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ABSTRACT

Nuclear masses are fundamentally important to understanding the various interactions occurring
within the atomic nucleus. In particular, it is known that the mass of an atomic nucleus is lighter
than the sums of all constituent proton and neutron masses: some of the mass is converted into a
‘binding energy’ acting to hold the nucleus together. The extent of this binding energy for a given
nucleus can only be revealed through high precision mass measurements. Precise mass information
of rare nuclei—who decay after mere fractions of a second—are particularly valuable as they serve
as sensitive probes for nuclear theory and inform predictive models of nuclear properties.

Near the limits of nuclear existence, where one fewer/additional neutron makes the nucleus
proton-/neutron-unbound respectively, radioactive nuclei can exhibit various exotic features. For
example, the normally exceptionally small and dense nucleus can have a nucleon which extends
far beyond its typical radius. These so-called ‘halo structures’ provide stringent tests of nuclear
structure models, yet experimental information remains sparse as these nuclei are quite rare and
often very challenging to produce. Precise knowledge of the binding energy (and consequently
mass) is paramount to understanding the role of weak binding in the emergence of the halo structure.

Penning trap mass spectrometry (PTMS) remains the most precise technique to determine
nuclear masses, and can access radioactive nuclei with half-lives down to tens of milliseconds.
State-of-the-art radioactive beam facilities, such as the Facility for Rare Isotope Beams (FRIB), have
made tremendous progress expanding the reach for experiments with the most exotic radioactive
nuclei. However, many of the isotopes of highest scientific impact may still only be produced at rates
of a few ions per day, making precise measurements challenging if not infeasible. Measurement
techniques with higher sensitivity remain critical to access the much-needed masses of these
isotopes.

The Low Energy Beam Ion Trap (LEBIT) facility at FRIB has utilized PTMS for the last 18+
years to measure the masses of many rare and exotic isotopes. The work details the experimen-
tal facilities as well as developments to the recently implemented phase imaging ion cyclotron

resonance (PI-ICR) Penning trap mass measurement technique. Demonstrations of PI-ICR’s capa-



bilities show a significant improvement in the achievable mass precision with fewer detected ions
than the traditional PTMS technique. Detailed studies of the systematic uncertainties inherent to
PI-ICR are also discussed. Lastly, a precise mass measurement of aluminum-22 is presented, which
was suggested to exhibit a proton halo structure from recent experimental measurements of nearby
nuclei. Predictions from theory constrain and challenge the existence of a proton halo structure,
despite the exceptionally small binding of the valence proton determined from the newly measured

mass.



Copyright by
SCOTT E. CAMPBELL
2026



Dedicated to the memory of my Gogo and Papa, whose exceptional contributions to science and
education were equally matched by their reverence to life—for music, for family, and for the
endless curiosity that makes the world special.



ACKNOWLEDGEMENTS

I’ve had the pleasure of working alongside an incredible group of graduate students during my
time at LEBIT. Special thanks are owed to Issac Yandow whose infectious kindness and optimism
motivated me to join the group in the first place. I deeply admire both Christian Ireland and Hannah
Erington for their incredible persistence, playful banter, and work ethic which continues to inspire
me. The experimentalist I’ve become is in no small way attributed to their support commiserating
through the lows and rejoicing in the highs during the many late nights and seemingly endless
curveballs thrown our way. I also appreciate the career advice and continued support from Franziska
Maier during the last few years.

I hold my deepest appreciation for my advisor Ryan Ringle, especially his willingness to
provide a continual supply of artisanal coffee. 1 am grateful for the many uniquely challenging
and rewarding projects over the course of my studies, and for the many discussions when a wrench
was inevitably thrown into our plans. I especially appreciate all the heartfelt advice and guidance
while I navigated the different stages of my PhD. Similarly, I am very grateful to my committee:
Kei Minamisono, Scott Pratt, Reinhard Schwienhorst, and Hui-Chia Yu. Their encouragement and
extensive knowledge was invaluable over the course of this program.

The entire team of scientists and staff at FRIB are truly inspiring. The willingness and openness
of everyone to pitch in and make every experiment possible was instrumental to the many successful
measurements we were able to make. In particular, I'd like to thank the gas stopping group for their
continual assistance and expertise especially during the experimental run for my thesis data. I was
also incredibly fortunate to collaborate with both Alex Brown and Kevin Fossez whose theoretical
expertise was essential to the results.

This work would not have been possible without the Department of Energy National Nuclear
Security Administration and the Stewardship Science Graduate Fellowship (DOE NNSA SSGF)
and their generous support of both me and the research I have been fortunate to participate in. The
practicum at Lawrence Livermore National Laboratory supported by the fellowship program was

incredibly insightful. Special thanks are due to the BEARTrap collaboration who I was fortunate

Vi



to join during the experience. I'd also like to extend thanks to the superheavy elements group at
the GSI Helmholtzzentrum and the Deutscher Akademischer Austauschdienst RISE Professional
Internship program. My time studying and exploring in Germany was especially fruitful to this
work. My time there was only made better by the many friends and colleagues who welcomed me
so warmly.

To my friends: the generous and kind presence you have brought to my life has meant more
to me than you can know. You remind me to step back and appreciate the world and the beautiful
things within. I could never have expected the incredible generosity and selflessness that each of
you have extended towards me. You inspire, motivate, and challenge me in immeasurable ways and
I am a better person for it.

I can hardly express how important my family has been to me during my studies. Each
and every one of you continuously inspires me with your incredible love, support, and all our
amazingly unique talents. You sparked my first love for science and nurtured my (often chaotic)
experimentation at every turn. To Susan, Mary, and Kyle: you have always been my closest
confidants and it means the world that I can always turn to you for a sympathetic ear. To my mom
and dad: your endless encouragement coupled with an adventurous spirit has seen us through so
many wonderful experiences forming the foundations of who I am. I love you all from the bottom

of my heart, and can’t wait to see what our next adventures hold.

vil



PREFACE

During the last year of my PhD, I have spent a significant amount of time reflecting on my research.
Perhaps one of the most challenging aspects has been stepping back and contemplating how the
broader public perceives and engages with such niche science. As someone funded by government
grants, I feel it’s necessary to open that discussion and share the importance of fundamental science
even when the results often feel intangible. It is my sincere hope that both the depth of this work
and the care with which it has been carried out reflect my commitment to upholding the public
trust.

I wrote the following essay over the course of my studies and while processing what that science
has meant to me. The original drive to start this project was never really clear, though maybe now

I hope you can find a quiet connection with one of the people carrying out science.

Working in Circles

Stillness has never been in my nature. From custom book binding to technical scuba diving,
the ebb and flow of my focus across time is powered by a deep desire to understand how something
works. Immersing myself into a new obsession is thrilling, but also bittersweet once my narrowed
focus leaves other interests on the back-burner. Though, thinking back to the many complex
problems I’ve tackled—Ilike troubleshooting a faulty scuba tank 150 feet below Lake Michigan—
I’m constantly returning to the skills I've built across my many hobbies. Once I saw that this blend
of intellectual curiosity and critical thinking thrived in science, I was instantly hooked. Trusting
my instinct to explore broadly has guided me through my first nervous steps in nuclear physics
through the scientist I’ve now become.

I’m delighted when connections appear across interests, especially so in science where they tend
to surface in unanticipated ways. This is certainly the case in experimental physics, where finding
creative solutions often means rolling up your sleeves and getting your hands a bit dirty—and I love
that. It takes an incredibly diverse set of skills and people to make even the simplest experiments

possible. I take part in everything from designing the electrodes and electronics which precisely
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guide ions towards a detector, down to the software that records and analyzes the results. I'm
consistently amazed when I step back and can see my fingerprints on every part of the nuclear mass
measurements I perform.

Just as gratifying is seeing the broader impact of something I took part in. In the case of atomic
nuclei, precisely determining their masses provides invaluable insight into the forces responsible
for their existence in the first place. Questioning why a nucleus exists hadn’t really crossed my mind
before, and I was quite amazed once I started looking a bit closer. The nucleus is a pretty surprising
entity: except for hydrogen, every element has several protons and neutrons packed extremely close
to one another. And much like two magnets try to repel each other when brought too close, each
proton is actively working to push away all the others. So why doesn’t everything just instantly fly
apart?

Astonishingly, the nucleus overcomes this repulsion by converting some of its mass into energy
that binds itself together. This is a perfect example of Einstein’s most famous equation E = mc?.
When we measure the mass of an atom, we see this relationship in action: the mass of the nucleus is
less than the sum of all protons and neutrons. The difference turns out to be a unique fingerprint for
each atom, and encodes just how strongly it will resist decaying to a more stable form among other
features defined by its configuration. With this knowledge, the seemingly humble mass informs
theoretical models across a vast scale: from the structure of matter up to the processes actively
creating the elements inside stars.

Adequately probing the forces responsible for keeping the nucleus bound requires mass preci-
sions better than one part in ten million—that’s equivalent to weighing a quarter relative to a 737
jet! To study these masses in the laboratory, we suspend atomic ions in space through a precisely-
tuned electric field within a powerful magnetic field around 2000 times stronger than your average
fridge magnet. While trapped, each ion traces a circular path where its mass reveals itself through
a characteristic rotation speed. With slow and careful measurements we gradually focus into this
unique frequency to better than part-per-billion resolution in some cases.

Many of the nuclei critical to furthering science are so rare that only a few may be produced
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per day, even at world-class facilities. Atoms must be accelerated extremely fast and smashed
into a target, where one might happen to break apart as an interesting new nucleus. When only
a handful of particles are available to study, every measurement becomes a valuable part of the
collective record. It takes a village—almost literally—from operating the accelerator, separating
the few particles from quintillions of others (imagine differentiating one grain from all the sand on
Earth!), and finally preparing them for experiments. The ultimate measurement reflects the many
specialized hands at work as much as the nucleus itself.

Participating in collaborative science has changed me in quiet ways too. For someone never
quite comfortable with stillness, committing to one path often felt like I was leaving behind parts
of myself I wasn’t yet ready to let go. Working with these fleeting particles has shifted my mindset,
leading me to embrace all the wonderfully unconventional parts of myself and the unexpected
ways they’ve complemented me as a scientist. The way I view my research today is as much an
exploration of myself as the tiny particles I study: a continuous exchange of energies between

curiosity and reflection.



The use of generative artificial intelligence (GenAl) in this document followed the guidelines
developed by the European Commission for use in research [1]. GenAl was not used in the

interpretation, analysis, or writing of any results.
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CHAPTER 1

INTRODUCTION
The atomic nucleus is a rather surprising entity, where a large number of positively charged protons
are held together in incredibly close proximity. Classical understandings of electromagnetic forces
would prohibit anything beyond hydrogen from existing as the protons would immediately be forced
apart by Coulomb repulsion. We now understand that there are additional fundamental forces of
nature which also act upon the protons and neutrons in a nucleus forming a ‘stable’ structure.

The strong nuclear force provides an exceptionally strong attraction between the nucleons at
short ranges, overcoming the Coulomb potential at ranges ~0.8 x 10™1> meters (about the radius of
a proton), but dwindling around 2.5 x 10~1> meters. The weak nuclear force governs the interaction
between subatomic particles and is responsible for the majority of radioactive decay processes in
nuclei. Certain combinations of protons and neutrons are very stable against decay and constitute
all the elements we observe on Earth. As the imbalance of protons and neutrons grow, the nuclei are
more prone to decay and are considered ‘unstable’. Studies of these unstable nuclei, especially at
and near the limits of stability, provide invaluable insights into the interplays of the nuclear forces.

This chapter introduces key concepts in our current understanding of the nuclear forces through
nuclear structure models, followed by experimental mass measurement techniques which can

directly probe the strong force.

1.1 Foundations of Nuclear Structure

A brief introduction to theoretical and experimental concepts underpinning nuclear structure is
provided to contextualize complicated discussions later in this work. For a comprehensive review,
the reader is directed to [2, 3].
The nucleus is a fascinating and deeply complex quantum system which is governed by several
fundamental forces and restrictions:

* The strong interaction acts to bind the protons and neutrons together over very short distances

* The electromagnetic force acts repulsively between all protons



* The weak force governs decay processes in the nucleus (e.g. beta decay)

* The Pauli exclusion principle dictates key quantum properties for each nucleon

Despite the fact that most nuclear systems are composed of a relatively small number of constituents,
there exists no exact analytical solution for understanding the nuclear structure of even the simplest
systems. As such, nuclear structure requires the use of phenomenological models and approxima-
tions to describe these fundamentally important systems. Thankfully, there are a number of key
observables and experimental probes which are used to characterize and infer nuclear structure,
including:

* Nuclear masses and binding energies
* Nuclear radii and density distributions
* Electromagnetic moments and transition rates

» Excitation spectra

Each of these observables provide valuable insight into the role of nuclear structure across a range
of nuclear systems.

Of particular relevance to the work presented in this document is the nuclear mass. Figure 1.1
illustrates how the nuclear mass (via the nuclear binding energy) can highlight important nuclear
structure features, and was one of the earliest indicators of a nuclear shell-structure. Nuclear

binding energy is defined as
B(3Xy) = |2 mp+ Ny —m (Sxx)| (1.1)

where the notation %‘XN defines the isotope with mass number A equal to Z protons plus N
neutrons; m,, m, are the proton and neutron masses. As shown in the plot, certain numbers of
protons/neutrons have abnormally strong binding energy, and additional experiments have found
that nuclei with either N or Z equal to 2, 8, 20, 28, 50, 82, and N = 126 are particularly stable.
These special numbers are referred to as magic, and nuclei with that number of protons/neutrons

are called magic nuclei.
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Figure 1.1 Experimental binding energies normalized by the nuclear mass number A = Z + N.
Only odd-even nuclei (or an average of neighboring nuclei for even masses) are shown such that
there is no impact from nuclear pairing. Distinct kinks towards higher binding energies at certain
‘magic’ numbers (shown in red) can be observed, indicating the nucleus has a shell-like structure.
Adapted from [2].

A number of theoretical nuclear models have been developed to describe nuclear properties,
starting with the liquid-drop model in the 1930’s. A more advanced and robust description of the
nucleus is through a ‘shell structure’ where an ordered hierarchy exists inside the nucleus where
protons and neutrons are arranged in stable quantum states within their own potential wells. To gain
insight into the specifics of the nuclear shell model, consider first the analogous atomic shell model:
electrons bound to an atom are arranged in hierarchical energy shells. The Pauli exclusion principle
determines the number of electrons which exist at the same energy based on other available unique
quantum states, labeled by the principle quantum number 7, orbital angular momentum ¢, magnetic
quantum number m,, and spin quantum number m;. The shell an electron occupies have labels

such as 1s, 2s, 2p, etc. to note the quantum numbers n and ¢ respectively. Filled electron shells

result in particularly stable atomic configurations. Electrons in the atom can be excited to higher



energy levels, and de-excite accordingly. Electrons which only partially fill a shell are referred to
as ‘valence electrons.’

Shifting back to the nuclear shell model, a number of similarities exist. Since protons and
neutrons are distinguishable particles, they arrange into independent shell structures while satisfying
the Pauli principle. Each level in a shell model is uniquely labeled by a set of quantum numbers.
The choice of potential energy function determines the relevant quantum numbers and energies of
each bound state. For example, an infinite well potential is fully described by a principle number
n and angular momentum number £. A more complex potential which accounts for the spin-
orbit coupling of the nucleons requires an additional ‘total angular momentum’ quantum number
j. Figure 1.2 provides a comparison of the levels for three different potential energy functions
(increasing in realism).

Considering the experimental evidence discussed earlier, only the shell model potential with
the Woods-Saxon and spin-orbit coupling form adequately replicates the observed magic shell
closures of stable nuclei. Of particular interest is the fact that the choice of the nuclear potential
function can cause drastic shifts in the ordering of the shell model levels. This becomes particularly
relevant when predicting the properties of exotic nuclei existing far from stability. For these
nuclei, a more detailed description of the nuclear potential is typically required, and the level
ordering becomes sensitive even to minor adjustments. This sensitivity is further amplified by
the deformed shapes (i.e. non-spherical) many exotic nuclei exhibit [4]. The success of the shell
model in accurately modeling the nuclear potential relies on a continual validation of the predicted
properties of these nuclei with new experimental observations. Mass measurements of unmeasured
nuclei provide insight into the strength of the strong nuclear force via the binding energy, and serve
as an especially useful probe of nuclear models [5,6]. The next section discusses some of the

implications for nuclear structure for some of these exotic nuclei.
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1.2 Exotic Nuclear Structures at the Limits of Existence

Because the nuclear strong force acts over such a short distance, there are finite limits for
the combinations of protons and neutrons which form a stable nucleus. For simplicity, we often
characterize the nucleus by the element (aka proton number) as that characterizes the chemical
properties of the atom. Each element can also have different numbers of neutrons, which are
referred to as ‘isotopes’ of that element. From the perspective of the strong force, too few neutrons
in the nucleus will provide insufficient buffering between the protons and one (or more) of the
protons are quickly ejected. On the other hand, too many neutrons also isn’t stable. As the nucleus
grows larger, the strong force no longer reaches the protons and the neutrons fill the loosely bound
high-energy levels. Eventually, one (or more) of the weakly-bound neutrons is also quickly ejected
from the nucleus.

These limits define the proton and neutron ‘drip lines’ [7] determined by the strong nuclear
force. As one might expect, the nuclei on these drip lines can behave in exotic and unexpected
ways which are often challenging to accurately predict [8—15]. These short-lived nuclei serve
as are critical probes for evaluating the current understanding of nuclear science [5, 16]. Of the
many interesting decay modes and exotic nuclear structures which have been observed [17, 18], the
‘nuclear halo’ presents as especially interesting feature, and will be discussed here in particular
given the relevance to later work.

A halo structure is one of the most exotic cases of a deformed nucleus, where one or more of
the nucleons exists at a much larger radius than the rest of the compact nucleus. While most nuclei
are non-spherical, despite the extreme density of the nucleus [4], the extent is often rather small.
These deformation effects are the result of a complex interplay between often unbalanced quantum
properties, independently between the protons and neutrons. The extent of the deformation of
a nucleus provides insight into the underlying nuclear forces. For example, a nucleus with a
valence nucleon in the 51/, shells is characterized by a particularly diffuse spatial distribution of
the nucleons, and is more susceptible to deformed shapes such as a halo structure.

Nuclei which exhibit an abnormally large charge/matter radius are characteristic of a halo
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Figure 1.3 Comparison of the size of two-neutron halo nucleus lithium-11 to lead-208. Note that
the halo neutrons extend to a radius comparable to that of the compact lead nucleus.
structure. This is the result of one or more valence nucleons experiencing a very weak binding to
the rest of the core nucleus. The change in size of the nucleus is dramatic: Fig. 1.3 shows the radius
of two-neutron halo ''Li which is comparable to that for 2°Pb. Halo nuclei are uniquely positioned
to provide critical insights into the evolution of nuclear forces at the limits of nuclear existence,
see [15,19-21] for recent reviews. Proton halos, where valence proton(s) form the halo, exist near
the proton-drip line and are relatively uncommon compared to their neutron counterparts. The
balance of the Coulomb force and nuclear strong force tend to prevent a proton halo from forming:
if the proton is too far from the core nucleus, the Coulomb force will dominate the strong force.
Proton-rich nuclei, where proton halos can exist, are also challenging to study experimentally due
to low production rates at the majority of rare isotope facilities.

There are a number of unique properties which define a halo structure. As alluded to above,
a significant matter radius must exist in addition to a very weak binding of the valence nucleon
noted by the separation energy S,, S, for protons and neutrons respectively. Both of these can be
observed experimentally, such as isotope shift measurements [22] to determine the charge radius

(relevant for proton halos), and precision mass measurements to determine the separation energy:

Sy (4%v) = B (4xx) - B (471 xx) (1.2)

= |m (31x0) = (330) 4 my | . (1.3)



From a theoretical standpoint, a halo structure is also characterized by valence nucleons is the s; />
shells [21], where the intrinsic weak binding and spatial diffuseness help to support a halo structure.
Determining whether or not a given nucleus exhibits a halo structure comes down to understanding
these three features. For a detailed investigation of a potential halo candidate, Chapter 6 discusses

the recent experimental measurements for 22Al which is thought to exhibit a proton halo.

1.3 Precise Mass Measurements for Nuclear Science

Nuclear masses are one of the most fundamental nuclear observables, and are critical to
understanding nuclear shell closures, pairing effects between even-even and odd-odd/odd-even
nuclei, as well as deformations and collectivity. Precise mass information across the full range
of elements/isotopes remains vital to many fields of nuclear science, such as nuclear astrophysics,
fundamental symmetries, and nuclear structure.

As discussed earlier, the strong force binds a nucleus together by converting some amount of
the nucleons’ mass into potential energy. This is a consequence of Einstein’s famous mass-energy
equivalence theorem [23], E = mc? which shows the interchangeability of mass and energy. The
energy difference between the bound nucleus and the mass of the constituent nucleons is called
the nuclear binding energy. Tightly bound nuclei, such as iron-56, have large binding energies.
Despite knowing the masses of the protons and neutrons exceptionally well, ~0.03 ppb for the
proton [24] and ~0.4 ppb for the neutron [25], the binding energy is unique to a given nucleus
and can only be determined experimentally. The Atomic Mass Evaluation (AME) [26] publishes
a least-squares fit to all experimental masses for known nuclei, which includes extrapolations for
nuclei with no current experimental information.

Highly radioactive and exotic nuclei remain challenging to produce at rare isotope facilities,
often resulting in limited experimental data for these isotopes, and no measurements for many more.
For mass measurements in particular, many of the known nuclei have yet to reach the precisions
needed to inform the relevant sub-fields of nuclear science, as summarized in Fig. 1.4.

Modern experimental mass measurement techniques [27] are principally limited in achievable
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Figure 1.4 Current mass precisions as presented in the 2020 Atomic Mass Evaluation [26] for the
known isotopes. Isotopes with experimental measurements have a black border, while
extrapolated values do not. The current trends highlight the need for continued measurements of
rare isotopes far from stability. Precisions of 6m/m~107%, 1077, and 10~® are needed to make
meaningful insights to nuclear structure, nuclear astrophysics, and fundamental symmetries
studies respectively.
precision by the duration the measurement can be performed. More often than not, this is determined
by the half-life of the rare isotope and the rate at which it can be produced. The mass measurement
technique employed for a given isotope of interest is then chosen with this restriction in mind. A
comparison of some common techniques given these restrictions is shown in Fig. 1.5.

Direct mass measurement techniques make use of time-of-flight, magnetic rigidity, as well as
frequency measurements. Rare isotopes produced far from stability with very short half-lives are
likely only accessible with the time-of-flight and magnetic rigidity method [29]. There are multiple

facilities world-wide which utilize this technique, such as the S800 spectrograph at FRIB [30] and the

SPEG at GANIL [31], which have achieved precisions of 6m/m~107° in some cases. The limiting
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Figure 1.5 Comparison of the achievable mass precision as a function of isotope half-life for
common nuclear mass measurement techniques which are available at Facility for Rare Isotope
Beams (or will be shortly in the case of the MR-TOF). Nuclear structure and super-heavy element
studies typically require precisions ~107°, nuclear astrophysics calculations ~10~7, and tests of
fundamental interactions ~1078. Of the available methods, MR-TOF and Penning traps are
best-suited to provide the necessary precisions for these studies. Adapted from [28].
factor for these measurements is typically the finite distance the time-of-flight can be determined
over. One approach to increasing the mass resolution through extended flight length is with
experimental storage rings; ions are confined to a circular flight path and can make many revolutions.
The Experimental Storage Ring (ESR) [32] at GSI and the Heavy lon Cooler-Storage Ring at
Lanzhou [33] have been successful in achieving precisions of dm / m~107 [34]. More recent Multi-
Reflection Time-of-Flight (MR-TOF) spectrometers are a compact device capable of extending the
time-of-flight length by bouncing ions between electrostatic mirror pairs [35,36]. MR-TOFs are
used in many facilities as both beam purifiers [37,38], and precision mass spectrometers [36,39-41].
Of the available mass measurement techniques, Penning trap mass spectrometry (PTMS) is the
most accurate and precise method [42]. Rather than time-of-flight measurements, Penning traps

utilize cyclotron frequency measurements which are characteristic of a charged mass rotating in a

strong magnetic field. A detailed description of Penning traps and their principles will be discussed
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in Chapter 2. Penning traps have achieved exceptional mass precisions of §m/m~107'! for stable
ions [43, 44], and 6m/m < 1078 for unstable ions are well within reach [45]. While PTMS
is limited in the accessible isotope half-lives due to beam processing/preparation, very short-
lived isotopes with 71, 2 10 ms have been successfully measured to om /m~107"7 [46]. There
are many rare isotope beam facilities with active PTMS programs: ISOLTRAP at CERN [47],
JYFLTRAP at Jyviskylid [48], SHIPTRAP at GSI [49], CPT at Argonne National Lab [50], TITAN
at TRIUMF [51], and LEBIT at FRIB [52].

The Low Energy Beam Ion Trap (LEBIT) group at the Facility for Rare Isotope Beams is
uniquely situated as the only Penning trap mass spectrometry program where rare isotopes are
produced by projectile fragmentation. Projectile fragmentation provides rare isotope beams of
all elements and isotopes, even those with very short half-lives. Additionally, the rare isotope
beam is purified in flight which provides very fast development time for new beams. As a whole,
LEBIT has access to many exotic beams only available with the latest FRIB capabilities. The
mass measurement program at LEBIT has been active for well over 20 years, and achieved mass
precisions of 2 ppb [53], as well precise mass measurements with half-lives < 100 ms [45, 54,55].

Chapter 3 provides further details of the experimental facilities.

1.4 Extending the Experimental Reach of Mass Spectrometry

Once operating at its full potential, FRIB will provide access to many new isotopes and dramat-
ically increase the production rates for many of critical scienfific interest. Figure 1.6 highlights the
expected nuclei which will be produced at FRIB. Despite this breakthrough advancement, many
exotic nuclei far from stability will be produced at very low rates which challenge experimental
capabilities. For instance, both 78Ni and '%°Sn are of the highest scientific impact, but may only be
produced and delivered to experimental areas with rates ~1 ion/hr or lower until FRIB reaches full
power. Furthermore, nuclei far from stability naturally have significantly shorter half-lives which
limits measurement time and consequently the achievable precision. Together, these pose difficult

challenges for high precision mass measurements which often require both high statistics and long
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Figure 1.6 Designed FRIB rates expected to be delivered to the Low Energy Beam Ion Trap
(LEBIT) mass measurement area. FRIB is expected to produce many exotic rare isotopes that
have yet to be observed. However, many of these nuclei with high scientific impact may only be
produced and delivered to low-energy experimental areas at extremely low rates, some on the
order of 1 ion per day.

measurement times.

There have been a number of recent advances at FRIB and LEBIT which tackle both of
these challenges. MR-TOF mass spectrometers are able to access high-precisions for isotopes
with half-lives down to a few milliseconds, more than a order-of-magnitude improvement to
other trapping methods. A high-voltage MR-TOF device is currently under development at FRIB
to push further from stability, and to supply highly-purified beams for the low-energy program
including LEBIT [56]. Penning traps remain the highest-precision method, and new PTMS schemes

have dramatically reduced the number of ions required to complete a measurement. The Fourier

transform ion cyclotron resonance (FT-ICR) technique offers a path to ultimate sensitivity [57].
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LEBIT continues to develop the Single Ion Penning Trap (SIPT) project [58] which utilizes FT-
ICR, and a recent analysis has validated that a mass measurement from a single one ion can be
completed [59].

The introduction of the phase imaging ion cyclotron resonance (PI-ICR) [60] PTMS technique
has significantly improved the achievable precisions especially for shorter-lived nuclei. LEBIT
recently implemented PI-ICR [61] and commissioned with a rare-isotope measurement of 22A1[45]
which is detailed in Chapter 6. With a half-life ~ 90 ms, PI-ICR was able to achieve a factor of
four greater precision with ~ 85% fewer detected ions compared to the traditional PTMS approach.
PI-ICR has also been successfully used in low-rate experiments such as the measurement of '°'Sn
where ~ 1 ion was detected every five minutes [62]. Such experiments would simply not be feasible
within available experimental times with the traditional PTMS techniques. Already, LEBIT is well
suited to make optimal use of the new FRIB beams and provide mass measurements well beyond

current limitations.
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CHAPTER 2

PENNING TRAP MASS SPECTROMETRY
Penning traps remain the most precise method for measuring nuclear masses, even for radioactive
nuclei with half-lives >50 ms. The theoretical and experimental advances which enable these
measurements remain an active field of research. This chapter provides an overview of Penning
traps with a particular focus on topics relevant to their use in mass measurements. The theory
and design are presented first, followed by the general mechanism which allows one to determine
masses. Lastly, an overview of two specific mass measurement techniques, TOF-ICR and PI-ICR,
are introduced. Both techniques are actively used at LEBIT, and provide important context for the

results discussed later in this document.

2.1 Penning Trap Design and Principles

Detailed descriptions of Penning trap designs are well established, such as those in [42,63, 64].
Key design features are noted here to provide sufficient context for considerations throughout this
document. LEBIT utilizes a hyperbolic Penning trap geometry, and the following discussion applies
to this case though many principles are identical across geometries.

Penning traps are designed to provide long-term 3D confinement of charged particles. The trap
is aligned along a magnetic field, such that ions are confined radially (two dimensions) according

to the characteristic cyclotron frequency:

_qeB

) 2.1

We ;
m

where ¢ is the ion charge state, e is the electron charge, m’ is the ion mass, and B is the magnetic
field strength. This simple relationship between mass and frequency is the foundation for this mass
spectrometry technique.

However, the magnetic field alone is not sufficient to contain the charged particle in the axial
dimension (along the magnetic field). To accomplish this, a quadrupolar electrostatic potential

is added, where the required electrode structure is referred to as the Penning trap. A hyperbolic
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Figure 2.1 Visualization of the electrode structure for a hyperbolic Penning trap design. The trap
is aligned in the axial direction, Z, which is parallel to the magnetic field B. The characteristic
axial dimension, zg, and characteristic radial dimension, pg, are also shown. The ring and endcap
electrodes are held at a constant potential V), while the segmented ring electrodes can have an
additional radio-frequency applied as well. Note the ring electrode segment closest to the reader is
not displayed.

Penning trap design creates this potential through a hyperbolic ring electrode and two hyperbolic

endcaps, see Fig. 2.1. The shapes of these electrodes are specified in cylindrical coordinates by
r
- = =72, 2.2)
where z is half the distance between the two electrodes [42]. The potential field is then given by

Vo
Vip,2) = 53—

e (2z2 - pz) 2.3)

where V) is the potential difference between the ring and endcaps, and pg is the minimum radius
of the ring electrode.

The introduction of this electrostatic field affects the trapped ions in a three key ways:

1. A restoring force from the static field gradient confines the axial motion to oscillations at a

fixed frequency w,

2. The cyclotron frequency is ‘modified’/‘reduced’, noted w4
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Figure 2.2 (Left) Schematic showing a cross-section view of the LEBIT penning trap, color-coded
to show the key electrodes. (Right) The Penning trap installed in the 9.4 T mass spectrometer at
LEBIT. Areas colored in gray indicate an insulating material (typically alumina or sapphire).

3. An additional slow magnetron precession is introduced, noted w_

A detailed description of these three motions are provided in the following section.

At this stage, the Penning trap is capable of trapping/storing ions with the conditions the ions
entered the trap with. It is commonly desired to apply radio-frequency excitations to the stored
ions—motivations for which are discussed in the following section. This is achieved by segmenting
the ring electrode of the Penning trap into multiple pieces, also shown in Fig. 2.1. Each segment
is electrically insulated from the other, such that a dipole or quadrupole excitation scheme can be
applied on top of the trapping potential.

In a real Penning trap, two complications arise: (1) the hyperbolic electrodes must be of finite
dimension, and (2) holes must be placed in the endcaps to allow ions to enter and exit. The effect of
these create a slightly distorted/imperfect quadrupole potential. Of particular concern are the mass-
dependent frequency shifts that result from such imperfections. Thankfully, this can be overcome
with the addition of correction electrodes which modify the field to very well approximate that of
an ideal quadrupolar shape [65]. These are tuned experimentally to minimize systematic frequency
shifts which reflect he harmonicity of the net trapping field. Figure 2.2 shows a cross-section view

of the Penning trap with the added correction electrodes next to a physical trap in use at LEBIT.
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Figure 2.3 The motion of a trapped particle in a Penning trap is a superposition of three
eigenmotions: an ‘axial’ mode, and the radial ‘magnetron’ and ‘reduced cyclotron’ modes. The
magnetic field is in the z (aka axial) direction. A projection of the ion motion is shown on the
xy-plane. The Penning trap endcap electrodes (cyan), and partial ring electrode (green) are also
shown. Frequencies and radii are not necessarily to scale.

2.2 Ion Motion and Excitation in a Penning Trap

Ion motion in an ideal Penning trap is known analytically [63], and an abbreviated discussion
is presented here to highlight concepts which are important for discussions later in this document.
To begin, a trapped particle’s motion is a superposition of three eigenmotions: axial (z), magnetron
(), and reduced cyclotron (+). Figure 2.3 provides a visualization of the relationship between
these eigenmotions.

Oscillations in the axial direction are a direct consequence of the electrostatic quadrupole

trapping field, which is described by a harmonic oscillator potential when projected on the z axis:

Vo 4
w = |22 2.4)
m pg+ 2z

The two radial motions are coupled to the magnetic and electrostatic fields, and have frequencies

defined by

A\ —. (2.5)

17



The position of the trapped particle can then be described by the following equations:

X = picos(wst + ¢y o) + p-cos(w-t + ¢_)
Y = p+ sin(wet + ¢4 0) + p-sin(w-1 + ¢_) (2.6)

7 = p;cos(w;t + ¢, p)

where p., ¢.0 and p;, ¢, are the radial amplitudes and initial phases of the radial and axial
eigenmotions.

The ion cyclotron frequency is now determined from all three eigenfrequencies through

We = AW + W + w2 2.7)

For a Penning trap perfectly aligned in the magnetic field and with a perfect electrostatic trapping
field, it can be shown that summing w4 + w- from Eq. 2.5 result in the axial frequency terms

dropping out. Thus we get the following powerful relationship:
We = Wy + W_. (2.8)

As discussed in Sec. 2.1, real-world Penning traps can well approximate an ideal quadrupolar
electrostatic field, but remain imperfect. The invariance theorem [64] states that even for an
imperfect trap, the measured eigenfrequencies still recover the cyclotron frequency through Eq. 2.7.
Furthermore, frequency precisions/systematics are often much larger than the frequency shift from
an imperfect Penning trap [66], and experimentally, Eq. 2.8 remains a good approximation to
these precisions. This is particularly useful as determining the axial frequency to high precision is
non-trivial and requires additional considerations.

The eigenfrequencies of each motion in the Penning trap are fixed. The amplitudes of these
motions, however, can be damped/excited with the applications of radio-frequency (RF) excitations.
For the applications relevant here, only excitations of the radial modes are of interest, which is
accomplished by applying the RF excitations to the segmented ring electrodes. The pattern in which
the RF is applied determines how the ion motion amplitude and phase is affected [42,67]. A dipole

excitation scheme at w.. /27 directly drives the respective motion amplitude. Notably, for multiple
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Figure 2.4 (Left) A dipole excitation applied at the ions’ v, frequency. (Right) A quadrupole
excitation converting initial pure reduced cyclotron motion (p- = 0) to pure magnetron motion
(p+ = 0). For ease of viewing, the conversion pulse is plotted in two halves: the first half results in
a 50-50 mix, and the second half completes the conversion. The segmented Penning trap ring
electrodes are shown in red and green to indicate the excitation pattern: dimensions are not to
scale. Orange and blue points show the ion position at the start and end of each excitation
respectively.

ions in the trap, longer RF dipole excitations of p. correspond to a tightening of the distribution of
¢. such that the relative ion spatial distribution remains constant regardless of excitation time, see
Fig. 2.4(a).

A quadrupolar excitation scheme at w,, the w; + w— sideband, has the effect of coupling the
magnetron and reduced cyclotron motions [68]. Over the excitation time, one observes the inter-
conversion of the two motions in an oscillatory fashion. For example, consider an ion initially
undergoing pure magnetron motion with radius with amplitude a: ap_o. After experiencing the
above excitation, some of its initial magnetron motion is converted into reduced cyclotron motion:
bp_ + cp;. The characteristic time for one full conversion cycle (e.g. pure magnetron to pure
reduced cyclotron and back to pure magnetron motion) is determined by
m

Bp? 2.9
Ve Po (2.9

Tquad, conv ~ 0.6

where Vi is the amplitude of the excitation, B is the magnetic field strength, and pg is again the
inner radius of the Penning trap ring electrode. In practice, this conversion relationship is optimized

experimentally. Figure 2.4(b) shows the impact of a quadrupole conversion pulse applied to ions
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in a Penning trap to convert pure reduced cyclotron motion to pure magnetron motion.

One final consideration for the RF excitations is the frequency bandwidth with which they are
applied. Two excitations applied for different times and amplitudes will have the same net effect if
the product of time and amplitude is constant. The frequency selectivity, however, will be different
due to Fourier series truncations limited by the effective sampling time. In short: longer excitation
times will result in a narrower frequency selectivity, with the full width at half maximum of the
frequency spectrum determined by

FWHM o I/TRF. (210)

This is of particular importance when two different ion species are close in mass, and one desires

only to excite one of them.

2.3 Ion Purification in a Penning Trap

Successful Penning trap mass measurements rely on a relatively pure sample of ions inside
the trap. Some mass measurement techniques are more resilient to higher levels of contamination
(e.g. PI-ICR, FT-ICR) relative to others (e.g. TOF-ICR). Significant contamination also negatively
impacts the signal strengths for mass measurements due to additional noise induced by ion-ion
interactions inside the trap (see Sec. 5.6). There are several approaches available which limit the
amount of contaminant ions in the trap and enable successful measurements. An introduction to
the main in-trap methods presented here.

Ion purification in a Penning trap, also known as ‘cleaning’, takes advantage of the same mass-
frequency equivalency used to measure the masses of unknown isotopes. As mentioned in the
prior section, a dipole excitation at an ion’s reduced cyclotron frequency will excite the motion
amplitude to a larger radius. If one knows the contaminant ion mass (and thus its reduced cyclotron
frequency), then a dipole excitation can be used to drive the ion’s motion to an arbitrarily large
radius up to the trap electrodes, effectively removing them from the trap. This procedure is often
called ‘dipole cleaning’ and is a well-established technique [69]. An important consideration when

applying the dipole excitation is the power-broadening effects, where a shorter excitation time
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results in a wider frequency spread as determined by Eq. 2.10. This becomes particularly relevant
when cleaning contaminants near the ion-of-interest where the leaking frequencies may perturb the
ion-of-interest.

The challenge of applying the dipole cleaning is the need to know all contaminant species present
in the trap. This is non-trivial and often requires significant effort before a measurement begins.
Additionally, each cleaning frequency must be mixed together and requires independent arbitrary
function generators (AFGs) in practice. Thankfully, there is a broadband cleaning approach which
mixes all frequencies within a specified range. The Stored Waveform Inverse Fourier Transform
(SWIFT) [70] cleaning technique allows for cleaning of all frequencies outside of a narrow band-
gap centered at the ion of interest. In practice, SWIFT is able to clean frequencies within 1000 Hz
outside the center gap due to limited memory storage in most AFGs. This is still sufficient to clean
within one mass unit for the majority of cases, where further-off contaminants can be targeted before
they enter the trap. The center frequency gap excluded from SWIFT cleaning is usually >200 Hz
to avoid perturbations. Targeted dipole cleanings can be used to remove the often few remaining
contaminants. Sideband cooling is an additional option for beam purification [71], though this was
never intended to be used at LEBIT due to the longer times required which are incompatible for

most short-lived radioactive measurements.

2.4 Applying Penning Traps For Mass Measurements

With all the components of a Penning trap in place, applications to mass spectrometry can now
be considered. From Eq. 2.1, the mass precision is clearly limited by the precision to which the
magnetic field strength and cyclotron frequency are known/determined. The former is of particular
consequence, and will be discussed extensively in the sections below. The magnetic field strength is
determined through constant calibrations using an atomic/molecular ion which has been previously
measured to exceptionally high precision, such as the stable isotopes detailed in the Atomic Mass

Evaluation (AME) database [26]. When calibrating the magnetic field in this way, the mass is
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determined via a frequency ratio:

We,calib Gealib [m —meq + Ep(q)]

R= = :
W g [meaib — Meqeaiib + Ep, catib(qcativ) |

(2.11)

where m, is the electron mass, ¢ is the charge state, and E} is the electron binding energy. The
subscript ‘calib’ denotes parameters properties of an ion with very well known mass. Note that

Eq. 2.11 presents m as the atomic mass, which is related to the ion mass of Eq. 2.1 by
m=m'+qgm, — Ep(q) (2.12)

where E}, is the binding energy of the electrons, which is typically orders of magnitude smaller than
the nuclear mass precisions of interest and are thus neglected. This change of variable is motivated
as it is most convenient to report neutral atomic masses as opposed to one of the many ion masses
that might be measured. For the remainder of this document, masses are implicitly for the neutral
atom unless otherwise stated.

Equation 2.11 can be easily rearranged to solve for the mass of the atom/molecule being

measured:

q —
R (Mcalib — qcalibMe) + g, (2.13)
qref

m =

where R indicates the mean ratio over a given number of independent measurements. A key take-
away from this relationship is that precise mass measurements are equivalent to precise cyclotron
frequency measurements. Two methods for performing these frequency measurements are detailed

in Sections 2.5 and 2.6.

2.5 Time-of-Flight Ion Cyclotron Resonance Mass Spectrometry

Time-of-Flight Ion Cyclotron Resonance (TOF-ICR) mass spectrometry measures a resonant
frequency/mass by scanning over a range of excitation frequencies and observing the differences in
travel time for ions to reach an ion detector, typically a micro-channel plate (MCP). A characteristic
resonance curve can then be fit to the frequency and time-of-flight data, which extracts the ion’s
cyclotron frequency. In this section, the physics principles behind TOF-ICR are first introduced,

followed by a discussion of their practical applications for performing mass spectrometry.
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First, consider a simple case of a rotating charged particle whose rotational axis is in-line with
a magnetic field in the axial direction. This particle has a magnetic dipole moment aligned to the

magnetic field with a magnitude of
E,

=5 (2.14)

u

where E, is the rotational kinetic energy, and By is the magnetic field strength. If the particle

experiences a changing magnetic field in the axial direction, it will experience a net force

Fo= -8 (2.15)
0z

where 6 B/¢z is the magnetic field gradient. If the ion experiences this gradient and resulting force
over a fixed distance, the time for the ion to travel (aka time-of-flight) is inversely proportional to
the magnetic dipole moment magnitude, i.e. its rotational kinetic energy.

In essence, if one can modify the rotational energy of an ion, the impact will be seen in the
time-of-flight. The cyclotron measurement must then couple the frequency/mass to the rotational
energy of the ion. As discussed in Sec. 2.2, the application of a quadrupolar RF excitation at
the cyclotron frequency does precisely this: it converts between the radial motions at different
frequencies/energies. When trapped, ions initially undergo pure magnetron motion. Note that in a
laboratory setting, the strength of the magnetic field and trapping potentials result in the following

frequency hierarchy from Eqgs. 2.4, 2.5:
W- K W; K Wy. (2.16)

Applying a full conversion pulse at the ions’ cyclotron frequency will transform their motion to the
much faster reduced cyclotron frequency, which has significantly higher rotational energy. Ejecting
the ions from the trap towards the MCP detector will result in a much shorter time-of-flight in this
case.

In practice, the exact cyclotron frequency of the ions is not always well known. As such, a
narrow band of frequencies is scanned over. The closer the scanned frequency is to the true ion

cyclotron frequency, the more the ion motion will be fully converted to the fast reduced cyclotron
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Figure 2.5 Illustration of the time-of-flight ion cyclotron resonance (TOF-ICR) Penning trap mass
spectrometry technique (not to scale). lons are initially captured in the Penning trap undergoing
slow magnetron motion, with a small magnetic moment . A quadrupolar radio-frequency
excitation v, ¢ is applied to the ions: the closer v, is the the ion cyclotron frequency v, the more
the motion is converted to the faster reduced cyclotron frequency which increases the magnetic
moment. Upon ejection from the trap the ions experience the magnetic field gradient and are
accelerated relative to their magnetic moment. The time-of-flight is determined once the ions hit a
micro-channel plate (MCP) detector, and a characteristic line curve is observed as a function of
the applied radio-frequency excitation.

motion. Far away from the true cyclotron frequency, the ions will not be converted and remain in
the slow magnetron motion with a long time-of-flight. A theoretical fit to the time-of-flight as a
function of the scanned frequency recovers the true cyclotron frequency of the trapped ions [68].
Figure 2.5 provides a conceptual drawing of the TOF-ICR mass measurement process. An example
TOF-ICR spectrum and the fitted line curve is shown in Fig. 2.6.

The statistical uncertainty from a TOF-ICR measurement can be described by

om  Ov, 0%
T (2.17)
m Ve VCT\/N

where T is the excitation time, N is the number of observed ions, and y is a constant accounting for
system-dependent effects. As such, longer excitation times and more ion counts allow for higher

precision with TOF-ICR scan. When applying this technique to radioactive species, the half-life
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Figure 2.6 Example 500 ms TOF-ICR quadrupole cyclotron frequency resonance for **Ni* with
the associated fit. Approximately 1800 ions resolved the frequency to 6v/v ~ 2 x 1073,
determines the possible measurement time and can restrict the achievable precision. Historically,
Penning trap mass spectrometry has successfully performed TOF-ICR measurements with ion
half-lives down to ~10’s of milliseconds [46]. A typical scan often requires > 100 ions in order to
meaningfully resolve the fitted w,: this can also be challenging for rare isotope mass measurements

which may be produced at very low rates, down to only a few per day.

2.6 Phase Imaging Ion Cyclotron Resonance Mass Spectrometry

The Phase Imaging Ion Cyclotron Resonance (PI-ICR) technique is a relatively new method
which enables higher mass precisions compared to TOF-ICR, with an order-of-magnitude fewer
ions required to complete a measurement [72]. This dramatic improvement is made possible by
observing the rotation of the ions with a position sensitive detector: the net angle accumulated by
the ions over a set time determines the frequency of rotation. The increased precision comes at the
cost of a more complicated measurement procedure, and accounting for systematic effects which
become relevant at the higher precisions achieved. This section provides an introduction to the
technique with the necessary context. A detailed description to the technique and systematic effects
are presented in Chapters 4 & 5. For additional background into PI-ICR, the reader is directed to
review Refs. [60].

In the simplest terms, PI-ICR precisely determines a frequency by measuring the angle an ion
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Figure 2.7 Illustration of the phase imaging ion cyclotron resonance (PI-ICR) Penning trap mass
spectrometry technique (not to scale). After ions are trapped and excited to achieve the desired
frequency of motion w at a radius p, two position measurements are performed. Positions are
accurately recorded with a combination micro-channel plate (MCP) detector and delay-line anode.
The first at # = O records the starting angle of the ions. The second allows the ions to accumulate
phase for a fixed time #,.. and then records the accumulated angle of the ions. The frequency w is
precisely determined by the accumulated phase relative to the starting spot.
traverses (aka phase) over a fixed period of time inside a Penning trap. The longer ions spend
rotating in the Penning trap, the more precisely we can resolve the frequency. A position-sensitive
micro-channel plate (PS-MCP) detector located outside the magnet is used to accurately measure
(aka image) the angular location of the ions as they rotate in a circle. In practice, PI-ICR uses two
position measurements: a start phase (where ions rotate for a net time #(), and a ‘final’ phase (where
ions rotate for a net time f,..). Then, using the known center-of-motion of the ions, the angular
difference between the two phases can be calculated. Figure 2.7 provides a conceptual drawing of
the PI-ICR measurement process.

In typical Penning trap setups, like at LEBIT, the frequencies being measured are ~1 MHz with
typical trapping times ~100 ms: such ions can complete ~100 000 full rotations. With this in
mind, it would seem incompatible with the measurement scheme presented in Fig. 2.7, which can

only resolve angles within one full rotation. This is only a concern if one has no prior knowledge

about the ions mass; in reality we can use prior low precision measurements and theory predictions
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(such as those listed in the Atomic Mass Evaluation [26]) to inform the measurement. Given an
initial mass/frequency uncertainty of §v, we can safely allow the ions to rotate for f,.c = 1/6v while
knowing exactly how many full rotations (plus a little extra) the ions will complete in the trap. As
such, the presented measurement scheme provides the unknown phase information resulting from
the initial limited mass precision.

Finally, the frequency of rotation is calculated from

w = 2y = Pacc 27N (2.18)

tacc

where N = floor[vgtac.] is the number of full rotations the ion completes in the trap, @, is the net
angle the ions rotate over the measurement time #,... Extracting the cyclotron frequency using this
procedure requires a few additional considerations, and discussed in Sec. 4.3. Figure 2.8 shows an

example phase measurement completed at LEBIT, reported in [45].
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Figure 2.8 An example of a PI-ICR phase measurement for 3*K*, after the ions were allowed to
accumulate reduced cyclotron phase for 250 ms. The elliptical projection of the ion motion shows
the radius of motion, highlighting also the ‘tightness’ of the ion spot. Approximately 200 ions
resolve the frequency to 6v/v ~ 1 x 1078,
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CHAPTER 3

LOW ENERGY BEAM ION TRAP FACILITY AT FRIB
The Low Energy Beam lon Trap (LEBIT) facility is located at the Facility for Rare Isotope Beams
(FRIB) on the Michigan State University campus in East Lansing, MI USA. FRIB is a state-of-
the-art rare isotope facility designed to be the most powerful heavy-ion accelerator to provide
unprecedented access to exotic isotopes. LEBIT performs high-precision mass spectrometry for
these isotopes, shedding critical mass information for a wide range of nuclear science fields. In
this chapter, an overview of the experimental facilities is provided, detailing the production of rare

isotopes, preparation for measurement, and finally the dedicated precision mass measurement area.

3.1 Rare Isotope Production and Delivery at FRIB

FRIB produces rare isotopes far from nuclear stability using projectile fragmentation [73].
Figure 3.1 provides an overview of the main components of the Facility for Rare Isotope Beams.
The primary beam, such as stable 3®Ar among many others, is first accelerated from rest with the
superconducting FRIB linear accelerator to more than 50% the speed of light. The beam with
energy of ~ 200 MeV/u is then impinged on a natural carbon target of about 8 mm thickness,
which fragments the primary beam into many different isotopes. The isotope of interest for a given
experiment must then be filtered from the cocktail beam with the Advanced Rare Isotope Separator
(ARIS) [74].

ARIS is a three-stage magnetic spectrometer for fragment separation with a 10% momentum
acceptance and +40 mrad angular acceptance in both transverse directions. The system utilizes
wedge degraders to aid in secondary beam purification. The final focal plane contains detectors
for energy loss and total kinetic energy for particle identification. The separated beam can then be
delivered to the fast beam experimental area, stopped beam experimental area, or the re-accelerator.
LEBIT is located in the stopped beam area, which requires the beam from ARIS to be slowed down
from = 200 MeV/u energy to just a few eV with gas stoppers.

FRIB’s gas stopping area utilizes gas catchers to reduce the beam energy to levels suitable
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Figure 3.1 Overview of the Facility for Rare Isotope Beams (FRIB). A superconducting radio
frequency linear accelerator brings stable ions up to ~50% the speed of light before they are
impinged upon a natural carbon target. The ions undergo projectile fragmentation which produces
many different rare isotopes. This ‘cocktail’ beam is then filtered in-flight to separate the one rare
isotope of interest from the rest of the beam, which is then sent to the experimental areas.
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for precision measurements. Two different gas catchers are available: the Argonne National
Laboratory (ANL) gas cell [75], and the Advanced Cryogenic Gas Stopper (ACGS) [76]. The
operating principles of both systems are unique, though only ACGS will be discussed here. Prior
to entering ACGS, the fast beam is passed through a series of aluminum degrader plates and an
aluminum wedge to coarsely reduce the beam momentum so that it can be fully stopped in the gas
cell volume. The beam is then sent into ACGS, where continuous collisions with an ultra-pure
helium buffer gas at 40 K reduce the beam energy until it is fully at rest. The cryogenic temperatures
help freeze out contamination and minimize molecular recombination of the rare isotopes. During
the stopping process, the highly ionized beam will recapture electrons from the helium gas until a
1* (and on occasion 2* or 3*) charge state is reached. It is energetically unfavorable for the ions to
strip additional electrons from the helium atoms beyond this point.

After the rare isotope beam has been stopped, a combination radio-frequency field and DC
field gradient prevent collisions with the chamber walls and direct the beam to a small extraction
hole. The beam stopping area is seated on a 30 kV high-voltage platform, providing the necessary
energy to transport the beam to downstream experimental areas. After exiting ACGS, a three stage
radio-frequency quadrupole ion guide with differential pumping transports the low energy beam
to a magnetic dipole mass separator. With a resolving power of m/dm =~ 1500, this final stage
of purification allows for a coarse mass-to-charge filtering and removes a majority of molecular
contaminants generated by the stopping process. The beam is then sent to experimental areas, such

as the LEBIT facility.

3.2 Overview of the LEBIT Facility

A schematic layout of the LEBIT facility can be seen in Fig. 3.2. Rare isotope beams are
delivered from the gas stopping facility with an energy of 30 keV/q. LEBIT is situated on a 30 kV
high-voltage (HV) platform, which shares a HV bias power supply with the gas stopping area,
restoring the ions to ~eV. A separate high voltage DC power supply connected to the LEBIT

HV platform allows for a fine tuning of the incoming beam energy. This section discusses the
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Figure 3.2 Overview of the main components of the Low Energy Beam Ion Trap facility. Rare
isotopes enter the experimental area (red arrows) with an energy of 30 keV from the FRIB gas
stopping area. A 30 kV high-voltage platform removes nearly all this energy. Ions are then sent to
a radio-frequency quadrupole (RFQ) cooler and buncher where the ions are stripped of any
remaining energy through interactions with a helium buffer gas. The low energy ions (blue
arrows) can then be delivered to the Penning traps for measurement.

components of LEBIT that follow, preparing the beam for precision mass measurements.

3.2.1 Offline Ion Sources

LEBIT utilizes two independent offline ion sources: a Colutron plasma ion source—aka the
Thermal Ion Source (TIS)-and a laser ablation source (LAS) [77]. Both provide stable beams
over a large range of masses for beam diagnostics, beamline tuning, and during experiments as a
source of well known masses for calibration. A 90-degree quadrupole bender mounted in the main
beamline allows for selection between the rare isotope beam, or either of the offline ion sources to
be delivered downstream.

The TIS source produces ions via a hot tungsten filament in a ceramic oven, with a gas inlet
via a leak valve. The filament is heated with a high current supply, and an additional voltage bias

across the filament may also be added. A positive bias acts to drive off alkali metal impurities
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in the tungsten filament as positively charged ions: >*Na*, 341K+ 8587Rb* and '33Cs* are most
easily produced. A negative bias creates a discharge from electrons boiled off the filament, ionizing
the gas flowing into the oven (e.g. 2°72?Ne, 3%40Ar, and 73:80-82-8486K ) The TIS was used to
provide both 2*Na* and ?*Ne* which were used for calibration and systematic studies of the 2>Al
measurement discussed in Chapter 6.

The LAS uses a pulsed neodymium-doped yttrium aluminum garnet (Nd:YAG) laser from
Quantel Laser to provide 532 nm green light pulses on solid targets. The laser beam is highly
focused at the target, heating surface atoms to ionization, creating positively charged ions. The
solid target is mounted to a stepper motor to continuously rotate the material, spreading the laser
pulses over a large area and increasing the target lifetime. The current setup allows for two semi-
circle targets to be mounted at once, and the rotating motor can be remotely switched between

them. Many different solid target materials can be used to produce a wide range of stable beams.

3.2.2 Radio Frequency Quadrupole Cooler and Buncher

LEBIT requires a ‘cooler buncher’ to remove any residual beam energy spread, and to convert
the continuous ion beams into short pulses compatible for the Penning trap measurements. Ion
pulses are required for the precise timing requirements for the TOF-ICR and PI-ICR measurements
discussed in Chapter 2. The design at LEBIT is a three-staged gas filled linear Paul trap [78], each
of which uses a RFQ to radially confine the ions, and an axial DC drift field to pull the ions through
the device.

The first stage of the cooler buncher is referred to as the ‘pre-cooler’ and acts to dissipate a
majority of the ion energy through collisions with high-purity helium buffer gas. The second stage
is the micro-RFQ which connects the first and third sections, providing differential pumping to
maintain the high vacuum required downstream. The final section serves to further thermalize and
accumulate the ions before ejecting them in a short, low-emittance pulse.

Following the cooler buncher, the ions are sent through a voltage-pulsed drift tube to fine-tune

the ions’ energy for optimal injection and capture in the Penning trap. The beam can then be sent
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directly to the 9.4 T Penning trap, or can be switched to the secondary SIPT delivery beamline. To
be directed into SIPT, ions are passed first through a 25° spherical kicker, a series of two electrostatic
quadrupoles, a 115° cylindrical bender which is split by another electrostatic quadrupole, and a

final series of two electrostatic quadrupoles.

3.2.3 9.4 Tesla Precision Penning Trap

Before entering the 9.4 T Penning trap, as seen in Fig. 3.3, ions pass through a coarse time-
of-flight gate allowing for ion filtering to approximately 1 amu/q. The gate is comprised of an
electrostatic steering element grounded for ~50 ns centered at the desired time-of-flight, and 1 kV
at all other times to steer the ions off of the beamline. A series of three Einzel lenses provide a
final focusing before injection into the magnet. Additional injection optics guide the ions into the
magnetic field and reduce their energy for optimal capture in the Penning trap. LEBIT utilizes a
set of Lorentz steerers [79] in the magnetic field just prior to the trap to precisely control the initial
magnetron orbit of the ions in the trap depending on the desired measurement conditions.

LEBIT can remotely switch between two mass measurement configurations: a time-of-flight
(TOF-ICR) or a phase imaging (PI-ICR) technique which are discussed in detail in the following
chapter. Regardless of the technique, the beamline remains essentially unchanged and both follow
the same general procedure. Once ions are ejected from the trap, they leave the magnetic field
through a series of electrostatic drift tubes which accelerate the ions towards a micro-channel
plate (MCP) detector. For TOF-ICR, the detector is mounted in the Daly configuration [80]. A
strong negative potential on the aluminum Daly collector plate guides the positively charged ions to
strike its surface and an amplified electron shower is then accelerated to the positively biased MCP
detector. This approach produces a reliable signal with an effective 100% detection efficiency.
PI-ICR requires a position sensitive detector, which is achieved with a normal MCP detector and a
delay-line anode. The development of the PI-ICR technique is the primary focus of Chapter 4, and

a detailed description of the detection scheme is provided there.
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Figure 3.3 Image of the 9.4 T Penning trap mass spectrometer at the Low Energy Beam Ion Trap
(LEBIT) facility.
3.2.4 7 Tesla Single Ion Penning Trap

The Single Ion Penning Trap (SIPT) beamline is an extension of the original LEBIT beamline,
with the intent to measure exotic radioactive isotopes with the lowest production rates at FRIB. A
25° spherical kicker diverts the ions from the cooler and buncher into the SIPT beamline. Ions
then move through a series of two electrostatic quadrupoles, a two-part 115° cylindrical bender
with another electrostatic quadrupole between, and then two additional electrostatic quadrupoles.
These elements provide all the necessary steering and focusing for to complete the full bend.
Ions are then focused into the SIPT Penning trap with two additional Einzel lenses followed by a

series of drift tubes. SIPT is configured such that both the time-of-flight and Fourier-transform
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ion cyclotron resonance techniques can be used, but is highly optimized for the Fourier-transform
method. Current development efforts for the SIPT project are beyond the scope of this work:
interested readers are directed to review Refs. [58,59,81] for additional information, which include

contributions by the author.
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CHAPTER 4

INTEGRATION OF PI-ICR AT LEBIT
LEBIT has successfully used PI-ICR since 2023 for multiple rare isotope experiments [45, 62]
where TOF-ICR measurements would not have been able to reach the necessary precision, or be
possible in the first place. For additional details regarding the design of PI-ICR at LEBIT, see
the dissertation by I.T. Yandow [61]. A brief discussion of the relevant hardware and additional

considerations for PI-ICR are presented here.

4.1 Experimental Setup
At LEBIT, the 9.4 T superconducting magnet is utilized for both the TOF-ICR and PI-ICR

techniques. Switching between the two techniques is straightforward:
* A ‘Lorentz steerer’ [79] before the Penning trap is switched to direct ions to the center of the
trap (for PI-ICR) or at some radius (for TOF-ICR).

* Arbitrary function generators used to apply trap RF excitations are selected remotely.

* A pneumatic actuator removes the TOF-ICR MCP detector from the beamline and replaces it
with a drift tube element directly in front of the position sensitive MCP detector for PI-ICR.

9.4 T Solenoid Magnet

Linear
Actuator
TOF-ICR MCP
(Daly Config)

1 BB BE 'Y
. | 8 4] L] PI-ICR Signal
Cres = e |
1

R

P ]
Gate
Lorentz Valve
Steerer

Penning Trap

Injection Optics Ejection Optics

]

" .

Figure 4.1 Illustration of the key beamline elements for the PI-ICR measurement and detection
scheme implemented at LEBIT. Dimensions not necessarily to scale.
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* The ‘ejection drift tube section’ potential gradient is adjusted to either TOF-ICR (slower drift

field required) or PI-ICR (faster drift field required).

All these operations are performed remotely with the LEBIT control system. Figure 4.1 provides
an overview of these key elements.

Since it is much faster to setup/analyze TOF-ICR measurements, the ability to very quickly
cycle between measurement techniques holds several key advantages during an experimental cam-
paign. First, TOF-ICR enables a very fast optimization of the beamline optics for transmission,
trapping timing/efficiency, etc. Second, during an experiment TOF-ICR can identify contaminant
ions delivered in the rare isotope beam much faster than possible with PI-ICR. Lastly, having
two independent measurement techniques provides a good systematics cross-check, and for some
experiments TOF-ICR can provide a higher precision frequency guess for PI-ICR.

The use of a Lorentz steerer to precisely inject ions to the center of the Penning trap is currently
unique to the LEBIT facility (though other Penning trap facilities are now moving to add them as
well). This is particularly beneficial to LEBIT, which does not have a ‘preparation Penning trap’ [82]
capable of achieving the same on-center injection needed for PI-ICR. Without a preparation Penning
trap to fully cool the ion motion inside the magnetic field, it is important that LEBIT use the Lorentz
steerer to inject ions parallel to the magnetic field and precisely capture ions in the Penning trap to

minimize their initial energy.

4.2 Detectors and Data Acquisition

The ‘phase-imaging’ aspect of PI-ICR requires a position-sensitive detector to accurately mea-
sure the location of ions. At LEBIT, this is accomplished with a micro-channel plate (MCP) detector
in combination with a two-axis delay-line anode [83] supplied by RoentDek Handels GmbH. The
MCP creates an electron shower, whose current signal is picked up on the delay line wires, and
the time difference for the current signal to travel to either end of the wire uniquely determines
position in one dimension. Using two sets of wires configured perpendicular to one another gives

the two-dimensional position.
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Signal conditioning and processing is required to reliably extract full position information for
each ion hit. The MCP and delay-line anode signals are first sent to the RoentDek FT-12 passive
signal decoupler which removes the high voltage bias from the respective detectors in preparation
for further processing. Signals are then sent through time-matched cables to the RoentDek ATR-19
amplification module. Each signal is independently amplified and sent through a constant fraction
discriminator to isolate ion signals from the noise floor. Lastly, discriminated signals are sent
through time-matched cables to a fast time-to-digital converter (TDC) with 25 ps resolution. A
custom driver for the TDC card maintained by Dennis Neidherr at GSI Helmholtzzentrum GmbH
provides a signal veto between two additional timing signals: (1) ejection of ions from the trap, and
(2) a time-of-flight delay for ions to hit the MCP. This veto feature removes significant amounts of
background noise and MCP dark-count signals given the time-of-flight window ~10 s compared
to the measurement cycle time of ~500 ms.

Following digitization, additional software is required to process the timestamps and calcu-
late position information for each hit. There are limitations when considering both high-rate and
spatially dense operations on the MCP. When two ion hits are near-coincident (within the ~30 ns
time-spread of the delay-line anodes), it is not always possible to disentangle the position informa-
tion for each hit resulting in ‘lost data.” This is further exacerbated when the hits are spatially close
on the detector such that the delay-line signals overlap. Additional limitations arise from the noise
floor and discrimination thresholds which can cause occasional miss-triggers. For the majority of
use cases for PI-ICR, these limits are a non-issue. These can become relevant in the extreme cases
of very low-rate (where every signal matters) or high-rate experiments (often highly contaminated

beams with only a few signals from ions of interest).

4.3 Measurement Cycle
Ions are captured at the center of the Penning trap such that they have an initial radius p ~ 0.
Any small residual motion will be comprised of pure magnetron motion. Similar to SHIPTRAP,

LEBIT then scans over one period of the magnetron frequency. This has the effect of averaging out
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any phase dependence in the magnetron motion that may occur later in the measurement process.
Next, any target dipole cleaning pulses are applied to remove contaminants, along with SWIFT if
needed. At this point the ions remaining in the trap are ready for measurement.

There are two principle methods to completing cyclotron frequency (and hence mass) measure-

ments with PI-ICR. Regardless of measurement style, a general scheme is applied:

1. A dipole RF excitation (t; ~ 1 ms) is applied at the ion’s reduced cyclotron frequency v,

driving the ions to a large reduced cyclotron radius.

2. lons are allowed to evolve for a fixed time #,¢c +, Where they accumulate reduced cyclotron

phase.

3. A quadrupole RF excitation (¢, ~ 1 ms) is applied at the ion’s cyclotron frequency v, with

the amplitude set to fully convert the reduced cyclotron motion to pure magnetron motion.

4. Ions are allowed to evolve again for a fixed time 7,.. ., where they accumulate magnetron

phase.

5. The trap is opened, and all ions are quickly ejected to the position sensitive MCP detector.

It can be shown from the equations of motion under these different manipulations (see [67] for

derivations) that the final phase of the ion is given by
¢=[2nv_+rw(vyg = ve)lty = n(Va + vi)tq = 2avitace s + 20V_tace- + ¢g — pa + 20N (4.1)

where vy, v4, ¢4, and ¢, are the frequencies and initial phases of the dipole and quadrupole
excitations respectively; v., v4, and v_ are the eigenmotions of the ion; N is the number of full

cycles the ion undergoes during it’s various phases of motion, given by
N = |vi(tq + tacc,+)J - |_V—(tq + tacc,—)J . 4.2)

Equation 4.1 holds in the case where all excitations are resonant: the difference between the applied

frequency and the true frequency is well within the Fourier width = 1/feci¢. In such cases, v, = v,
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and v; = v, resulting in
¢ =2mv_(ty + tace-) = 27V (ty + taces+) + @g — da + 27N . 4.3)

Measuring the resulting phase for two different timing combinations, ¢g and ¢, and taking the
difference for the resulting equations allows one to solve for one the unknown frequencies (or the
sum v, + v_ if the timings are carefully selected). The following sections detail a selection of these

potential schemes.

4.3.1 Direct Cyclotron Frequency Measurement
The ‘direct’ approach to measuring the cyclotron frequency v, is detailed in [72, 84], and

requires two iterations of the measurement cycle: one to generate a ‘start’/‘reference’ phase where

tO

0
ace,- > t

acc.+» and another to generate a ‘final’ phase where 7, , > f;.. . It can be shown from

acc,+
Eq. 4.3 that the cyclotron frequency will be directly recovered when the total trapping time is

conserved for both the start and final phases:

0
acc,+

0

0 0 Y ’ ’ ’
ty+t Hlgtlgee. =1y + Ty T+ Lo 4.4)

Note that the optimal/simplest timing configuration for the highest precision would be the following:

0 _ o 0 _
td—td, l‘q—tq,

0

_ 0 _ ’ _ ’ _
acc,- T, tacc,+ - 0’ t - O’ tacc,+ =T.

acc,-

t

Small adjustments can then be made to align the spots to the desired angular location, while still
ensuring the total trapping time is conserved. LEBIT does not currently utilize this measurement
approach, as it tends to be too cumbersome for the majority of the measurements we perform.
Instead, LEBIT opts for the two-phase approach, which is significantly more flexible as will be

discussed in the following sections.

4.3.2 Indirect Cyclotron Frequency Measurement
The ‘indirect’ approach to measuring the cyclotron frequency determines the cyclotron fre-
quency via Eq. 2.8 by measuring the reduced cyclotron and magnetron frequencies independently.

This can be accomplished with three iterations of the measurement cycle:
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1. A ‘start’ phase ¢° with 0. >0, 2., >0

ace,- acc,+ —

0

2. A ‘magnetron phase’ ¢ with lch,- > t;)cc’_, facet = Tacet

tT

0
acc,+ >1

acc,+

3. A ‘reduced cyclotron phase’ qﬂ with tyec- = 19

ace,-?
There are no restrictions on tzcc’_ or tZCC, +- The relevant frequency is determined by the relative
angle between the start spot and each accumulated phase spot, respectively.

An important consideration for these measurements is the direction of the radial motion of
the ions in the trap. Both the magnetron and reduced cyclotron motions are oriented in the same
direction within the trap. However, the application of the quadrupole conversion pulse has the
effect of inverting the observed phase of the reduced cyclotron motion accumulated by the ions, as
detailed in [67]. The following equations assume that the magnetron motion accumulates positive
phase, i.e. moves in a counter-clockwise direction, a trivial inversion recovers the equations for the
opposite case. The frequency of motion is then determined as

i (oL-0) (w1
Ve = . 4.5)

A"

acc,x acc,x

4.3.3 LEBIT Measurement Cycle

For the applications relevant to LEBIT, the indirect cyclotron frequency measurement is best
suited. The flexibility for the measurement expedites the setup time and simplifies an experiment
compared to the restrictions for the direct cyclotron measurements of Sec. 4.3.1. Additionally, mea-
suring the magnetron and reduced cyclotron frequencies independently provides a higher precision
cyclotron frequency (at the expense of taking an additional spot dataset). During an experiment, it
is almost always possible to take calibration measurements with an isobaric contaminant. Given
that the magnetron frequency is largely mass independent (v— ~ 1.8 kHz with a mass-shift of
~ 0.02 Hz/amu at LEBIT), the calibrant species magnetron frequency measurements can be used
for the rare isotope of interest. Since the calibrant is high-rate, these measurements are very fast,

allowing for rare isotope measurements to consist solely of a start spot and reduced cyclotron
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phase spot. The end result is a higher precision rare isotope frequency measurement with minimal
additional experimental time.

The cycle described in Sec. 4.3.2 works well for a perfect Penning trap. However, as detailed
later in Chapter 5, in an imperfect setup where the ions arrive at the MCP detector with a non-
circular projection, the angle of each spot type must be kept the same to eliminate additional
systematic uncertainties. The above cycle does not necessarily allow for this necessary adjustment.
It is straightforward to reposition the spots by adjusting the magnetron accumulation time which
has a period of ~550 us relative to the 25 ns system timing resolution. Note that adjustments to the
reduced cyclotron accumulation time are not as straightforward, as they have periods of ~200 ns
up to ~1 us: the granularity isn’t always sufficient to finely adjust the spot location. With this
in mind, consider that for each spot the magnetron accumulation time can be adjusted such that
they all appear at the same angle on the MCP. The indirect frequency measurement cycle in use at

LEBIT then looks like:

1. A ‘start’ phase ¢0 with/2. >0, 2., >0

ace,- ace,+

2. A ‘magnetron phase’ ¢1 with e, > 10, facer = 10,

3. A ‘reduced cyclotron phase’ qﬁ with taicc,_ >0, t;tcc’ L > tgcc’ +

The start and magnetron phase measurements remain unchanged in principle, and Eq. 4.5 still
holds for determining v_. To determine v, a correction to the phase is required to account for the
non-zero magnetron phase accumulation:

~ ok (62 = 0°) + v (o = 1) + (V- NO)
ti

acc,+

(4.6)

Vy =
0

- tacc,+

Note that Eq. 4.6 now introduces a dependence on v_: this doesn’t pose an issue as v_ is measured

independently to high precision with no corresponding v, dependence.

4.3.4 Mixed Measurement Cycle
A novel approach for PI-ICR measurements has been recently developed and demonstrated at

LEBIT for the lowest-rate measurements. This is accomplished by using the start phase from a
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high-rate calibrant species to determine the reduced cyclotron phase for the ion of interest, reducing
the required counts by half. A derivation of the ion phase advance motivating the new approach
is presented, and a procedure for a cyclotron frequency measurement is provided in the following
discussion.

Traditionally, the same ion species is used to generate both the reference and accumulated
phase measurements to account for any small mass dependent effects inherent to the PI-ICR cycle.
However, in the case of low rate measurements, it is worth considering a ‘mixed’ measurement
approach where an abundant near-mass calibrant species is used as the start phase for the low-rate
rare isotope. Consider a spot generated from a well-known calibrant species with frequencies v,
and v_:

¢start = 27TV—(tq + tacc,—) - 277'V+ (td + tacc,+) + ¢q - ¢d + 27TN (47)

Next, consider the final phase for the second ion species, where the (*) superscript will be used to

denote the new timings and frequencies:
Pace = 21vI(ty + 1y ) = 2Vi(ty + tyees) + &y — Gy + 20N” (4.8)

We assume that v* = v_ (i.e. the calibrant and ion of interest are close in mass). Additionally, we
assume that the initial excitation phases ¢, ¢4 are the same between the calibrant and ion of interest
measurements. In practice, this is easily accomplished with phase-locked function generators (e.g.
running in gated burst, N burst, etc.). Re-arranging and combining like terms, the phase can then

be written as
Gre = 27V_ (t;‘ e —lg—ltace,) ¥ 2V (tg+tace+) =20V (£ + thee ) + Pstart +20(N*=N) . (4.9)

Finally, we can solve this equation to recover the ‘unknown’ frequency of interest, v} in terms

of the known timings and calibrant frequencies:

o P = ) + V(1 + Fer — g~ laee,) * V4 (a + taee) + (N = N)

Vi . , (4.10)

td + t:cc,+
which has an uncertainty given by
2 2
2 6¢S ar| 6¢;CC
. J(IZ + t;CC,- - tq - l’acc’_)zav% + (td + taCC,+)26v+ + (#) + (?)

ov, = 4.11)

ty + tace+



In a typical configuration for the start and reduced cyclotron accumulation phases, t; ~ 14, fyo.. &
tace. < 1/v_, and ftyec+ =~ 0. As such, the uncertainties in the calibrant frequencies are largely
suppressed.

This equation allows for the determination of an unknown ion cyclotron frequency from just
a single v} phase accumulation spot, with the caveat of reduced precision propagating from the
calibrant ion’s frequency uncertainties. This is an extremely powerful tool for the lowest rate
isotopes of interest, where now half the number of ions are needed to complete the measurement.
Furthermore, the calibrant frequencies for these cases will always be known to much higher precision

than the ion of interest and contribute negligibly. A final list of assumptions made to arrive at this

derivation are as follows:

All ions start at trap center with net zero magnetron and reduced cyclotron radii

Excitations for both species are resonant (within the excitation Fourier width)

The calibrant is close in mass to the ion of interest such that v* = v_

A complete quadrupole conversion takes place for both species

The initial excitation phases are the same for both species

For a more detailed look into the systematic considerations for this mixed species technique,
see Sec. 5.1. In general, no systematic shift to the calculated mass value was observed for a high-
statistics study down to ém/m ~ 1073, For the intended use case of this technique, where only one

spot may be generated, this precision is most likely more than sufficient.

4.4 Software and Analysis Toolsets

The final commissioning and development of the phase-imaging ion cyclotron resonance (PI-
ICR) at LEBIT required significant software development for data visualization and analysis. Given
the unique experimental configuration and requirements for the LEBIT setup, custom implemen-

tations of these tools were required. In the following sections, an introduction to the necessary
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theory behind delay-line anode detectors is provided, along with an overview of the algorithm to
determine an ion position. Additional software and analysis tool sets created to aid in the data
acquisition and analysis for PI-ICR measurements are then presented. Significant inspiration for
the analysis of PI-ICR data comes from the work of J. Karthein [85]. All software is maintained as

open source under an MIT license.

4.4.1 Position Reconstruction from a Delay-line Anode

LEBIT utilizes a PI-ICR position sensitive detector system from RoentDek Handels GmbH
which is comprised of an imaging micro-channel plate (MCP) detector in front of a delay-line
anode detector [83,86]. When an ion hits the MCP detector with sufficient energy, an electron
avalanche is produced and is collected on the thin wires of a delay-line anode, as illustrated in
Fig. 4.2. The difference in time for the electrical signal to propagate to either end of the anode
determines the position on the anode where the signal originated. A fast time-to-digital converter
(TDC) records these signal timestamps (after amplification and discrimination) for the MCP plate
and each end of all delay line anodes. The delay-line setup in use at LEBIT quotes signal pulses
shorter than 100 ps RMS (compared to the ~30 ns length of the delay line anode), which produces
better than 45 ym RMS position resolution (compared to the 40 mm active diameter of the MCP).

The LEBIT data acquisition setup for PI-ICR records the raw timestamps from the TDC, vetoed
by a narrow time-of-flight window following ejection from the trap to remove dark counts and
environmental noise. The time window of interest is ~10 us compared to the measurement cycle
time of ~500 ms, eliminating the vast majority of dark counts. The TDC records the following
timestamps for each ion hit event: the ‘Start’ signal when the ions are released from the trap, an
"MCP’ signal when an ion hits the detector, and two timing signals for each delay-line anode.

Once the raw signals are digitized, an algorithm is required to sort out correlated signals for an
ion hit and calculate the incident position on the detector. There are a number of nuances when
determining if two timestamps are correlated, see [83]. The details for making these decisions

are beyond the scope of this document, and the reader is directed to review the algorithm in the
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Figure 4.2 (Left) Illustration of a two-axis delay-line anode setup for accurate position
determination. Electrons produced by the microchannel plate detector are picked-up on a wire,
and the time difference for the signal to propagate to either end determines the position along the
wire. Two independent wires allows for a two-dimensional position determination. (Right) The
two-axis delay-line anode produced by RoentDek Handels GmbH in use at LEBIT for the phase
imaging detector setup.

linked codebase for additional documentation. In essence, position information can only be easily
recovered if two (or more) ion hits are separated in time by at least the delay line anode length
(~30 ns). In the case of PI-ICR this is nearly always the case given the time-of-flight spread of the
ions is ~5 us.

With sufficiently large numbers of trapped ions (e.g. high contamination rates) the probability
of two signals overlapping increases. Even with overlapping ion hits, it may still be possible to
dis-entangle the two hits. The sum of each anode’s signals falls within a narrow distribution as the
delay-line has constant length, allowing for an additional gate to be applied. With this, the position
of an ion hit can still be calculated even with missing timing signals. In principle, only three signals
are needed: the MCP time, one of the X-anode times, and one of the Y-anode times. Knowing the
distribution for the summed X-anode and Y-anode times allows one to determine the full position
(with a slightly higher position uncertainty). Such events must be addressed on a case-by-base

basis, but remain possible (if not necessary) for ultra-low rate experiments where every ion hit is

critical.
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4.4.2 Data Visualization

The code and a list of required dependencies to run this software are hosted publicly on the
MSU GitLab server: https://gitlab.msu.edu/campl1135/piicr_visualization_gt. This
software uses Python 3 as well as the PyQt6 library to support the graphical user interface (GUI).
The GUI layout presents the most critical information relevant to PI-ICR measurements in addition
to providing useful data filters and fits for quick analysis. The main page of the software is shown
in Fig. 4.3 which provides a real-time visualization of the most critical information when running
a PI-ICR mass measurement.

Of primary concern during an experimental campaign with PI-ICR is confirmation that the
desired (molecular) ion is being trapped and measured. This relies on a fast analysis to quickly
extract the frequencies of the trapped ions which can be compared to known values relative to
a known calibration frequency. The GUI was developed to provide fast application of different
gatings/filters to isolate the ions of interest. The time-of-flight (TOF) gate selects for ions with a
specific travel time from the Penning trap to the MCP, and removes the bulk majority of counts
resulting from dark counts and/or electronic noise. Spatial gates allow for the isolation of ions in
a particular region of the MCP detector. Lastly, a filter can be applied to reject any measurements
with too many ions concurrently trapped where space charge effects can distort the beam spot and
induce frequency shifts [ref]. Once all desired gates are applied to the collected data, a separate
datafile can be saved with the isolated ion positions for angle determination and analysis.

Preliminary data fitting to standard distributions is also provided, but is primarily used to
align spots to a specific region of the detector. Additional tools are also provided to simplify the
experiment setup. For example, a ‘spot locator’ window allows for the user to use the spot location
and known frequencies for a calibrant ion to determine the expected angular locations for a given
ion of interest allowing for an initial confirmation of whether or not an ion is present in the delivered
beam. Furthermore, the user can also select expected contaminant species and adjust the trapping
times to best separate the ion of interest from all other trapped ions. Direct timing information

from the TDC can also be viewed to help identify problems with the detector electronics and data
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acquisition during an experiment.
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Figure 4.3 Custom software for Phase Imaging Ion Cyclotron Resonance (PI-ICR) Penning trap mass measurements. The main window
shown here provides an overview of all important data, filtering of valid data from noise, and performing preliminary analysis.
Real-time visualization during an experimental campaign provides necessary feedback to ensure proper configuration and progress.
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4.4.3 Analysis Codes

A robust and quick analysis code is critical to the streamlined operation of PI-ICR during
an experimental campaign. Thankfully, the data collected during a PI-ICR measurement can
be extracted very fast and a preliminary analysis typically requires only a few fits to standard
distributions. However, great care must be taken by the user when setting up the measurements
to ensure a proper accounting of all relevant parameters. PI-ICR requires significant flexibility to
manipulate ions and the measurement timings; the onus is placed on the experimenter to correctly
configure the experiment around the present constraints. Herein lies the challenge of creating a
‘universal’ analysis code: each experiment often requires a unique approach. A framework which
is easily portable to other experimental facilities is highly desirable, especially when aiming for
reproducible results. The following discussion outlines the design principles at play towards these
ends, as well as an overview of the codes capabilities.

When running an experiment, the timestamps for each MCP and delay-line anode are saved
independently, and must be ‘reconstructed’ to determine the position of an ion hit. The raw times-
tamps provide the most fundamental data without bias or errors introduced from the reconstruction
algorithm. However, the timestamp data is not human-readable and does not lend itself well to
interpretation. Furthermore, when analyzing PI-ICR data often requires implementing various
gates on the data (position, time-of-flight, coincident counts, etc.) which are themselves reliant
on the reconstruction algorithm. Considering that the timestamp data is also saved independently
from the system settings used to generate the datafile, the lack of coherence is not conducive to
a repeatable and replicable analysis. Our proposed solution is to generate an ‘analysis datafile’
with two plain text sections: (1) a parse-able header containing all relevant system settings used to
generate the datafile including all gatings/filters that have been applied, (2) all reconstructed data
from the TDC.

The analysis software developed by the author for LEBIT reads in the saved reconstructed
datafiles, fits the data to a standard distribution, and runs calculations to extract the ion frequencies

using the equations presented in Sec. 4.3. The datafiles are each grouped into aggregate datasets.

51



(]
= 0 Fitting Center Dataset
€ i
5 s X = <t -[ed
Ow® > >
a Time Time

)
(7]

® 2 Fitting Start Phase Dataset

T i l ¥, 3[
® e\ o0 .{—i_f.

t L 4 A c

c © <

b (a]

Fitting Analysis
e

Magnetron
Data Files

) .
S8 Fitting Analysis
O . rr——
-U. S 7 oy - i
&8 Ef

Magnetron Dataset

flety

Time

Cyclotron Frequencies

T

Figure 4.4 Workflow for the PI-ICR analysis code implemented at LEBIT. Steps are implemented

from left-to-right, top-to-bottom. The modular analysis process can be easily modified and

adapted to different configurations and measurement cycles.

For example, all datafiles used to determine the trap center are combined such that the extracted
center can be interpolated in some fashion over the entire experiment time. This ‘center dataset’ can
then be supplied to the ‘start phase dataset’ to determine the start phase angle and interpolate over
time. The center and start phase datasets are then provided to the ‘magnetron phase dataset’ and
‘reduced cyclotron phase dataset’ to calculate the respective frequencies. The reduced cyclotron
dataset also uses an interpolated magnetron frequency from the magnetron phase dataset for the
phase correction in Eq. 4.6. A visual flowchart illustrating the connections is shown in Fig. 4.4
This workflow provides a straightforward procedure, and can be completed in quick fashion.

The code is currently contained in a jupyter notebook for ease-of-use and provides a simple structure
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for adaptation. Additional options can be imposed to correct for the non-circular projection of the
ion motion, provide a custom angular uncertainty function (i.e. if the spot distribution is well
known beforehand for low statistics measurements), among others. The software outputs a final
calculated cyclotron frequency in a datafile format compatible for mass analysis with the SOMA

(Simple Online Mass Analysis) software maintained by the LEBIT group.

4.5 Fitting Spot Distributions

Under ideal conditions, both the angular and radial distributions for an ion cloud following a PI-
ICR measurement cycle are Gaussian. However, in some cases the angular distribution strays from a
Gaussian—Chapter 5 provides additional details on some of these conditions. Accurately modeling
the ion cloud distribution also provides a useful metric for evaluating and tuning the trapping fields.
The following discussion provides an overview of of current techniques and applications to both

simulated and experimental data.

4.5.1 Models for Spots in Polar Coordinates

When considering how to fit the ion distribution, the key consideration should be how one
extracts the ‘center’ of the distribution and what exactly is meant by the center. In the presence
of trapping field anharmonicities, the the phase evolution for the radial motions now includes
a dependence on the radii of all eigenmotions. The consequence is a distorted angular/phase
distribution of the ion spot, even under ‘ideal’ experimental conditions. This distortion is further
exacerbated by the long trapping times and large radii critical to successful measurements which
result in asymmetric angular shapes with a ‘tailing’ feature.

It can be shown that an ion cloud that starts at the trap center will retain its modal point. In other
words, the mode of the distribution (point of highest density) preserves the unshifted frequency
during while ions undergo free evolution. A number of statistical distributions exist which describe
asymmetric distributions. Modeling the underlying distributions in polar coordinates is highly

preferable, especially in the presence of strong tailing features. Figure 4.5 provides an overview of
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five common asymmetric distributions applied to a simulated PI-ICR measurement in the presence
of an anharmonic electric field, along with a standard Gaussian for comparison. It should be noted
that the performance of each model depends on the extent of the tail distribution which is included
for parameter optimization, subject to user discretion.

The Gaussian, Moyal and Crystal Ball distributions directly extract the distribution mode as
a fitted parameter. The Exponentially Modified Gaussian and Skewed Student’s-t distributions
extract the mode by evaluating the maximum of the fitted distribution (e.g. with a trivial root
finding algorithm). Note that by extracting it in this manner, the uncertainty in the mode is
undefined. However, the uncertainty in the underlying Gaussian/t-distribution (which is directly
fit) can be used as an estimate of the mode uncertainty to good approximation.

Applying these fits to experimental PI-ICR data in the presence of a poorly tuned trap (e.g. while
in the process of trap tuning) suggests minimal preference to models where tailing is incorporated.

Figure 4.6 provides an overview of the angular fits for one such experimental measurement.

4.5.2 Methods for Fitting Spot Distributions

An ideal approach to optimizing the distribution parameters describing a spot is with the
negative log-likelihood (NLL) function in 2D Cartesian space:

N
NLL(6) = — Z log P(y;, xi3 0) (4.12)

i=1
where P and 6 are the probability distribution and its parameters, respectively. This function is
often convex—meaning a unique global minima exists—and is beneficial for many gradient-based
optimization techniques. When moving to polar coordinates, one must account for the fact that the
area of a wedge is rArA¢, and the probability distribution must be normalized by the wedge area.

Hence, the generalized NLL function for a polar distribution is
P 0
NLL(6) = Zl [ (r”¢" )] (4.13)

This function can be further simplified if the angular and radial distributions are independent,

which is to be expected as only the angular spectrum is subject to distortion from trap anharmonic-
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Figure 4.5 Comparison of statistical distributions for modeling an asymmetric angular distribution
for a simulated PI-ICR measurement in the presence of an electric field anharmonicity. The mode
of each fitted distribution is shown by a vertical dashed line. Reduced- y? values for each fit are
also shown. Residuals for each fit are shown underneath as the blue histogram.
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Figure 4.6 Comparison of statistical distributions for modeling an experimental PI-ICR
measurement of 3*K* where an asymmetric angular distribution is observed. The mode of each
fitted distribution is shown by a vertical dashed line. Reduced-y? values for each fit are also
shown. Residuals for each fit are shown underneath as the blue histogram.
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ities. The radial distribution is unaffected by the dipole excitation, and preserved for a complete
quadrupole conversion. In this case, the probability can be written as P(r;, ¢;) = P(r;)P(¢;) and
the NLL function is given by
N
NLL(6;,6,) = — Z log P(r;; 6,) + log P(¢;; 04) — log r; (4.14)
i=1
where 0,, 64 are the parameters describing the radial and angular distributions respectively.

Optimizing the fit parameters under this formalism is straightforward, and perhaps the most
rigorous option. However, an implicit assumption is that every point included in the dataset is
meaningful to describe the underlying distribution. It is well known that PI-ICR measurements
are susceptible to noise from contaminant species, dark counts, etc. which have the potential to
greatly skew the optimized parameters. The impact of noise counts can be mitigated by binning
the data over a characteristic width and assigning an uncertainty/‘importance’ factor related to the
bin density. This approach requires a sufficiently large dataset (often >200 counts) to adequately
capture the relevant features of the distribution. While not directly applicable to low-statistics
measurements in the case of many rare isotopes, it proves a useful tool for calibration and tuning
measurements.

When considering the binned optimization problem, additional considerations are required.
Accurate fitting relies on a dense sampling of bins, each with a large number of counts. Determining
an ‘optimal’ bin width to capture relevant features of the distribution can be determined with the
Freeman-Diaconis rule [87]. This approximately minimizes the integral of the squared difference
between the histogram and the density of the theoretical probability distribution. The interquartile

range (IQR) is straight-forward to calculate, and is used to determine the optimal bin width:

IQR(x)
\3/5

where 7 is the number of observations in the sample x.

h=2

(4.15)

The negative log-likelihood function must be adjusted to account both for the binning and any

desired weighting function for a given bin. Specifically, Poisson statistics can be used to evaluate
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the probability of observing k counts in a bin when A are expected from the distribution:

/lk -1
P (k|1) = :, : (4.16)
The negative log-likelihood function can then be written as
NLL(6) = - > logP(k;|1;36) ~ > A; - k;log A, (4.17)
Jj=1 Jj=1

where j, n denote bin index and number of bins. Note that the k! term is neglected as it does
not depend on the model parameters. Since the data is known to contain (often sparse) noise, a
weighted NLL function can be utilized to prioritize the optimal parameters for bins with higher
statistics. A simple weighting function is Vk, which approximates the ‘counting’ uncertainty for

large k. A final weighted version of the binned NLL is then given as
n
NLL(6) ~ Y vk; [ - k;log ;] (4.18)
J=1
where A; can be expressed in terms of the probability distribution by
Aj=N-h-P(rj,¢;;0) (4.19)

where N is the total number of counts and P is the model probability distribution.

4.6 Clustering Techniques

Clustering algorithms provide a structured approach to including/excluding points within a
‘spot’. While their use in PI-ICR measurements has largely fallen to the wayside, they are still
useful for quick analysis, especially in the presence of noise. One current downside to most
modern clustering algorithms are finicky hyperparameters which may need to be tuned for a given
dataset, see [88, 89] for reviews. The need for continual intervention takes away the usefulness as
an unbiased discriminator. The following section discusses a novel clustering approach uniquely
tailored to PI-ICR datasets to provide a consistent clustering approach.

A few standard clustering algorithms of relevance to PI-ICR data include k-means [90], DB-

SCAN [91], and OPTICS [92] (among many others). While broadly useful, we can take advantage
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of the structured nature of PI-ICR data to dramatically improve the predictive power. In partic-
ular, the data of interest is spatially contained within the radius of the MCP/delay-line detector.
Furthermore, the location and size of the clusters relative to the detector dimension is relatively
constant. These constraints allow for a spatial discretization of the position data into finite bins,
scaled by the detector size. Data which can be discretized in this manner is particularly suited
for machine learning techniques, which offer powerful and tailored approaches to classify and/or
perform regressions.

There are a plethora of machine learning algorithms available such as k-nearest neighbors [93],
naive Bayes [94], among many others. More recently, neural networks allow for fast prediction of
datasets with a large number of inputs with high complexity. In the case of the discretized PI-ICR
data, the domain is segmented into 2500 pixels, which would pose a significant challenge to the
former machine learning techniques. Neural networks are well suited to large-domain datasets, and
also have the benefit of natively prescribing a probabilistic value to the model output. The general

idea for clustering PI-ICR data with a neutral network is the following:

1. Discretize the MCP position data to a finite grid

2. Determine a normalized density for each grid point

3. Feed the resulting ‘density map’ into a neural network

4. Output the probability of each grid point existing in a spot cluster

5. Apply smoothing/thresholds to the ‘cluster probability map’

6. Collect all MCP hits that exist within the cluster map

The clustering neural network was implemented in python with the Tensorflow [95] and Keras
[96] libraries. For simpler implementation, the 2D discretized density map is unwrapped to an
array of size (50x 50). The model input is of size 2500 with a rectified linear unit (ReLU) activation
function. A shallow network structure was found to provide suitable predictive power, and only a

single internal dropout layer is used to prevent overfitting. The model output is of size 2500 with a
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Figure 4.7 (Left) Simulated PI-ICR spot with characteristic noise at the excited radius in addition
to uniform random noise. (Center) Positions determined to exist in a cluster by a neural network
trained on simulated datasets. (Right) Simulated PI-ICR spot without additional noise, i.e. the
‘true’ cluster. Both axes represent the discretized bin number, and the colorbar represents the
normalized bin density.

sigmoid activation function, which is ideal for the binary classification problem of a pixel existing
in a cluster or not. The model was trained with a binary cross-entropy loss function in combination
with the ‘Adam’ optimizer [97]. The model was then trained over ~50000 training datasets which
were produced from simulated clusters with characteristic noise patterns. The model was supplied
a validation set of ~10000 datasets during training. After approx. 10 epochs with a batch size of
64, the model achieved sufficient accuracy. Figure 4.7 shows a comparison of the model input,
the positions classified as existing in a cluster, and the ‘true’ cluster from simulated data. Overall,
the model performs quite well at excluding noise and recovering the original spot information for
simulated datasets.

With the model’s success on simulated datasets, it can be applied to experimental datasets
with confidence. Figure 4.8 shows an example application of the trained neural network on an
experimental dataset. Overall, the model appears to well capture the cluster and reject the noise.
However, care also needs to be taken to avoid overfitting where the model rejects counts which

result from meaningful ions. In principle this consideration remains relevant regardless of whether

clustering is performed on the dataset.
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Figure 4.8 (Left) Experimental PI-ICR data of K™ trapped for 200 ms while undergoing reduced
cyclotron motion in the LEBIT 9.4 T magnet. (Right) Predicted cluster by the neural network.
Both axes represent the discretized bin number, and the colorbar represents the normalized bin
density.
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CHAPTER 5

SYSTEMATIC STUDIES OF PI-ICR

Systematic studies in R have been well studied for Penning trap mass spectrometry, specifically
for TOF-ICR. Some of the more prominent systematics arise from magnetic field inhomogeneities,
deviations in the axial alignment of the Penning trap with the magnetic field, and distorted elec-
trostatic trapping potentials [42]. A majority of these effects are known to scale linearly with the
difference in the mass of the calibrant ion and ion of interest. For example, TOF-ICR measurements
are known to add an uncertainty of SR ~ 2 x 107! per mass unit difference between the calibrant
and ion of interest species [98]. A common systematic due to space charge effects also becomes
prominent when 2 5 ions are simultaneously trapped [42] which are typically mitigated through
ion cleaning (see Sec. 2.3). Non-linear temporal magnetic field instabilities have also been shown
to contribute no more than 1 x 107 [99] to R over the course of one hour.

With the increased sensitivity of PI-ICR, a number of additional systematic effects are known
to exist and remain under continued study. Extensive studies have been completed at other Penning
trap facilities [67,72,85,100-102] which highlight key considerations as well as system-dependent
effects. LEBIT continues to probe the impact of these known systematics among others, the
majority of which are dominated by the electrostatic trapping field harmonicity, alignment of the
Penning trap to the magnetic field, and space charge effects [103]. This chapter provides an
overview of systematic studies undertaken at LEBIT as well as the expected impact on achievable

mass precision.

5.1 Mixed Species Measurement

As discussed in Sec. 4.3.4, there are many rare isotope measurements which are primarily
limited by the delivered rate. The ‘mixed’ species scheme for PI-ICR reduces the required number
of ion counts by half as it uses the start phase of the reference species for the accumulated phase of
the ion of interest. As this has not been bench-marked before, a careful study of the new technique

is required. Specifically, we are interested in quantifying any systematic shift to the measured mass
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Figure 5.1 Comparison of 'K mass excess values determined with PI-ICR using *’K as the
reference species (2 amu away). The measurements indicated by blue circles calculated the 'K
frequencies in the usual manner. The red triangles indicate 'K frequencies where the 3°K start
phase was used for the mixed-species method.

that may result from this particular configuration.

It is well established in Penning trap mass spectrometry that a mass-dependent frequency shift
will be observed when the ion of interest and reference species are not isobaric [98]. This effect will
persist through the mixed measurement as well, but may also compound as the reference species
frequency is used to calculate the ion of interest frequency. In such a case, we would expect any
additional systematic effect to become more pronounced with larger mass differences between the
two species. From a practical standpoint, it is extremely unlikely that a suitable reference species
cannot be found within 2 amu, so we limit our studies there for the time being.

Figure 5.1 shows an example of the mixed phase mass measurement for a 2 amu mass difference
compared to the standard PI-ICR measurement cycle. No additional systematic effect was observed
down to the 6m/m ~ 1078 level in this particular test. Additional studies are still needed to
determine the true systematic level of this approach. However, as the main use case of the mixed
measurement scheme is for the lowest-rate experiments, achieving the highest precision is not the

primary goal, and precisions ~1078 are more than sufficient for nuclear astrophysics and nuclear
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structure studies.

5.2 Non-Uniform Phase Projections

An ideal Penning trap has the electrode axis perfectly aligned with the magnetic field axis.
However, it has been previously shown that a slight misalignment exists for the LEBIT 9.4 T
spectrometer as presented in [61]. At this time, detailed simulations with SIMION revealed that
both translations and/or axis rotations result in two important features: (1) a disagreement in the
calculated trap center between ions with a radius p = 0 and p > 0, and (2) the projected ion motion
does not follow the expected circular path. Figure 5.2 shows the observed ion paths for p = 0
and p > 0 at LEBIT, where a disagreement in the fitted centers highlights the presence of a field
misalignment.

At the end of the PI-ICR measurement cycle, the ions have pure circular motion at the magnetron
frequency. Upon ejection from the trap and acceleration to the MCP detector, the ion motion evolves

according to the magnetic field gradient and electrostatic field. With the slow magnetron frequency
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Figure 5.2 (Left) Superimposed datasets showing two methods for determining trap center:
projection of the circular motion via scanning over one magnetron period, and a dataset with no
excitations applied (aka ‘center spot’). (Right) Resulting ellipse fit with a center at x=1.56(1) and
y=0.05(1) compared to a 2D Gaussian fit to the center spot with a center at x=1.52(2) and
y=-0.23(2). The discrepancy between center measurements far exceeds the fit uncertainty.
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(~2 kHz) and the fast time-of-flight (~20 us), the ions largely follow a straight path to the MCP,
with the radius magnified according to the magnetic field gradient. As such, the presence of a field
misalignment will reveal itself through non-uniform and non-linear magnification.

This systematic effect can be mitigated through careful alignment of all PI-ICR spots to a
narrow angular region of the MCP, using the procedure outlined in Sec. 4.3.3 for example. Over
a sufficiently narrow angular window, a circle remains a good approximation and the determined
angles are reliable. However, there are several cases where it is not possible or practical to align
all spots together. For online rare isotope measurements with very-low rates, often there is not
sufficient beam time to iteratively adjust the trap timings. In the case of isotopes with isomers, both
will be simultaneously trapped and will appear at different angles relative to their mass separation.
In the remaining discussion, a procedure for calibrating the impact of the field misalignment on
the detected spot angles is provided, and validations for experimental data is shown. The method
described here was developed in parallel to results presented in Ref. [101] and extends it to provide
a sensitive calibration.

Calibration can take advantage of the PI-ICR cycle, where ions undergo pure magnetron motion
just prior to ejection/detection. This slow motion can be precisely scanned via the magnetron phase
accumulation time, allowing for an accurate comparison between the observed detector angle and
the expected trap phase 8 = v_tyc.. As PI-ICR is concerned with the separation between two
angles, only a relative trap phase is important: the trap phase can be defined relative to any phase
measurement observed at the detector. A natural choice is to select an observed phase ¢ ~ 0° with

i

tacc+ = 0 and 10 Then, for each scanned magnetron accumulation time 7, _,

acc,-* the discrepancy

between the observed phase ¢’ and the expected trap phase ' is given by
A =¢' -0 (5.1)
=4 — ¢ + 27y (tgcc,_ - tgcc,_) (5.2)
where d_ is the magnetron phase accumulation sign. The magnetron frequency can be determined

to high precision through TOF-ICR, or by careful alignment of the spots in PI-ICR. Figure 5.3

shows an example calibration for °K* ions at LEBIT.
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Given the periodic nature of the calibration, a truncated Fourier series is ideal to model the

correction:

K
A(9) = ¢ +ag+ ) (axcos(kg) + by sin(kg)) (5.3)

k=1
where the Fourier coefficients ay, by are optimized with a weighted least-squares approach to

account for uncertainties in the observed ¢. Finally, a calibrated phase measurement can be

determined by evaluating the truncated Fourier series at an observed phase:

0(¢) = ¢ — A(9). (5.4)

The truncation of the Fourier series can be set to adequately capture the correction function shape,
while taking care to avoid overfitting the data.

Naturally, the severity of this systematic shift depends on the experimental setup and the extent
of the beam and magnetic field misalignment. As PI-ICR measurements involve the relative
phase separation between reference and phase accumulation spots, the correction to the observed

frequency will be the difference of the correction at the two observed angles:

||A(¢acc) - A(¢O)” .

Av|| =
lav] T

(5.5)

Clearly, this shift dominates at low accumulation times. From Fig. 5.3, the worst-case spot alignment
could lead to an angular shift of ~ 10°. For reasonable accumulation times of ~100 ms, this would
amount to a systematic mass shift of §v/v ~ 10~/ for typical masses at LEBIT. Figure 5.4 shows
the impact of the phase calibration for experimental data. The dramatic shifts in the uncorrected
frequencies highlight the relevance of this systematic when spots may not be well aligned, as might
be expected for low-rate exotic rare isotopes.

For experiments with very-low rates of rare isotopes, a careful alignment of the PI-ICR spots is
simply not possible. A careful accounting of the phase correction with the above method becomes
critical for a successful measurement. For these measurements, the best practice would be to use
an isobaric species as a frequency reference and to generate the phase calibration curve (which

requires very high statistics). However, there have been multiple cases at LEBIT where a suitable
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Figure 5.4 Comparison of experimental **K* and 3°Rb* cyclotron frequency measurements with
and without the calibrated phase correction applied. The y-axis shows the difference between the

measured frequency and a high-precision TOF-ICR measurement, normalized by the TOF-ICR
frequency. A 100 ms reduced cyclotron spot was sampled over the full detector space by scanning
the magnetron phase accumulation time over one magnetron period. The relative frequency shifts

for the uncorrected case far exceed the frequency measurement uncertainty.
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Figure 5.5 Comparison of the #'K* cyclotron frequencies determined with a *'K* phase
calibration versus a 3°K* calibration.

isobaric reference could not be identified, and a near-by mass was used instead. Simulations of
the phase distortion in SIMION suggest that the effect is largely driven by the potential gradient
from the trap to the MCP. The mass/charge of the ions can also play a role, where LEBIT has
seen that different potential gradients are required for broad mass regions to maintain a reasonable
magnification of the ion motion.

To test the sensitivity of the phase calibration to ion mass, a dataset of *'K* ions was collected
and the 3°K* phase calibration was used to correct the observed angles. The results of this test in
Fig. 5.5 shows that the phase calibration dataset is largely mass-independent for a given potential
gradient between trap and MCP detector. As such, high-rate near-by masses can be used to generate
a calibration dataset for experiments with low-rate rare isotopes.

The phase calibration can also serve as a sensitive probe of the field misalignment. Through
small adjustments to the beam axis, minimizing the magnitude of the correction over all angles
serves to optimize the alignment. Given the heightened resolution of PI-ICR, the axis alignment
becomes significantly more important than for the TOF-ICR technique. For the highest precision

measurements this remains a vital correction to minimize systematic effects.
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5.3 Trap Tuning Systematics

A precise tuning of the Penning trap correction ring and correction tube electrodes are essential
to producing the required quadrupolar trapping field of the Penning trap given the finite electrode
geometry. A theoretical description for the trapping potential tuning is provided and its impact on
1on motion relevant to PI-ICR is discussed first. Then an experimental procedure for characterizing

and then minimizing the trapping potential anharmonicity is outlined.

5.3.1 Theoretical Background for Trap Harmonicity
The trapping potential of Eq. 2.3 is cylindrically symmetric about the z = 0 plane and can be

expressed as an expansion of the Legendre polynomials P»,,:

V n
V= Z Cznﬁgnpz P>, (cos 6) (5.6)
n=0

where C»,, is the pole scaling factor and d* = ! /4(2z(2) + r(%) is the characteristic dimension parameter
for the Penning trap. For the ideal quadrupolar field (n = 1), the scaling factor C; = 1. Imperfections
to the field are encoded in the higher order terms such as the octuple moment (n = 2), etc.

The Penning trap correction ring and tube electrodes modify the trapping field to approximate
a quadrupole, such that Cp, = 0 for n > 1. Following the procedure outlined in [104], the
eigenfrequencies are shifted according to the strength of the n = 2 and n = 3 correction under

first-order perturbative calculations:

- 1G4 3 1

CedS (14 1 oo 2o 1 4 1,5, 14
— ——7 4 = + ps7" — — - =pZ — =P+ ...
( 4Z zpiz p+Z lzpi 2p+pi 4p+

(5.7)

where p., z are the amplitudes of the radial and axial modes respectively. Simulations with the
LEBIT Penning trap geometry presented in [105] suggest an optimally tuned trap field will have

Cy,,’s on the order of those shown in Table 5.1.
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Parameter Value
C 1.00187
Cy 0.00207
Co -0.00442
Cg 0.00294

Table 5.1 Calculated Cy, values for the LEBIT 9.4 T Penning trap geometry determined from
SIMION studies, originally presented in [105].
5.3.2 Probing Trap Tune Quality with PI-ICR

The expected frequency shifts will be largely mass independent as the ‘reduced frequency’ pre-
factor in Eq. 5.7 is determined primarily by the w_ frequency as wy > w_. As such, the radii of
motion will determine the extent of the frequency shifts. During a PI-ICR measurement cycle these
radii are constantly evolving during both the initial dipole excitation and quadrupole conversion
pulses. Understanding the impact of these frequency shifts on the final phase distribution of the
ions is non-trivial. A numerical solver for the ion motion was developed to integrate the frequency
shift effects over a PI-ICR measurement cycle to evaluate the expected impact. Figure 5.6 provides
a comparison of the simulated spots in the presence of an octupole anharmonicity as well as
experimental observations showing a similar behavior.

As PI-ICR probes ion motion at large trapping radii, where frequency shifts are more pro-
nounced, a precise tuning of the trapping potential is critical. Procedures for optimizing the
correction ring and tube values have been well-studied with the TOF-ICR measurement technique,
such as Refs. [106,107]. However, studies at LEBIT have shown that the heightened sensitivities of
PI-ICR require a more precise tuning, though the value determined with TOF-ICR provides a good
initial point. Figure 5.7 provides an illustration of the trap tuning with TOF-ICR at LEBIT using
the method of Ref. [106]. Clearly there is a wide range of potential solutions and a refined approach
is required to suit the precision of PI-ICR. The following discussion outlines a novel approach to

leverage the sensitivity of PI-ICR to further optimize the trap tune quality.
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Figure 5.6 (Top Row) Comparison of simulated PI-ICR spots in the presence of a trapping
potential with an octupole contribution. Spots exhibit a ‘tailing” feature whose direction depends
on the sign of the octupole coefficient. (Bottom Row) Comparison of experimental **K* PI-ICR
spots where the correction tube voltage was adjusted to induce anharmonicities into the trapping
potential. Similar tailing features occur as in the simulated data.
5.3.3 Trap Tuning Procedure with PI-ICR

The complexity of the PI-ICR measurement cycle in Sec. 4.3 coupled with the frequency shifts

of Eq. 5.7 make it challenging to evaluate the trap tune independently of contributions from the RF

excitations. To best decouple these effects, we alter the PI-ICR measurement cycle to the following:

* Inject ions into the trap at an initial magnetron radius using Lorentz steerer. Larger radii

induce a bigger frequency shift for poorly tuned potentials.

» Allow the ions to evolve at the magnetron frequency. Longer trapping times resolve smaller

frequency shifts from poorly tuned potentials.
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Figure 5.7 Example of the TOF-ICR trap tuning results at LEBIT. The intersection of the two
lines indicates the ‘optimal’ correction ring/tube values to minimize any frequency shifts. Note
the large error bands result in a large range of values where the true optimal value may exist.
Observations with PI-ICR have revealed sensitivities to these parameters at < 0.01.

* Eject and record the spot distribution at the position-sensitive MCP detector.

Upon trapping, the ions undergo pure magnetron motion: the initial reduced cyclotron radius is
effectively zero, and the magnetron radius is constant. As such, the frequency shift to the magnetron
frequency from Eq. 5.7 can be probed through the axial amplitude of the ion bunch upon trapping.
The initial axial amplitude of the ion bunch can be adjusted experimentally by altering either the
energy of the ion bunch as it enters the Penning trap, or the time when the trapping potential is
‘switched on’. In either case, the magnitude of the frequency shift for a given trap tune can be
evaluated by observing the relative phase advance of the magnetron motion on the position-sensitive
MCP detector.

The optimal trap tune will have the smallest relative frequency shift across the range of axial
amplitudes as the Cy4, Cg, etc. terms approach zero. Figure 5.8 shows a comparison of the relative
frequency shifts for both simulated and experimental configurations. In a practical tuning scheme,

one would optimize the correction tube electrode for a fixed correction ring parameter, invert the
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Figure 5.8 Evaluation of the trapping potential tuning for simulated octupole anharmonicities and
experimental corrections with the correction ring and tube electrodes. The experimental data was
collected with a fixed correction ring parameter of 0.476 for multiple correction tube (CT)
parameters. The energy of the trapped bunch was scanned using the pulsed drift tube immediately
before the 9.4 T Penning trap to adjust the initial axial amplitude of the ions.

procedure, and continue iterating until a stable result is found. Over the many tuning efforts at

LEBIT, a wide-ranging set of correction tube and ring parameters have been found which reasonably

minimize the trapping anharmonicity.

5.3.4 Final Validations for a Trap Tune

The procedure outlined above only probes the trap tune at one specific trap radius. However,
the frequency shifts from an improperly tuned trap are known to have a radial dependence. This
is relevant to PI-ICR as ions start at trap center and are driven to a larger radius. During this time
the ions will experience a changing frequency shift and their final phase will reflect this. One can
sensitively probe this effect by scanning the rf drive amplitude such that the ions are driven to a
range of different radii in the trap. Note that the drive time must stay constant for the final phases
of the ions to remain correlated! For a properly tuned trap, the ion should experience no frequency
shifts as a function of radius and the ion position as a function of drive radius should remain linear.

Conversely, an improperly tuned trap will display a bent shape as the ions experience additional
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Figure 5.9 Comparison of a well-tuned trap (center) to trap tunes where the correction tube is
either too low (left) or too high (right). Each plot was generated by scanning the dipole drive
amplitude and recording the spot distribution on the MCP detector after 250 ms of reduced
cyclotron phase accumulation time. In a properly tuned trap, the spot should move linearly as a
function of the drive amplitude.
frequency shifts at larger radii. Figure 5.9 provides an overview of this effect for experimental data
collected at LEBIT.

The extent of the bending for this test is proportional to the total trapping time. The procedure
should be conducted with a total trapping time exceeding that of any precision measurement to be
conducted. Additionally, this test can be used to sensitively probe the trap tune once the procedure

in Sec. 5.3.3 has been completed. However, this method is significantly slower and is likely best

used for the final fine tuning.

5.4 Impact of Off-Center Injection into the Penning Trap

The PI-ICR measurement cycle relies on a careful preparation and manipulation of the ions
during their time in the trap. In particular, ions must be initially trapped as close to on-center as
possible—i.e. the ion distribution should have zero magnetron and zero reduced cyclotron radii,
and randomly sampled phases for both as well'. Ions which are slightly off-axis will undergo pure

magnetron motion at that initial radius. If the PI-ICR measurement cycle starts at this point, the

! An alternative approach is to apply an initial v_ dipole excitation to drive ions to the trap center. This requires
careful tuning and is generally cumbersome. Lorentz steers provide a reliable and simple method for precise centering.
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Figure 5.10 Observed frequency shifts in PI-ICR measurements of the magnetron and reduced
cyclotron frequencies when ions are injected into the trap with an initial magnetron radius. A
short delay time was added before the PI-ICR measurement cycle to allow the ions to accumulate
some initial magnetron phase.

initial magnetron phase will propagate through the measurement. This introduces a magnetron
phase dependence into the final determined phase based upon the total trapping time.

Figure 5.10 illustrates the impact of the off-center injection on the final determined frequency.
In particular, slight differences to the total trapping time of the ions result in a significant frequency
shift. If the total trapping time is constant across all spots then the frequency shifts to will cancel.
However, this is not practical for the vast majority of experiments. Additionally, the conversion
pulse will not necessarily be complete and can result in a broadened spot distribution.

While a Lorentz steerer provides very precise control over the injected ion position, small
imperfections remain in the initial ion distribution. In general, these deviations impact spot quality
to a much lesser degree than the initial ion energy spread. To ensure the initial magnetron phase
distribution does not impact the final PI-ICR spot phase, LEBIT ensures the magnetron phases are
uniformly random immediately after injection. In practice, once the ions are trapped and all initial
cleaning has been completed, LEBIT adds a small wait time before starting the usual PI-ICR cycle.
This wait time is scanned over one full magnetron period, such that the ion ensemble is guaranteed

to have random magnetron phases on the average.
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5.5 Trapping Field Stability

As discussed in prior sections, a PI-ICR measurement requires a minimum of three datasets:
one to evaluate the center of the trap, one for the starting phase of the ions, and one for the
accumulated phase of the ions. While some of these can be made redundant across the calibrant
and ion-of-interest, the number of datasets remains sizable. Reducing the frequency for which all
these measurements need to be taken is of great interest, and understanding their stability against
drifting trapping fields is critical.

There are two principle ways in which the trap frequencies can evolve over time. Combining

Egs. 2.4, 2.5 we see the following relationship:

2 1642
we= ey SR 108 o 58
2 2 mi(pg+zp)

Itis now clear how the magnetron and reduced cyclotron frequencies are related to both the magnetic
field strength (via w.) and the endcap potential V. Importantly, the magnetron frequency is
significantly decoupled from the magnetic field strength which results in a largely mass-independent
quantity. A linear decay in the magnetic field strength is expected for a superconducting solenoid,
and non-linear fluctuations have been shown to be of negligible impact at LEBIT [99]. The linear
drift in B can be precisely compensated for through a current applied through a pair of insulated
copper wires wound around the beamline within the magnetic field.

Figure 5.11 shows measured magnetron and reduced cyclotron frequencies observed at LEBIT
over the course of 60 hours. Of particular note is the drifting cyclotron frequency suggesting an
over-compensation of the magnetic field was present at the time. More telling is the linear drifting
present in both the magnetron and reduced cyclotron frequencies at the same rate. There are several
mechanisms which might individually account for such a drift, and the remaining discussion in this

section is dedicated to investigations of these effects at LEBIT.

5.5.1 Stability of Trap Electrode Power Supplies
The drift slope directions for the respective w. frequencies could be explained by a trap depth

which decreases over time (Vy in Eq. 5.8). The stability of the trap endcap, correction tube,
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Figure 5.11 Measured magnetron and reduced cyclotron frequency drifts for 3°K* over the course
of an experimental campaign. The cyclotron frequency was determined as the sum of the two
eigenfrequencies.

and correction ring voltages can independently or jointly alter the electric field harmonicity and
consequently the effective trap depth. Thankfully, the stability of these supplies are straightforward
to determine with the aid of a high-precision digital multimeter.

Voltage supplies often have a known temperature coeflicient which dictates the sensitivity of
the output to changes in environmental temperatures. LEBIT uses a Stahl Electronics 16-channel
50 V bipolar low-noise DC power supply for the trapping electrodes which quotes accuracies of
0.015% and ppm level stability over 24 hours. LEBIT and all electronics are situated in a confined
laboratory space with an independent HVAC system. Figure 5.12 shows the output of the Stahl

supply for the Penning trap endcap electrode, under load, over the course of an hour. An 8.5 digit
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Stability of the Stahl Endcap Supply
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Figure 5.12 Comparison of the Penning trap endcap voltage over time, averaged over ~1.6 s,
along with the ambient room temperature.
Agilent 3458 digital multimeter was used to monitor the supply output. The multimeter calibration
is quoted to be accurate across a ~5 C temperature variation, and verified with a thermally insulated
battery. A clear correlation between the endcap voltage and the ambient temperature can be clearly
seen.

The observed fluctuations of ~300 u'V to the endcap over the course of ~10 mins would represent
a frequency shift of ~0.02 Hz (6v/v, =~ 5 x 107%) over that time for masses ~40 u in the LEBIT
9.4 T Penning trap. While certainly not insignificant, these fluctuations alone do not describe the
long-term frequency shifts. Figure 5.13 shows the endcap potential across a longer observation
period. A net linear drift of ~150 p'V/hr would be required to explain the observed frequency shifts.
However, no such drift was observed during the measurement period.

Similar conclusions were also drawn for the power supply channels for the trap correction tube

and correction ring electrodes. While a persistent drift in the trap power supplies cannot explain
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Figure 5.13 Stability of the Stahl power supply channel used for the LEBIT 9.4 T Penning trap
endcap over the course of 16 hours. Each point was averaged over ~1.6 s. Short term oscillations
are the result of fluctuating ambient temperature.

the observed frequency shifts, it is clear that care must be taken during an experimental campaign

for measurements with timescales similar to the HVAC cooling cycle.

5.5.2 Charge Accumulation at/near Trap Electrodes

The Penning trap electrode structure is mounted in place with alumina insulators which are well
shielded from stray/cleaned ions (see Fig. 2.2). A discharge between electrodes in the magnetic
field and/or ionization of any residual gas outside the Penning trap could lead to an accumula-
tion/dissipation of charge on the insulating surfaces. The additional electric field induced from this
surface charge may contribute to the observed in the trap depth. Given the respective signs of the
frequency slopes indicating a decreasing trap depth over time, either a build-up of electrons and/or
dissipation of positively charged ions are plausible explanations.

An additional known mechanism for charge build-up in a Penning trap is the ‘patch potential’
phenomena, where variations in the electrical potential can appear across conducting surfaces.
These effects have been previously observed and quantified for Penning trap electrodes, despite the
gold-plated surface finish used to minimize the impact [64, 108, 109]. However, patch effects and

associated surface inhomogeneities become most relevant for small baseline potentials; all LEBIT
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Figure 5.14 Measured reduced cyclotron frequencies after a discharge event between two drift
tube electrodes after the Penning trap in the LEBIT 9.4 T mass spectrometer. Error bars are
included, but are too small to resolve.

trap electrodes are 10 V and expected patch fields contributions of ~1072 V/cm are unlikely to
explain the observed frequency drifts.

Following a period of stable operation, a discharge between two drift tube electrodes in the
drift field section after the Penning trap was observed. Afterwards, a significant degradation in the
PI-ICR spot quality in addition to a large frequency jump was measured. Figure 5.14 shows the
evolution of the reduced cyclotron frequency measured with PI-ICR shortly after the discharge. A
near-constant cyclotron frequency confirmed the drifting reduced cyclotron frequency is the result
of a changing trapping electric field. We posit that electrons produced from the discharge followed
the potential gradient toward the trap electrodes, ultimately depositing onto the exposed correction
tube electrode on the ejection side of the Penning trap.

The magnitude and timescale of this effect in this instance provides further evidence to suggest
that the observed frequency drifts in prior experiments results from a slow charge buildup on
an exposed trap electrode. Regardless, it is clear that great caution must be taken to prevent
discharge events during an experiment otherwise the resulting frequency shifts can persist over
several days. Thankfully, it is extremely easy to identify and diagnose the effect should it occur

during a measurement.
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5.5.3 Other Possible Effects

Thermal expansions of the trap electrodes would change the overall geometry and impact the
net electric field shape. The LEBIT Penning trap is held at room temperature with no external
temperature regulation. While there is relatively small thermal coupling between the trap electrodes
and the beamline itself, the large thermal mass of the system could translate into a slow temperature
drift for the trap electrodes. Thermal expansion/contraction of the electrodes themselves would
change the fundamental trap dimensions pg and zp of Eq. 5.8. The bulk copper electrodes (neglecting
the thin gold plating) have a linear coefficient of thermal expansion of ~16.3 x 107% m/(m "C).
In order to describe the observed 0.01 Hz/hr frequency shift, a corresponding temperature shift of
~8 "C/hr would be required. Clearly this is far beyond the normal environmental conditions.

The beamline inside the solenoid bore is held in place at either end with mechanical fasteners.
External temperature and barometric drifts could also impact the beamline itself and slightly shift
the electrode positioning within the magnetic field. Again, considering the temperature stabilized
environment, this is not expected to pose any measurable change. The onset of the frequency shift
also does not correlate to any known temperature drifts for a large temperature swing over the

course of several days.

5.6 Frequency Shifts from Space-Charge Effects

Penning traps rely on precisely tuned voltages and electrode geometries to effectively trap ions.
If large enough, the charges from many trapped ions can act to perturb the trapping field which
in turn introduce shifts to the measured cyclotron frequencies. The impact of this effect depends
both on the magnitude of the charge and the physical dimensions of the Penning trap electrodes.
When considering the impact of space charge, two distinct scenarios must be considered. For a
trapped ion cloud consisting of a single ion species, the induced space charge does not influence
the center-of-mass motion of the cloud [110]. However, if the ion cloud consists of a mixture
of different ions, then the center-of-mass motions can interact and result in significant frequency

shifts [111]. The following discussion provides an initial assessment of the impact of space charge
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Figure 5.15 (Left) Frequency ratio for a given number of simultaneously detected ions relative to
the frequency determined from single detected ions. (Right) Detected spot angular spread, fit
from a polar Gaussian distribution, after the reduced cyclotron accumulation time. Each
measurement of the reduced cyclotron frequency v, used = 500 ms phase accumulation time with
a total of ~1000 detected ions. The MCP detector for PI-ICR has an efficiency of ~50%.

for a single ion species within the LEBIT Penning trap geometry.

Consider first the impact of single-species space charge effects in the context of PI-ICR mass
measurements. In a perfect Penning trap, the center-of-mass motion of the ion cloud is preserved.
However, both dipole and quadrupolar excitations must also be applied to the ions. Thankfully,
both will also act upon the center-of-mass (in the on-resonance case) and will not be impacted by
a large space charge beyond a broadening of the ion cloud distribution [42]. However, a broadened
spot distribution may become subject to more sever trapping field anharmonicities which scale
with the overall radius of the ion. While this can be largely mitigated with a proper tuning of the
trapping field, it remains imperfect and thus important to quantify directly.

Figure 5.15 shows results for different numbers of simultaneously trapped K™ ions to determine
where this effect becomes relevant. Of particular note is that no statistically significant frequency
shift to precisions ~ 2 x 10~ are observed for up to 10 detected (~ 20 trapped) ions in the LEBIT
Penning trap. However, for the higher numbers of trapped ions, a general broadening of the
spot angular distribution is apparent, though the effect is relatively minor compared to the initial
magnitude. Many of the rare isotope mass measurements of interest will be delivered at low rates,
and for a single ion species in the trap, this systematic is negligible to the precisions of interest.

When the ion cloud in a Penning trap contains multiple ion species, space charge effects become
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much more relevant. The center-of-mass motions of the ions can interact, and the trap excitations
may not be resonant for all species resulting in potentially dramatic shifts to the observed cyclotron
frequencies. This can often be mitigated through careful ion purification (as described in Sec. 2.3).
However, in many cases it is not possible to fully isolate the ion of interest where contaminants are
very close in mass and/or compose an overwhelming percentage of the mixture. In these scenarios,
the extent of the space charge effects depends on many factors (percent composition, frequency
separation, etc.) which extends beyond the work of this document. A more detailed systematic
study is likely required on a case-by-case basis for measurements which must be conducted under

these conditions.

5.7 Spot Sensitivity to Ion Purification Techniques

PI-ICR requires the trapped ions to be well constrained in energy and position in order to retain
a minimal beam spot size at the detector for precise frequency measurements. At the same time,
it is often necessary to remove contaminant ions from the trap to limit further systematic effects.
The act of ion purification can inadvertently perturb the ions of interest and result in shifts to the
determined frequencies. A discussion of several considerations for ion purification are discussed
below.

Before ions enter into the Penning trap, a coarse time-of-flight filter is used to isolate ions
within a narrow mass-to-charge (A/q) ratio. In its current configuration at LEBIT, a switching
high-voltage potential is used to block ions outside a specified time-of-flight following ejection
from the cooler-buncher. The ramping time of the high-voltage switch and intrinsic time-spread of
the ion bunch determine the separability of the ions with this method. In general, ions with higher
A/q ratios have overlapping time distributions and become harder to separate effectively.

When the gate is switched low/high before/after the ions of interest, some portion of the ion
distribution may experience a small kick, altering the ion bunch energy spread. This effect is
naturally prominent when the switching time of the filter is short relative to the ion time-spread,

particularly for ions with higher A/g. When this is the case, PI-ICR beam spots increase in size, and

84



221

N
=
(o)

1
>

217 4

215 - {

213

Spot Angle [deg]

[200 ms Accumulation Spots for 39K+]

¢

i

A
A

A

25

23

21

19

F17

15

65

0550 0575  0.600 0.625 0650  0.675 0700 0725  0.750

18

64

63 A

62 1
61

60 -

Spot Angle [deg]

59 A1

[200 ms Accumulation Spots for 85Rbe]

F17

r16

15

58

0.8

0.9 1.0 1.1
TOF Gate Time [us]

1.2

=
S

Spot Angular Spread [deg]

Spot Angular Spread [deg]

Figure 5.16 Impact of the time-of-flight filter before the Penning trap on the PI-ICR spots. The

x-axis shows the duration the filter is opened to allow the ions of interest to enter the Penning trap.
Shorter durations may perturb the ions as they pass through the filter and systematically affect the

PI-ICR measurements. The impact on lighter masses is more apparent, though caution should be

taken in general.

can completely smear over all angles. Figure 5.16 shows the impact of the time-of-flight filter for
PI-ICR measurements. Short opening times are desirable to remove nearby contaminants, however,
it is clear that there is a lower limit before PI-ICR measurements are affected. In the near future,

LEBIT plans on replacing the existing plate setup for a Bradbury-Nielsen ion gate [112] which

would provide significantly faster switching with minimal disturbance of the filtered ions.

Once ions are trapped, there are two (related) purification techniques: the SWIFT broadband
approach [70], and a targeted dipole excitation in cases where contaminants are known, see Sec. 2.3.

In the case of SWIFT, a narrow frequency window around the expected ion frequency is excluded
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Figure 5.17 Cleaning efficiency of the SWIFT technique for a 25 ms excitation time, where a
+400 Hz exclusion window was set. A logistic-like function was fit to each dataset. The
amplitude of the cleaning excitation must be properly set to prevent under-/over-cleaning outside
the desired window. An optimal SWIFT cleaning occurs with an amplitude of ~0.4 in this case.
to avoid disturbing the ions to be measured. However, if the exclusion window is too small
then cleaning frequencies may partially excite the ions of interest. The broadening of the cleaning
frequencies is inversely proportional to the excitation time (typically ~25 ms), and power broadening
may also occur if the excitation amplitude is too strong. Figure 5.17 shows the impact on cleaning
efficiency in cases where power broadening sets in (amplitude too high) or under-cleaning from
insufficient excitation amplitude.

The SWIFT amplitude and duration also indirectly defines the minimum exclusion window that
can be used. As the exclusion gap narrows, the frequency bleed-through naturally becomes closer
to the ion of interest. For instance, a 25 ms SWIFT excitation with an amplitude of 0.3 V has
a minimum exclusion window of +200 Hz before the ion of interest (at the center frequency) is
perturbed. Also relevant is the impact on PI-ICR spot quality as the ion frequency approaches the
edge of the SWIFT exclusion window. This may occur if the ion of interest frequency is not well
known beforehand, or if a nearby contaminant species is also within the SWIFT window. Figure 5.18

shows the SWIFT excitation begins to impact PI-ICR spots well before the edge of it’s cleaning
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Figure 5.18 Comparison of the impact to the spot angular spectrum for a given frequency offset
from the center of the SWIFT exclusion window of +£200 Hz for a 25 ms, 0.3 V excitation. A
logistic function fit to the cleaning efficiency of the around this window is also shown.

exclusion window. Additional care must be taken for ions with large frequency uncertainties, or for
isomeric/contaminant species.

In addition to SWIFT cleaning, a targeted dipole approach can be used to remove known
contaminants that are within the SWIFT exclusion window. The duration of the dipole cleaning
pulse determines the minimum frequency separation before the ion of interest is affected. At
LEBIT, cleaning times of 25, 50, or 100 ms are commonly used, where isotope half-life is the main
limitation. Similar to SWIFT, care must be taken to optimize the dipole excitation amplitude to
adequately clean within the intended window. Figure 5.19 shows a comparison between cleaning
efficiency and impact on the PI-ICR spot. A minimum frequency separation must be maintained
from the cleaning pulse to prevent a partial excitation of the ion of interest. The results suggest a
minimum frequency separation of ~110 Hz for the 25 ms dipole cleaning pulse, while a separation
of ~60 Hz is required for the 50 ms case.

Additional shifts to both the mean angular and radial positions were also observed as a function
of frequency offset. However, as these are coupled to the dipole excitation parameters, it becomes
challenging to estimate the systematic impact. Deviations in the spot angular distribution highlight

where the cleaning excitation perturbs the ions of interest. In general, spots subject to partial exci-

87



o e . . . . . . . . . . . .
o . . .
A [25 ms Cleaning D|pole] 0 -
s ¢ g
> - ge]
S 60 9 0 3
= A &
& 404 * L 30 C
[WN] ©
e ? :
: e £
g I 20 —
O Qoo ==l -- S
wn
t
oo T . . . . . . . . . . . . . B
[50 ms Cleaning Dipole] =
S L2308
? 60 - A &
2 & F21.5 £
= )
o 404 ©
o - 20.0 5
C (@)]
S 20 é
© A
o i - 18.5 &
@) Q
o P e e o 5
L 17.0

0O 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150
Frequency Offset [Hz]

Figure 5.19 Impact of a 25 ms (top) and 50 ms (bottom) targeted dipole cleaning on PI-ICR spot
quality for different separations between the ion and cleaning frequencies. A sigmoid function is
fit to the cleaning efficiency data.

tations are quite distorted and easy to identify. The point of interest then is during an experimental
campaign where the ion of interest has a large frequency uncertainty and one must decide where
to clean a nearby contaminant or not. Figure 5.19 provides limits for selecting cleaning times and

frequencies to ensure they are outside the ion of interests uncertainty region.

For a general rule of thumb, regardless of whether SWIFT or a dipole cleaning is used:

vior = 6v should be outside of v¢jean + 3 /7excit
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5.8 Impact of the Trap Excitations

The two excitations used during a typical PI-ICR cycle impact the final phase of the ions. The
description for the ion phase evolution in Eq. 4.3 assumes the excitations are resonant with the
ion frequencies. In the case where the excitations are only partially resonant or off-resonant (e.g.
the expected frequency differs significantly from the actual) then the final phase and calculated
frequency will be offset from the actual ion frequency. In practice, a rf excitation will have
a broadened frequency spread with a FWHM = 1/t such that long excitation times have a
narrower frequency acceptance.

This feature can be leveraged for PI-ICR where nearby contaminants remain in the trap. A long
drive time can be used to selectively drive the ions of interest while leaving the contaminants well
separated on trap center. However, in some cases the ion of interest may have a relatively large
frequency uncertainty relative to the excitation FWHM. For instance, at A/g = 50 a typical mass
uncertainty of 400 keV/c? would correspond to §v ~ 25 Hz to lo~. The case of a 30 deviation
could quickly enter the regime of a partial excitation for typical excitation times of 2 ms.

Figure 5.20 demonstrates the impact on PI-ICR spots for three different excitation times across
different frequency offsets from the known ion frequency for *°K* ions. For the 100 ms reduced
cyclotron accumulation time, a visible perturbation to the spot can be observed when the frequency
offset is ~5 — 10% of the excitation FWHM. Naturally, the spot deviations will be amplified for
longer phase accumulation times. During an experiment, one should use the initial low precision
measurement to assess how off-resonant the excitations are and adjust accordingly.

Clearly, the shorter excitation times can better handle a larger frequency offset for the drive and
conversion pulses. However, there are two dominant limitations to further shortening the excitation
time. The first is the number of periods needed for the excitation to retain the desired effect. While
no exact number has been determined, a minimum of few hundred cycles are thought to be necessary
(~100 us for common frequencies at LEBIT). The second restriction is the voltage limitations of the
arbitrary function generators as shorter excitations require higher rf amplitudes. For the industry

standard of V,,, = 10 V, LEBIT cannot go below a 0.5 ms drive and a 2 ms conversion. External
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Figure 5.20 Comparison of three different excitation amplitudes/times for the PI-ICR conversion
pulse across a range of frequency offsets from the true ion cyclotron frequency. Shorter excitation
times have a broader Fourier frequency width and are expected to be less sensitive to off-center
frequencies. Each spot was allowed to accumulate 100 ms of reduced cyclotron phase, and is
represented on the plot by a fitted Gaussian in cartesian coordinates.
rf amplifiers can be used, though caution should be taken to consider the voltage ratings of all
rf filtering and switching electronics. Additionally, most commercial rf amplifiers do not have
uniform gain across a wide range of frequencies. This would require an additional calibration to
properly calibrate the excitation amplitude for each frequency of interest.

There are a few additional related systematic considerations related to the trap excitations which
will be addressed here. First, if the drive time is shorter than the conversion time, there is a

risk that contaminant ions may be driven out, but not receive a full conversion pulse. These ions

would smear out across a wide range of phases and potentially interfere with the ion of interest
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spot. Similarly, if there happen to be contaminant ions in the partial excitation regime of the drive
and/or conversion the resulting ‘spot’ can potentially overlap with the ion of interest. In both cases,
care should be taken to identify contaminant species and adjust the drive and conversion pulses as
necessary to ensure they remain separable from the ion of interest.

A final consideration comes from Eq. 4.3, where we see that the drive time accumulates reduced
cyclotron phase and the conversion accumulates magnetron phase for the PI-ICR cycle. In the case
of low-lying isomers, it may be beneficial to reduce the drive time to minimize the phase separation
for the ‘start’ spot. Assuming a 500 us drive time, every =5 Hz separation would result in a
~1 degree difference in the final phase for a start spot. The conversion time is irrelevant in this

context as the magnetron frequency is very weakly mass dependent (= 0.02 Hz/amu at LEBIT).
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CHAPTER 6

MASS OF ?>Al AND IMPLICATIONS OF AN UNLIKELY HALO
The results presented in this chapter were first published in Physical Review Letters [45]. Recent

insights, measurements, and additional discussion are included as well.

6.1 Motivation for >>A1 Mass Measurement

Aluminum-22 is the last aluminum isotope stable to spontaneous proton decay, and defines the
proton drip-line. Radioactive nuclei at and near the proton-drip line are of particular importance
for nuclear models as their exotic nature is challenging to accurately predict [5, 13, 16]. These
nuclei have also been observed to exhibit unusual structural properties and decay modes [14, 15].
One such possible feature is the presence of a ‘proton halo’: one or more of the protons extends far
beyond the compact core. Recent efforts to identify and study these nuclei have provided invaluable
information for our understanding of nuclear forces [19,20]. See Sec. 1.1 for additional discussion.

Studies of nuclei at the proton drip-line are often challenging: these nuclei are not easily
produced at most radioactive beam facilities, and the confining nature of the Coulomb barrier
typically suppresses proton halos. Precision mass information of these nuclei are of particular
importance, as it reveals the binding energy of the nucleus [5,6]. A proton halo requires a very
small amount of energy holding the proton to the nucleus, aka ‘proton separation energy’, S).
Precise mass information is also necessary to calculate nuclear charge radii from isotope shift
measurements [22], which can directly probe the size of a halo structure.

Initial evidence for a proton halo in 2>Al was extrapolated from an exceptionally small proton
separation energy determined from nuclear mass models with nearby nuclei [26]. Recent excitement
for a halo structure has come from isospin-symmetry breaking effects in nuclei with similar
properties [113]. Specifically, an observed isospin asymmetry of 6g = 2.09(96) in the Gamow-
Teller B8* transition from the first excited 1* state of 22Si and with its mirror 220 8~ transition [114]
suggested that the first 1* excited state of 2>Al could exhibit a halo structure. Given that this

state is expected to be proton-unbound, information on the longer-lived ground-state of >?Al is
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critical to resolving this case. Predictions and extrapolations are limited by the available mass
precision, providing a strong motivation for a precise mass measurement of the >2Al ground-state

to be performed.

6.2 Experimental Procedure

A detailed description of the experimental facilities used to produce and prepare the rare isotope
beam for mass measurements at LEBIT can be found in Chapter 3. A brief discussion is included
here with specifics regarding the measurement of 22Al.

The radioactive 2>Al isotopes were produced at the facility for rare isotope beams (FRIB) via
projectile fragmentation of a primary 3®Ar beam impinging upon a ~8 mm thick '>C target with
an energy of ~200 MeV/u. The cocktail beam was then sent through the advanced rare isotope
separator (ARIS) [74] to provide an initial purification of the beam. The beam then passed through
two aluminum degraders, 3287 and 1015 pm thicknesses respectively, and then through a 1003 ym
2.67 mrad aluminum wedge to prepare the beam for stopping inside the advanced cryogenic gas
stopper (ACGS) [76]. Following stopping, the ions were extracted from ACGS as a low energy
(30 keV/Q) continuous beam, which was then purified further with a magnetic dipole separator,
with a mass resolving power of m/Am =~ 1500. During gas stopping, rare isotopes may split into a
wide range of molecular forms from residual impurities in the helium buffer gas. The optimal A/Q,
with the highest rate of the rare isotope, was determined with a silicon detector following the mass
separator. A scan over a wide range of A/Q revealed the highest activity at A ~ 22, corresponding
to bare 2Al* ions. No other significant molecular splitting was observed. The A/Q ~ 22 beam
was then sent to the stopped beam area.

Upon entering the LEBIT facility, the beam was first sent to the radio-frequency quadrupole
cooler-buncher [78] which converts the high-emittance continuous beam into short ~100 ns low-
emittance pulses optimized for efficient capture in the LEBIT 9.4 T Penning trap [115]. The known
half-life of ~ 85 ms [116] for 22Al limited the cooler-buncher accumulation time to ~3¢, /2 to balance

decay loses with the available rare-isotope rate. Prior to entering the Penning trap, the ion pulses
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were again purified with a coarse time-of-flight filter to only allow ions of a specific mass-to-charge
ratio through. Once captured in the trap, ions were precisely purified using the stored waveform
inverse Fourier transform (SWIFT) technique [70]. To calibrate the magnetic field, a stable isotope
is used, whose mass is very well known, such as those detailed in the AME2020 [26]. Stable
23Na* was also delivered with the >>Al* beam as a contaminant, and was also readily produced by
the LEBIT offline plasma ion source. Ideally, an isobaric contaminant would be used, however,
no contamination at A/Q = 22 was observed with sufficient rates to perform the magnetic field
calibrations.

Both the time-of-flight ion cyclotron resonance (TOF-ICR) and phase-imaging ion cyclotron
resonance (PI-ICR) measurement techniques were employed to determine the cyclotron frequency
and ultimately the ion mass, as described in Chapter 2. At the time of the experiment, 2?Al
remained unmeasured with a suggested 400 keV mass uncertainty based on extrapolations of the
nearby mass surface [26]. Additionally, the relatively short half-life limited the possible excitation
times in TOF-ICR and phase accumulation times in PI-ICR to 50 — 75 ms. The >*Na* calibrations
were not limited by rate or half-life, and 500 ms excitations times for TOF-ICR, and 150 ms
phase accumulation times for PI-ICR were used. Each measurement of the ion of interest, v, was
interleaved by measurements of the reference ion, v, cqib. The mass ratio of the ion of interest
was then recovered with Eq. 2.11, and the average ratio R was weighted by each measurements
uncertainty.

A number of systematic effects for Penning trap mass spectrometry are introduced in Chapter 5.
Considerations for TOF-ICR measurements are well studied, and the main considerations for this
experiment include magnetic field drifts, mass-dependent shifts between calibrant and ion-of-
interest, and space charge effects. Non-linear temporal magnetic field instabilities have been shown
to contribute no more than 1 x 107 [99] to R over the course of one hour, which exceeds the
duration and precision of any measurement performed in this experiment. The 1 u mass difference
between 22Al* and the 2Na* calibrant is expected to contribute 6R ~ 2 X 10719 [98], which is

negligible compared to the statistical uncertainty of > 1078 for this measurement. Lastly, space
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charge and isobaric contamination effects [42, 117] were minimized by maintaining less than five
simultaneously trapped ions following beam purification with dipole cleanings and SWIFT.

Many of the detailed studies relevant to PI-ICR were not yet finalized at the time of this measure-
ment. While extensive studies have been performed at other Penning trap facilities [85, 100-102],
many effects have been shown to be system dependent. To capture any potentially unknown effects
specific to LEBIT, additional systematic studies were performed offline immediately following the
experiment. Both 2’Na* and 2?Ne* were produced with the LEBIT plasma ion source, where the
stable 2?Ne acted as an isobaric stand-in for ?Al. Care was taken to retain experimental conditions

as exactly as possible, and all trapping times remained unchanged.

6.3 Mass Measurement Results

A total of seven independent mass measurements of 22Al were completed over the experimental
time of 16 hours: four using the TOF-ICR technique, and three with the PI-ICR technique.
Examples of these measurements can be seen in Fig. 6.1 This experiment marks the commissioning
of the PI-ICR technique at LEBIT. The cyclotron frequency ratio R of Eq. 2.11 was determined
by the average of each measurement, weighted by the statistical uncertainty. For TOF-ICR,
Rrop = 1.04406876(6), and PI-ICR, Rp; = 1.044068841(14). The combined experimental
result yields R = 1.044 068 837(14), corresponding to a mass excess of 18092.5(3) keV and a
proton separation energy of 100.4(8) keV. Figure 6.2 illustrates each of the measurements and their

combined results.
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Figure 6.1 (Left) Sample >?Al* TOF-ICR resonance and fit. A 75 ms quadrupolar excitation and
~350 ions resolved the frequency to 6v/v ~ 1 x 1077, (Right) An example of a PI-ICR phase
measurement for Al*. A 50 ms reduced cyclotron phase accumulation time and ~50 ions
resolved the frequency to 6v/v ~ 1 x 1078,
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Figure 6.2 Difference between the frequency ratios v.(2*Na") /v.(22Al") from AME2020 [26] (R)
and this experiment (R). Measurements using the TOF-ICR are shown as the blue triangles and
blue uncertainty region, and PI-ICR measurements as the red circles and red uncertainty region.
The combined weighted uncertainty band of all results is shown between the dashed lines. All
uncertainties are to 1o.
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6.4 Discussion and Predictions from Theory

With the success of the experimental mass measurement, we can turn to nuclear theory to
evaluate the predictive power of different models and extrapolate additional properties of ?Al.
This section provides a detailed description of two independent nuclear models, how they compare
to the newly measured mass, and importantly their predictions regarding the possibility of a halo
structure present in 2>Al. In short, both models are in good agreement with our experimentally

determined observables, and suggest that a ground-state halo structure is not likely to exist for 2Al.

6.4.1 Universal sd-shell (USD) Model

The shell model remains a workhorse for nuclear theory: the protons and neutrons are modeled
independently as occupying hierarchical energy levels, analogous to atomic shell theory where
electrons occupy orbitals in a predictable manner. For nuclei such as 22Al, which have nucleons
in the s— and d—shells, the ‘Universal SD-shell’ (USD) model is an ideal tool. The USD model is
capable of predicting properties of interest for these nuclei based on empirical fits to experimental
data from well-studied nuclei. Relevant to 22Al and the possibility of a halo structure is the ability
to predict the matter radius (how large the nucleus is), and whether the valence proton occupies
the 1sy/2 shell (which is characteristic of halo structures). Additionally, we can compare our
experimental binding energy and compare to the model prediction to gauge the general reliability
of the USD model for 22Al. The following discussion introduces the model, assumptions, and
findings. Ultimately, there is little evidence of a likely halo structure, despite the model accurately
replicating other experimental observables.

The low-lying structure for the nuclei around **Al can be described within the sd (0ds )2, 0d3 /2,
ls1/2) model space. Several “universal" sd-shell (USD) Hamiltonians have been developed over
the last 40 years. They are all obtained by starting with a set of two-body matrix element (TBME)
obtained with nucleon-nucleon potentials re-normalized to the sd model space. The singular-valued
decomposition (SVD) method is then used to constrain linear-combinations of TBME to obtain

lower uncertainties for binding energies and excitation energies. The total number of parameters
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which describe the sd model space is p = 66, which consists of three single-particle energies with
an additional 63 TBMEs. There are n, < p linear combinations of the TBME:s that are considered
to well-determine the data for the SVD method. The remaining p — n, linear combinations which
do not replicate the data are then set to the ‘starting’ Hamiltonian, and used to obtain an improved
set of the TBME:s.

The first types of USD Hamiltonians [118] in 1984 was obtained from nuclei with Z = 8 — 20
and N — Z > 0 in the isospin-formalism: the TBMEs are labeled by the quantum numbers (J, T).
To account for the Coulomb interaction, a constant shift was applied to the binding energy data for
each isotope. This original USD Hamiltonian was updated in 2006 using a larger dataset for 608
states in 77 nuclei, resulting in the USDA (n,, = 30) and USDB (n,, = 56) Hamiltonians [119]. The
starting interactions was based on the Bonn-A potential re-normalized to the sd-model space using
the TBME:s in Table 20 of [119]. These models produced an RMS deviation of 0.15 MeV for USD,
USDA, and USDB between experiment and the calculated energies.

In 2020, the latest SVD fit including the Coulomb and isospin-dependent strong interactions,
treated explicitly, with an expanded dataset including proton-rich nuclei (Z = 8—20and N = 8§-20)
resulted in the USDC Hamiltonian [120]. The total set consisted of 854 states in 117 nuclei, where
the USDC is based on n, = 56 linear combinations starting with the Bonn-A interaction for the
strong-interaction part (the same as USDB). Additionally, the USDI Hamiltonian was obtained using
an initial set of TBMEs obtained from the valence-space in-medium similarity renormalization
group (VS-IMSRG) approach [121,122]. The VS-IMSRG TBMEs contains contributions from
three-body interactions between the valence space and the '°0 core nucleons. The RMS deviation
between the experimental and calculated energies for both USDC and USDI was 140 keV. Ground-
state binding energies predicted by USDC and USDI are relative to '°O: absolute energies are
obtained by adding the experimental energy of -127.619 MeV for '°0. These two Hamiltonians are
used to predict the properties for proton-rich 22Al.

From the experimental results in Sec. 6.3, S p,exp(zzAl) = 100.4(8) keV. The USD shell model

predictions are in good agreement within the 140 keV RMS deviation: §), (?2Al) are 40 keV (USDC)
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Figure 6.3 (Left Panel) Predicted energy states for the >?Al spectrum obtained from the USDI
Hamiltonian. (Right Panels) Experimental levels of >°F (up to 5 MeV) compared to the results
obtained from the USDI and USDC Hamiltonians. The horizontal lines in the figure are
proportional to the J. value for positive parity states. For the 2°F experimental data, levels with
unknown J are shown by black dots, and levels with uncertain J are indicated by the red lines
ending with a black dot.
and 30 keV (USDI). Additionally, the calculated energy spectra for the mirror nucleus 2*F in Fig. 6.3
is in excellent agreement with experiment. Mirror nuclei pairs (where the proton in one nuclei is
swapped for a neutron in the other) share very similar properties and energy level spectra. As such,
the spectra for 2>F should closely mirror that for 22Al. Importantly, USDI predicts a 4* ground-state
for 22AL

A special consideration for proton-rich nuclei is the Thomas-Erhman shift, as discussed in
Sec. V of [120]. Loosely bounded single-particle states with low-¢{ values are known to be lowered
in energy relative to those with high-¢ values. This results from the extended size of the low-{ states
where the kinetic energy of the newly-extended wavefunction decreases. The TES depends of the

specific state and the related spectroscopic factors [120], and cannot be corrected by modifying

the single-particle energies in the Hamiltonian as it is a many-body effect. This shift can be quite
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dramatic: for example, the 1/2* excited state in !’F is shifted down by 0.376 MeV compared to its
energy in the mirror nucleus '’O. In the 22Al mass region there are excited states which have a
significant £ = 0 spectroscopic factor with a TES has high as -0.75 MeV for (see Fig. 12 of [120]).
Predictions from USDI suggest that the 4™ ground-state for 2Al has a minimal Os /2 (€ = 0) proton
occupation of 0.29, and 0.38 for the low-lying excited states. As these are relatively minimal, the
corresponding £=0 TES for the >2Al ground state is small.

The low-lying 3* excited state in 2%F is only 0.072 MeV above the 4* ground state. Despite
the isospin symmetry between the pair, the TES from the larger 1s;/, occupation of the 3% state
in 2F could result in a 3* ground state for >?Al, as suggested by [123,124]. The calculated 8*
decay properties of >>Al, however, are more consistent with the generally accepted 4* ground-state
assignment. It remains important for an experimental measurement of the spin-parity and moments

for the 22 Al ground-state to better describe its structure.

6.4.2 Particle-Plus-Rotor Model

The intent of the particle-plus-rotor model for the case of >Al is to probe the relationship of
a deformed (i.e. non-spherical) nucleus with a weakened binding of a proton. With sufficiently
weak binding of the proton, a halo structure would be enhanced. In principle, the 22Al nucleus
(13 protons, 9 neutrons) is modeled by the well-studied 2'Mg nucleus (12 protons, 9 neutrons)
acting as a ‘compact core’ with an additional valence nucleon attached. The interaction between
the core and valence proton is modeled by a simple function which contains a term controlling
the nuclear deformation. The experimental binding energy for 2>Al is used to appropriate set
the interaction strength. Ultimately, the model suggests sufficient deformation allows for a halo
structure to develop, but said deformation has yet to be experimentally verified. The following
discussion goes into further detail regarding the model and interpretation of the findings.

From the experimental results in Sec. 6.3, the exceptionally small proton separation energy
of ~0.1 MeV allows for the investigation of a ground-state halo structure with the particle-plus-

rotor model (PRM) including couplings to continuum states. This model allows one to probe the
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effects of deformation via the s1/,—ds/>» quadrupole coupling, which can enhance the occupation
of s-waves. In effect, this acts to lower the proton 1sy/, shell which is a key requirement for the
formation of a halo structure.

The binding of the last unpaired proton in 2?Al is described by modeling the interaction of a
core/rotor nucleus, 2! Mg, with an additional proton. For the purpose of this model, we assume only
coupling between the rotor angular momentum, j,, with that for the weakly-bound valence proton,

J, play arole in the particle-plus-rotor dynamic:
JerM = Jr + ] (6.1)

The angular momentum from the structure of >!Mg, J;, can be ignored for our purpose as all
nucleons in 2! Mg are expected to be paired and coupled to 0*, except for one well-bound neutron in
0ds/,. The low-lying multiplets (1,2,3,4,5)" and (2, 3)* of 22 Al are associated with jI’JRM =5/2*
and 1/2%, respectively, and the states within each multiplet are degenerate.

As in a previous application of the PRM in [125], the interaction between the rotor and valence
proton is represented by a Woods-Saxon potential, with an added quadrupole deformation parameter
B>. The wave function can then be expanded by the channel wave functions described by the usual
quantum numbers (n, [, j) for the valence proton, in addition to j, for the rotor. Each channel wave
function is expanded using the Berggren basis which accounts for couplings to the continuum. The
coupled-channel equations can then be solved exactly through direct diagonalization.

With the model in place, the parameters are initially tuned to expected and experimental values.
The results of the shell model calculations in Sec. 6.4.1 are not indicative of any significant
deformation in 22Al. As such, spherical symmetry for 2!Mg is assumed (8, = 0). The Woods-
Saxon potential is then adjusted to reproduce the experimental binding energy for 22Al described in
Sec. 6.3. Additionally, the energy spectra for 2'Mg was used to fix the 1 /2 shell at about 200 keV
above the 0ds/> shell which are understood as the Nilsson orbits for B, # 0. These s.p. energies
differ from those in magic nuclei to account for the absence of residual interaction in the PRM.

Under these assumptions, the following parameters were obtained: a diffuseness d = 0.67 fm,
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a radius Ry = 3.2 fm, a depth Vy = 54.8 MeV, a spin-orbit coupling Vi, = 3.62 MeV, and a
Woods-Saxon Coulomb potential radius R, = 3.0 fm.

The results of interest are obtained by varying the deformation parameter 8, and calculating
the ground-state energy and channel wave function norms for >Al. Figure 6.4 shows both prolate
(B2 > 0) and oblate (8, < 0) deformations act to lower the ground-state energy, suggesting the

deformed system is characterized by a weakly bound valence proton.
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Figure 6.4 Energy of the 2! Mg+p system (top panel), and norms of channel wave functions for
jprRM = 5/2" (middle panel) and 1/2* (lower panel) as a function of the quadrupole deformation
parameter 5;.

From the shell model calculations in Sec. 6.4.1, one expects predicts minimal deformation
2] < 0.1 for the ground state of >?Al in the 0ds /2 state. As a result, the middle panel of Fig. 6.4

shows a small (j, = 2)1s1/, channel wave function weight. This suppression of the sy, state for the
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valence proton does not allow the formation of a halo structure, in good agreement with the shell
model predictions. Conversely, for 8, > 0.1, one can see that the 1/2* PRM state associated with
the (2, 3)* multiplet in >Al does lowers in energy, becoming the ground state. Since this state is
dominated by the s-wave channel (bottom panel in Fig. 6.4, a halo structure would be likely to form.
The necessary quadrupole deformation to achieve 5, > 0.1 is not supported by the shell model,
however, relativistic mean-field calculations [126] and data evaluation [127] predict 8, = 0.284 and
0.226, respectively. Results are not affected significantly if one readjusts the core-proton potential

to match the experimental binding energy with the latter deformation estimate as a guess.

6.5 Perspectives for the Possible Halo Nature of >*Al

The mass measurement of aluminum-22 revealed a very weakly bound valence proton, which is
one of the key indicators for a halo structure to form. Despite this finding, theoretical calculations
of the nuclear structure suggest the valence proton does not lie in the s-shell as expected for a halo
nucleus. Rather, the occupation is predicted to lie in the p-shell, which limits the spatial extent of
the valence proton and restricts the formation of a halo. Additional investigations suggest that a
sufficiently deformed ground state of 2>Al would allow for the valence proton to occupy the s-shell.
However, there is no current experimental justification for a deformed structure.

Around the same time our results were published, an additional mass measurement of 22A1
was published by the cooler storage ring in Lanzhou [34] using the the Bp-defined isochronous
mass spectrometry method. Their independent measurement determined the mass to 10 keV, which
remains in good agreement (1o-) with our results at a precision of 0.3 keV. Of interest in their
results were ab initio calculations using the valence-space in-medium similarity renormalization
group (VS-IMSRG) approach. Ultimately, their findings for a ground state halo in >?Al are similar
to those presented in Sec. 6.4: there is insufficient probability for the valence proton to occupy the
512 state necessary for a halo structure to exist. However, their results do suggest that there is an
increased likelihood for a halo structure to emerge in one of the excited nuclear states, see Fig. 5 in

their results.
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An additional ab initio study was conducted in [128] to better understand the signatures for a
proton halo in 22Al. Their results well reproduced experimental mirror energy differences, Gamow-
Teller strengths, and mirror asymmetry parameters. Ultimately, they found that the ground state
could not support a halo structure, though a halo-like structure was possible in the first 1* excited
state. The work of [129] used a Gamow shell model which also posits a more pronounced halo-like
structure in the excited 1* state in Al but not the ground state. However, as with the theory results
of [34], the excited states of 2>Al are expected to be proton unbound and cannot support a halo
structure.

A recent study of the initial evidence for a halo structure was undertaken in [130]. The
authors suggest that the findings in [113] are unconvincing, as it can be explained by the expected
asymmetry due to the likely unbound nucleus 2?Si relative to the exceptionally stable doubly-magic
220). Furthermore, the results involve the excited states in 22Al, which cannot be be considered a
halo state since these excited states are proton-unbound. As such, the original conclusions based
on an unexpectedly large observed asymmetry are likely in error.

The authors in [130] conducted an additional study with a deformed and triaxial relativistic
Hartree-Bogoliubov in continuum model to further probe the possibility that a deformed ground
state could support a halo structure. The results suggest that triaxial deformation would be required,
and even then only a very minor likelihood of a halo structure. Yet another study in [131] using a
relativistic density functional accounting for parity, deformation, and the continuum found predom-
inant p-wave occupation, which acts to strongly inhibit a halo structure. A study using a deformed
Skyrme-Hartree-Fock method also concluded that there is little room for a halo structure as the
least-bound proton valence state is 1d», through results are strongly correlated to deformation
effects [132].

Two recent experimental results for >>Al shed additional light on the uncertain case for a proton
halo. A recent decay experiment at FRIB made the first observation of the weak g-delayed a
transition from the isobaric analog state in 2>Mg to the '8Ne ground state [133]. This uniquely fixes

the 2>Al ground state at 4*. Similar to the results presented here with the shell model, the 4* ground
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state strongly restricts the formation of a halo structure as the valence proton is not dominated by an
s-wave centrifugal barrier. Furthermore, a differential mean square charge radius measurement of
the 22Al ground state was recently completed by the beam cooler and laser spectroscopy (BECOLA)
facility at FRIB [134]. This directly addresses the proton distribution of a nucleus, and revealed no
statistically significant increase in the charge radius compared to 2> Al.

In conclusion, despite the exceptionally weak proton separation energy of 2>Al, there is no
theoretical or experimental indications of a halo structure in the ground state. The potential for
a halo-like structure in an excited state of aluminum-22 cannot be supported as they are proton

unbound.
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CHAPTER 7

NEXT PHASE OF PI-ICR AT LEBIT
Over the past decade, the PI-ICR technique has been fully realized and successfully commissioned
at the LEBIT facility, enabling many important mass measurements. As the capabilities at FRIB
continue to grow, LEBIT is uniquely positioned to provide critical mass information for many
exotic nuclei. For these measurements delivered at very low rates, one major limitation of the
PI-ICR technique is a reduced detection efficiency for determining ion positions (around 50%
compared to ~100% for TOF-ICR). The sensitivity of PI-ICR still far exceeds that of TOF-ICR
with this limitation, yet several recent advances with MCP detectors provide opportunities to
further expand towards lower-rate isotopes. This chapter provides an overview for a number of
improvements underway for PI-ICR at LEBIT, in addition to novel applications of PI-ICR for the

highest-resolution beam purification.

7.1 Upgraded Detectors for Improved Sensitivity

For the PI-ICR mass measurement technique, the high sensitivity and precision are correlated
to the angular resolution of the observed spot on the MCP detector. The angular resolution is
determined by two factors: the angular spread (i.e. the Gaussian distribution width) and the
number of detected counts. Certain factors impacting the spread of the angular distribution may be
optimized, but are fundamentally limited by the ion characteristics once trapped. However, recall
that the dipole drive at the start of the PI-ICR cycle preserves the initial size of the spot. By driving
the ions to larger radii, we reduce the angular spread and thus improve the frequency resolution.
Though, this too is limited in practice by the size of the extraction hole in the Penning trap endcap.

Assuming a relatively fixed angular spread for a spot, the uncertainty in the center will largely
scale by the square root of the number of counts. Short of delivering more ions in the first place,
this is primarily limited by the detection efficiency of the position sensitive MCP detector. For a
standard setup, the inherent efficiency for recovering full position information is around 50%. Note

that it is not possible to place the MCP detector in the Daly configuration for ~100% efficiency

106



if one desires to retain accurate position information. An additional constraint with 2D delay-line
anode setups is the detector dead-time and multi-hit overlap: if multiple ions hit the detector near-
simultaneously (=30 ns window) in close spatial proximity, there is a high-likelihood that one or
more of the positions will be lost. In the past, LEBIT has mitigated this effect to some degree with
an advanced algorithm to dis-entangle the position signals with some success.

Thankfully, recent developments to both MCP detectors and delay-line anodes allow for a
significantly higher detection efficiency with effective ‘zero’ dead-time. The recently improved
MCP design with a funneled shape at the entry sections of each hole (where the electron avalanche
is produced) allows for a stronger current to form and makes detection easier. From tests performed
at Roentdek Handels GmbH, the funneled design improves the detection efficiency for pairs of
particles by 160%: at LEBIT we would expect an improvement from 50% to 80% efliciency.

Additionally, Roentdek Handels GmbH provides a ‘HexAnode’ delay-line anode detector which
utilizes three independent delay-lines (all three rotated by 60° relative to the other) compared to the
standard two [86]. The added redundancy of a third delay-line allows for unambiguous position
determination as long as the relative time or spatial distance/time between any two hits is above
the pulse-pair dead-time. In other words, the HexAnode detector is only ‘dead’ if two particles hit
simultaneously in the same position. This is particularly relevant when the rare isotope is delivered
with contaminants/isomers which cannot be cleaned and may greatly increase the detected counts
at the detector. Combined, these advances are expected to greatly improve the sensitivity of PI-ICR

mass measurements, and effort remains active to implement both.

7.2 Advanced Isomer Separation with PI-ICR

LEBIT will also continue to serve an important role for other low-energy experiments, e.g.
as an ultra-high resolution mass separator for the lowest-lying isomers. There are several cases
where low lying isomeric states are particularly relevant for nuclear astrophysics (also referred to
as ‘astromers’) as they can impact the flow of material during the r-process and rp-process. Typical

approaches for beam purification use magnetic separation (6m/m > 10~%) or using multi-reflection
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Figure 7.1 A TOF-ICR measurement of "°Cu*, which has two known isomers with excited
energies of 101.1 keV and 242.3 keV [135]. A 350 ms excitation time resolves all three states in
70Cu. Percent composition was determined by the relative resonance strength for each component.
time-of-flight (MR-TOF) mass spectrometers (6m/m 2 10~%). However, there are many interesting
cases which exceed these limits, particularly for heavy masses.

0Cu is one such case, where the ground state is separated from two low-lying isomers at
101.1 keV and 242.3 keV [135] which would require 6m/m < 1.5 x 10~®—right at the upper limit
for the existing purification techniques. In a recent experiment, the LEBIT 9.4 T Penning trap was
used to isolate each state and deliver the separated beam to the SuN++ total absorption gamma ray
spectrometer [136]. Figure 7.1 shows the TOF-ICR resonance containing the three states in 7°Cu
observed at LEBIT. The classic dipole cleaning approach was used to separate each state. However,
this approach is limited by the Fourier width of the cleaning pulse compounded by the initial energy
spread of the trapped ions. The main bottleneck was then the efficient isolation of each state while
delivering rates needed by the SuN++ detector.

The "°Cu experiment operated near the limits where dipole cleaning with a Penning trap would
be effective, yet there exist many interesting science cases with heavy elements and/or lower lying

isomers. The PI-ICR mass measurement technique offers a unique opportunity to isolate even
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Figure 7.2 (Left) A PI-ICR phase measurement of 8°Y?*, which has a known isomer with an
excited energy of 228.5 keV and half-life of 4.8 s compared to the g.s. half-life of 30 s. A 50 ms
reduced cyclotron phase accumulation time separates the two masses by ~ 180°. (Right) A
PI-ICR phase measurement of *°Mn?*, which has a known isomer with an excited energy of
225.3 keV and a half-life of 1.75 min compared to the g.s. half-life of 283 ms. A 5 ms reduced
cyclotron phase accumulation separates the two masses by ~ 60°.

the lowest-lying isomers thanks to its spatial separation capabilities. Figure 7.2 shows example
PI-ICR spectra where both the 8Y and ®Mn ground states are separated from their respective
low-lying isomer. A number of planned upgrades to the PI-ICR detection system will allow LEBIT
to precisely separate an isomer without partial contamination of the other states or compromising
on the beam rate to downstream experiments. The following discussion highlights the key concepts
which will enable these experiments in the very-near future.

The basic isomer separation scheme with PI-ICR would simply require a spatial separation
of the desired state from the others. For instance, a reduced cyclotron accumulation time of
tsep = 1/(2Av,) will separate two ion species by n radians. For v, ~ 3 MHz and A/q ~ 50, a
100 keV isomeric state would require 75 ms to separate fully in the trap. Similarly, for A/g ~ 100, a
100 keV isomer would require 350 ms to separate. In practice, a significantly shorter separation time
may be used as long as the angular distributions remain sufficiently separated. After identification

and confirmation of separation, a set of adjustable slits in front of the MCP can then be used to

isolate the desired state. Retracting the MCP out of the main beamline would then allow for delivery
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Figure 7.4 Illustration of a possible beamline extension for the upgraded PI-ICR setup with

isomer separation and delivery components. Dimensions not necessarily to scale.

of the purified state to a downstream experiment. Figure 7.3 shows an illustration of the detection

setup, and Fig. 7.4 shows a proposed beamline expansion to accommodate the new configuration.
SIMION simulations for an expanded beamline simulation have been conducted to study the

impact on PI-ICR spot quality. In particular, optimal potentials for each drift tube element were

found to optimally magnify the ion motion while maintaining maximal radial separation between the
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unexcited (contaminant) ions at trap center from the excited ions. Optimal performance follows two
general rules: (1) faster time-of-flights to the MCP, and (2) smoothly varying potential gradients.
The drift tube elements are designed to gradually increase in radius to accommodate the radial
magnification of the ions. Three drift tube elements at the end of the beamline can be configured

as an Einzel lens to maintain an appropriate radius before the MCP detector if needed.
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CHAPTER 8

CONCLUSIONS AND PERSPECTIVES

The Low Energy Beam and Ion Trap (LEBIT) facility has well utilized the advances to rare
isotope research with the recently commissioned Facility for Rare Isotope Beams (FRIB). As FRIB
continues to ramp up operations to push further from stability, LEBIT is well poised to provide
critical mass information for many nuclei of high scientific interest. However, despite the incredible
advances of FRIB, many of these isotopes will remain challenging to access due to low production
rate. With the recent implementation of the Phase Imaging Ion Cyclotron Resonance (PI-ICR)
mass measurement technique at LEBIT, many of these challenging measurements are now well
within reach.

Extensive work was taken to streamline the PI-ICR measurement procedure and characterize
the systematics of the technique over the past five years. As a result, LEBIT has completed
numerous rare isotope measurements. In particular, the PI-ICR technique was demonstrated to
provide superior mass precision with a fraction of the detected ions compared to the standard
Time-of-Flight Ion Cyclotron Resonance (TOF-ICR) previously in use at LEBIT. The enhanced
capabilities of PI-ICR has also enabled LEBIT to develop new methods to further reduce the
detected ion threshold and push towards isotopes significantly further from stability. Custom data
acquisition and analysis codes were also developed to provide quick feedback during an experiment
allowing for effective tuning, delivery, and purification of the beam delivered to LEBIT.

The first precision mass measurement of the proton-rich proton-halo candidate >Al was per-
formed as the commissioning run of the PI-ICR technique at LEBIT. The exceptionally small
proton separation energy that resulted from the observed mass supported the case for a proton halo.
However, both a ‘universal sd-shell (USD)’ model and a ‘particle-plus-rotor’ model suggested
inadequate conditions for a ground state halo to exist >Al while replicating the observed proton
separation energy. Since the time of publishing, many additional theoretical studies investigating
22Al were conducted and spanned a wide range of model approaches. Ultimately, the case for

a ground state halo was ruled out, except in the case of sufficient deformation according to sev-
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eral models. Recent measurements of the ground state spin-parity and charge radius for 22Al has
conclusively determined that a proton halo does not exist in the ground state.

Lastly, there are a number of planned upgrades for PI-ICR at LEBIT to further enhance the
capabilities of the mass measurement program. A larger detector with improved position sensitivity
will soon be installed. To accommodate the new detector, an expanded beamline is being designed.
Additionally, LEBIT is designing a novel approach to provide purified beams of the lowest isomeric
states for downstream experiments. The concept was demonstrated with the SuN++ total absorption
gamma ray spectrometer and the two isomeric states in “°Cu. The planned upgrades to the beamline
are expected to dramatically improve both the rate and resolution of the purified beam for future

collaborations.
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