivered and stored, we would expect an exponential decay of the
measured rate as a function of the storage time, with a decay constant equal to
—In2/t /2, Where 11 /5 the half-life or 3Mg. The count rate of the peaks that were
detected at 36 u as a function of the storage time can be seen in Fig 5.13.

The rate of 3®Mg remains consistent with storage time. An exponential fit to
the Mg counts indicates a positive decay constant with a 1.56 confidence level sup-
porting the idea that the measured isotope is not decaying within the measurement

timescale. Inconsistencies of the ISAC rate interfering with the storage time mea-
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surement can be excluded by observing the rate of the !'B'>C'*C* molecule which
was delivered from ISAC. Since the rate of this stable molecule remains constant
there were no significant rate fluctuations during the measurement.

The expected decay rate based on the reported half-life of 3*Mg [246] can be
seen in Fig. 5.13 in purple. The purple band represents the positive 16 uncertainty
of the half-life. The experimental and literature decay constants deviate by more
than 100 and therefore, we conclude that the detected peak does not correspond to
36Mg.

Alternative explanation for the observed peak

There are three singly charged molecules with mass that matches the peak of ques-

tion within the achieved precision (7.7 keV):
« IHOLi2C 70t
. 1H§Li26Mg+
. 10Be§60+

If the observed peak corresponds to 'H®Li!2C!7O™, then the more abundant
'H7Li'2C'%0" should also appear at the mass spectrum, as '°O is 2,500 times
more abundant than 70 [264]. Due to the lack of THLi"2C'0t, we can exclude
the first molecule.

On the other hand, 'HjLi**Mg" is the most abundant at mass 36 u but **Mg
is eight times more abundant than Mg and therefore 1H;L124MgJr at mass 34 u
would be expected. However, for both 'HjLi**Mg* at 34 u and 'H]Li*Mg™ at
35 u, (mMg+ — Muolecule)/ mye+ > 2000 and therefore the two molecules are not
transported through the ISAC mass separator. For this reason, we cannot exclude
1H’3’Li26MgJr as the identity of the peak in question.

In other TITAN experiments we have seen Be ions binding with oxygen to form
BeO molecules, thus making IOBeéGOJr another possible candidate. As a result, it
is inconclusive whether the peak stems from *Mg. It is more likely that it belongs
to 'H]Li**Mg™ or ''Bel°O™.

In conclusion, the two Mg, Na experimental campaigns enabled us to reduce
the uncertainties of 3*3*Mg and 3'3*Na to values below 10 keV. The derived ME
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values and their comparison with literature values can be found in Tables 5.4, 5.3
for the Mg and Na isotopes respectively. In addition, a double peak with a similar
mass value to >?Na suggests that we measured a previously unknown 117.6(8.4)
keV isomer of *Na. Finally, the presence of *Mg in the experimental data was

investigated, ultimately pointing towards the absence of 3®Mg in the data.

5.6 Discussion of Results

With the analysis completed, final mass values and uncertainties can be assigned
and a number of secondary values can be derived. A key value in nuclear structure
is the two-neutron separation energy. The two neutron separation energy can be

determined using Eq. 2.1:
Son =BE(N,Z)—BE(N —2,Z) (5.8)

where BE(N,Z) is the binding energy of a nucleus with Z protons and N neutrons.
The new values are plotted along with the literature values in Fig. 5.14.

The TITAN results are in good agreement with the well-known literature values
[264] (N = 19 — 22 for Mg and N = 20 for Na). For the neutron numbers where
the Sy, is not precisely known from literature (N = 23 for Mg and N =21 — 22 for
Na), the TITAN result reveals an increase in stability, as indicated by the higher two-
neutron separation values, in agreement with the extended deformation beyond the
N = 20 island on inversion [54]. The following two sections discuss the impact of
the result on the southern border of the island of inversion and further explore the

observation of a new isomer for 32Na.

5.6.1 The N = 20 island of inversion

Evidence of the island of inversion through mass measurements can be observed
through the empirical shell gap, as discussed in Chapter 2. The empirical shell gap
is given by:

Aow = S2u(N,Z) — $20(N +2,Z) (5.9)

Fig. 5.15 shows the empirical shell gap for the N = 20 isotones, where the result
of this work is plotted in red. The precisely determined mass value for >*Na, now
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Figure 5.14: Two-neutron separation values in the island of inversion. The
results of this work are plotted in red. The colored bands show the un-
certainty of the two-neutron separation derived from literature values
[264].

gives clear evidence of an increase in Ay,. As can be seen in Fig. 5.15, typical
neutron magic nuclei demonstrate an empirical shell gap of 4-5 MeV. However,
for Z < 15, the empirical shell gap starts to drop and reaches a value of ~ 1 MeV
for Mg, which demonstrates that N = 20 is no longer a magic number. For the
Na isotopes (Z = 11), the literature values result in a 1 MeV increase compared to
Mg as can be seen in Fig. 5.15 (right). However, the uncertainty of this value was
previously dominated by the uncertainty in the mass of >*Na. Our improved mass
uncertainty shows that the empirical shell gap increases by 688(9) keV compared
to Mg and thus suggests that the maximum quenching occurs at Z = 12. As aresult,
we can conclude that the quenching of the N = 20 shell closure starts to weaken
for Z < 11 resulting in a gradual resurrection of magicity at N = 20.

This result is critical in determining the southern border of the island of in-

version which still remains hidden. Christian et al. [62] suggest that the fluorine
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Figure 5.15: Values of the empirical shell gap for the N = 20 isotones. The
result of this work is plotted in red.

isotopes lie at the limit of the island of inversion. However, more recent studies
[220] support that the island of inversion extends beyond the fluorine isotopes and
thus challenge the magicity of 280. Our result, suggests that there is a gradual re-
gain of magicity for Z < 11 which indicates that the island of inversion may not
extend to the neutron dripline.

Fig. 5.16 compares the experimental empirical shell gap with ab-initio theory
calculations [250]. Although the precision of theoretical ab initio calculations is
limited to ~ 5% [249], some conclusions can be drawn from the overall trend of
the ab-initio results. In two regions the experimental data significantly deviate from
the theoretical predictions and therefore are of high interest. The first is at Z = 20,
where it can be observed that the ab intio calculations overpredict the magicity
of the doubly magic *°Ca, possibly due to the theory not taking into account a
shell-diminishing effect. The second area of interest is the island of inversion (Z
< 13), where the ab-initio result reproduces the drop in the empirical shell gap

but does not capture the increase for Z = 11, as observed in the experiment. The
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Figure 5.16: Experimental empirical shell gap along with theoretical values
derived from ab initio calculations.

discrepancy with the experimental values becomes more prominent at the theoreti-
cal two-neutron separation energies in Fig. 5.17. Although theory and experiment
agree for N < 18 and N > 23, the ab-initio theoretical model shows the opposite
trend in the island of inversion. This discrepancy can be either the result of a phe-
nomenon that has not been taken into account in the theoretical calculations or the
result of including a phenomenon that is not present in the physical system. Both
scenarios point towards the need for more accurate microscopic calculations in the

region.

5.6.2 New isomer of Na

It has recently been suggested [109] that there is an isomeric state of **Na based
on theoretical calculations performed with the Monte Carlo Shell Model (MCSM)
method [109]. Tripathi and collaborators [259] provide tentative spin assignments

for 3Na. Using MCSM calculations, they find that the ground state of 3>Na could
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Figure 5.17: Theoretical and experimental two neutron separation energies
of Mg and Na isotopes near the island of inversion. The results of this
work are represented with red data points, while the theoretical results
are depicted with dashed lines.

be either a 3~ or a 0~. In a deformed nucleus, such as **Na, and due to the fact
that the two states lie very close to each other, they suggest that it could give rise
to a long-lived isomer that would decay with an electromagnetic transition.

This interpretation agrees with our experimental finding of a previously un-
known isomer of 3’?Na with an excitation energy of ~ 120 keV. In addition, the
literature mass value of 3*Na comes from a previous TITAN mass measurement
using the Penning Trap [103]. The experimental conditions, specifically the ex-
citation time used in that measuement did not provide for enough resolution to
separate a potential 120 keV isomeric state and hence, it is not in disagreement
with our present result.

At this point, we suggest that the extra peak in the *’Na spectrum is assigned to
be a long-lived isomeric state of >’Na, the first to be discovered in the Na isotopes

within the island of inversion.
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Chapter 6

Exploring the limits of existence
of heavy proton-rich nuclei

6.1 Network calculations using the AME algorithm

The Atomic Mass Evaluation (AME) was first created in the 1950s to meet the de-
mand for a complete and reliable database that contained all experimentally mea-
sured masses. The first evaluation was published in 1960 in Nuclear Physics [92]
and it is since being updated and improved almost every 4 years. The latest evalu-
ation of mass data was published in 2020 [264], and is referred to as AME2020.

6.1.1 General aspects of the AME procedure

The Atomic Mass evaluation is derived from a large reaction network containing
experimental mass values and decay energies. The experimental masses are the
quantity of interest while the decay energies are the links between these masses.
Nuclei in the network are divided into two categories: primary and secondary. The
primary nuclei are the ones that can be accessed through more than one link to
other nuclei while secondary are those that are determined by a single link. The
links can be any type of decay (alpha, beta, EC, proton decay etc.) as long as their
decay energy is experimentally measured. Direct mass measurements can act both

as primary or secondary data depending on the number of known links between
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them and their neighbours [264].

To achieve greater calculation efficiency, the secondary data are separated from
the primary ones and removed from the network calculation. What remains is an
over-determined system of linear equations that are connecting the properties of
primary nuclei:

K|m) = |E) 6.1)

where K is the connectivity matrix,

m) are the masses that are being adjusted and
|[E) is the array of the decay energies. The entered masses m originate both from
direct measurement methods (the measurement quantity is the inertial mass) or
from indirect ones (the measurement quantity is a reaction Q-value from which the
mass is determined) and they are usually entered in form of ratios m/m,. s, where
my.y 18 the mass of a reference isotope measured with the same method and system
as the 10I. The inclusion of mass ratios instead of absolute masses allows the
update of masses whose reference value is improved or changed in the future. This
system of equations (eq. 6.1) is solved using least-squares minimization, while the
equations entering the minimization are weighed based on the precision of their
parameters.

One critical factor of the mass adjustment procedure is to maintain the ”smooth-
ness” of the mass surface. The mass surface can be visualized as surface plot where
N and Z are on the X and Y axes while the mass is on the Z-axis. Due to nuclear
pairing, this surface plot is in reality 4 surface plots running in parallel to each
other, on four ‘elevation levels’ : a) a contour of even-even nuclei, which has the
lowest mass values, b) a contour of odd-odd nuclei, which has the highest mass
values and c,d) two contours of even-odd and odd-even nuclei that have interme-
diate mass values. The behaviour of these contours as a function of Z and N is
smooth except for the points of sudden change in nuclear structure such as shell

closures or deformation. This has two very interesting consequences:

¢ It allows for predictions of unknown masses based on the regularity of the
mass surface. These predictions are useful in areas where there are no sudden
nuclear structure changes as they give a guideline to the experimentalists for

what mass to expect.

* Consistent experimental deviation from the predicted masses indicates the
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emergence of a nuclear structure effect that was not expected in the frame-
work of the current theories. This effect can be detected in the AME evalua-

tion by sharp unaccounted changes in the otherwise smooth mass surface.

6.1.2 A special case

A special area in the nuclear chart and the AME network is that of proton-rich nuclei
around A = 170. This area is dominated by long alpha chains that span more
than 10 atomic numbers (Z) as well as by observed one-proton emitters. While
alpha decay and proton decay energies have been well measured, the masses of the
isotopes participating in these reactions often remain unknown, due to difficulties
in their production as well as due to their short half-lives. This can be envisioned as
a chain of nuclei that “floats” in the mass space. If at least the mass of one of these
nuclei is experimentally measured, the reaction chain becomes anchored and all
the masses can now be determined, as the energies connecting the involved nuclei
are known.

The reactions that contribute to the chains in this area of the nuclear chart are
B decays, EC, alpha decays and proton decays. Therefore, the reaction links can

be calculated as:

m(Z,A) —m(Z—1,A) = Qgc/c? (6.2)
m(Z,A) —m(Z—2,A—4) = Qq/* +m(*He) (6.3)
~m(Z,A)+m(Z—1,A—1)=S,/c* —m('H) (6.4)

where m(Z,A) the atomic mass of the parent nucleus, m(Z —1,A), m(Z—2,A—4),
m(Z —1,A — 1) the atomic masses of the daughter nuclei, m(*He) and m('H) the
helium and hydrogen masses related to the emitted alphas and protons respectively
and Qgc, Qa. Sp the Q-values and proton separation energies of the reactions.
Decays to long-lived isomeric states are also considered if the excitation energies

of those states are known.

6.1.3 Anchoring reaction chains with TITAN mass measurements

In order to provide anchor points for the “floating” chains of nuclei mentioned

in the previous section, a mass measurement campaign was carried out. For the
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experiment, the masses of the neutron-deficient '3°~157Yb isotopes were measured
with the TITAN MR-TOF MS [29]. These seven masses give access to six reaction
chains, using the AME algorithm, three of which contain more than nine isotopes
each.

A schematic of the reaction network can be seen in Fig. 6.1. Isotopes with
the same color belong to the same reaction network and they are connected by
EC, proton emission, or alpha decay as can be seen in the insert of Fig. 6.1. The
anchors are depicted with diamonds while known proton emitters are depicted with
x-symbols.

Previous to the TITAN mass measurements and the present network calcula-
tion, the masses of the isotopes in the reaction chain starting from '"Pb (yellow)
were known to a precision of 80 keV [264], the ones in the reaction chain starting
from !"?Hg (pink) were known to a precision of 150 keV [264], while those in the
chain starting from '"3Hg (blue) were never anchored and thus their masses were
only extrapolated. In addition to these three long and largely unknown reaction
chains, the measured masses of 1°%:151:156=157y} anchor smaller reaction chains.
The masses in the reaction chains starting from 3%1>7Yb (brown) have an average
uncertainty of 10 keV [264] while those in the reaction chain starting from '3!'Lu
are unknown and thus extrapolated.

The results of the network calculation using the mass measurements of 12°~137Yb
can be seen in the first two columns of Table A.1. The anchors that were used in
this study from [29] are noted with an asterisk while values accompanied by the
# symbols in the columns ME spg2020 and its uncertainty (unc.(keV')) represent
AME2020 extrapolations [264]. In total, considering all the Yb isotopes entered
in the connection network, we were able to determine the mass of 11 new ground
states and improve the precision of 9 other ground-state masses by more than a
factor of 2 in the region between Z = 71 and Z = §2.

The deviation between the results of AME2020 and the present network calcu-
lation can be seen in Fig. 6.2. The green area represents the AME2020 uncertainty.
The black data points correspond to masses the uncertainty of which was improved
in this work while the red ones correspond to masses that were never measured be-
fore. Isotopes that demostrate similar deviations from their AME2020 mass values

belong to the same reaction chain and their deviation is a result of the deviation
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Figure 6.1: Connection diagram of all isotopes determined in this work,
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x-symbols. The insert shows an example of how nuclei link to '32Yb.
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in the mass of their common anchor from its literature value. Although there is a
~ 200 keV deviation for the masses related to the anchors °%131:152Yb, none of

the masses deviates more than 1.50 from it’s previous measurement or prediction.
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6.2 Evaluation of experimental results and comparisons
with theory predictions

In the following sections, the mass excess values ME = m — A, where m is the
atomic mass and A is the mass number, were used to calculate one and two-proton
separation energies in order to locate the proton driplines. Based on the position
of the two-proton dripline, the occurrence of heavy two-proton emitters is inves-
tigated. In addition, from the two-proton separation energies of the Lu isotopes
the existence of the N = 82 shell closure in the vicinity of proton-rich nuclei is

explored along with the possible appearance of Thomas-Ehrman shifts [64].

6.2.1 Driplines

The one- and two-proton separation energies are calculated based on Eq. 2.7 and
2.9. The list of the final results can be seen in the Appendix, in Table A.1. Figure
6.3, shows the overlap between the literature values and the results of this work for
the one proton-separation energy.

Similarly with the ME deviations depicted in Fig. 6.2, a deviation in the anchor
triggers a consistent deviation across a chain of nuclei as can be seen in Fig. 6.3
(bottom) for the isotopes belonging to the 132Yb chain. In addition, the improve-
ment in the precision of the S, of the anchor, results in similar improvements in the
presicion of the S, of the other members of the chain.

Since the one-proton separation energies are one of the main inputs in the net-
work calculation, this figure, mainly serves as a consistency check for the results
to follow.

Fig. 6.4, compares the literature values with the results of this work for the
two-proton separation energies. The individual results for each elements can be

found below:

Ytterbium

The new mass measurement results allow for the calculation of S, for N = 80 and
N = 83 for the first time since previously the masses of °%!33Yb were unknown.
In addition the precision of the S, for N = 81 was improved and that for N = 82

was derived for the first time from direct mass measurements.
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Figure 6.3: One-proton separation energy as a function of neutron number
N for odd-Z nuclei (top) and even-Z ones (bottom). The results of this
work are represented with black data points while all other data points
were calculated using the AME2020. All data-points have been calcu-
lated using existent or new mass values and Eq. 6.4.
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Figure 6.4: Two-proton separation energy as a function of neutron number N
for elements of atomic numbers Z = 65 — 82. The colored data-points
indicate two-proton separation energies derived from the literature mass
values while the black data-points represent the results of this work.

Lutetium

Because of the known proton decay energy and EC decay energy of '>'Lu, its mass
and its two-proton separation energy has been calculated. It is the lowest Lu-S5,

identified so far, only 742(205) keV above the two-proton dripline.

Iridium

The two-proton separation energy was determined for the first time for '6>1¢7]r.
As can be seen in Fig. 6.5, the two-proton separation energy of '®Ir is found
to be consistent with zero (-21(70) keV). Currently, the decay energy used in the
network calculation is extrapolated rather than experimentally determined (#) and

thus further confirmation is needed.
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Platinum

The two-proton separation energy of %Pt was found to be -35(48) keV thus con-
firming it as the first possibly two-proton unbound Platinum isotope.

Gold

The first two-proton unbound gold isotope (!’’Au) was determined. Its separation
energy is -417(71) keV.

Mercury

The uncertainty of the two-proton separation energy of the two-proton unbound
1"2Hg was improved to 48 keV from 150 keV [264] and the two-proton separation

energy of the two-proton unbound '"3Hg was determined for the first time.
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Figure 6.5: Zoomed in version of Fig. 6.4, showing the two-proton dripline
for Z ="75—82.

In summary, seven two-proton unbound nuclei were found in this work, three
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of which were determined for the first time (*%Ir, '°Au and 173Hg) while the two-
proton dripline was located from Z =77 to Z = 82. A color-coded perspective of
the two-proton separation surface can be seen in Figure 6.6. The color corresponds
to the magnitude and sign of the S,,: positive S, are depicted with red-orange
while negative ones are depicted with blue. The two-proton dripline can be seen
by the transition from orange to blue for Z = 77 — 82. The results of this work are
depicted with black outline while the other depicted two-proton separation energies
are from AME2020 literature values.

Overlayed with the results of this work and the literature S,,, values, are theoret-
ical two-proton dripline calculations of mean field and beyond mean field models
using Skyrme and Gogny interactions. Overall, the theoretical driplines agree with
the experimental results. Notably the Gogny interaction consistently predicts the

dripline one to two neutron numbers further from the Skyrme predictions.
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6.2.2 Two-proton emitters

Now that we have determined a number of two-proton unbound nuclei ($2, < 0),
we can search for potential two-proton emission candidates. The two-proton un-
bound nuclides found in this work are summarized in Table 6.1. Out of those, only
the ones with §;, > 0 can be considered to be two-proton emission candidates since

one-proton emission is forbidden.

Isotope | N | Z | 8, (keV) | S, (keV) t1 /o (ms)
1651y 88 | 77 | -21(70) | -1541(80) | unknown
168py 90 | 78 | -35(48) | 1035(48) | 2.02(10)
0Au || 91| 79 | -417(71) | -1472(67) | 0.2973
I2Hg || 92 | 80 | -852(48) | 596(49) 0.231(9)
T3Hg || 93 | 80 | -287(93) | 600(71) 0.80(8)
176T] || 95| 81 | -63(131) | -1265(116) | 5.239
pb || 97 | 82 | -247(117) | 626(131) | 3.574

Table 6.1: Two-proton unbound nuclides found in this work. The last column
contains the decay half-lives of the nuclides found in literature [264].

Therefore, the two-proton unbound nuclei: '%®Pt, 17?Hg, 73Hg and !"°Pb could
potentially be two-proton emitters. However, as mentioned in Chapter 2, two-
proton emission is in strong competition with alpha decay in this area of the nuclear
chart. Hence, the fact that the aforementioned nuclei satisfy the energy require-
ments of two-proton emission doesn’t guarantee this particular decay mode. The
last column of Table 6.1 shows the measured half-lives of the two-proton unbound
nuclei. Since there has been no observed two-proton emission for these nuclei, the
half-lives are derived by alpha or single proton decay. In order for '%Pt, 1”>Hg,
73Hg and 'Pb to be considered a candidate for two-proton emission, the partial
half-life for two-proton emission needs to be comparable with that of the alpha
decay.

We can estimate the two-proton emission partial half-lives of the nuclides by
using the Geiger-Nuttal law (following the procedure in [169]):

~1/2

logty jp = 2.032(Z3* +1°%)Q, " —26.832 (6.5)

where Z; is the atomic number of the daughter nucleus, / is the angular momentum
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quantum number and Q>, = —S;,, is the decay energy of the two-protons. For

10.25

heavy nuclei (A > 100), we can make the assumption Z2'8 >> and therefore,

we can approximate the partial half-life as:

logt j» = 2.0322430; /% —26.832 (6.6)
Based on Table 6.1, the alpha decay partial half-lives of '68Pt, 17>Hg, 173Hg
and '7Pb are of the order of 1 ms. In order for the two-proton decay to occur

concurrently with alpha decay, the Q», of the 2p-decay must be:

2
00> 2.03279® 67
2=\ 23832 '

Figure 6.7 shows the required Q-value values for non-suppressed two-proton
emission based on Eq. 6.7 with blue. The @, values derived in this work are
shown in black. In comparison, the Q5 values of low-Z two-proton emitters [169]
are shown with orange data points.

As it can be seen in Fig. 6.7, two-proton emission would not occur concurrently
with alpha decay for nuclides with Z; ~ 80 unless Q,, ~ 8MeV. Since the Q5)-
values determined in this work are significantly lower (see Table 6.1), we conclude
that two-proton emission in '8Pt, 17> Hg, '7*Hg and '7°Pb is suppressed in favour

of alpha decay.

6.2.3 N=82 shell closure in proton-rich Lutetium isotopes

As mentioned in Chapter 2, N = 82 is one of the shell closures determined by
the nuclear shell model. As seen in N = 20 and N = 28, such shell closures can
disappear [269] when approaching the limits of nuclear existence. In this section,
the newly determined mass excess values are used to investigate whether the N =
82 shell closure shows signs of change or quenching on the proton-rich side of the
valley of stability.

The masses of '311>3Lu allow for the first time the experimental determination
of S,,, for N = 82, while the mass of 133Lu allows the improvement in the precision

of the S,,, value of '>°Lu. The new values can be found in Table 6.2.
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Figure 6.7: Two proton decay energy as a function of the atomic number
of the daughter nucleus required to observe a two-proton decay of a
nucleus with / = 0 and ¢, , = 1 ms based on the Geiger-Nuttal law. The
blue area represents the Q», space where two-proton decay is allowed
while the white area represents the space where it is forbidden. The
results of this work are depicted in black while known light two-proton
emitters are depicted in orange.

| S20 (MeV) | unc (MeV)
2422 0.06
2021 0.07

153Lu
156Lu

Table 6.2: Two-neutron separation energies for the Lu isotopes.

As can be seen from the blue dashed line in Figure 6.8, the two-neutron sep-
aration energy of the magic '>3Lu at N = 82 is significantly higher than those for
Lu with N > 83, consistently with other isotopes in the N = 82 shell closure. Thus
we conclude that the N = 82 shell closure persists for proton-rich Lu-isotopes near

the proton-dripline.
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Figure 6.8: Two-neutron separation energy for the Lutetium isotopes near
the proton-dripline. The red band represents the literature values and
their uncertainties while the data points represent the results of this
work. The blue dashed line is a combination of the present results with
literature and it demonstrates the persistence of the N = 82 shell closure.
There is no data-point for N=83 as the mass of '>?Lu remains unknown.

6.2.4 Thomas-Ehrman shifts

The determination of masses allows the calculation of one-proton separation ener-
gies which can in turn aid in the search of Thomas-Ehrman shifts in heavy nuclei.

As can be seen in Figure 6.3, there is a linear dependence between S, and N for:

¢ Even-even nuclei

Odd-odd nuclei

¢ Even-odd nuclei

¢ (Odd-even nuclei
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therefore, the procedure described in Novikov et al. [193], can be simplified

to:
S,=aN+b (6.8)

where a and b are fit parameters and N is the neutron number. Eq. (6.8) is used to
separately fit one-proton separation energies of proton-bound and proton-unbound
nuclides. A Thomas-Erhman shift would be present if the slope of the fitted line
for the proton-unbound nuclei is smaller than the one for the proton-bound ones,
as shown in the schematic of Fig. 6.9. This effect would indicate an increase in
nuclear stability past the proton dripline.

After obtaining the slopes a and their uncertainty da for the bound and unbound
data sets, a metric can be defined, indicating a possible kink between proton-bound

and proton-unbound fitted lines that would reveal a Thomas-Ehrman shift:

M=a,—a_ (6.9)
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where a and a_ are the slopes of the proton-bound and proton-unbound nuclides,
respectively.

The results can be seen in Fig. 6.10 for each of the odd-Z elements; Lu, Ta,
Re, Ir and Au. Only fits with odd-A are shown since there were not enough data
from proton unbound even-A nuclides available to perform reliable fits. For Lu
there there is only one unbound even-A Lu isotope with known S, while even-
A Ta, Ir and Au isotopes there are only two proton-unbound nuclei in each case.
The errorbars correspond to the uncertainties M, and OM_ added quadratically,
where 6M is the uncertainty derived from the fit of the proton-bound nuclei and
OM _ is the one derived from the fit of the proton-unbound nuclei.

Based on the results depicted in Fig. 6.10, there is a noticeable (20) discrep-
ancy in the slope of proton-bound and proton-unbound odd-A Au isotopes, which is
attributed to a Thomas-Ehrman shift. In addition, the presence of Thomas-Ehrman

shifts for Au nuclei agrees with the expectation that odd-A, proton-unbound Au iso-
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topes with low spin (J* = 1/27) are more likely to show shifts compared to higher
spin isotopes like the odd-A, proton-unbound Lu isotopes (J* = 11/27) or the
even-A Re isotopes (J® = 27). However, measurements of more proton-unbound

isotopes of the mentioned species are required for a conclusive result.
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Chapter 7

Cryogenic upgrade of the TITAN
Penning Trap

Nuclear structure studies are often the motivation for mass spectrometry of exotic
(radioactive) isotopes. However, mass measurements also provide answers to dif-
ferent scientific questions such as the origin of heavy elements in the universe [236]
or provide critical input to questions related to Physics Beyond the Standard Model
(PBSM) [90]. The required precision of the measurements relies on the type of the
question being asked. Thus the choice of mass spectrometer best suited depends
on the specific kinds of science investigations. TITAN’s research program revolves
around the following three major topics, with the the quantity in parenthesis corre-

sponding to the typical relative precision required for a meaningful scientific result:

* Nuclear structure (6m/m < 107%). As shown in Chapter 2, a mass uncer-
tainty lower than 50 keV is necessary to reveal shell effects and to resolve

low-lying isomers, resulting in 8m/m ~ 10~° for an isotope of mass 50 u.

» Nuclear Astrophysics (§m/m < 1077 — 107%). Astrophysical network cal-
culations [184] show that in order to compare the observed star abundances
with the calculated abundances produced by astrophysical models, mass un-
certainties must be sufficiently small. In the case of heavy element nucle-
osynthesis via the r-process [236], uncertainties smaller than 100 keV [184]

are required. If the mass uncertainties of the isotopes participating in the
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process is larger than 100 keV, the different model predictions agree within
their uncertainty and different r-process conditions or sites (such as neutron
star merger [137] versus core-collapse supernovae [93]) cannot be differen-
tiated through comparisons with the abundance data [184]. This results in a
minimum required precision of 8m/m ~ 10~ for an isotope of mass 100 u.
In addition, if low-lying isomeric states (such as 166Ho™ with E,, = 6 keV),
called astromers, participate in the astrophysical process of interest, a higher
precision of §m/m < 1077 is required in order for the effect of these states

to be resolved from that of their ground states.

* Fundamentral Symmetries (6m/m < 10~%). Mass measurements aiming at
probing the Standard Model of Particle Physics require uncertainties ranging
from a few eV (for probing the neutrino mass [185]) to a few hundred eV
(for testing the unitarity of the CKM matrix [145]). Consequently, relative
mass precisions of §m/m ~ 10~8 are needed for an isotope of mass 50 u.

The present chapter focuses on the technical requirements to address the last two
research fields with TITAN. It discusses recent activities and improvements of the
experimental system in the framework of this work, to enable TITAN to achieve the

required conditions.

7.1 Nuclear Astrophysics

Nuclear Physics plays a significant role in Astrophysics to explain the nucleosyn-
thesis in stars [207] and in explosive environments such as X-ray bursts [67, 235],
novae [132], supernovae [236], or neutron star mergers [236]. Nucleosynthesis
of elements heavier than iron is considered to take place through four nuclear pro-
cesses: the slow neutron capture (s) process [216], the intermediate neutron capture
(1) process [60], the rapid neutron capture (r) process [16] and the rapid proton cap-
ture (rp) process [235]. Figure 7.1 shows the path of these processes in the nuclear
chart.

The production of half of the elements heavier than iron (Z > 26) is attributed
to the r-process [236] (green arrow in Fig. 7.1). However, the site at which the r-

process takes place in the universe remains an open question. After the detection of
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Figure 7.1: Nuclear chart with the four main mechanisms of creating heavy
elements in the Universe. The flow of these processes is shown with
arrows.

gravitational waves from LIGO and VIRGO [168] and the detection of the kilonova
[15] that followed, it has been verified that r-process elements can be produced in
neutron star merger events [137], thus making them a suitable site candidate for
the r-process. However, many details of the conditions under which the r-process
takes place still remain unknown. For this reason, simulations play an important
role as they allow comparisons with observational data. More specifically, as can
be seen in Fig. 7.2, the observed solar and star abundances of elements in general,
are compared with the simulated abundances based on models and using nuclear
data as inputs. However, the precision of the simulated results is currently limited
by nuclear data uncertainties such as mass uncertainties [184] and reaction rates’
uncertainties [183]. It is important to note that, the need for better precision does
not demand the precise measurement of all nuclides in the r-process path. Sensi-
tivity studies [183] provide a list of nuclei, for which the current mass precision
affects the simulated solar abundances the most.

The position of these nuclei in the nuclear chart correlates with nuclear shell
closures (N = 82,128, Z = 50). In the framework of Nuclear Astrophysics, nuclei
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from [196].

with neutron or proton numbers corresponding to closed shells are often referred to
as waiting points [16]. Due to their increased stability, hence longer nuclear decay
half-lives, they slow down the rapid neutron capture process thus increasing the
probability of photo-disintegration or beta decay [16]. Therefore, whether or not a
nucleus is a waiting point can play a decisive role in the r-process path. Measuring
the mass of these nuclei with high precision (8m/m < 107%), determines their
binding energy and in combination with beta-decay half-lives it allows to determine
whether a particular nucleus constitutes a waiting point.

Another important parameter that introduces uncertainties in r-process network
calculations is the existence of so-called astromers [262]. Astromers are isomeric
states of nuclei with half-lives comparable to the half-life of the ground state. As a
result, their existence can change the assumed population of the ground state and
ultimately alter the r-process path by redirecting the mass flow of the r-process to
different reaction channels [263]. As the astromers can have low-lying excitation
energies ( E < 10 keV for example for 1°*Ho, 13°Sb and !>!Sn [263]), higher mass
precision is required (§m/m < 1077).

In the past, the TITAN MPET carried out r-process studies in a number of cam-
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paigns investigating the masses of neutron rich Cd [160] and In [23] isotopes,
searching for isomers and astromers by utilising HCI.

CryoMPET is designed to perform mass measurements of ground states and
isomers with higher charge states and longer excitation times thus allowing for
higher precision and resolution of low-lying isomeric states that are currently not
possible with the MR-TOF MS or MPET.

7.2 Fundamental Symmetries
The Standard Model (SM) of Particle Physics [255] describes the fundamental

particles and their interactions (except for gravity). The fundamental particles
(fermions) consist of three generations of quarks (up-down, charm-strange, top-
bottom) and three generations of leptons (electron-electron neutrino, muon-muon
neutrino, tau-tau neutrino) as shown in Fig. 7.3. These particles interact by ex-
changing gauge bosons which act as the force carriers and according to the SM
these are: the gluon (g), the photon (y), the Z-boson and the W-bosons. In addition
to the four interaction bosons, there is the Higgs boson (H) which is responsible
for the mass of the fermions [53] and the W=, Z; bosons. Over the years, the SM
has been repeatedly verified with the pinnacle of the experimental efforts being the
discovery of the Higgs boson in 2012 [19]. Nevertheless, we know that the SM
is incomplete, as is for example demonstrated by the non-zero mass of the neutri-
nos [99], and the exploration of its limits and deficiencies, the so-called models of
Physics Beyond the Standard Model (PBSM), is of high importance.

High precision mass measurements can contribute in the search for PBSM. One
of the active areas of mass measurement research concerning PBSM is the deter-
mination of the mass of the electron-neutrino v,. Although the SM predicts all
neutrinos to be massless, observed flavour oscillations [99, 178] require neutrinos
to have a non-zero mass in order for flavour oscillations to occur. To date, the up-
per limit of the mass of the electron neutrino is m < 0.8 eV/c? and is derived from
studies of the beta decay of tritium with KATRIN [138]. In this experiment, the
mass of the neutrino is being determined by mapping out the endpoint of the beta-
decay energy spectrum. However, due to the difficulty of determining a sub-eV

mass from the energy spectrum, given the background signals induced by the emit-
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Figure 7.3: Schematic of the particles in the SM. Particles shown in orange
correspond to quarks, particles shown in green show leptons while those
in blue show the four interaction bosons. The Higgs boson is shown in
purple. Figure taken from [5].

ted electrons, high precision Q-value measurements from Penning traps can play
a significant role in the determination of systematic effects for the KATRIN ex-
periment [185] or can investigate the Q-values of other candidates for the neutrino
mass such as '*Ho [87].

Another possible PBSM model that can be investigated using Penning Traps
is the non-unitarity of the Cabbibo-Kobayashi-Maskawa (CKM) matrix. The CKM
matrix [145] represents the transformation of the mass eigenstates of some quarks
(dsb) to their weak eigenstates (d’s'b’) that participate in the weak interaction.
The predecessor of the CKM matrix was a 2x2 matrix that included the Cabbibo
angle [49] and was introduced to explain the mixing of quark flavours in kaon
decays [112]. In order to explain the CP violation Kobayashi and Maskawa [145]

extended to the Cabibbo matrix by one dimension which was later verified by the
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discovery of the third generation of quarks (top-bottom). For the description to be
complete, the CKM matrix needs to be unitary. However, the existence of a fourth
generation of quarks or a non-SM contribution in the weak interaction, such as a
scalar or tensor current, could result in discrepancies from unitarity [115]. This
would require the extension of the Standard Model and hence requires PBSM.

The unitarity of the CKM matrix is often tested using the top row elements of

the 3x3 matrix, due to experimental access and corresponding precision, as [115]:
Vial* + Vas* + Vs |* = 1+ Appsm (7.1)

where V,; is measured through Super-Allowed (SA) beta decays [115], Vs is mea-
sured through kaon decays [255] and V,; is measured via baryon decays [255].
The sum of squares defined in Eq. 7.1, currently equals 0.9985(6) [115], which
corresponds to a 2.40 tension with unitarity. Therefore, it is important to inves-
tigate whether this deviation Appggys is a result of PBSM or one of underestimated
uncertainties.

Mass measurements can aid this effort by providing high precision Q-values of
Super-Allowed (SA) decays that enter the calculation of the SA Ft value. The Ft
value [115] is determined as:

Ft = ft(1+ 84)(1+ 8ys — &) (7.2)

where Og, Ovs and ¢ are theoretical corrections, ¢ is the partial half-life of a par-
ticular SA decay and f is the statistical rate function which is proportional to Q°,
where Q is the Q-value of the SA decay. The V,; matrix element can be calculated

using Eq. 7.2 as:
K 1

Vil = 2G0T a) Fr (7.3)
where K /(hc)® = 8,120.27648(26) - 10710 GeV ~*s is the vector coupling constant
for the semileptonic weak interactions [115], A is a transition-dependent correc-
tion, G is the weak interaction constant and F't is the corrected ft value. In addi-
tion, high precision Q-value measurements can indirectly contribute by providing
benchmarks for the theoretical corrections that enter the F'tr values [174].

Previously, the TITAN MPET contributed to studies of Fundamental Symmetries
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using HCI in order to reach unprecedented precisions in short measurement times
and for isotopes with short 715 (712 < 100 ms) [91]. CryoMPET is designed to
store ions of higher charge states and thus further improve the precision achievable
in MPET.

7.3 The Cryogenic Measurement Penning Trap
(CryoMPET)

The TITAN MR-TOF MS has been used for Nuclear Astrophysics studies [202, 218]
but the available precision is currently systematically limited to /m ~ 107 thus
requiring investigations regarding Fundamental Symmetries and most investiga-
tions regarding Nuclear Astrophysics to be performed by MPET. MPET typically
achieved a relative precision of 8m/m ~ 1078 [90, 154]. The room-temperature
MPET along with its measurement principle has been described in Chapters 3 and
4.

Uniquely distinguished from all other on-line Penning Traps, the TITAN MPET
has access to HCI of radioactive species, charge-bred via the TITAN EBIT [159].
This allows reaching higher precisions because as g increases so does V., while

V. remains constant, due to the Fourier limit for a finite excitation period Ty.:

om OV, m

m Ve qBT,e \/N

(7.4)

where m is the mass of the ion, ¢ is the charge state of the ion, B is the magnetic
field, T, is the excitation time applied to the ions and N is the number of detected
particles. Therefore by measuring ions with ¢ = 10e, where e is the electron charge,
compared to ions with ¢ = le, the measurement precision can increase by an order
of magnitude assuming everything else remains constant.

This principle has been demonstrated for many cases (see for example: [23,
90]) using the TITAN facility with HCI. However, the increase in the ion’s charge
state poses a challenge due to the increased likelihood of the HCI to interact and
charge exchange with their environment [165]. This would lead to a charge state
reduction from ¢ to ¢ — n, where n is the number of successful charge exchanges,

where an electron is transfered from a reactant to the HCI. This is not a dynamic
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process of observation, hence it is not possible to excite the ion as X" and then
continue with X(¢~")* after the charge exchange, limiting experiments to the same
charge state at the beginning and at the end of the excitation cycle. As a result, the
excitation time T, has to be adjusted so that the probability of charge exchange
interactions is minimal, which negatively affects the precision gained by utilising
higher charge states g as seen in Eq. 7.4. In addition, the TITAN EBIT has been
recently upgraded to a kinetic energy of E,_j;;, = 65 keV for the electron beams
[96], allowing for the production of higher charge states. Since the electron trans-
fer cross section increases with charge state, higher charge states have a higher
likelihood of charge exchange. Therefore, the increase in g for precision cannot
be efficiently taken advantage of with the existing MPET, as it does not meet the
vacuum requirements.

While the design of CryoMPET had been finalized, part of this work describes
the assembly and commissioning, including improvements of the system. This sec-
tion starts with a brief description of the design of CryoMPET (more information
can be found in [163]) and continues with the description of the assembly, improve-
ments and commissioning at room temperature and at cryogenic temperatures. In
addition, feasibility studies and the implementation of the PI-ICR technique are

carried out, details of which can be found in Appendix B.

7.3.1 Description of CryoMPET

To increase the achievable storage times in MPET and to make full use of the charge
states reachable using the electron beam energy upgrade of EBIT [52], MPET has
been upgraded to perform at cryogenic temperatures [163]. According to sim-
ulations [163], operation of the trap at 20 K, will result in a pressure of 10~!2
Torr, three-orders of magnitude lower than the pressure reached for the room-
temperature MPET. Under such pressure, 1 s storage times of up to hydrogen-like
(only one electron left in the atomic shell) medium mass nuclei can be achieved
with less that 10% probability of charge exchange with the background gas [163],
significantly extending the available storage times.

In the CryoMPET system, the cooling to cryogenic temperatures (7' ~ 2 — 20
K) is achieved by absorbing molecules on the trap surfaces: a process called cryo-
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Figure 7.4: Tube electrodes of the Penning trap system with the activated
charcoal for cryo-absorption. The activated charcoal is attached using a
layer of the MCT 3715-2SE adhesive from MicroCoat Technologies.

absorption (1) and cryo-condensation (2). For (1), gasses are absorbed by a mate-
rial of high porosity due to its large surface area which allows for efficient adsorp-
tion, where the adhesion of molecules to a surface is achieved through covalent
bonds and Van der Waals interactions. In the case of CryoMPET, the material used
is a plant based (coconut) activated charcoal [56]. Activated charcoal is a common
material for cryo-absorption because of its high porosity and easy availability. This
material has been applied on six trap surfaces: behind the two end-cap electrodes
and on both sides of the two tube electrodes. The tube electrodes coated with the
activated charcoal can be seen in Fig. 7.4.

Cryo-condensation, is achieved by the freeze-out of heavy (m > 15 u) gas
molecules on the trap’s surface. In order to achieve this, the trap surface is contin-
uously cooled using a closed-cycle cryocooler. The cryocooler consists of a com-
pressor and an expander (or cold-head) and it operates using the Gifford-McMahon
refrigeration cycle [106]: The compressor compresses room-temperature He gas,
which is then transferred to the cold-head. There, due to the larger volume, the
room-temperature He-gas expands and cools down. Finally the cold He-gas passes

through the regeneration material removing heat from the system. The process

143



Cold-head

Figure 7.5: Picture of CryoMPET’s cold-head connected to the He-lines
coming from the compressor. The blue cylinder is the housing of the
3.7 Tesla superconducting magnet.

is continuously repeated. The cold-head provides two cooling stages. Accord-
ing to the manufacturer, without load, a minimum temperature of 20 K and 2.5 K
can be achieved in the first and second stages respectively. The reason for using
cryo-absorbents in the trap system is because cryo-condensation is not sufficient
to freeze-out molecules of m < 15 u, such as H, and Ny, at a 20 K temperature
environment, as demonstrated in [163].

Due to space constraints, the cold-head is placed outside the superconducting
magnet (Figure 7.5), and it is coupled to the trap electrodes with a 12.7 mm di-
ameter copper rod. The thermal coupling efficiency is impacted by the diameter of
the rod and therefore high-purity copper (99.99995% elemental purity) was used to

increase thermal transport efficiency based on simulations reported in [163]. The
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purity of the material minimizes heat transmission losses which is critical given the
distance (70 cm) between the cold-head and the trap. All the sufaces that are di-
rectly coupled to the cryocooler (cold surfaces) are isolated from room-temperature
environment with a copper shield attached to the first stage of the cryocooler. To
compensate for thermal expansion and related stress, both the trap and the shield
are not fixed in place but are allowed to move on three ceramic rods along the ax-
ial direction. This avoids mechanical tension from thermal stress during cooldown
and warmup due to different expansion behavior of the various materials.

A comparison between the trap electrodes of room temperature MPET and Cry-
oMPET can be seen in Figure 7.6. The bottom picture shows CryoMPET sur-
rounded by its thermal shield and connected to the rod that leads to the cryocooler.
In addition, one of the ceramic rods can be seen.

For temperature diagnostics, the system is equipped with three temperature
sensors: one Silicon Diode sensor (SiD) attached to the first stage of the cryocooler,
one Cernox sensor mounted on the second stage of the cryocooler and a second
Cernox sensor attached to the trap electrodes. Cernox sensors were chosen due to
their independence of their orientation in the magnetic field [2]. SiD sensors, can
have up to AT /T = —400% [3] deviation due to magnetic fields if placed parallel
to the magnetic field lines of a 4 Tesla magnet. In addition, the setup is equipped
with two heaters, one attached to the trap electrodes and one on the cryocooler,
allowing for the regeneration of the cryo-absorbent, by performing thermal cycles,
to prevent saturation. The trap electrodes with the heater and the sensor installed

can be seen in Fig. 7.7.

7.3.2 First assembly and installation

CryoMPET was assembled for the first time as part of this thesis. A picture of the
assembled trap structure can be seen in Fig. 7.8. Its wiring scheme can be seen
in Fig. 7.9. Post-assembly, the trap was heated to 120 °C for two weeks, in order
to accelerate outgassing of the mechanical components and to remove molecular
contaminants. This process achieves and maintains a UHV environment, typically
on a pressure level of P ~ 10~ Torr.

The composition of molecular species at different stages of the baking proce-

145



e —

E:Temperature'-‘
wpll  shield | Jil

(i SEORLICITE »
——

‘ | .
: *.7- ‘ = 1}

Figure 7.6: The top photo shows the MPET system. The Penning trap elec-
trodes are located at the center and can be distinguished by their gold-
plating. The botton photo shows CryoMPET. The trap electrodes are
located inside the copper thermal shield shown in the picture. On the
left side of the thermal shield, part of the copper rod can be seen, which
connects the trap electrodes to the cryocooler.
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Temperature
sensor

Figure 7.7: Picture of CryoMPET with the temperature sensor and the heater
installed. The activated charcoal and the wiring of the individual elec-
trodes can be seen.

_ ‘Injection Optics Trap Extraction Optics
 /

Figure 7.8: The trap assembly prior to being placed in vacuum. The trap
electrodes are enclosed in its thermal shield. The injection and extrac-
tion beam optics are attached on the left and right of the trap electrodes.

dure was monitored by a Residual Gas Analyzer (RGA). The results of the RGA can
be seen in Fig. 7.10. Before the baking of the system the measured partial pressures
of the largest ratio molecules in the spectrum (H, H,O, Nj, CO,) were of the order
of 1077 Torr. Due to a large outgassing rate, at the beginning of the baking process
large partial pressure readings (up to 10~ Torr) are found, followed by a gradual
reduction over the course of the two week process. After the baking the trap system

was cooled down to room temperature, and the only molecules detected were Hp,

147



Temperature
shield’s Teflon

Figure 7.9: Photos of the trap system wiring connections. The trap electrodes
are connected to wires on the teflon insulators (top left). The wires (top
right) are connected to bare copper wires that run along the extraction
optics electrodes using teflon insulators located on the shield (bottom).
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Figure 7.10: Pressure as a function of mass in CryoMPET before, during and
after baking at 120°C for two weeks. Different peaks correspond to
molecules of different mass. The molecular background that remains
after baking corresponds to Hy, H,O and Nj.

H,0, N and their partial pressure values were more than an order of magnitude
lower than those before the baking process, as shown in Fig. 7.10. After baking,

the trap system was installed in the TITAN beamline, minimizing exposure to air
during the process.

7.3.3 Improvements and modifications

The goal of the first installation of the trap system was to demonstrate that ions can
be trapped and manipulated at cryogenic temperatures. During this process, it was
found that the cryocooler can effectively cool the trap, reaching a final tempera-
ture of 7;,,, = 32 K. However, there were a series of aspects that required further

investigation and development, in order to ensure that CryoMPET could reach its
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Figure 7.11: Temperature profiles as a function of time of the trap (blue) and
the first stage of the cryocooler (orange) during cool-down.

scientific goals and meet design specifications. The present section describes the
actions taken, in the framework of this thesis, towards achieving the specified op-
eration conditions of CryoMPET.

During commissioning of the setup, the trap was cooled down to verify func-
tions and to test the equipment with the goal to meet specifications. At the time, the
system was equipped with two SiD temperature sensors: one connected to the trap
electrodes and one connected to the first stage of the cryocooler. The temperature
readings of these sensors during the cool-down process as a function of time can
be seen in Fig. 7.11. Although the sensor at the first stage of the cryocooler shows
a final temperature of 5 K, the sensor at the trap electrodes indicates a temperature
not below 32 K.

Even though the achieved temperature measured at the trap section was only
12 K above the specified temperature, this results in residual molecular species
(mostly N») present in the trap system as shown in the simulations performed in

[163]. The analysis of the system performance for this test led to the following
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hypotheses:

* Incorrect sensor readout. As mentioned previously, SiD sensors can have up
to AT /T = —400% [3] if placed parallel to the magnetic field.

* Insufficient contact between the sensors and the cold surface leading to false

readouts.
* Poor heat transmission from the cryocooler to the trap.

* Physical contact between the two cooling stages and therefore reduced ther-

mal insulation.

To investigate the first two possibilities, the SiD sensors located in the strong
magnetic field were replaced with sensors (Cernox [2]) which have a significantly
smaller magnetic field dependence (AT /T < 0.5% [2]) in a 4 Tesla field. In addi-
tion, the new sensors were equipped with the so-called CU packaging !, a config-
uration where the sensor has been soldered on a copper bobbin and can easily and
securely be attached to the experimental equipment thus ensuring the sensor being
in strong mechanical and thermal contact with the cold surface. The mechanical
drawing including the two new Cernox sensors attached to the second stage of the
cryocooler and to the trap electrodes can be seen in Fig. 7.12 (middle and right).

Another possible reason why the trap did not reach 20 K could be due to poor
heat transmission, between the cryocooler and the trap electrodes using a 70 cm
long rod. As it is impossible to reduce the length of the rod, as a heat-loss mitiga-
tion measure, both the rod and the shield were gold plated and polished to increase
heat reflectivity.

Finally, due to the vibrations of the cryocooler and the softness of the material
of the cold finger, the possibility of physical contact between the shield and the
cold stage, which would constitute a thermal bridge, guiding the cold-flow away
from the trap, was investigated. No evidence of contact was found. However, a
SiD sensor was added to the shield of the cryocooler (see Fig. 7.12 (left)) to allow

continuous monitoring.

Ihttps://www.lakeshore.com/packaging/packagessi
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Figure 7.12: The three CryoMPET sensors: the SiD shield sensor (left), the
Cernox cryocooler sensor (middle) and the trap Cernox sensor (right).

With the implementation of these modifications, the trap was re-assembled and
installed in the summer of 2021. The next two sections describe the commissioning
of CryoMPET at room and at cryogenic temperatures. More information about

technical aspects of the commissioning can be found in Appendix C.

7.3.4 CryoMPET room temperature commissioning using stable
isotopes

After the final installation, the complete trap system was operated without the cry-

ocooler, to ensure that all components were properly functioning prior to cool-

down. This phase of commissioning is called room temperature commissioning.

Technical details of the process are described in detail in Appendix C, while only

the key results of the process are described here.

K" ions were delivered to CryoMPET to test various ion optics elements
as well as the Penning trap RF excitation system. A commissioning sequence of
excitation schemes was established starting from dipole resonances. The excitation
of ions with magnetron and reduced cyclotron frequencies was achieved. Figure
7.13 shows the dipole ToF resonance for **K* ions excited for #,,. = 100 ms for
different RF amplitudes. Because RF voltages are now applied to the segmented
Ring electrode, the necessary RF amplitude for dipole excitations is smaller by a
factor of /= 20, compared to the previous design, where the excitations were applied
to the Guard electrode instead. The Ring electrode is closer to the trapped ions and

hence smaller RF amplitudes are used.
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Figure 7.13: Dipole resonances for different Vg and 7., = 100 ms. The
upper figure shows the Time-of-Flight as a function of the applied
frequency. The resonant frequency corresponds the the frequency for
which the Time-of-Flight of the ions is minimal. The lower plot shows
the count rate as a function of the applied frequency. For large enough
amplitudes, resonant ions gain sufficient energy to cause them to hit
the trap walls and disappear.

153



In addition, quadrupole RF-pulses were successfully applied during room tem-
perature commissioning of CryoMPET. For TOF resonances with quadrupole pulses,
the ions need to be prepared in a pure magnetron eigenmotion. At TITAN this is
achieved using the Lorentz Steerer electrodes, the principle of which was described
in Chapter 4.

Ion storage lifetime studies

CryoMPET operated at room temperature can be used as a regular mass spectrom-
eter, however, the time for which ions can be stored is limited, due to the achievable
vacuum conditions. To accommodate for cooling and temperature diagnostics, a
number of different materials have been introduced, which were designed for opti-
mal operation at cryogenic temperatures. However, they do not perform optimally
at at room temperature, and hence they deteriorate the vacuum conditions. As the
electrode geometry design had to balance the openings into the trap structure to be
as small as possible to minimize radiation heating, and also to be as big as possi-
ble to achieve maximal vacuum pumping via conventional turbo-molecular pumps,
outgased molecules are difficult to remove. As a consequence, the final pressure at
room temperature leads to the trapped ions undergoing collisions with background
molecules at an increased rate than before. The ions that undergo collisions lose
some of their energy while those that don’t undergo collisions are able to maintain
their energy. This mix of ions with reduced energy and those that have preserved
their initial energy, increases the ions’ overall TOF spread as a function of the stor-
age time, as can be seen in Fig. 7.14 and compromises the TOF resonance shape.
Figure 7.15, shows the evolution of a TOF resonance over three eigenmotion
conversion periods for a t,,. = 500 ms excitation of 39K+ ions in room temperature

CryoMPET. The resonances are fitted with a Gaussian function:
ToF = —Ae™ (0)°/20° ¢ (7.5)

where A, b, 0, c are fit parameters. The FWHM of a 500 ms excitation should be
[76]:

FWHM ~ % — 1.8 Hz (7.6)
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Figure 7.14: Beam profile for K™ ions stored for 50 ms (blue) and 1200
ms (red) at room temperature in CryoMPET. The data were recorded
at the MPET MCP. The difference in the shape of the two distributions
comes from collisions with background gas in MPET.

and therefore 6 = FWHM /2.355 = 0.8 Hz. The results reveal that after one full
conversion (f.,. = 500 ms), the width of the ToF resonance is ¢ = 0.9 Hz, while
for two (f,x = 1 s) and three (¢.,. = 1.5 s) conversions the ¢ becomes 1.3 Hz and
1.6 Hz respectively, indicating damping due to collisions with the background gas.

In addition, the baseline of the TOF resonance is shifting to higher TOF values
as a function of the storage time. This is consistent with the increase in the average

TOF due to collisions that is depicted in Fig. 7.14.

7.3.5 CryoMPET operation at cryogenic temperatures

As a next step, the trap system was cooled down. The commissioning confirmed
that the trap could be operated at 22 K, achieving design goals [163]. A comparison
between the previous and the current temperature curves during cool-down can be

seen in Figure 7.16.
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Figure 7.15: Gaussian fits of a 500 ms resonance after (a) one, (b) two, and
(c) three conversion periods respectively. The baseline is indicated by
a dashed horizontal line.

The improvement was achieved by improving radiation reflection after gold
plating the cold finger and the shield. An additional element was to replace the
previous sensors and carrying out the temperature readings using Cernox sensors.
However, unlike the SiD sensors previously used, Cernox sensors are prone to a
larger short term fluctuations, resulting in an increased noise level of the reading
signal as can be seen in Fig 7.16.

Two experiments were carried out and Figure 7.17 shows an optimized TOF
resonance, in terms of maximum TOF-effect and minimum damping, achieved for
a texe = 500 ms excitation with the trap at room temperature. In comparison, a 500
ms TOF-resonance performed with the trap at 22 K is plotted in the same figure.
To investigate the vacuum conditions in the trap and to confirm the design goals,

resonance comparison studies were performed. The two TOF resonances are fitted
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Figure 7.16: Temperature curves for the cool-down process as a function of
time before (2019) and after the trap upgrades (2022).

with the following fitting function [156]:

m

2f 1/2
k= | (o rongs@) © 7D

which takes into account collisions with background gas by introducing a damp-
ing force F = —&mii in the calculation of the ion’s kinetic energy. The ion’s ra-
dial kinetic energy enters Function 7.7 through the magnetic moment of the ions
Li(wgr) = (E-(wgr)/B)é.. The damping coefficient of the damping force depends

on the pressure p and the temperature 7 of the background gas according to:

_gq. 1 p/py
mMionT/TN

(7.8)
where M;,, is the reduced ion mobility of the ions, py is the normal pressure and Ty
is the normal temperature. For the resonance at 7 = 300 K, a damping parameter

8 =4.61(11)s™! is found, while for the cold trap (T = 22 K), the damping coef-
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Figure 7.17: ToF resonances of 39K ions at 300 K (blue) and 22 K (orange).
The lines indicate fits to the data. For details see text.

ficient is § = 0.10(10)s~!. A quantitative estimate for the pressure improvement
can be derived from these parameters in combination with Eq. 7.8. The reduced

ion mobility can be calculated from [14]:

3e ( 27 )1/21

Mign = = 7.9
16Ny \ukT/) (79)

where e is the electron charge, Ny =2.5- 102 m~3 is the number density of an ideal

gas, k is the Boltzman constant, [l = mjonMgqs/(Mion + Mgqs) is the reduced mass

Q= n(%)z (7.10)

is the cross section, where d = 0.120415405(m[u])'/? is the ion or gas atom/-

and

molecule diameter [14].
An average dgqs and mg, can be estimated from the composition of gases

measured in CryoMPET. Recent background measurements using an RGA [221]
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showed that in the room temperature CryoMPET, the dominant molecular con-
tributions belong to Hp, H,O and N, with an approximately equal concentration,
while in CryoMPET at 22 K, the only molecular contribution belongs to N,. With
these considerations, the pressure ratio at 22 K versus 300 K results to:

p(22K)

—=4.1073 7.11
p(300K) (7.11)

Moreover, as can be seen in Fig. 7.17, where the damping coefficients derived
from fitting Eq. 7.7 to the data are displayed in the legend, the damping factor for
the resonance at cryogenic conditions is consistent with zero within one sigma and
therefore the pressure ratio can be orders of magnitude smaller. In conclusion, our
results are in good agreement with the design expectation [163].

At this point, the TITAN MPET upgrade to CryoMPET is complete: a cryo-
genic Penning trap designed to perform precision mass measurements on short-
lived charge bred ions. A key requirement was to improve the pressure by cryo-
absorption and cryo-condensation and achieve storage times on the order of 1 s.
The trap was assembled and tested. After the first installation, a number of tests
were performed leading to additional improvements and optimizations, based on
observations, calculations and simulations. With these improvements, it was ver-
ified that CryoMPET met specifications and that the system’s performance was
satisfactory. Commissioning of the trap at room and cryogenic temperatures was
performed confirming at-specification performance of CryoMPET in reducing col-
lisions with background gases and enabling the required excitation and storage

times for singly charged ions.
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Chapter 8

Conclusions

Advances in theoretical and experimental nuclear physics have allowed probing nu-
clear structure to an unprecedented level. However, the clarity reached also leads to
new questions, such as new shell closures [247] and quenched shell closures [182],
as expected when improving resolution to finer and finer details. New magic num-
bers as well as the disappearance of well-established magic numbers have been one
of the central focus points of modern nuclear structure research both experimen-
tally (for example [182, 247]) and theoretically [54].

In this thesis, two distinct regions in the chart of nuclei were investigated
through approaches to test and benchmark state-of-the-art nuclear theory at ex-
tremes. Both studies were carried out with the TITAN MR-TOF MS mass measure-
ment system, currently the leading device in the world for fast measurements while
suppressing co-produced background contamination. In the first study, the N = 20
shell quenching was closely investigated via precision mass measurements. Specif-
ically the mass of 3*Na was determined directly for the first time. The binding
energy of the 3 Na nucleus compared to that of other nuclei in the region of the
quenched shell closure indicates a recovery of the magic shell towards the neutron
dripline. In addition, a new isomeric state at an excitation energy of 117.6(8.4) keV
was discovered for the deformed odd-odd 3*Na nucleus. This finding gives new in-
sight into the island of inversion. The second study focuses on exploring the limits
of existence of heavy neutron-deficient nuclei. The investigation was done using

a combination of experimental mass measurements and decay energies, incorpo-
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rated in the AME algorithm [264]. The results are the two-proton dripline between
iridium and lead and investigations towards the existence of Thomas-Ehrman shifts
and heavy two-proton emitters.

In addition to the online experimental studies, significant technical develop-
ments and improvements of the TITAN system were performed. This thesis de-
scribes the design, assembly and commissioning of TITAN’s next generation Pen-
ning trap. TITAN’s new Penning trap operates at cryogenic temperatures to achieve
sufficiently low pressure to store HCI for high precision mass measurements. A sig-
nificant decrease in interactions with background gas has been observed for singly
charged ions and the trap is in a state to receive HCI when they become available,
after the TITAN charge breeder is re-commissioned. Finally, simulations and tech-
nical upgrades have been performed and are described in this thesis towards the
implementation of the PI-ICR technique at TITAN, taking full advantage of HCI
at cryogenic temperatures. The commissioning is ongoing but is not part of this
thesis.

The upgrade of the TITAN Penning trap to CryoMPET will allow measurements
with the potential to improve the achievable precision by an order of magnitude,
for equal observation time or corresponding nuclear half-lives. Moreover, with the
additional ongoing upgrades of TITAN EBIT for charge breeding and the comple-
tion of the PI-ICR detection technique, TITAN will be able to take full advantage
of Advanced Rare Isotope Laboratory (ARIEL), the world’s most powerful 1SOL-
isotope production facility. This will make TITAN the leading mass measurement

facility for the foreseable future.
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Appendix A

Table of AME calculation results

Table A.1 contains the results of the AME [264] network calculation described
in Chapter 6. The first two column show the resulted Mass Excess (ME) values
and their uncertainty and the next two columns display the literature values from
AME2020 [264]. The last four columns show the one and two-proton separation
energies and their uncertainties, calculated using the ME values of columns 1, 2

and literature values [264] when needed.
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Isotope || ME (keV) | unc. (keV) | MEayg2020 (keV) | unc. (keV) | S, (keV) | unc. (keV) | Sz, (keV) | unc. (keV)

8Th 70535 12 -70537 12 2467 13 7995 14
150y -38635 45 -38830# 300# 1983 205 1733 46
gy -58268 15 -58266 17 3611 21 5152 18
I5lyp 41326 106 -41542 300 2124 222 2162 109
Shypms || -40617 49
Ly -30105 45 -30300# 300# -1241 64 742 205
STy -30048 45 -30244# 300#
152Ho -63603 12 -63605 13 2139 13 7074 14
152Tm -51695 51 -51720 54 716 53 4327 53
152yp* -46079 44 -46270 150 2596 48 2825 47
153yp* -47102 46 -47160# 200# 2696 68 3412 48
1530 -38184 45 -38375 150 -606 63 1990 49
153y -38104 45 -38296 150
134Lu -39609 48 -396674# 201# 2204 66 2492 70
154y -39547 48 -39604# 2014#
15yp* -50505 16 -50503 17 3366 21 4616 18
156Tm -56831 14 -56834 14 1911 15 6770 16
1561y -43675 51 -43700 54 459 53 3825 53
156Hf -37628 44 -37820 150 2371 48 2273 47
156pfm -35669 44 -35861 150
157Tm -58716 24 -58709 28 1793 34 7253 30
ISTHf -38797 46 -38855# 200# 2412 68 2871 48
157y -29404 45 -29596 150 -935 63 1437 49
157 -29382 45 -29574 150
157 227811 45 -28003 150
158, 31061 48 S311184# 201# -448 66 1964 70
158y -30919 48 -30977# 201#
158y -28253 49 -28311# 201#
1594 -42855 16 42853 17 2931 22 4012 19
160y -35799 51 -35824 54 233 53 3164 53
160wy -29137 44 -29329 150 1987 48 1613 47
161y -30449 46 -30507# 200# 1940 69 2178 49
161Re -20651 44 -20843 150 -1197 62 790 48
161Re™ -20527 44 -20719 150
162Re 22395 47 -22453# 201# -765 66 1175 70
162Rem 22220 48 -222784# 2014#
163w -34910 58 -34908 58 2418 86 3172 63
164Re 27447 51 227472 55 -174 78 2244 81
1640 -20233 44 -20425 150 1519 48 811 48
16505 -21689 46 217474 2004 1531 69 1357 74
1657y -11403# 67# -11595# 1584# -1541 80 21 70
165y -11223 45 -11415 150
1667y -13248 47 -13306# 201# -1152 66 379 70
166 m -13077 48 -13134# 201#
1670 26501 81 -26499 81 1952 120 2217 85
16811 -18641 52 -18666 55 -571 96 1382 102
168py -10818 44 -11010 150 1035 48 35 48
169p¢ -12407 47 -21464# 200# 1054 70 484 93
170 Ay -3646 48 -3703# 201# -1472 67 -417 71
170 Ay 3366 47 34244 201#
17ipt -17469 81 -17467 81 1575 130 1323 85
172 Au -9293 53 9318 56 -886 97 689 115
112Hg -869 45 -1061 150 596 49 -852 48
1T3Hg 2604 47 -2661# 2014# 600 71 -287 93
17Hg -7971 81 -7969 81 1202 130 613 103
1767 583 83 585 83 -1265 116 -63 131
179pp 2050 81 2052 81 626 131 =247 117

Table A.1: Results of the AME network calculation. # signs indicate extrap-

olated values.
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Appendix B

Towards the implementation of
the PI-ICR technique at TITAN

The PI-ICR technique [85] (described in Chapter 3) has replaced TOF-ICR in many
of the mass measurement facilities that use Penning traps [156], due to the effi-
ciency of the method as well as due to a factor of 40 gain in resolving power [86]
that it offers [85].

At TITAN, higher resolving power is achieved by the use of HCI, as described in
Chapters 3 and 4. However, an additional advantage can be achieved by combining
HCI and PI-ICR reaching even higher precision while maintaining efficiency and
half-life limitations. In addition, for measurements of very short-lived or very
low-yield isotopes, TITAN can benefit from using PI-ICR due to its non-scanning
character (thus requiring fewer total detected counts for a measurement) and due
to the fact that shorter excitation times can be used in order to achieve the same
precision [85].

In the framework of this thesis, the feasibility and the requirements for imple-
menting the PI-ICR technique at TITAN are investigated. This chapter, starts with
the simulations performed to investigate the feasibility and the gain in precision
when using PI-ICR with HCI at TITAN. It continues with the technical upgrades
performed to transition from the TOF-ICR to the PI-ICR technique.
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B.1 Simulations

Simulations' of the PI-ICR technique using the CryoMPET experimental appara-
tus were performed in the ion optics simulation program SIMION [68]. The trap
geometry, as defined in Chapter 4, was imported from the Solid-Works technical
drawings to achieve best representation of the experimental setup. A schematic of
the imported geometry is shown in Fig. B.1.

SIMION [68] is an ion optics software which calculates electric and magnetic
field trajectories of charged particles given a set of voltages, magnetic fields and
initial particle conditions, such as mass, energy and position. The electric field
is calculated by solving the Laplace equation for the simulated geometry using a
set of user defined voltage values. Then the trajectories of ions in the determined
electric and magnetic field are determined by calculating the Lorentz force on the
ions and by solving the ions’ equations of motion. In addition, SIMION allows to
simulate RF fields, particle collisions, ion trapping and others.

In the present work, ions of mass m = 74 u were created at the center of the
trap with an energy spread of 5 eV/q in the axial direction and 0.1 eV/q at the radial
direction, where q is the charge state of the simulated ion. The ions were created
either at the center of the trap or at a r = 1 mm magnetron radius, as can be seen in
Fig. B.1. The charge of the ions varied from q = le, where e the electron charge,
to q = 37e and the (x,y) positions of each ion were recorded at the z-position of the
detector.

The voltage values of the extraction beam elements were optimized for the q
= 1 charge state, using least squares minimization, to maximize transmission and
resolving power v, /Av,, where v, the cyclotron frequency. The final voltage values
can be seen in Table B.1. The second column of Table B.1 shows the extraction
voltages for the TOF-ICR technique. The important difference between the two
sets of voltages, lies in the values for XDC ans XZT1. In the case of TOF-ICR,
they are zero because the ions need to exit the magnetic field gradient as slowly as
possible in order to fully convert their reduced cyclotron frequency and therefore to
maximize the TOF effect in the resonance plots. On the contrary, ion extraction for

PI-ICR needs to be as fast as possible in order to avoid beam spread and therefore

I'The following work has been published in [172].
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Figure B.1: Top: Schematic of the simulated geometry. Bottom: Schematic
showing the two initial position settings of the ions in the trap and their
projection to the position-sensitive MCP.

Element ToF-ICR Voltage (V) | PI-ICR Voltage (V)
XDT -10 -10

XDC 0 -198

X7ZT1,3 0 -2142

X7ZT2 -500 -3010

EL1,3 -20 -3294

EL2 -1200 -550

Extr. Cap Open | O -26

Extr. Tube open | -60 -37

MCP bias -2050 -2050

Table B.1: Applied TOF-ICR and Simulated PI-ICR voltages for each extrac-
tion electrode of the MPET beamline.

to obtain the maximum spacial resolving power.

Starting with a procedure to optimize the extraction voltages for g = le, all
other charge states (up to 37e) were simulated. The phase-image of ions of different
charge states can be seen in Fig B.2. Although all parameters other than the charge
state stay the same, the magnification factor, which represents the radius of the

position of the ions on the detector compared to their position in the trap:

G— Tdetector (B.1)
rtrap
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Figure B.2: Simulation of ion spots of different charge states projected on
a position sensitive detector. Their simulated magnetron radius at the
trap is 1 mm.

increases almost linearly, as a function of the charge state. This effect is related
to the Einzel lens [8] (EL1,2,3) of the extraction optics. An Einzel lens is made
of three consecutive cylindrical electrodes, at which different voltages are applied.
The Einzel lens can have a focusing or defocusing effect depending of the voltage
difference between the central tube and the two other ones that are kept at the same
voltage. In the present case, we need the Einzel lens to create a defocusing effect
at the detector so that the radial position of the ions in the trap is preserved. The
force experienced by the ions travelling through the Einzel lens will scale with their
charge state ¢, as

F=—qVV (B.2)

which causes the ions of higher charge states to gain a larger radius by the time

they reach the detector. As a result, the resolving power of the PI-ICR technique,
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as defined in Eq. 3.31, becomes:

2
TV taeeh+ o TTGlacct+ o TG~ tacc

B.3
Ar+ AI’+ Ar+ ( )

Rpr-icr =
where v, the reduced cyclotron frequency of the trapped ions.

However, it is not only the radius of the ions that increases with increasing the
charge state but also their position spread. Fig B.3 shows the ratio of the radius
versus its position spread (10 of the distribution, assuming a gaussian distribution)
as a function of the charge state. From the plot we can estimate the final resolving

power to be:

Rfinal 1+a

PI—ICR < G " “lacc (B.4)

where o ~ 3/2. Therefore, we conclude that the PI-ICR technique benefits from
using HCI by more than a factor g where ¢ is the charge state and that the implemen-
tation of the technique is feasible in the CryoMPET setup. However, when consid-
ering the charge-breeding of short-lived ions with low production rates, loses due
to charge-breeding efficiency and decay loses due to the time required for charge
breeding can reduce the gain of combining the PI-ICR and HCI. The use of PI-ICR
with highly charged ions or singly charged ions will have to be decided on a case by
case basis based on the required precision, the nuclear half-life and the production

rate of the studied isotopes.

B.2 Towards the implementation of the PI-ICR technique

After the feasibility studies described in the previous section, the experimental
requirements for a possible implementation are discussed:

A new position-sensitive MCP detector (RoentDek DLD40EP [128]) is needed
to replace the existing MCP detector installed at the CryoMPET beamline. The
new position sensitive MCP is equipped with a delay-line anode which is capable of
providing the position information (B.6 (Left)). In addition it uses two MCP plates,
with an approx. 40 mm active diameter, stacked in the Chevron configuration.
In the Chevron configuration, the MCP channels are angled and form a shallow
“V” shape as shown in Fig. B.5. This configuration allows for up to three orders

of magnitude larger electron gains compared to MCP plates with straight chan-
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Figure B.3: Simulated ratio of the radius versus the position spread as a
function of the charge state. Saturation in the ratio r/8r comes from
the increase in the size of the ion spots as the ions move close to the
electrodes and thus experience changes in the electric field due to me-
chanical imperfections.

(,—
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Figure B.4: Schematic of the principle of a position measurement using a
delay line anode. As ions hit the delay line wire, one signal travels
towards each end of the wire. From the difference in the arrival time
between the two signals, the position of the event is reconstructed. Fig-
ure taken from [128].
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Figure B.S: Schematic of two MCP plates stacked in a Chevron configura-
tion. When a charged particle or photon hits the MCP plates, electrons
are produced and accelerated towards the back of the MCP, producing
secondary electrons along the way. The signal is summed and amplified
at MCP back resulting in charged particle detection. Figure taken from
[73].

nels [157]. As ions hit the front MCP plate, secondary electrodes are created and
propagated through the MCP apparatus at an approx. 2 kV drift difference. Once
they reach the back of the second MCP, the signal is recorded. This signal is an
electrical pulse amplified by a pre-amplifier, however it does not provide position
information. Employing voltage dividers, the secondary electrons are propagated
towards the delay anode located behind the MCP plates. The delay anode consists
of a set of two wires that are arranged perpendicularly to each other. Once the
secondary electrodes hit the wires, as can be seen in Fig. B.4, additional electrical
pulses propagate towards both ends of each wire. The timing difference between
the signals at each end of the wire, provides the x and y positions of the ions.

This detector was assembled (Fig. B.6 (Right)) and installed at the beamline
in January 2023. In addition to the detector, the following commercial electronic

components are being used:

* The FT12-TP signal decoupler, cointaining the HVZ voltage divider. This
device takes two SHV input voltages and splits them in six channels: MCP
Front, Back, Signal wires, Reference wires, Delay anode and MCP Holder.
In addition, it contains six LEMO outputs that provide the signals read from

the MCP Front, Back, x1, x», y; and y,. For optimal perfomance, the MCP
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MCP stack

Figure B.6: Left: Picture of the delay-line anode. It is made of two sets of
wires that are arranged perpendicular to each other. Right: The assem-
bled MCP. The MCP stack and the delay anode are pointed with arrows.

Front LEMO output has been terminated with a 50 Q terminator.
* The FAMP1 amplifier that amplifies the signal arriving from the MCP back.

* The Constant Fraction Discriminator (CFD1) that digitizes the amplified sig-
nal from the MCP back. The standard used for the output signal is NIM.

* Two ATR19 units for amplification and digitization of the position signals.
Each unit has two channels.

The NIM signals from the MCP back and the position channels are used as
input to a CAEN Time-to-Digital Converter (TDC) for further processing. The TDC
signals are finally read by the MPET DAq which uses the MIDAS Data Acquisition
software [6], which is co-developped by TRIUMF and PSI. In MIDAS, the five
indepenent signals (MCP-back, x1, y1, xo and y;) are treated in two groups. The
first only contains the MCP back and it is used as a timing signal for the ions, while

the rest give the position information (x,y), if all four signals are in coincidence.
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Figure B.7: Schematic of the electronics and the different signals produced
by the position sensitive MCP. For details see text.

A visual representation of the electronic components and the shape of the signal in
each stage can be seen in Fig. B.7.

All hardware and software upgrades for the implementation of PI-ICR have
been completed. Currently, the technique is being tested with the aim to be used
in CryoMPET’s first experiment with RIB, which is scheduled to take place in
September 2023. In this experiment, the Q-value of *®Sc-**Ti will be measured

with the aim for a §m/m ~ 10~ precision.
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Appendix C

Technical details for the
commissioning of CryoMPET

During the CryoMPET assembly and commissioning phases, a number of proce-
dures and techniques were developed (such as RF testing, tuning and trapping in
CryoMPET etc.) which are necessary when operating the trap. This Chapter pro-
vides procedured on how to optimize aspects of CryoMPET and how new devices

(such as new RF drivers, LS filters etc) were implemented.

C.1 RF function tests

In the current design of CryoMPET, almost none of the trap electrodes can be ac-
cessed for continuity check as well as for investigation of electrical shortcuts. The
situation is even more challenging because of the fragility of the cryogenic wires
connecting the trap to the shield, which can easily be cut resulting in disconnecting
an electrode from its power supply (for more information behind the trap wiring
see Fig. 7.9).

A method applied in previous installations which has proven beneficial to sys-
tematically confirm the status of trap wires is the “RF test”.

RF tests determine the the voltage pick-up induced by neighbouring electrodes.
A sine wave is supplied to one of the trap electrodes using a function generator. The

supplied voltage induces a voltage in each neighbouring electrode, the amplitude
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In;. Inj. Guards Ring Ring Ring Ring Extr. Extr.

Tube Cap +HS -HS +CF -CF Cap Tube
Inj. Tube 05 03 0.1 02 0.1 0.1 0.1 0.1
Inj. Cap 0.5 0.4 0.1 02 0.1 0.1 0.1 0.1
Guards 0.3 0.4 03 03 02 04 05 03
Ring +HS | 0.1 0.1 04 0.1 02 02 0.1 0.1
Ring -HS | 0.2 02 03 0.1 02 01 0.1 0.2
Ring +CF | 0.1 0.1 0.2 02 0.2 0.1 0.1 0.2
Ring -CF | 0.1 0.1 04 0.2 02 0.1 02 0.1
Extr. Cap | 0.1 02 05 02 02 02 02 0.4
Extr. Tube | 0.1 0.1 03 0.1 02 02 0.1 0.4

Table C.1: RF-test in vacuum. Measurements are in Volts. The applied volt-
age in each case is V,,, = 1 V. Values in bold depict pick-up values of
neighbouring electrodes.

of which depends on the distance between the electrodes and can be monitored.
Therefore, an unusually large pick-up signal (for example 1 V for a 1 V input
signal) can indicate an electrical contact while a suspiciously small signal (for ex-
ample 0.05 V for a 1 V input signal) can indicate a faulty wire.

This test was performed at various stages of the assembly and installation and
the values between different tests were compared for consistency. An example
from when the trap was installed in the beamline can be seen in Table C.1.

Overall, there is a ~ 0.1 V pick-up signal regardless of the relative position
of the electrodes, possibly coming from the proximity of the wires. However,
neighbouring electrodes (Table C.1 values in bold), usually show pick-up voltages
significantly higher than the baseline, as for example the case between injection
tube and injection cap electrodes where the amplitude of the pick-up signal is 0.5
V. A picture of the trap electrodes and showing which electrodes are closest to each
other can be seen in Fig. C.1 The most useful test is by supplying a voltage to the
guard electrode and detecting the pick-up signal on all other electrodes. Due to
their geometry, the guard electrode induces a significant pick-up signal to all of the
trap electrodes and therefore offers a good comparison.

The values of Table C.1, for neigboring electrodes are large enough (Vy;ckup >
0.1 V) to indicate that all the electrodes are still connected but too large (Vpicxup <
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Figure C.1: The CryoMPET trap electrodes.

1 V) to suggest an electrical contact (short).

After the trap was installed in the superconducting magnet bore, pumped down
and all the specified checks were performed, K™ ions were tuned through the
beamline from the TITAN Ion Source (TIS). The final test of the connectivity of
the electrodes was performed by blocking the 3*K* beam. The beam coming from
TIS usually has a kinetic beam energy of 2.2 keV, as described in Chapter 4, and
therefore can be blocked by any voltage potential larger than 2.2 kV. The beam
was responsive to voltages applied from all injection and extraction electrodes, as
indicated by the loss of ions on the detector for applied voltages that surpassed the
2.2 kV threshold. However, the trap voltages cannot be biased to more than 200 V
and therefore the beam energy needed to be first reduced using the PLT electrode.
With the low-energy beam, all trap electrodes can be biased sufficiently high to
reflect the beam, verifying the RF tests.
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C.2 Beam Tuning: Selecting ions of interest and
optimizing beam energy and position in CryoMPET

A beam of stable alkali ions can be produced by TIS, which is located south of the
TITAN RFQ. For delivery of beam to the CryoMPET, the ion source was heated
up to 1.15-1.25 A. At the lower current, mostly 133Cs (Ejpp = 3.84 €V) and 338Rb
(Eion = 4.18 V) are ionized while for the higher current, there is additional pro-
duction of 3K* (Ej,, = 4.34 V).

Although all alkali ions can be transported and trapped in CryoMPET, ¥K™ is
preferred for Penning trap commissioning with TOF-ICR because, due to its lower
mass, it results in larger TOF-effects. Selection between Rb, Cs and K ions is ac-
compliced by selecting the switching time of RFQ’s pulsed drift tube (PB5) and
utilizing the different time it takes for ions of different mass to arrive at that posi-
tion. The PBS5 switches from 1.78 kV to ground thus defining the kinetic energy
of the ions to 2.2 keV (the difference between the RFQ bias: 20 kV and the PB5
switch high voltage), provided that the ions of interest are in a field-free region
near the center of PBS when it switches. The beamline ion optical elements are
operated such that only ions with an energy of ~ 2.2 keV are transported to Cry-
oMPET and therefore, by selecting the right point for PB5 to switch, the ions of
interest can be transported. An example of the selection process can be seen in Fig.
C.2, where Time of Flight is the time required for the ions to travel from the RFQ
to the detector after CryoMPET and PB)5 delay is the time point when the voltage
of PB5 switches in reference to the extraction from the RFQ.

As can be seen in Fig. C.2, potassium ions can be separated from rubidium
ions by selecting a PB5 delay #pgs < 12000 ns. It is not possible to select between
KT and #'K* using the PB5 electrode, as this process does not provide sufficient
resolving power. To eliminate *'K* during commissioning, a Bradburry-Nilsen
(BNG) Gate [39], located approximately 1 m before CryoMPET, was used. A BNG
Gate consists of two grids of wires that are located perpendicular to the beam’s
axis, as can be seen in Fig. C.3. The two sets of wires are supplied by two opposite
polarity voltages (AV = 300 V), that deflect the ions that pass through the grid
(see Fig. C.3 (right)), except for a window of time (usually 10 tts) when the ion of

interest is expected (see Fig. C.3 (left)) where the voltage asymmetry is eliminated.
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Figure C.2: Plot of the Time of Flight at MPET as a function of the extraction
timing from the RFQ. The choice of extraction time determines the
species that is transferred to MPET. The species that are available for
off-line testing are shown in the figure.

At this point, the voltage difference is set to zero, allowing the ions to pass through.
Similarly to the PB5 delay, the time at which the voltage difference between the
BNG wires becomes zero, can be scanned to determine the optimal time. Figure
C.4, shows an example of that type of scan. For early BNG switching times there
is a setting where only K™ ions are passing through (blue arrow) while for late
times, there is one setting where only *'K* ions (orange arrow) are transmitted.
After the settings for delivery of a clean 2.2 keV 3¥K* beam have been deter-
mined, the beam needs to be slowed down to a few-tens of eV so that it can be
trapped in CryoMPET which has a 40 V axial trap depth. This is achieved with a
second Pulsed Drift Tube (PLT). The PLT voltage switches from 2 keV to -180 eV,
with a pulse duration of 10 ms. The timing of the PLT switching pulse is scanned
to find the optimal time, as can be seen in Fig. C.5. When the ¥K™ ions are slowed

down successfully, they arrive in the detector significantly later, and therefore the
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Figure C.3: A schematic of the BNG electrode and its principle. The figure
on the left shows the voltage settings under which ions pass through the
BNG unaffected. The figure on the right shows the voltage asymmetry
that causes the ions that pass through to be reflected and removed from
the beam.
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count rate in the observation window becomes zero as can be seen in Fig. C.5.

When the ions are slowed down to a few eV, they can be axially trapped in the
40V trap by properly setting the closing time of the trap, as depicted in Fig. C.6. In
every measurement cycle, the trap voltages switch between three configurations: 1)
injection, ii) capture and iii) ejection, which can be seen in Figure C.6.

In order to achieve large TOF effects, the axial energy of the ions should be
minimal. This is, as the axial energy determines the baseline of the TOF resonance
spectrum. This is achieved by optimizing the PB5 voltage, the PLT high voltage
(PLTp) and the capture time in the trap. For the PB5 and PLTp distributions, the
optimal value corresponds to the maximum voltage for which there is no loss in
counts (see for example red arrow in Fig. C.7) while for the capture time, it is the
timing where the TOF of the ions is large while the width of the TOF distribution

(o70oF) is minimum (see for example Fig. C.8). When o7,F is not minimum, it
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Figure C.4: Scanning of the BNG switching time to select 3°K* from 'K ™.
The arrows show the setting where only 3°K™ (blue) or 'K (orange)
is transported to MPET.

indicates that some the ions experience switching fields resulting in an increase of

the their energy spread [44].

C.3 RF excitations in the Penning trap: Integration of
the new Phase Splitter electronic system in the
CryoMPET DAQ

Mass measurements with TOF-ICR utilize the application of RF excitations that
cause the conversion between the ion’s eigenmotions.

For MPET, the RF excitations were provided by two Arbitrary Function Gener-
ator (AFG): one for dipole and one for quadrupole excitations. The signal of the
AFGs was then split by a 0°/180° splitter to four different signals, with appropri-
ate polarity depending on whether a dipole or quadrupole excitation was applied.

After the splitter, the signal was amplified and then mixed with a DC bias before
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Figure C.5: Scanning of the PLT switching time for *K* ions. The dis-
appearance of counts indicates the successful energy reduction of the
ions. The PLT switching time uses the point in time when the ions are
extraction from the RFQ as a reference.
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Figure C.6: Trap schematic of the potential during injection, capture and
ejection.
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Figure C.7: PLTp voltage scan. Red arrows indicate the optimal voltage set-
tings. The plot on the left shows the distribution of counts as a function
of the PLTp voltage while the picture on the right shows the Time-of-
Flight as a function of the PLTp voltage.
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Figure C.8: Capture time scan. The optimal capture time corresponds to a
large Time of Flight (blue) and a small o7, (orange).
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Figure C.9: Schematic of the new RF system for CryoMPET. An arbitrary
frequency generator (AFG) produces an RF pulse of chosen frequency
and amplitude. The AFG signal is then split and inverted by the RF-
40MD module with the option of a dipole or quadrupole pulse. Four
signals are produced from the RF-40MD module that are sent to the
segmented ring electrode of the trap.

being sent to the segmented guard electrodes.

In CryoMPET, the RF design is significantly changed. The RF pulses are no
longer applied to the guard electrode but to the ring electrode instead. This re-
duces the amplitude required for dipole excitations because the ions are signifi-
cantly closer to the surface where the RF is applied. However, it requires the central
ring electrode to be segmented which can introduce mechanical misalignments. In
addition, the compex RF splitting and amplification system has been replaced with
the RF-40 MD: A custom made AC drive for ion excitations, manufactured by
Stahl Electronics. Unlike the previous system, RF-40 MD performs the splitting,
the RF amplification and the DC mixing, thus eliminating the need of additional
electronics. It is designed to provide an RF voltage of the range from 0 to 10 'V,
with a frequency range between 5 kHz and 40 MHz. A schematic of the current
RF system can be seen in Figure C.9.

Figure C.10, shows a typical LS voltage scan in CryoMPET: the voltage asym-
metry of two opposite segments of the LS (in this case LSXP and LSXN) is varied
and and the counts and TOF of the ions are recorded. In addition, while the ions are
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Figure C.10: Lorentz Steerer voltage scan. Voltage assymetry is the voltage
difference between two opposite LS electrodes (for example LSXP
and LSXN). Left: Count rate as a function of the voltage asymmetry.
Right: Time-of-Flight as a function of the voltage asymmetry.

trapped, a quadrupolar RF pulse is applied, on resonance with the ions’ cyclotron
frequency: vgr = v, (orange) or off resonance: vgr # v. (blue). The LS settings
at which the ions are trapped in the center of the trap (without any magnetron mo-
tion), can be found by the intersection between the on-resonance TOF pattern and
the off-resonance one (see arrow in Fig. C.10). If the ions are in the center of the
trap, they have no magnetron energy which can be converted to reduced cyclotron
motion and therefore, their time of flight is independent of the applied RF. How-
ever, as the ions are placed further and further away from the trap center using the
LS voltage asymmetry, their magnetron radius increases. If the RF frequency is
on resonance with V. the increased magnetron radius converts into a reduced cy-
clotron radius, and thus the kinetic energy of the ions increases causing them to fly
faster to the detector. Therefore, as the voltage asymmetry increases, so does the

TOF difference between the on resonance ions and the off resonance ions. A good
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setting for a quadrupole resonance is one that maximizes the difference between
the TOF for on- and off- resonance.

As mentioned in Chapter 3, the amplitude of the quadrupole pulse required for
one full conversion is inversely proportional to the excitation time and it depends
on the magnetic field and the trap radius. Due to CryoMPET’s new dimensions, a
different conversion formula was established.

The TOF of ions experiencing a resonant pulse for 7,..= 100 ms can be seen in
Figure C.11. For each Vgr the amount of magnetron motion that is converted into
reduced cyclotron motion varies. Figure C.12, shows the corresponding TOF reso-
nance for three different values of Vg, depicting different amounts of conversion
between magnetron and reduced cyclotron motion. The RF amplitude required for
a full conversion can be found by looking at the TOF of ions as a function of Vgp
when v = v,.. The result of such type of study can be seen in Fig. C.11, where the

desired Vgr can be derived by fitting a damped sine wave
ToF = Acos(BVgr +C)e FV® + D

to the data. The fit can be seen in Fig. C.11 with an orange line and its parameters
are:
A=9.1£04us

B = 0.03070 4 0.00006 mV !
C=6.25+0.04
D=859+0.1pus

F=59-1074+6-102mv!

For one full conversion for #,,, = 100 ms, the RF amplitude required is Vgr =

105+ 1 mV and therefore, the conversion formula for CryoMPET is:
VerTrr = 1.05-10*mV - ms (C.1)

Although this value depends on the magnetic field strength and hence varies
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Figure C.11: Time of flight of ions on resonance for different RF voltages.
The data are fitted to an damped sine function.

with the field, it provides a starting value and allows in determining the properties
of CryoMPET.

C.4 DC electronic filters for the Lorentz Steerer power
supplies

During the commissioning of CryoMPET, we found that, with switching the volt-
age of PLT electrode to slow down the beam energy, the LS power supplies were no
longer able to efficiently regulate the voltage applied to the Lorentz Steerers, which
are next to the PLT, especially when low (V < 20 V) voltages where applied to the
Lorentz Steerers. As can be seen in Table C.2, the current read-out for V/27"“! = 0
was 100 u A, while the voltage read-out was fluctuating by several volts.

To reduce the induced voltage and current, RC filters were constructed and
placed between the power supplies and the LS electrodes (Fig. C.13 (left)). In

an RC filter, the capacitor offers a path to ground for any potential unwanted AC
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Figure C.12: The time of flight resonance for different conversion times.
Solid lines indicate fits to the experimental data.

Verr (RV)  VEPT (V) AV (V) T (uA)
1.8 0 4 100
1.8 -50 0.01 20

Table C.2: Response of LS power supplies when the PLT electrode switches
from 1.8 kVto O V.

components while it does not affect the DC current that flows from V, to V,,,. A
schematic of the RC filter can be seen in Fig. C.13 (right).
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Figure C.13: RC filters for the Lorentz Steerer power supplies. Left: Photo

of the assembled RC filters. Right: The circuit schematic of the RC
filters.
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