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Zusammenfassung

Die Masse eines Atomkerns, bzw. seine Bindungsenergie, spiegelt dessen Kernstruktur, Sta-
bilitdt und Form wider. Hochprazise Massenmessungen exotischer Kerne mit extremen Proton-
Neutron-Verhéltnissen ermoglichen die Untersuchung der Entwicklung von Schalenabschliisse des
Kernes, des Beginns von Deformationen, des Vorhandenseins metastabiler (isomerer) Zustinde,
der Synthese schwerer Elemente im Universum und vieler weiterer bemerkenswerter Phinomene.
Ein besonders auffilliges Beispiel fiir einen isomeren Zustand in der Nihe von '9Sn ist ein
Spinfallen-Isomer in **Ag mit einer Spin/Paritit von (217), welches Eigenschaften besitzt, die
in der gesamten Nuklidkarte einzigartig sind. Dieses Isomer weist verschiedene Zerfallskanéle
auf, wie z.B. (-Zerfall, 3-verzogerte Protonenemission, direkten Ein-Protonen-Zerfall (1p) und
iiberraschenderweise sogar direkten Zwei-Protonen-Zerfall (2p), wobei die beiden letztgenan-
nten Beobachtungen die Kernphysik-Gemeinschaft seit 20 Jahren vor Rétsel stellen. Die leis-
tungsstarke Technik der Multireflexions-Flugzeit-Massenspektrometrie (MR-TOF-MS), die hoch-
prazise Massenmessungen von Kernen mit Halbwertszeiten von mindestens einer Millisekunde
ermoglicht, wurde in dieser Arbeit verwendet, um verschiedene Grund- und Isomeriezustéinde
in mittelschweren exotischen Kernen zu untersuchen und letztendlich die Réitsel um die 1p/2p-
Zerfallszweige von 9*Ag weiter zu 16sen.

Die in dieser Arbeit implementierten Entwicklungen zur Datenerfassung und -analyse er-
moglichten es, die Moglichkeiten der verwendeten MR-TOF-MS-Autbauten voll auszuschépfen.
Zu diesen Entwicklungen gehoren beispielsweise die Validierung und Feinabstimmung eines Soft-
warepakets zur Simulation der erwarteten TOF-Spektren, die Durchfiihrung systematischer Stu-
dien zur Massenunsicherheit mittels Breitband-Massenmessungen mit relativen Masse-Ladungs-
Fenstern von mehr als 10% und die Gewéhrleistung eines schnellen und reproduzierbaren Wech-
sels des Betriebsmodus eines MR-TOF-MS von langeren Flugzeiten, die ein hoheres Massenau-
flosungsvermdgen ermdoglichen, zu kiirzeren Zyklusldngen, die den Zugang zu Kernen mit kurzen
Halbwertszeiten von wenigen Millisekunden erméglichen.

Mit dem MR-TOF-MS dem TITAN-Experiment (TRIUMF‘s Ion Trap for Atomic and Nu-
clear Science) am TRIUMF in Vancouver, Kanada, wurde die Masse neutronenreicher Indiu-
misotope iiber den Schalenabschluss N = 82 gemessen. Dies beinhaltet die erste Massenmessung
der Nuklide '33134In und die erste direkte Massenmessung des Nuklids '32In. Dariiber hinaus
besitzen die gemessenen Indiumisotope mehrere isomere Zustdnde mit unterschiedlichen Anre-
gungsenergien und Halbwertszeiten. Viele dieser Zustinde wurden in dieser Arbeit beobachtet,
darunter beispielsweise die erstmalige Messung der Anregungsenergie des (1/27)-Isomers von
133Tn, die signifikante Verringerung der Unsicherheit der Anregungsenergien zweier hochliegen-
der Isomere, 12 In und 3™ In, sowie die Beobachtung eines kurzlebigen Isomers in ?°In mit einer
Halbwertszeit von nur 5 ms. Insgesamt unterstreichen diese Messungen die Leistungsfahigkeit der
eingesetzten Massenmessungs- und Datenanalysetechniken, wobei die letztgenannten Techniken
in dieser Arbeit speziell fiir die prizise Verarbeitung der spezifischen Datensétze mit mehreren
iiberlappenden Verteilungen entwickelt wurden.

Mit dem Messaufbau des FRS-IC-Experiment (FRS Ion Cacher) am GSI Helmholtzzentrum
fiir Schwerionenforschung in Darmstadt, Deutschland wurde die erste direkte Massenmessung
von %3Pd, dem 1p-Zerfallstochteratom des (217)-Isomers in **Ag, durchgefiihrt. Die Messung
ergab einen Masseniiberschuss von —59127(35) keV, wodurch die Massenunsicherheit um eine
Grofenordnung reduziert wurde. Infolgedessen wurde eine entscheidende Inkompatibilitdt im
zuvor berichteten Zerfallsschema der 1p- und 2p-Zweige festgestellt: Die Messung zeigt er-
stmals zweifelsfrei, dass die Anregungsenergien der vermuteten Mutterzustinde der 1p- und
2p-Zerfallszweige in °*Ag voneinander abweichen, was die bisherige Interpretation dieser Zerfall-
szweige in Frage stellt. Drei Szenarien, die diesen scheinbaren Widerspruch auflésen kénnten, wer-
den diskutiert und durch modernste Schalenmodell- und Mean-Field-Theorie-Berechnungen er-



lautert. Die letztgenannten Berechnungen stiitzen die Existenz zweier strukturell unterschiedlicher
High-Spin-Zustinde in *4Ag, die die 1p- und 2p-Zerfallszweige speisen, was mogliche Erklirungen
fiir fast alle historischen Ritsel rund um diese exotischen Zerfallsmodi liefern wiirde.



Abstract

The mass of an atomic nucleus, i.e. its nuclear binding energy, reflects its nuclear structure,
stability and shape. High-precision mass measurements of exotic nuclei with extreme proton-to-
neutron ratios allow to study the evolution of nuclear shell closures, the onsets of deformation,
the presence of metastable (isomeric) states, the synthesis of heavy elements in the universe and
many more striking phenomena. There exists a particularly striking example of an isomeric state
in the vicinity of 1°°Sn, a spin-trap isomer in *Ag with spin-parity of (21%), which is known to
possess properties that are unique in the entire Chart of Nuclei. This isomer has been reported
to have multiple decay channels, such as 8 decay, S-delayed proton emission, direct one-proton
(1p) decay and, surprisingly, even direct two-proton (2p) decay, out of which the latter two
observations have puzzled the nuclear physics community for the last 20 years. The powerful
technique of multiple-reflection time-of-flight mass spectrometry (MR-TOF-MS), which enables
to perform accurate mass measurements of nuclei with half-lives down to a millisecond, was used
in this work to study different ground and isomeric states in medium-heavy exotic nuclei and,
ultimately, to further unravel the riddles surrounding the 1p/2p-decay branches of %Ag.

The data acquisition and analysis developments, implemented in this work, allowed to fully
exploit the capabilities of the used MR-TOF-MS setups. These developments include, e.g.,
the validation and fine-adjustments of a software package, which allows for the simulation of
the expected TOF spectra, the completion of systematic studies of the mass uncertainty using
broadband mass measurements with relative mass-to-charge windows of more than 10% and the
assurance of a quick and reproducible change of the operation mode of an MR-TOF-MS from
longer flight times, enabling higher mass resolving powers, to shorter cycle lengths, allowing
access to nuclei with small half-lives of a few milliseconds.

The MR-TOF-MS of TRIUMF‘s Ion Trap for Atomic and Nuclear Science in Vancouver,
Canada was used to measure the mass of neutron-rich indium isotopes across the N = 82 shell
closure. This includes the first mass measurement of the nuclides '3334In and the first direct
mass measurement of the nuclide 32In. Furthermore, the measured indium isotopes possess
multiple isomeric states with varying excitation energies and half-lives, many of which were
observed in this work including, e.g., the first-time measurement of the excitation energy of the
(1/27) isomer in '33In, the significant uncertainty reduction of the excitation energies of two
high-lying isomers, 1?™In and '3!"In, and the observation of a short-lived isomer in '?°In with
half-life of only 5 ms. Overall, these measurements highlight the capabilities of the employed
mass measurement and data analysis techniques, the latter of which was tailored in this work to
accurately treat the specific data sets containing multiple overlapping peaks.

The measurement setup of the FRS Ion Catcher at GSI in Darmstadt, Germany was used to
perform the first direct mass measurement of *3Pd, the 1p-decay daughter of the (21%) isomer
in %4Ag, which resulted in a mass excess value of —59127(35) keV reducing the mass uncertainty
by an order of magnitude. As a consequence, a crucial incompatibility in the previously reported
decay scheme of the 1p and 2p branches is found: the measurement shows for the first time
beyond doubt that the excitation energies of the presumed parent states of the 1p and 2p decay
branches in *Ag disagree, which calls into question the present interpretation of these decay
branches. Three scenarios are discussed, which could resolve this apparent contradiction, and
elucidated by performing state-of-the-art shell-model and mean-field calculations. The latter
calculations confirm that, based on the reported decay information, the 2p emission cannot be
fed from the same (217) isomer as the 1p emission, but indicate that it could originate from a
second, structurally different, high-spin state. This would give possible explanations to almost
all historical riddles surrounding these exotic decay modes.
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Motivation

"They Do It with Mirrors"
— Agatha Christie

Nowadays, experimental studies of exotic nuclei far from the valley of 3 stability, comple-
mented by theoretical investigations, are at the forefront of nuclear physics research. The mass
of a nucleus reflects its nuclear binding energy. Therefore, precisely measuring the mass of exotic
nuclei may provide key information for understanding the synthesis of heavy elements in the
universe and it allows to study nuclear structure phenomena including, e.g., the evolution of
nuclear shell closures, the onsets of deformation or the presence of metastable (isomeric) states.
The powerful technique of multiple-reflection time-of-flight mass spectrometry (MR-TOF-MS)
enables high-precision direct mass measurements of short-lived nuclides with half-lives down to
a millisecond. It is compatible with all methods for the production and separation of exotic
nuclei, and, due to its sensitivity, high mass resolving power and broadband and non-scanning
measurement characteristics, it is well suited for the studies of isomeric states.

In this work, advances were made to two instances of MR-TOF-MSs, one of them belonging
to the TRIUMF‘s Ion Trap for Atomic and Nuclear Science (TITAN) experiment at TRIUMF in
Vancouver, Canada and another one belonging to the FRS Ton Catcher (FRS-IC) experiment at
GSI Helmholtz Centre for Heavy lon Research in Darmstadt, Germany. Then, these measurement
setups were used to study different ground and isomeric states in medium-heavy exotic nuclei.

Firstly, mass measurements of neutron-rich indium isotopes were performed using TITAN’s
MR-TOF-MS crossing the N = 82 shell closure. These isotopes possess a large multiplicity and
variety of isomeric states, with excitation energies ranging from a few tens of keV to a few MeV,
half-lives ranging from a few milliseconds to a few seconds and covering a large dynamic range,
which represents an ultimate test for the mass measurement and data analysis techniques.

Secondly, mass measurements of neutron-deficient nuclei in the vicinity of 1°°Sn were per-
formed at FRS-IC, including the first direct mass measurement of “3Pd, reducing its mass uncer-
tainty by an order of magnitude. This allows to study a spin-trap isomer in **Ag with spin-parity
of (217), which is known to possess properties that are unique in the entire Chart of Nuclei. This
isomer has been reported to have various decay channels, such as 8 decay, S-delayed proton emis-
sion, direct one-proton (1p) decay and, surprisingly, even direct two-proton (2p) decay, out of
which the latter two observations have puzzled the nuclear physics community for the last 20
years. Combining the results of the mass measurements reported here with state-of-the-art shell-
model and mean-field calculations allows to further unravel the historical riddles surrounding the
1p/2p-decay branches.



Chapter 1

From the production to the mass
measurement of exotic nuclei

Most of our current knowledge about the structure of atomic nuclei has been obtained from
experiments conducted with nuclei that are located in the Chart of Nuclides in and around the
valley of 3 stability and naturally occur on Earth. Through studying the natural abundance of
the different isotopes, it has been noticed that the isotopes containing 2, 8, 20, 28, 50, 82 etc.
neutrons and/or protons occur more frequently in nature than other isotopes. Such nuclei, like
the noble gases, have a particularly stable structure, spherical shape and a larger proton /neutron-
separation energy, and are difficult to excite |[Groeppert Mayer, 1948|. These observations could
not be interpreted with the liquid drop model of atomic nuclei widely used at the time [Bethe &
Bacher, 1936, Weizsacker, 1935|, hence the above-mentioned special numbers have been called
magic numbers. The discovery of these magic numbers played a crucial role in shaping our
understanding of the structure of atomic nuclei and have lead to the development of the nuclear
shell model, where the origin of the magic numbers could be explained as results of nuclear shell
closures |Groeppert Mayer, 1948, |Groeppert Mayer, 1949|. The constancy of magic numbers had
been a fundamental principle in nuclear structure physics for several decades.

Moving away from the valley of [ stability, reaching the so-called exotic nuclei with extreme
ratios between the number of protons and neutrons, a number of new striking phenomena emerge.
The magic numbers can change or disappear driven by the evolution of nuclear shell closures
[Sorlin & Porquet, 2008], e.g., in some of the exotic nuclei near closed shells, states with deformed
shapes start to appear even at low excitation energies [Thibault et al., 1975, Détraz et al., 1979|.
Additionally, the density distribution of some of the exotic nuclei shows surprising properties,
e.g., they can be surrounded by a neutron or proton halo, making their overall size significantly
larger [Anne et al., 1990, Riisager, 1994], or, in some cases, even a bubble-like proton distribution
may develop [Mutschler et al., 2017]. Furthermore, these nuclei can have different exotic decay
channels, such as 8-delayed or direct one- or two-proton/neutron emission |[Pfiitzner et al., 2023,
Spyrou et al., 2012| and, even, S-delayed fission [Andreyev et al., 2013|. Finally, studies of these
nuclei can also provide crucial information for the nucleosynthesis of heavy elements above iron-
nickel, i.e. with mass number A 2 60, because the paths of most of the nucleosynthesis processes
are located far away from the valley of 3 stability [Burbidge et al., 1957|. These processes include,
e.g., the astrophysical rapid neutron-capture process (r-process) [Kajino et al., 2019|, the path of
which proceeds through many neutron-rich nuclei, the neutrino-induced nucleosynthesis process
(vp-process) [Frohlich et al., 2006, Pruet et al., 2006] and the astrophysical rapid proton-capture
process (rp-process) [Schatz et al., 2001, Cyburt et al., 2016|, the paths of which proceed through
neutron-deficient nuclei.

The experimental study of exotic nuclei has been made possible by the technical development
of particle accelerators in the last few decades. Nowadays, in leading laboratories worldwide,
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experiments are being carried out with radioactive ion beams (RIB) to investigate the structure
of these nuclei. In this chapter, an introduction is given to the main experimental techniques
used for the study of exotic nuclei with emphasis on their mass measurements.

1.1 Motivation for mass measurements

The binding energy of the nucleons in an atomic nucleus reflects its nuclear structure, stability
and shape, etc., and it is related to the mass of the nucleus (Myya (N, Z)) via

Muywa(N,Z) = Z -my+ N -m, — BE(N, Z)/c* . (1.1)

Here and further on, Z and N are the atomic and neutron numbers of the nucleus, ¢ is the speed of
light, m,, and m,, are the masses of the proton and neutron, and BE(N, Z) is the nuclear binding
energy. Therefore, precisely measuring the masses of exotic nuclei allow to study, e.g., the limits of
existence, the evolution of nuclear shell closures, the onsets of deformation etc. [Yamaguchi et al.,
2021]. Furthermore, the masses of exotic nuclei influence the paths of different nucleosynthesis
processes. This is shown in Ref. [Mumpower et al., 2016] for the case of the astrophysical rapid
neutron-capture process, where the nuclei are identified, the masses of which have a large impact
on final r-process abundances in multiple astrophysical conditions.

In this work, the emphasis is given to nuclear structure studies guided by mass measurements
of exotic nuclei, a few basic concepts of which are described below.

Nuclear structure studies guided by systematic trends of BE derivatives

Different combinations of binding energy differences can be defined to isolate different nuclear
properties, such as the one- or two-nucleon separation energies, the empirical shell gaps [Manea
et al., 2023|, the empirical pairing gaps |Changizi et al., 2015|, the empirical and the residual
proton-neutron interaction strengths [Bender & Heenen, 2011, Wu et al., 2016], and the Wigner
energy [Satula et al., 1997|... Examining the systematic trends of these binding energy (BE)
differences, also called as BE derivatives or BE filters, allows to study the evolution of different
nuclear properties, e.g., the limits of existence, the evolution of nuclear shell closures, the onsets
of deformation along the isotonic or isotopic chains [Yamaguchi et al., 2021|. A few of these BE
filters are used in Section 5.3.1 of this work and are described below in a bit more details.

The one-proton and two-proton separation energies, Sp(N, Z) and Sa,(N, Z), represent the
energy needed to remove one or two protons from the nucleus and are defined as

Sy(N, Z) = BE(N, Z) — BE(N, Z — 1) and So,(N, Z) = BE(N,Z) —BE(N, Z —-2) .  (1.2)

In general, these one- and two-proton separation energies are expected to steadily decrease along
an isotopic chain with a decreasing number of neutrons (N) towards the one- and two-proton
driplines, which are defined as the first isotopes along the isotopic chain, for which the corre-
sponding one- and two-proton separation energies change their signs to negative. In case of the
one-proton separation energy, on top of this steady decrease, there is also an odd-even staggering
due to contributions from the proton-proton pairing interactions. In addition, the signature of
shell closures is represented by a rapid decrease of the corresponding one- and/or two-proton
separation energies at magic proton and neuron numbers.

For odd-odd nuclei, i.e. for nuclei containing odd number of protons and neutrons, the BE
filter called as §V;37 (N, Z) is defined as the following double-difference of the binding energies of
four neighboring nuclei:

SVON, Z) = Sp(N, Z) — Sp(N —1,2) =
= [BE(N,Z) —BE(N,Z—-1)]-[BE(N-1,Z)—BE(N —-1,Z-1)] . (1.3
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Assuming that the nuclear core is not changed significantly for the four neighboring nuclei in
Eq. (1.3), e.g. they all have the same nuclear shape, this 0Vap quantity isolates the empirical
interaction strength between the "last" (valence) neutron and proton |[Zhang et al., 1989, Cakirli
et al., 2005], which has two terms in a typical case, i.e. when N % Z. Its first term (bulk)
probes the symmetry energy of the macroscopic mass formula [Stoitsov et al., 2007, Reinhard
et al., 2006] and its second term gives the residual interaction strength between the last unpaired
neutron and proton, which is only relevant for odd-odd nuclei [Wu et al., 2016].

In case of N = Z nuclei, theory predicts that the value of §V17 is expected to be five times
larger compared to N # Z nuclei, which is qualitatively consistent with the measured nuclear
masses [Van Isacker et al., 1995]. These results are further supported by the fact that the §V?
quantity has been related to the spatial overlap between the wave functions of the valence proton
and neutron [Brenner et al., 1990, Brenner et al., 2006|, which is expected to be the highest for
N = Z nuclei, where the protons and neutrons occupy the same orbitals. In general, the value of
6V is expected to decrease smoothly with increasing A and/or Z, both along the N = Z line
and for N # Z nuclei. This is because of three main reasons [Mardor et al., 2021]: (i) Firstly,
with increasing A, the nuclear radii increase, thus the average distance between last neutron
and proton increases even when they are occupying the same orbital |Brenner et al., 1990].
(ii) Secondly, with increasing Z, the Coulomb-interaction between the protons increases, thus
differentiating the proton and neutron wave functions even when they are occupying the same
orbital [Brenner et al., 2006]. (iii) Finally, with increasing A, the spin-orbit interaction increases,
thus gradually breaking the spin part of Wigner’s spin-isospin SU(4) symmetry proposed in
Ref. [Wigner, 1937|, which reflects the empirical proton-neutron interaction strength according
to Ref. [Van Isacker et al., 1995]. Any variation from the smooth decreasing trend of V37 can
be a result of distinct nuclear structure effects, such as a partial symmetry restoration [Mardor
et al., 2021] or effects due to nuclear shell closures [Chen et al., 2009, Hamaker et al., 2021].

Nuclear structure in the vicinity of !°°Sn

The nucleus '°°Sn, containing 50 protons and 50 neutrons, is the heaviest doubly-magic self-
conjugate nucleus that is stable with respect to particle emission. In general, N ~ Z nuclei
containing the same or similar number of protons and neutrons are highly interesting to study,
because they exhibit various phenomena and symmetries, most of which are unique to these
nuclei, and their studies provide important benchmarks for theoretical models. Despite the
general interest among the nuclear physics community to study theses nuclei, the presently
available data concerning the nuclear structure and properties of heavy N ~ Z nuclei are very
scarce due to the fact that producing and measuring these nuclides close to the proton-dripline
is very challenging. The small production yields and short half-lives of these nuclei hinder the
experimental efforts. For an overview of experimental and theoretical efforts in the vicinity of
the doubly-magic nucleus 1°°Sn, see Ref. [Faestermann et al., 2013].

A few examples of the striking phenomena, appearing in heavy N ~ Z nuclei, include,
e.g., the formation of high-spin metastable (isomeric) states [Plettner et al., 2004, Nara Singh
et al., 2011|, the particularly large strength of neutron-proton pairing correlations [Frauendorf
& Macchiavelli, 2014|, the presence of isobaric analog states and their properties and other
effects related to the isospin symmetry and its breaking [Bentley, 2022|, the direct and/or (-
delayed (two-)proton emission from ground or excited states [Mukha et al., 2006|, and the strong
resonances in Gamow-Teller transitions close to the proton dripline |[Juodagalvis & Dean, 2005].
Experiments with these nuclei also represent stringent tests for theoretical models, e.g., aiming to
predict the location of the proton-dripline, i.e. the so-called limits of existence [Herndl & Brown,
1997|, or to answer the question if and when the emergence of prolate deformation and shape
coexistence starts to become relevant with removing nucleons from the doubly-magic system,
100Sn [Yaneva et al., 2024]. Additionally, these nuclei also allow to test fundamental physics



CHAPTER 1. INTRODUCTION 1.1. PHYSICS MOTIVATION

principles, such as the conserved vector current hypothesis [Hardy & Towner, 2020]. Moreover,
the heavy N = Z nuclei also have a high impact in modelling nuclear astrophysics processes
(rp-process, vp-process), see e.g. |Cyburt et al., 2016, Frohlich et al., 2006].

In this work, a few of the above-listed striking phenomena are discussed and elucidated guided
by mass measurements and guiding mass predictions of neutron-deficient nuclei in the vicinity
of 1998n (see Chapter 5).

Isomeric states and their studies

"Metastable" excited states with half-lives ranging from nanoseconds to years are collectively
called as nuclear isomers [Walker & Podolyék, 2020]|. Experimental studies of these metastable
excited states, complemented by theoretical calculations, can shed light to understanding the
underlying reasons for their longer half-lives. Depending on these underlying reasons, i.e. physical
mechanisms of hindrance in their respective decays, nuclear isomers are classified into different
categories, such as spin-trap isomers, K-isomers, seniority isomers, shape and fission isomers [Jain
et al., 2021]. Additionally, measuring the isomer-to-ground state ratio of a certain isomer state
may provide important information on the employed production mechanism, see e.g. Refs. [Gao
et al., 2023, Hafner et al., 2019]. Furthermore, it is also interesting to study whether certain
isomeric states may have a so-called astromeric nature, i.e. may provide crucial information for
the synthesis of heavy elements in the universe [Misch et al., 2021, Misch & Mumpower, 2024].

Depending on their half-life and excitation energy, different methods are available for their
detection and measurement ranging from decay spectroscopy to different mass measurement
techniques [Dickel & Mollaebrahimi, 2024|. To this end, resolving and measuring the mass of
ground and isomeric states covering a large dynamic range, which have small excitation energies
of a few tens of keV and very short half-lives of a few milliseconds can serve as ultimate tests for
the capabilities of the employed mass measurement and data analysis techniques, see e.g. [Xing
et al., 2023] and Chapter 4.

In the vicinity of %°Sn, the formation of high-spin isomers is discussed extensively in lit-
erature, see e.g. [Plettner et al., 2004, Nara Singh et al., 2011]. As one particularly striking
example, Ref. [Plettner et al., 2004| reported the observation of a spin-trap isomer in M Ag with
a very high excitation energy of more than 6 MeV and with the highest spin observed so far for
S-decaying nuclei, (217). This isomer possesses properties that are unique in the entire Chart of
the Nuclides; it is has been reported to undergo multiple decay modes, see e.g. [Plettner et al.,
2004, Mukha et al., 2004, Mukha et al., 2005, |Cerny et al., 2009, Mukha et al., 2006]. Out of
these observations, the historical riddles surrounding the direct one- and two-proton decay of
this high-spin isomer are further investigated in this work (see Chapter 5).

1.2 Production and separation techniques

Experimental studies of exotic nuclei far from the valley of 8 stability require fast and efficient
production and separation techniques, recent reviews of which can be found in [Blumenfeld et al.,
2013, Geissel & Morrissey, 2023|. Since most of these nuclei are short-lived and, therefore, are not
readily available on Earth, they need to be produced through specific nuclear or atomic reactions
or through radioactive decays. These reactions or decay modes include, e.g., spontaneous or
particle-induced fission, spallation, fragmentation, fusion, deeply inelastic or (multi-)nucleon
transfer reactions [Geissel et al., 1995]. Due to the nature of these processes, usually, a large
number of different reaction products are created and among them the exotic nuclei of interest
are usually produced with the smallest production yields. This necessitates the usage of fast and
efficient separation techniques to separate the isotopes of interest from the other, typically more
abundantly produced species, which are commonly referred to as "contaminants".



1.2. PRODUCTION AND SEPARATION CHAPTER 1. INTRODUCTION

Nowadays, two main complementary production and separation techniques are employed at
different accelerator facilities worldwide to study the properties of exotic nuclei, namely, the
isotope separation online (ISOL) and the in-flight separation techniques. Presently existing
ISOL facilities include, e.g., ISOLDE at CERN, Genf, Switzerland [Kugler, 2000] and ISAC at
TRIUMF, Vancouver, Canada |Ball et al., 2016]. Presently existing and future in-flight facilities
include, e.g., ARIS at FRIB, East Lansing, USA |Hausmann et al., 2013, FRS at GSI and,
in the future, Super-FRS at FAIR, Darmstadt, Germany [Geissel et al., 1992| and BigRIPS at
RIKEN, Wako, Japan |[Kubo, 2003|. In this subchapter, the basic principles, advantages and
disadvantages of the ISOL and in-flight techniques are discussed. Two example for existing
facilities, where these production and separation techniques are employed, are discussed in a bit
more details, because they are relevant for this work.

Notably, besides the ISOL and the in-flight separation techniques, there are more techniques
available for the production and separation of exotic nuclei, e.g., the so-called ion guide iso-
tope separator online method (IGISOL), the so-called in-gas laser ionization and spectroscopy
method (IGLIS) or the production of exotic nuclei via neutron capture in nuclear reactors. These
methods, however, are omitted from the present discussion as they are not relevant for this work.

1.2.1 Isotope separation online techniques, e.g. at TRIUMF: ISAC

At ISOL facilities, typically two kinds of nuclear reactions are responsible for the production of
exotic nuclei: (i) the proton-induced fragmentation of a heavy target, known as spallation, and
(ii) nuclear fission, i.e. the disintegration of heavy nuclei into two large fragments |Geissel et al.,
1995). A target, which is usually composed of heavy elements, such as uranium or tantalum,
with typical areal densities of a few tens and up to a few hundreds of g/cm?, is bombarded with
a proton or a light-ion beam at energies of 100-1500 MeV /nucleon and with beam intensities
of 1-100 pA in a typical ISOL facility [Blumenfeld et al., 2013]. The reaction products are
stopped in the target, which is kept at a high temperature causing the reaction products to
diffuse through and effuse out of the target. The products extracted from the target are then
transported towards the ion source, where they are ionized by different means, e.g., by electron
impact, laser and/or surface ionization.

The very high intensities of the proton or light-ion beams provided by the accelerators of
ISOL facilities allow to reach exceptionally high production yields for some of the exotic nuclei
of interest. On the other hand, both the efficiency and the time of the diffusion and effusion
processes in the target and the efficiency of the ionization of the reaction products depend on
the geometry and temperature of the target and strongly depend on the chemical properties of
the target elements and reaction products [U. Koster, 2002|. Overall, this can lead to relatively
long diffusion and effusion times, typically longer than a few tens of milliseconds and up to a
few seconds, which limits the half-life of the nuclei accessible by this method. Furthermore, the
chemistry-dependence of the efficiency of this method results that there is a list of refractory
elements that have not yet been produced successfully at ISOL facilities. This remains a major
challenge and requires a continuous development of this production and separation technique
actinide elements, which are challenging to produce employing the ISOL technique).

In the next step, the singly-charged reaction products are re-accelerated to a few tens of keV
and are separated by electromagnetic separators, e.g., most commonly, by large double-stage
magnetic separators [Wollnik & Becker, 1985]. Although the resolving power of such magnetic
separators usually allows to separate the ions according to their mass-to-charge ratio, but it
is typically not sufficient to separate isobaric species from each other. This results that the
radioactive beams produced by the ISOL method are typically governed by a large amount of
isobaric contaminant species, especially the ones with low ionization potential, which are surface
ionized easily. This may hinder the measurement or the identification of the less abundant
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exotic nuclides of interest, the rates of which have to be enhanced by other means, e.g., by
resonant laser ionization techniques [Marsh, 2014|. If there is a need to further suppress the
isobaric background, the usage of resonant laser ionization techniques can be combined with,
e.g., the application of multiple-reflection time-of-flight mass-spectrometers (MR-TOF-MSs) as
high-resolution isobar separators [Wolf et al., 2013, Hirsh et al., 2016, Dickel et al., 2017a], see
Section 1.3 below for more details.

After their separation according to their mass-to-charge ratios, the reaction products can be
either (i) directly delivered to experimental setups that require beams with low energy to study
different properties of the exotic nuclei of interest, e.g., for high-precision mass measurements
using different ion trapping techniques, decay and/or laser spectroscopy studies, or (ii) post-
accelerated up to beam energies of a few tens of MeV /nucleon available at present ISOL facilities
and sent to a secondary target, e.g. for in-flight spectroscopy studies of exotic nuclei, or delivered
to other experimental setups, which require higher energy beams.

The results presented in this work include measurements performed at the Tri University
Meson Factory (TRIUMF) in Vancouver, Canada employing the ISOL technique for the produc-
tion and separation of exotic nuclei, see Chapter 4. There, TRIUMF’s main cyclotron is used to
accelerate H™ ions to an energy of 480 MeV. The electrons are then removed with stripper foils
leading to a proton beam. At the Isotope Separator and Accelerator (ISAC) [Ball et al., 2016],
the generated proton beam with an intensity of up to 100 pA hits a target composed of heavy
elements and the extracted and ionized ions undergo a subsequent re-acceleration and separation.
The latter is achieved using the ISAC mass separator, which has a mass separation power of up to
2000 [Bricault et al., 2002|. Overall, the ISAC facility at TRIUMF is an ISOL facility, which can
handle the highest beam power on the target among the existing ISOL facilities worldwide with
a beam energy of about 500 MeV and an intensity of up to 100 A corresponding to a power of
up to 50 kW |U. Koster, 2002]. Ultimately, this can lead to considerably high production yields
even for the most exotic ion species, many of which are, therefore, accessible at ISAC, TRIUMF.

1.2.2 In-flight separation techniques, e.g. at GSI: FRS

While the chemistry dependence of the production yields of the ISOL technique hinders the pro-
duction of certain elements at ISOL facilities, a complementary technique of in-flight separation
provides an element-independent production of exotic nuclei. At in-flight facilities, depending
on the beam energy, typically three kinds of nuclear reactions are responsible for the production
of exotic nuclei: (i) at low primary beam energies near the Coulomb barrier, exotic nuclei are
produced through fusion reactions often followed by a sequential evaporation of nucleons (usually
neutrons) or sequential fission, which has been used to produce a large range of neutron-deficient
nuclei across the nuclear chart and to synthesize the heaviest elements, and (ii) at much higher
primary beam energies, projectile fragmentation of a heavy-ion beam impinging on a light target
and Coulomb-fission and abrasion-fission of the projectile are used for the production of exotic
nuclei |Geissel & Morrissey, 2023|. A target, which is usually composed of lighter elements, such
as beryllium, with typical areal densities ranging from a few tens of ug/cm? up to a few tens
of g/cm?, is bombarded with a heavy-ion beam at energies ranging from low energies near the
Coulomb barrier up to a few GeV /nucleon.

The reaction products emerge from the target ionized and mainly in the forward direction
and, notably, they are subject to having characteristic charge-state distributions [Scheidenberger
et al., 1998|. Therefore, the accessible half-lives of exotic nuclei produced and separated in
flight are mainly defined by the flight time of the reaction products through the electromagnetic
separators, which are used separate the ions of interest from the unreacted primary beam and
other uninteresting reaction products. The flight time of the ions through the separators is
typically on the order of a microsecond and below, thus giving an element-independent access to
very short-lived exotic nuclei employing the in-flight separation techniques. On the other hand,
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the available primary beam intensities for heavy-ion beams are smaller than those for the ISOL
techniques, limiting the production yields that can be reached using the in-flight methods.

While for an efficient separation and collection of the products of fusion reactions, gas-filled
separators (see e.g. [Semchenkov et al., 2008]) or in-vacuum velocity filters (see e.g. [Miinzenberg
et al., 1979]) are used, the products of fission and projectile fragmentation are separated by so-
called in-vacuum fragment separators (see e.g. |Geissel et al., 1992]). In the latter case, the usage
of higher primary beam energies and larger target thicknesses ensures that the reaction products
emerge from the target in a fully stripped charge state (¢ = Z) or with only a few electrons
attached to them allowing to maximize the their transmission efficiency through the in-flight
fragment separators. In contrast to the low-energy magnetic separators employed by the ISOL
technique, the in-flight fragment separators can provide highly clean, essentially contamination-
free beams of projectile fragments down to a single isotope |Geissel et al., 1992]. Additionally,
using an event-by-event particle identification, cocktail beams of fragments can also be treated
allowing a simultaneous measurement of multiple isotopes.

After their in-flight separation in electromagnetic separators, the projectile fragments possess
relativistic velocities, therefore they can be sent to a secondary target, e.g. for studies of nuclear
reactions or for in-flight spectroscopy studies, or directly delivered to experimental setups, which
require high energy beams, e.g. for high-precision direct mass measurements using storage rings.
On the other hand, for performing low-energy experiments, e.g. high-precision direct mass
measurements using ion trapping techniques, they first need to be slowed down and cooled. This
is achieved, for example, by the hybrid techniques as described in Section 1.2.3 below.

The results presented in this work include measurements performed at the GSI Helmholtz
Centre for Heavy Ton Research in Darmstadt, Germany employing the in-flight separation tech-
nique for the production and separation of exotic nuclei, see Chapter 5. There, the universal
linear accelerator UNILAC [Angert & Schmelzer, 1969 combined with the heavy-ion synchrotron
SIS18 |Blasche et al., 1993| can deliver a bunched, relativistic beam of stable ions up to uranium
with a magnetic rigidity up to 18 Tm corresponding to energies up to 1 GeV /nucleon for 238U+
and relativistic ion velocities up to ~90% of the speed of light. The relativistic beam is then
delivered to the fragment separator FRS [Geissel et al., 1992|, where the exotic nuclei of interest
are produced in projectile fragmentation and fission reactions at the production target and the
fragments emerging from the target in the forward direction are separated in flight. Notably, the
fact that the SIS18 can deliver high energy beams at GSI facilitates the usage of thick production
targets with areal densities of several g/cm? at FRS, where secondary (multi-step) reactions are
expected to start to play a significant role in the overall production of the fragments [Dickel
et al., 2024]. This approach was used in the experiment reported here to enhance the production
yields of the ions (see Chapter 5).

Fig. 1.1 shows a schematic view of the FRS, which has two symmetric separation stages, each
of which consists of two dipole magnets for probing the magnetic rigidity of the ions, and a set
of quadrupole and hexapole magnets for the focusing of the ions. Slits can be used at each focal
planes of the measurement setup to control the variety of isotopes included in the cocktail beam
of fragments. A wedge-shaped degrader is located between the two symmetric separation stages,
i.e. at the central focal plane of the FRS. The separation of isotopes at the final focal plane of
the FRS is based on the Bp — AE — Bp method, where the magnetic rigidity of the ions (Bp) is
proportional to their mass-to-charge ratio and their energy loss in the degrader at the central focal
plane (AFE) is proportional to the square of their proton number. The FRS particle identification
(PID) detectors allow to determine the ions’ mass-to-charge ratio and proton number event-by-
event based on the Bp — AFEx —TOFprg method, which refers to a simultaneous measurement of
the ions’ velocity between the central and final focal planes of the FRS using plastic scintillators
(TOFpRs), their energy deposition in a multiple sampling ionization chamber (MUSIC) detector
(AEx) and their position and angle at the FRS focal planes using time-projection chambers
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(TPC) reflecting their magnetic rigidity (Bp).

Changing the angle of the wedge-shaped degrader enables to select between the two main
operation modes of the FRS: achromatic mode or monoenergetic mode |Geissel & Scheidenberger,
1998]. An achromatic FRS optics allows to achieve an optimal spatial separation of the isotopes
at the final focal plane of the FRS |Geissel et al., 1992]. On the other hand, this operation
mode leads to a large range straggling at the final focal plane of FRS, which in turn decreases
the ions’ stopping efficiencies relevant for high-precision experiments with trapped exotic nuclei.
To treat these cases, the monoenergetic FRS optics has been developed to minimize the range
straggling of the separated ions and enable higher stopping efficiencies for the isotopes of interest
[Scheidenberger et al., 2003|. In this operation mode the isotopes are separated in stopping
range. On the other hand, optimizing the primary beam energy with the SIS18 might allow to
stop more than one isotopes simultaneously with similarly high stopping efficiencies, which has
been described conceptually in Ref. [Dickel et al., 2024] and tested experimentally for the first
time within the context of this work (see Chapter 5).

Currently, with the ongoing construction of the new underground heavy-ion ring accelerator
SIS100, relativistic ion velocities up to ~99% of the speed of light will be available in the future
at the Facility for Antiproton and Ion Research (FAIR) near Darmstadt, Germany. The new
superconducting fragment separator (Super-FRS) is a central instrument of the research program
of early science days at FAIR, which will enable a higher acceptance than the existing FRS and
allow studies of nuclear structure, astrophysics and reactions.

1.2.3 Hybrid techniques, e.g. at GSI: FRS Ion Catcher

Hybrid techniques allow to perform low-energy experiments with exotic nuclei that were produced
and separated in flight employing a gas-filled stopping cell to stop and thermalize the ions. In
the process of thermalization, the mean kinetic energy of the ions becomes the same as that of
the buffer gas atoms, i.e. in the order of few tens of meV. Afterwards, the thermalized ions are
extracted from the stopping cell with typical extraction times of 10-100 ms, which limits the
half-lives of the exotic nuclei accessible by the hybrid methods. Except for this limitation for the
accessible half-lives, the hybrid techniques typically inherit most of the properties of the in-flight
separation techniques, such as an element-independent production of exotic nuclei or the ability
to provide highly clean beams of projectile fragments.

The technical developments and part of the results presented in this work (see Chapters 2
and 5) were obtained with the FRS Ton Catcher (FRS-IC) measurement setup [Plak et al., 2013a],
which is a test bench for the hybrid techniques at FRS, GSI. Fig. 1.1 shows a schematic view
of the FRS in combination with the FRS-IC, the latter of which has three main components: a
gas-filled cryogenic stopping cell (CSC) [Ranjan et al., 2011, Purushothaman et al., 2013, Ranjan
et al., 2015|, a radiofrequency quadrupole (RFQ) beamline |Greiner et al., 2020, Haettner et al.,
2018, Yu et al., 2024a| and a multiple-reflection time-of-flight mass spectrometer (MR-TOF-MS)
|[Plafs et al., 2008, Dickel et al., 2015b|. Before the fragment beam hits the CSC, the largest
part of the beam energy is removed by the degrader setup of the FRS, the thickness of which is
optimized using a variable degrader setup and a MUSIC detector located in front of the CSC.
Afterwards, the gas-filled CSC is used to fully slow down and thermalize the ions by collisions
with the helium buffer gas atoms, guide them to the exit side of the CSC by electric fields along
the stopping cell provided by the so-called DC cage, radially focus them onto an extraction nozzle
using an RF Carpet [Reiter, 2015] and extract them with the gas flow. The CSC was designed
to thermalize ions produced at unprecedented energies of 1000 MeV /u. Using the so-called long
DC cage [Miskun, 2019], the performance characteristics of the CSC at its current stage include
e.g. an areal density of up to 9 mg/cm?, an extraction efficiency of ~60%, a mean extraction
time of about 25 ms, and a rate capability of ~10% ions/s incident beam intensities [Plaf et al.,
2019, Reiter et al., 2016]. In comparison, using the so-called short DC cage the CSC demonstrates
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practically no loss of the extraction efficiency at incident beam intensities up to 2 x 10° ions/s
|[Amanbayev, 2023|. After their extraction from the CSC, the ions of interest are transported
towards the MR-TOF-MS using the RFQ beamline, which allows to perform low-energy beam
diagnostics and to identify and select the desired ions of interest employing a pair of RFQ-based
magss filters, a set of silicon surface barrier and channeltron detectors and a set of ion sources
including, e.g., the newly-commissioned laser ablation carbon cluster ion source (LACCI) [Yu
et al., 2024a|. Furthermore, using the so-called isolation-dissociation-isolation technique, i.e.
combining the pair of mass filters with a collision-induced dissociation step in between, the RFQ
beamline allows to suppress the molecular contaminants by more than 4 orders of magnitude
[Greiner et al., 2020]. At the MR-TOF-MS, high-precision direct mass measurements of the ions
of interest are performed (for more details, see Section 1.3 below).
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Figure 1.1: Schematic figure of the experimental setup, including the FRS |Geissel et al., 1992]
and the FRS-IC [Plafs et al., 2013a|. Detailed descriptions are given in the corresponding sub-
sections, see Sections 1.2.2 and 1.2.3. The dark green colour marks experimental-settings-related
information that are specific to the measurements close to the N = Z line reported in Chapter 5.
Adopted and modified from |[Amanbayev, 2023].

1.3 Mass measurement techniques

Since the mass of a nucleus provides key information for studying nuclear structure and astro-
physics, different techniques for high precision mass measurements of exotic nuclei have been
developed, a recent review of which can be found in [Yamaguchi et al., 2021].

The mass of a nucleus can be either measured directly or determined via indirect measurement
methods. While the direct mass measurement techniques are based on the charged particles’
interaction with external electromagnetic fields, the indirect techniques rely on deducing the
mass of a nucleus through nuclear reactions using the known masses and the measured kinetic
energies of all other reaction products and applying the rules of energy conservation. In case
of radioactive decay, measuring the kinetic energies (or in case of 5 decay the kinetic energy
spectrum) of the emitted particles allows to deduce the decay energy of the given decay channel,
the so-called decay @) value, which can then be used to derive the mass of the mother nucleus
assuming that the mass of the daughter nucleus is known or vica versa. In case of heavy proton-
rich nuclides in the vicinity of '°°Sn, which are studied in this work, the predominant 8 decay
mode is positron emission or, in other words, S decay. This is due to the fact that for these
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nuclides the available decay energy is much larger than the difference between the decay energy
windows corresponding to positron emission and electron capture (EC), which is given by the
difference between two times the electron mass, 2m,, and the binding energy of the electron in
the atomic shell, which is to be captured by the electron capture process [Park, 2017|. Therefore,
the mass excess (ME) difference between the parent and daughter nuclides, éX and ’271)( , in
case of these heavy N ~ Z nuclides is given by

ME (4X) — ME (4_,X) = Quo = Q5 + B +2m.. (14)

where Qg is the ground-state—to—ground-state energy difference and Q7 is the § decay end-point
energy for a particular final state  in the daughter nucleus with an excitation energy E,.

One of the main strengths of the indirect methods is that they provide access to very short-
lived nuclei including species, which are formed in resonance reactions. Another advantage is
that the knowledge of a single mass value allows to determine all masses in the complete decay
chain, because this single mass provides an anchor point for the entire chain. Consequently, these
indirect methods are well suited for exploring the limits of existence of proton-rich nuclides, see
e.g. |Lykiardopoulou et al., 2023|. On the other hand, one important drawback of the indirect
methods is related to the fact that they often require spectroscopic information, which can be
rather scarce, especially for exotic nuclei. This is especially relevant for the cases when the mass
values are derived based on S decay end-point energy measurements. There, for determining
[B-decay branching ratios in complex S-decay schemes, a connected problem arises, the so-called
pandemonium problem, which creates a bias in favor of the dominant transitions [Hardy et al.,
1977]. Ultimately, this may result in significant systematic deviations of the mass values that
are derived based on indirect methods from the "true mass values", see e.g. |Haettner et al.,
2011, Xing et al., 2018, Van Schelt et al., 2012, Van Schelt et al., 2013|. To overcome this
disadvantage, direct mass measurements are needed, which are in the focus of this work.

Nowadays, high-precision direct mass measurements of exotic nuclei are performed mainly
using one or by combining the usage of two of the following three measurement devices: Penning
traps, storage rings or multiple reflection time-of-flight mass spectrometers (MR-TOF-MSs).
These measurement methods vary in terms of their achievable mass accuracy, resolution and
sensitivity. Additionally, the half-lives of the nuclides, the mass of which can be measured
directly with high accuracy, and the maximum dynamic range and mass-to-charge window that
can be covered in a single measurement is also different depending on the employed measurement
technique. As a consequence, these measurement methods are complementary to each other and
can be used to tackle different experimental goals and challenges, such as the short half-lives and
the small production cross sections of the ions of interest, the large isobaric contamination of
the radioactive beams delivered by ISOL facilities or the population of low-lying isomeric states,
which need to be separated from the ground state of the same nucleus.

In this subchapter, the basic principles and associated performance characteristics of the
most frequently employed direct mass measurement techniques are discussed.

Direct mass measurements with Penning traps

The highest mass accuracies and mass resolving powers for mass measurements of stable and
exotic nuclei are reached with Penning traps (see Fig. 1.3), recent reviews of which can be found
in e.g. [Dilling et al., 2018, Eronen et al., 2016|. There are two main Penning trap mass measure-
ment techniques for exotic nuclei, namely the conventional time-of-flight ion-cyclotron-resonance
(TOF-ICR) technique, reviewed in e.g. [Blaum, 2006|, and the more recently developed phase-
imaging ion-cyclotron-resonance (PI-ICR) technique [Eliseev et al., 2013|, both of which are
based on measuring the ions’ cyclotron frequency, v, as briefly described below.

In Penning traps, the ions are radially trapped by a static strong homogeneous magnetic
field of strength B and they are axially confined by a static weak quadrupolar electric potential.
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The ions’ motion in such a trap can be described by the superposition of three independent trap
eigenmotions. Two characteristic eigenfrequencies describe the ions’ radial motion, the so-called
trap-modified cyclotron frequency (v4) and the so-called magnetron frequency (v_). The ions’
axial motion along the magnetic field lines is described by the frequency v,. As described in
Ref. |Gabrielse, 2009], the cyclotron frequency, v., which is related to the ions’ mass-to-charge
ratio, m/q, can be calculated by the sum of the ions’ radial motion’s eigenfrequencies, v, and
v_, as given by

1 ¢B

L 1.5
5 (1.5)

Ve =Vy +V_ =
which implies that the sum of the modified cyclotron and the magnetron frequencies is constant,
therefore these two eigenmotions can be converted into each other.

The technique of TOF-ICR is based on resonantly converting the ions’ magnetron motion
in the trap into a modified cyclotron motion by applying an RF quadrupolar excitation of the
electric fields for a fixed duration and, afterwards, measuring the ions’ time-of-flight (TOF) from
their ejection in axial direction from the trap and transport by a magnetic field gradient until
they hit the TOF detector. There, the frequency of the RF quadrupolar excitation is varied until
a complete resonant conversion between the ions’ radial motions is achieved corresponding to
the shortest measured TOF, which provides the ions’ cyclotron frequency. The method allows to
achieve mass resolving powers of a million and beyond and relative mass uncertainties, dm/m, of
a few 1078 with about 3000 measured events and within a measurement time of about 1 second
as has been demonstrated in Ref. [Kellerbauer et al., 2003]. On the other hand, due to the
scanning nature of this method, it requires ~100 ions to perform a mass measurement, therefore
the TOF-ICR measurements can take long, when the production yields are small. Additionally,
this method can only cover a narrow mass-to-charge range as defined by the scanned range
of frequencies, which limits its usability for the search for high-lying isomeric states and, in
some cases, it may even lead to an ambiguous identification of the measured nuclides, see e.g.
|[Porter et al., 2022|. Finally, the TOF-ICR technique does not allow to simultaneously achieve
the highest possible mass accuracy and mass resolving power using the same RF quadrupolar
excitation pattern [Eliseev et al., 2014]. The recently developed PI-ICR technique relaxes most
of these disadvantages.

The technique of PI-ICR is based on independently measuring the phases of the ions” mag-
netron and modified cyclotron motions, which is accumulated after a certain number of revolu-
tions in the trap, by projecting the ions’ radial motion onto a position-sensitive detector located
in axial direction from the trap outside of the strong magnetic field. This method allows to
achieve an up to 40 times larger expected mass resolving power and an about 5 times higher
expected mass accuracy as compared to the TOF-ICR technique under similar measurement con-
ditions |Eliseev et al., 2013|. As an exemplary result, for mass measurements of stable light ions,
superlative mass accuracies of ém/m < 107! have been reached using PI-ICR [Myers, 2024].
On the other hand, for mass measurements of short-lived nuclides with half-lives below 1 second,
the typically achieved mass accuracies are ém/m ~ 1078 — 10~7, which is mostly determined by
the available statistics (see Fig. 1.3 and the corresponding discussions). Due to the non-scanning
nature of this technique, ~10 ions are sufficient to perform a mass measurement. As a secondary
consequence of its non-scanning nature, this method allows to more efficiently study isomeric
states of exotic nuclei as compared to the method of TOF-ICR. The PI-ICR technique has been
successfully used, e.g., to discover new isomeric states [Stryjczyk et al., 2025 or to measure the
mass of both low- and high-lying isomers with excitation energies ranging from less than 100 keV
to more than 1 MeV allowing to understand their spin-parity assignments and level ordering
[Vilén et al., 2019, Jaries et al., 2024|. On the other hand, to perform PI-ICR measurements
with high accuracy the ions first need to be cooled, which increases the measurement cycle and
limits the accessibility of short-lived exotic nuclides using this method. Furthermore, the mass-
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to-charge window, where all ions can be unambiguously identified as they undergo the same
number of revolutions inside the trap, is extremely narrow for the PI-ICR technique, making it
inefficient for a large-scale mapping of the nuclear mass surface.

Direct mass measurements with TOF-Bp-MSs and storage rings

At facilities employing projectile fragmentation and in-flight separation techniques, the simulta-
neous measurement of the time-of-flight (TOF) and magnetic rigidity (Bp) allows to measure the
mass of the most exotic and short-lived species (see Fig. 1.3 and the corresponding discussions).
Past and present examples of such TOF-Bp mass spectrometers (TOF-Bp-MSs) worldwide in-
clude, e.g., the SPEG spectrometer at GANIL, Caen, France [Savajols, 2001], the S800 spec-
trometer at NSCL, East Lansing, USA [Matos et al., 2012] and the SHARAQ spectrometer at
RIKEN, Wako, Japan [Michimasa et al., 2018]. On the other hand, due to the small overall flight
time, masses measured with this method have large uncertainties often dominated by systematic
effects; uncertainties above 100 keV up to almost 1 MeV are common (6m/m ~ 1075 — 1079),
see e.g. |Jurado et al., 2007, Michimasa et al., 2018|. Increasing the overall flight time, e.g. using
storage rings, allows to improve the achievable mass accuracy.

The usage of heavy-ion storage rings for magss measurements was pioneered at the Experimen-
tal Storage Ring ESR at GSI [Franzke, 1987], where two complementary methods, Schottky mass
spectrometry (SMS) [Schlitt et al., 1997, Litvinov et al., 2005] and isochronous mass spectrom-
etry (IMS) [Wollnik, 1987, Hausmann et al., 2000] were established. Besides ESR, nowadays,
mass measurements are being performed at two additional storage-ring facilities, namely, at the
Cooler Storage Ring for experiments (CSRe) at IMP, Lanzhou, China [Xia et al., 2002| and at
the Rare-RI Ring (R3) at RIKEN, Wako, Japan [Yamaguchi et al., 2013]. A recent review of
heavy-ion storage rings can be found in [Steck & Litvinov, 2020].

Storage-ring mass spectrometry is based on measuring the revolution time or frequency of the
ions in the ring and obtaining their mass-to-charge ratio. While in Schottky mass spectrometry
the momentum spread of the ions needs to be minimized using stochastic and/or electron cooling
[Nolden et al., 2004, Steck et al., 2004], in isochronous mass spectrometry the mean revolution
time of the ions in the ring is independent from their momentum spread, when the isochronous
condition is precisely fulfilled. In case of the SMS technique, the revolution frequency of the
stored and cooled ions is measured by Schottky noise detection [Borer et al., 1975|, and in case
of the IMS technique, the revolution time is determined using a time-of-flight (TOF') detector.

Advantages of the SMS technique include the ability to perform very broadband mass mea-
surements, i.e. covering a very large mass-to-charge range and allowing the simultaneous mea-
surement of hundreds of nuclides |Litvinov et al., 2005]. Additionally, due to the non-destructive
nature of the Schottky noise detection, a single ion is sufficient for a mass measurement [Chen
et al., 2009]. Notably, the SMS technique has also been successfully used to search for long-lived
isomeric states with half-lives of several seconds or longer [Reed et al., 2010, Franzke et al., 2008].
On the other hand, when the SMS technique is used, a few seconds are required for the cooling
process, therefore the half-lives of the nuclei that can be measured with this method are limited.

For species with half-lives less than seconds, the IMS technique is used, where a mass mea-
surement can be performed within 10-100 us. However, in conventional IMS techniques, a good
isochronicity is realized only for a narrow mass-to-charge range, significantly limiting the achiev-
able mass resolving power and accuracy for the ion species outside of this small range. In
Refs. |Geissel et al., 2006, Zhang et al., 2023| possible developments to the IMS technique are
reported and tested experimentally, which can relax this limitation. The latter technique of Bp-
defined IMS [Zhang et al., 2023] is routinely used at the CSRe storage ring nowadays, where the
velocity of the ions is determined without efficiency losses by two TOF detectors installed at the
storage ring. This enables to reach mass accuracies of dm/m ~ 1077 on a wider mass-to-charge
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range at CSRe using the IMS technique (see Fig. 1.3 and the corresponding discussions). No-
tably, the IMS technique can also be applied for the mass measurements of close-lying isomeric
states (with excitation energies of 200-300 keV), however, it may require advanced data analysis
methods due to its limited mass resolving power and revolution-time-dependent peak shapes, see
e.g. [Xing et al., 2023|.

Direct mass measurements with MR-TOF-MSs

In the last two decades, as an alternative method for high precision direct mass measurements
of short-lived exotic nuclei, the technique of the multiple reflection time-of-flight mass spectrom-
etry (MR-TOF-MS) has been extensively developed in multiple accelerator facilities worldwide
[Yamaguchi et al., 2021].

In MR-TOF-MS devices, firstly, the ions are bunched and cooled in a buffer gas-filled radio-
frequency (RF) trap and, then, they are extracted from the trap with a homogeneous extraction
field strength. Then, the measurement of the ions’ mass-to-charge ratio is performed though
measuring their time-of-flight (TOF) in a field-free drift tube with a given path length. The ions’
flight path length is extended by reflecting them between two symmetric electrostatic mirrors,
thus allowing to achieve high mass resolving powers on the order of a few times 100,000 [Wollnik
& Przewloka, 1990]. These reflections are done in an isochronous manner, i.e. minimizing the
TOF differences due to the variation of the initial energies, positions and angles of the ions
injected to the TOF analyzer, such that the ions’ TOF primarily only depends on the ions’
mass-to-charge ratio.

Among its advantages, the MR-TOF-MS is a sensitive and non-scanning technique (less than
10 ions per nuclide are sufficient for an accurate mass measurement), therefore small produc-
tion yields are in reach of this technique. Furthermore, an accurate mass measurement with
dm/m ~ 1077 can be performed within a measurement time on the order of 10 ms, thus allowing
access to short-lived nuclei with half-lives of a few milliseconds without significantly deteriorating
the achievable mass accuracy (see Fig. 1.3 and the corresponding discussions). Notably, as op-
posed to storage-ring mass spectrometry, both Penning traps and MR-TOF-MSs are compatible
with all methods for the production and separation of exotic nuclei, each of which can produce
different spin states with different yields. For example, the (217) isomer of “*Ag have only been
observed, so far, in low-energy fusion evaporation reactions [Plettner et al., 2004, |Cerny et al.,
2009] and could not yet be sufficiently produced by in-flight separation techniques [Park, 2017].
Overall, these above features ensure that this technique is well suited for the studies of isomeric
states [Dickel & Mollaebrahimi, 2024|. Furthermore, this technique allows to cover a medium-to-
broad mass-to-charge window, therefore it is well suited to a larger-scale mapping of the nuclear
mass surface of short-lived exotic nuclei.

Notably, the applications of MR-TOF-MSs are not restricted to high-precision mass mea-
surements, but these measurement setups can also be used for, e.g., verification and calibration
of the particle identification at in-flight facilities [Hornung et al., 2023|, beam diagnostics, op-
timization and yield measurements guiding the development of rare isotope beams (RIB) at
accelerator facilities [Reiter et al., 2020, Wolf et al., 2013| and nuclear reaction studies including,
e.g., studies of multi-nucleon transfer reactions |[Mollaebrahimi et al., 2025|, studies of sponta-
neous fission [Mardor et al., 2020] and decay half-life and branching-ratio measurements [Miskun
et al., 2019, Mukul et al., 2020, Ayet San Andrés et al., 2020]. Additionally, MR-TOF-MSs can
also be used for beam purification, isobar or isomer separation, which can significantly suppress
the isobaric contaminants from the radioactive beams or even provide isomerically clean ion
samples [Wolf et al., 2013, Dickel et al., 2015a, Hirsh et al., 2016, Dickel et al., 2017a]. With
these purified beams further experiments or investigations can be perform using measurement
setups located downsteam after the MR-TOF-MS, such as for laser and/or decay spectroscopy
studies, or for further mass measurements with ultimate mass accuracy using Penning traps. To
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a large extent, many of these applications listed above can benefit from the broadband mea-
surement capabilities of MR-TOF-MS devices. For example, the measurement of independent
isotopic fission yields performed at FRS-IC using a 2°2Cf spontaneous fission source mounted
inside the cryogenic stopping cell would not have been possible without covering a larger region
of the nuclear chart within a single measurement settings [Waschitz et al., 2023|.

FRS-IC’s MR-TOF-MS at GSI and TITAN’s MR-TOF-MS at TRIUMF

In this work, two instances of MR-TOF-MS setups were used to study different ground and
isomeric states in medium-heavy exotic nuclei, one of them belonging to the TRIUMEF’s Ion
Trap for Atomic and Nuclear Science (TITAN) experiment |[Dilling et al., 2006] at TRIUMF and
another one belonging to the FRS Ion Catcher (FRS-IC) experiment [Plaf et al., 2013a] at GSI.
This subchapter briefly introduces and compares these two MR-TOF-MS setups.
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Figure 1.2: Schematic drawings of (i) the TOF analyzer of the MR-TOF-MS setups used in this
work and (ii) electrostatic potentials along the optical axis that the ions experience during their
injection into, storage inside, and ejection from the TOF analyzer. Adopted and modified from
[Dickel et al., 2015b).

Both the MR-TOF-MS setups of TITAN and FRS-IC were designed and built at JLU Giefen
in Giefien, Germany, and they are both based on the same ion-optical design of their TOF
analyzer, only differently scaled in size [Dickel, 2010, Yavor et al., 2015, Jesch, 2016]. Other
differences of the two setups include, e.g., the usage of a different RFQ beam line and trap
system for the bunching and cooling of the ions and for injecting them into the TOF analyzer.
Concerning the similarities of their design, firstly, in addition to the switchable mirror electrodes
in their TOF analyzer, both MR-TOF-MSs use electrostatic lenses to achieve a higher order
energy focusing of the ions and, thus, a better isochronicity and resolving power [Yavor et al.,
2015]. Secondly, in both MR-TOF-MS setups, the injection of the ions into and their ejection from
the TOF analyzer is performed by switching the voltages of the electrostatic mirror electrodes
as illustrated in Fig. 1.2 thus allowing to achieve a larger unambiguous mass-to-charge window
as opposed to, e.g., using a switchable drift tube |[Plak et al., 2013b|. Thirdly, a switchable
electrostatic deflector, the so-called mass range selector (MRS), is located in the center of the
TOF analyzer of both setups and helps with the peak identification in a folded TOF spectrum
[Plafs et al., 2013b, Dickel et al., 2015b|. Finally, for both MR-TOF-MSs, an isochronous motion
of the ions can be achieved on a broad mass-to-charge range, independently from the ions’ number
of reflections and, thus, path length inside the TOF analyzer. In case of the MR-TOF-MS of
FRS-IC, this is facilitated by a so-called time-focus-shift reflector, which is located downstream
after the TOF analyzer and allows to shift the time focus of the ions from their focus inside
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the analyzer to the detector. In comparison, to achieve the same task, TITAN’s MR-TOF-MS
uses the concept of the dynamical time-focus shift with performing one time-focus shift turn first
before letting the ions to undergo a given number of isochronous turns as described in Ref. [Dickel
et al., 2017b|. Note, however, that the application of this latter concept slightly increases the
systematic uncertainties of the mass values obtained using TITAN’s MR-TOF-MS as compared
to FRS-IC’s MR-TOF-MS, because, in this latter case, all voltages of the TOF analyzer are
switched during the time the ions are inside the TOF analyzer performing their first reflections.

While the measurement setup of TITAN employs the ISOL technique for the production
and separation of exotic nuclei, the measurement setup of FRS-IC uses in-flight separation tech-
niques (see Section 1.2 for more details). The goal of treating the typical challenges of these two
production and separation techniques guided the development of the two MR-TOF-MS setups.
Concerning TITAN’s MR-TOF-MS, it enables superior background handling capabilities em-
ploying the technique of mass-selective re-tapping [Dickel et al., 2017a, Beck, 2023|, which makes
it well suited to handle the large isobaric contamination typical for ISOL techniques. Concerning
the MR-TOF-MS of FRS-IC, to cope with the small production yields, it can be often advan-
tageous to simultaneously measure multiple ions of interest on a broad mass-to-charge range.
As discussed above, this is facilitated by the design features of both MR-TOF-MSs used in this
work. With the developments of the data acquisition and analysis techniques presented in this
work, these broadband capabilities can be fully exploited for the MR-TOF-MS of FRS-IC (see
Section 2.1 and Chapter 3).

Concerning their additional performance characteristics, nowadays, TITAN’s MR-TOF-MS
allows to reach high mass resolving powers of R,, > 600,000, routinely, see e.g. |[Porter et al.,
2022], and small relative mass uncertainties of §m/m ~ 1x 1077, see e.g. [Lykiardopoulou et al.,
2025]. In comparison, with the MR-TOF-MS of FRS-IC even higher mass resolving powers of
1,000,000 and beyond [Beck, 2023] and smaller relative mass uncertainties of a few times 1078
[Mardor et al., 2021] are in reach.

Comparison of mass measurement methods: mass accuracy wrt. half-life

Performing high-precision direct mass measurements using very short-lived ions is considered
as one of the biggest experimental challenges among the nuclear physics community of present
days. In the past decade, steady progress in the mass measurement and production techniques of
exotic nuclei has been made; direct mass measurements of nuclides with short half-lives of a few
milliseconds and with corresponding mass accuracies of §m/m ~ 1077 — 1075 have been achieved
using the present techniques (see Fig. 1.3). Plots of the relative mass uncertainty achieved using
different direct mass measurement techniques as a function of the half-life of the measured
isotopes can be found in Refs. [Lunney, 2008, Lunney, 2015, Lunney, 2019|, which were compiled
out of the mass measurements carried out until the date of the given plot. In comparison, Fig. 1.3
shows an updated version of those plots, containing data points corresponding to direct mass
measurements that were included in the most recent atomic mass evaluation (AME2020) [Huang
et al., 2021, Wang et al., 2021|. Looking at the figures one after the other in the order of their
appearance, the steady progress throughout the past years becomes apparent, which is mainly
due to a combination of the usage of Penning traps, MR-TOF-MSs and storage rings offering
exquisite mass accuracies and sensitivities.

The achievable mass accuracy is mostly determined by the available statistics for the isotopes
of interest, therefore the most exotic species with small production yields are typically measured
with limited mass accuracies [Lunney, 2019]. As a secondary effect, the shorter half-lives can also
result in limiting the achievable mass accuracy, e.g., in case of mass measurements performed
using Penning traps, the shorter storage times result in larger mass uncertainties. Notably,
comparing the red data points corresponding to the mass measurement technique of IMS using
storage rings in Fig. 1.3 to the data points of the same kind shown in the earlier plots reported

16



CHAPTER 1. INTRODUCTION 1.3. MASS MEASUREMENT TECHNIQUES

in Refs. [Lunney, 2008, Lunney, 2015, Lunney, 2019|, a significant improvement of the mass
accuracy typically achieved in measurements performed nowadays using the CSRe storage ring
[Xia et al., 2002] becomes apparent. This is, to a large extent, due to recent developments of the
isochronous mass spectrometry technique at CSRe reported in Ref. [Zhang et al., 2023|.
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Figure 1.3: Plot of relative mass uncertainty using different direct mass measurement techniques
with respect to the half-life of the measured isotopes. PT-xxxxx, MT-xxxxx, TOF-xxxxx and
IMS-xxxxx refer to Penning trap, MR-TOF-MS, TOF-Bp-MS and IMS mass measurement tech-
niques at the RIB facility or experiment xxxxx, respectively, recent reviews of which can be found
in [Lunney, 2019, Yamaguchi et al., 2021]. The plot mostly contains data points corresponding
to direct mass measurements that were included in the AME2020 [Huang et al., 2021, Wang
et al., 2021]. The original plot was prepared by X. Xing from the Institute of Modern Physics,
Lanzhou, China [Xing & Wang, 2023| (priv. comm.). It was then modified to include (i) the first
direct mass measurement of the nuclide ?'°Po with half-life of 1.781(3) ms performed at FRS-1C,
GSI |Rink, 2017] and (ii) the high-precision, direct mass measurement of the nuclide 33Na with
half-life of 8.2(2) ms performed at TITAN, TRIUMF |Lykiardopoulou et al., 2025]|.

Courtesy Xu Xing and Meng Wang.

Although the shortest half-lives tend to be reached employing projectile fragmentation re-
actions for the production of exotic nuclei and the TOF-Bp-MS techniques for their mass mea-
surement, which is at the expense of the achievable mass accuracy |[Lunney, 2019|, some of the
nuclides measured using TITAN’s Penning trap and TITAN’s, FRS-IC’s and ISOLTRAP’s MR-
TOF-MSs are also of quite short half-lives. To further demonstrate this, two particularly striking
examples are shown in Fig. 1.3: (i) the first one corresponds to the shortest-lived nuclide, 2'°Po
with T}/, = 1.781(3) ms, the mass of which could be measured so far at FRS-IC! with an

!Note that the first direct mass measurement of 2!5Po has been performed offline, using a ?**Ra source mounted
inside the cryogenic stopping cell of the FRS-IC |Rink, 2017]. Nevertheless, this measurement demonstrates the
potential of the FRS-IC measurement setup to enable mass measurements of short-lived nuclides with half-lives
of a few milliseconds, which has been already utilized in online experiments performed with the setup, see e.g.
|[Ayet San Andrés et al., 2019, Tortorelli, 2024].
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achieved mass accuracy of ém/m = 3.8 x 10~7 [Rink, 2017] and (ii) the second one corresponds
to the shortest-lived nuclide, 33Na with T /o = 8.2(2) ms, the mass of which could be measured
so far using TITAN’s MR-TOF-MS with an achieved mass accuracy of dm/m = 1.4 x 1077
[Lykiardopoulou et al., 2025]%. These two striking examples further confirm an essentially con-
stant pattern of the dark green data points shown in Fig. 1.3, which highlights the strength
of MR-TOF-MS setups to perform mass measurements, where the order of magnitude of the
achieved mass accuracies is primarily independent from the half-lives of the measured nuclides.
Overall, multiple-reflection time-of-flight mass spectrometry is a powerful technique both for
the high-precision mass measurement of very short-lived nuclides and for the studies of close-
and high-lying isomeric states, therefore this method was selected for the mass measurements of
ground and isomeric states of exotic nuclei reported in this work (see Chapters 4 and 5).

*Notably, in the same reference of [Lykiardopoulou et al., 2025|, the mass of two other short-lived isotopes were
also measured using TITAN’s MR-TOF-MS (these were omitted from Fig. 1.3/in order to preserve its readability):
the mass of **Na with T/ = 13.2(3) ms was measured with a mass accuracy of ém/m = 1.8 x 10™7 and the mass
of **Mg with T} /> = 11.3(6) ms was measured with a mass accuracy of ém/m = 2.2 x 10~". In comparison, the
previous mass measurement of the nuclide *?Na, performed using TITAN’s Penning trap achieved a mass accuracy
of ém/m = 1.2 x 10~ |Gallant et al., 2017|, which is about an order of magnitude lower compared to the accuracy
of the measurement performed with the MR-TOF-MS.
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Chapter 2

Improvements of the FRS Ion Catcher
experiment

With recent developments of the FRS Ton Catcher measurement setup described in Section 1.2.3,
it enables very good performance characteristics, see e.g. |Beck, 2023, Amanbayev, 2023, |Ayet
San Andrés, 2018, Miskun, 2019]. In connection with the MR-TOF-MS of the FRS-IC, these
good performance characteristics include, but are not limited to the following features; high mass
resolving powers of 1,000,000 and beyond [Beck, 2023|, high mass accuracies of m/m ~ 1078
[Mardor et al., 2021], access to short-lived nuclides with half-lives of a few milliseconds |Rink,
2017, Tortorelli, 2024| and the ability to perform mass measurements covering a broad relative
mass-to-charge range of more than 10%, thus enabling the simultaneous measurement of several
nuclides within a single settings of the MR-TOF-MS, see e.g. |[Amanbayev, 2023, Spitaru et al.,
2025, Fowler-Davis, 2025|.

This chapter presents technical developments to the MR-TOF-MS, which enable to maintain
these above-listed performance characteristics long term and, in addition, they ensure a flexible,
user-friendly and reproducible operation of the measurement setup.

2.1 Flexible and reliable preparation of the measurement settings

With the development of the mean range bunching mode of the FRS |Dickel et al., 2023| and the
mounting of a 22Cf spontaneous fission source inside the CSC of the FRS-IC, broadband mass
measurements covering a complete part of the nuclear chart are done more and more frequently,
see e.g. [Amanbayev, 2023, Spataru et al., 2025 Fowler-Davis, 2025|. The measurement-settings
preparation and data analysis of such broadband measurements, however, require a special care.
In this subchapter, the emphasis is given to the dedicated measurement-preparation and data-
recording methods developed in a collaborative effort [Bergmann et al., 2020] (priv. comm.) and
commissioned at the FRS Ton Catcher as part of this work, which enable to prepare, optimize
and perform mass measurements with the MR-TOF-MS of the FRS-IC.

The TTL signals used to control the timings of the measurement setup are generated by an
FPGA-based device called "trigger system" |Jesch, 2016]|. These TTL signals are used to define,
e.g., the timings of switching the voltages of the analyzer mirror electrodes for the injection and
extraction of the ions from the analyzer or the timings of switching the voltages of the mass-
range selector (MRS) [Dickel et al., 2015b| in the center of the TOF analyzer. The in-house-
developed and custom-tailored TOFControl software [Bergmann, 2024|, which is responsible for
the communication with the trigger system, enables a low-level-expertise operation of the system
by only modifying a few parameters, such as the mass-to-charge ratio used for defining the timings
of switching the analyzer electrodes and its corresponding number of isochronous turns, the goal
magss-to-charge range transmitted by the MRS or the mass-to-charge ratio used for defining the
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timings of the mass-selective transport through the trap system. Once these parameters are
defined by the user, the software can automatically calculate the necessary timings. For this,
these timings are first determined from offline, preparatory measurements with reference ions
(typically with '33Cs ions produced by the thermal ion source of the MR-TOF-MS), which are
performed prior to the experiment itself. The measured timings corresponding to the reference
ions are then scaled to the goal mass-to-charge ratios of the given measurements as defined by
the user. This new operation mode of the trigger system was commissioned at the FRS Ton
Catcher in 2018-2020 and, afterwards, in 2021, it was further extended by implementing the
possibility to select two separate mass-to-charge windows in the analyzer using the mass-range
selector and transmit both of them to the TOF detector. This operation mode can be used to,
e.g., include calibrant ions in the TOF spectrum, which have slightly different mass-to-charge
ratios as compared to the ions of interest, or to measure the mass of the ions of interest, which
may pick up adducts in the CSC or in the RFQ beam line and therefore they may arrive in at
least two different molecular forms at the TOF detector.

Besides enabling a user-friendly operation of the measurement setup, including a flexible
selection of the desired mass-to-charge range, the newly-commissioned operation modes of the
trigger system also ensure that a given settings used to measure a given TOF spectrum can be
easily reproduced even years after performing the original measurement. This is true, indepen-
dently from the nature the originally performed measurement, which can be also broadband, i.e.,
covering a larger mass-to-charge window. This is illustrated in Fig. 2.1, where two TOF spectra
of 252Cf fission products are compared; the bottom spectrum was measured 3 years after the
measurement of the top spectrum, both spectra were acquired for the same time (~14 hours)
and the same parameters were used to define the relevant timings for controlling the measure-
ment setup, when obtaining both spectra (more details about the measurement conditions are
given in footnote!). Although the voltages of the analyzer electrodes and, thus, the time it takes
for the ions to perform an isochronous turn (IT) inside the analyzer were different for the two
measurements, the newly-commissioned operation mode of the trigger system allowed to set up
both measurements such that they cover the same mass-to-charge range of m/q ~ (71 —84) u/e
and the number of ITs performed by the different ion species are also the same, ranging from
323 to 350 IT. This allows a direct comparison between the layout and dominating peaks inside
the TOF spectra and, ultimately, it allows to directly compare various properties of the mea-
surement setup between the measurements performed in the past and in the present including,
e.g., a direct comparison between the magnitude of the chemical and charge-exchange reactions
that the ions undergo in the FRS-IC, which is primarily defined by the cleanliness of the buffer
gas used for stopping and cooling the ions inside the measurement setup.

To perform mass measurements with high mass accuracy, the above-described parameters
used to define the relevant timings for controlling the measurement setup need to be selected
carefully, taking into account multiple different considerations, the most important ones being
the following: (i) A TOF spectrum measured with the MR-TOF-MS has two degrees of freedom,
namely, the mass of an ion flying inside the analyzer and its number of isochronous turns. When
selecting the goal mass-to-charge range transmitted by the MRS and the number of isochronous
turns performed by the different ion species within the full mass range, the probability that the

'Both TOF spectra shown in Fig. 2.1 were measured offline, using a >*?Cf source mounted inside the CSC. The
top spectrum was measured in 2020 using the long DC Cage [Miskun, 2019| of the CSC, which was filled with He
buffer gas with an areal density of 3.6 mg/cm? (see more details about experiment conditions in Refs. [Spataru
et al., 2025, Waschitz et al., 2023|). The bottom spectrum was measured in 2023 using the short DC Cage
|[Amanbayev, 2023| of the CSC with an areal density of 2.1 mg/cm?, the data analysis of which is ongoing
[Narang, 2024| (priv. comm.). The efficiency factors throughout the FRS-IC setup (see e.g. Ref. [Waschitz et al.,
2023|) were different for obtaining both TOF spectra, which resulted that the detected count rates of the observed
fission products were reduced by 1-to-2 orders of magnitude for the measurements performed in 2023 (bottom
spectrum) as compared to 2020 (top spectrum).
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Figure 2.1: Comparison between two TOF spectra of neutron-rich nuclei produced in spontaneous
fission of 22Cf measured at the FRS-IC in 2020 using the long DC Cage of the CSC (top) and in
2023 using the short DC Cage of the CSC (bottom). The ordinate and the abscissa of both TOF
spectra are zoomed to show a similar range for an easier comparison between the two spectra and
for a better display of low-intensity peaks. The green labels at the individual peaks indicate the
identified peaks of 252Cf fission products (the data analysis of the bottom spectrum is still ongoing
and, in that case, the labels indicate a preliminary identification |[Narang, 2024| (priv. comm.)).
All identified ions in this region of the TOF spectra are doubly charged. The yellow stars mark
the peaks that has not yet been identified. The dashed green lines are to guide the eye.

resulting TOF peaks of the different ion species overlap or coincide with each other in the TOF
spectrum needs to be minimized. (ii) In addition to this, the timings related to opening or closing
the analyzer mirror electrodes also define whether certain ion species feel switched electrical
fields or experience an electrical ringing from the mirror electrodes during their injection to or
extraction from the analyzer. Since this would cause that the kinetic energy and hence the flight
time of these ions are slightly shifted, this results in a decreased mass accuracy (see more details in
Section 3.3). Furthermore, the trajectory of the ion species, which experience the switched fields
directly, changes significantly and these species can not be transmitted to the TOF detector.
Therefore, when preparing the measurement settings, it needs to be ensured that the ions of
interest and calibrant ions don’t feel these switched electrical fields or electrical ringing. For the
task of the optimization of the parameters that define the relevant timings for controlling the
measurement setup, a software package has been developed |Bergmann, 2024], which allows for
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the simulation of the expected TOF spectra. The results of these simulations have been validated
by performing systematic preparatory measurements at the FRS Ion Catcher, and this software
package has been used to prepare and optimize the settings of the trigger system in multiple offline
and online experiments including, e.g., the mass measurements of neutron-deficient nuclides in
the vicinity of 19°Sn reported here (see Chapter 5).

2.2 Fast and reproducible experimental tuning of the MR-TOF-
MS

The repetition frequency of the MR-TOF-MS, which defines the maximum cooling times of the
ions in the trap system of the MR-TOF-MS and the maximum flight times of the ions inside the
TOF analyzer, can be adjusted to fit the goals of the given experiment and its corresponding
experimental conditions and challenges. Operating the MR-TOF-MS at small repetition fre-
quencies of <50 Hz corresponding to cycle lengths of >20 ms allows longer flight times and flight
paths in the TOF analyzer and, therefore, it allows to achieve higher mass resolving powers
providing a better separation of close-lying TOF peaks and it also allows to achieve a higher
mags accuracy in measurements, where the statistics of the ions of interest is limited, e.g. due to
low production cross-sections. For example, the results of Refs. [Beck, 2023, Mardor et al., 2021|
demonstrating mass resolving powers of 1,000,000 and beyond were achieved with operating the
MR-TOF-MS at repetition rates of 25 Hz. On the other hand, operating the MR-TOF-MS at
higher repetition frequencies and, thus, shorter cycle lengths allows to measure the mass of very
short-lived nuclides with half-lives of a few milliseconds. This has been demonstrated in offline
measurements operating the MR-TOF-MS at a repetition rate of 400 Hz corresponding to a
cycle length of 2.5 ms, which enabled the first direct mass measurement of the nuclide 2'°Po,
which has a half-life of only 1.781(3) ms [Rink, 2017]. Furthermore, the higher repetition fre-
quency allows measurements with higher incoming rates, while reducing effects due to ion-ion
interactions in the traps and inside the analyzer, which have an influence on the mass resolving
power of the measurement setup and on the mass accuracy of the measurements. This concept
was also used in online measurements, where the MR-TOF-MS was operated using a repetition
frequency of 200 Hz to enable a measurement of short-lived nuclides and, in addition, to enable
higher incoming rates without the emergence of space charge effects |Tortorelli, 2024|. Finally,
the usage of higher repetition rates also has a technical advantage, namely, it decreases the dead
time of the time-to-digital converter used for the data taking. In this subchapter, a new addition
to the electronics devices at the FRS-IC is presented, which helps in the long-term maintenance
of the high mass resolving power and, when required, it eases up the change of the MR-TOF-MS
repetition frequency.

In order to ensure that drifts of the ions’ time-of-flight are minimized due to voltage and
thermal drifts, the voltages of the electrodes of the TOF analyzer are supplied by highly stable
analog low-noise power supplies mounted in a temperature stabilized cabinet and, additionally,
stabilized with 4th order low-pass filters [Ayet San Andrés, 2018, Beck, 2023|. When tuning the
MR-TOF-MS for high mass resolving power, the voltages of the electrodes of the TOF analyzer
need to be measured very precisely, because a small deviation of O(£0.1 V) from the fully
isochronous set of voltages results in small shifts of the time focus in each individual isochronous
turn, which effect is magnified, when the ions undergo multiple isochronous turns in the TOF
analyzer. Since the electrodes of the TOF analyzer are supplied with high voltages above 1000 V,
their accurate measurement is challenging and can be achieved, e.g., using high-precision 1:1000
voltage divider devices. For the task, a temperature-stabilized, 8-fold resistive divider has been
developed in collaboration with M. Vencelj [Vencelj et al., 2020| (priv. comm.) and commissioned
at the FRS-IC in 2020 as part of this work. The device allows a continuous, temperature-
independent and accurate readout of the voltages of the electrodes of the TOF analyzer. The
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Figure 2.2: Photograph of the newly-commissioned 8-fold resistive divider device (a) and two
examples of its most frequent applications at the FRS lon Catcher (b and ¢). The inset of the
figure (a) on the left side shows the printed circuit board with 8 resistive dividers, which is
mounted in a thermally insulated heated inner aluminum enclosure held at a constant temper-
ature by electronic control as shown by the photograph on the right side of the figure. On the
plot (b), the procedure to change of the MR-TOF-MS repetition frequency is illustrated, which
allows to maintain the same asymptotic mass resolving power. On the plot (c), the influence of
voltage fluctuations of O(0.1 V) on the output mirror electrode of the analyzer (E9) on the ions’
TOF is depicted. These latter two plots (b and c) show the deviations between the voltages of
the analyzer electrodes from a set of reference voltages (AU = U — ULt) as a function of the
measurement time. In case of the plot (c), the evolution of the measured TOF of the 33Cs ions
after undergoing 500 isochronous turns inside the TOF analyzer is also shown, in comparison,
as a function of the measurement time.

device includes a printed circuit board with 8 resistive dividers, each of which is a CADDOCK
HVD5-A50M-050-05 Ultra-Precision Voltage Divider [Manufacturers & Products, 2025|. This
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PCB is mounted in a thermally insulated heated inner aluminum enclosure, which is held at
a constant temperature (within a +0.5 °C interval) by electronic control. A photograph of
the device is shown on Fig. 2.2a. For the example presented here, the continuous readout of
the resulting voltages on the low-voltage output connectors has been achieved using a LabJack
T7-Pro analog-to-digital converter [Manufacturers & Products, 2025|.

During its commissioning at the FRS Ion Catcher, the individual channels of the 8-fold
resistive divider device were calibrated and the device was connected to the measurement setup.
Since then, the device has been used for various purposes, out of which its two most frequent
applications are highlighted below.

Firstly, when changing the repetition rate of the MR-TOF-MS, the voltage drop over the
electronics changes in case of the four outermost electrodes, i.e. the electrostatic mirror electrodes
of the TOF analyzer (called as E1, E2, E8 and E9 in Fig. 2.2), because these electrodes are
switched with the same frequency as the repetition frequency of the MR-TOF-MS allowing to
inject or eject the ions from the TOF analyzer. With the 8-fold resistive divider connected to the
measurement setup, the change of the voltages of all analyzer electrodes can be now monitored
real time and these voltages can be adjusted such that they are identical to values used prior to
the change of the repetition frequency. As illustrated in Fig. 2.2b, this procedure allows to change
the repetition rate of the MR-TOF-MS within a few minutes, while maintaining the same ion
optical tuning of the measurement setup and, thus, the same asymptotic mass resolving power.
Therefore, this procedure is well suited to experiments with varying goals and challenges, which
may require a quick change of the repetition frequency of the MR-TOF-MS.

Secondly, when one of the electronics components, such as the low-noise power supplies or the
4th order low-pass filters, connected to a given electrode of the TOF analyzer, has a malfunction,
this may result in an increased fluctuation of the voltage of the given electrode. As a result,
the measured time-of-flight of the ions may fluctuate, thus limiting the mass resolving power of
the MR-TOF-MS and the accuracy of the mass measurements performed with it. The newly-
commissioned 8-fold resistive divider allows an easier diagnostics of potential issues connected to
the voltages applied to the electrodes of the TOF analyzer and, thus, it helps in the long-term
maintenance of the high mass resolving power of the MR-TOF-MS. In case of the example shown
in Fig. 2.2c, voltage fluctuations of O(0.1 V) were observed on the output mirror electrode of
the analyzer (E9), which resulted in correlated TOF fluctuations of O(100 ns) after undergoing
500 isochronous turns inside the TOF analyzer corresponding to a flight time of 17.9 ms. These
fluctuations were caused by a damaged electronics component in the 4th order low-pass filter
of the output mirror electrode of the analyzer (E9). The damaged component could be found
within a few days with the help of the newly commissioned 8-fold divider and the issue could be
resolved prior to the experiments performed in 2020 aiming at mass measurements of proton-rich
nuclides in the vicinity of 1°°Sn and "Br. This allowed to reach high mass resolving powers of
about 700,000 and beyond both for (i) the results reported in this work (Chapter 5) and (ii) the
results reported in Ref. [Mardor et al., 2021|, where the 8-fold divider played a crucial role.

Finally, it is worth to mention that with the newly developed feedback control loop feature in
the TOFControl software [Bergmann, 2024|, the usage possibilities of the 8-fold resistive divider
can be extended in the future to also allow a software-based stabilization of the voltages of the
TOF analyzer electrodes directly based on the voltages measured using this device.

2.3 Removal of reference clock effects on the mass accuracy

With the achieved high mass resolving powers, see e.g. Ref. [Beck, 2023|, small relative mass
uncertainties of dm/m ~ 10~% are in reach for the mass measurements performed at the FRS
Ion Catcher [Mardor et al., 2021]. Achieving this, however, requires an accurate quantification
of all systematic uncertainty sources connected to the measurement setup (see more details in
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Section 3.3). One of the systematic uncertainty sources has been found, quantified and its
magnitude has been reduced significantly by upgrading the measurement setup in 2020-2021 in
the context of |Ayet San Andres et al., 2021| (priv. comm.), as described below.

The timing delay between the ejection of the ions from the injection trap and the opening
of the output mirror electrodes for the extraction of the ions from the TOF analyzer is defined
by the trigger system [Jesch, 2016]. The measured time-of-flight of the ions is given by the
sum of (i) this timing delay defined by the trigger system and (ii) the flight time of the ions
starting from the opening of the output mirror electrodes until they reach the TOF detector, the
signal of which is first amplified and then digitized by a time-to-digital converter (TDC), in the
present work, the model of which was an MCS6A provided by the manufacturer FAST ComTec
[Manufacturers & Products, 2025|. Therefore, an inaccuracy of any of these two devices, the
trigger system and the TDC, can lead to a subsequent inaccuracy of the measured time-of-flight
of the ions.

= FRS-IC before trigger system upgrade
05| ¢ TITAN before trigger system upgrade
= FRS-IC after trigger system upgrade
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Figure 2.3: Measurement of the difference between timing delay set by the trigger system
(tdelay,TT1.) and measured using the TDC (ttpc) as a function of tgelay, 11, performed at FRS-IC
before (black) and after (blue) upgrading the trigger system and at TITAN before upgrading the
trigger system (red). Here, the timing delay represents the time between the ejection of the ions
from the injection trap and the opening of the output mirror electrodes of the TOF analyzer.
The curves represent linear fits to the data points, the corresponding equations of which are
shown in the legend of the figure. After upgrading the trigger system at FRS-IC, the slope of
the linear correlation decreased by almost two orders of magnitude.

In order to quantify the possible inaccuracies associated with the data acquisition setup, in
the first step, the TDC was set up such that it receives its acquisition start signal from the
timing signal corresponding to the ejection of the ions from the injection trap and it gets its stop
signal from the timing signal corresponding to the opening of the output mirror electrodes of the
TOF analyzer. Afterwards, the timing delay between the ejection of the ions from the injection
trap and the opening of the output mirror electrodes set by the trigger system (tdela%TTL) was
modified between 0 ms and 35 ms and its value was measured using the TDC (¢tppc). This
investigation showed a linear correlation between the fgelay, 771, S€t by the trigger system and the
deviation of the measured timing delay from its set value, which had a slope of 13.7 x 1079, in
case of the FRS-IC setup (black data points in Fig. 2.3), and 9.4 x 1079, in case of the TITAN
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setup (red data points in Fig. 2.3). Besides the observed slopes, the measurements also showed an
offset of 12.4(1) ns at FRS-IC and 44.8(1) ns at TITAN. The reason for this constant offset could
not yet be understood. On the other hand, it does not contribute to the systematic uncertainty
sources of the measurement setup, since the offset is the same for all ion species inside the TOF
spectrum, thus it is included inside the calibration parameters, when performing the calibration
of the TOF spectrum (see more details in Chapter 3).

In the next step, the inaccuracy of the trigger system and the TDC were both measured,
independently, in order to figure out which of these two devices’ inaccuracies dominates:

(A) Inaccuracy of the TDC: The time-to-digital converter MCS6A has a 10 MHz reference
clock. To quantify the inaccuracy of the TDC, a frequency counter TF930 [Manufacturers
& Products, 2025 was used in this work to measure the frequency of this reference clock.
This measurement yielded a frequency of 9.99999633 MHz, which corresponds to a relative
difference between the measured and set frequency of the reference clock of the TDC of
only —0.37(20) ppm. This relative difference is comparable to the £0.2 ppm uncertainty
of the frequency counter device used for the measurement suggesting that the inaccuracy
of the TDC is negligible.

(B) Inaccuracy of the trigger system: To generate the timing signals of the measurement
setup, the trigger system "counts" the amount of cycles of a 200 MHz clock corresponding
to a period of 5 ns. As described in Ref. [Jesch, 2016|, the 200 MHz clock is derived from a
reference clock with nominal frequency of 10 MHz, which is an oven-controlled crystal os-
cillator (OCXO), the model of which used to be an AOCJY1A-10.000MHZ |[Manufacturers
& Products, 2025|. According to its specifications, this clock is stable against changes in
time on the level of £50 ppb, but its frequency could be slightly inaccurate at production.
To quantify the inaccuracy of the trigger system, the set frequency of one of the trigger
system channels was modified between 1 MHz and 1 Hz and it was measured using a fre-
quency counter TF930. The results of this measurement performed at FRS-IC showed a
linear correlation with a slope of 14.2(2) x 107¢ and an offset of 7.5(15) ns between the
time period set by the trigger system and the deviation between the time period measured
with the counter and set by the trigger system. The measured slope of this correlation is
in good agreement with the slope of the linear correlation shown in Fig. 2.3, which was
obtained earlier using the TDC as a measurement device.

Since it was found that the inaccuracy of the trigger system gives the dominating factor,
in the final step, the 10 MHz OCXO clock installed in the trigger system has been exchanged
to model AOC2012VAJC-10.0000C [Manufacturers & Products, 2025|. Besides providing stable
frequencies on the level of £10 ppb, this latter clock also provides a frequency accuracy of
+0.5 ppm at the time of its production according to its specifications. As a result of this upgrade
of the trigger system at FRS-1C, the slope of the correlation between the set and measured timing
delays has been decreased by almost two orders of magnitude (blue data points in Fig. 2.3), which
ensures that any inaccuracy due to the data acquisition setup is well below other systematic
uncertainty sources of FRS-IC’s MR-TOF-MS (see more details in Section 3.3). In case of
TITAN’s MR-TOF-MS, this effect is negligible compared to the uncertainty contribution used
to estimate an upper limit of the systematic uncertainties of the setup (see more details in
Chapter 4). Nevertheless, the OCXO clock of the trigger system can be also exchanged at
TITAN in the future, once an accurate quantification of all systematic uncertainty sources is
achieved and the effect due to the inaccuracy of the trigger system becomes non-negligible.
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Chapter 3

MR-TOF-MS data analysis procedure
and 1ts improvements

The analysis of the MR-TOF-MS data collected during the experiments presented in Chapters 4
and 5 is based on a procedure and a corresponding data analysis infrastructure developed and
extensively described in multiple PhD theses and publications, see e.g. [Ebert, 2016, Ayet San
Andrés, 2018, Hornung, 2018, Ayet San Andrés et al., 2019, Bergmann, 2024]. The procedure has
been proven to yield accurate mass values even for very challenging conditions, such as for few
events per ion species only [Mardor et al., 2021, Mollaebrahimi et al., 2023b| or for overlapping
mass lines [Ayet San Andrés et al., 2019, Hornung et al., 2020]. This work presents further
developments to the procedure and the corresponding data analysis framework.

At the FRS-IC setup, there are two typical challenges, which are frequently met and need to
be correctly tackled when analyzing MR-TOF-MS data. Firstly, the most exotic ions of interest
are often measured with very low statistics of only 3-10 detected events within a peak, see e.g.
[Mardor et al., 2021, Mollaebrahimi et al., 2023b|. Secondly, with the recent development and
application of the mean range bunching mode of the FRS |Dickel et al., 2023| and the mounting
of a 2°2Cf source inside the CSC, broadband mass measurements covering a larger part of the
nuclear chart are done more and more frequently, see e.g. [Amanbayev, 2023, Spataru et al.,
2025, Fowler-Davis, 2025]. At the TITAN setup, a typical MR-TOF-MS spectrum contains
multiple (more than two) overlapping TOF peaks due to the isobaric contamination typical for
ISOL facilities and many ions of interest are often measured with relatively large statistics, see
e.g. [Izzo et al., 2021, Beck, 2023|.

For the analysis of low-statistics data a reliable quantification of the expected background
level and contamination peak density are desired in order to achieve a realistic estimate of the
experimental uncertainties (see Section 3.3). For the analysis of broadband mass measurements,
increasing the flexibility of the data analysis framework (see Section 3.2) and developing stan-
dardized procedures to check the consistency of the deduced mass values (see Section 3.6) are
needed. Overall, with the help of the broadband mass measurements systematic checks on the
experimental mass uncertainty were done and the resulting modifications to the uncertainty de-
termination are reported here (see Section 3.3). Moreover, for the analysis of high statistics
data and/or for fitting many peaks in a broadband mass spectrum a speed enhancement of the
data analysis framework is essential (see Section 3.2). For the analysis of multiple overlapping
TOF peaks, several advances of the data analysis technique are needed. The first attempts to
cope with this latter challenge are reported here (see Sections 3.3 and 3.5), although an ultimate
solution is still a task for the future.
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3.1 The data analysis procedure

The main steps of the data analysis procedure are illustrated by the block diagram shown in
Fig. 3.1. The two main software used during the data analysis are the TOFControl software
[Bergmann, 2024| and the MSmarple' data analysis framework [Ebert, 2016, Ayet San Andrés,
2018|. The here-presented improvements of the data analysis procedure (highlighted in light red
color on the figure) concentrate on the determination of the final mass values and uncertainties
and the corresponding development of the MSmarple data analysis framework, which was devel-
oped in R programming language |[R Core Team, 2021]|. These improvements are the result of
the work of multiple people, where S. Ayet San Andrés and S. Beck took an active role also in
the code development and testing |Ayet San Andrés et al., 2024| (priv. comm.).
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Figure 3.1: Schematic overview of the main steps and software used during data analysis. The
steps that are marked with light red were implemented in the data analysis framework within
this work in order to enhance the flexibility of the data analysis procedure. Besides making the
data analysis scripts more convenient to use, the calculation of multiple uncertainty components
were also modified with the goals to give a more precise estimate of their value and/or adapt their
calculation to the increased flexibility of the data analysis procedure. See more explanations in
the text.

The data analysis starts with a time-of-flight (TOF) spectrum recorded by the MR-TOF-

!Long name for MSmarple: Mass SpectruM Analysis R Package weighted Likelihood Estimate
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MS data acquisition system. The data acquisition and the first steps of the data analysis are
performed using the TOFControl software [Bergmann, 2024|. The relationship between time-of-
flight (TOF) and the mass-to-charge ratio is defined by the following equation:

- 2
m_ g e — o) tO)Q : (3.1)
q (14 Nitd)

where texp, is the measured time span for which ions are flying in the MR-TOF-MS, and Nj; is the
number of turns the ions undergo inside the time-of-flight analyzer. The calibration parameter
b describes the ratio of the path length for one turn in the analyzer and the path length from
the injection trap to the detector, the parameter c is proportional to the effective voltage felt by
the charged particles in the MR-TOF-MS and is inversely proportional to the square of the path
length from the injection trap to the detector, and the parameter ¢y describes the time delay
between the start signal and the real start of the ions (for more details see [Ayet San Andrés
et al., 2019]). As long as the length of the cables used in the electronics components responsible
for data acquisition are not changed between two consecutive measurement runs, the value of
the ty parameter stays the same, i.e. it is independent of the effective voltage felt by the ions
and thus the number of isochronous turns they undergo in the analyzer. Therefore, the value
of the parameter ty and its uncertainty (Atg) is determined prior to the experiments in an
offline measurement using at least 2 calibrant ions spanning a large mass-to-charge range and
undergoing zero isochronous turns.

For every data set measured with the MR-TOF-MS of FRS-IC/TITAN, where the ions of
interest undergo multiple isochronous turns, the calibration parameters ¢ and b are determined
via the following steps (see Fig. 3.1):

1. Firstly, the peaks in the measured MR-TOF-MS spectra need to be identified and one needs
to select the peak candidates for calibrants and ions of interest. The peak identification
can be supplemented by additional information besides the expected mass-to-charge ratios
of the peaks; such as expected yields from known reaction cross-sections, data measured
by the FRS PID detectors, another MR-TOF-MS data set acquired with the same ions
undergoing different number of isochronous turns or, at TITAN, measurements performed
with switching the LASERs off.

2. Secondly, using the TOFControl software, a time-resolved calibration (TRC) to correct
drifts of the time-of-flight due to voltage and thermal drifts and a multi-turn (MT) cali-
bration covering the full mass-to-charge range are performed. For the TRC, the usage of
a single, preferably high statistics peak is sufficient, whose mass does not need to be well
known?. For the MT calibration using Eq. (3.1), at least 2, but preferably even more,
calibrant ions with a well-known literature mass are required®. After this step, the value
of the parameter ¢ and its uncertainty (Ac) are fixed and the multi-turn-calibrated and
drift-corrected mass-to-charge spectrum is exported from TOFControl in list mode.

In order to perform the TRC, the total length of the measured data set is divided into individual calibration
blocks, which were acquired for a few seconds typically. The value of the parameter b is determined for each
calibration block, separately, and a linear interpolation is applied between the values of the parameter b in each
calibration blocks. The optimum choice concerning the length of the calibration blocks is a compromise between
how accurately the parameter b can be determined in each block and the resulting time resolution of the TRC.

*When the measured spectrum contains only isobaric ions, i.e. the calibrants and ions of interest undergo the
same number of turns, the relationship given in Eq. (3.1) is simplified to

m 2

— =a- (texp —to)

. (3.2)

In this case, the step of the MT calibration is not needed and a single peak with a well-known literature mass is
sufficient to calibrate the entire spectrum, i.e. determine the value of the parameter a.
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. The next steps of the data analysis procedure are done with the MSmarple data analysis

framework. Here, the peak shape is determined using a single, high statistics model peak,
preferably measured simultaneously with the ions of interest. For this, the data is binned
according to the Freedman-Diaconis rule [Freedman & Diaconis, 1981] and fitted with
a hyper-exponentially modified Gaussian (hyper-EMG) function [Purushothaman et al.,
2017|, which incorporates exponential tails from ion-optical aberrations in a phenomeno-
logical way, using a least squares (LS) method. For validating the goodness of the fit a
reduced x? test and a Kolmogorov—Smirnov (KS) statistical test [Massey, 1951| are used.
Once the parameters of the hyper-EMG peak shape are determined, the unbinned data
of the model peak are fitted using a weighted maximum likelihood estimation (wMLE)
method*, where the only free parameter is the peak centroid. This is done to calculate
the correction factors required later on for the peak shape uncertainty determination [Ayet
San Andrés et al., 2019|.

In the following, the so-called precision calibration is done, which comprises from calcu-
lating the ratio (m/q)cal’ht/(m/q)cal’wMLE’COHeCted (see Eq. (3.3)) and the corresponding
uncertainty components of the precision calibrant peak. For this, the (m/q) ., e value
is determined via fitting the unbinned data of the precision calibrant peak® using the wMLE
method with a fixed and, if needed, scaled peak shape obtained from the model peak. This
is done in order to unify the fitting methods used in the treatment of the precision calibrant
ion and ion of interest (IOI) data. Prior to the data analysis developments presented here,
it was hard-coded in the data analysis framework that the same peak, which is used to
determine peak shape, had to be also used for precision calibration. Within the context
of this work, this has been made more flexible, i.e. the model peak used to determine
the peak shape and the peak used to obtain the precision calibration can now be selected
independently (for more details see Section 3.2).

. Inside the TOF analyzer of the MR-TOF-MS, all ions are subject to the same ion-optical

aberrations. Therefore, all ions with the same charge state appearing in the same TOF
spectrum have the same peak shape. Therefore, the peak shape parameters obtained from
the model peak in the third step explained above can be scaled to the ions of interest (for
more details on the peak-shape scaling, see Section 3.3), the unbinned data of which can
be fitted using the wMLE method yielding the (m/q)iop g value.

In order to re-establish the mass-to-charge scale after the wMLE fitting, which also re-
calculates the value of the b calibration parameter (see Eq. (3.1)), and to determine the
final mass-to-charge values of the ions of interest, the following equation is used:

<m>
<m) B 4 / 101,wMLE,corrected <’I’)’L> (3 3)
4 /101 <m> 4 / callit
q cal,wMLE,corrected

Here, the quantities (m/q)Cal/IOLWMLE,COHeCted are obtained from the (m/q)cal/IOLWMLE
values after applying corrections due to relativistic effects and, if non-zero, due to the

“Compared to the LS method, the wMLE is more robust, when treating low-statistics data. Furthermore, it
enables to fit unbinned data, and thus avoids uncertainties associated with data binning. As a weighting function,
the truncated natural logarithm of the hyper-EMG function itself (f(z;)) is used to increase the robustness of
the fit by minimizing the influence of outliers on the determination of the peak centroid [Ebert, 2016]. Here, the
truncation means that events outside of the mass-to-charge range defined by In(f(z;)) > 0 are weighted by zero
for the fit.

SFor precision calibration a single peak corresponding to an ion with a well-known literature mass, (m/q)

cal,lit?

is sufficient.
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operation of the MRS. In case of fitting overlapping peaks, a so-called bias correction has
to be applied in addition [Ayet San Andrés et al., 2019]. In case the mass-to-charge ranges
for the wMLE fits need to be restricted due to multiple overlapping peaks, such that the
weighting of the fit is above zero (In(f(x;)) > 0) an additional correction, the so-called
cut-bias correction, needs to be applied, which was developed within the context of this
work (see Section 3.3).

7. Finally, the total uncertainties of the mass-to-charge ratio of ions of interest are calculated
by adding in quadrature individual components, see Section 3.3 for more details, and the
final atomic mass values of the ions of interest (mjo1) and their uncertainties (oyo;) are
deduced using the following equations:

m
mIo1 = () “q101 + Me - qior/e and o101 = O10L,ionic * 4101 (3.4)
101

where (m/ q)loI and o701, jonic are the mass-to-charge ratio and uncertainty values obtained
in the data analysis procedure explained above, m. is the electron mass, e is the elementary
charge and gior/e is the charge state of the IOI. Since the mass measurements usually
include only singly- or doubly-charged ions, the electrons’ binding energy in the neutral
atom (few eV) can be neglected.

After the mass values and uncertainties of the nuclides of interest are determined in the individual
data sets, the results are averaged with the weighted mean for the nuclides, which are measured
in multiple data sets, see Section 3.4 for more details.

3.2 Enhanced speed and flexibility of the data analysis framework

With the increased variety of data sets obtained with the MR-TOF-MSs at FRS Ion Catcher
and TITAN, ranging from very broadband data sets covering a mass-to-charge range larger than
10 u/e and including more than 50 nuclides within a single TOF spectrum (see e.g. [Spataru
et al., 2025, Fowler-Davis, 2025|) to data sets including multiple overlapping TOF distributions
with high statistics (see e.g. Chapter 4), there is a need to increase both the flexibility and speed
of the data analysis framework written in R language.

The two most important examples for the flexibility enhancements implemented within the
context of this work are the following:

e Firstly, the model peak used to determine the peak shape and the peak used to obtain
the precision calibration can now be selected independently. Often, the largest statistics
peak in the spectrum, which is perfect for determining the peak shape, can not be used
for an accurate precision calibration, because its time-of-flight is a bit shifted, e.g., due
to experiencing an electrical ringing from the mirror electrodes during their extraction
from the TOF analyzer. Moreover, in case of broadband mass measurements it is often
advantageous to select a precision calibrant, which is isobaric to the ions of interest, because
it removes systematic uncertainties associated with calibrating the ions of interest using
non-isobaric species (see e.g. the Am, and the NPI uncertainty components defined in
Section 3.3). An isobaric precision calibration can now be done independently from the
choice of the model peak, which will be further exploited in future mass measurements,
where the newly-commissioned LACCI ion source of the FRS-IC is used, which can provide
isobaric calibrants for mostly all mass unit [Yu et al., 2024a).

e Secondly, the developments of this work also enabled to start the fits of the individual
10Is and the corresponding calculations of the mass uncertainty automatically, one after
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another, i.e. to start the fits in the so-called batch mode. Once the mass value and differ-
ent uncertainty components of all IOIs are determined, the results are collected together
in an excel output file, the so-called compilation file, which enables a fast comparison of
the mass and uncertainty values determined for different IOIs. This increases the user
friendliness and avoids potential user mistakes through performing an automatic and stan-
dardized calculation and comparison of all mass values and uncertainties, see more details
in Section 3.6. This latter feature is essential for the treatment of broadband mass mea-
surements, where a large amount of ions of interest (often more than 50) can be included
in a single TOF spectrum, and a quick comparison of the results of the fits for all IOIs is
desired.

The most computing-power- and time-consuming tasks of the data analysis framework are
the calculation of the peak-shape uncertainty and the Monte Carlo simulations for the calcula-
tion of the statistical and contamination uncertainties, and in case the peaks’ tails need to be
restricted, the Monte Carlo simulations for the newly-implemented cut-bias correction and, in
case of overlapping peaks, for the bias correction (see Section 3.3). For data with high statistics
(~100,000 events) overlapping peaks, determining the mass values and corresponding uncertainty
components can take up to a 1-2 days, when a single CPU core is used to perform the calcu-
lations. Similarly, determining the mass values and uncertainties of several IOl measured in a
broadband mass spectrum is also very time-consuming. It is, therefore, necessary to parallelize
the uncertainty calculations, i.e. spread the task to multiple CPU cores. The script running-time
tests shown in Fig. 3.2 illustrate the enhanced speed of the MSmarple data analysis framework
due to parallel coding.

X Tests with Intel Core i7-13700K CPU X Tests with Intel Xeon W-2123 CPU
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£ 1 Peak shape uncertainty calculation £ 1 Peak shape uncertainty calculation

L 804 [ Statistical uncertainty calculation L 80 4 [ Statistical uncertainty calculation

L —— "Expected full parallelization" of stat. unc. calc. L —— "Expected full parallelization" of stat. unc. calc.

[ [

— = (%]

5

2 60+ g = o 604 ° 2

£ © » = £ 8 2

@ 51 % ] g 2 @ @ £

c

L © 8 £ L 1% 2 »

° £ - 1) ° ° ‘g °

@ 40 o, = c o @ 40 ©

N 38 % ) o « N N o

© o @ S o T 33 % £

£ 30% & & < £ b

e ® @ ST

o 207 ey o 201 \\

E SUREREEN E

— '-'_"‘_"—'v—v—v—M B

£ 0 T T T T € 0 . -

& 5 10 15 20 & 2 4 6 8
Number of threads used for running the script Number of threads used for running the script

Figure 3.2: Figure to illustrate the enhanced speed of the data analysis framework due to parallel
coding. The points measured using different number of CPU threads are connected with lines only
to guide the eyes. Here, the total script running time (black curve) is dominated by the peak-
shape (greed area) and statistical (blue curve) uncertainty calculations. For the performance
of these running time tests, only the Monte Carlo simulations for the statistical uncertainty
calculations were used, while any other numerical simulations were switched off. The running-
time tests were performed using two different CPUs; for the plot on the left side an Intel Core
i7-13700K CPUS was used and for the plot on the right side an Intel Xeon W-2123 CPU7 was
used.

6An Intel Core i7-13700K CPU has 8 performance cores, considered as the most powerful cores for parallel
coding, 8 efficient cores and in total 24 threads |[Manufacturers & Products, 2025|.
TAn Intel Xeon W-2123 CPU has 4 physical cores and in total 8 threads [Manufacturers & Products, 2025|.
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For the performed running-time tests, the total script running time was dominated by the
peak-shape- and statistical-uncertainty calculations (Fig. 3.2). The measured running times
corresponding to the Monte Carlo simulations of the statistical-uncertainty calculations (blue
curves) follow closely their expected full parallelization (red curves) calculated by dividing the
single-core performance by the number of the used CPU threads. On the other hand, the present
implementation of the peak-shape uncertainty calculations (illustrated by the green areas on the
figures) is non-parallelizable except for the factor of 2 improvement shown on the figure, when
spreading the task across 2 CPU cores instead of 1. A future refactoring of the code will solve
this problem, i.e. speed up the peak-shape uncertainty calculations further. Overall, the figures
show a significant improvement in the total script running time with the increased number of
CPU cores.

3.3 Uncertainty contributions

The total uncertainty of the mass-to-charge ratio is calculated by adding in quadrature individual
components. Refs. [Ayet San Andrés, 2018, Ayet San Andrés et al., 2019] include a comprehen-
sive list of the individual uncertainty components, their definitions and quantification relevant
for mass measurements performed before 2019 at the FRS Ion Catcher. Within this work, a few
uncertainty components relevant to analyze the data partially reported in this work (see Chap-
ters 4 and 5) and, additionally, in Ref. [Amanbayev, 2023, Spataru et al., 2025, Mollaebrahimi
et al., 2023b|, were re-measured or the formalism to calculate them was modified yielding more
accurate uncertainty estimates. The re-fined uncertainty calculation will be also used in future
works concerning the analysis of data obtained with the MR-TOF-MS of the FRS Ton Catcher
setup.

Fig. 3.3 summarizes the composition of the different uncertainty components. For the defini-
tions of the uncertainty components marked with a white background on the figure, the reader
is referred to |Ayet San Andrés et al., 2019|, because the present work reports no significant
modifications concerning their formalism and, in the data presented here, these effects can be
neglected. The uncertainty components marked with a grey background are relevant for the data
presented here (see Chapters 4 and 5), but their definitions and calculation remains unchanged
as compared to Refs. [Ayet San Andrés, 2018, Ayet San Andrés et al., 2019|. These uncertainties
will be summarized in a few sentences below:

e Peak-shape uncertainty: The quadratic sum of the relative differences in the peak centroids
resulted by the wMLE fit for the IOI and the model peak due to changing each parameters
of the Hyper-EMG function by its corresponding uncertainty, while keeping the others
constant.

e Bias correction and corresponding uncertainty: In case of fitting overlapping peaks the
so-called bias correction is performed in order to correct for the smaller distance between
the deduced peak centroids of overlapping peaks caused by the weighting of the wMLE fits.
This is an iterative correction performed using Monte Carlo simulations, which is explained
and tested in the works of [Ebert, 2016, Ayet San Andrés, 2018, Ayet San Andreés et al.,
2019|. The uncertainty from the correction is estimated to be 25% of the difference between
the mass-to-charge ratio obtained with and without the correction.

e Uncertainty due to known unresolved peaks: When there are reasons to expect multiple
ions or nuclear states, which have a known chemical formula, arriving at the same spot
in the time-of-flight spectrum and cannot be resolved by the spectrometer, an uncertainty
component is required to account for this effect. In particular, when the peaks have a
known distance, but their abundance ratio is unknown, e.g., an unresolved isomer, isobar,
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Figure 3.3: A schematic overview of the relationship of uncertainty contributions to the total mass
uncertainty. In case of the analysis of the data collected at TITAN, the uncertainty contributions
that are marked with a dagger (1) were all covered by a single uncertainty component, which will
be referred to as "TITAN’s systematic uncertainty" (see Chapter 4). The light green colour
marks the uncertainty components that were mathematically zero in all measurements reported
here. The uncertainty contributions that are marked with light red were further investigated
or newly determined or measured after Refs. [Ayet San Andrés, 2018, Ayet San Andrés et al.,
2019|. See more explanations in the text.

or an expected contamination, an uncertainty component and mass value correction are
applied following recommendations from AME2020 Appendix B.1 [Huang et al., 2021].
Note that in the case of the unresolved °?Rh low-spin states, the expected abundance ratio
is known, therefore, in this case, special considerations were taken and reported here, see
Section 5.2.

The uncertainty components marked with a light red background in Fig. 3.3 were further inves-
tigated or newly determined/measured in this work. The results of some of these investigations
will be detailed in the upcoming subchapters.

Statistical and contamination uncertainty (Amsiatgcont)

For the wMLE fits of the precision calibrant and ions of interest with a Hyper-EMG function,
the parameters of which were determined from the model peak, an empirical approach has been
taken to determine the statistical and contamination uncertainties. These uncertainty compo-
nents are determined based on Monte Carlo simulations, i.e random numbers are drawn according
to the same distribution function as the fit functions of the calibrant and IOI and they are fitted
with the wMLE method. Here, the total number of events as measured for the calibrant or
ions of interest (together with the background events or the events of the unknown, unresolved
contaminant peak) are shared between the main peak and the background for the statistical un-
certainty simulations and shared between the main peak, background and contaminant peak for
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the contamination uncertainty simulations. This process of generating and fitting the simulated
data with the wMLE method is repeated many times (typically 100-to-1000 times depending
on the total number of measured and simulated events of the peak) and the standard deviation
of the mass-to-charge values obtained from this process gives the value of Amgiat (in case of
the statistical uncertainty simulations) and Amgon (in case of the contamination uncertainty
simulations). These two values are then combined linearly using the contamination probability
(Peont) resulting in the statistical and contamination uncertainty component (Amgatgcont) Of the
calibrant and the 101:

AMgtatscont = (1 - pcont) - AMgtat + Pcont - AmMecont (3~5)

For handling data with very low statistics, down to only a few events per peak, see e.g. Chapter 5
or [Mardor et al., 2021, Mollaebrahimi et al., 2023b|, an accurate determination of the expected
level of background and possible contamination under the peaks is essential.

In a typical MR-TOF-MS spectrum a constant background is expected from two sources:
(i) dark counts on the TOF detector corresponding to events from the residual gas generating
secondary electrons resulting in single hits, which are not correlated to the window of ejection
from the analyzer, and (ii) scattered ions with a completely different phase space compared to
the typically measured ions in the spectrum, which also result in single hits, however, in this case,
those hits are correlated to the window of ejection from the analyzer. While the influence of the
constant background and outliers on the fitting procedure was systematically studied in [Ebert,
2016], here the emphasis is given to the estimation of the level of the constant background in a
given time-of-flight spectrum. The constant background often has very low statistics, i.e., the
measurement method is practically background-free as illustrated by a typical TOF spectrum
obtained at the FRS Ton Catcher in Fig. 5.5. Consequently, the deduced background level depends
on the choice of the "peak-free" region of the spectrum, which is used for its determination. In
order to minimize the user-choice dependence, a standalone R script has been written to deduce
the level of the constant background within a given TOF spectrum. Here, the complete range of
the time-of-flight spectrum (corresponding to the complete window of ejection from the analyzer)
is binned in units of a few FWHM, which is determined from the peaks in the spectrum, and the
resulting bin-height distribution is deduced. Fig. 3.4a shows an example bin-height distribution
deduced from the TOF spectrum corresponding to the measurement of ?3Pd presented in Fig. 5.5
using a binwidth of 4 FWHM. Here, the zeroth and the first bins correspond to the so-called
"peak-free" regions of the TOF spectrum, where either no hits or only single hits are found within
a binwidth of 4 FWHM, and the rest of the bins correspond to the contaminant, calibrant or ion
of interest peaks in the spectrum. The zeroth and the first bins are then used to estimate the
level of the constant background within the spectrum, by "fitting" a Poisson distribution with a
given area (Apyis) and expectation value (A) to this two bins and then dividing the resulting A
by the given binwidth used to bin the TOF spectrum, which gives the background density. The
"fit" of the Poisson distribution, which is illustrated by the red curve in Fig. 3.4a, is performed
by numerically solving the following system of non-linear equations:

A0 e

Apgis - T = number of events in the zeroth bin

1.,-A
Apois - /\.17? = number of events in the first bin (3.6)
To reduce the dependence of the determined background level on the choice of the binwidth and
on the scatter of the single events, the above procedure is repeated for multiple binwidths between
2 and 4 FWHM units and the deduced background densities are then averaged, see Fig. 3.4b.
After the expectation value of the background density is determined, it is used to generate the
number of background counts under the calibrant and ion of interest peaks with a truncated
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Poisson distribution for the Monte Carlo simulations to deduce statistical and contamination
uncertainties. The truncation limits the number of the background events to be maximum 50%
of the total number of measured and simulated events below the given peak.
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Figure 3.4: Calculation of the background density in the time-of-flight spectrum corresponding
to the measurement of %3Pd (data set I, see more details in Chapter 5). (a) The histogram on the
left side shows the bin-height distribution deduced after binning the TOF spectrum in units of
4 FWHM. The zeroth and the first bins in this histogram are fitted with a Poisson distribution
shown by the red data points. The Poisson distribution is a discrete distribution, so the red lines
connecting the points are only drawn to guide the eyes. (b) The plot on the right side shows the
deduced background densities for multiple binwidths between 2 and 4 FWHM units and their
average (shown by the horizontal red line).

Besides the constant background, there may be hidden unexpected peaks (contaminant ions)
under the peaks of the ions of interest and calibrant ions, which may shift the measured mass
of the calibrant or IOI and lead to a corresponding uncertainty contribution (the contamination
uncertainty). Although this happens with a larger probability in case of measurements with
a lower resolving power and covering a larger mass-to-charge and dynamic range, in principle,
each measurements are prone to this effect. An unexpected peak (contaminant) can correspond
to a peak, which could not be identified in the spectrum or to an identified peak, the origin
of which cannot be explained in the given measurement and therefore can not be used as a
potential calibrant in the spectrum. Before 2020, the abundance ratio between the 10l and
the contaminant ions has been estimated by the largest statistics unexpected peak appearing in
the TOF spectrum and the information from the contamination peak density in the given TOF
spectrum was not considered in the uncertainty calculations, see e.g. |Ayet San Andrés et al.,
2019|. In some cases, this previous procedure resulted in an overestimation of the contamination
uncertainty contribution, which motivated the development of a new procedure to estimate the
contamination uncertainty corresponding to the measured mass of ions of interest and calibrant
ions. The main steps of this newly developed procedure are:

1. Firstly, the contamination peak density (peont) is estimated via counting the number of the
unexpected peaks observed in the measured spectrum and dividing it by the complete mass-
to-charge range of the spectrum. The value of pcont can reflect many features of the given
measurenment, such as, whether the achieved resolving power is low or high or whether
the covered mass-to-charge and dynamic range is small or large. Therefore, this value
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directly reflects the magnitude of the contamination uncertainty necessary to describe a
given measurement. For example, in the case of the TOF spectrum shown in Fig. 5.5, there
are only a few unidentified or unexpected peaks in the spectrum, thus the measurement of
93Pd is not strongly prone to a possible underlying contaminant below the peak.

2. Secondly, the contamination probability (peont), Which reflects the probability of an unex-
pected unresolved peak (contaminant) hidden beneath the peak of the calibrant or 10T,

can be estimated by
m m
Pcont = 2. Pcont * (<> - <> > (37)
q max q min

Here, normally, the ((m/q),,.. — (m/q),,,) difference represents the mass-to-charge range
of the calibrant or 10l peak, where the weighting of the wMLE fit is above zero. The
only exception is the case, when the mass-to-charge range for the wMLE fit needs to be
restricted, e.g. due to multiple overlapping peaks. In this case, the ((m/q), .« — (M/@)nin)
difference is defined by this restricted mass-to-charge range. Note that, typically, the
contaminant peaks are not perfectly uniformly distributed within the complete spectrum
measured with the MR-TOF-MS, because the analyzer transmission is often tuned oth-
erwise. Therefore, in Eq. (3.7), a multiplication factor of 2 (fudge factor) is applied in
order to prevent an underestimation of the pcont probability and the corresponding the
AmMgat&cont Mass uncertainty component calculated by Eq. (3.5).

3. The next step is to determine the average number of contaminant events (Ncont) via cal-

culating the average area of the observed unexpected peaks in the measured spectrum®.

4. The determined value of Ngop is then used as an input data for the Monte Carlo simulations
of the contamination uncertainty calculations. As the first step of the latter simulations,
the total number of the measured and simulated events (Nyota1) corresponding to the given
peak of the calibrant or IOl are shared between the main peak, the constant background and
the contaminant events. For the generation of the number of contaminant and background
events, the following conditions apply:

e The number of the contaminant events (Ncont) are generated with a phenomenological
probability distribution that has been tailored to empirically describe the observed
distribution of the events of unexpected peaks in various offline and online measure-
ments with the FRS-1C, i.e., to describe the typical pattern of molecular contaminants
from the CSC and MR-TOF-MS. This phenomenological probability distribution first
follows a uniform distribution between 0 < k < Ngon and then it follows a Poisson
decay with A = 1 for Neont < k < o0o. Since the resulting distribution has a larger
mean value than Neont, in the next step, the distribution is scaled such that it’s ex-
pectation value matches with Ngopn. This is achieved by dividing the distribution by

8Note that besides the density and the average area of the unexpected peaks observed in the spectrum, there
can be also other more direct evidences hinting on the magnitude of the possible contamination below the peaks.
For example, in case of mass measurements obtained at TITAN, data is collected with switching the LASERs off
for the resonant ionization of the IOI species. A comparison of the LASER on/off data provides direct evidence
on the maximum number of the possible contaminant events hidden below the IOI peaks, which can be used to
estimate the contamination uncertainty in the measurements obtained at TITAN, for more details see Section 4.2.
Similarly, in case of mass measurements obtained at FRS-IC, the degrader settings and with this the stopping
range of the ions can be changed, such that the IOI are not stopped, while keeping the same amount of ionization
in the CSC, which results that the same amount of molecules are formed. Performing a measurement with a
changed degrader settings would provide direct evidence on the expected amount of contamination below the IOI
peaks at FRS-IC. On the other hand, such a measurement is very time consuming in case of the most exotic
species measured with very low count rate, therefore is typically not done and the contamination uncertainty
needs to be estimated from the observed unexpected peaks in the spectrum as explained in the text.
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a scaling factor of 1.315. After this, the distribution is truncated, such that the gen-
erated number of contaminant events are larger than 2 (single events are considered
as background counts) and smaller than 50% of the total number of measured and
simulated events below the given peak.

e The number of the background events (Nyckg) are generated following a truncated
Poisson distribution, as explained earlier, and the remaining events of Nea/101 =
Niotal — Neont — Nhekg are then used to generate the main peak of the calibrant or IOL.

e As a boundary condition; the sum of the number of the contaminant and background
events are limited to maximum 50% of the total number of measured and simulated
events below the given peak. This is done, because as soon as the number of contam-
inant and background events exceeds 50% of the total number of measured events of
the peak then the peak is considered misidentified rather than "contaminated", see
more details in footnote?.

5. In the next step of the Monte Carlo simulations, the centroid of the contaminant peak is
generated with a uniform distribution between (m/q), ;. and (m/q),,., and for the peak
shape of the contaminant peak the same peak shape is assumed as the one used for the
wMLE fit of the calibrant ion or ion of interest. Then the simulated data of the constant
background plus the contaminant peak plus the main peak are fitted as a single peak using
the wMLE method. In the next step, a Kolgomorov-Smirnov statistical test [Massey, 1951]
is performed to validate the goodness of the fit. The resulting p value of the KS test should
be larger than a threshold value (typically pihreshola = 0.05) in order to ensure that the
simulated peaks (the contaminant peak and the main peak) are not separated or resolved
from each other, i.e. the simulated data remain indistinguishable from the fit function
applied to fit the simulated data as a single peak. The generation of the centroid of the
contaminant peak is repeated as long as this condition for the KS does not apply.

6. Finally, the Amcont from Eq. (3.5) is calculated as the standard deviation of the mass-to-
charge values obtained by the wMLE fits of the Monte Carlo simulations for the contami-
nation uncertainty calculations.

The validity of the newly developed procedure to estimate the contamination uncertainty
was first tested with the help of synthetic data, then the new procedure was applied to mass
measurements performed at FRS-IC. As an example, the results of the Monte Carlo simulations
for the statistical and contamination uncertainty calculations of the 91 Tc peak (Niotal = 23 events,
see more details in Chapter 5) are shown in Fig. 3.5. In this data set, the expectation value for
the number of background counts within the mass-to-charge range of the fit of "1 Tc is Npaac =
2 events and the average area for unexpected peaks observed in the spectrum is Neont = 9 events.
The probability that a contaminant peak is hidden beneath the peak of “'Tc is peons = 12%.
Fig. 3.5a illustrates the influence of the choice of the KS test pihreshold value for the distribution
of the difference between the simulated centroid of the contaminant peak and the centroid of
the main (IOI) peak. In case of the simulations with pipreshold = 0.0001 the KS test condition is
essentially switched off, which leads that the simulated contaminant peak is uniformly distributed
across the entire mass-to-charge range between (m/q),;, and (m/q),,... Consequently, in some
cases, the simulated contaminant peak can be easily separated by eyes from the simulated main

9The presently-described procedure also enables to estimate the probability that a low statistics peak is misiden-
tified (the so-called "misidentification probability") using the determined peak density and average area of the
unexpected peaks observed in the spectrum. This latter probability is estimated as the combination of two prob-
abilities; the probability that there is a contaminant peak in a mass-to-charge window given by the experimental
mass uncertainties and the probability that this contaminant peak has more events than 50% of the total number
of measured events of the peak. For example for the first direct mass measurement of **Pd from only 9 detected
events (see Chapter 5) the probability of misidentification calculates to 4%.
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peak of the ion of interest (with a measured FWHM of about 120 keV for the peak of *'Tc, see
Fig. 5.5 for the typical peak shape of the peaks in the spectrum). Increasing the threshold value
for the performed KS tests to the typically used value of pipreshold = 0.05 ensures that the centroid
of the contaminant peak is within 1-2 FWHM distance from the centroid of the main peak, thus
ensuring that the two simulated peaks are not resolved from each other in agreement with the
experimental observations (only one peak was detected for *Tc showing no clear signature of
an underlying contaminant beneath the peak). Fig. 3.5b illustates the final distribution of the
mass-to-charge values obtained from fitting the simulated data with the wMLE method during
the statistical and contamination uncertainty calculations. The determined standard deviations
for the 23 detected events of 1Tc were Amgiat = 16.8 keV and Ameont = 23.8 keV for the
two simulations, respectively. After combining the two values using Eq. (3.5), this results in a
statistical and contamination mass uncertainty component of Amgiagcont = 17.7 keV for 1 Tc.
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Figure 3.5: Results of simulations for the statistical and contamination uncertainty calculations
of the 9'Tc peak measured during the S474 experiment at FRS-IC, see more details in Chapter 5.
(a) Concerning the contamination uncertainty calculations, the histogram on the left side shows a
comparison of the distribution of the simulated distance between the centroids of the contaminant
and main peaks using two different pihresnold values for performing the KS tests on the simulated
data. (b) The plot on the right side shows a comparison of the final distribution of the mass-to-
charge values obtained from fitting the simulated data with the wMLE method corresponding
to either the statistical or the contamination uncertainty calculations (with pihreshold = 0.05).

Mass uncertainty due to calibration parameters’ uncertainty (Am. and Amy,)

The uncertainties Aty and Ac of the calibration parameters, tg and ¢, are determined during
the conversion of the time-of-flight spectrum into a mass-to-charge ratio spectrum using the
TOFControl software |Bergmann, 2024]. In case there is the same amount of calibrant ions
as unfixed parameters during the zero-turn (0T) or multi-turn (MT) calibration of the given
spectrum, then the values of Aty or Ac are calculated by uncertainty propagation. In case the
number of calibrant ions is larger than the unfixed parameters during the 0T or MT calibration,
then the observed TOF corresponding to the peak centroids of the individual calibrant ions
are shifted separately by plus or minus their uncertainty and the calibration parameters are
recalculated. The absolute values of the resulting maximum changes of the calibration parameters
to and ¢ due to the shifted TOF of the individual calibrant ions with index of ¢ = 1,2,...,n
are referred to as individual Atg =12, », and Ac—12 ., components in the following discussion,
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which are combined to deduce the final values of Aty and Ac, respectively.

Recently, a systematic study with the help of broadband mass measurements at the FRS-I1C,
such as the ones reported in [Amanbayev, 2023, Spataru et al., 2025, Fowler-Davis, 2025|, showed
that this latter combination of the individual Aty;—12,., and Ac;—1 2., components needs to
be done in a linear rather than in a quadratic manner, because these individual components are
not fully independent from each other. Most of this study was performed in the context of the
mass measurements of 252Cf fission products with the FRS-IC reported in [Spataru et al., 2025].
There, the broadband measurements with a relative mass-to-charge range of more than 10%
resulting in a measurement of more than 50 ions within a single settings of the MR-TOF-MS
enabled to systematically study the influence of the individual calibrant species on the results of
the multi-turn calibration of the measured spectra [Spataru et al., 2024] (priv. comm.). In the
present work, only the most important consequences of this systematic study to the data analysis
procedure and, in particular, to the determination of the values of Aty and Ac are reported.

Investigation with broadband measurements of 252Cf fission products
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Figure 3.6: Individual Acj—12, .., components, shown by the data points, as a function of the
turn number of the individual calibrant ions. Here, the individual Ac;—1, ., components were
obtained in the MT calibration of a broadband mass measurement of 2°2Cf fission products
(for more details, see [Spataru et al., 2025]). The different colors of the data points indicate the
different sets of calibrant ions used to perform the MT calibration. The data points corresponding
to the different sets of calibrant ions are fitted with second order polynomial functions shown by
the colorful curves.

One of the highlights of the studies performed with the broadband mass spectra, acquired
using the 2°2Cf fission source, is presented in Fig. 3.6. Here, the number of calibrant ions is
varied from n = 3 up to n = 12 to perform the MT calibration of the ?*2Cf spectrum, while
making sure that the selected calibrant ions are always spread across the entire mass-to-charge
range covered by the spectrum (see also in Section 3.6). Then the dependence of the individual
Aci—1,,..n components on the number of isochronous turns performed by the individual calibrant
ions in the TOF analyzer is checked. This is done with the previously selected different sets
of MT calibrant ions (n = 3, n = 4, n = 6, n = 8 and n = 12). As shown in Fig. 3.6,
second order polynomial functions (parabolas) explain the measured data points sufficiently well.
Besides the fact that the TOF uncertainty of the high statistics calibration peaks is dominated
by the systematic uncertainty contributions, which are similar for all high statistics calibration
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peaks, this latter results also indicate that the obtained individual Ac;—1, ., components are
not fully independent from each other. The calibrant ions with a mass-to-charge ratio (and
turn number) close to the edges of the mass-to-charge (and turn number) range, covered by
the selected calibration peaks, have the highest impact on the results of the MT calibration.
Increasing the number of calibrants from n = 3 up to n = 12 minimizes the influence of the
individual calibrants on the results of the MT calibration of the spectrum, i.e. the parabola of

the individual Ac;—12 .., components becomes more shallow.

As discussed above, in the next step, the individual Atg;—12.. » or Acj—12, .., components,
deduced in the 0T or MT calibration of the given spectrum, are combined linearly to calculate
the values of Aty and Ac. Then, in the final step, the mass-to-charge uncertainties due to
the uncertainty in the calibration parameters are calculated by Eqgs. (3.8) and (3.9), see |Rink,
2017, Hornung, 2018| for more details:

1 1

Amy, = |2v/c (%) : - At (3.8)

101 - m . m

(L+6Niwea) [ (F) - (+bNiwaon) /(1)
tior — to)? + Ac) (tior — to)?
A, — ¢ (tior — to) . (c £ Ac) (tio1 — to) ; (3.9)
Nig 101 ¢ (teal — to)® Nig,101 (¢ & Ac) (tea — to)®
1 + Nit,cal <m -1 1 + Nit,cal m -1
q cal q cal

Here, Nj; cal/101 18 the number of isochronous turns that the precision calibrant or the [OI perform
in the TOF analyzer, c, {p and b are the calibration parameters from Eq. (3.1) and #c,1/101 is the
total time-of-flight of the precision calibrant ion or the IOI, respectively.

Peak-shape scaling and corresponding scaling-parameter uncertainty

Some of the peak-shape parameters of the Hyper-EMG function |[Purushothaman et al., 2017]
determined in the LS-fit of the model peak have to be scaled to the IOI. The scaling factor
takes into account the change of the peak width with the change of the mass-to-charge ratio, as
well as well as the different contributions from the mass-resolving power. Here, the peak-shape
parameters o and 7;, which describe the standard deviation of the Gaussian part and the peak
tails of the Hyper-EMG function, respectively, are scaled from the model peak to the IOI using
the following equation:

2
m 2
o101 = \/(Sa  Ocal)” + <U¥§I§ : <q) > + (0386)” and 7y101 = Sr + Ty cal (3.10)
101
Here, the parameters 7j cal, 0cal are deduced from the LS-fit of the model peak and the scaling

factors S,, S; are given by Eq. (3.11)1%. For a description of oXhe and o5l see text below.

The remaining parameters of the Hyper-EMG function (6 and 7;) are not scaled.

If the model peak used for determining the peak shape and the peak used for the time-
resolved calibration (TRC) of the spectrum are the same, an additional peak broadening due to
TRC is added in quadrature to the peak width (see Eq. (3.10)). In this case, one can distinguish
between two different scenarios:

1. In case the TRC calibrant ions and the IOl do not experience the same electric fields,
i.e. the TRC do not fully corrects the drifts, the relative peak broadening due to TRC is
given by the parameter a%%fcs. This case is the so-called "external TRC", which has been
thoroughly studied in the past, see e.g. |Ayet San Andrés, 2018|. This case is not relevant
for the data presented here (see Chapters 4 and 5).

10See next page footnote.
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2. If the calibrant ions and the 101 experience the same electric fields, the TRC fully corrects
the electrical drifts. This case is the so-called "internal TRC", which is relevant for the
data presented here. To further study the effect of an internal TRC, an automatic peak
broadening is implemented in the data analysis framework. In this case, the peak shapes
of the TOI and the TRC calibrant peaks differ purely due to the statistics inside the TRC
blocks, which can be explained by the following thought experiment:

One can picture a measurement, where in every measurement cycle exactly two ions are
detected, e.g. one count of 8°Rb ion and one count of 8"Rb ion. In this case, both ions
experience the same electric fields. Without applying TRC, both peaks have a standard
deviation of oinitial. Applying a TRC on one peak with corrections in every measurement
cycles, the TRC peak will turn into a Dirac-delta distribution, and the other peak will
have a standard deviation of v/2 - oipitial. This example illustrates that the effect of TRC
broadening appears even for an internal TRC calibration and is purely mathematical.
On the other hand, the mass accuracy in this case is not directly affected, since the TOF
difference between the two distributions can both before and after TRC be associated with a

. . 2
V2 Ginitial accuracy; without TRC: /o mlml + C’mmal and with TRC: \/ (\/§ . Uinitial) + 02,

In a more general case, the peak broadening caused by the statistics inside the TRC blocks

(oftat.) is given by

O'rSIFﬁtC = Astat —FWHMTRC7C&1 (313)
Ncounts/block

Here, Agtat represents the increase of the statistical uncertainty due to Hyper-EMG peak
shape compared to the Gaussian peak shape (see definition in Ref. |[Ayet San Andrés
et al., 2019]), FWHMrRc cal describes the FWHM of TRC calibrant peak and Negungs/block
represents the average number of events of the TRC calibrant peak inside one calibration
block. Here, an Agtat = 0.5 0.1 is used to estimate o5ia%,, because this value is typical for
the mass measurements reported in Ref. [Ayet San Andrés et al., 2019].

10The scaling factors of the peak-shape parameter describing the standard deviation of the Gaussian part of
the Hyper-EMG function (o) and the parameters describing the peak tails of the Hyper-EMG function (7;) are

given by
@) @)
T L

Here, (m/q)ior and (m/q)cal are the mass-to-charge ratio of the IOI and the calibrant, respectively, and
((m/q) /A (m/q))1o1 and ((m/q) /A (m/q))ca are the resolving power for the IOI and the calibrant ion, respec-
tively, as given by Eq. (3.12). For the scaling of the parameters describing the peak tails (7;), the peak broadening
caused by the turn-around time is set to zero (Ata,ef = 0). This is done, because the peak tails are due to ion
optical aberrations, which do not depend on the turn-around time.

The mass resolving power for all ions that are measured under identical ion-optical conditions as a function of
their charge state (¢) and their number of isochronous turns (Nj;) can be calculated by

(3.11)

ttfs ref
+ Nit
m/q tl ,ref
| infay) @0 = : 2 ;- (312)
mia Gret (Abiaer)? Atis et N
2 + +
q titircf tit,rcf 2. Roo

Here, the following parameters are determined from offline measurements with reference ions with ¢t charge
state prior to the experiment itself; At¢a, ref is the peak broadening (FWHM) caused by the turn-around time (see
definition in |Dickel, 2010]), Atsfs,ref denotes the spread in time-of-flight due to ion-optical aberrations from the
injection trap to the detector without reflections in the analyzer, tit ref is the time it takes for the reference ions
to undergo one isochronous turn and i rer is the time-of-flight from the injection trap to the detector without
reflections in the analyzer. R.. denotes the asymptotic mass resolving power for infinite number of isochronous
turns. For more details and the derivation of Eq. (3.12), see [Ayet San Andrés et al., 2019].
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When the peak shape parameters are scaled from the model peak to the IOI, their uncertainty
is increased following uncertainty propagation (see Eq. (3.14)) and the increased uncertainties of
the parameters o and 7; are then used for the peak-shape uncertainty determination.

0101 0101 0101 0101

2 2 2 RMS A _RMS \ 2 sta stat N 2
Aocio1 = \j (Sﬁ i UcalA(’Cﬂl> + (afal : SUASJ) I ((m/q)IOI : UTRCAJTRC> i (M)

ATj 101 = \/(Sf . ATj,cal)Q + (Tj,cal - AST)Q (3.14)

Here, Acca and ATj . are the uncertainties of the parameters o and 7; as determined from
the LS-fit of the model peak and AS, and AS; are estimated as the difference between the
scaling factors using the same and different resolving powers for the model peak and IOI |Ayet
San Andrés et al., 2019]. In case of an external TRC, AU%I\{[CS is the uncertainty of the relative
peak broadening, which is estimated as 20% of the U%%{/ICS value applied when the model and the
TRC peaks are the same, for more details see e.g. [Ayet San Andrés, 2018|. In case of an internal
TRC, Ac§iat, is the uncertainty of the purely mathematical peak broadening due to statistics
inside the TRC blocks, when the model and the TRC peaks are the same. This latter uncertainty

is estimated in this work via uncertainty propagation from Eq. (3.13) and given by:

9 O.stat 2
Dofilo = | (02 ) + 3 (319
2 Ncounts/block

Here, the first term is due to the uncertainty of the factor Agat, which is estimated as 20% of the
value itself, the second term is due to the statistical uncertainty of the number of events inside
one TRC block and the uncertainty of the FWHM of the TRC calibrant peak is neglected.

In order to test the peak broadening due to statistics inside the TRC blocks (058%) a dedi-
cated long-term offline measurement was performed. This measurement includes two peaks from
the thermal ion source of MR-TOF-MS [Yu et al., 2024b|, 8Rb and 8"Rb, both with about
80,000 events in total and both ions undergoing only two isochronous turns in the time-of-flight
analyzer. At this low turn number, both peaks have a close to Gaussian peak shape and they
effectively do not feel any voltage drifts, i.e. their time of flight stays stable throughout the entire
measurement. In this data set, the peak of 3*Rb was used to perform an internal or continuous
TRC while increasing the TRC block size, i.e. increasing the number of events inside the TRC
blocks, and the evolution of the o of the Gaussian-fits of the peaks was checked. As shown in
Fig. 3.7, the effect of peak broadening due to statistics inside the TRC blocks is practically negli-
gible, when the average number of ®*Rb events inside the TRC blocks is larger than 50, see more
details in footnote!'. On the other hand, with less than 20 events of 8°Rb inside the TRC blocks
on average, the effect from offa%, starts to dominate. In the latter case, the width of the IOI
peak (shown by the green curve on Fig. 3.7) is increased by more than 5% as compared to width
of the TRC calibrant peak after scaling it only by the mass-to-charge ratio to the IOI (shown
by the blue curve). With the newly implemented peak broadening due to statistics inside the
TRC blocks (shown by the red curve) the value and uncertainty of oyor can be more realistically

"looking at Fig. 3.7, one can also notice that there is roughly a 1.5% mismatch in the asymptotic
(M yte/bloc —oc) behavior between the green and the red curves. This mismatch is, however, negligible in
typical measurement conditions at multiple isochronous turns, where the uncertainty of the FWHM of the peaks
is dominated by the uncertainty from the peak tails of the Hyper-EMG peak shape. Notably, the uncertainty
bands of the width of the peaks shown on Fig. 3.7 only include the typical uncertainties as calculated by the
MSmarple scripts and neglect the uncertainties due to the effect from the binning of the time-of-flight histogram.
This latter effect is known and has been investigated, see e.g. Ref. [Valentine & Rana, 1996]. Although this effect
is typically negligible for the mass measurements with the MR-TOF-MS obtained at higher number of isochronous
turns, in the present offline measurement of 8°Rb and ®’Rb ions, however, this effect gives a non-negligible uncer-
tainty contribution. Including this latter contribution would already solve the 1.5% mismatch in the asymptotic
behavior of the curves in Fig. 3.7.
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Study of o3 peak broadening due to TRC
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Figure 3.7: Measurement of peak broadening due to the statistics inside the TRC blocks. The
measured standard deviation obtained in the LS-fit with a simple Gaussian peak shape, i.e.
without including any peak tails, corresponding to the TRC calibrant ions (*Rb) and the ions
of interest (37Rb) are represented by the black and the green data points, respectively. The
blue and red data points represent the peak width scaled from the TRC calibrant to the 101
using Eq. (3.10) with assuming o§3% = 0 or deducing it with Eq. (3.13), respectively. Here, the
data points and their corresponding uncertainty bands are obtained with step-by-step increasing
the TRC block size, i.e. increasing the number of events inside the TRC blocks, and they are

connected with lines to better guide the eyes.

estimated, even in case of a small number of events inside the TRC blocks, and used for the fit
of the ions of interest with the wMLE method.

Non-perfect ejection and non-perfect injection uncertainties

During one measurement cycle, the voltages of the TOF analyzer mirror electrodes are switched
twice in a way that the ions could also feel it; (i) after the injection of the ions into the analyzer,
the input mirror electrodes are switched while the ions are performing their first turn in the
analyzer and (ii) before their extraction from the analyzer, while the ions are performing their
last turn in the analyzer, the output mirror electrodes are switched. After switching, the voltages
of the analyzer electrodes need time, a few tenths of us, to reach their final value. Therefore,
the ions with different mass-to-charge ratios, which are spatially separated, might experience
different electric fields either during their first turn or during their ejection from the analyzer.
These two effects are described by the so-called non-perfect injection (NPI) and non-perfect
ejection (NPE) uncertainty components, respectively. While the NPE uncertainty has been
measured and discussed already in earlier works, see e.g. |Ayet San Andrés et al., 2019]'2, the
first studies of the influence of the non-perfect injection on the mass accuracy are reported here.

With the latest upgrades to the high-voltage switches and power supplies of the analyzer
electrodes, such as the ones reported in Refs. [Ayet San Andres, 2018, Beck, 2023|, the magnitude

1211 previous works this uncertainty component has been called as non-ideal ejection or NIE uncertainty. Here,
it is renamed in order to avoid its confusion with the non-perfect injection (NPI) uncertainty component.
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of the NPE uncertainty component may be a bit different. Therefore, it needs to be measured
before or after each experimental runs via a dedicated offline measurement. Here, the time-of-
flight of a given reference ion is measured as a function of the opening time of the output mirror
and the determined Atyxpg uncertainty component describes the increased standard deviation of
the iong’ TOF compared to the expected standard deviation of the data from the average TOF
uncertainty. The determined TOF uncertainty component, Atxpg, is then used to calculate the
so-called non-perfect ejection (NPE) uncertainty component of the mass-to-charge ratio using
Eq. (3.16).

For the mass measurements performed in 2020 at the FRS-IC (see e.g. Chapter 5), the value
of Atxpe = 0.093 ns and AtNPE ringing = 0.65 ns has been determined using a reference ion of
2¢, 19, (see Fig. 3.8). Here, the AUNPE,ringing corresponds to the region with small values of
TDC TOF (from ~21 ps to ~25 us), where the standard deviation of the measured TOF of the
ions is further increased. This region is the so-called "ringing region", where the ions traveling
toward the detector are very close to the output mirror, while it is being opened, hence the
ions experience an electrical ringing from the output mirror electrodes. This is reflected in an
oscillation in the measured TOF of the ions. In Fig. 3.8, the TDC TOF values of <21 us and
>41.25 ps correspond to ions feeling the switched electrical fields directly and, as a consequence,
experiencing a shift in their kinetic energy, which results in a change of their flight time to the
detector.

Reference ion: 12C1'9F3 with m/q = 69 u/e
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Figure 3.8: Measurement of the non-perfect ejection uncertainty (Atxpg) relevant for the mass
measurements performed in 2020 at the FRS-IC. The measurement was performed with 12C;19F5
ions after four isochronous turns in the analyzer. Here, the difference between the measured TOF
of the ions and the average TOF (calculated between the two blue dashed lines) is first corrected
for the inaccuracy due to the trigger system (see Section 2.3) and, afterwards, its dependence is
investigated on the opening time of the output mirror electrodes of the analyzer. The value of
the TDC TOF, plotted on the abscissa, is obtained by subtracting the opening time of the output
mirror from the measured average TOF. As a result of this measurement, a A{NPE ringing = 0.65 ns
and a Atypg = 0.093 ns are determined for the TDC TOF ranges from 21 us to 25 us and from
25 ps to 41.25 us, respectively.

In order to study the possible influence of the non-perfect injection (NPI) on the mass accu-
racy, similar dedicated offline measurements were performed after the experimental runs in 2020.
Here, the time-of-flight of a given reference ion is measured as a function of the closing time of
the input mirror electrodes of the analyzer (see Fig. 3.9). Surprisingly, the measurements showed
a continuous growth starting from a deviation of the average TOF of the ions of about -1 ns
increasing up to 2 ns with changing the closing time of the input mirror. Since the slope of this
increase is independent on the number of turns (see Fig. 3.9a), it indicates that this effect occurs
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during the first turn of the ions. The reason for this slow, incremental increase in the ions’ TOF
could so far not be understood, neither could it be reproduced in ion optical simulations. Nev-
ertheless, one can investigate the influence of this phenomenon on the mass accuracy. Note that
the effect due to non-perfect injection is negligible for isobars, because they are not yet spatially
separated during their first turn in the analyzer. On the other hand, with performing broadband
mass measurements more and more frequently, the relative mass-to-charge ratio difference be-
tween the precision calibrant and the ions of interest (|(m/q)ca — (m/@)101 /min((m/q) a1 101))
may increase up to about 40%, which is only limited due to the mass-selective transport through
the trap system of the MR-TOF-MS. It is, therefore, interesting to study how the uncertainty
due to the non-perfect injection changes with an increasing difference between the mass-to-charge
ratio of the calibrants and IOI.

Study of the non-perfect injection effect - 2020 Study of the non-perfect injection effect - 2020 Study of the non-perfect injection effect - 2020
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Figure 3.9: Measurement of the non-perfect injection uncertainty (Atnpr) relevant for the mass
measurements performed in 2020 at the FRS-IC. The measurement was performed with '33Cs
ions alternating between the changed and the fixed opening times of the output mirror. Then the
difference between the measured TOF of the ions, when using the changed or the fixed opening
times, is investigated as a function of the changed opening time of the output mirror electrodes of
the analyzer. The opening time of the output mirror is then converted into values of the IPQIS
parameter, which is plotted on the x axis of the figures (see text for more details). (a) The top
figures show a comparison of the NPI measurement results for one, four and eight isochronous
turns in the analyzer. (b) The bottom figure illustrates the procedure of determining the value
of Atypr in an example of a broadband mass measurement, where the precision calibration was
performed from 2C,'9F, ions and applied to ®?Kr ions as ions of interest for a proof of principle.
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In order to quantify the spatial separation of the calibrants and ions of interest with different
mass-to-charge ratios during their first turn, it is helpful to define a parameter called as ion
position at injection switching, or, in short, IPQIS. This TPQIS parameter can take values
between —0.5 and 40.5 and reflects the fraction of the ions’ path in the TOF analyzer relative
to the output mirror, where the ions are situated spatially in the TOF analyzer during closing
the input mirror. Since the definition and usage of the IPQIS parameter is very similar to the
IPQES parameter defined in Section 3.6, therefore more details are omitted from here.

The measurement of the NPT effect performed at four isochronous turns (IT) was measured
with similarly good statistics (more than 1000 events per data point) and the same step size for
the incremental change of the closing time of the input mirror (0.1 us) as the NPE measurement
from Fig. 3.8. Therefore, this measurement at 41T is used for the further analysis to estimate
the magnitude of the uncertainty due to the non-perfect injection. In the first step, the data
was fitted with a second order polynomial function with a fixed intercept of zero, i.e. a fixed
TOF deviation of 0 ns at IPQIS = 0 (Fig. 3.9). Subtracting the fit function from the data and
investigating the remaining scatter of the data, the increased standard deviation of the ions’
corrected TOF compared to the expected standard deviation from the average TOF uncertainty
is consistent with the value of Atypr deduced above. Consequently, it is enough to investigate
the influence from the slope of the fit function of the NPI measurement on the mass accuracy and
the scatter of the data can be neglected from this investigation. In a typical measurement, when
the center mass of the analyzer is within the MRS window, the IP@IS parameter takes small
values scattered around zero for the different ions measured in the spectrum. This is illustrated
in Fig. 3.9b for the example of data set III measured during the S474 experiment at the FRS-1C
(see Section 5.2). From the figure one can see that if the precision calibration is performed using
12C519F 4 ions and the mass-to-charge ratio of the ions of interest is about 18 u/e different, just
like for 82Kr, the resulting value of Atypy obtained from the polynomial fit is only 0.17 ns. This
procedure to estimate the value of Atynpy can be generalized for mass measurements performed
with any measurement settings and any mass-to-charge differences between calibrant ions and
ions of interest. The determined TOF uncertainty component, Atxpr, is then used to calculate
the so-called non-perfect injection (NPI) uncertainty component of the mass-to-charge ratio using
the following equation:

2AUNPE/NPI

AmNPE/NPI =

(%) s (m
(%L)IO; : <q>101 . (3.16)

In the final step, it was investigated that at which conditions the determined values of
Amypg/npr become significant compared to the statistical uncertainty obtained from the mass
measurements'®. This study showed that for all mass measurements performed with the FRS
Ion Catcher in 2020 within FAIR Phase-0, both the NPE and NPI uncertainties are negligible
compared to the statistical uncertainty as long as the measured ions are not in the ringing region
of the analyzer during ejection.

ttotal,IOI

13For this study, the best ion optical tuning with an asymptotic limit for the resolving power of R, = 1,450, 000
achieved so far at the FRS-IC was assumed from Ref. |[Beck, 2023| and three parameters were varied; the time-
of-flight of the ions in the MR-TOF-MS was varied between 1 ms and 30 ms, the mass-to-charge ratio of the ions
was varied between 50 u/e and 250 u/e and the relative mass-to-charge ratio difference between the calibrant
ions and the ions of interest was varied between 0% and 40%. This study showed that with more than about
700, 1600 or 4700 events measured for the ions of interest and a 40%, 20% or 0% relative difference between the
mass-to-charge ratio of the calibrant ions and the IOI, respectively, the quadratic sum of the uncertainties from
the NPI and NPE effects becomes similar to the statistical uncertainty. In the first order, the number of events
necessary to fulfill this condition is independent from the absolute values of the mass-to-charge ratio and the TOF
of the ions. It is, however, not typical to reach so large statistics for the ions of interest measured at the FRS-IC.
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Uncertainty due to mass range selector (MRS)

The shift of the ions’ time-of-flight and the corresponding mass uncertainty component due the
operation of the mass range selector (MRS) was carefully studied and quantified in previous
works, see e.g. |Ayet San Andrés et al., 2019|. Since then, however, the electronics responsible
for switching the voltages of the MRS electrodes were upgraded to allow steering the beam in
the center of the analyzer and achieving high mass resolving powers of about 1 million at the
FRS-IC [Beck, 2023]. Therefore, the shift of the ions’” TOF and the corresponding uncertainty
due to the operation of the MRS has to be re-measured.

For mass measurements within FATR Phase-0 (after 2020), the TOF shift and the corre-
sponding uncertainty has been measured repeatedly using '*3Cs ions under conditions, where
the magnitude of the shift due to MRS operation was maximized. It has been found to be con-
sistent with zero within experimental uncertainties for all measurements performed so far within
FAIR Phase-0 with the FRS-IC, as long as the MRS is switched on and off on the longer time
scale than minutes. During the S530 experiment, however, the MRS was switched on and off on
the time scale of seconds, where a non-zero TOF shift due to MRS operation was observed due
to instabilities of the power supplies responsible for supplying the voltage of the MRS electrodes
[Tortorelli, 2024|. Ultimately, a change between the measurement of the calibrant ions and the
ions of interest on the time scale of below a second is desired at the FRS Ion Catcher. Therefore,
the TOF shift due to MRS operation needs to be re-checked also in the future before or after
each experimental run.

Cut-bias correction and corresponding uncertainty

The cases, when multiple (more than two) overlapping peaks are present in the measurement
are analyzed following the procedure explained in Section 3.5. The first step of this procedure
is to restrict the mass-to-charge range used to perform the wMLE fits; i.e. in the first step
only fit a single or a double peak instead of directly fitting the multiple overlapping peaks. In
this process, the measured data corresponding to the peaks needs to be restricted at a point,
where the weighting of the wMLE fit is still above zero (In(f(x;)) > 0), while the shape of the
Hyper-EMG function used for the fit remains unchanged, i.e. the relevant mass-to-charge range
of the fit function is not restricted to avoid directly biasing the results from the fit with the
applied cuts to the data. On the other hand, in this case, the structure of the fit function and
the to-be-fitted data, which was restricted on a given mass-to-charge range, are not exactly the
same. As a consequence, the peak centroid deduced from the wMLE fit slightly moves towards
the other side of the peak, where the data is not restricted. The magnitude of this movement
reflects the stringency of the cuts applied to the data. In order to cope with this effect, an
empirical correction was developed and applied to the mass-to-charge values obtained from fits,
where the peak tails are restricted. This is the so-called cut-bias correction.

This correction is based on the same Monte Carlo simulations as the ones used to determine
the statistical uncertainty, for more details, see Section 3.3. The synthetic data generated by the
simulations are restricted to the same mass-to-charge range as used for restricting the measured
data. This restricted simulated data are then fitted with the wMLE method applying the same
peak shape as used for fitting the measured data. Therefore, just like in case of the measured
data, also for the simulated data, the peak centroid determined from the fit slightly moves away
from the correct mass-to-charge ratio value. In the next step, the difference between the average
of the mass-to-charge ratio values obtained from the fits of the many (typically 100-to-1000)
simulations and the centroids of the simulated peaks is determined. This difference is then
used to correct the slight movement of the mass-to-charge ratio value determined in the wMLE
fit of the measured data due to cutting the peak tails. The uncertainty from this correction
is estimated to be 25% of the difference between the mass-to-charge ratio obtained with and
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without correction.

Test of cutBIAS correction performing single peak wMLE fits Test of cutBIAS correction performing overlapping peak fits

14 4| —— 3000 events - with cutBIAS correction

—v— 3000 events - without cutBIAS correction
12 4{—=— 14500 events - with cutBIAS correction
—e— 14500 events - without cutBIAS correction

14 4| —=— right peak (1500 events) - with cutBIAS correction
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Figure 3.10: Results of simulations for the cut-bias correction tested with synthetic data con-
taining (a) a fully isolated peak with either 3000 or 14500 events or (b) two well-separated, but
slightly overlapping peaks with 3000 and 1500 events for the peaks on the left and right side,
respectively, and with a distance between the two peaks of 326 keV (a clear minimum exists be-
tween the two peaks at about 20% of the height of the smaller peak). The data corresponding to
each peaks was generated with the same Hyper-EMG peak shape incorporating one exponential
tail on each sides and with a FWHM of 116 keV. The figures show the dependence of the value of
AME determined with or without correction on the stringency of the cut applied on the left-side
tail of the given peak. (In case of the two slightly overlapping peaks, only the mass-to-charge
range of the peak on the left side was restricted.). Here, AME marks the difference between
the mass excess value, which is determined by the fits performed either with or without cut-bias
correction, and the "expected centroid" of the fitted peak.

The validity of the newly developed correction was tested first using synthetic data, then it
was applied to the neutron-rich indium mass measurements performed at TITAN, see more details
in Chapter 4. Fig. 3.10 shows a few exemplary results of the tests performed with synthetic data
of various number of events, but identical peak shapes with a FWHM of 116 keV. The magnitude
of the necessary correction depends on the stringency of the cuts applied to the data; in case of
the examples shown in the figures, even at very stringent cuts placed at about 50% of the peak
height, the peak centroid is only shifted by about 10% of the FWHM. Nevertheless, for the IOI or
calibrant ions measured with a higher statistics and, thus, a smaller statistical uncertainty, this
may yield a non-negligible shift of the mass-to-charge value, which is tackled by the developed
cut-bias correction. As shown by the figures, after performing this correction, the dependence of
the deduced peak centroid on the stringency of the applied cuts is significantly reduced. The plot
on the right side (Fig. 3.10b) presents the results from the cut-bias correction for the synthetic
data of two well-separated, but slightly overlapping peaks (a clear minimum exists between the
two peaks). Here, one can make a secondary observation besides the notice that the developed
correction is also valid in this case. At the first glance, it may be surprising that although only
the mass-to-charge range of the left-side peak was restricted, the centroids deduced from the fits
of both well-separated peaks are shifted in a similar way, when no cut-bias correction is applied
to the data. This is due to the fact that in case of fitting overlapping peaks, the distance between

the two peaks is corrected earlier in an additional set of Monte Carlo simulations'?.

14See next page footnote.

49



3.3. UNCERTAINTIES CHAPTER 3. DATA ANALYSIS

Uncertainty components of the precision calibrant peak

Based on uncertainty propagation from Eq. (3.3) and using the approximation that

(m/q)Cal7WMLE7(:()r1“3cte(1/(m/q)CaLlit ~ 1, the uncertainty due to the precision calibrant can be

W I'l[ ten as
2 2
m i
A Meal ( > . q cal,lit q cal,wMLE,corrected (3 . 17)
q /101 < m > ( m )
q cal,lit q cal,wMLE,corrected

where A(m/q)cal1it is the literature uncertainty for the mass-to-charge ratio of the calibrant and
A(M/q)cal,wMLE,corrected 18 calculated as the quadratic sum of the following uncertainty compo-
nents determined in the wMLE fit of the precision calibrant:

® AMcalstat&cont: the statistical and contamination uncertainty.

e Amca npE: the non-perfect ejection uncertainty.

® Ayl peakshape: 10 case a separate peak is used to determine the peak shape and to perform
the precision calibration, the peak-shape uncertainty of the precision calibrant peak is
mathematically non-zero, needs to be considered and is added.

® AMecal cut—bias: 10 case the mass-to-charge range for the wMLE fit of the precision calibrant
is restricted, the corresponding uncertainty component due to the cut-bias correction is
added.

® Ayl bias/fix—dist.: 10 case the precision calibration is performed from a free- or fixed-

distance fit of overlapping peaks (see Section 3.5), the corresponding uncertainty component
is added.

Uncertainty components for the excitation energy of isomeric states

The uncertainty of mass-to-charge differences of close-lying peaks, e.g., excitation energy of
isomers, partially cancel [Ayet San Andrés et al., 2019|. In this case, the remaining uncertainties
are the statistical and contamination uncertainty and, if applicable, the uncertainty due to known
unresolved peaks, the peak-shape uncertainty, the uncertainty due to resolved overlapping peaks,
the uncertainty due to restricting the peak tails and the uncertainties due to the space charge
effects and the dead time of the data acquisition system'®. The latter two uncertainty components
were negligible for all mass measurements reported here.

141n case of fitting overlapping peaks with a free distance, where the mass-to-charge range of the fits needs to be
restricted, the Monte Carlo simulations are performed in two steps. In the first step, an iterative bias correction is
performed |Ebert, 2016, |Ayet San Andreés, 2018, which already removes the dependence of the distance between
the two peaks on the stringency of the cuts applied to the data. Afterwards, using the value of the determined
peak distance from the previous step, a second set of simulations are performed to determine the necessary cut-
bias correction for the peak centroids, where the distance between the two peaks is used as a fixed parameter for
the wMLE fits.

5For the uncertainty of the excitation energy (E.) of higher-lying isomers, a reduced non-perfect ejection
(NPE) uncertainty contribution can also be considered. In case of the mass measurements of neutron-rich indium
isotopes performed at TITAN (see Chapter 4), the highest-lying isomer state observed in the measurements,
the (21/2%) state of '3'In, was separated by about 0.13 us of TOF from the ground state of **'In. In order to
estimate a reduced contribution from the NPE uncertainty for the observed high-lying isomers in this measurement
campaign, a dedicated offline measurement with '3*Cs reference ions, similar to the one shown in Fig. 3.8, was
performed prior to the experiment at TITAN. In this measurement, the opening time of the output mirror was
varied in 0.1 ps steps, which roughly corresponds to the maximum TOF difference between the observed indium
ground states and isomers, and the TOF difference between the adjacent points was checked. The increased
standard deviation of this TOF difference compared to its expected standard deviation resulted in the value of
Atxpe,E, = 0.18 ns. This yielded a ~5-6 keV NPE uncertainty component for the excitation energy of the
high-lying isomeric states of indium isotopes observed in this experiment.
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3.4 Final mass values from individual measurements

The final mass values and uncertainties are determined via averaging with the weighted mean for
the nuclides, which are measured in multiple data sets. In this process, the mass uncertainties
deduced from the individual measurements are divided into two components: an independent
one, calculated via the variance of the weighted mean, and a dependent one, calculated via the
weighted mean [Ayet San Andrés et al., 2019]. The concept of averaging excitation energies and
uncertainties of isomeric states, which are measured in multiple data sets, is the same as the
concept of averaging mass values and uncertainties.

In case of averaging N different measurements, the weighted mean for the final mass value
(m) and the corresponding mass uncertainty (oiotalm) are given by:

2
2
N m; N Uindepj N  Odep,i
Dlin1 5 P el DO

_ Ototal i d o2 . Ototal,i Ototal,i
m= and Oiotalm =

1 2
Zi]\il 2 N 1
Utotal,i Zi:l 2

Utotal,i

(3.18)

Here, 04ep,i and Oindep,i mark the dependent and the independent uncertainty components of the
individual measurements, the total mass wuncertainty of which are given by

Ototal,i — Uindep,i + Jdepi'

Independent Dependent

NPE&NPI unc?
fix-distance unc.

unc. due to TRC
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Figure 3.11: Venn-diagram illustrating the division of the different uncertainty contributions
into dependent and independent contributions in cage of the mass measurements reported here
(see Chapters 4 and 5). The phrase "uncertainty" is abbreviated as "unc." in the figure. The
uncertainty components that were mathematically zero in all measurements reported here are
highlighted with a white background.

The Venn-diagram shown in Fig. 3.11 illustrates the division of the individual uncertainty
components into dependent and independent uncertainties in case of the mass measurements
reported here (see Chapters 4 and 5). There are certain uncertainty components, such as the
statistical and contamination uncertainty of the calibrant ions and the ions of interest, which are
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always treated as independent uncertainties, when averaging the results of multiple data sets.
Similarly, there are also uncertainty components, such as the systematic uncertainty component
in case of the magss measurements performed at TITAN, which are always treated as dependent
uncertainties, when averaging the results of multiple data sets. And there are also uncertainty
components, which are placed in the intersection of the Venn-diagram and, in principle, can
be treated either as dependent or independent uncertainty components depending on whether
their corresponding measurement conditions are the same or not. In this latter case, the arrows,
shown in Fig. 3.11, indicate whether a given uncertainty component was treated as a dependent
or independent uncertainty component during the analysis of the mass measurements reported
here. For example, in case of the mass measurements reported in Chapter 5, the mass uncertainty
contribution due to the uncertainty of the calibration parameter ¢, was used as a dependent
uncertainty component for the weighted averaging of the three data sets (I, IT and IIT). This is
because, in these measurements, the multi-turn calibration was obtained from the data set III
and it was applied to the other two data sets, where the ions of interests and calibrants underwent
similar number of turns.

3.5 Special cases of overlapping peaks

The data analysis procedure has been proven to yield accurate mass values even in the case
of overlapping mass lines [Ayet San Andrés et al., 2019, Hornung et al., 2020|. There can be,
however, certain very challenging or special cases of overlapping peaks, which either cannot be
treated by the previously-established methods discussed in [Ebert, 2016, |Ayet San Andrés, 2018|
or it is advantageous to treat them a bit differently (it leads to an increased accuracy for the
deduced mass values).

For an easier naming convention, the previously-established methods of fitting overlapping
peaks will be called as "free-distance" fits. Here, the distance between the two peaks is treated as
a free parameter and is deduced as a result of the fit. This is, however, at the cost of the necessity
to perform Monte Carlo simulations to correct the distance between the two peaks. This proce-
dure is the so-called bias correction and it necessarily involves the inclusion of a corresponding
uncertainty component, which decreases the overall mass accuracy. For treating the cases, where
the distance between the two peaks is known with a high accuracy from literature, e.g. when
fitting two long-lived states of the same nucleus, where the difference between the excitation
energies of the two states has been determined through high-precision spectroscopy studies ear-
lier, the so-called "fixed-distance" fits were developed. There is an additional consequence of the
necessity to perform the bias correction, when performing free-distance fits: this correction can
only be performed, if not more than two peaks are overlapping. In mass measurements with the
FRS Ton Catcher it is relatively uncommon to have close-lying peaks, where more than two TOF
peaks overlap with each other. At TITAN, however, multiple overlapping peaks are often present
in the measurements due to the isobaric contamination typical for ISOL facilities. Additionally,
multiple overlapping peaks can also be present in mass measurements with the MR-TOF-MS,
where more than two long-lived (77, 2 1 ms) states of the same nucleus are observed. In this
work, attempts were made to enable fitting multiple overlapping peaks within the data analysis
framework, although an ultimate solution is still a task for the future.

Fixed-distance fits

The first step of performing a fixed-distance fit is to determine the ratio of the areas of the two
peaks and the mass-to-charge value of the first peak via a wMLE fit with a fixed peak shape
determined from the model peak, while keeping also the distance between the two peaks fixed.
Afterwards, the same fitting method is used to determine the peak-shape, statistical and contam-
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ination uncertainty components of the mass-to-charge value of the first peak (see Section 3.3).
This procedure results that the statistical and contamination uncertainty component of the de-
termined mass-to-charge value is essentially defined by the total number of events inside the
two peaks. Ultimately, through eliminating one degree of freedom from the fits of overlapping
peaks, the distance between the two peaks, this leads to a more accurate mass-to-charge value
determined for the first peak.

The final step of the fixed-distance fits is to estimate the uncertainty component of the mass-
to-charge value of the first peak due to the uncertainty of the distance between the two peaks
using the following equation:

Apeak2
Apeakl + Apeak2

A7npeak1,ﬁx—dist =AFE, - (RpeakQ + A]%peakQ) , where RpeakQ = (319)

Here, Ajcak1/2 marks the peak areas of the first and second peaks, respectively, and AFE; is the
uncertainty of the distance between the two peaks. In a typical usage case of the fixed-distance
fits, when fitting the ground and isomer state of the same nucleus, the AF, is the uncertainty
of the excitation energy of a given isomer state determined from previous spectroscopy studies.
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Figure 3.12: Values of right-to-left peak areal ratios (a) and mass-to-charge ratios (b) obtained
from the fixed-distance fits of 100 sets of synthetic data of overlapping peaks with 300 and 30
events for the peaks on the left and right side, respectively, and with a peak distance of 350 pu
(the small right peak is situated in the right tail of the left peak). The data corresponding to both
peaks was generated with the same Hyper-EMG peak shape incorporating one exponential tail
on each sides and with a FWHM of 125 pu. The uncertainties of the determined mass-to-charge
ratio values include only the uncertainties due to the overall statistics in the two peaks and the
peak-shape uncertainties.

For checking the validity of the developed fixed-distance fits the same method was used as
the one used in [Ayet San Andrés, 2018| for the tests of the free-distance fits. Fig. 3.12 shows
the results of the fixed-distance fits performed on synthetic data of overlapping peaks with a
right-to-left (or in other words second-to-first) peak area ratio of 10%. This test showed that
both the expected mass-to-charge and areal ratio values can be reproduced by the fixed-distance
method. Here, since the mass-to-charge value determined for the first peak essentially defines
the mass-to-charge value of the second peak as well, both values have the same uncertainties
even though the second peak has significantly less number of events than the first peak.
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After completing the initial tests with synthetic data, the developed fixed-distance fits were
used to fit the simultaneous mass measurements of different ground and isomer states with a well-
known excitation energy measured via spectroscopy studies prior to the mass measurements, see
e.g. |Mollaebrahimi et al., 2023b, Amanbayev, 2023, Fowler-Davis, 2025|. In case of fitting
9mm.gRh reported in [Mollaebrahimi et al., 2023b|, an additional advantage of the fixed-distance
fits compared to the free-distance fits was demonstrated besides increasing the overall mass
accuracy of the determined ground state mass value. Due to the extreme isomer-to-ground state
ratio, the two states of *™8Rh could only be resolved using the newly developed fixed-distance
fits, while the free-distance fits failed to converge in this case.

Dealing with multiple (more than 2) overlapping peaks

The mass measurements of neutron-rich indium isotopes performed at TITAN (see Chapter 4)
pose considerable challenges for the MR-TOF-MS data analysis procedure, since the measured
ions of interest have several isomer states with various abundance ratios and excitation energies
resulting in multiple overlapping peaks covering a large dynamic range.

In all cases of neutron-rich indium mass measurements, where more than 2 states of a given
nucleus were observed, the low-lying isomer and the ground state had a similar abundance and
they were strongly overlapping, often without a clear minimum between the two peaks. On the
other hand, the high-lying isomer(s) were always measured with a significantly (typically by an
order of magnitude) smaller number of events compared to the ground state and the low-lying
isomer. Additionally, the high-lying isomer(s) were better separated from the first two peaks
corresponding to the ground state and the low-lying isomer, i.e. there was a clear minimum
between the first two peaks and the third (and sometimes fourth) peak (see e.g. Fig. 4.2). Since
this minimum was in all cases below 5% of the peak height of the first two peaks, therefore the
magss-to-charge range can be safely restricted to only fit these two peaks in the first step. Here,
the fits of the ground and low-lying isomeric states were performed using the well-established fits
to treat exactly two overlapping peaks. After determining mass-to-charge ratio and the isomer-
to-ground state ratio corresponding to the ground and low-lying isomer states, the high-lying
isomer state(s) were analyzed using so-called 2(fixed)+1(free) peak fitting method, which was
developed in this work. Here, the mass-to-charge ratios and the isomer-to-ground state ratios
of the ground and low-lying isomer states, obtained in the previous step, were used as fixed
parameters and all observed states of indium isotopes were fitted together to obtain the mass-
to-charge ratio and isomer-to-ground state ratio corresponding to the high-lying isomer state(s).
For the results of this procedure, see Chapter 4.

The here developed 2(fixed)+1(free) peak fits, however, are tailored for the examples from
the mass measurements of neutron-rich indium isotopes and might not be applicable in all cases,
when multiple overlapping TOF peaks are measured with the MR-TOF-MS'®. Therefore, a more
general solution remains a task for the future.

3.6 Consistency checks

The measured ion species (molecules or atomic ions), which have a well-known mass in literature,
can be used both for the multi-turn and precision calibration of the data and to check whether the
overall experimental uncertainty is appropriately estimated and the mass measurements and data
analysis yield accurate mass values. Since the mass measurement and data analysis procedures
are relatively complex, there is a need to use or even develop standardized procedures to check the
consistency of the deduced mass values and hence remove systematic errors from the procedure.

16Note that in case of the mass measurement of 2!1™8Po, where the isomeric state of 2'!*Po was contaminated
with 2'™Pb events, a differently tailored version of the triple peak fits was used, for details see [Hornung, 2018].
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These consistency checks are done by a standalone R script developed within this work, which
enables to analyze the final mass and uncertainty values stored in a standardized excel output
file, the so-called compilation file, and to combine/compare the results of several different data
sets or analysis.

In the first step, one can quantify the scatter of two parameters; the deviations between the
measured and literature mass values (AME) and the same deviations normalized by their corre-
sponding uncertainties (AME, ). These two values are calculated with the following formulas:

AME
AME = ME _ic — MEy; and AME, = ——— | 3.20
TITAN/FRS—IC lit Il o (AME) ( )
where METiTaAN/FrRs—1c @and MEj;; mark the measured and literature mass excesses, respectively,
o (METITAN /FRS_IC) and o (MEy;) denoting their corresponding uncertainties and

o (AME) = \/(a (METITAN/FRS—IC))2 + (o (MEht))Q. There are various ways to quantify the
scatter of AME, AME, values, a few of which are illustrated in Fig. 3.13. Firstly, one can
calculate the standard deviation of AME,, which should be ideally around 1. A significantly
smaller or larger sd (AME, ) value than 1 indicates that the experimental uncertainties are either
over- or underestimated, respectively. Secondly, one can also prepare a histogram of the AME,,
values and fit it with a Gaussian, which should ideally have a mean value that is consistent with
zero within uncertainties and a sigma of about 1. Thirdly, the compilation analysis script also
enables to deduce the weighted average of the different AME values using the formulas given in
Section 3.4, which should be consistent with zero within uncertainties. Finally, the Birge ratio
[Birge, 1932, Kacker et al., 2010] of the AME values can be also determined, which should be
ideally around 1. While the Birge test checks whether the AME; values scatter around unknown,
but equal expected values with known variances of (¢ (AME) i)Q, the weighted mean ensures that
the measured masses are not systematically shifted from the literature masses. One can see from
the example shown in Fig. 3.13, that the deduced Birge ratio is only about 0.5 for the different
neutron-rich indium nuclides and other ion species at TITAN, which have a well-known literature
magss. This is likely due to an overestimation of the TITAN systematic uncertainty for this data
set (see Chapter 4 for more details).

Secondly, the compilation analysis script also enables to quickly compare the measured masses
between several different data sets or analysis and deduce their weighted averages. In the example
shown in Fig. 3.13, certain ions of interest are measured in two different data sets, which are
illustrated with different colors on the figure. In case there is a need for a further quantitative
comparison of two different data sets or analysis, one can determine the differences of the mass
values of the given ions of interest determined from the two data sets or two analysis and
define AME and AME,, accordingly (as the differences or differences normalized by uncertainties
between the two data sets or analysis). Afterwards the scatter of these differences or deviations
can be checked the very same way as introduced in the previous paragraph. Here, in case of
comparing two different analysis, it is expected that the standard deviation of AME, and the
Birge ratio of AME is significantly smaller than 1, because the obtained mass and uncertainty
values in the two different analysis are not independent. In this latter check, one can even
include the more exotic nuclides, which have not been measured (directly) prior to our mass
measurements. As a practical example, this check ensures that the newly measured mass values
of a given exotic nuclide is the same even if the IOl undergo different turn numbers at the
analyzer of the MR-TOF-MS ensuring their correct identification and mass determination.
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Figure 3.13: Example output plot of the compilation analysis R script to check the consistency of the determined mass values and their absolute and sigma
deviations from the NUBASE2020 [Kondev et al., 2021] (AME and AME, ). The gray band represents the uncertainties given in NUBASE2020 and the
uncertainties of the points show the uncertainties determined in the mass measurements reported here. This example is based on the mass measurements of
neutron-rich indium isotopes at TITAN, see more details in Chapter 4, The plot on the top left corner illustrates the deviations for the ions of interest, the
mass of which was measured (directly) for the first time within the context of this work. The plot on the bottom and the histogram on the top right corner
include the ions of interest, the mass of which has been already measured directly prior to this work. For the latter, different properties can be deduced to
check the scatter of the deviations between the measured and literature mass values and their uncertainties, such as Birge-ratio, weighted mean or standard
deviation (see text for more details).
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In the MR-TOF-MS data acquired via broadband mass measurements covering a complete
part of the nuclear chart, see e.g. [Amanbayev, 2023, Spataru et al., 2025, Fowler-Davis, 2025],
the ions of interest are spread across a wide range of turns, therefore an accurate multi-turn
calibration is crucial. To deal with such data sets, dedicated consistency checks were developed.
These consistency checks were originally developed for the broadband mass measurements ob-
tained using the 252Cf source at FRS-IC (for more details, see |[Spataru et al., 2025]). Here,
however, the developed consistency checks are applied to the mass measurements performed
during the S474 experiment at FRS-IC (Chapter 5). In particular, in Figs. 3.14 and 3.15, three
dedicated consistency checks are highlighted, which are based on three data sets (I, IT and III)
obtained during the experiment. All three data sets correspond to mass measurements with a
high mass resolving power of about 700,000 and are therefore ideal to accurately study small
systematic effects. While data sets I and II cover only a relatively small mass-to-charge range of
m/q ~ (91 — 93) u/e, data set III corresponds to a broadband mass measurement, where peaks
with m/q ~ (80 — 101) u/e were identified spreading across a range of 706-to-794 isochronous
turns (for more details, see Section 5.2). In order to validate the results of the multi-turn calibra-
tion and/or the precision calibration of the spectrum the following dedicated consistency tests
can be performed:

e Multi-turn calibrant-removal tests: In order to achieve an accurate multi-turn cali-
bration, the choice of the calibrant peaks has to be "optimized". Ideally, one should select
as many calibrant peaks as possible covering the entire range of isochronous turns, because
it will reduce the influence of the individual calibrant peaks on the final results of the cal-
ibration as explained earlier (see Fig. 3.6). This way, even if the measured TOF of a given
calibrant peak is shifted due to some reason, e.g. due to an unresolved unknown contam-
inant hidden below the peak, the final results of the calibration will not be significantly
affected. On the other hand, there may be also potential calibrant-peak candidates, the
TOF of which are shifted so strongly that they should not be used as calibrants. This can
be tested through the so-called calibrant-removal tests; i.e. through studying the influence
of removing each calibrant ions separately on the results of the multi-turn calibration. As
a result of this tests, the significantly shifted calibrant-peak candidates can be spotted and
discarded from the calibration.

This is illustrated in Fig. 3.14a for the example of data set III, where one can observe no
significant change in the determined value of ¢, when removing the 10 selected calibrant
ions separately from the calibration. This hints that there is no need to discard any peaks
from this selection of calibrant-peak candidates and all 10 ions can be used to perform
the multi-turn calibration of the spectrum. Since the 8Kr and 2C'°F, ions have mass-
to-charge ratios, which are on the two extremes of the mass-to-charge range covered by
the selected calibrants, thus removing these two calibrant ions is expected to have a larger
influence on the determined value and uncertainty of the calibration parameter c¢. This is
in accordance with the results presented in Fig. 3.14a.

e Linear fit of AME vs Njt 101/Nit,cal ratio: In the final step of the data analysis of the
broadband mass measurements, the multi-turn calibration needs to be validated by check-
ing the dependence of the AME of the ions of interest, where a direct mass measurement
has been known before, on the N 101/Nit cal Tatio. As illustrated in Fig. 3.14b, this depen-
dence is fitted with a linear correlation according to Eq. (3.21), where the slope multiplied
by a factor of (-1) is the same as the intercept.

Nit 101) (Nit Iol>
AME(—|=B-|—— ) -8B 3.21
<Nit,ca] Nit,cal ( )

This is because, the mass-to-charge uncertainty, Am,, due to the uncertainty in ¢ is math-
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ematically zero, if Ni;1o1/Nitcal = 1, i.e. the precision calibrant and the IOI undergo the
same number of isochronous turns in the analyzer (see Eq. (3.9)). The higher the differ-
ence of the number of turns between the IOI and the precision calibrant ion, the higher the
contribution of the Am.. Therefore, if the determined AME values of the ions with a well-
known literature mass can be explained by Eq. (3.21), where the slope of the correlation
(the parameter B) is consistent with zero within the experimental uncertainties, then this
is indicative of a valid multi-turn calibration in the given broadband mass measurement.
This is also the case for the multi-turn calibration of data set I1I, where a B = —42(72) keV
was deduced for the slope of the linear fit (see Fig. 3.14b).

Multi-turn calibrant removal tests performed in data set Ill, S474 Test to validate the multi-turn calibration in data set lll, S474

v Measured AME values
30 4 — Linear fit with a function of|
f(z)=B-z2—-B

1,0E-4 4 B = (—42+72) keV

0,0E+0

Cai

e

-1,0E-4 |
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T
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Figure 3.14: Dedicated consistency checks used to check the results of the multi-turn calibration
for broadband mass measurements. In particular, the here-presented examples are based on data
set III obtained during the S474 experiment at FRS-IC (Chapter 5). (a) Investigation of the
influence of individually removing the calibrant peaks used for the multi-turn calibration on the
determined calibration parameter ¢ and its uncertainty. Ideally, the difference between the c
value determined using all, except the i*?, calibrant ions (Ciremoved) and the ¢ value determined
using all calibrant ions (cap) is zero within experimental uncertainties, which is indicated by the
red line on the figure. Note that the three calibrant ions with the same atomic mass number of
91 u/e are scattered on the figure for an easier separation of the data points. (b) Plot of the
dependence of the deviations between the measured and literature mass for the IOI, which have
previous direct mass measurements, on the N 101 /Nit7ca1(12c219F ,) ratio. The blue line represents
the linear fit of the data according to Eq. (3.21).

e Testing whether the measured TOF of the precision calibrant is shifted: In the
step of the precision calibration, the mass-to-charge scale is re-established using a single
calibrant ion (see Eq. (3.3)). In case there are reasons to think that the measured TOF
of the given precision calibrant ion may be shifted, then the following consistency test can
be performed: the same precision calibrant can be used to determine the mass of multiple
ions in the spectrum, which have a well-known literature mass. Then the resulting AME
values from this procedure can be checked with the "standard methods" explained earlier
(see Fig. 3.13).

For the example of data set I, the TOF of the high statistics (~21,000 events) peak of
12C319F 5 is shifted by about a tenth of the FWHM. As a consequence, if this peak is used
for the precision calibration of the spectrum, the deduced AME of the 14 ions measured in
data set I, which have direct mass measurements prior to this work, is shifted systematically.
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The weighted mean of these AME values calculates to 13.5(34) keV. While the reason for the
small TOF shift of the peak of 2C3'”F3 could, so far, not be understood, this consistency
check clearly and self-consistently demonstrates that the peak of 2C3'9F3 can not be used
for deducing accurate mass values in this data set and has to be discarded from the list of
potential precision calibrant candidates.

¢ Plot of AME vs the position of the ions in the TOF analyzer during ejection:
As discussed earlier, certain ions may feel different electric fields during their ejection
from the TOF analyzer. This effect may be magnified and the TOF of the ions may be
significantly shifted preventing an accurate mass measurement, if the ions are near the
switched electrostatic mirrors during ejection. The goal of this consistency check is to
investigate whether, in a given measurement, certain ions of interest or calibrant ions may
be prone to systematic errors due to this effect.

For this investigation, it is helpful to define a parameter called as ion position at ejection
switching, or in short IPQES. This IPQES parameter can take values between —0.5 and
+0.5 and reflects the fraction of the the ions’ path in the TOF analyzer relative to the
input mirror, where the ions are situated spatially during opening the output mirror for the
extraction of the ions from the analyzer. The value of IPQES is independent from the mass-
to-charge ratio of the ions, where the IPQES = +0.5 marks that the given ion is situated
exactly in the output mirror moving towards the TOF detector, i.e. it has just started the
leave the analyzer, when the mirror voltage gets switched. Similarly, the TPQES = —0.5
marks that the given ion is also situated exactly in the output mirror, however in this case,
the ion is moving towards the input mirror, i.e. it has just started its last turn in the
analyzer, when the mirror voltage gets switched. The results of the offline measurement of
the NPE uncertainty component, shown in Fig. 3.8, can be used to estimate that the two
extremes of the analyzer transmission window correspond to the IP@QES ~ =+ 0.39 values,
respectively, and the region of +0.39 < IPQES < + 0.24 corresponds to the ringing region
of analyzer during ejection. Last, but not least, the IPQES = 0 marks that the ion is
situated in the input mirror, when the output mirror voltage gets switched, i.e. in an ideal
case, it is the furthest away from the switched electric fields. Prior to the measurements,
when preparing the measurement settings of the MR-TOF-MS, it is attempted to optimize
the conditions such that all IOI and calibrants are situated closer to the analyzer region
with IPQES = 0, when the output mirror voltage gets switched. During this optimization
process, however, one needs to find a compromise between having all ions spatially at the
same spot, when switching the mirror electrodes, and avoiding too many overlapping peaks
in the resulting TOF spectrum (see more details in Section 2.1). As a consequence, it may
happen that certain calibrant ions or 10l are situated closer to the output mirror, when its
voltage is switched. The possible impact of this effect on the mass accuracy for different
ions can be investigated, when checking the dependence of the deduced AME values for
the ions, which were previously directly measured before, on the value of the above-defined
parameter, [IPQES, calculated for the different ions.

This is illustrated in Fig. 3.15 for the mass measurements performed in data sets I and
III, which have two main take-home messages. Firstly, in general, one can notice that
there is a constant behavior of the deduced AME values, independently from the ions’
position in the analyzer, when the mirrors get switched. This hints that, in general, the
experimental mass uncertainties and, in particular, the NPE uncertainty component are
correctly estimated by the procedure explained in Section 3.3. On the other hand, in these
two data sets there is not enough measured ions to have a final resolution on this question.
Therefore, in the future, a comprehensive analysis of the results of all broadband mass
measurements reported in [Spataru et al., 2025, Fowler-Davis, 2025, Amanbayev, 2023| is

29



3.6. CONSISTENCY CHECKS CHAPTER 3. DATA ANALYSIS

planned to investigate any systematic effects due to switched electric fields on the mass
accuracy. These broadband measurements contain enough ions to accurately map the entire
analyzer transmission window. Secondly, in the data set I, there is one ion, 2C3'9F3, the
measured mass of which is deviated significantly from its literature mass (i.e. by more than
3 sigma), therefore it had to be removed from the list of potential precision calibrants (see
also the results of the previous consistency check). The main question here is, whether the
significant deviation between the measured and literature mass of 1205 19F 5 determined
from data set I, could be resulted from an unexpected influence of the switched fields during
the extraction of ions from the analyzer on its measured time-of-flight. Although Fig. 3.15
indicates a possible disagreement between the results of data sets I and III close to the
negative extreme of the analyzer transmission window (around IPQES ~ —0.39), but there
is not enough ions to clearly answer this question. Removing the data point of 2C3'9F3
from the figure, the possible disagreement between the results from the two data sets is
not significant anymore, i.e. it is decreased to less than 1.5 sigma.

Test whether the calibrants or IOl may feel the switched electric fields

50 :
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The relative position of the ions during opening the output mirror

Figure 3.15: A dedicated consistency test used to check whether the different calibrants or
IOI may feel unexpectedly strong switched electric fields during their extraction from the TOF
analyzer. The determined AME values from two different data sets (I and III obtained during
the S474 experiment at FRS-IC, see Chapter 5) are plotted against the values of the IPQES
parameter calculated for the different ions. The measured data points are connected with lines
only to guide the eyes. The text fields highlighted in yellow indicate the different regions of
the analyzer during ejection as defined from the offline measurement of the NPE uncertainty
component (see text for more details). Certain data points are highlighted with a number "93",
which indicates that they correspond to isobaric species with a mass-to-charge ratio of 93 u/e.

Overall, the above-discussed consistency checks in combination with broadband mass mea-
surements, such as the ones from [Spataru et al., 2025, Fowler-Davis, 2025, | Amanbayev, 2023|,
help to avoid systematic errors from the measurement and data analysis procedure. Furthermore,
some of the consistency tests are also applicable to measurements covering a smaller mass-to-
charge range as demonstrated for the case of the mass measurements of neutron-rich indium
isotopes at TITAN (Fig. 3.13) and for the data set I obtained during the S474 experiment at
GSI (Fig. 3.15). Notably, with the newly commissioned laser ablation carbon cluster ion source
for the FRS-IC, LACCI [Yu et al., 2024a], the systematic studies of the mass uncertainties will
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be further continued in the future, where these consistency checks will also help.
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Chapter 4

Mass measurements of neutron-rich
indium isotopes at TITAN, TRIUMF

High-precision mass measurements of neutron-rich indium isotopes across the N = 82 shell
closure were performed using TITAN’s MR-TOF-MS at TRIUMF, which was developed by the
IONAS group in Giefsen, see Section 1.3/ for more details.

In the experiment campaign the masses of two indium isotopes and one isomeric state was
measured for the first time. Additionally, the ground-state mass of one indium isotope was mea-
sured directly for the first time and a measurement of two additional isomeric states are reported
here, the excitation energies of which were deduced with significantly smaller uncertainties (by
factors of 4-5) compared to the uncertainties given in the AME2020. The measured indium
isotopes have multiple isomeric states with various half-lives ranging from a few milliseconds to
a few seconds and excitation energies ranging from a few tens of keV to a few thousands of keV
and covering a large dynamic range. Therefore, these measurements represent an ultimate test
for the capabilities of TITAN’s MR-TOF-MS and for the data analysis procedure introduced in
the previous chapter.

The segment of the nuclear chart shown in Fig. 4.1 summarizes all nuclides identified in
the performed mass measurements together with highlighting the neutron-rich indium isotopes,
which are the key isotopes of this chapter. The results presented here have already been published
in |Izzo et al., 2021|, where the reported mass and excitation energy values are based on this
work. Notably, a second and third independent analysis to confirm the identification of the ions
and for an independent mass value determination have been also performed by C. Izzo and E.
Dunling [Izzo et al., 2020] (priv. comm.), but the final mass values were obtained based on the
data analysis procedure and its intricacies detailed here. For more details about the physics
implications of the results, the reader is referred to [Izzo et al., 2021].

4.1 Description of the experiment

Neutron-rich indium isotopes were produced in spallation and fission reactions at the Isotope
Separator and Accelerator (ISAC) facility |[Ball et al., 2016| by impinging a 10-pA proton beam
with an energy of 480 MeV, which was provided by TRIUMEFE’s cyclotron, onto a uranium car-
bide target. The indium isotopes that effused out of the target were selectively ionized using
the ion-guide laser ion source |[Raeder et al., 2014], which was used to (i) suppress the sur-
face ionized ions with an electrostatic potential barrier, i.e. to suppress the isobaric contam-
ination, and (ii) to ionize the neutral indium atoms via resonant laser ionization behind the
electrostatic barrier inside a radio-frequency quadrupole (RFQ), which was used to guide them
toward the extraction. Then the extracted ions were separated according to their mass-to-
charge ratio at a mass separation power of 2000 using ISAC’s high-resolution mass separator
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Figure 4.1: The segment of the nuclear chart illustrates the 56 nuclides identified during the
experiment performed using TITAN’s MR-TOF-MS, out of which the masses of the 10 measured
neutron-rich indium isotopes and their corresponding isomers (highlighted in red) were deter-
mined in this work. The remaining identified nuclei are highlighted in blue, in case they were
used as precision calibrants in the measured TOF spectra, and in green, otherwise. The stable
nuclei are shown in black. The light blue and yellow stars indicate the nuclides with unresolved
isomeric and/or isobaric contamination. The masses of 133In, 133™In and !34In were measured
for the first time as indicated by the purple stars. The dashed blue and red lines represent a
schematic illustration of the boundaries between neutron and proton bound and unbound nuclei,
i.e. the neutron and proton drip lines, respectively.

[Bricault et al., 2002|. The selected isobaric ion species, including mostly singly charged Cs, Xe,
I, Te, Sb, Sn, In, Cuy and SnCHjs ions, were then delivered to the TITAN facility [Dilling et al.,
2006]. There, the radioactive beam was cooled and bunched in a linear RFQ [Brunner et al.,
2012] filled with helium buffer gas. Ion bunches of about 1 us in length were then sent to the
MR-TOF-MS, which was operated at a repetition rate of 50 Hz corresponding to a measurement
cycle length of 20 ms (for an introduction to TITAN’s MR-TOF-MS, see Section 1.3). There,
the ions were transported to the injection trap, cooled, and injected into the TOF analyzer,
where after performing one time-focus shift turn [Dickel et al., 2017b| they were confined for
about 300-t0-375 isochronous turns between two elecrostatic mirrors, corresponding to a time-
of-flight of about 7-to-8 ms. In the center of the TOF analyzer, the mass range selector (MRS)
was used to limit the mass-to-charge range to one atomic mass unit, ensuring that all ions de-
tected have undergone the same number of isochronous turns'. Afterwards, the ions were ejected
from the TOF analyzer towards the TOF detector, where the time-of-flight of the different ion
species with different mass-to-charge ratios was recorded. The resolving power achieved for the
mags measurements varied between 200,000 and 300,000 depending on the performed number of
isochronous turns and the measured count rate of the peak used for the time resolved calibration

'For the mass measurement of the indium isotopes at A = 125 — 130, a second data set was also acquired
without using the MRS. There, the peak of *3Cs, produced by the thermal ion source of the MR-TOF-MS, was
also included in the TOF spectrum. This **Cs peak, in principle, could be used to obtain the peak shape from
a fully isolated peak, which would avoid the necessity to restrict the peak tails, when obtaining the peak shape.
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during data analysis.

After the mass measurements of each indium isotopes, an additional data set was acquired
without the resonant laser ionization to verify the identification of the indium ions by comparing
TOF spectra obtained with and without laser ionization. From this comparison, it could be seen
that, when the laser was blocked, the indium ions created by the resonant laser ionization were
nearly eliminated from the beam, while the count rate of other species remained unchanged.
Additionally, this information could also be used to estimate an upper limit for the possible un-
derlying contamination beneath the indium peaks for determining the contamination uncertainty
component (see Section 3.3).

The overall rate of the radioactive beam sent to TITAN was limited to maintain the average
rate of approximately one detected ion per cycle in the MR-TOF-MS in order to eliminate sys-
tematic uncertainties arising from ion-ion interactions inside the TOF analyzer. For the mass
measurement of the indium isotopes at A = 131 — 134, the incoming rates of the IOl was sev-
eral orders of magnitude lower than the rates of the isobaric contaminant species, especially of
stable or near-stable cesium. Therefore, for these measurements, the mass-selective re-trapping
technique |[Dickel et al., 2017a, Beck, 2023| was required to suppress this background. There,
the MR-TOF-MS was used as its own isobar separator, i.e. the ions of interest were separated
from the isobaric contaminant ions prior to the mass measurement itself, thus improving the
background handling capabilities of the MR-TOF-MS. In the first half of the 20-ms-long mea-
surement cycle, the ions passed through the TOF analyzer for a certain number of isochronous
turns (typically about 30-to-50 IT) to achieve a sufficient separation of the isobaric species and
then were dynamically re-captured in the injection trap, with a re-capture timing chosen to
transmit the ions of interest, while suppressing other isobaric species. The re-captured ions were
then released again into the TOF analyzer for the mass measurement. This technique was first
employed in an online experiment reported in Ref. [Beck et al., 2021]. In this experiment, in
combination with offline studies beforehand, it has been shown that this technique can suppress
the background by a factor of ~10% in a typical case, while transmitting the ions of interest with
a high efficiency of ~60% [Beck, 2023|. As a result, a much higher overall beam intensity (and
thus a higher incoming yield of the neutron-rich indium ions) could be sent to TITAN, while still
maintaining an approximately one ion per cycle in the TOF analyzer for the mass measurements.

As an example, the mass-to-charge spectrum of 3'In ions shown in Fig. 4.2 was obtained
employing the mass-selective re-trapping technique; prior to re-trapping the peak of *'Cs was
about four orders of magnitude higher than any other peaks in the spectrum, while after employ-
ing re-trapping and increasing the beam intensity sent to TITAN, the peaks of the IOl became
the largest peaks in the spectrum. As a consequence of this superior background handling capa-
bility, in combination with the fast, non-scanning and sensitive measurement characteristics of
the MR-TOF-MS, mass measurements can be performed two-three neutrons further away from
stability than one would expect achievable for TOF-ICR mass measurements with a Penning
trap, compare e.g. [Babcock et al., 2018]. The most exotic isotope measured in this work, 34In,
was detected in the MR-TOF-MS with an average count rate of ~0.45 events per minute. This
was sufficient to achieve a smaller statistical uncertainty than the limiting systematic uncertainty
component within the ~6.1 hours of the mass measurement of 134In.

4.2 Overview of measured masses and comparison to literature

To obtain the mass values of the neutron-rich indium ions, the acquired data have been analyzed
following the procedure described in Chapter 3. Since the measured indium ions had a wide
combination of isomers with different excitation energies and abundance ratios, these measure-
ments represent ultimate tests for the data analysis procedure and, especially, for the treatment
of overlapping TOF peaks.
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Since all calibrant ions and 10l underwent the same number of isochronous turns, the TOF
spectra were converted to mass-to-charge spectra according to Eq. (3.2), where the calibration
parameter tg = 164(2) ns was determined prior to the experiment, offline. The drift correction
(time-resolved calibration) was performed using '2°~126Sn and 127-134Cs ions for the mass mea-
surements of 25~134In isotopes and their corresponding isomers, respectively. The peak shapes
were determined using 2°Sn, 93Cuy, 1277129Cs, 1398, 13L132Cg and 12C;'H3"8198n,; ions for
the mass measurements of 2~134In isotopes and their corresponding isomers, respectively. For
the mass measurement of the indium isotopes at A = 126 — 134, the number of events in the
model peaks were sufficiently large to achieve a relatively well-determined peak shape, which
is essential for the treatment of overlapping TOF peaks. This was, however, not true in the
data set containing the peaks of the ?°In ground state and its corresponding isomers, the con-
sequences of which will be described later. Finally, the calibration parameter a from Eq. (3.2)
was determined from an isobaric precision calibrant ion with a well-known mass that arrived
with the radioactive beam and its corresponding peak was sufficiently isolated from other ions,
i.e. no contamination due to unresolved isobaric or isomeric ions was expected. The precision
calibrant ions corresponding to the different indium isotopes are listed in Table 4.1, the mass of
which were taken from the atomic mass evaluation (AME2016) [Wang et al., 2017].

The uncertainties of the mass values were calculated by adding in quadrature the individual
components as described in Section 3.3. The majority of the systematic uncertainty components
were covered by a single uncertainty contribution (0msgyst ), which represents an upper limit of the
systematic uncertainties of TITAN’s MR-TOF-MS. For experiments performed at TITAN before
2020, such as the mass measurements of neutron-rich indium isotopes reported here, the relative
value of this uncertainty component was determined to be dmgyg/m = 3 X 10~7 based on offline
accuracy studies [Will, 2017|, as well as, online measurements, see e.g. |Leistenschneider et al.,
2018|. Here, the value of dmgyg; is dominated by the non-perfect ejection uncertainty contribution,
i.e., the effect that the different ion species (calibrants and ions of interests) may feel slightly
different electric fields during their ejection from the TOF analyzer. In most cases, the determined
total mass uncertainty of the neutron-rich indium isotopes was dominated by the above-described
systematic uncertainty component. In case of the mass measurements of the ground states of
125In, 126In and '%°In and the middle-lying isomeric state, ?PIn, an additional uncertainty
component was included to account for the unresolved isomeric state(s) with 7}/, > 1 ms and
the determined mass value was corrected, accordingly, following the recommendations from the
atomic mass evaluation:

e The low-lying isomer state, 2™In, could not be resolved from the ground state and its
excitation energy of 360.12(9) keV |[ENSDF, 2024| was used to correct the mass value and
uncertainty determined for the ground state.

e The excitation energies of 89.9(65) keV |[Babcock et al., 2018| and 58.6(82) keV |Nesterenko
et al., 2020] corresponding to the unresolved low-lying isomer states, 126™In and '3“™[n,
respectively, were used to correct the mass values and uncertainties determined for the
ground states of 126In and 13°In.

e While the middle-lying isomeric state, '?PIn, could be resolved from the ground state
of 1In and the low-lying isomeric state, >™In, but could not be fit separately from
the highest-lying isomeric state, 12%dIn. In this case, the excitation energy difference of
281.0(2) keV [Gausemel et al., 2004| between the two high-lying isomer states was used

to correct the mass value and uncertainty determined for the middle-lying isomer state,
129pIn_

In the cases, where the observed ground and isomeric states could be separated from each
other during data analysis, the excitation energies of the isomeric states were determined from
the mass difference between the ground and isomeric states. In these cases, the uncertainties of
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Table 4.1: Measured mass excess (MEriran) values of neutron-rich indium isotopes compared
with the literature values, MEy;;, which are taken from the NUBASE2020 |[Kondev et al., 2021].
The masses of 33In, 33™MIn and '34In were measured for the first time. The used precision
calibrants and the number of events detected for the IOI are also listed in the table. The
AME = MEriran — MEj;; marks the deviation of the measured values from the literature.
Listed spin/parity assignments are from ENSDF [ENSDF, 2024].

. T Precision METITAN MEht AME
Nuclide calibrant Events (keV) (keV) (keV)
125Tn 9/2% 125Cs 36034  -80511(110)¢ -80412.3(18) -99(110)
1261, 3(4) 63 Cuy 17481 T7785(44)° -77809(4) 24(44)
127y (9/2F)  27Cs 27996 -76873(37) -76880(10)¢ 7(39)
12fmy, - (1/27)  27Cs 23772 -76469(37) -76486(15)¢ 17(40)
2mpy - (21/27) 127Cs 8679 -75126(36)4 -75110(40)° -16(54)
1281 (3)* 12805 28121 -74183(38) -74190.1(13) 7(38)
12801, (87) 12805 18638 -73924(44) -73905.0(20) -19(44)
128pIn  (167) 12805 1856 -72370(39)4 -72392.5(14) 22(39)
129Tn (9/27)  129Cs 5630 -72846(37) -72834.9(20) -11(37)
129mpy - (1/27)  129Cs 6283 -72399(37)  -72384.2(20)° -15(37)
1290 (23/27) '29Cs 1080  -71196(89)cd -71180(50)P-e -16(102)
1301y 1) 130xe 1254 -69893(43)¢ -69906.5(18) 13(43)
180npy (51) 130X e 2133 -69523(38) -69521.1(21) -2(38)
1311 (9/2%)  '2C{'H3'6Sn; 4194 -68051(40) -68024.4(22) -26(40)
Bimpy  (1/27)  12C;'H3M%Sn; 5316 -67675(39) -67648.4(25) -27(40)
Bnpy(21/2%) 12C;'H3'6Sn; 1289 -64280(38) -64280(90)P 0(98)
132Tn (77) 132¢Cs 975 -62395(38) -62410(60)P 15(71)
1331 (9/2%)  2Cy'H3''8Sn, 302 -57678(41)  -57690(200)7 12(204)
133mpy  (1/27)  12C;'H3''8Sn, 76 -57036(69)  -57360(200)7  324(211)
1341 (6=,77) 2Ci'H3'%Sn, 165 -51855(44)  -51970(200)%  115(205)

i Literature mass and uncertainty is not derived from experimental data, but based on extrapolations.

b The mass values of 1291, 13101y and '3%In reported in NUBASE2020 are based on Qs measurements from
Refs. |Gausemel et al., 2004, Fogelberg et al., 2004, Mezilev et al., 1995|, respectively.

¢ The measured mass and uncertainty were adjusted to account for unresolved isomers (see text for details).
4 The measured mass was obtained using the 2(fixed)+1(free) peak fitting method.
¢ Also measured at IGISOL recently [Jaries et al., 2024] with determined mass excesses of:

ME (**"In,9/2%) = —76891.2(13) keV, ME(127mIn 1/27) = —76483.3(52) keV,

ME("*"™n,21/27) = —75162.5(18) keV, ME(***™In,1/27) = —72385.8(63) keV,

ME("*%"In,23/27) = —71188.3(39) keV

the excitation energies of isomeric states partially canceled and the only remaining uncertainties
were as described in Section 3.3. As a result, the determined uncertainties of the excitation
energies of isomeric states were dominated by the statistical uncertainty and, in a few cases, the
peak-shape uncertainty and, if applicable, by the uncertainties due to the treatment of resolved
overlapping peaks and due to unresolved isomeric states. In case of the high-lying isomeric states,
12M]n and 13101n, the excitation energies were determined with smaller uncertainties compared
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to the uncertainties given in the NUBASE2020 [Kondev et al., 2021|. For the indium isotopes,
which were measured in two data sets, the results from the two data sets were weighted averaged
according to the procedure described in Section 3.4. The final mass excess values, excitation
energies and their corresponding uncertainties determined for the ground and isomeric states of
the neutron-rich indium isotopes are summarized in Tables 4.1 and 4.3.

Table 4.3: Measured excitation energy (E, trran) of neutron-rich indium isotopes compared
with the literature values, Ej 1, which are taken from the NUBASE2020 [Kondev et al., 2021].
The excitation energy of 33™In was measured for the first time. Listed half-lives and spin/parity
assignments are from ENSDF |[ENSDF, 2024].

. - Ey TrTAN Eq it Eyritan — Eg it
Nuclide J Iy (keV) (keV) (keV)
12y, (1/27) 3.618(32) s 406(12) 394(18)¢ 12(21)
2mp  (21/27) 1.04(10) s 1743.7(92)4 1770(40)¢ -26(41)
12801 (87) 720(100) ms 259(28) 285.1(22) -26(28)
1281 (167) >300 ms 1813(17)4 1797.6(16) 15(17)
129mp, - (1/27) 1.22(95) s 447(13) 450.7(2)° -4(13)
1291 (23/27) 651.0(200) ms 1649(82)cd 1650(50)-€ -1(96)
130y (51) 651.0(60) ms 370(25) 385.4(26) -15(25)
Blmpy  (1/27) 328.0(150 ms 375(18) 376(3) -1(18)
Blnyy  (21/271) 322.0(410) ms 3771(15) 3750(90)P 21(91)
B8mpy  (1/27) 167.0(110) ms 642(60) 330(40)7 312(72)

i Literature excitation energy is not derived from experimental data, but based on extrapolations.

b The excitation energies of '2°PIn and '*'"In reported in NUBASE2020 are based on Qs measurements
from Refs. [Gausemel et al., 2004, Fogelberg et al., 2004], respectively.

¢ The measured excitation energy and uncertainty were adjusted to account for unresolved isomers.
4 The measured excitation energy was obtained using the 2(fixed)+1(free) peak fitting method.
€ Also measured at IGISOL recently [Jaries et al., 2024 with determined excitation energies of:

E, (*™In,1/27) = 407.9(50) keV, E, (**™In,21/27) = 1728.7(12) keV,

E. (**"™In,1/27) = 449.1(59) keV, E, (***"In,23/27) = 1646.6(33) keV

Treatment of overlapping peaks of indium ground and isomeric states

Fitting overlapping TOF peaks requires an accurate description of the peak shape and, in par-
ticular, an accurate description of the peak tails caused by ion-optical aberrations. The data
analysis procedure, described in Chapter 3, takes into account the description of the peak tails
through fitting the data with Hyper-EMG functions [Purushothaman et al., 2017] and has been
shown to provide an accurate determination of the mass values even in case of overlapping peaks
|Ayet San Andrés et al., 2019, Hornung et al., 2020]. As a result, in most cases, the mass values of
close-lying peaks can be deduced from a slight broadening of the peak shape or a small shoulder
peak present on a massive exponential tail of a bigger peak. The ability to detect and accurately
fit such overlapping peaks heavily depends on case-specific factors, such as the total number of
events, the mass differences and the relative areas between the overlapping peaks. Additionally,
it also depends on how accurately the peak shape is described. This latter factor typically de-
pends on the following three conditions: (i) whether the model peak used for the determination
of the peak shape was measured under identical conditions as the IOI, (ii) whether the model
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peak has higher statistics than the peaks of the IOI and (iii) whether the model peak is well
isolated from all other peaks in the spectrum.
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Figure 4.2: Mass-to-charge spectra of neutron-rich indium ions and their corresponding iso-
baric contaminant and calibrant ions with mass number (top) A = 128 and (bottom) A = 131.
The curves represent the fits to the unbinned data with a fixed hyper-EMG peak shape (top:
FWHM =~ 426 keV, bottom: FWHM = 497 keV), which was obtained from the peaks of 125131Cs
for the top and bottom spectra, respectively. The precision calibration of the spectra was
performed using the peaks of '?8Cs (top) and '2C;'H3''%Sn; (bottom). The mass-to-charge
spectrum of '28In ions (top) illustrates a fit performed using the 2(fixed)+1(free) peak fitting
method. The measurement of 3!In ions (bottom) was performed employing the mass-selective
re-trapping technique suppressing the background dominated by '3'Cs ions. The identification
of a new, high-lying isomer state reported in Ref. [Nesterenko et al., 2020], 1?®PIn, is confirmed
by the here-presented measurements, which was verified by comparing the TOF spectra obtained
with and without resonant laser ionization. The here-presented measurements significantly re-
duce the uncertainty of the excitation energy of the high-lying isomer, '3™In, compared to the
value reported in NUBASE2020, which is based on @3 measurements [Fogelberg et al., 2004].

Concerning the mass measurements of neutron-rich indium ions reported here, the lowest-
lying isomeric state, which could be resolved, ?®"In, was only about half of a FWHM ~ 426 keV
apart from the ground state of 1?®In (see Fig. 4.2). The measured excitation energy of the 12"In
isomeric state is within experimental uncertainties the same as the literature excitation energy
|[Kondev et al., 2021]. The accurate determination of the excitation energy of this and other
low-lying isomer states of the measured indium isotopes (see Table 4.3) further illustrates the
robustness of the data analysis procedure for treating overlapping peaks.

Besides the challenge of treating very close-lying peaks, these mass measurements also re-
quired fitting multiple (more than two) overlapping peaks. For the analysis of the indium iso-
topes, where more than one isomeric states were observed and could be resolved from the ground
state, the so-called 2(fixed)+1(free) peak fitting method was applied to fit the high-lying iso-
meric states (see more details in Section 3.5). As an example, this method was used to determine
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the mass value of the high-lying isomeric state, 128PIn, the mass spectrum of which is shown in
Fig. 4.2. As shown on the figure, this high-lying isomer state is situated on the peak tails from
the ground and low-lying isomeric states, where the high-lying isomer has smaller number of
events by more than an order of magnitude compared to the ground and low-lying isomeric
states. Therefore, for fitting this high-lying isomer, an accurate description of the peak shape
with special attention to the peak tails is essential. The mass values and excitation energies of
the high-lying isomer states, >™In, 12PIn and '2°PIn, are listed in Tables 4.1 and 4.3, all of
which were determined using the 2(fixed)+1(free) peak fitting method?. As shown in the tables,
the obtained mass and excitation energy values are in good agreement with the values listed
in the NUBASE2020 [Kondev et al., 2021] and with the results of recent Penning-trap mass
measurements employing the PI-ICR technique at IGISOL |[Jaries et al., 2024].
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Figure 4.3: Mass-to-charge spectrum of (a) '32In ions, (b) 133In ions (including both ground
and isomeric states) and (c) 34In ions. The histogram of the measured spectrum (black data
points) is only drawn to guide the eye. The curves represent the fits to the unbinned data ('rug’
graph below the histogram) with a fixed hyper-EMG |Purushothaman et al., 2017| peak shape
[(a): FWHM =~ 470 keV, (b): FWHM ~ 500 keV, (¢): FWHM = 565 keV], which was obtained
from the peaks of (a) 132Cs, (b) 2C11H3'8Sn; and (c) 12C11H3''”Sn; ions, which were also used
to perform the precision calibration of the spectra. The measurements of 1327 134In jons were
performed employing the mass-selective re-trapping technique. The mass of ¥?In was measured
directly for the first time, reducing the uncertainty of the mass value compared to the previous
value reported in the AME2020, which is based on Qg measurements from [Mezilev et al., 1995].
The mass and excitation energy values of 33In, 133™In and '3*In were measured for the first
time.

“Note that the results tabulated in Tables 4.1 and 4.3 were calculated without performing the cut-bias correction
described in Section 3.3, which is used to correct the shift of the deduced mass-to-charge ratio, when restricting
the peak tails. On the other hand, after developing the cut-bias correction and performing a new analysis of the
data sets including the correction, the resulting mass values and excitation energies are in very good agreement
with the previous results reported here and in [Izzo et al., 2021|. Performing the cut-bias correction only modifies
the determined mass excess values by up to 5-10 keV and the determined excitation energies by up to 1-2 keV,
both of which is well within the experimental uncertainties. The reason of this is that no stringent cuts had to
be applied to the data for the analysis of these measurements, i.e., the peak tails of the calibrants and ions of
interest were only cut at less than 5-10% of the peak height. For the analysis of the high-lying isomers, which were
overlapping with the ground states and the low-lying isomer states, no cuts were applied to the data, instead,
the 2(fixed)+1(free) peak fitting method was used. Since performing the cut-bias correction did not change the
results significantly, here, the previously published results of Ref. [Izzo et al., 2021] are reported instead of the
results of the new analysis. Nevertheless, with the development of the cut-bias correction, the robustness and
flexibility of the data analysis procedure was further increased for treating overlapping peaks.
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Technical highlight: observation of a short-lived (5 ms) isomer

The 2°In isotope has a low-lying isomeric state with spin and parity of J™ = 1/2(7), half-life
of Tyjp = 12.2(2) s and excitation energy of Ej i = 360.12(9) keV and a high-lying isomeric
state with J™ = (23/27), Ty /5 = 5.0(15) ms and E, 1, = 2161.2(9) keV [ENSDF, 2024|. Both of
these isomeric states together with the ground state of 12°In were observed in the here-presented
measurement with TITAN’s MR-TOF-MS. The measured mass-to-charge spectrum of 125In ions
is shown in Fig. 4.4.

D 1000 r *unresolved isomeric state '4-\]25In & 125m|n

S E 125G % s \

§ 100 E_w ::&‘“. 125Cs ':: .."s

™ E nt , "l"w %’. % 125

- E Y ¢ 4 'Y A 2 PIn (5 ms)

R S A W W A ¢ Ml

£ 10} ot v‘f ”\,ﬂm& M #‘ t MM’M
S0 WO B M
o | i i i

124.905 124.910 124.915
Mass-to-charge ratio / (u/e)

Figure 4.4: Mass-to-charge spectra of neutron-rich indium ions and their corresponding isobaric
contaminant and calibrant ions with mass number A = 125. The mass resolving power in
this measurement amounts to about 200,000 (FWHM =~ 572 keV). During the analysis of this
spectrum, the peak of 1?°Sn ions, which has about an order of magnitude less events compared
to the peak of '?°In ions, was used to perform the time-resolved calibration and obtain the
peakshape. The precision calibration of the spectrum was performed using the peak of ?°Cs ions.
The small shoulder peak lying in the massive tail from the ground and low-lying isomeric states
of 12°In corresponds to its high-lying isomer with a half-life of 5 ms. The correct identification of
this 5-ms isomer was confirmed by storing the ions longer (>61 ms) before injecting them into
the MR-TOF-MS, see text for more details.

The high-lying isomer with a half-life of 5.0(15) ms was observed as a small shoulder peak
lying in the massive tail from the ground and low-lying isomeric states. The count rates of
these latter two states were larger by more than two orders of magnitude compared to the
count rate of the high-lying isomer state. This high-lying, 5-ms isomer could be resolved with
a clear minimum between its peak and the peak of the ground and low-lying isomer states (see
Fig. 4.4). The identification of this 5-ms isomer was confirmed by increasing the storage time
of the ions before injecting them into the MR-TOF-MS. This technique was first commissioned
in Ref. [Mukul et al., 2020], where the half-life of the neutron-rich nuclide '%Rb was measured
employing this technique, and then applied for the mass measurements reported here. The ions
were accumulated and cooled in two places; firstly, the ions were accumulated for an accumulation
time of t,¢c in the gas-filled linear RFQ |Brunner et al., 2012 used for cooling and bunching the
radioactive beam and, secondly, they were stored for an additional storage time of tgope in the
gas-filled transfer RFQ |[Mukul et al., 2020| situated before the injection trap of the MR-TOF-
MS. The original spectrum of '?°In ions shown in Fig. 4.4 was measured using an accumulation
time of ty.c = 20 ms corresponding to the 50 Hz repetition rate of the MR-TOF-MS and using an
additional storage time of tgore = 1 ms. In the next step, the accumulation and storage times were
increased to tacc = 40 ms and tg0re = 21 ms. Finally, these times were increased to tacc = 220 ms
and tgore = 181 ms. While the count rate of the ground and low-lying isomeric states of 1251y
stayed roughly the same, the small shoulder peak of the 5-ms isomer fully disappeared due to its
short half-life, when the accumulation and storage times were increased.

Although the 5-ms isomer of '2°In could be clearly identified, accurately fitting the small
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shoulder peak corresponding to this high-lying isomer state requires an accurate description of
the peak shape of the ground and low-lying isomer states with special attention to the description
of the peak tails. Achieving this in the measured mass-to-charge spectrum shown in Fig. 4.4,
however, is very challenging, because the largest peak in the spectrum corresponds to the 1OlIs,
which is broader due to the overlapping peaks of the ground and low-lying isomeric states. Any
other peaks in the measured spectrum including the peak of 2Sn ions, which was used to obtain
the peak shape in this work, have less events by an order of magnitude or more compared to the
peaks of the IOIs. This prevented an accurate peak-shape description and, therefore, in the first
attempt to analyse this measurement, neither the low-lying nor the high-lying isomer could be
fit independently from the ground state. An accurate mass determination of these isomer states
requires further analysis and will be presented in a future paper.

Overall, the fact that the 5-ms isomer could be observed in these mass measurements, which
is the shortest-lived state measured so far with TITAN’s MR-TOF-MS, highlights the fast, non-
scanning and sensitive measurement characteristics of the setup (see Fig. 1.3 for a comparison
of the mass accuracies achieved using different direct mass measurement techniques and the
half-lives of the measured isotopes).

Comparison between the measured and literature mass values

Many mass and excitation energy values corresponding to the ground and isomeric states of
125—-1321y) isotopes were measured directly or indirectly prior to the mass measurements reported
here. The mass and excitation energy values reported in the NUBASE2020 [Kondev et al.,
2021] are based on, e.g., Penning-trap mass measurements performed at TITAN, IGISOL and
CARIBU [Van Schelt et al., 2013, Hakala et al., 2012, Kankainen et al., 2013, Babcock et al.,
2018, Nesterenko et al., 2020] or based on, e.g., @3 measurements from Refs. [Gausemel et al.,
2004, Fogelberg et al., 2004, Mezilev et al., 1995]. Additionally, recently, the mass and excitation
energy of the ground and isomeric states of 127In and '2?In were also measured at IGISOL using
a Penning trap employing the PI-ICR technique [Jaries et al., 2024]. Some of the mass and
excitation energy values reported in the primary literature as listed above disagree with each
other depending on the used measurement technique, which motivates an independent direct
mass measurement of these values. Furthermore, direct mass measurements of the neutron-rich
indium isotopes of interest and other nuclides in that region of the nuclear chart frequently
found significant systematic deviations from their masses determined indirectly via 8 end-point
measurements (see, for example, the discussions in Refs. [Van Schelt et al., 2012, Van Schelt
et al., 2013]). This further demonstrates the need for accurate, direct mass measurements of
these neutron-rich isotopes of interest.

Tables 4.1 and 4.3 and Fig. 4.5 present a summary of the measured mass and excitation energy
values of the ground and isomeric states of 12°7134In isotopes observed in the measurements
reported here and their comparison to the values reported in the NUBASE2020 [Kondev et al.,
2021] and in Ref. |Jaries et al., 2024].

In order to check whether the mass values and uncertainties have been accurately determined
in the mass measurements reported here, the ions of interest, where previous direct mass mea-
surements were available, were used to check the scatter of the deviations between the measured
and literature masses given in the NUBASE2020 [Kondev et al., 2021]. The consistency checks,
highlighted in Fig. 3.13, indicate that the value of dmsyst/m = 3 x 1077 [Will, 2017] used as
an upper limit for the relative value of the systematic uncertainties of TITAN’s MR-TOF-MS
may have been slightly overestimated for the presently-reported measurements. Nevertheless,
the results of these consistency checks are, in general, indicative of an accurate mass value de-
termination in these measurements (see more details in Section 3.6).

A comprehensive comparison between the measured mass and excitation energy values and
the corresponding literature values can be found in [Izzo et al., 2021] for all observed neutron-rich

71



4.2. COMPARISON TO LITERATURE CHAPTER 4. n-rich In AT TITAN

Overview of measured neutron-rich indium isotopes and isomers
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Figure 4.5: Deviation of the measured ground-state mass excesses (AME = MEpiran — MEy;
given in Table 4.1) and isomer excitation energies (AE,; = E, iTaNn — Ey it given in Table 4.3)
from the values given in the NUBASE2020 [Kondev et al., 2021| corresponding to the observed
neutron-rich indium ions. The gray band represents the uncertainties given in the NUBASE2020
and the uncertainties of the red data points show the uncertainties determined in the mass
measurements reported here (see also in Ref. [Izzo et al., 2021]). For comparison, the results
of the recent mass measurements performed at IGISOL and reported in Ref. [Jaries et al.,
2024] are shown as blue data points. The mass of the ground states of 133In and 3*In and the
excitation energy of the isomeric state of 33™In given in the NUBASE2020 are not derived from
experimental data, but based on extrapolations. These values were measured for the first time.

indium states. In the following, a few examples will be highlighted, where the measurements
reported here provided new or substantial complementary information compared to the AME2020
[Huang et al., 2021, Wang et al., 2021] in case of the ground states and the NUBASE2020 [Kondev
et al., 2021] or the ENSDF |[ENSDF, 2024] in case of the isomeric states:

e 12/mIn: The excitation energy of the high-lying isomer state of '2"“In given in the
NUBASE2020 |[Kondev et al., 2021], 1770(40) keV, is based on two slightly contradictory
measurements. Firstly, the Qg measurements from Ref. [Gausemel et al., 2004] suggested
an excitation energy value of 1863(58) keV. Secondly, the mass measurements performed
using TITAN’s Penning trap reported in Ref. [Babcock et al., 2018| resulted in an ex-
citation energy of 1697(49) keV showing a deviation of about three standard deviations
from the results of the () measurement. In the here-presented mass measurements using
TITAN’s MR-TOF-MS a value of 1743.7(92) keV was determined, which is in agreement
with the results using TITAN’s Penning trap and reduces the uncertainty of the excitation
energy by a factor of five. In comparison, the recent Penning-trap measurements performed
at IGISOL |Jaries et al., 2024] resulted in a value of 1728.7(12) keV, which further reduces
the uncertainty and only slightly deviates from the value reported here.

e 128PIn: A new, high-lying isomeric state of 1?8In, notated as 12%PIn in NUBASE2020 [Kon-
dev et al., 2021, was discovered by Penning-trap measurements performed at IGISOL and
reported in Ref. [Nesterenko et al., 2020|. Independently from and in parallel to the stud-
ies performed at [GISOL, the identification of this high-lying isomeric state was confirmed
with an excitation energy of 1813(17) keV in the mass measurements reported here, which
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is in agreement with the excitation energy determined by the JYFLTRAP measurements
(see Table 4.3 and Fig. 4.2). These results highlight the non-scanning measurement char-
acteristics of the MR-TOF-MS making it an efficient tool for the discovery of new isomer
states, see e.g. [Hornung et al., 2020].

e 2%PIn: The excitation energy of the high-lying isomer state of '2PIn given in the
NUBASE2020 |Kondev et al., 2021], 1650(50) keV, is based on @3 measurements from
Ref. |[Gausemel et al., 2004]. In that same work, another isomer state of 2%IIn was also
proposed based on an observed 281-keV + transition with a 110-ms half-life, which was
suggested to be an E3 transition from the isomeric state of 12%dIn to the isomeric state
of 1?PIn. These two isomeric states could not be resolved by TITAN’s MR-TOF-MS,
therefore they were fitted together applying the 2(fixed)+1(free) peak fitting method, i.e.
treating the ground and low-lying isomeric states of '??In as fixed peaks and fitting the
mass and areal ratio of the two high-lying states together. Afterwards, the reported mass
of the high-lying isomer state of ??PIn was adjusted to take into consideration the possible
isomeric contamination yielding an excitation energy of 1649(82) keV. Despite their limited
accuracy, the mass measurements reported here provide complementary information on the
excitation energy of 12PIn in addition to the previous (3 measurements. In comparison,
the recent Penning-trap measurements performed at IGISOL [Jaries et al., 2024] resulted
in an excitation energy value of 1646.6(33) keV in agreement with the value reported here,
but significantly decreasing the uncertainties.

e 13In and ¥'™In: The ground-state mass excess of 13'In reported in the AME2020 [Huang
et al., 2021, Wang et al., 2021 is based on two contradicting values, which were obtained
from Penning-trap mass measurements performed at IGISOL and CARIBU [Hakala et al.,
2012, Van Schelt et al., 2013|. Due to the presence of an unknown mixture of the ground and
isomeric states in the CPT measurement, the deduced ground-state mass excess deviated by
149(35) keV from the value obtained by JYFLTRAP. In the mass measurements reported
here, the ground and low-lying isomeric states of '3'In could be separated (see Table 4.1
and Fig. 4.2) and the determined ground-state mass excess agrees with the value obtained in
the JYFLTRAP measurements, thus resolving the contradiction. Similarly, the excitation
energy of the low-lying isomer state of 31™In given in the NUBASE2020 [Kondev et al.,
2021], 376(3) keV, is based on two slightly contradicting values deviating by 63(33) keV from
each other, one of which was obtained from @3 measurements from Ref. [Fogelberg et al.,
2004 and the other one was obtained in Penning-trap mass measurements performed at
IGISOL |Kankainen et al., 2013|. In the presently-reported mass measurements performed
using TITAN’s MR-TOF-MS, an excitation energy of 375(18) keV has been determined,
which agrees with the value obtained in the JYFLTRAP measurements.

e 31nTn: The excitation energy of the high-lying isomer state of '3'™In given in the
NUBASE2020 |[Kondev et al., 2021], 3750(90) keV, is based on ()3 measurements from
Ref. [Fogelberg et al., 2004]. In the presently-reported mass measurements performed
using TITAN’s MR-TOF-MS, an excitation energy of 3771(15) keV has been determined
(see Table 4.3 and Fig. 4.2), which is in excellent agreement with the value derived from
(3 measurements and reduces the uncertainty by more than a factor of five.

e 32In: The ground-state mass of '3?In was measured directly for the first time. The
mass excess of 132In reported in the AME2020 [Huang et al., 2021, Wang et al., 2021],
—62410(60) keV, is based on @)g measurements from Ref. [Mezilev et al., 1995|. As dis-
cussed earlier, previous direct mass measurements in this region have found significant
deviations from indirectly measured masses derived from [ decay end-point energy mea-
surements, emphagizing the importance of direct mass measurements. In the presently-
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reported mass measurements performed using TITAN’s MR-TOF-MS, a mass excess of
—62395(38) keV has been determined for 132In, which agrees with the value derived from
(3 measurements and slightly reduces the uncertainty. Notably, the 132Tn isotope has no
experimentally known or predicted isomeric states so far, and none were observed in the
mass measurements reported here either (see Fig. 4.3).

e 33In and '*3™In: The mass of the ground state of 33In and the excitation energy of
the isomeric state of 33™In was measured for the first time, which would not have been
possible without the usage of the mass-selective re-trapping technique (see Fig. 4.3). The
first experimental proofs supporting the existence of the isomeric state of !33™In with
spin/parity of (1/27) were presented in Refs. [Hoff et al., 1996, Piersa et al., 2019, Benito
et al., 2020 based on the population of the ground and excited states of !3%132Sn via
133In B~ and '33134In B8~n decays. On the other hand, its excitation energy given in the
NUBASE2020 |[Kondev et al., 2021], 330(40) keV, is not derived from experimental data,
but based on the trend of the energy difference between the (9/2%) ground states and
the (1/27) isomeric states in odd-A indium isotopes in the vicinity. In comparison, the
presently-reported mass measurements performed using TITAN’s MR-TOF-MS resulted
in an excitation energy of 642(60) keV for this isomeric state, which is significantly larger
than the previous value based on systematic trends.

e 3In: The mass of the ground state of ¥4In was measured for the first time, which
would not have been possible without the usage of the mass-selective re-trapping technique.
Notably, the 13In isotope has no experimentally known or predicted isomeric states so far
that are long-lived enough to be possible to be observed using TITAN’s MR-TOF-MS
(T1/2 > 1 ms), and none were observed in the mass measurements reported here either (see
Fig. 4.3).

4.3 Desired improvements

In summary, this chapter presents details about the experimental setup and data analysis con-
cerning the mass measurements of neutron-rich indium isotopes across the N = 82 shell closure
performed using TITAN’s MR-TOF-MS at TRIUMF, the results of which were published in [Izzo
et al., 2021|. The multiplicity and variety of the long-lived (7} > 1 ms) states of the ions of
interest observed in these measurements pose considerable challenges both for the measurement
and data analysis technique.

As an outlook, it is worth mentioning that the accuracy of the mass measurements reported
here could, in principle, be further improved in the future with different developments to the
mass measurement and data analysis techniques. A few examples of the desired improvements
are listed below:

e Recently, the mass resolving power of TITAN’s MR-TOF-MS has been improved signifi-
cantly, routinely reaching mass resolving powers of R,, > 600,000, see e.g. [Porter et al.,
2022|. With this improvement, the observed close-lying ground and isomeric states could
be better separated from each other.

e The recent development of the technique called as "post re-trapping beam merging" enables
to measure non-isobaric species, e.g., from the thermal ion source of TITAN’s MR-TOF-
MS, together with the beam-like isobaric ions of interest separated by the technique of the
mass-selective re-trapping, see more details in Ref. [Jacobs, 2023|. Applying this technique
would enable to include at least one fully isolated, high statistics peak in the measured
spectra. These peak(s) could be used to accurately determine the peak shape in the given
measurements, which is crucial for the treatment of overlapping peaks.
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e With further studying the systematic uncertainty sources of TITAN’s MR-TOF-MS, an
overestimation of the systematic uncertainty component can be prevented in future mea-
surements yielding more accurate estimates of the experimental uncertainties, see e.g.
[Dunling, 2021, Jacobs, 2023, Lykiardopoulou et al., 2025| demonstrating that relative
mass uncertainties of 6m/m ~ 1 x 10~7 are reached routinely nowadays.

e Concerning the data analysis procedure, the development of a more generalized treatment
of multiple overlapping TOF peaks still remains a task for the future.
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Chapter 5

Mass measurements of

neutron-deficient nuclides close to the
N = Z line below "Sn at FRS Ion
Catcher, GSI

During the S474 experiment within FAIR Phase-0, neutron-deficient nuclides close to the N = Z
line below '%°Sn were measured at FRS-IC, GSI, see Section 1.2.3 for an introduction.

The exotic nuclei of interest were produced via projectile fragmentation at the FRS |Geis-
sel et al., 1992] at GSI by impinging a 790 MeV /nucleon '?*Xe primary beam on a beryllium
production target of 8045 mg/cm? areal density with primary beam intensities of approximately
1.2 x 10? ions per spill. While part of the results, including the first direct mass measurements
of 98Cd, were reported in Ref. [Mollaebrahimi et al., 2023b| and are omitted here, the first direct
mass measurement of “Pd and its consequences are part of this work. In the first part of the
measurements the typical spill length was 2 s with a spill period of approximately 3.5 s, while
in the second part it was changed to a spill length of 1 s with a period of 2.5 s with the goal
to maximize the integral of the count rate/yield. The produced fragments were separated in
flight at the FRS, which was centered on 3Pd, and they were delivered to the FRS-IC [Plaf
et al., 2013a]. The monoenergetic Al-degrader at the central focal plane of the FRS had an
areal density of 735 mg/cm?. In addition to their accurate mass measurement at the FRS-IC,
the ions were also identified by the FRS particle identification (PID) system. At the FRS-IC
the ions were slowed down and thermalized in the gas-filled CSC, then they were extracted and
transported via the RFQ beamline to the MR-TOF-MS for performing direct mass measure-
ments. The pressure and the temperature of the helium gas inside the CSC was 100(5) mbar
and 102(2) K, respectively, corresponding to an areal gas density of 4.7(3) mg/cm?. In the RFQ
beamline the isolation-dissociation-isolation method [Greiner et al., 2020] was used to suppress
molecular background ions generated in the CSC. In the MR-TOF-MS the mass measurements
were performed by injecting the ions into the TOF analyzer and confining them for about 750
isochronous turns between two electrostatic mirrors, corresponding to a time-of-flight of approx-
imately 22 ms. In the center of the TOF analyzer the mass range selector was used to limit the
mass-to-charge range to m/q ~ (91 — 93) u/e and thus to suppress the ambiguity in the time-
of-flight (TOF) spectra. Afterwards, the ions were ejected from the TOF analyzer towards the
TOF detector, where the time-of-flight of the different ion species with different mass-to-charge
ratios (m/q) was recorded. The mean ion extraction and measurement time from the CSC to
the TOF detector of the MR-TOF-MS was about 130 ms.

The MR-TOF-MS was operated at 25 Hz repetition rate in order to enable longer flight
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paths and larger resolving power. A few days before the measurements a quick and reliable
change of repetition rate from the previous 50 Hz operation was performed, which was facilitated
by the resistive divider commissioned before the S474 experiment (see Section 2.2). For the
measurements reported here, a mass resolving power at full width at half maximum (FWHM) of
700,000 was achieved.

The production cross section of **Pd by projectile fragmentation of 24Xe is only 8.6(10) nb
[Suzuki et al., 2017], which is the smallest production cross-section of an ion of interest for which
a mass measurement was achieved with the FRS-IC so far. Besides the fact that the FRS-IC
has been proven to be a well-suited experimental setup for performing highly-accurate direct
mass measurements with only a few detected ions per nuclide [Hornung et al., 2020, Mardor
et al., 2021|, in the S474 experiment two key techniques were applied in order to cope with the
challenge of small production cross-sections and enable the successful measurement of **Pd and,
within the same setting, “2Rh. An overview of these two key approaches can be found in [Dickel
et al., 2024]. Here, the most important aspects of these approaches are outlined:

1. Firstly, in order to achieve an efficient way of data taking, a novel technique was used to
stop more than one nuclides in the CSC without significant efficiency losses. Because of
the areal density of the CSC of a few mg/cm? only, it is usually difficult to stop and extract
several exotic nuclides from the CSC at the same time, because the range of an ion depends
on its mass and charge as well as its kinetic energy. In order to stop several nuclides of
interest, usually several different degrader settings are needed. For the region of the nuclear
chart addressed in this experiment, however, isotones can be manipulated to have the same
range, if their kinetic energy after leaving the target amounts to about 300 MeV /nucleon.
In this experiment, the primary beam energy was chosen accordingly, such that the three
N=47 isotones *3Pd, ??Rh and *'Ru were stopped simultaneously in the CSC, and, because
of the broadband capabilities of the MR-TOF-MS, could be measured at the same time,
directly yielding the corresponding one- and two-proton separation energies. During the
measurements the FRS was operated in monochromatic mode, which enabled maintaining
the maximum stopping efficiency for the three N=47 isotones of interest. This latter feature
represents an important difference between this approach to simultaneously stop isotones
and the technique of mean-range bunching, for which the FRS is operated in achromatic
mode |Dickel et al., 2023]. This approach was developed specifically for this experiment,
but is applicable broadly at synchrotron facilities for many proton-rich nuclides.

2. Secondly, in this experiment, the thickness of the production target (8045 mg/cm?) was
chosen large enough, such that secondary (multi-step) reactions started to play a significant
role in the overall production of the fragments, thus increasing their production yields. On
the other hand, generally, the increased thickness of the production target also results
in an increased location straggling of the reactions inside the target, which can lead to
significant efficiency losses in the further downstream parts of the measurement setup after
the production target, including, e.g., a decreased transmission efficiency through the FRS
and a decreased stopping efficiency in the cryogenic stopping cell. The location straggling
in the target is minimized for the cases, when the primary beam and the fragment beam
has the same energy loss inside the target, which ensures that the downstream efficiency
losses are minimized in this special case. In this experiment, a 1?*Xe primary beam was
used, thus this latter condition applies for the measured fragments of interest, i.e. ®Cd
and %Pd have similar A/Z? ratio as '?*Xe. Ultimately, this enables that the usage of the
thick production target can lead to an increased number of the ions of interest that are
slowed down, thermalized and measured at the FRS lon Catcher.

This chapter presents details of data analysis and discussion of the results of the S474 experiment
with emphasis on the the first direct mass measurement of *3Pd.
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5.1 Verification of identification: yields observed in FRS vs. FRS
Ion Catcher

The measurement of the neutron-deficient nuclides, including *3Pd, ended earlier than expected
due to a failure of the RF carpet of the CSC. As a result, only a few isotopes, the ones detected
with high count rate, could be measured in a second MR-TOF-MS settings with a different
turn number to confirm their correct identification. In addition, besides the goal isotones of
9BPd, ??Rh and ?'Ru at N = 47, which were planned to be stopped simultaneously by the
cryogenic stopping cell, more unexpected, beam-correlated peaks appeared in the mass spectra
corresponding to N = 48 — 50 isotones. As the first step of the data analysis, the correct
identification of the measured isotopes had to be ensured and the mystery behind the detection
of the unexpected nuclides had to be understood. This was achieved via comparing the yields of
the isotopes measured by the FRS PID detectors to the yields measured by the MR-TOF-MS of
the FRS Ton Catcher, which will be called as "efficiency analysis" in the following.

In order to ensure that the conclusions of the efficiency analysis are independent from the used
experiment settings or the measured isotopes, the comparison of the synchronously-acquired FRS
PID and FRS Ion Catcher data was extended to five different measurements. Table 5.1 shows a
comparison of the different measurement settings and measured nuclides that were a subject of
this analysis. While the settings used for the mass measurements reported in Ref. [Mollaebrahimi
et al., 2023b| (in Table 5.1 named as settings2/3) were similar to the settings used for the
measurement of *>Pd (named as settingsl), the measurement settings used for the validation
of the experimental setup and the calibration of detectors using primary beam of ?4Xe and
fragment beam with FRS center isotope of 'Te (settings5 and settings4, respectively) was
significantly different. This leads to increased uncertainties for the deduced relative efficiencies
using the data obtained with settings4/5 as compared to the data obtained with settings1/2/3.

Analysis of FRS PID data and explanation of the changed stopping range of
the unexpected isotopes

The FRS PID data were analyzed by C. Hornung |[Hornung et al., 2022] (priv. comm.), here
only the most important steps and corresponding conclusions of the FRS PID data analysis
will be outlined. Firstly, the FRS PID plots were filtered by throwing away the nonphysical
events with applying cuts based on different conditions, such as ensuring that the identified
nuclides are not faster than the speed of light or filtering out the nuclides, whose trajectories
that are outside of the used slits. One of the filtered FRS PID plots, which was prepared for
the monoenergetic FRS settings with FRS center isotope of ?3Pd, is shown on Fig. 5.2b. In
the next step, the count rate of the different beam-like isotopes hitting the cryogenic stopping
cell was estimated. For the task, three correction factors were defined and calculated for the
different measurement settings and corresponding isotopes, see Table 5.3 for their average values
and definitions. Those correction factors were then applied to the number of counts belonging
to the isotopes determined from the FRS PID plots resulting in the estimate of the number of
counts of the beam-like isotopes hitting the cryogenic stopping cell. The FRS correctionl and
correction2 factors are mostly influenced by the count rates at the central and the final focal
planes of the FRS, which were smaller in case of the measurements with FRS center isotopes
of 15Te and '?4Xe, while larger in case of the measurements with FRS center isotopes of 93Pd
and “8Cd. The FRS correction3 factor was determined by calculating the number of events
in the FRS PID plots, which corresponded to a hit fired at the most downstream scintillator
mounted close to the cryogenic stopping cell (named as Scintillator43 or SCI43 in the following)
and dividing this number by the total number of events determined from the FRS PID plot.
Note that the deduced 50-60% value of FRS correction3 factor (see Table 5.3) is smaller than
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the 70(2)% measured in [Purushothaman et al., 2013|, which was assigned to the losses due to
nuclear reactions in the variable degrader. Although a one-to-one comparison is not possible due
to the difference in fragment beam energies between the past and present measurements, this
may indicate that there are more than one contributions to the FRS correction3 factor. Indeed,
as a result of this efficiency analysis, it was found out that FRS correction3 factor has two main
contributions: (i) it accounts for the losses due to fragmentation and fission inside the variable
degrader in the final focal plane of FRS and (ii) it accounts for the losses due to the by-passing
of Scintillator43.

The latter contribution (ii) is due to the fact that the height dimension of the Scintillator43,
i.e. its dimension along the vertical axis perpendicular to the beam direction (further called as
the y axis), was smaller as compared to the other FRS PID detectors, therefore some fraction
of the beam may have a trajectory that flies next to ("by-passes") this scintillator, see Fig. 5.1
for a schematic illustration. Fig. 5.2a shows the angle between the trajectories of the ions and
the beam direction and the y position of the ions measured by the time projection chamber
(TPC) mounted at the final focal plane of the FRS is plotted. The TPC data is first gated
on the hits in Scinillator42 resulting in the plot on the left side, while gating on the hits in the
Scinillator43 results in the plot on the right side. Since Scinillator42 has a larger height (covering
the full beam spot size) as compared to Scintillator43, the plot on the left side shows a broader
beam spot distribution as compared to the plot on the right side, which looks more looks more
restricted /cut, demonstrating that a portion of the ions may indeed fly by Scintillator43 without
firing a hit there. Since Scintillator43 has a thickness of ~100 mg/cm?, the stopping range of
the ions by-passing it becomes different compared to the ions that correspond to a hit inside
Scinillator43. In order to estimate the stopping range difference due to by-passing Scintillator43
simulations with LISE4++ |Tarasov & Bazin, 2008| were done using the settingsl with FRS center
isotope of ?3Pd. The result of the simulations showed that the stopping range of *>Ru, when
by-passing the Scintillator43, becomes the same as the stopping range of **Pd without by-passing
it. Since the experiment was set up in a way that the isotones have a similar stopping range, the
LISE++ simulations suggest that the three N = 47 isotones without by-passing the Scintillator43
is expected to have a similar stopping range as the isotone lying closer to the valley of stability
by 2 neutrons at N = 49, when by-passing this scintillator. The determined global FRS Ion
Catcher efficiencies corresponding to settingsl as shown in Fig. 5.3 illustrate that this simulation
results are consistent with the experimental observations, i.e. the measured global efficiencies
are about an order of magnitude higher for the N = 47 and N = 49 isotones as compared
to the N = 48 isotones. This suggests that the possibility that a certain portion of the beam
by-passes the Scintillator43 would provide an explanation for the appearance of the unexpected
beam-like isotopes in the mass spectra measured with the MR-TOF-MS. Unfortunately, a precise
quantification of the portion of the beam by-passing Scintillator43 is not possible, because during
the measurements MUSIC43 detector shown on Fig. 5.2a was switched off, thus the losses due
to by-passing Scintillator43 could not be fully disentangled from the losses due to fragmentation
and fission inside the variable degrader in the final focal plane of FRS.

I SCl41 SCl42 SCl43
1! 01 1N NS 1 [ 1
| | music i~
TPC " Deg " U 43 FRS-IC
I
Deg4/5

Figure 5.1: Schematic view of elements (PID detectors, degraders and slits) inserted in the final
focal plane of the FRS during the S474 experiment. During the measurements the MUSIC43 was
switched off. This figure also illustrate that a fraction of the beam may by-pass Scintillator43.
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Table 5.1: Summary of the used measurement settings and the measured nuclides, whose yields observed in FRS and FRS lon Catcher were
determined and compared with each other to verify their correct identification.

Settingsl Settings2 Settings3 Settings4 Settings5
FRS center isotope 93pd %8Cd 98Cd H5Te 124Xe (primary beam)
FRS settings description monoenergetic achromatic "mixed" (no S2 degrader, no
production target)
FRS-IC settings descrip- | high resolving power low resolving power
tion
Identified isotopes at | %3Pd, 9293Rh, | 98Cd, 9TAg, | 100Cdq, 991007 gb 115,116 e 124Xe
FRS-IC 91_93Ru, 91_93TC, 96_98Pd, 96’97Rh,
91M0a 96Rub
Expected (goal) isotopes | “3Pd, %2Rh, °*Ru 9%8Cd, 9"Ag, pPd 100¢d, 9Ag 115,116 e 124Xe
at FRS-IC
Date and time of data ac- | 05:26-08:47¢ AM | 21:45-23:30 PM | 00:40-01:06 AM | 06:10-06:14 AM | 04:12-04:29 AM 02/03/2020
quisition 07/03/2020 06/03,/2020 07,/03/2020 02/03,/2020

Primary beam informa- | The '?4Xe primary beam energy, intensity, spill structure, the thickness of the production target, the position
tion and FRS settings de- | of the used slits, the angle of the wedge-shaped degrader at the central focal plane and the thickness of the

tails degrader at the final focal plane of FRS were varied between the different settings.

FWHM of measured stop- | 22.6(20) mg/cm? 92.3(75) mg/cm? 32.5(1) mg/cm?

ping range distribution

CSC areal density 4.7(3) mg/cm? 2.5(2) mg/cm? 2.2(1) mg/cm?

Total extraction time from | ~130 ms ~T5 ms ~70 ms

CSC to TOF detector

FRS-IC RFQ beam line | Similar settings of the FRS-IC RFQ beam line, i.e. same CID Different settings of the RFQ beam line

settings step, same pressures and similar low-mass cut-off of RFQs

MR-TOF-MS settings Similar settings of the MR-TOF-MS; i.e. 25 Hz repetition rate, Different settings of the MR-TOF-MS, i.e.
same pressures and high turn number of 730-850 turns (high 50 Hz repetition rate, different pressures and
mass resolving power at FWHM up to almost 1 million) low turn number of about 64 turns

2 The measured mass spectrum also contained spontaneous fission products of the 2*>Cf source (namely the nuclides > 23Rb), which were used for calculating an
independent estimate of the global efficiency of the FRS Ion Catcher setup.

P The results of the mass measurements were published in Ref. [Mollaebrahimi et al., 2023b].

¢ The same settings was also used to acquire more data on *?Pd and its neighbouring isotopes at 14:01-14:29, 15:13-15:28 PM and 15:37-16:11 PM on 07,/03,/2020.
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Table 5.3: The definitions and average values of the three FRS correction factors that were
defined and calculated for the different measurement settings and isotopes.

FRS center isotope FRS correctionl® FRS correction2?  FRS correction3®

Settingsl 93Pd 4.68 2.93 0.52(2)
Settings2 %8Cd 5.21 3.07 0.52(2)
Settings3 %8Cd 5.15 3.06 0.52(4)
Settings4 115Te 1.55 1.26 0.59(5)
Settingss 1%4Xe 1.29 1.47 0.564(1)

& Accounts for the losses due to the efficiency and dead time of all the different detectors used in the FRS PID.

b The accepted-to-free trigger ratio (in the table named as FRS correction2 factor) was used to estimate the

losses due to the dead time of the FRS data acquisition system.

¢ Accounts for the losses due to fragmentation and fission inside the variable degrader in the final focal plane

of FRS and the losses due to by-passing Scintillator43.

Determination of the global efficiency of FRS Ion Catcher

The next steps of this efficiency analysis were based on data obtained by the FRS Ion Catcher.
The main goal of this step was to correct the number of beam-like isotopes hitting the CSC,
such that all settings-dependent and/or isotope-dependent efficiency components of the FRS Ion
Catcher setup are removed from the number of ions hitting the CSC. For the task, three FRS Ton
Catcher efficiency correction factors were defined, calculated and summarized in Table 5.5, the
values of which are either settings-dependent and/or isotope-dependent. In the next step, the
number of isotopes measured in the mass spectra obtained by the MR-TOF-MS were determined
and divided by the number of ions hitting the CSC, which were multiplied by the above-defined
correction factors. Ideally, when the three FRS-1C efficiency correction factors are correctly de-
termined, this procedure should yield in the global extraction, transport and detection efficiency
of the FRS-1C setup, which is independent from the measurement settings and/or the measured
isotopes. On the other hand, in reality the determination of those three efficiency factors (es-
pecially in case of the stopping and chemical efficiencies) was hindered by multiple sources of
inaccuracies due to the assumptions that were made during determining their "best guess" es-
timates. As shown in Table 5.1, the FRS-IC RFQ beam line and MR-TOF-MS settings were
almost the same for the measurement settingsl/2/3, therefore the related efficiency correction
factor is only considered as a relative correction to account for the changed transmission of the
experiment settings4/5 due to the different RFQ beam line and MR-TOF-MS settings. This
relative efficiency correction factor was estimated based on various offline data measured before
the beam time, which aimed at understanding the dependence of the transmission of the setup
on different properties, such as buffer gas pressures or number of turns used in the MR-TOF-
MS. On the contrary to this, the stopping and chemical efficiency corrections were considered as
absolute corrections, the "best guess" estimation of which is explained in the following.

The stopping efficiency of the beam-like isotopes was estimated following the procedure ex-
plained in [Reiter, 2015, Purushothaman et al., 2013|. First the stopping range distribution
was measured with the FRS Ton Catcher via varying the thickness of the FRS degrader at the
final focus plane and monitoring the count rate of the ions stopped in the CSC and detected by
the TOF detector of the MR-TOF-MS relative to the intensity of the primary beam. Then the
measured stopping range distributions were analyzed individually for each measurement settings
(see Table 5.1 for the determined FWHM of the range distributions). The stopping efficiency
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TPC data gated on events in Scintillator42 TPC data gated on events in Scintillator43
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Figure 5.2: Example plots showing a few steps of the combined FRS PID & FRS Ion Catcher
efficiency analysis. The example plots are based on results with the 3 different monoenergetic
FRS settings (settings1/2/3). (a) The angle between the trajectories of the ions and the beam
axis and the y position of the ions measured by time projection chamber (TPC) mounted at the
final focal plane of the FRS is plotted for the settingsl with FRS center isotope of *Pd. The TPC
data is first gated on the hits in Scinillator42 resulting in the plot on the left side, while gating on
the hits in the Scinillator43 results in the plot on the right side. The pictures demonstrate that
a certain portion of the beam may by-pass the Scinillator43, i.e. while the plot on the left side
describes a broader beam spot distribution, the plot on the right side looks more restricted/cut at
a certain y position and angle. (b) The final filtered FRS PID plot is shown for the settingsl with
FRS center isotope of %*Pd. (c) The stopping range distribution and the corresponding stopping
efficiency estimate of the ?"Ag, ?Pd and "®Pd isotopes measured with the FRS Ion Catcher is
shown. The measured abundances of the different isotopes were normalized by the maximum of
the Gauss-fits, because the range scan of *Pd and " Ag (corresponding to the green and red data
points, respectively) was carried out under a bit different measurement conditions as compared
to the range scan of %Pd (corresponding to the black data points). However this differences
in the measurement conditions don’t affect the stopping range of the different isotopes, it only
affects their abundance. When the uncertainty bands overlapped a jitter was introduced to the
points to increase the readability of the plot. This jitter only affects the plot of the individual
points it doesn’t affect the Gaussian-fits. The blue curve shows a Gauss-fit of the range scan of
9P, while the red and green dashed curves are Gauss-fits of the range scans of ?"Ag and ®Pd,
respectively, with a fixed FWHM from the blue fit of “Pd rage distribution. The gray region
below the %Pd range distribution indicates the areal density covered by the cryogenic stopping
cell.
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Table 5.5: The definitions and values of the three FRS Ton Catcher correction factors that were
defined and calculated for the different measurement settings and isotopes. The top part of
the table contains the efficiency corrections, which were handled during the analysis as isotope-
independent and only settings-dependent, while the bottom part, which is separated by two
horizontal lines, contains the element-dependent chemical efficiency. For completeness the tables
also include the efficiency correction factors that were used to achieve an independent estimate
of the global extraction, transport and detection efficiency of the FRS-IC setup achieved via
counting the spontaneous fission products of the 2*2Cf source (namely the nuclides *1~3Rb)
observed in the MR-TOF-MS mass spectra obtained using measurement settingsl.

Description of settings Stopping efficiency Relative efficiency corr.

correction® (RFQs & MR-TOF-MS)P
Settings1/2/3  FRS center: 3Pd/%Cd 0.35(9) 1
Settings4 FRS center: 15Te 0.05(1) 7.8(46)
Settings5 FRS center: '?4Xe 0.11(2) 7.0(44)
Settingsl observed fission products of  0.15(3)¢ 1
the 252Cf source ("1793Rb)
Element Measurement settings Proton-number Z  Chemical efficiency corr.4
Cd, Ag, Pd, .
R Ru. To Settings1/2/3 43-48 ~1
Mo Settingsl 42 0.24(39)
Te Settings4 52 0.60(34)
Xe Settingsb 54 0.08(14)
Rb Settingsl 37 ~1

& Estimates the losses due to the stopping efficiency of the different isotopes inside the cryogenic stopping cell.

See text for more details.

b Relative efficiency correction due to difference in RFQ beam line and MR-TOF-MS settings. This relative
correction factor only affects the yields measured with experiment settings4 and settings5, which have a
different RFQ beam line and MR-TOF-MS settings, while keeping the yields measured with experiment
settings1/2/3 unchanged.

€ The stopping efficiency of the 22Cf fission products was calculated following the procedure explained
in [Waschitz et al., 2023| as the product of the emission efficiency from the Ti-covered source and the
geometrical efficiency due to the dimensions of the CSC. Note that in the table the sum of the stopping

efficiencies calculated for the three observed fission products of *' ~®*Rb is shown.

d Estimates the losses due to chemical reactions of the different elements inside the different parts of the FRS-IC
setup following a phenomenological model of gas-phase chemistry [Amanbayev et al., 2022], which was built

for this study. See text for more details.

was then calculated by the ratio of two integrals; the integral performed in a given window of
the range distribution, which corresponds to the areal density covered by the CSC, was divided
by the integral over the full range distribution between +oo. For determining the first integral
covered by the CSC areal density, it was assumed that each isotopes were measured at their op-
timum stopping range (at the mean of their range distribution). This assumption was necessary,
because it was impossible to measure the stopping range distribution for the more exotic nuclides
with much smaller production cross-sections within reasonable measurement duration. The devi-
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ations from this assumption are expected to lead to significant differences between the stopping
efficiencies of the different isotopes. Since the material of the variable degrader is aluminum,
while the CSC is filled with helium buffer gas, a conversion factor was used in order to convert
the areal density of the CSC in He into an effective areal density in Al and thus account for the
ratio of the stopping power in Al to He. Simulations using the ATIMA software [Weick et al.,
2018| were performed to estimate this conversion factor corresponding to the isotopes of interest
of the present study and the experiment settings, which amounts to 1.8(3). The procedure of
calculating the stopping efficiency and its inaccuracies due to the applied assumptions are illus-
trated in Fig. 5.2¢ for the monoenergetic FRS settings1/2/3. In the mass measurements reported
in Ref. [Mollaebrahimi et al., 2023b| (settings2/3) a similar effect of also detecting certain, unex-
pected beam-like isotopes was observed. Instead of stopping only one isotone simultaneously (e.g.
specifically in case of the monoenergetic settings2: the fragment beam energy and the variable
degrader thickness were tuned such that the N = 50 isotone, including "Ag and ?Pd, can be
stopped simultaneously), more beam-like isotopes were identified in the mass spectra measured
with the MR-TOF-MS of FRS Ion Catcher. In case of this settings2, one important evidence for
the correct identification of the originally unexpected nuclide *Pd at N = 52 becomes obvious,
when looking at it’s range distribution measured with the FRS Ion Catcher (see Fig. 5.2¢). Look-
ing at the plot one can observe that **Pd follows the general behavior (with similar optimum
degrader thickness) as the range distributions measured with the nuclides, which were expected
to be stopped at the CSC simultaneously at N = 50, i.e. °"Ag and “°Pd. This observation pro-
vides a strong evidence supporting the correct identification of *®Pd, which is 2 neutrons closer
to the valley of stability as compared to the originally expected N = 50 isotone. In addition, this
observation is also consistent with the earlier-mentioned LISE++ simulation results considering
the possibility of by-passing Scintillator43, which suggests that the observed **Pd events shown
on the range distribution measurement Fig. 5.2¢c may indeed originate from the portion of the
beam by-passing this scintillator. The range scan performed with the cryogenic stopping cell also
suggests that the assumption of hitting the optimum stopping range for all isotopes (or at least
for all N = 50 isotones) simultaneously is clearly wrong. To illustrate this using the measured
range distributions, the correct value of the stopping efficiency of °7Ag was calculated assuming
that the used degrader thickness is at the maximum of the range distribution of *Pd. In this
hypothetical case, the stopping efficiency for “Pd would be maximal (35(9) %, see Fig. 5.2c),
while the stopping efficiency for °“Ag would be factor of 2-3 smaller; i.e. 21(10) %.

The nuclides, which are measured by the FRS Ton Catcher, undergo chemical reactions with
the He buffer gas and impurities in the CSC and the residual gas in the rest of the FRS Ion Catcher
setup, which leads to element-dependent (chemical) efficiencies. In the study of [Waschitz et al.,
2023 a self-consistent method to extract the chemical efficiency correction factors for 252Cf fission
products was developed and reported. However, this self-consistent and brute-force method is
only applicable for the chemical elements produced and measured using the spontaneous fission
source. Moreover the losses due to chemical reactions also depend on the experiment conditions,
therefore it is hard to extrapolate them from one measurement to another. In order to overcome
this, efforts were made to further understand the underlying chemistry behind the element-
dependent efficiencies, the chemical reactions inside the CSC, RFQ beam line and the MR-
TOF-MS were studied empirically and a phenomenological gas-phase chemistry model was built
[Amanbayev et al., 2022| (priv. comm.), the main assumptions and formalism of which are
highlighted below. In the model it is assumed that simple bimolecular reactions [Pohjalainen,
2018| take place in different parts of the FRS-IC setup and the temperature-dependence of the
reaction rates is predicted by the Arrhenius equation |Arrhenius, 1889a, Arrhenius, 1889b| and its
modifications [Laidler, 1996, Burkholder et al., 2015]. The total time of the chemical reactions is
estimated by the extraction time from the CSC to the TOF detector and the element-dependent
chemical efficiency is calculated by the ratio of the initial and final concentration of the different
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elements of interest after interacting with the impurities inside the FRS-IC setup, which are
assumed to have a constant concentration. Although we expect multiple types of impurities
in the CSC and the rest of the FRS Ion Catcher setup at a concentration level of ~1 ppb,
such as Oz, No, HoO, CO [Mollaebrahimi et al., 2023a|, the available data on the measured
reaction rates is rather scarce for the ions of interest of the present study and, to this date, only
their reaction rate with Og was measured [Anicich, 2003, Manion et al., 2024]. Therefore our
simple chemistry model assumes that the ions of interest only undergo chemical reactions with
O2, where the concentration of the reactant was empirically fitted on the data obtained with
the 2°2Cf spontaneous fission source |[Waschitz et al., 2023]. Despite the incorrect assumptions
of our model, this empirical fit resulted in a considerably-good agreement with the chemical
factors of the 2°2Cf fission products determined by the self-consistent and brute-force method
reported in [Waschitz et al., 2023]. After estimating the concentration of the reactant based on
the 2°2Cf data, this phenomenological model was applied to the chemical elements of interests
of the present efficiency analysis, which enabled us to calculate an "educated guess estimate" of
the element-dependent chemical factors. As shown in the Table 5.5, the resulting chemical factor
was only significantly different from 1 in case of the Xe, Te and Mo elements, while the Cd, Ag,
Pd, Rh, Ru, Tc and Rb elements experienced no significant chemical losses from reactions with
Og on the time scales of the extraction times from the CSC. It is worth mentioning that all of
the elements of interest of the present study are also produced by the 22Cf source with good
fission yields, therefore the validity of the model of gas-phase chemistry can be further tested in
future measurements with the spontaneous fission source.

The measured mass spectrum obtained with settingsl also contained spontaneous fission
products of the 2°2Cf source with a known activity of 24(7) kBq mounted inside the cryogenic
stopping cell (namely the nuclides *'~"3Rb). Comparing the measured count rate of the fission
products with the expected count rate emitted by the source and stopped in the CSC provided an
independent estimate of the global extraction, transport and detection efficiency of the FRS Ion
Catcher setup. Here, the expected count rate emitted by the 252Cf source was calculated based
on its known activity and using the isotopic fission yield and its uncertainty associated with the
91=93Rb fission products extracted from the ENDF/B-VIL0 database [Chadwick et al., 2006].
The measured fission products were extracted as singly-charged ions from the CSC, so the global
FRS Ion Catcher efficiency estimate obtained from their measured count rate is representative of
the measured beam-like isotopes in this experiment, which were all extracted as singly-charged
ions from the CSC as well. The three FRS-IC efficiency correction factors corresponding to the
spontaneous fission products of the 292Cf source are included in Table 5.5.

Comparison of global efficiencies deduced for different settings and nuclides

Following the arguments presented above, ideally, the final value of the determined global FRS
Ion Catcher efficiency should be constant for all measured isotopes and settings. Remaining
variations from the constant behavior are expected due to three main reasons: (i) the precise
portion of the beam by-passing the Scintillator43 is not known, (ii) the assumption of hitting
the optimum stopping range for all isotopes is not correct and (iii) the model to estimate the
chemical efficiencies of the different elements needs further improvements. Fig. 5.3 shows the
normalized global efficiencies of the different isotopes plotted on the nuclear chart in case of two
different monoenergetic settings (settingsl/2). When looking at the plot, the first thing that
one can notice is that the general pattern of the estimated global efficiency is similar to each
other in case of the measurements with settingsl and settings2. In more details, all nuclides
in the goal isotone of the measurements (N = 47 in case of settingsl and N = 50 in case of
settings2) were measured with a global efficiency that is similar to the value determined using
252Cf fission products (shown in red on the plot), the yield of the neighboring isotones N = 48
and N = 51 measured by the FRS Ion Catcher is significantly, by 2 orders of magnitudes,
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Figure 5.3: The segment of the nuclear chart shows a comparison of the estimated global FRS lon
Catcher efficiencies using two different monoenergetic FRS settings (settingsl /2) normalized by
the global efficiency of the %Pd (IV = 50, Z = 46) isotope corresponding to the largest efficiency
shown on the figure. Since the global efficiency of “°Pd is close to the independent efficiency
estimate determined using 252Cf fission products, the color scheme of the plot can be interpreted
the following way; while the red color corresponds to the isotopes that were measured with the
"correct" global efficiency, the yellow color corresponds to isotopes, whose global efficiencies are
smaller by 2 orders of magnitudes. For settingsl the MRS was used to limit the mass-to-charge
range to m/q ~ (91 —93) u/e, and for settings2 an MRS range of m/q ~ (96 —98) u/e was used,
which is illustrated by the dark blue lines on the figure. The boundary between proton bound
and unbound nuclei (proton drip line) is drawn with the lighter blue line following predictions
according to the global mass calculations reported in [Neufcourt et al., 2020|, with exception of
the few cases, where mass measurements were available, thus AME2020 [Huang et al., 2021, Wang
et al., 2021| was used to calculate the position of the drip line.

reduced (shown in yellow on the plot) and finally the global efficiencies corresponding to the
N =49 and N = 52 isotones are again larger (shown in orange on the plot) in agreement with
the LISE++ simulations considering the possibility of by-passing Scintillator43. The observed
similarity in the pattern from settingsl and settings2 further increases our confidence in the
correct identification of the different nuclides, including the ones different from the goal isotones
that were originally unexpected to be measured. On the other hand, these unexpected isotopes
are prone to too many unknowns, such as the points (i) and (ii) as mentioned above, therefore
a further quantitative comparison of their calculated global efficiencies is meaningless.

Fig. 5.4 shows a comparison of the estimated global efficiencies of the "expected" beam-like
isotopes. Considering how much the different efficiency components can vary throughout the
different experimental settings and isotopes, all-in-all the Fig. 5.4 shows a very good agreement
of the deduced global FRS-IC efficiency throughout various isotopes and experimental settings
leaving only a few distinct sources of inaccuracies, which remain unconsidered by this analysis
as discussed above. Taking into consideration the first possible source of this inaccuracies, i.e.
the inaccuracy of the stopping efficiency estimate; as shown on Fig. 5.2c, the measured stopping
range of °"Ag and “°Pd is different, which may lead up to a factor 2-3 difference in their apparent
stopping efficiencies, which was neglected in this analysis. This may already be enough to explain
most of the deviations from the constant behavior on Fig. 5.4.

To sum up, in this section the yields of the different isotopes observed in FRS and FRS Ion
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Figure 5.4: A comparison of the estimated global efficiencies corresponding to different beam-
like isotopes and their corresponding measurement settings. The plot only includes the so-called
"expected" ions, which were nearby the FRS center isotopes and which had a relatively well-
understood stopping range and thus stopping efficiency for all 5 different experimental settings.
The independent global efficiency estimate (determined using the measured count rates of the
252Cf spontaneous fission products of 21 =9Rb) is marked with the gray line and its corresponding
uncertainty estimate is marked with the gray band, whose dominating uncertainty component was
given by the uncertainties of the isotopic fission yields extracted from ENDF/B-VIIL.0 [Chadwick
et al., 2006]

Catcher were compared in details and the sources for the necessary efficiency corrections were
identified. The achieved good agreement of the determined global efficiencies for the expected
beam-like isotopes and the similarities between the measurements using two different monoen-
ergetic settings provide strong evidence supporting the correct identification of the neutron-
deficient nuclides during the S474 experiment. Besides this, an explanation for the appearance
of the unexpected beam-like isotopes in the mass spectra measured with the MR-TOF-MS was
also provided via the possibility of a portion of the beam by-passing Scintillator43, which effect
was seen for the first time in this very sensitive experiment. This investigation also marks the
first study, where the measured yields were compared between so many different experimental
settings and isotopes leading to a consistent picture between experiment and simulations. As a
by-product, a model of chemical reactions inside the cryogenic stopping cell was also developed,
which enables to provide an initial guess estimate of the element-dependent chemical efficiency
factors, and can be used in the future to plan and execute measurements with the FRS Ion
Catcher. Furthermore, an improved understanding of the different efficiency components and
their uncertainties also provides good ground pillars for the planned reaction studies using the
FRS Ion Catcher setup [Mardor et al., 2020, Dickel et al., 2020] in the future.

5.2 Overview of measured masses and comparison to literature

To obtain mass values of the neutron-deficient nuclides, two sets of data (I and II) have been
analyzed following the procedure described in Chapter 3. To provide calibrant peaks with well-
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known literature masses, the electron impact ion source of the MR-TOF-MS [Yu et al., 2024b)|
was used during all three measurements with 12C3'9Fg calibrant gas, which gives an abundant
molecule at mass-to-charge of 93 u/e, namely 2C3'9F3. The partial pressure of the calibrant gas
in the MR-TOF-MS Switchyard and the heating of the Tantalum band of the electron impact
source were tuned such that the measured count rate of the '2C3'?F3 molecule was about 1
counts per seconds, therefore plenty of ions were available for the drift correction (time resolved
calibration) of the TOF spectra and the determination of the peak shape. In the data set I, the
12C319F;3 ions underwent 736, and in the data set 1I they underwent 750 isochronous turns in
the MR-TOF-MS analyzer. For both data sets the mass range selector was used to limit the
mass-to-charge range to m/q ~ (91 — 93) u/e.

For both data sets, the TOF spectra were converted to mass-to-charge spectra according to
Eq. (3.1), where the calibration parameter to = 274(2) ns was determined prior to the experiment,
offline, and the calibration parameters b and ¢ were obtained in the step of the multi-turn (MT)
calibration from an offline measurement with similar MR-TOF-MS settings (data set IIT) from
ten different calibrant ions from a broad mass-to-charge range of m/q ~ (86 —100) u/e, the mass
of which is well-known. The time-resolved calibration and the peak shape were obtained from
the molecule of 12C3'9F3, which corresponds to the peak with the highest count rate in the two
data sets. Finally, the precision calibration was performed from the peak of ?Ru in case of data
set I, the mass of which was taken from the atomic mass evaluation (AME2020) [Huang et al.,
2021, Wang et al., 2021]. While for data set II, the molecule of 12C3'9F3 was used for precision
calibration. In case of data set I, the most abundant peak in the spectrum corresponding to the
molecule of 2C3'°F3 failed to comply with the consistency checks and guidelines for calibrant
selection presented in Section 3.6, therefore this molecule had to be removed from the list of
potential precision calibrants and could only be used to deduce the peak shape. The results from
two data sets were weighted averaged, when possible, according to the procedure described in
Section 3.4. The final mass values and uncertainties determined for the neutron-deficient nuclides
are summarized in Table 5.7.

Insights to peak identification, MT calibration and peak shape determination

Due to instabilities of the SIS18 synchrotron, the beam was switched on and off throughout the
first measurement (data set 1), which was used as an opportunity to also study the background
spectrum within the same measurement settings. More precisely, while acquiring data set I,
the beam was on between 05:26-08:47 AM, 14:01-14:29 PM and 15:13-15:28 PM on 07,/03/2020,
resulting in a total of about 4 hours measurement time for the neutron-deficient nuclides. Between
the morning and the afternoon measurement slots of data set I, there was a larger break in the
beam and the FRS dipole magnets were switched off. After this, the magnets were forgotten to
be precycled, which resulted that the Bp of the FRS magnets changed a bit leading to a change
of the number of different isotopes stopped in the CSC. An estimate from LISE+4+ simulations
suggests that the change of the stopping range was about 15-50 mg/cm?. This change, however,
had no influence on the measured TOF values, which was verified during the mass analysis; i.e.
determining the mass of the isotopes from the morning and afternoon parts of the data set 1
separately yields the same mass values within uncertainties. The measurement of data set II
ended earlier due to a failure of the RF carpet, i.e. it was acquired only for less than half an hour
(15:37-16:11 PM on 07/03/2020), which resulted that only the identification of 929Tc and *Ru
could be unambiguously confirmed in a second MR-TOF-MS setting with a different number of
isochronous turns.

In view of the problems mentioned above, the peak identification needs to be validated.
Firstly, in the previous section (Section 5.1) strong evidences were presented supporting the
correct identification of the neutron-deficient nuclides. Further supports the correct peak iden-
tification, that the count rates of all neutron-deficient nuclides measured in data sets I and II
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were correlated to the beam on-off changes, while no other peaks in data sets I and II showed
beam correlation. Of the non-beam-correlated peaks in data sets I and II [m/q ~ (91 —93) u/e],
three peaks were identified as the 2*2Cf spontaneous fission products of 1 =9Rb and eight other
peaks were identified in at least two different MR-TOF-MS settings as molecules of 12C3'9F3,
120,197, 1 H;, 1205197, 160, 'H,, 120519F, 100, 'H;, 348, 19F;, 12C; Hy, 120, Hg and 12C; ' Hy. A
region of the TOF spectrum corresponding to data set I is shown on Fig. 5.5, which is zoomed in
for the TOF range including the peaks corresponding to the neutron-deficient nuclides measured
in the spectrum. In this TOF range there are only three unidentified or not clearly identified
peaks. Note that the majority of the molecules identified in the data sets I and II and listed
above are outside of the TOF range of the figure. For the example of the measurement of “3Pd
(data set I), there are in total six unidentified peaks in the entire TOF spectrum, most of which
have <10 events. These unidentified peaks were used to deduce the contamination uncertainty
component of the mass uncertainty (see Section 3.3).
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Figure 5.5: Time-of-flight spectrum corresponding to data set I, zoomed in for the TOF range
including the peaks corresponding to the ions-of-interest. The neutron-deficient nuclides are
marked with red, the peaks that did not show a beam correlation are marked with blue in case
they could be identified and green otherwise. The ions of interest with unclear peak identification
are marked with grey labels. Only one potential event was observed for > Rh, which could also
correspond to a background event, thus resulting in an unclear peak identification. In this MR-
TOF-MS settings the TOF corresponding to the peaks of 2>Mo and ?2Mo is expected to be nearly
identical, therefore it was not possible to separate and clearly identify the two (or one) isotopes.

Although many different molecules were identified in data sets I and II, most of these
molecules did not comply with the guidelines for calibrant selection (see Section 3.6) and could
not be used for multi-turn calibration. Consequently, the MT calibration for data sets I and II
had to be determined from a separate, offline measurement (data set III), which was acquired
close to the data sets I and II in time and corresponds to very similar measurement settings. For
this data set II1, the 2C3'°F3 ions underwent 736 isochronous turns (IT) in the MR-TOF-MS
analyzer, just like for data set I. As a minor difference, for the data set 11T the opening time of
the second mirror was increased by 10 us as compared to data set I. This was done to ensure that
a second abundant molecule from the electron impact source, namely 2Cy'9Fy, is not dropped
out by the TOF analyzer and can be also used for MT calibration. For data set III the mass
range selector in the center of the TOF analyzer was switched off and the mass range was only
limited by the mass-selective transport through the trap system of the MR-TOF-MS. As a con-
sequence, many peaks undergoing a broad range of turn numbers from 706 to 794 IT could be
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identified in the TOF spectrum (data set ITI) starting from the stable Kr peaks to the different
carbon-fluoride molecules. For the MT calibration, ten different calibrant ions from a broad
mass-to-charge range of m/q ~ (86 —100) u/e were selected and the deduced calibration param-
eters ¢ and b in Eq. (3.1) were then applied both to data set I and II. Notably, this broadband
multi-turn calibration resulted in decreasing the Am,. uncertainty component associated with
the multi-turn calibration by about an order of magnitude as compared to the results reported
in [Mollaebrahimi et al., 2023b| corresponding to the same Nj; /N, ratios as here.
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Figure 5.6: Mass-to-charge spectrum corresponding to data set I, zoomed in to the peaks of
(a) 12C3'9F; ions, (b) ®Ru ions, (c) Pd ions, (d) ?Rh ions, (e) **Tc and “'Ru ions. The
histogram of the measured spectrum (black data points) is only drawn to guide the eye. The
curves represent the fits to the unbinned data (’rug’ graph below the histogram) with a fixed
hyper-EMG [Purushothaman et al., 2017] peak shape (FWHM =~ 120 keV), which was obtained
from the peak of the molecule 2C3'°F3. The precision calibration of the spectrum was performed
using the peak of ?3Ru.

For both data sets I and II, the most abundant peak in the spectra corresponding to the
molecule of 12C3'9F5 was used to determine the peak shape. At variance, for the offline data
set 111, the most abundant peak in the spectrum corresponded to the molecule of 2Cy*F, and
has been used for the time-resolved calibration (TRC), peak shape determination and precision
calibration. Since the count rate corresponding to the molecule of 120,19F, was about an order
of magnitude higher compared to that of 12C3'9F3, this enabled a smaller TRC block size and,
ultimately, a slightly higher mass resolving power as compared to the other two data sets. For
data sets I and II, a hyper-EMG function with two exponential tails on the left side and one
exponential tail on the right side and, for data set I, a hyper-EMG function with two tails on
each sides have been found to describe the peak shape best. For data sets [ and II, a FWHM of
about 120 keV was determined for the ions of interest corresponding to a mass resolving power
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of about 700,000. For data set III, the determined mass resolving power corresponding to the
molecule of 2C3'9F3 at 736 1T was about 750,000. For the case of data set I, Fig. 5.6 shows the
fit of the molecule of 12C3F3 with ~21,000 events. The deduced peak shape was then fixed
and applied to the unbinned data of the precision calibrant, > Ru in case of data set I, and the
ions of interest, see Fig. 5.6 for a few example fits.

Masses with previous direct measurements and consistency checks

The masses of the neutron-deficient nuclides *'Mo, 21=93Tc, 91=93Ru, ?Rh and **Pd were mea-
sured in the two data sets, the analysis of which is presented here. The deduced mass values (see
Table 5.7) are assigned to the ground state of the nuclides, except for the case of %>Rh, where
it is assigned to the (61) state, which is most likely an isomer states, see more details in the
upcoming paragraphs. For all isotopes reported in the table the statistical and contamination
uncertainty was the dominating uncertainty contribution. Out of the mass values corresponding
to the exotic nuclides reported in Table 5.7, 3Tc has the smallest mass uncertainty, 8.4 keV,
which corresponds to a relative mass uncertainty of 1 x 10~7. With the exception of %3Pd, the
mass of all other neutron-deficient nuclides presented in Table 5.7 were measured directly prior to
this work, in most cases, via Penning trap mass spectrometry, see e.g. [Weber et al., 2008, Fallis
et al., 2011].

In addition to the 9 neutron-deficient nuclides, the mass of the 3 2°2Cf spontaneous fission
products, 217?3Rb, the 4 stable Kr isotopes, 80:828486Ky and the 18 molecules identified in data
sets I, IT and III were also determined. Considering the 34 deduced mass values in total, the
smallest achieved mass uncertainty, 5.1 keV (6m/m = 5.7 x 1078), corresponds to the molecule
of 12Cy¥9F3160, with 783 events measured in data set II1.

The deviations between the measured and literature [Huang et al., 2021, Wang et al., 2021|
mass values (AME defined by Eq. (3.20)) corresponding to isotopes and molecules with previous
direct mass measurements have been used to check the consistency of the data analysis using
the methods explained in Section 3.6. Within the data sets I, II and III a single peak was
used for the precision calibration of the entire spectrum, therefore the precision calibration
uncertainty contribution was considered as a dependent uncertainty component for calculating
the weighted average of the deviations from literature (AME). As aresult of this procedure, AME
calculates to -5.5(62) keV for the 15 ions with well-known literature masses measured in data set I,
-5.2(49) keV for the 7 ions with well-known literature masses measured in II and -0.9(31) keV
for the 17 ions with well-known literature masses measured in data set I11, respectively. Finally,
after combining the mass values obtained from all three data sets, a Birge ratio |Birge, 1932| of
0.67 and a weighted mean of -2.5(24) keV is determined for the deviations between the measured
and literature masses. The standard deviation of AME, defined by Eq. (3.20) calculates to 0.66.
These results indicate that the overall experimental uncertainty is appropriately estimated and
the data analysis procedure yield accurate mass values.

The (1/27) isomeric states vs. (9/27) ground states in the vicinity of '“°Sn

The presently reported mass measurements include six odd-even nuclides, which are expected to
have a ground state with spin-parity of (9/2%) and a long-lived isomeric state with spin-parity
of (1/27), both of which could, in principle, be present in the mass measurements reported here
due to their long half-lives. The excitation energy of the (1/27) isomers of ! Mo, 2193 Tc, 9193Ru
are all well-known experimentally [Kondev et al., 2021, Xing et al., 2023| and in most cases it is
above 400 keV, which can be easily resolved by our mass measurements. The (1/27) isomer of
91Tc has the smallest excitation energy with 139.3(3) keV [Kondev et al., 2021] corresponding to
a mass-to-charge ratio, which is a bit more than one FWIHM away from the mass-to-charge ratio
of its ground state and should be possible to resolve in our measurements. On the other hand,
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Table 5.7: Measured mass excess (MEpgrs_1c) values close to the N = Z line compared with
the literature values MEy;. Two sets of data (I and II) were analyzed and averaged with the
weighted mean, when possible. The literature values are taken from AME2020 |[Huang et al.,
2021, Wang et al., 2021| except for the case of “2Rh, see table notes for more details. The
mass of %Pd was measured directly for the first time. The used precision calibrants and the
total number of events (ions-of-interest + background counts) are also listed in the table. The
AME = MEggrs_ic — ME};; marks the deviation of the measured values from the literature.

Nuclide Data Precision Total MEgrRrs_ic MEj;¢ AME
set calibrant events (keV) (keV) (keV)
1Ru I 9Ru 34 -68250(15) -68239.8(22) -11(15)
NTe I BRu 23 -75996(18) -75986.7(24) -10(19)
1Mo I BRu 9 -82209(35) -82209(6) 0(36)
2RI, -62999(15)¢ 10(18)
I %Ru 85 -62989(10)P -63017(13)4 28(17)
J™ = (61) -62999(4)¢ 10(11)
92Ru I BRu 12 -74279(29) -74301.2(27) 22(29)
I BRu 74 -78927(11)
92Tc II 120,19F, 5 -78865(48)
avg. -78924(10) -78926(3) 2(11)
93Ppd I BRu gt -59127(35) -58980(370) -147(372)
9BRu 11 120319F; 14 -77201(23) -77216.7(21) 15(23)
I BRu 82 -83615(10)
9B Te II 1203198, 27 -83590(15)
avg. -83607.6(84)  -83606.1(10) -1.5(84)

& Another J™ = (2%) long-lived, S-decaying state was observed in Ref. [Dean et al., 2004, [Park et al., 2019).

b The original 12 keV mass uncertainty was increased to 18 keV due to possible isomeric contamination.

¢ JYFLTRAP & SHIPTRAP [Weber et al., 2008]. The mass uncertainty was increased from 4.3 keV to 15 keV.

dcpr |Fallis et al., 2011]. No correction to the mass uncertainty was applied.

¢ AME2020 [Huang et al., 2021, [Wang et al., 2021]. The mass uncertainty increase was not adopted from
[Weber et al., 2008|.

' The total number of detected °*Pd events were determined by simple counting from Fig. 5.6 and not with

the R data analysis framework.

no significant peak was seen in our measurements corresponding to the (1/27) isomers of *1Mo,
9,93 ¢, 9L93Ru, which gives an upper limit for the isomer-to-ground state ratios corresponding to
their population in projectile-fragmentation reactions of about 1% to 10% (see measured event
numbers for the (9/2%) ground states of 9'Mo, 19Tc, 919Ru in Table 5.7). Indeed, other
experiments employing projectile-fragmentation reactions in the vicinity of '°°Sn show only very
small (< 15%) isomer-to-ground state ratios for the (1/27) isomers in this region [Mollaebrahimi
et al., 2023b, Amanbayev, 2023, Xing et al., 2023]. The nuclide *Pd is also expected to have
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a (9/2%) ground state and a (1/27) isomer state with an extrapolated excitation energy of
E, ~ 450 keV [Xing et al., 2023|. In the presently reported mass measurements only one state
was observed for the %3Pd (Fig. 5.6) and it was assigned to the (9/27) ground state based on the
above argumentation. Assuming E, = 450 keV, an upper limit of about 10% can be deduced
for the 93Pd isomer-to-ground state ratio from the present measurements employing projectile
fragmentation reactions.

The unresolved isomer of ?Rh

The nuclide ??Rh has two low-lying, long-lived, S-decaying states with tentatively assigned spin-
parities of J™ = (2%), J7 = (67) and measured half-lives of Ty 5(2%) = 3.18(22) s, T1/(67) =
5.61(8) s |[Dean et al., 2004, Park et al., 2019|, respectively, each of which could in principle
be the ground state. Additionally, ?Rh has also a low-lying, y-decaying isomer state with
J™ = (47) and Ty /o(4") = 232(15) ns, which was populated with an 8.3(12)% isomeric ratio in
a fragmentation reaction of 1?*Xe [Park et al., 2017, Hifner et al., 2019]. The experimental level
scheme of low-energy states in 92Rh is illustrated in Fig. 5.7. There are, in principle, two possible
level orderings for the (21), (41), (6) states, which are compatible with the requirement of the
long half-life of the (21) and (6) states:

(A) 2% (B, =0 keV), 67 (0 keV < E, < 55 keV), 41 (E, = 55.6(1) keV) and
(B) 6 (E, =0 keV), 2" (E, = X keV), 4% (E, = X + 55.6(1) keV)).

Due to historical reasons, the ground state of >Rh has been assigned to (61) spin and parity
|[Kondev et al., 2021, Baglin, 2012, which corresponds to the (B) level ordering. On the other
hand, according to shell model calculations, a 2% state is predicted either 35 keV |[Park et al.,
2017, Park et al., 2019] or ~50 keV [Kast et al., 1996, Dean et al., 2004| or 211 keV |[Herndl &
Brown, 1997| below the 67 state. Therefore, the shell-model calculations suggest the (A) level
ordering as the most likely scenario. Furthermore, the observed 55-keV ~v-transition was assigned
as (47) — (217) and no other v ray from the 232(15)-ns isomeric state was observed in |[Park
et al., 2017, Héfner et al., 2019]. Given the large statistics measured for the 55-keV ~-transition,
it is reasonable to ask, why the E2 transition of (4%) — (6%) was not observed in the same
experiments. The most likely explanation for this is that the (47) — (6%) ~-ray energy was
below the detection threshold of about 30 keV in [Park et al., 2017, Héafner et al., 2019|, which
also suggests the (A) level ordering as the most likely scenario. Furthermore, the investigations
reported in Ref. [Vilén et al., 2019, Garnsworthy et al., 2009, Park et al., 2019| suggest a similar
low-spin level structure in 8 Tc, which is an odd-odd, T = %(N — Z) = 1 nucleus just like “2Rh.
Altogether these observations hint that the ground state of “2Rh has a spin and parity of (27)
and the excitation energy of the long-lived (67) isomer is below 55 keV.

Although Fig. 5.6 shows no clear signature of an overlapping peak, but the mass-to-charge
distribution of ??Rh ions measured at FRS-IC could, in principle, include contributions from
both long-lived, (27) and (67) states. On the other hand, the evidence shown in previous
measurements of ?Rh employing projectile fragmentation reactions [Lorusso et al., 2012, Park
et al., 2019, Park et al., 2017, Héfner et al., 2019 indicate that the (6) state is expected to
be produced much more abundantly than the (27) state and the (27)-to-(61) state ratio should
be somewhere between 5% to 25%. In particular, in Ref. [Park et al., 2019] the half-life of the
(271) state was deduced without contributions from the (67) state and it was then applied in
the multi-component fit of the total S-decay time analysis to determine the half-life of the (6T)
state, see inset of Fig. 5.7. The figure clearly shows that the (61) state is produced much more
abundantly than the (21) state employing projectile fragmentation reactions.

Consequently, in the presently reported mass measurements, the 85 detected *?Rh events
correspond mostly to its presumed (61) isomer state. In order to estimate the mass uncertainty
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Figure 5.7: Schematic drawing of the experimental level scheme of low-energy states in ??Rh
illustrating the y-ray transitions observed in [Park et al., 2017, Héafner et al., 2019, Park et al.,
2019] (left side). In comparison, the results of shell-model calculations are shown from [Park
et al., 2017] (right side). The inset on the left side shows the multi-component half-life fit
adopted from [Park et al., 2019], where the blue and black solid lines correspond to the -decay
components of the (2%) and (61) states of 2Rh, respectively, and red solid line represents the
sum of all the decay components. The level schemes were adopted and modified from [Park et al.,
2017].

component resulting from the few events corresponding to the unresolved, presumed (2%) ground
state, Monte Carlo simulations were done. The general concept of the simulations is the same as
the concept for the contamination uncertainty simulations (see Section 3.3), i.e. the unresolved,
presumed (27) ground state is treated as a contaminant with a contaminant-to-main peak ratio
of 5-t0-25% and a contaminant mass smaller by up to 55 keV than the mass of the main peak.
The Monte Carlo simulations resulted in a standard deviation of 8.2 keV, which is practically
the same as the standard deviation of the Monte Carlo simulations for the statistical uncertainty
calculation. The simulations also show that the unresolved presumed (2%) ground state shifts
the mass value on average only by 3.7 keV. This average shift, which is well below the standard
deviation of the simulations, gives the uncertainty component corresponding to the unresolved
(2%) state and is quadratically added to the original mass uncertainty of *2Rh of 9.7 keV. As
a result, a mass excess value of —62989(10) keV was determined for the presumed (67) isomer
state of 92Rh (Table 5.7).

Prior to this work, the mass of °?Rh was measured by three Penning trap groups employ-
ing heavy-ion fusion-evaporation reactions [Weber et al., 2008, Fallis et al., 2011] and by CSRe
employing projectile-fragmentation reactions [Xing et al., 2018|]. The latter experiment at CSRe
corresponds to a large mass uncertainty for °?Rh and the deduced “2Rh mass value is not reported
in [Xing et al., 2018, except for the fact that it is in agreement with the results of the previ-
ous Penning-trap measurements |[Weber et al., 2008, Fallis et al., 2011|. The presently reported
experiment employed projectile-fragmentation reactions and used a different measurement de-
vice, an MR-TOF-MS, providing complementary information on °?Rh. As shown in Table 5.7,
the measured mass of *?Rh is in perfect agreement with the Penning-trap measurements of
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[Weber et al., 2008|, and shows a small deviation of ~1.50 from the Penning-trap measurements
of |Fallis et al., 2011]. This results indicate either a similar magnitude of isomeric contamination
in the two complementary production mechanisms and/or a smaller energy difference between
the long-lived (2%) and (67) states of “2Rh compared to the uncertainty of the presently reported
MR-TOF-MS and previous Penning-trap measurements. Indeed, the similar relative intensities
of B-delayed v rays corresponding to the 3 decay of “2Rh observed in two complementary studies
employing projectile fragmentation |[Lorusso et al., 2012| and fusion-evaporation |[Dean et al.,
2004] reactions indicate a similar production ratio of the two long-lived “Rh states in the com-
plementary production mechanisms. Altogether this indicates that also in previous Penning-trap
measurements [Weber et al., 2008, Fallis et al., 2011], the presumed (67) isomer state of “2Rh
was populated more abundantly than the presumed (27) ground state. On the other hand, this
is contradictory to the observations of Ref. [Vilén et al., 2019], where the presumed (27) ground
state of 88Tc, which has a similar low-spin level structure as 92Rh, was populated more abun-
dantly than the presumed (6) isomer state employing fusion-evaporation reactions. For a final
resolution concerning the order of the long-lived 2Rh states a precise measurement of the energy
difference of the (2) and (61) states of “2Rh is necessary.

The first direct mass measurement of *Pd

The mass value of the **Pd ground state reported in the AME2020 |[Huang et al., 2021, Wang
et al., 2021] is from a S-decay end-point energy measurement with Qrc = 10030(370) keV [Park
et al., 2019|. It is worth mentioning that out of the 8 nuclei, for which the Qgc values were
deduced in Ref. [Park et al., 2019, the indirectly-measured mass values determined for 4 nuclei
were listed as irregular in the AME2020 due to breaking the smoothness of the mass surface in this
region, and the usage of the extrapolated mass values was recommended instead. Furthermore, it
is not unusual that direct mass measurements reveal large deviations from the results of indirect
measurements, see e.g. Ref. [Haettner et al., 2011, Xing et al., 2018|. Altogether, this calls for a
direct mass measurement of “Pd.

In the present work, the mass of the “3Pd ground state was measured directly for the first
time. A mass excess value of —59127(35) keV was obtained from the 9 detected ?3Pd events
(Fig. 5.6). The new mass value agrees with the AME2020, but reduces the uncertainty by an
order of magnitude.

5.3 Implications to the 1p/2p decay branches of the (217) spin-
trap isomer of »*Ag

The heavy N = Z nuclei and the nuclei in their vicinity are highly interesting to study, they
possess symmetries that are unique to these nuclei and have a high impact in modelling nuclear
astrophysics processes (rp-process, vp-process). For an overview of experimental and theoretical
efforts in the vicinity of 1°°Sn, see e.g. Ref. |[Faestermann et al., 2013|.

In particular, the palladium isotopes were observed to undergo a structural change as their
neutron number decreases from 50 to 46 |Cederwall et al., 2011, Nara Singh et al., 2012, Das
et al., 2022]. Since %Pd corresponds to neutron number of 47, it is situated at the transitional
region and therefore the mass of its (9/27) ground state and the excitation energy of its predicted
(1/27) isomer state may provide interesting information about the observed nuclear structure
change of palladium isotopes. Furthermore, a high-precision mass measurement of *>Pd, the 1p
decay daughter of "*Ag, and measuring the mass of >Rh, the 2p decay daughter of *Ag, may
have important consequences on the exotic decay modes of the (217) isomer of *Ag, which will
be addressed in the present work.
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Status of investigations prior to our mass measurements

The silver isotope **Ag, containing 47 protons and 47 neutrons and located next to the proton
dripline [Celikovi(’: et al., 2016|, has been reported to have a spin-trap isomer with the highest
spin observed so far for S-decaying nuclei, (217), and with a very high excitation energy of more
than 6 MeV [Plettner et al., 2004]. Even more intriguingly, this isomer in **Ag has been reported
to exhibit a unique competition of multiple decay modes, such as § decay |[La Commara et al.,
2002, Plettner et al., 2004], S-delayed proton emission [Mukha et al., 2004, direct one-proton
(1p) decay [Mukha et al., 2005, Cerny et al., 2009] and, surprisingly, even direct two-proton (2p)
decay [Mukha et al., 2006].

The (-decay half-life of this (217) isomer is 400(40) ms, which is the weighted average of
the measured half-lives in the works of [La Commara et al., 2002, Plettner et al., 2004, Mukha
et al., 2004], and it decays to the (207) state in *Pd with an experimentally not known 3 decay
energy, (3. Additionally, it has been reported that there are two 1p branches from this isomer
with Eip1 = 790(20) keV, Rip1 = 1.9(5)% and Ejp 11 = 1010(30) keV, Rip 11 = 2.2(4)% decay
energies and branching ratios, respectively, and one 2p-decay branch with Fs, = 1900(100) keV,
Ry, = 0.5(3)% decay energy and branching ratio [Mukha et al., 2005, Mukha et al., 2006, Cerny
et al., 2009]. The 1p branch with the lower decay energy, denoted here as 1p(Il) branch, was
observed to decay to the previously experimentally-known (33/27) state in ®*Pd. The 1p branch
with the higher decay energy, denoted here as 1p(II) branch, has been assigned to a daughter
state with a tentative spin-parity assignment of (33/27,35/27) and a tentative placement in the
level scheme of ?3Pd, which was not observed by other in-beam y-spectroscopy experiments of
9Pd yet [Baglin, 2011, Lorusso et al., 2012, Park et al., 2019]. The 2p decay branch has been
reported to decay to the previously experimentally-known (11%) state in 92Rh.

The 1p and 2p decay branches of the (217) isomer have been surrounded by two main puzzles
starting from its observation:

(A) The puzzle of simultaneous 2p emission: Correlations between the two emitted pro-
tons indicate that the 2p decay occurs via simultaneous 2p emission (so-called "true 2p
decay"), rather than via sequential 2p emission, in spite of the following two main counter-
arguments:

e sequential 2p emission should be energetically possible and would be expected to have
a much larger branching ratio than the simultaneous 2p emission [Mukha et al., 2006].

e 9Ag is the only known nucleus that has been reported to decay by both 1p and
simultaneous 2p emission, and the only known nucleus with an odd number of protons
to decay by simultaneous 2p emission |Pfiitzner et al., 2023, Xing et al., 2021].

(B) The puzzle of large deformation required for 2p emission: A simple model has
been employed to explain the observation of simultaneous 2p emission, according to which
the two protons are emitted from different points of a strongly-deformed prolate state
[Mukha et al., 2006]. On the other hand, the suggested deformation of the presumed 2p-
emitting (211) isomer has been under intense debate [Mukha et al., 2006, Kaneko et al.,
2008, Pechenaya et al., 2007].

A series of intensive studies followed the observations of 1p and 2p decay from the (217)
isomer, many of which questioned the observation of the simultaneous 2p emission |Pechenaya
et al., 2007, Kankainen et al., 2008, Jenkins, 2009, Cerny et al., 2009|, giving rise to extended
debate [Mukha et al., 2008, Pechenaya et al., 2008, Mukha et al., 2010]. An overview of these
studies can be found in [Kankainen et al., 2012, Roeckl & Mukha, 2013]. With these studies, the
list of the previous 2 puzzles have been extended by two additional puzzles:
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(C) The non-observation of 2p emission in Ref. [Cerny et al., 2009]: An experiment at
Berkeley has been performed to verify the observation of 2p decay, but could reproduce only
the first of the two reported 1p decay branches and did not see the 2p decay [Cerny et al.,
2009|. Note, however, that there are a few differences of this latter experiment performed at
Berkeley as compared to the first experiment performed at GSI [Mukha et al., 2005, Mukha
et al., 2006]:

e The experiment at GSI was done with a relatively short production and measurement
time (about 30 ms determined for silver isotopes) thanks to the fast release time of the
used FEBIAD-type ion source |Kirchner, 1992]. On the other hand, the experiment
at Berkeley used a helium-jet system (with no mass separation) to transport the
produced ions from the target area to the detection area, which took longer (about
200 to 300 ms) |Blonnigen et al., 1987].

e Due to the fact that no mass separation was used in the Berkeley experiment, there
was a strong beta-delayed proton background, which affected the ability to observe
low-energy, weak 1p branches. On the other hand, this did not affect the ability to
see proton-proton coincidences at these low energies and thus to see the presumed
simultaneous 2p emission from 4Ag.

e Even though the decay energy and branching ratio of the 1p(I) branch was confirmed
in the experiment at Berkeley, this experiment provides no information about the
daughter state of the 1p branch in *Pd.

(D) A possible mother-state energy mismatch: Another important piece of evidence,
reported in Ref. [Kankainen et al., 2008|, suggested a possible disagreement in the excitation
energy of the (211) isomer when calculating it from the observed one- and two-proton decay
data, respectively, in combination with the ground state mass of °?Rh and **Pd. However,
at that time, the ground state mass of the 1p decay daughter, “3Pd, could be obtained only
by extrapolation, thus preventing a final conclusion.

To date, further intensive studies have been and are still being performed, experimental as
well as theoretical in nature, in order to help further unraveling the puzzles surrounding the
1p/2p decay branches, see e.g. [Nara Singh et al., 2012, Xing et al., 2021, Aggarwal, 2010, Park,
2017, Lubos, 2016, Reponen et al., 2015, Zhu et al., 2022]. However, all attempts have failed so
far to either consistently reconcile the observations with our understanding of nuclear structure
or to disprove them beyond doubt.

On the other hand, studying the observed phenomena provides stringent tests for various
theoretical models, either engaging to explain the existence of the (217) isomer [Plettner et al.,
2004, Kaneko et al., 2008| or attempting to reproduce its proposed exotic decay modes [Mukha
et al., 2006, Xing et al., 2021, Zhu et al., 2022|, and hence it may reveal insights essential to the
deeper understanding of the underlying quantum background driving these phenomena.

Consequence of our mass measurements on the 1p/2p decay branches of “Ag

With the newly-measured mass of the 1p decay daughter, %Pd, and the presently-reported mass
of the 2p decay daughter, “?Rh, the following two puzzles are further unraveled as a direct
consequence of our mass measurements:

(D) The possible mother-state energy mismatch confirmed as a 100 disagreement:
Combining the newly measured mass excess of the 1p decay daughter, “*Pd, the mass ex-
cess of hydrogen, ME(lH) [Huang et al., 2021, Wang et al., 2021|, the decay energy corre-
sponding to the 1p(I) branch, Eip1 = 790(20) keV [Mukha et al., 2005, |Cerny et al., 2009],
and the excitation energy of the populated (33/2%) state in Pd, Ey (**Pd, 33/2%) =
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Figure 5.8: Decay scheme according to the new data and analysis of this work, showing the 100
discrepancy in the mass excess value of the **Ag (217) isomer when calculating it using the 1p-
[Mukha et al., 2005, Cerny et al., 2009] and 2p-decay data [Mukha et al., 2006|, respectively.
The black scale (left side) shows the 9*Ag level energies relative to its (0F) ground state obtained
by shell-model calculations, employing SDGN [Nowacki, 2002 and JUN45 [Honma et al., 2009|
interactions, while the red scale (right side) shows the corresponding mass excess values resulting
from our measurements. The mass of the **Ag ground state has been determined using the global
Ft value and its measured half-life (see Section 5.3.1). The dashed green arrow marks a possible
alternative placement of the 1p(II) decay branch as suggested in this work, see text for more
details.

4995.6(9) keV [Baglin, 2011], gives a mass excess of the high-lying *Ag isomer of
ME (94Ag, 21*)110I = —46050(40) keV. On the other hand, summing up the mass excess of

the 2p decay daughter, “?Rh, with 2 x ME (*H), the 2p decay energy, Eap, = 1900(100) keV
[Mukha et al., 2006], and Ex (?Rh, 11") = 1548.6(14) keV |[Baglin, 2012|, the mass excess
of the (217) isomer is determined to be ME(%*Ag, 21+)2p = —44960(100) keV. These two
alternative mass excess values of the (217) isomer differ by 1090(110) keV, i.e. by 10 stan-
dard deviations, which is illustrated in Fig. 5.8. This disagreement calls into question the
experimental observations [Mukha et al., 2005, Mukha et al., 2006|. Since the 1p(I) branch
was confirmed [Cerny et al., 2009], the 2p decay becomes the most debatable observation.!

Implications on the puzzle of simultaneous 2p emission: Using the new mass
value of ?3Pd, the mass excess values of the presumed populated states in the 1p and
2p decay daughters, ME(93Pd+p, 33/2+) and ME(ngh+2p, 11+)7 are the same within
21(37) keV, see Fig. 5.8. Assuming that all decay branches originally reported in [Mukha
et al., 2005, Mukha et al., 2006| are correct, a sequential 2p emission involving the (33/27)

1Tt is worth mentioning that the extrapolated mass value of °*Pd used in the previous examination of the
energies of the 1p and 2p decay branches [Kankainen et al., 2008| differs by almost two standard deviations from
the present result, which nicely demonstrates the importance of direct mass measurements over extrapolations.
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state of %Pd and the (117%) state of “2Rh is energetically highly improbable. This would
give an explanation for the observation in Ref. [Mukha et al., 2006|, where the reported
correlations between the two emitted protons indicate a simultaneous 2p emission. Note,
however, that this is potentially contradictory with the placement of the 1p and 2p decay
branches suggested in this work, see more details later.

To obtain the excitation energy from the mass excess of the (217) isomer, an accurate estimate
of the “Ag ground-state mass is needed, see next subchapter (Section 5.3.1).

5.3.1 Estimating the ground-state mass of “Ag

In this subchapter the already existing methods for estimating the *Ag ground state mass will
be reviewed, an independent method will be proposed and their results will be compared. The
ground state of “Ag is presumed to be a T = 1, J* = 07 isobaric analog state |Jinecke &
O’Donnell, 2005, therefore the Qgc value of the superallowed 07 — 07 3 decay of **Ag can
be estimated quite accurately using two independent approaches, the latter of which is proposed
here and is similar to the calculations performed in Ref. [Faestermann et al., 2002|. Since 2002
the direct mass measurements at SHIPTRAP and at CSRe have revealed large deviations from
AME2003 up to 1.6 MeV at N ~ Z and Z = 39 — 43 isotopes [Haettner et al., 2011, Xing et al.,
2018|, which ultimately resulted in a significant change of the adopted masses in AME reaching
its maximum for Mo/ Tc isotopes (for details see differences between AME2003 [Wapstra et al.,
2003, |Audi et al., 2003] and AME2020 [Huang et al., 2021, Wang et al., 2021] evaluations).
In addition, since 2002, new, more precise half-life measurements became available for N = 7
nuclides in the vicinity of 1°9Sn [Park et al., 2019]. Therefore it makes sense to update the initial
mass estimates reported in |[Faestermann et al., 2002| with putting emphasis on estimating the
94Ag ground-state mass, and compare the new mass estimates to previously available values from
literature. This work was performed under the continuous help and guidance of J. Aysté and X.
Mougeot, who also performed the final computation of the new *Ag ground-state mass estimate
[Mougeot et al., 2024] (priv. comm.).

Introduction to the concept of isobaric analog states

Firstly, the concept of isobaric analog states (TAS) is shortly reviewed and their characteris-
tic properties are discussed. The nucleon-nucleon interaction exhibits an approximate charge
symmetry and charge independence [Machleidt & Slaus, 2001|, which is very helpful for inter-
preting the behavior of the otherwise exceptionally complex nuclear systems. These isospin-
related symmetries can be described by the conceptual and mathematical formalism proposed
in Ref. [Wigner, 1937] introducing Wigner’s SU(4) spin-isospin symmetry, which enables the
treatment of protons and neutrons in the same system, i.e. it treats neutrons and protons as
up and down projections of an isospin t = % nucleon, and defines the tools to model various
symmetry-breaking phenomena. In this formalism the ground and excited states of a nucleus are
assigned an isospin (T') quantum number with an isospin projection T with allowed values of

N-—-Z
2

A
5 <T< 5 andTZ:;tz(i):

N—-Z N+ 7
‘ ‘ + (5.1)

where N, Z and A = N+ Z are the neutron, proton and mass numbers, respectively, and tz(i) =
j:% denotes the individual isospin projection of the i*" neutron or proton, respectively. With the
concept of isospin established, the members of a given isobaric multiplet with isospin 1" can be
characterized by the projections T running from —7" to +7". The isobaric analog states (IAS) are
defined as the ground or excited states of the given isobaric multiplet, which have the same isospin
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T and the same J™ spin-parity. In case of a perfectly-conserved isospin symmetry and in the
absence of electromagnetic effects, the excitation energies of these IAS states would be identical.
In reality the Coulomb interactions and any other isospin-non-conserving interactions, such as
charge-dependent nuclear forces, lift this degeneracy. The status of the ongoing investigations
connected to the excitation energy differences defined for mirror nuclei (T = £7) and for
isobaric triplets (I' = 1 and Tz = 0,+1) was reviewed recently in Ref. [Bentley, 2022|. Besides
the expected similarities in their excitation energies, the total binding energies of the IAS states
are also expected to follow certain relations and trends. The works of |[Antony et al., 1997, Britz
et al., 1998, Lam et al., 2013, MacCormick & Audi, 2014] present the most recent, comprehensive
evaluations of these characteristic mass relations of the observed IAS states, i.e their Coulomb-
displacement energy (CDE) systematics and the isobaric multiplet mass equations (IMME), the
latter of which enables mass predictions of TAS states in light and medium-heavy nuclei (A < 71,
T = %, 1, %, 2, %, 3 multiplets) with tens of keV precision. Additionally, the excitation energies
and masses of [AS states can be also used to reflect on various nuclear properties, e.g. they enable
further refinement of isospin-symmetry-breaking effects within different nuclear structure models
[Towner & Hardy, 2008, Baczyk et al., 2018, Kaneko et al., 2012, Bentley, 2022, they are used to
access both the systematics of pairing energy and of symmetry energy |Janecke, 1965, Danielewicz
& Lee, 2014|, to study the limits of existence in proton-rich nuclei up to A = 100 [Klochko &
Smirnova, 2021, Kaneko et al., 2013| or to provide constrains for the equation of state of dense
symmetrical nuclear matter, which is one of the essential components of realistic astrophysical
modeling [Tsang et al., 2012|. Furthermore, the masses of IAS states with J™ = 07, T = 1 are
also being used to test the conserved vector current (CVC) hypothesis of the weak interaction,
which is part of a yet unresolved quest spanning more than 50 years [Hardy & Towner, 2020).

Secondly, the fact that the ground state of the odd-odd N = Z nucleus *Ag is presumably
aT =1, J" = 0" isobaric analog state [Janecke & O’Donnell, 2005] needs to be understood.
Normally, the lowest-energy set of states in any nucleus have the lowest allowed value of isospin,
which is T = 0 in case of N = Z nuclei. This is however not true in the case of odd-odd N = Z
nuclei with A > 40, where the T' = 1, J™ = 0T state becomes the ground state in most cases
except, possibly, near closed shells [Zeldes & Liran, 1976, Macchiavelli et al., 2000]. In nuclei
close to the N = Z line the protons and neutrons near the Fermi surface occupy identical orbitals,
which allows for the neutron-proton (np) pairing correlations to start playing a significant role
besides the nn and pp pairing. As demonstrated in Ref. [Macchiavelli et al., 2000, Frauendorf &
Macchiavelli, 2014] the presence of the isovector (T' = 1) np pairing correlations are at the same
time necessary and also sufficient to provide the additional binding pushing down the J™ = 07,
T = 1 IAS state to the ground state in medium-heavy, odd-odd N = Z nuclei, such as *Ag.

Previous methods to estimate the °*Ag ground-state mass

As a third step, the status of available literature on the ground-state mass of *Ag is reviewed.
Since the mass of the S-decay daughter of “Ag, %4Pd, is well known |Huang et al., 2021, Wang
et al., 2021), it is sufficient to compare the Qgc values of **Ag, which has three different sources
in the literature. Out of this three sources there is only one, which is based on a measurement, the
other two are both based on extrapolations, however, the latter "extrapolation" also incorporates
physics considerations. Firstly, via measuring the total transition energy of the superallowed
0t — 0% B decay of “*Ag a Quc (“*Ag,01) = 13350185 keV was obtained [Park et al., 2019].
Secondly, this measured Q¢ value was listed as irregular in AME2020 [Huang et al., 2021, Wang
et al., 2021| and the usage of the extrapolated %*Ag mass value was recommended instead, which
results in Qgc (94Ag,0+) = 13700(400)# keV. On the other hand, in the paper by Kankainen et
al. [Kankainen et al., 2008] a Qrc (**Ag,07) = 12760(360) keV was determined through a linear
fit to the Coulomb displacement energies for T' = 1 isobaric analog states of odd-odd N = Z
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nuclei, which would even more strongly break the smoothness of the mass surface in this region
as given in AME2020. Although these two "extrapolations" reported in [Kankainen et al., 2008]
and AME2020 |[Huang et al., 2021, Wang et al., 2021] deviate by ~ 20 from each other, both
of them agree with the measured Qrc (94Ag,0+) reported in [Park et al., 2019|. Since the large
uncertainties of the measured Qrc (94Ag,0+) reported in [Park et al., 2019| prevents to favor the
one or the other extrapolation and it also prevents to further study the riddle surrounding the
exotic decay modes of the (217) spin-trap isomer in **Ag, it becomes inevitable to dig deeper in
the topic of the **Ag ground state mass estimates.

At this point it is helpful to summarize the most important physics considerations and as-
sumptions behind the Qpc (94Ag,0+) estimate reported in [Kankainen et al., 2008]. A compre-
hensive review of the physics considerations can be found in Ref. [Nolen & Schiffer, 1969]. The
Coulomb-displacement energy (CDE) between a pair of isobaric analog states is given by the
equation

AFEc: =MEgzs — MEz. + Aum, (52)

where MEz< and MEz. are the mass excesses of a higher and a lower Z member of an TAS
pair with given isospin 7" and its projection Tz (Z>) = Tz(Z>) — 1, respectively, and A,y =
782.34700(44) keV is the neutron—hydrogen mass difference [Huang et al., 2021, Wang et al.,
2021]. In case of a perfectly-conserved isospin symmetry, i.e. if the nuclear wavefunctions of
the TAS pair are identical and if the nucleon-nucleon force is charge independent and charge
symmetric, AFE¢ represents only the Coulomb-energy difference between the two IAS pairs. In
mirror nuclei with 7" = 5 only charge symmetry is necessary. Using the model applied in
Ref. [Nolen & Schiffer, 1969], which is historically based on the liquid-drop model of nuclei and
also incorporates semi-classical considerations, the Coulomb-energy difference between two IAS
pairs takes the form:

%(Z>+Z<)

AEC:CL' A1/3

+b, (5.3)

. . . . 6 2 1
where the proportionality factor a is related to the nuclear charge radii via a = 5 dmeg 70

and the constant offset b is the so-called exchange term. Therefore one can fit a linear function
using Eq. (5.3) to the AE¢ of the measured TAS pairs with 7" = 1 and deduce the fit coefficients
a and b and extrapolate a AEq value for **Ag. After this, the Qpc value of % Ag is calculated
by Quc (**Ag,07) = AE¢ (**Ag,07) — Ay, As pointed out in Ref. [Nolen & Schiffer, 1969],
the coefficient b in Eq. (5.3) should be treated as a global constant describing all IAS pairs of
a given isospin T instead of varying the coefficient in the fitting data in an arbitrary manner
for even-even, odd-odd and odd-A nuclei as originally suggested in Ref. |Peaslee, 1954|. The
most "up-to-date", comprehensive evaluation of Coulomb-displacement energy systematics of all
TAS states with isospin of T = %, 1, %, 2 is from Ref. [Antony et al., 1997|, where the derived
proportionality factors a correspond to radius parameters of rg = 1.22 — 1.28 fm. The CDE
linear fit coefficients from [Antony et al., 1997] based on T' = 1 TAS pairs give a prediction
of Qrc (94Ag,0+) = 12770(3) keV, which is in good agreement with the estimate proposed by
|[Kankainen et al., 2008|. Thus it seems adequate to say that any disadvantages, which may
result from the somewhat arbitrary choice of including only odd-odd N = Z nuclei in the linear
fit reported in Ref. [Kankainen et al., 2008|, are not significant. Besides the assumption of the
perfectly-conserved isospin symmetry, Eq. (5.3) also assumes that the radius of both IAS is the

same with equivalent radius of a uniformly charged sphere given by Req = 1o - A3 = %(r ).

In Ref. [Reponen et al., 2021] a sudden increase in the nuclear size of proton-rich "Ag was
observed and an increasing trend in the magnitude of the "kink" at N = 50 in nuclear charge
radii as a function of increasing proton number towards '°°Sn was illustrated. In addition to its
possible sensitivity to nuclear shape, as demonstrated in Ref. [Damgaard & Winter, 1966|, the
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Coulomb-displacement energy can be very sensitive to nuclear structure. Thus it is interesting to
speculate how precisely the Qgc (94Ag,0+) can be estimated by this method, when in reality the
radius of **Ag and *Pd may be different from each other and/or the nuclear wavefunctions of
the TAS pair may be different from each other due to various isospin-symmetry-breaking effects.
In order to overcome this disadvantages, an independent method for estimating the mass of the
94Ag presumably (07), T = 1 ground state [Jinecke & O’Donnell, 2005] based on the global Ft
value is proposed here.

The global Ft-based mass estimate of “*Ag

The general concept of the calculations of this work is similar to |[Faestermann et al., 2002
including a few improvements since then; the Qgc (94Ag,0+) is deduced applying the global Ft
value of the superallowed 07 — 07 3 decays [Hardy & Towner, 2020| to the 8 decay between
9Ag and "Pd ground states and using its measured half-life of 27(2) ms (weighted average of
the half-life measurements published in [Park et al., 2019, Kienle et al., 2001, Moschner et al.,
2015]). For deducing the Quc ("*Ag,07) value the general formalism is adopted from [Hardy
& Towner, 2020|; i.e. a capital Ft value, which is expected to be constant for all superallowed
0T — 0% B decays as a consequence of the CVC hypothesis, is defined by

Ft=ft (1 + Onsg — 50) (1 + 5}3) , (54)

where the dc gives the isospin-symmetry-breaking correction, the dng and the ¢ corrections
together represent the part of the radiative correction, which is dependent on the particular g
transition involved, and the ft value characterizes any [ transition depending on three quantities:
the total transition energy Qrc, the half-life T' /5 of the parent state, and the branching ratio R
for the particular transition of interest. While the statistical rate function f depends on the Qrc
value, the partial half-life ¢ for each transition is obtained from the half-life 7' ;3 and branching
ratio R following the relationship of

Ty
R

where Pgc is the electron-capture fraction calculated for each transitions. With the formalism of
the superallowed 07 — 0" 3 decays established, the Qgc (**Ag,0") can be "reverse-engineered"
using its measured half-life and the global Ft value and following the steps as explained below.
Starting from the global Ft = 3072.24(185) s value and using Ty, = 27(2) ms, considering a
R = 100% branching ratio for the superallowed 07 — 0T transition supported by Ref. [Hardy
& Towner, 2020] and the d¢ — dns = 1.5(10)% correction factor, which is an estimate based on
Ref. [Hardy & Towner, 2020, Satuta et al., 2012, Xayavong & Smirnova, 2024|, the following
relation is deduced for the **Ag superallowed 07 — 0 /3 decay:
ft(1+0%)

TR f(1+ Pgc) (14 6%) = 115519(8637) (5.6)

t (1 + PEC) , (5.5)

In the above relation the 2 ms uncertainty of the measured half-life provides the dominating
uncertainty contribution, thus it is essential to have trustworthy the half-life measurements of the
given superallowed 07 — 0T transitions for this calculations. As the next step the BetaShape
code [Mougeot, 2015, Mougeot, 2017, Mougeot, 2019|, which provides an accurate calculation of
the statistical rate function f, the 6% correction and the electron-capture fraction Pgc, is used
to minimize the following quantity iteratively for different values of Qgc (94Ag,0+):

, 2
. (W _ 115519) -
= (8637)2 '
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The quadratic x? distribution then allows to deduce the uncertainty of the Qgc (94Ag,0+) via
the Qe range at x? = x2., + 1. This results in a Qrc (94Ag,0+) = —12570(190) keV. Since the

AT
relative uncertainty of the measured **Ag ground-state half-life is as large as T L2 7.4%, at

1/2

the first glance it may seem surprising that the global Ft calculations yield only AQQE?:C =1.5%

relative uncertainty for the deduced Qrc (94Ag,0+). This can be empirically understood as
a consequence of Sargent’s law [Sargent, 1933|; i.e. the statistical rate function, f, for each
transition depends primarily on the charge of the daughter nucleus, Z, and on the Qgc value
to the fifth power. Consequently, the following approximate relationship between the relative
uncertainties of Qgc and f is valid [Hardy & Towner, 2005]:

AQrc 1 Af ) .. Af ATy
~ — - —— and, in addition, due to Eq. (5.6): — ~ .
Qec 5 f R A

(5.8)

This approximate relationship gives "the beauty of these calculations"” leading to a small relative
uncertainty for the resulting Qrc (94Ag,0+) estimate.

After the formalism of the global Ft calculations is clear, the assumptions and choices applied
during the calculations need to be discussed:

(i) Although the choice of the ¢ — dxg = 1.5(10)% correction factor estimate for **Ag is
somewhat arbitrary, in the following an argumentation supporting this choice will be dis-
cussed. Firstly, the uncertainty of this correction factor covers all accepted dc — dng values
for the Tz = 0 nuclei reported in [Hardy & Towner, 2020| (see Table XVI. of the paper)
except the very light mass nucleus of 2°Al. It also covers all available 6c values calculated
by different theoretical approaches [Xayavong & Smirnova, 2018] at Z = 37, which is the
highest Z value for which the Ft-value is known so far. In particular, this uncertainty
also covers the ¢ = 0.96(18)% value determined for the *Ag superallowed § decay from
density functional theory calculations [Satula et al., 2012|, which is expected to give the
dominating component in the dc — dng correction. Those latter calculations are based on
first principles in contrast to the semiphenomenological approaches adopted in the latest
evaluation of superallowed 0™ — 0" 8 decays [Hardy & Towner, 2020|. Finally and most
importantly, in order to check the influence of the §c — dxg correction, the global Ft-based
calculations were repeated with different o — dng choices, e.g. increasing this correction
factor from 0.5% to 1.65%. In this test case the resulting Qgc (94Ag,0+) increased only by
30 keV, which is well within the total uncertainties of the global Ft-based Qrc (94Ag,0+)
estimate.

(ii) Secondly, an argumentation behind the assumption of the R = 100% branching ratio will be
discussed. In case of the superallowed § decays from the Tz = 0 parent nuclei the branching
ratio R > 99.5% is in general a good assumption, because their even-even daughter nuclei
typically do not have many low-lying 1% states [Hardy & Towner, 2020|. However, with
the larger Qrc value of the higher-Z Ty = 0 parent nuclei also relatively high-lying 17
or non-analog 0 states of their daughter nuclei become accessible to 8 decay |[Hardy &
Towner, 2002, Piechaczek et al., 2003]. On the other hand, the level scheme of the **Ag j3-
decay daughter, 94Pd, is quite well-known experimentally and theoretically [Plettner et al.,
2004, Garnsworthy et al., 2009, Brock et al., 2010, Park et al., 2017, Hafner et al., 2019|,
but so far no experimental evidence was found on the possible existence of a high-lying 17
or a non-analog 07 state in *Pd up to 7.7 MeV. The theoretical calculations reported in
[Mare & Petrovici, 2022 predicted an only 1.23% depletion of the ground-state to ground-
state transition of **Ag. Considering all these evidence, the R = 100% branching ratio
assumption seems quite reasonable.
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(iii) Last but not least, “Ag is situated next to the proton-dripline [Celikovi¢ et al., 2016].
Therefore it makes sense to wonder if and how the proximity of the proton dripline may
influence the *Ag mass value estimate. Firstly, one can argue that "Rb is also situated
next to the proton-unbound nucleus *Rb [Hoff et al., 2020, but this did not prevent in-
cluding its superallowed (3 transition into the determination of the global Ft value [Hardy
& Towner, 2020]. On the other hand, as demonstrated by the recent isospin-breaking calcu-
lations of [Xayavong & Smirnova, 2024, the closeness of the proton dripline at "°Br, "*Rb
results in enhanced higher-order contributions of the calculated §c corrections. Neverthe-
less, all these variations of the dco corrections are well within uncertainties of the chosen
do — ons = 1.5(10)%.

In summary, as long as the estimate of Qgc (94Ag,0+) has uncertainties that are dominated by
the uncertainties from the half-life measurement of “*Ag, any other sources of inaccuracies can
be neglected, such as the ones arising from (i) an incorrect choice of the dc — dng correction or
(ii) the unaccounted uncertainties due to the unknown branching ratio R or (iii) the proximity
of the proton dripline.

Comparison to previous mass estimates of “Ag

The results of the global Ft calculations of the present work are summarized and compared
with previous estimates for Qrc (94Ag,0+) in Table 5.9. The uncertainty of the global Ft-based
QEcC (94Ag,0+) estimate is factor 2-3 smaller compared to the uncertainty of the previous esti-
mates. Although the result of the global Ft calculations show a ~ 30 deviation from the value
derived from systematic trends in AME2020 [Huang et al., 2021, Wang et al., 2021], it is in good
agreement with the independent study by Kankainen et al. [Kankainen et al., 2008| based on
Coulomb-displacement energy (CDE) systematics and within ~ 1o agreement with the indirect,
B-decay end-point energy measurement [Park et al., 2019]. To further demonstrate the mismatch
between the measured half-life of “*Ag and the AME2020 extrapolations, the following thought
experiment is considered: accepting the extrapolated Qrc (94Ag,0+) = 13700(400)# keV value
recommended in AME2020 [Huang et al., 2021, Wang et al., 2021] and applying the global Ft
value for the superallowed 07 — 01 8 decay of “*Ag, the deduced half-life for the “*Ag ground
state would be around 19 ms. This deduced half-life contradicts the three existing measurements
|[Park et al., 2019, Kienle et al., 2001, Moschner et al., 2015|, which resulted in measured half-
life values of 27(2) ms, 34.5(17.5) ms and 29(6) ms, respectively, with their weighted average
27.3(19) ms being ~ 40 off from 19 ms. This shows the clear contradiction between the extrap-
olated Qrc (94Ag,0+) value recommended in AMFE2020 and its measured half-life. In addition,
Table 5.9 also shows a large scatter of the one- and two-proton separation energies of “*Ag depend-
ing on which method is used for estimating the **Ag ground-state mass. The proton separation
energy of the proton-unbound nucleus %*Ag was measured to be S, (93Ag) = —1060(30) keV
in RIKEN [Celikovié et al., 2016|, which was used in Table 5.9 to also deduce the empirical
proton-neutron interaction strength (V) of “*Ag, which also strongly scatters depending on
which method is used for estimating the **Ag ground-state mass. This motivates an extension of
the different mass estimates to all odd-odd N = Z nuclei, and an examination of the evolution
of the higher-order binding energy derivatives.

Extension of the methods to all, odd-odd N = Z nuclei

The heaviest odd-odd N = Z nucleus, whose ground-state mass was directly measured to this
date is ™*Rb [Huang et al., 2021, Wang et al., 2021], while the ground-state masses of “°Rh, MAg
and %8In can be deduced from their indirect 8-end-point energy measurements [Park et al., 2019,
but all these indirect masses have large uncertainties and all of them were listed as irregular in
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Table 5.9: Ground-state properties (mass excess, Qrc value, one-/two-proton separation energies
S,/ 82, and empirical proton-neutron interaction strength §Vj,) of %*Ag deduced in the present
work based on the global Ft calculations compared with results from earlier works, such as the
independent study by Kankainen et al. [Kankainen et al., 2008] based on Coulomb-displacement
energy (CDE) systematics or the Qgc (94Ag,0+) extracted from the S-decay end-point energy
measurement by Park et al. |[Park et al., 2019]. The deduced *Ag properties are also compared
with the extrapolations reported in AME2020 [Huang et al., 2021, Wang et al., 2021] (#).

YAg Ft cale. (this work) CDE systematics® Indirect meas.d AME2020°
properties (keV/c?) (keV /c?) (keV /c?) (keV /c?)
Qrc (MAg,0™) 12570(190) 12760(360) 133501500 13700(400)#
ME (*Ag,0%) -53530(190) -53340(360) -5275079% -52400(400) #
S, (P*Ag,07)® 1690(190) 1500(360) 9101580 560(400)#
Sop (**Ag,0%)P 5120(190) 4930(360) 43407580 3990(400)#
SVpn (P*Ag,0T)2L 2750(200) 2560(360) 1970350 1620(400) #

4 Based on the presently-reported mass measurement of *Pd.

b Based on the presently-reported mass measurement of “2Rh.

¢ |Kankainen et al., 2008].

4 [Park et al., 2019].

¢ [Huang et al., 2021, Wang et al., 2021].

f Uses Sy (**Ag) = —1060(30) keV measurement from |Celikovic et al., 2016].

AME2020 [Huang et al., 2021, Wang et al., 2021|. In order to be able check the evolution of the
one-/two-proton separation energies S,/S2, at the N = Z line towards 1008y, the masses of all
unmeasured /only indirectly measured odd-odd N = Z nuclides have to be estimated following
the same procedure as used for **Ag. For these calculations the ground states of all odd-odd
N = Z, A > 62 nuclides are assumed to be T = 1, J™ = 07 isobaric analog states, which is
supported by Ref. |[Janecke & O’Donnell, 2005|. As a first step, a linear fit following Eq. (5.3)
is performed to the Coulomb displacement energies for 7" = 1 isobaric analog states using the
measured masses adopted by AME2020 [Huang et al., 2021, Wang et al., 2021|. This linear fit
is performed in the same manner to |[Kankainen et al., 2008|, only including odd-odd N = Z
nuclei, because the goal here is to check if anything changed since [Kankainen et al., 2008] and
not to repeat the comprehensive evaluation from [Antony et al., 1997|. In addition, due to the
controversy around the "°Br mass value pointed out in Ref. [Hardy & Towner, 2015, Huang
et al., 2023|, this mass is omitted from the CDE linear fit. The result of this linear fit is shown
in Fig. 5.9; the fit parameters are determined to be a = 1395(18) keV and b = —853(89) keV,
and a Qpc (**Ag,0™) = 12630(400) keV is deduced from the fit. The deduced Qgc (**Ag,0™)
is still in agreement with both previous studies |[Kankainen et al., 2008, Antony et al., 1997,
therefore, in the following, this linear fit is used as the source of CDE-based mass estimates for
all unmeasured odd-odd N = Z nuclei. In comparison to this linear fit the Fig. 5.9 also shows
the deduced AE¢ values from different mass predictions/extrapolations or (-decay end-point
energy measurements, such as [Park et al., 2019, Zong et al., 2022, Wang et al., 2021]. As
the figure clearly demonstrates, there is an up to ~1 MeV disagreement between the AME2020
extrapolations [Huang et al., 2021, Wang et al., 2021| and the linear fit of AE¢, which is true for
several odd-odd N = Z nuclei with A > 86. While the §-decay end-point energy measurement
from [Park et al., 2019] is closer to the AME2020 extrapolation [Huang et al., 2021, Wang et al.,
2021] in case of “Rh, %*Ag, the situation is different at **In. The measured Qgc (981n,0+)
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value from [Park et al., 2019] gives a Coulomb-displacement energy, which is closer to the linear
fit of AFE¢ as compared to the AME2020 extrapolation. Besides depicting odd-odd N = Z
nuclei, the Fig. 5.9 also shows AFE¢ values of Tz = +1/2 mirror nuclei pairs with A = 73 — 99
with open purple triangles, which are deduced based on the assumption that the ground state
of those mirror pairs is always a T = 1/2 TAS state with the same J”™ spin-parity. In lack
of experimental proofs for the ground-state J™ at Tz = —1/2 and A > 77 |Kondev et al.,
2021], the assumption of the same J™ for all Tz = £1/2 mirror pairs seems reasonable based
on |Antony et al., 1997, |[Lam et al., 2013|, where it is shown to be the case for all Ty = +1/2
pairs with A < 71. For calculating the AFE¢ (Tz = £1/2, 73 < A < 99) values a combination
of the measured masses from AME2020 [Huang et al., 2021, Wang et al., 2021] and the mass
predictions from Ref. [Zong et al., 2022| is used. In case of “3Pd the AME2020 is superseded by
the presently-reported direct mass measurement, while the ground-state masses of “°Sr, PAg,
9In are taken from [Wang et al., 2023, Ge et al., 2024, Nies et al., 2023|, respectively. On the
other hand for the Tz = —1/2 and A > 77 nuclei no mass measurements are available to this
date, therefore their masses are taken from Ref. |[Zong et al., 2022|, where mass predictions of
proton-rich systems close to the proton dripline were proposed based on mass relations of mirror
nuclei. The accuracy of the mass predictions proposed in Ref. [Zong et al., 2022| is demonstrated
by the fact that the directly measured masses of the twelve T, = —1 and Tz = —1/2 nuclei
between A = 58 — 75 reported in Ref. [Wang et al., 2023| are in generally good agreement with
their predicted masses, i.e. nine of the measured masses are matching with their mass predictions
within uncertainties, while the other three are only < 1.50 deviated from their mass predictions.
The AEc (Tz = +1/2, 73 < A < 99) values, which were deduced via the procedure explained
above, are in good agreement with the linear fit of AEq of T' = 1 TAS pairs, while they are more
deviated from the AME2020 extrapolations for the odd-odd N = Z nuclei (see Fig. 5.9).

In addition to the above-mentioned mass estimates from |Park et al., 2019, Zong et al.,
2022, Wang et al., 2021|, there is also one more set of data points for odd-odd N = Z nuclei shown
as green rectangles on Fig. 5.9. These are deduced from the measured half-lives of their individual
superallowed 0T — 07T transitions and the global Ft value. These estimates for the remaining
odd-odd N = Z nuclei were calculated by a simpler, but less accurate procedure as compared to
the above-described, more accurate global Ft calculations aiming at deducing Qrc (94Ag,0+).
The ft value of ™Rb (ft (™Rb) = 3082.8(65) s) was fixed from [Hardy & Towner, 2020] and
the NNDC log(ft) calculator website (https://www.nndc.bnl.gov/logft/index.html) was used to
deduce the Qrc value of the individual transitions based on their measured half-lives and as-
suming an R = 100% branching ratio. This procedure neglects all small, transition-dependent
radiative and nuclear-structure related corrections (see definition in Eq. (5.4)) and results in
a Qpc value for “Ag, which is ~70 keV larger as compared to the more accurate, global Ft-
based value. This ~70 keV absolute deviation and the corresponding ~0.6% relative deviation
is then used to estimate a systematic uncertainty component for the Qg values deduced from
this less accurate procedure, which is linearly added to the dominating uncertainty compo-
nent deduced from the experimental half-life uncertainties of the individual transitions. The
resulting Qgg estimates of odd-odd N = Z nuclei are tabulated in Table 5.11 and also plot-
ted in Fig. 5.9. Looking at Fig. 5.9 one can notice in general a good agreement between the
global Ft-based Qpc estimates and the smooth trend of AEq represented by the linear fit
on the figure, except maybe the larger deviations at ®6Tc and *®In. In order to better judge
the source of these larger differences at 86Tc and ?®In, Fig. 5.9 shows the Qrc values deduced
from their different, individual half-life measurements, while for the remaining of the odd-odd
N = Z nuclides the Qg values deduced from the weighted average of their individual half-life
measurements are depicted. The T7 /9 (86T0,0+) was measured by two different groups, at GSI
and at GANIL (see Ref. [Kienle et al., 2001, Garcés Narro et al., 2001]), resulting in 595 ms
and 44(12) ms, respectively. While the GSI measurement with the smaller uncertainties from
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Figure 5.9: Experimental and predicted Coulomb-displacement energies (AFE¢) for odd-odd
N = Z nuclei. The linear fit over the measured CDE values, which are drawn with black filled
symbols, and the corresponding 68% prediction band is shown with red color. In comparison
to the linear fit different mass estimates are shown; the open blue symbols represent AME2020
extrapolations [Huang et al., 2021, Wang et al., 2021] and the filled green symbols represent
the global Ft-based mass estimates for odd-odd N = Z nuclei. In case of 86Tc and ®In, the
global Ft-based mass estimates based on the individual half-life measurements [Kienle et al.,
2001, Garcés Narro et al., 2001, Park et al., 2019, Lorusso et al., 2012, Straub, 2011| are shown.
In addition, the linear fit is also compared with the Coulomb-displacement energies for Ty = —1/2
nuclei (open purple symbols) estimated based on the mass predictions from |[Zong et al., 2022]
and with the B-decay end-point energy measurements for ““Rh, % Ag, %In isotopes from [Park
et al., 2019| (filled yellow symbols).

[Kienle et al., 2001] results in a Qgc (**Tc,07), which disagrees with the smooth trend of AEc,
the GANIL half-life value from [Garcés Narro et al., 2001| results in a Qgc (86Tc,0+) estimate,
which agrees with the smooth trend within uncertainties. This discrepancy may demonstrate
that the global Ft-based Qrc estimates are prone to uncertainties due to possible inaccuracies
in the individual half-life measurements. Alternatively, as pointed out in [Faestermann et al.,
2002| the reason may also be related to unconsidered nuclear structure or shape changes around
86Tc. On the other hand, the Iy (ggIn,OJr) was measured four times (see Ref. |[Park et al.,
2019, Kienle et al., 2001, Straub, 2011, Lorusso et al., 2012|) with values of 30(1) ms, 32757 ms,
32(6) ms and 47(13) ms, respectively. The results of these four 7 /o (ggln,0+) measurements are
all consistent with each other and they all give a little inconsistency between the global Ft-based
Qrc estimates and the linear fit of AEq. Consequently, the discrepancy at ?®In may indeed arise
from unconsidered nuclear structure or shape changes in the vicinity of the doubly-magic nucleus
1005y A future mass measurement of these odd-odd N = Z nuclei will resolve these questions.
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Table 5.11: Summary of measured half-lives (here only the weighted average of individual half-
life measurements is shown) and Qgc estimates of the presumed 7' = 1, 07 ground states of
odd-odd N = Z nuclides with A > 78. The Qgc estimates deduced from four different methods
are compared, see details in text.

Qrc Qrc Qrc Qrc

Nuclide T/, global Ft calc. CDE systematics Indirect meas® AME2020P

(ms)  (keV/c?) (keV /c?) (keV/c?) (keV /c?)
91n 30(1)  12435(150) 13035(400) 12930(400) 13730(300)#
MAg 27(2)  12570(190) 12625(400) 13350730 13700(400) #
YRh 29(3)  12420(320) 12215(400) 1319017509 13250(200) #
86T 55(7)  10920(330) 11790(400) 12540(300)#
82Nb  50(6) 11085(320) 11365(400) 11800(300)#
sy 53(8)  10920(380) 10930(400) 11000(300)#

2 |Park et al., 2019].
b [Huang et al., 2021, Wang et al., 2021].

Influence to the systematic trends of binding energy derivatives

As the next step the different Qrc estimates of the heavy, odd-odd N = Z nuclides from Ta-
ble 5.11 will be used to determine the systematic trends of certain binding energy (BE) deriva-
tives, also called as BE filters. For an introduction to the BE derivatives, see Section [1.1. The
selected BE derivatives of this study are the one-/two-proton separation energies S, /S, and em-
pirical proton-neutron interaction strength 6V,,, which are plotted on Fig. 5.10. The first thing
that one can notice when looking at the plots is that moving towards 1°°Sn the evolution of the
different BE filters of the odd-odd N = Z nuclides deduced from the CDE-based and global
Ft-based mass estimates deviate by about ~1 MeV from the extrapolated masses recommended
in AME2020 [Huang et al., 2021, Wang et al., 2021], while the CDE-based and global Ft-based
mass estimates in general agree with each other with the exception of the two cases at %Tc
and %8In as discussed above. In comparison, theoretical predictions of the BE filters for N = Z
isotopes are plotted based on the masses predicted by five popular mass models; HFB21 |Goriely
et al., 2010], FRDM2012 [Moller et al., 2016], WS4+RBF [Wang et al., 2014|, DZ31 [Duflo &
Zuker, 1995] and KTUYO05 [Koura et al., 2005]. While the CDE-based and global Ft-based mass
estimates can be applied only locally for the odd-odd N = Z isotopes, the above-listed mass
models give a global description of nuclides, therefore it is interesting to compare the mass model
predictions to the local mass estimates. More details about the selected models are not relevant
for the present discussion, therefore they are skipped from here?.

Firstly, the evolution of two-proton separation energies S, plotted on the top right figure
in Fig. 5.10 is examined. The CDE-based and global Ft-based mass estimates suggest that
there is a change in the local trends for the S, values of N = Z nuclides in the vicinity of the

While the HFB21 model is classified as a purely microscopic (self-consistent) model, where the binding
energy is deduced from single-particle effective interactions, the models based on the WS mass formula, just
like WS4+RBF, and FRDM2012 are classified as macroscopic-microscopic models and KTUY05, DZ31 models
are classified as models of "another kind" in Ref. [Sobiczewski & Litvinov, 2014]. The macroscopic-microscopic
models usually treat the nucleus as a liquid drop in the macroscopic part and incorporate microscopic corrections
to account for residual contributions such as shell and pairing effects. The WS4+RBF model shows the smallest
root-mean-square (rms) deviation from experimental masses among the macroscopic-microscopic models [Wang
et al., 2014].

108



CHAPTER 5. N—Z BELOW '%96n AT FRS-IC 5.3. 9Ag g.s. MASS ESTIMATES

N = Z = 50 doubly-magic nucleus 1°Sn and the Sy, values of the heavy N = Z and N = Z +1
nuclides are suggested to be similar to each other. It is worth mentioning that at the sub-shell
closure N = Z = 40 the recent mass measurement of 8°Zr reported in [Hamaker et al., 2021]
also gives a similar crossing of the Sa, values at N = Z =40 and N = Z + 1 = 41 as depicted
on the top right plot on Fig. 5.10. The Sy, values based on the indirect mass measurements
reported in [Park et al., 2019 are in general closer to the AME2020 extrapolations [Huang et al.,
2021, Wang et al., 2021|, however at N = Z = 49 the indirect measurements agree better with
the CDE-based and global Ft-based mass estimates. Below the N = Z = 28 shell closure the
Sap values predicted by the different theoretical mass models scatter by ~1 MeV around the
measured masses, however for heavier N = Z isotopes the models seem to underpredict the Sa,
values, i.e. the predicted Sy, values at N = Z = 31...37 isotopes are systematically lower as
compared to the So, values based on mass measurements.

In the next step, the evolution of proton separation energies S, and empirical proton-neutron
interaction strengths 6V, plotted on the left-side figures in Fig. 5.10 are discussed. The mea-
surements reported in Ref. [Ge et al., 2024, Celikovi¢ et al., 2016| result in proton separation en-
ergies for the neutron-deficient Ag isotopes of S, (" Ag) = 930(5) keV, S, (Y9 Ag) = 1980(3) keV,
Sp (PAg) = —1060(30) keV. It is then interesting to see how the S, value of **Ag from the CDE-
based and global Ft-based mass estimates summarized in Table 5.9 fits into this trend, i.e. the
global Ft-based mass estimate results in proton separation energy of “Ag, where the following
relation is true: S, (93Ag) < S5, (94Ag) > S (95Ag). As shown in Fig. 5.10, a similar swapping
of S, values at the N = Z and N = Z + 1 lines happens in other cases as well; e.g. in case of the
Rb (Z = 37) isotopes the N = Z nucleus ™Rb is also directly next to the proton dripline [Hoff
et al., 2020], just like “*Ag, and the evolution of proton separation energies at Rb isotopes is
similar to the case of Ag (Z = 47) isotopes. Another feature of the plot of the proton separation
energy is that there is always a larger difference between the N = Z and N = Z — 1 lines, which
is related to the dramatic increase of the empirical proton-neutron interaction strength 6V, for
N = Z isotopes as compared to N # Z isotopes |[Van Isacker et al., 1995]. In addition, as
explained in Section 1.1, 6V}, has been related to the spatial overlap between the valence proton
and neutron wave functions, therefore it is expected that for N = Z nuclei (and in general), 6V,
will decrease with increasing proton number (Z) [Brenner et al., 1990|. As shown on Fig. 5.10,
the CDE-based and global Ft-based mass estimates for the heavy odd-odd N = Z nuclei result
in dVj, values that are larger as compared to the ones solely based on AME2020 extrapolations.
It is also noteworthy that for N = Z = 29...37 isotopes the decreasing trend of 0V}, breaks,
which may be to the partial restoration of a symmetry that is unique to these nuclei [Mardor
et al., 2021]. In the next step, it is examined whether the CDE-based and global Ft-based mass
estimates are still consistent with a decreasing trend of 6V}, with increasing proton number (7).
Unfortunately, above Z = 37, the S, values of N = Z — 1 isotopes are yet unmeasured, therefore
this question cannot be answered quantitatively for all heavy N = Z nuclides. On the other
hand, the S, (93Ag) measurement from Ref. [Celikovié¢ et al., 2016] solves this problem in case
of the dV,,, value of % Ag, which can be thus checked quantitatively (see Table 5.9). While the
heaviest measured §V,,, value at "Rb is 3293(42) keV, the global Ft-based **Ag mass estimate
results in 0V, (94Ag) = 2750(200) keV. Consequently, the newly calculated mass estimate for
9 Ag is still consistent with a decreasing trend of §V,, above Z = 37, but it would suggest a
decrease that is less steep as compared to the trend solely based on AME2020 extrapolations. In
comparison, the theoretical mass models do not reproduce the measured V), restrengthening
for N = Z = 29...37 isotopes [Mardor et al., 2021| and suggest a weaker interaction strength
between the last (highest orbitals) proton and neutron for the heavy odd-odd N = Z nuclides.

In summary, as long as high-precision, direct mass measurements of the heavy, odd-odd
N = Z nuclides are not available, reliable mass estimates of these nuclides are needed. In
this subchapter, a new global Ft-based ground-state mass estimate of **Ag was proposed and
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extended to all heavy, odd-odd N = Z nuclides. This results were compared with other existing
methods for estimating the mass of the heavy, odd-odd N = Z nuclides. While the global Ft-
based Qgrc estimates, in general, follow a smooth trend for all odd-odd N=Z nuclides up to
Z=49, the AME2020 |[Huang et al., 2021, Wang et al., 2021 extrapolations suggest a sudden
change in the trend of Qgc values by up to 1 MeV for odd-odd N=Z nuclides with Z > 41. This
validates the choice to adopt the global Ft-based ground-state mass estimate of **Ag for the
further discussion. Notably, the systematic studies presented in this subchapter may also have
important consequences on our understanding of the nuclear structure of these nuclides and for
the path of the astrophysical rapid proton-capture process (rp-process).

110



Syp= BE(N,Z) —BE(N,Z-1) (MeV)

keV)

(

6VZZ= S1p(N,Z) - S1,(N-1,2)

Data + extrapolations Theory
¢ AME2020 (measured) (plotted for N=2)
6 ¢ AME2020 (extrapolated) —— HFB21 -6
4 N=Z: CDE systematics FRDM2012
+ N=Z: global Ft calculations * WS4+RBF
$ N=Z=45-49 [Park2019)] - bzt
4- [N=z é Sp(93Ag) [Celikovic2016] KTUY05 L4
24 -2
0 -0
-2 -2
T T T T T T T T T T T T T T T T
19 21 23 25 27 29 31 33 35 37 39 41 43 45 47 49
Z
¢ AME2020 (measured) $ AME2020 (extrapolated) ——— HFB21
4 N=Z: CDE systematics t N=Z: global Ft calculations - FRDM2012
Data KAV Theory N
i peeooem | Spckesnn 5w
4) N=Z: CDE systematics + N=Z: global Ft calculations
+(AME2020 extrapolations) +(AME2020 extrapolations) ¢ KTUY05
4000+ ~4000
3000 —3000
2000 —2000
1000+ ~1000
0

T
21

T T T T T T T T T T T T T T
23 256 27 29 31 33 35 37 39 41 43 45 47 49

z

111

20 20

Theory Data + extrapolations
(plotted for N=2) ¢ AME2020 (measured)
——— HFB21 ¢ AME2020 (extrapolated)
T FRDM2012 4 N=7: cDE systematics
“voeee WS4HRBF 4 N7 global Ft calculations
- bz31 + N=Z=40 [Hamaker2021] and
15 - KTUYOS N=7=45-49 [Park2019] -15

10+ 10

S2,= BE(N,Z) - BE(N,Z-2) (MeV)

T T T T T T T T T T T T T T T
21 283 25 27 29 31 33 35 37 39 41 43 45 47 49
z

Figure 5.10: Comparison of the selected binding energy filters of N ~ Z
nuclides; one- and two-proton separation energies S, and Sy, in top row
and empirical proton-neutron interaction strength §V,,, in bottom row. The
evolution of the selected BE filters are shown with respect to the atomic
number Z, the lines of the plots represent different isotopes with constant 7.
For the heavy, odd-odd N = Z nuclides the trends from AME2020 [Huang
et al., 2021, Wang et al., 2021| drawn with black lines are compared with
the trends from the CDE-based and global Ft-based mass estimates drawn
with red and green lines, respectively, the values of which are summarized
in Table 5.11, When applicable, the binding energy filters deduced from the
measurements reported in Ref. [Park et al., 2019, |Ge et al., 2024 Celikovi¢
et al., 2016, Hamaker et al., 2021] are also plotted for comparison. The open
(blue, green and red) symbols represent the BE filter values influenced by
extrapolated masses from AME2020. Predictions of theoretical mass models
HFB21 [Goriely et al., 2010/, FRDM2012 [Moller et al., 2016/, WS4+RBF
[Wang et al., 2014|, DZ31 [Duflo & Zuker, 1995] and KTUY05 [Koura et al.,
2005] are shown for the N = Z nuclides (purple dashed and dotted lines).
Most error bars are hidden in the symbols, lines are drawn to guide the eye.
For more details, see legends.
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5.3.2 Scenarios to resolve the discrepancy between the 1p/2p decay branches

Table 5.13 summarizes the different ground-state mass estimates of *Ag and the corresponding
excitation energy values of the *Ag (217) isomer, which were deduced based on either combining
the measured mass of *Pd and the 1p decay data [Mukha et al., 2005, Cerny et al., 2009] or
combining the measured mass of “2Rh and the 2p decay data [Mukha et al., 2006], respectively.

Table 5.13: Qgc value and mass excess (ME) of the "Ag (07) ground state and excitation
energy (Fy) of the (217) isomer(s) deduced in the present work via combining the measured
masses of %Pd and “2Rh, the 1p decay data [Mukha et al., 2005, Cerny et al., 2009], the 2p
decay data |[Mukha et al., 2006] and either of the **Ag ground-state mass estimates. For the
latter, the results from the global Ft calculations of this work, the extrapolation based on
Coulomb-displacement energy (CDE) systematics |[Kankainen et al., 2008, the indirect, S-decay
end-point energy measurement |[Park et al., 2019] and the AME2020 extrapolation [Huang et al.,
2021, Wang et al., 2021] (#) are given.

MAg global Ft calc. CDE systematics® Indirect meas.” AME2020¢
properties (keV /c?) (keV /c?) (keV /c?) (keV /c?)

Qrc (*Ag, 0F) 12570(190) 12760(360) 1335015900 13700(400)#
ME(*Ag, 0F) —53530(190)  —53340(360) ~527501 890 —52400(400)#

Independent from %*Ag ground-state mass:

ME (#Ag, 217), = —46050(40) keV and ME(**Ag, 217), = —44960(100) keV

1p 2p
E. (MAg, 217), 7480(190) 7290(360) 67007585 6350(400)#
E. (MAg, 217), 8570(220) 8380(370) 77901520 7440(410)#

@ |Kankainen et al., 2008].
b [Park et al., 2019].
¢ [Huang et al., 2021, Wang et al., 2021].
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Figure 5.11: Schematic illustration of the three scenarios that could reconcile the observation
of both 1p and 2p decays of *Ag with the mass measurements reported here. The drawing
only includes the excited states of **Pd and *Rh that are relevant for the discussion of a given
scenario, while other states are omitted. The dashed arrows and the corresponding dashed blue
states mark different possibilities for the tentative placement of the 1p(II) decay branch with
a presumed negative parity daughter state. The red color indicates the problem with a given
scenario making that scenario rather unlikely, see text for details.
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There are, in principle, three scenarios that could reconcile the observation of both 1p and
2p decays of *Ag as reported in Refs. [Mukha et al., 2005, Mukha et al., 2006 with the mass
measurements reported here (see Fig. 5.11 for a schematic illustration)?

(1)

(iii)

The mass excess of the (217) isomer amounts to ME(%*Ag, 21+)1p,1 = —46050(40) keV,
according to the 1p(I) decay branch [Mukha et al., 2005, Cerny et al., 2009] and the
measured mass of > Pd. This suggests the 2p decay of the (217) isomer to feed a state in
92Rh with the lower excitation energy of 450(110) keV, as constrained by the the newly
measured *>Pd mass, instead of the previously-reported (11%) state [Mukha et al., 2006].
However, no such state has been observed experimentally so far [Baglin, 2012, Park et al.,
2017, Hafner et al., 2019, Park et al., 2019]. This makes scenario (i) rather unlikely.
There are three experimentally-known “2Rh states within about 1.50-2¢0 distance from the
excitation energy of 450(110) keV, namely the (97), (8") and (1) states from Figs. 5.7
and 5.8. All these alternative 2p-emission daughter state candidates, however, require an
angular momentum transfer of >11A carried by the two protons, which would be difficult
to explain, see e.g. the argumentation from Ref. [Pechenaya et al., 2007|. Furthermore,
the mean-field theory results reported in this work (see Section 5.3.3) suggest that the
possibility of such a large angular momentum transfer, i.e. the possibility of scenario (i),
can be excluded following simple quantum mechanical considerations.

The mass excess of the (217) isomer amounts to ME(%*Ag, 21+)2p = —44960(100) keV,

according to the 2p decay data [Mukha et al., 2006] and the measured mass of “2Rh. This is
only possible if the 1p(I) decay branch feeds a state in ®*Pd with a higher excitation energy,
6080(110) keV, compared to the previously-reported (33/21) state [Mukha et al., 2005].
The present experimental level scheme of ?*Pd |Baglin, 2011, Lorusso et al., 2012, Park
et al., 2019| does not include a level at this energy. The closest-lying experimentally-known
93Pd states, the (37/2%) and (39/2%) states, are both >40 apart from the excitation energy
of 6080(110) keV. This makes also scenario (ii) rather improbable. Nevertheless, it may
be possible that some transitions were missed or misplaced in earlier experiments. One
connected issue could be uncertainties in the spin-parity assignment of the %Pd states,
e.g., recently an alternative assignment of J™=(7/2%) was suggested for its ground state
based on the experimentally-observed [-decay feeding of different states in its [-decay
daughter, Rh [Park et al., 2019]. On the other hand, with the discovery of the presumed
(197) gamma-decaying isomer of **Pd [Brock et al., 2010], the confidence in the earlier-
measured 7.7 MeV excitation energy of the (207) state in *4Pd [Plettner et al., 2004] was
further increased. The isobaric analog states of a given isobaric multiplet are expected
to have the same excitation energies within ~100 keV [Bentley, 2022, Lenzi et al., 2018|.
Therefore, the T=1, (207) IAS in **Ag is expected to lie at the same excitation energy
as in 9Pd, 7.7 MeV |Plettner et al., 2004]. This is thought to give an upper limit for the
excitation energy of the (21) spin-trap isomer to be able to explain the hindrance of the
internal decay [Plettner et al., 2004]. Using the global Ft-based or the CDE-based **Ag
ground-state mass estimate, the (211) isomer in scenario (ii), however, lies above this level
(Fig. 5.8, Table 5.13). Thus, scenario (ii) becomes even more unlikely.

The 1p(I)- and the 2p-decay branches are fed from two separate isomeric states of “Ag
with an excitation energy difference of 1090(110) keV as determined in this work (Fig. 5.8).
The possibility of this scenario has been proposed in Ref. [Roeckl & Mukha, 2013], but its
scientific basis has, so far, not been examined. It is reasonable to assume that one of the

*Note that the placement of the 1p(II)-decay branch with the presumed negative-parity daughter state in the
level scheme of 2*Pd has been so far only tentative, therefore multiple possibilities exist for its placement as
depicted in Fig. 5.11.
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two high-lying ?*Ag isomers corresponds to the 3-decaying and S-delayed-proton-decaying,
presumably spin-trap, (217) isomer with 3 half-life of 400(40) ms, while the spin and parity
of the second isomer is not known experimentally. The lifetime of this second isomer is
also not known experimentally except for the requirement to survive the production and
measurement (>30 ms) [Mukha et al., 2006, Kirchner, 1992]. In principle there are two
different possibilities for the order of this two high-lying isomers (see Fig. 5.11):

(iii/a) It could be hypothesized that the experimentally unknown isomer corresponds to
the ~1 MeV lower-lying state feeding the 1p(I) branch, while the (217") isomer with
B half-life of 400(40) ms is responsible for 2p emission.

(iii/b) As a much more likely option, it is possible that the the (217) isomer with 3
half-life of 400(40) ms corresponds to the ~1 MeV lower-lying state feeding the 1p(I)
branch, while the experimentally unknown isomer is responsible for 2p emission.

There are multiple arguments against option (iii/a) making this option rather unlikely.
Firstly, in this case the presumed spin-trap (217) isomer would have an excitation energy
of more than 7.7 MeV using the global Ft-based or the CDE-based ?*Ag ground-state
mass estimate and the hindrance of the internal decay could not be explained following the
same argumentation as for scenario (ii). Additionally, two independent measurements with
significantly different transport and measurement times measured the same branching ratio
for the 1p(I) branch [Mukha et al., 2005, Cerny et al., 2009], which likely indicates that
the 1p(I) branch corresponds to the same spin-trap, (217) isomer that gives the majority
of the 8 decay and [-delayed proton decay events. As argued above, the option (iii/b)
is the most likely option and in the further discussion, this will be referred to as scenario
(iii). In this scenario, the complete experimental decay information for the 1p and 2p decay
branches is consistent with the mass measurements reported here.

5.3.3 Theoretical interpretation and possible explanations to the puzzles

To further elucidate the three scenarios discussed in Section 5.3.2, shell-model and mean-field
calculations have been performed. The shell-model calculations were performed by F. Nowacki,
D. D. Dao and co-workers [Dao et al., 2024] (priv. comm.), while the mean field calculations
were performed by J. Dudek, I. Dedes and co-workers [Dedes et al., 2024] (priv. comm.).

Shell-model calculations

The shell-model calculations were performed using the m-scheme code ANTOINE [Caurier &
Nowacki, 1999, Caurier et al., 2005, Nowacki et al., 2021] and employing the two most advanced
interactions, SDGN and JUN45, in the full diagonalization of the nuclear Hamiltonian. Both
interactions are well-benchmarked in the vicinity of '°°Sn and have been frequently used to study
the effect of proton-neutron interactions and/or the formation of high-spin spin-trap isomers in
this nuclear chart region, see e.g. [Mollaebrahimi et al., 2023b, Yaneva et al., 2024, Nara Singh
et al., 2011, Das et al., 2022]. The key properties of the two interactions and their corresponding
results are outlined below.

Large-scale shell model (LSSM) calculations were done in the mv(gds) model space, com-
prising the 1gg/2, 1g7/2, 3512, 2d5/5 and 2d3/5 orbitals for protons and neutrons, employing the
SDGN effective interaction [Plettner et al., 2004, Nowacki, 2002, Yaneva et al., 2024], assuming
a hypothetical 8Zr core and allowing 14pl4h excitations across the N=2=50 shell gap. This
is within the largest Slater determinants diagonalisations performed so far. The excitation en-
ergies of the relevant states with isospin T'=1 and T=0 predicted by the LSSM calculations
are shown on Fig. 5.8. Concerning the T—0 states, a 21" state is predicted at 6672 keV with
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a configuration involving 1gg/, orbitals, (wgg;/1279/2g§/12,7/2g;/1275/2Vgg_/12,9/29§/1277/2g§/12,5/2)21, pre-
ceded by a 17T state, thus successfully reproducing the spin-trap isomerism of the 217 state.
The calculations also predict a 20" state at 7478 keV, which is the TAS with isospin T=1 of
the experimentally observed (20%) state in 4Pd [Plettner et al., 2004]. No second high-spin
isomer candidate is predicted within the wv(gds) valence space, therefore no information on the
plausibility of scenario (iii) can be given in this theoretical framework.

For comparison, shell-model calculations using the JUN45 interaction [Honma et al., 2009] in
the 7v(fspge) model space, comprising the 2ps3 /o, 1f5/2, 2p1 /2 and 1gg /o orbitals for protons and
neutrons, were performed. The relevant states predicted by employing this latter interaction are
also shown on Fig. 5.8. As shown on the figure, the JUN45 results are in excellent agreement
with the predicted level energies deduced using the SDGN interaction, which complements the
predicted excitation energy of the 217 state around 6.7 MeV rather firmly. On the other hand, in
this case the order of 217-197 states is swapped, which yields that the 217 state is not predicted
as a spin-trap isomer in this second shell model approach. This clearly shows the advantage of
the v (gds) model space, which enables an incorporation of core excitations across N=Z=50.

Notably, the excitation energy of the 217 isomer predicted by the shell-model calculations is
~ 0.8 MeV smaller than the value deduced using the global Ft-based Ey (94Ag, 214“)110I estimate
(Fig. 5.8). This mismatch is, however, not far beyond the expected uncertainties. Additionally,
since the excitation energy of the 217 state reflects an energy difference between a T=1 and
T=0 state, the mismatch could also be explained by the lack of an accurate measurement of a
T=0 — T'=1 energy difference in heavy N=Z2 nuclides, which could be used for the parametriza-
tion of the LSSM calculations.
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Figure 5.12: Potential energy surface (PES) of the *Ag 21% state as a function of quadrupole
deformation parameters (82,7) calculated by the DNO-SM approach. The radii of the yellow
circles are proportional to the normalized probability to find the "Ag 2171 state in a given

deformation (32,7). The red numbers inside the white squares indicate the potential energy in
MeV corresponding to the different contour lines on the surface.

Furthermore, the performed shell-model calculations also provide additional insights for the
intense historical debate around the topic of the deformation of the (21%) spin-trap isomer
[Mukha et al., 2006, Kaneko et al., 2008, Pechenaya et al., 2007]. To access the structure of the
predicted 217" isomer and its associated nuclear deformation within the 7v(gds) valence space,
the potential energy surface of **Ag 217 state was obtained using the discrete nonorthogonal shell
model (DNO-SM) approach [Dao & Nowacki, 2022, Rocchini et al., 2023, Yaneva et al., 2024].

115



5.3. THEORY INTERPRETATION CHAPTER 5. N—Z BELOW '%98n AT FRS-IC

The deduced potential energy surface as a function of quadrupole deformation parameters (52,7)
is shown in Fig. 5.12. The plot follows the so-called Lund convention, where the parameter (3o
provides a measure of the extent of deformation, while « provides a measure of the departure from
axial symmetry. Here, the quadrupole deformation parameters are defined with the following
relations agg = B2 - cosy and ag = ag 2 = \ﬁ - B2 - siny, where ay, correspond to the

coefficients of the spherical harmonics Y, (6, ¢) in the description of deformed nuclei, for more
details see e.g. [Sensharma, 2021|. In Fig. 5.12, prolate shapes correspond to v = 0° and oblate
shapes correspond to v = 60°. As shown on the figure, the calculations predict a nearly spherical
(slightly prolate) shape for the %Ag 211 state with 32 < 0.1 for the 217 state.

Mean-field calculations

T <~ . ~\ [4,4,9/2]9/2
/o [5,5,11/2]7/2]

4

N
T

Proton Levels [MeV]
=)
HE
AY
: K4
»g > )
N
AN
CREES
RIS
= i ©
= I
S e
LA
RN
~ PN
R IS

“2r N[5,5,11/2]1/2]
4k S [4,4,9/2]5/2
-6} = 4

[4,4,9/2]3/2
sk [4,4,9/2]1/2 -

-0.6 I -0.4 I -0.2 I 0.0 I 0.2 I 0.4 I 0.6
Deformation aig

Figure 5.13: Proton single-particle ‘universal’ Woods-Saxon mean field energies for **Ag as a
function of the quadrupole deformation parameter aog. The two orbitals playing decisive roles
in the discussion of the proton emission, 1gg/ (full lines) and 1h;; /5 (dashed lines), are shown in
blue color. The yellow areas mark the corresponding regions of interest with energies between 0
and 500 keV. The labels give the Nilsson labelling |[N, ¢, j]Q2) for the dominating single-particle
content.

The mean-field calculations were performed employing the phenomenological, deformed Woods-
Saxon Hamiltonian in its so-called universal parametrisation, which have been developed in a
series of articles [Dudek & Werner, 1978, Dudek et al., 1979, Dudek et al., 1980, Dudek et al.,
1981, Cwiok et al., 1987|. The term “universal” indicates that the parameters are applicable
to all nuclides in the Table of the Nuclides. Notably, this mean-field theory framework is fre-
quently used for studying both the formation of high-spin spin-trap isomers and the process of
charged-particle emission, see e.g. [Cerkaski et al., 1979, Delion & Liotta, 2013, Delion et al.,
2013, Maglione et al., 1998|, therefore it is an ideal tool for studying the 1p/2p-decay branches of
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the 9 Ag high-spin isomer(s). Within the same theoretical framework, proton-emission lifetimes
were deduced using the semiclassical Wentzel-Kramers-Brillouin (WKB) approximation [Landau
& Lifsitz, 1977], i.e. through deducing the penetration probability for the emitted proton pen-
etrating the "nuclear plus Coulomb" effective potential barrier obtained with the Woods-Saxon
Hamiltonian corresponding to different deformations.

Fig. 5.13 shows the calculated proton single-particle energy spectrum for %Ag as a function
of the quadrupole deformation parameter aog. In the spectrum one can find orbitals with strong
deformation dependence, see the curves with remarkably big slopes on Fig. 5.13. Occupying
such orbitals will result in strong deformation driving tendencies induced by the single nucleon
particle-hole excitations; i.e. strong shape variation from one spin state to another should be
expected. To enable proton emission, the emitting orbitals must have positive energies, and
to fulfil the requirement to survive the production and measurement (>30 ms) [Mukha et al.,
2006, Kirchner, 1992, the WKB estimates suggest that their energy should be below 500 keV.
Within this energy range, the most likely explanation for the angular momentum transfer of 9/2 &
in the 1p(I) decay branch from the (21%) isomer in “Ag to the (33/2%) state in ?Pd, while
conserving the parity, necessarily involves the 1gg /o orbital at agg ~ +0.2 (left yellow region in
Fig. 5.13). However, at this deformation, there is no second orbital available to explain the total
angular momentum transfer of 10 /i required for the 2p emission to the (117) state in *2Rh, should
it indeed originate from the same (217) isomer as the 1p(I) branch. Therefore, a second state is
required as a parent for the 2p emission, in agreement with scenario (iii). The spin and parity
of this state are experimentally not known. Nevertheless, for the angular momentum transfer
required for the 2p emission from a high-spin state in “*Ag to the (117) state in >Rh, in Fig. 5.13
one can identify two orbitals with dominating 115 content or, alternatively, one orbital with
dominating 1gg/o content and one orbital with dominating 1hy1/o content as likely candidates.
Both cases are found only at strongly-elongated shapes with agy ~ 4+0.4...+0.6 (right yellow
region in Fig. 5.13). While the prior configuration conserves parity under 2p emission, the latter
configuration alters the parity.
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Figure 5.14: Potential energy surface as a function of axially symmetric (appropriate for the
spin isomer description) multipole deformation parameters (agg, ayg) for ?2Pd, the even-even
neighbour of *Ag, deduced by the ‘universal’ Woods-Saxon mean-field approach. Note that in
mean-field theory it has become a practical solution to investigate a nucleus with the help of the
(lighter) even-even neighbor plus the respective single-particle orbitals, often giving close-lying
results.
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The mean-field potential energy surface in Fig. 5.14 shows four possible axially symmetric
configurations (four local minima).* The deformation of possible isomeric states can be obtained
by a minimization of the sum of this potential energy and the particle-hole excitations that
define the isomeric structures. There are two high-lying minima, both above 6 MeV excitation
energies; super-deformed oblate at asy &~ —0.6 and super-deformed prolate at agy ~ +0.6.
Additionally, there are two low-lying minima; normal deformed oblate at agp &= —0.2 and normal
deformed prolate at agy =~ +0.2. The 1p(I)-emission candidate discussed above corresponds
to the minimum at agg &~ +40.2, while the 2p-emission candidate can be associated with the
minimum at agg &~ +0.6. This strong prolate deformation is in agreement with the conclusions
of Ref. [Mukha et al., 2006|, but in the present work it is predicted as the result of a rigorous
nuclear model and does not have to be postulated.

Tilted Fermi surface calculations, similar to those in Ref. [Liu et al., 2025, [Hornung et al.,
2020, Cerkaski et al., 1977, Cerkaski et al., 1979, de Voigt et al., 1983], predict a normal deformed
prolate 217 state at an excitation energy of 7.77 MeV, the parent-state candidate for the 1p(I)
branch, as a spin-trap isomer with (7rg;/1279/2g§/1277/2g§1275 21/9512,9/299_/1277/29@1275/2)21 configura-
tion, in agreement with the results of the large-scale shell model calculations performed in this
work. Additionally, the tilted Fermi surface calculations also predict that the deformation of
the ground state of “2Pd can be found at a small elongation of agg ~ +0.12, in agreement with
the experimental, complemented by theoretical, findings of Ref. [Yaneva et al., 2024]. Further-
more, a 7T state is also predicted as a spin-trap isomer with (7799_/1277/21@;/12,7/2)7 configuration
in agreement with experimental observations, which reported 5 decay and B-delayed proton
emission from a low-spin (71) isomer in %*Ag, see e.g. [Plettner et al., 2004, Mukha et al.,
2004, Park et al., 2019]. Note that this latter finding is at variance to the shell-model predictions
of Ref. [Kaneko et al., 2008], which suggest the 71 state as an oblate-deformed shape isomer,
not as a spin-trap isomer. For the 2p-emission candidate no further quantitative results could
be obtained. Its electromagnetic decay hindrance is very likely due to the fact that there are
no (or very few) lower-energy super-deformed state candidates for such a decay, whereas the
normal deformed states differ dramatically in terms of both the geometry and the particle-hole
structures. Note, however, that the precise prediction of electromagnetic decay probabilities and,
thus, B-decay lifetimes is not available in the mean-field theory framework at present.

In Ref. [Mukha et al., 2005] another 1p decay branch was observed with Fyp, 11 = 1010(30) keV
decay energy, denoted here as 1p(II) branch, and assigned to a daughter state with a tentative
spin-parity assignment of (33/27,35/27) and a tentative placement in the level scheme of %3Pd
|[Baglin, 2011, Lorusso et al., 2012, Park et al., 2019]. There is no orbital available in Fig. 5.13
to explain the presumed parity change of the 1p(Il) branch, should it indeed originate from the
same (217) isomer as the 1p(I) branch. Consequently, the two 1p branches should not stem
from the same isomer. It is conceivable that the 1p(Il) branch originates from the same super-
deformed prolate isomer as the 2p emission (Fig. 5.8). Here, a negative-parity daughter state in
93Pd can be realized in both possible 2p-emission configurations from a 1hyy/2 or a 1gg 9 orbital
for a positive- or negative-parity parent state, respectively.

The normal deformed (217) isomer feeding the 1p(I) branch can be expected to be produced
much more abundantly than the super-deformed 2p-emitting state, since the former is located at
the yrast line. Thus, the measured § half-life of 400(40) ms |[La Commara et al., 2002, Plettner
et al., 2004, Mukha et al., 2004] should correspond mostly to the parent-state candidate for the
1p(I) branch, and the candidate for the 2p emission and the 1p(II) branch could have a much
shorter lifetime, with the lower limit of about 30 ms [Mukha et al., 2006, Kirchner, 1992|. This
would explain the fact that only the 1p(I) decay branch could be experimentally confirmed in
the Berkeley experiment [Cerny et al., 2009|, but not the 2p and 1p(II) decay branches, since in

“For an axially symmetric case, where v = 0°, a negative 82 = ago indicates an oblate nucleus and a positive
B2 = ago indicates a prolate nucleus [Sensharma, 2021].
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this latter experiment the time required to transport the produced ions from the target area to
the detection area was longer (200-300 ms) |Blonnigen et al., 1987].

Possible explanations to the puzzles surrounding the 1p/2p branches of “*Ag

Overall, the results of the investigation of the structure of “*Ag and neighboring nuclei through
state-of-the-art shell-model and mean-field calculations are revealing. A slightly prolate deformed
21T state, the mother-state candidate of the 1p(I) branch, is successfully predicted as a spin-trap
isomer by both calculations. Furthermore, the mean-field calculations also show that assuming
the correctness of the complete experimental decay information, the 2p-decay branch cannot stem
from the same, slightly prolate deformed 217 state, in agreement with scenario (iii). Including
the 1hy1/o intruder orbitals, these latter calculations are the first ones to support the existence
of a strongly-deformed prolate high-spin isomer in *Ag feeding the 2p and likely also the 1p(II)
decay branches.

This scenario, (iii), can, in principle, reconcile both the 1p and 2p decay data with the
mass measurements reported here and it provides possible explanations to almost all puzzles
surrounding the 1p/2p-decay branches in *Ag:

(A) The puzzle of simultaneous 2p emission: Using the new mass value of ?3Pd, it has
been shown that a sequential 2p emission involving the (33/2%) state of **Pd and the
(117) state of “2Rh is energetically highly improbable. Note, however, that the present
results cannot rule out the involvement of a different >Pd state in a sequential 2p emission
process, therefore they don’t provide a fully conclusive explanation for this puzzle.

(D) The puzzle of the excitation energy mismatch: The possible mother-state energy
mismatch is confirmed as a 100 disagreement using the first direct mass measurement of
93Pd and a possible explanation is provided to resolve the discrepancy via proposing two
separate mother states feeding the 1p(I) and 2p decay branches.

(B) The puzzle of large deformation required for 2p emission: The suggestion of two
separate mother states feeding the 1p(I) and 2p decay branches, one normal deformed pro-
late (217) state and one super-deformed prolate high-spin state, also resolves the historical
debate about the deformation of the presumed 2p-emitting isomer.

(C) The non-observation of 2p emission in Ref. [Cerny et al., 2009]: It is conceivable
that the super-deformed prolate high-spin state is significantly shorter lived than 200-
300 ms, which would explain the non-observation of the 2p and 1p(II) decay branches in
the Berkeley experiment.

For a final resolution of these puzzles, more experimental as well as theoretical evidence is needed
and are being pursued |[Reponen et al., 2015, Reponen et al., 2021, Ge et al., 2024]. Nevertheless,
the results presented in this work help to avoid jumping to the wrong conclusions by incorrectly
assuming that the observed 1p- and 2p-decay branches must occur from the same isomer in “Ag
and, thus, they provide substantial information for these upcoming studies.

A publication of most of the results reported in this chapter have been submitted recently
|[Kripko-Koncz et al., 2025].
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Chapter 6

Summary and outlook

In this work, advances were made to two instances of MR-TOF-MS setups, one of them belonging
to the TITAN experiment at TRIUMF and another one belonging to the FRS-IC experiment at
GSI, and these measurement setups were used to study different ground and isomeric states in
medium-heavy exotic nuclei, including the particularly striking example of the proton-emitting
isomer(s) in **Ag.

The improvements implemented in this work are mainly related to the data acquisition and
analysis techniques specialized to collect and accurately treat data sets obtained with an MR-
TOF-MS. For example, with the newly-commissioned continuous and accurate readout of the
TOF analyzer voltages, changing its repetition frequency can now be achieved within a few
minutes. This ensures a quick and reproducible change of its operation mode from longer flight
times, enabling higher mass resolving powers and accuracies [Beck, 2023, Mardor et al., 2021], to
shorter cycle lengths, allowing access to nuclei with small half-lives of a few milliseconds [Rink,
2017, Tortorelli, 2024|. Additionally, the class of MR-TOF-MSs used in this work were designed to
enable broadband mass measurements, and the developments presented here allow to fully exploit
these capabilities; standardized procedures to perform and analyze mass measurements covering a
broad relative mass-to-charge range of more than 10% have been established. These procedures
are already applied routinely, allowing the simultaneous and accurate mass measurement of
more than 50 nuclides within a single settings of the MR-TOF-MS, see e.g. [Spataru et al.,
2025, Fowler-Davis, 2025|. Overall, the data analysis procedure developed in this and previous
works allows an accurate treatment of data sets containing only 3-10 detected events per ion
species and overlapping mass lines, see e.g. |Ayet San Andrés et al., 2019, Hornung et al.,
2020, Mardor et al., 2021, Mollaebrahimi et al., 2023b|.

TITAN’s MR-TOF-MS at TRIUMF was used to measure the mass of neutron-rich indium
isotopes across the N = 82 shell closure. In these measurements, multiple low- and high-lying
isomeric states of the measured indium isotopes were observed in addition to their ground states,
posing considerable challenges for the employed mass measurement and data analysis techniques.
The data analysis procedure was tailored to accurately treat the specific data sets, where indium
isotopes with multiple isomeric states were observed. The observation of the high-lying isomer
of 12°In with a half-life of 5.0(15) ms shows that TITAN’s MR-TOF-MS is an efficient tool to
measure the mass of short-lived ions with half-lives of only a few milliseconds.

The mass measurements reported here mark the first mass measurement of 33134In isotopes
and the first direct mass measurement of 3?In. Furthermore, the excitation energy of the (1/27)
isomeric state of 33In was also measured for the first time. Additionally, the uncertainties of the
excitation energies of two high-lying isomeric states, '2"In and !3'"In, have been significantly
improved compared to previous literature values.

These measurements enable, e.g., to benchmark the results of different nuclear mass models
in the vicinity of the N = 82, Z = 50 double shell closure, to study the formation of the
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second abundance peak of the astrophysical rapid neutron-capture process (r-process) and to
investigate the microscopic interactions driving the evolution of the energy difference between
the (9/2%) ground states and the (1/27) isomeric states in odd-A indium isotopes [[zzo et al.,
2021]. Additionally, determining the isomer-to-ground state ratios of the isomeric states observed
in this work might yield important information on the employed production mechanism, see e.g.
the studies reported in Ref. [Gao et al., 2023| employing proton-induced fission of 238U,

FRS-1IC’s MR-TOF-MS at GSI was used to measure the mass of neutron-deficient nuclei
in the vicinity of '°°Sn. Due to the small production yields of these nuclei, the measurements
were only possible employing two key approaches: (a) using a very thick production target to
enable multi-step reactions and (b) using a novel technique of tuning the primary beam energy
such that more than one nuclides can be stopped in the CSC without significant efficiency
losses, the mass of which can then measured simultaneously due to the broadband measurement
characteristics of the MR-TOF-MS. After verifying the particle identification, the masses of
the observed nuclides were determined, including the masses of **Pd and “2Rh, the 1p/2p-
decay daughters of “Ag. This marks the first direct mass measurement of %Pd, resulting in a
mass excess value of —59127(35) keV, the mass uncertainty of which is reduced by an order of
magnitude compared to the literature mass uncertainty.

The measured masses of %Pd and “2Rh were then used to study the historical riddles sur-
rounding the 1p and 2p decay branches of a high-spin isomer in **Ag, which is known to possess
properties that are unique in the entire Chart of Nuclei. In this work, it is shown for the first
time beyond doubt that the energies of the presumed parent states of the 1p(I) and 2p decay
branches in **Ag disagree, which calls into question the present interpretation of the 2p decay.

To further support this study, a new estimate for the ground-state mass of “*Ag was derived
using the global Ft value and compared with previous estimates available in the literature.
In order to allow for a systematic comparison of the values, in this work the available mass
estimates were extended to all odd-odd N = Z nuclei. This study showed systematic deviations
up to 1 MeV between the different estimates for the heavy odd-odd N = Z nuclei with Z > 41,
which may have important consequences on our understanding of the nuclear structure of these
nuclei and for the path of the astrophysical rapid proton-capture process (rp-process).

Three different scenarios (i, ii and iii), which could reconcile the 2p decay data with the
present measurement, are discussed and were investigated by performing state-of-the-art shell-
model and mean-field calculations. These latter calculations include 1hyy /5 intruder orbitals and
show that, based on the reported decay information, the 2p emission cannot be fed from the same
(217) isomer as the 1p(I) branch, but could stem from a strongly deformed high-spin isomer in
9 Ag, in favor of scenario (iii). This specific scenario can resolve almost all puzzles surrounding
the 1p/2p emissions from *4Ag. For example, it can explain the origin of the suggested strong
prolate deformation of the 2p-emission candidate |[Mukha et al., 2006] and provide a possible
explanation for the non-observation of the 1p(IT) and the 2p branches in a later experiment
|[Cerny et al., 2009].

More experimental as well as theoretical evidence is needed for a final resolution on the puzzles
surrounding the 1p/2p decay branches in *Ag. Concerning theory, for example, including the
1hy1/9 orbitals in the shell-model valence space is desired to examine if the existence of a second
high-spin isomer is supported in this framework. Concerning experiments, mass measurements,
decay and laser spectroscopy studies of the proton-emitting isomer(s) in **Ag and their 1p/2p-
decay daughters are needed and being pursued [Reponen et al., 2015, Reponen et al., 2021, Ge
et al., 2024|. Guided by the results presented here, in these upcoming studies, the possibly
incorrect assumption that the observed 1p- and 2p-decay branches must occur from the same
isomer in **Ag can be avoided, which prevents jumping to the wrong conclusions.

Furthermore, it is worth mentioning that our results may also have important consequences on
the question if and when the emergence of prolate deformation and shape coexistence starts to be-
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come relevant with removing nucleons from the doubly-magic system, °°Sn, see e.g.
[Yaneva et al., 2024]. The results of this work indicate the importance of the 1hy; /o intruder
orbitals for driving the deformation of high-lying states in this nuclear chart region, which may
also play decisive roles in this question.

Finally, it is noteworthy that some of the improvements developed and/or tested in the
context of this work are not restricted to the measurement setups of TITAN, TRIUMF and
FRS-IC, GSI. For instance, the novel technique employed in this work allowing to stop more
than one nuclides in the CSC without significant efficiency losses can be applied broadly at
synchrotron facilities combined with experiments with trapped radioactive ions. As another
example, the usage of thick production targets will be further exploited in the future with the
higher beam energies available at the Super-FRS at FAIR, Darmstadt, Germany.
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