JYU DISSERTATIONS 123

Markus Vilén

Mass Measurements and Production
of Ions at IGISOL for the Astrophysical
r- and rp-Processes

)
|

UNIVERSITY OF JYVASKYLA

FACULTY OF MATHEMATICS
AND SCIENCE



JYU DISSERTATIONS 123

Markus Vilén

Mass Measurements and Production
of Ions at IGISOL for the Astrophysical
r- and rp-Processes

Esitetdaan Jyvaskyldn yliopiston matemaattis-luonnontieteellisen tiedekunnan suostumuksella
julkisesti tarkastettavaksi yliopiston Ylistonrinteen salissa FYS1
syyskuun 20. péivana 2019 kello 12.

Academic dissertation to be publicly discussed, by permission of

the Faculty of Mathematics and Science of the University of Jyvaskyl3,
in Ylisténrinne, auditorium FYS1, on September 20, 2019 at 12 o'clock noon.

o
H

JYVASKYLAN YLIOPISTO
UNIVERSITY OF JYVASKYLA

JYVASKYLA 2019



Editors

Anu Kankainen

Department of Physics, University of Jyvaskyla
Ville Korkiakangas

Open Science Centre, University of Jyvaskyla

Copyright © 2019, by University of Jyvaskyla
Permanent link to this publication: http://urn.fifURN:ISBN:978-951-39-7838-9
ISBN 978-951-39-7838-9 (PDF)

URN:ISBN:978-951-39-7838-9
ISSN 2489-9003



ABSTRACT

Vilén, Markus

Mass measurements and production of ions at IGISOL for the astrophysical r-
and rp-processes

Jyvéaskyla: University of Jyvaskyld, 2019, 86 p.(+included articles)

(JYU Dissertations

ISSN 2489-9003; 123)

ISBN 978-951-39-7838-9 (PDF)

Diss.

The masses of 27 nuclear ground states and three isomeric states have been mea-
sured with the JYFLTRAP double Penning trap mass spectrometer at the Ion
Guide Isotope Separator On-Line (IGISOL) facility. The studied nuclides are lo-
cated in two separate regions of the nuclear chart, the neutron-rich rare-earth
region around A ~ 160 and the neutron-deficient A ~ 80 region near the N = Z
line. The mass measurements were performed using the the Time-of-Flight Ion-
Cyclotron Resonance and Phase-Imaging Ion-Cyclotron Resonance techniques.
The impact of the measured masses on the astrophysical rapid neutron capture
process (r-process) was studied for several trajectories representing a neutron-
star merger scenario. The masses of two nuclides near the N = Z line were
predicted using mirror displacement energies and the masses of their mirror part-
ners measured in this work. Additionally, the effects of the measured masses on
nuclear structure and the mass surface in both regions of the nuclear chart were
studied. An upgraded version of the Heavy-ion Ion Guide Isotope Separator On-
Line (HIGISOL) system for the production of radioactive ions using heavy-ion
beams has been commissioned and successfully used in its first on-line experi-
ment. The new off-line ion source facility has been brought into routine use at the
IGISOL facility and used in various experiments. Systematic studies on the ef-
fect of ion count rate on mass measurements at JYFLTRAP have been performed
using stable ion beams from the new ion source station.

Keywords: Penning trap, r-process, nuclear structure, IGISOL, off-line ion beams,
systematic uncertainty
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1 INTRODUCTION

All elements heavier than lithium have been produced exclusively in stellar en-
vironments. There are a number of astrophysical sites and scenarios in which
nucleosynthesis takes place and among them are processes that have seemingly
very little in common. There are steady burning processes in stellar interiors
lasting for millions or billions of years that are known to produce many of the
elements we see around us on a daily basis. On the other hand, there are also
extremely fast and energetic processes lasting only for mere seconds that are con-
sidered to produce a large portion of nuclides known today. Runaway processes
in individual stars can result in explosions that outshine entire galaxies for a brief
moment and, at the same time, there are stars whose brightness steadily fades
away over vast time scales exceeding the current age of the Universe and ulti-
mately end up as cool and dim objects on the sky. There are also several types
of star systems that undergo events of thermonuclear runaway, surviving each
event only to repeat it all over again.

Regardless of the seemingly large differences between various astrophysical
events, they can be, in many cases, studied using similar theoretical and exper-
imental tools. Theoretical models describing these processes are often based on
established properties of nuclear matter and are supplemented with experimen-
tal data. The models range from describing entire nucleosynthesis processes that
take place in various astrophysical events to describing the structure of individ-
ual nuclides. Various quantities that enter these models can be determined ex-
perimentally, providing valuable feedback for refining the theories and helping
predict properties of matter beyond what can be reached in experiments. One
of the most influential quantities entering theoretical nucleosynthesis models are
nuclear masses. In this work the masses of 27 nuclear ground states and three
isomeric states were measured, see figure 1, and their effect on the rapid neutron
capture process (r-process) and the rapid proton capture process (rp-process) was
studied. Even though these processes take place in highly different astrophysical
environments, they can be studied using very similar theoretical and experimen-
tal tools. Experimental masses enter theoretical models of both of these processes
through quantities such as reaction rates, half-lives and branching ratios [1-4].
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FIGURE 1 Nuclides whose masses have been experimentally determined. Masses listed
in the the AME2016 atomic mass evaluation are presented in gray, masses
measured in this work in red and other masses measured at JYFLTRAP in

blue. Nuclides measured in this work are labeled with their mass numbers
A.

These processes and the effect atomic masses have on them, together with the
astrophysical sites that house the processes, will be discussed in more detail in
section 2.1.

Any experimental facility aiming to provide new information on nuclides
relevant to the r- and rp-process must be equipped to produce and study exotic
nuclides. In this work 16 out of the 30 measured masses were determined ex-
perimentally for the first time and much of the work in this thesis is related to
improving the experimental setup at the Ion-Guide Isotope Separator On-Line
(IGISOL) facility [5-7]. The ion guide platform used to produce radioactive ions
in the heavier N = Z region was upgraded, see section 3.1.2. It was used in an
on-line experiment where the masses of two nuclear states, 88T and 8°Ru, were
measured for the first time [PIII]. Additionally, the off-line ion source station for
producing stable ion beams was fully commissioned [PIV], see section 3.2. The
new station was mostly used to produce reference ion samples for mass measure-
ments at the double Penning trap mass spectrometer JYFLTRAP [8]. Most of the
mass measurements presented in this work were conducted using the Time-of-
Flight Ion-Cyclotron Resonance (TOF-ICR) [9,10] technique. The Phase-Imaging
Ion-Cyclotron Resonance (PI-ICR) [11-13] technique was used for the measure-
ments of %Tc and 92Eu, both of which have low-lying isomeric states. Acquired
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results will be discussed in sections 4.1 and 4.2. As a part of the measurement
campaigns of [PI] and [PII] systematic uncertainties related to the measurements
done with the PI-ICR method in this work were studied, see section 4.3.

Penning traps are the most precise tools currently available for mass mea-
surements. They are also suitable for measuring radioactive ions down to half-
lives of the order of 100ms. Therefore, the IGISOL facility with JYFLTRAP and
the newly commissioned upgrades to the facility offer a valuable possibility to
extend the list of experimentally-known atomic masses, improve their precisions
and to study the effect of atomic masses on nuclear astrophysics. Here an overview
of the theoretical concepts relevant for the performed measurements will be given
in chapter 2. The technical development related to the production of radioactive
and stable ion beams at the IGISOL facility done in this work will be presented
in sections 3.1 and 3.2. The development was instrumental for the experiments
presented in Sections 4.1 and 4.2.



2 THEORY

In this section the theoretical framework behind this work will be introduced.
Focus will be on aspects of nuclear astrophysics that provide the motivation for
the measurements performed in this work and theoretical treatment of the sin-
gle most important tool available for mass measurements at the IGISOL facil-
ity, a double Penning trap JYFLTRAP. Basic concepts related to mass in nuclear
physics will be introduced and the evolution of stars of different masses will be
discussed. Astrophysical environments believed to house the nuclear processes
responsible for the production of the majority of isotopes on the nuclear chart
will be introduced. Focus will be on the r and rp-processes, relevant for the in-
cluded articles [PI, PII] and [PIII], respectively. Finally, a brief description of an
ideal Penning trap is given.

2.1 Nuclear binding energies and astrophysical processes

2.1.1 Atomic mass and nuclear binding energy

The mass of an atom can be expressed using the masses of its individual con-
stituents. One of the first things taught to an aspiring nuclear physics student
is that the sum of the masses of the individual components is not equal to the
mass of the atom. A small portion of the sum of the individual masses is lost as
the components are assembled into an atom. The difference between the masses
has come to be known as binding energy. As the terminology implies, there is an
equivalence between mass and energy that can be expressed as E = mc?, where
E is energy, m is mass and c is the speed of light in vacuum. With this definition
the total mass of an atom can be written as

Matom = ZMy + Nmy + Zm, — B/c?, (1)

where m, is the mass of a proton, m, the mass of a neutron, 1, the mass of an elec-
tron and B the total binding energy. The binding energy can be further separated



13

into two parts, B = Bycjear + Be, Where By, c1eqr is the nuclear binding energy
due to interactions between nucleons and B, the electron binding energy result-
ing from interactions between electrons and the nucleus. The magnitude of the
electron binding energy is several orders of magnitude smaller than the nuclear
binding energy. In this work the significance of the electron binding energy is
negligible compared to the nuclear binding energy and, for example, in the anal-
ysis process of mass measurements performed in this work the electron binding
energies were neglected. On the other hand, the nuclear binding energy (and
hence the total binding energy) is of utmost relevance in this work. Henceforth,
the term binding energy is used to refer to the nuclear binding energy By, ceqr
unless otherwise stated.

The total binding energy can be expressed in several ways and it is often
useful to present the same underlying information on binding energies through
various different quantities in order to highlight some particular properties of
nuclei. A common way of expressing the binding energy is to calculate a quantity
called atomic mass excess ME, given by

ME = (Mapom — Amy,)c?, 2)

where A is the integer mass number of an atom and m, represents the atomic
mass unit, traditionally defined as one-twelfth of the mass of a neutral '>C atom.
In many cases the difference of binding energies between nuclei is of interest.
It can be used to evaluate the amount of energy that can be gained in a nuclear
reaction or how much energy needs to be provided to a system to enable a certain
reaction. In many situations this amount of energy is referred to as the Q value of
a reaction. Depending on the reaction, the Q value might have come to be known
by a dedicated name, such neutron separation energy S,

Sy = [m(Z,N—1)+m, —m(Z,N)|c?, 3)

which describes the amount amount of energy needed to remove one neutron
from a given nuclide. Neutron separation energies are of particular interest in
section 2.1.3, where they have a crucial role in shaping the path the astrophysical
rapid neutron capture process takes on the nuclear chart.

In the context of this work, one especially important aspect of binding en-
ergy is that the binding energy per nucleon B/ A reaches its maximum value at a
relatively low mass number. The binding energy per nucleon initially increases as
we move towards more massive stable nuclei but reaches its peak value around
the A = 60 region known as the iron peak. This has a profound effect on the
nuclear processes that take place is stellar environments due to the fact that be-
yond the A = 60 region additional energy is required to fuse nuclei. This means
that even the most massive stars can only generate energy via nuclear fusion up
to a certain point, after which they will inevitably experience radical changes to
their energy generation and even their stability, as will be discussed in section
2.1.2. Binding energy per nucleon is presented in figure 2, where the most tightly
bound isotope of each isotopic chain is plotted. The name "iron peak" highlights
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FIGURE 2 Binding energy per nucleon as a function of the mass number A. Only the
isotope with the highest binding energy per nucleon is plotted for each iso-
tope chain.

the significance of iron isotopes on nuclear fusion in stellar environments, where
%Fe, located at the top of the peak in figure 2, is the heaviest isotope produced
via fusion. The region around iron nuclides also stands out in solar system abun-
dances at the time of the formation of the solar system presented in figure 3. The
peak is a result of nucleosynthesis in stars of earlier generations than the Sun.
Changes in binding energy affect the production of nuclei also beyond the
iron peak. There are several processes that extend nucleosynthesis in stellar envi-
ronments far beyond what can be reached via nuclear fusion alone. The majority
of nuclides heavier than iron are produced via two distinct neutron capture pro-
cesses, the slow (s-process) and rapid (r-process) neutron capture processes. In
this work focus will be on the r-process which will be discussed in more detail in
section 2.1.3. Some sections of the nuclear chart cannot be reached via any neu-
tron capture process. The production of nuclides in these regions relies on various
proton-capture processes, such as the rapid proton-capture process (rp-process).
The rp-process will be discussed in more detail in section 2.1.4. Nuclear masses,
and thus binding energies, play a crucial role in modeling these processes where
several quantities, including reaction rates, half-lives and branching ratios, are af-
fected by nuclear masses [1-4]. Additionally, nuclear masses affect the path taken
by these processes through the nuclear chart and affect the energy generation in
stars [2]. Especially in the case of the r-process [1,14,15] but also in the case of the
rp-process [4,16] there is a large amount of important nuclear masses that have
either not been measured or have high uncertainties that can considerably affect
the abundance distributions resulting from theoretical models of the processes.
Nuclear masses can be estimated using various mass models. There are
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several types of models, ranging from fully theoretical approaches to partially ex-
perimental models. In the latter ones, experimental data is used to fit parameters
of an underlying model in order to reproduce observed properties of the mass
surface. Mass models used in this work are the microscopic Hartree-Fock-based
model by Duflo and Zuker (henceforth referred to as Duflo-Zuker or D-Z) [17],
Hartree-Fock-Bogoliubov model (HFB24) [18], Universal Nuclear Energy Den-
sity Functional (UNEDEFO) [19] and two Weizsdcker-Skyrme models WS3 [20] and
W54 [21]. These models reproduce known masses typically within root-mean-
square errors of the order of hundreds of keV. This accuracy is not satisfactory
in many astrophysical nucleosynthesis models and more accurate values are de-
sirable. Many modern mass measurement techniques, such as Penning traps,
offer considerably smaller uncertainties than current mass models. Mass mea-
surements can, therefore, provide valuable information for testing mass models
and experimental mass data can also be used directly in nucleosynthesis models.

The biggest difficulties in current experimental work are in producing suf-
ficient amounts of the experimentally unknown nuclei to enable precise mea-
surements. There are several ongoing development projects at various facili-
ties around the globe, such as FAIR at GSI Darmstadt, FRIB at MSU, ISOLDE
at CERN, SPIRAL II at GANIL and IGISOL at Jyvaskyld, that aim to push the
boundaries of what nuclei can be reached in experiments. In this work a to-
tal of 27 atomic ground state masses were measured along with three isomeric
state masses and their effect on both astrophysical nucleosynthesis and nuclear
structure were studied. The conclusions reached in this work are all based on
measured atomic masses, see included articles [PI, PII, PIII], which goes to show
that masses are a highly relevant quantity in a wide range of situations. More
detailed discussion on the r and rp-processes and the way in which masses affect
the processes will be given in the following sections 2.1.3 and 2.1.4.

2.1.2 Stellar evolution and astrophysical sites for the rapid neutron and proton
capture processes

This section will serve as an introduction into the production mechanisms of dif-
ferent elements. All elements heavier than lithium have been produced in stel-
lar environments via a wide range of nuclear processes. Perhaps the most well
known nucleosynthesis process is nuclear fusion which produces elements up
to the iron peak presented in figure 3, centered around *°Fe. However, beyond
this point fusion is no longer energetically favorable and other production mech-
anisms are needed to synthesize heavier nuclides. This section will discuss the
stages of stellar evolution that are needed to create the environments necessary
for the additional nucleosynthesis processes extending the nuclear chart beyond
iron. In some cases, suitable conditions are created within a single star of suitable
mass but in many cases a binary star system is required where at least one of the
participants has evolved past its main sequence. Astrophysical nucleosynthesis
processes relevant to this work will be discussed in the following sections 2.1.3
and 2.1.4.
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FIGURE 3 Solar system abundances at the time of the formation of the solar system on
a scale where Si has been set at 10°. Hydrogen, helium and the iron region
are highlighted with black circles.

The life of a star begins as a cloud of interstellar gas consisting mainly of hy-
drogen and helium produced in the primordial nucleosynthesis. In the case of the
Sun, for example, hydrogen and helium were several orders of magnitude more
abundant than any other element at the time of the formation of the Sun [22], see
tigure 3. The gravitational pull of the gas could slowly increases the density of
the gas, raising its temperature and creating radiation. As the gas cloud contracts,
radiation is trapped more and more efficiently due to the increase in density. This
in turn further increases the temperature and pressure within the central region
of the cloud, leading to slowing down of the contraction. Material form the outer
regions of the cloud keeps accumulating around the central region and eventually
the resulting increase in temperature leads to dissociation of hydrogen molecules
into atoms, and finally ionization of hydrogen and helium atoms. Ionized matter
is more efficient in trapping radiation than neutral atoms, which leads to a further
increase in temperature and pressure in the central region. As the contraction of
the gas cloud continues the pressure becomes sufficient to halt the collapse of the
central region. The source of energy supporting the core region up to this point
is gravitational contraction.

Once the temperature of the central region reaches a few million kelvin the
tirst nuclear reactions start to occur. Initially, primordial deuterium and hydro-
gen start to fuse and primordial lithium 7Li can break into two alpha particles
via fusing with hydrogen. Energy released in these nuclear processes is still very
small. As the temperature rises further and reaches several million kelvin, hy-
drogen nuclei start to fuse into helium. This increases the total energy output
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and eventually becomes the only source of energy in the core region. The gas
cloud has now reached a hydrostatic and thermal equilibrium and has become
what is known as a zero age main sequence star.

Further evolution of a new star depends on its mass and can result in a
variety of different outcomes. Stars in the mass range 0.013M, S M < 0.08Mq
[23], where Mg, is the mass of the sun, have insufficient mass to reach central
temperatures needed to sustain hydrogen fusion. This leads to the star not being
able to support the pressure exerted by the gravitational pull of the gas and the
star collapses into what is known as a brown dwarf. The collapse of the star
is halted by electron degeneracy pressure in the core region and the star slowly
radiates its thermal energy into space.

Degeneracy pressure is a purely quantum mechanical property of fermion
systems, ultimately caused by the requirement that the wave function two of
identical fermions must be anti-symmetric under the exchange of particles. That
is, if ¢, (r) is the wave function of particle 1 and ¥, (r) of particle 2 their combined
wave function (ry, r2) = (1) Py (r2) must obey

P(r1,12) = —Pp(r2,17). (4)

In the case of electron degeneracy pressure, electrons being spin 1/2 particles, this
results in the limitation that only two electrons can occupy the same quantum
state. Therefore, only a limited number of states is available in the contracting
core region of the star. As the volume of the core region decreases the energy of
the quantum mechanical system formed by the electron gas increases, resulting
in a pressure [24] that works to halt the collapse of the core region.

Slightly more massive stars in the mass range 0.08 M. < M < 0.4M [23]
are the lightest stars that have sufficient mass to sustain a hydrostatic equilibrium
through fusing hydrogen to helium. As such, they are the least massive stars
belonging to the group of main sequence stars and have come to be known as
red dwarfs. Red dwarfs are among the longest living stars, spending time in
the main sequence, according to theoretical models, in excess of the current age
of the Universe. For example, a 0.1 M, star with solar metallicity is expected to
spend around 6000 Gy in the main sequence. Therefore, given that the age of the
Universe is only approximately 14 Gy, all red dwarfs that we observe must still
be in the main sequence [23]. Red dwarfs have insufficient mass to fuse helium to
heavier nuclei and, in large part, share the fate of stars with lower mass. Once red
dwarfs run out of hydrogen fuel they collapse until electron degeneracy pressure
sets in, becoming what is known as a helium white dwarf. All true stars (brown
dwarfs are not considered true stars) that end their life cycle in a collapse halted
by electron degeneracy pressure are called white dwarfs.

Stars in the mass range 0.4My S M S 11Mg [23] have a much richer variety
of possible paths of evolution. The exact course of events that stars in this mass
range experience is determined by several factors, such as metallicity of the gas
cloud that formed the star and the initial mass of the star. A common property
of these stars is that they are all massive enough to ignite helium in their cores
and fuse it to carbon and oxygen. However, the process responsible for fusing
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hydrogen to helium differs between stars of different masses. In lighter stars the
dominant forms of energy production, i.e. way of fusing hydrogen into helium,
are the pp chains. A total of three pp chains have been identified, all of which
have the end result of converting four hydrogen nuclei to one “*He. Fusing four
protons via a single collision event to “He is statistically improbable. Therefore,
the pp chains all have several intermediate steps, nuclear reactions, that finally
add up to converting four protons into one helium.

In heavier stars with higher metallicity the pp chains are supplanted by
CNO or hot CNO cycles. In these cycles certain C, N, O, F and Ne isotopes act as
catalysts in fusing hydrogen to helium. Several intermediate nuclear reactions are
involved in all of the reaction cycles with the end result being the same as in the
pp chains, four protons fusing to form a *He nuclide. As the amount of hydrogen
fuel reduces and helium increases in the core of the star, the hydrogen burning
moves to a thick shell around the core. At this time the star leaves the main
sequence and its core contracts in order to generate enough energy to counter
gravitational pressure. This results in an increase in temperature in the hydrogen
burning shell which eventually leads to the envelope of the star becoming fully
convective. As a result, energy output of the hydrogen burning shell increases
significantly causing the surface of the star to expand. In the case of the Sun, the
expansion is estimated to reach beyond the orbit of Mercury. Stars in this stage of
their evolution are called red giants.

The following stages of the evolution of a star depend, again, on its mass. If
the star is massive enough the helium core will start to fuse helium into heavier
elements without the core becoming electron degenerate. The main products of
this helium burning are carbon and oxygen, the fourth and third most abundant
elements in the solar system. If the core region reaches electron degeneracy before
the beginning of helium burning the star will undergo a core helium flash as the
helium burning begins caused by a thermonuclear runaway due to electron de-
generacy. Subsequently, the star will alternate between producing its energy via
hydrogen and helium burning in a series of helium shell flashes. More massive
stars may undergo additional convection events, or dredge-ups, and in addition
to fusing helium they may also be massive enough to eventually start fusing car-
bon into heavier elements. Similarly as with helium shell flashes, the primary
source of energy of the star alternates between carbon burning and helium burn-
ing. In all of these cases the star will end up losing a large portion of its mass due
to solar winds. When the surface of the star reaches a high enough temperature
it will ionize the gas ejected by solar winds and the residual core of the star will
become the center of a fluorescent planetary nebula, a planetary nebula nucleus.
In this final stage of stellar evolution in this mass range, the remaining core is
electron degenerate and will slowly radiate is energy into space as a white dwarf.
The elemental composition of the white dwarf depends of the evolutionary path
of the star and can vary from consisting mainly of carbon and oxygen to oxygen
and neon [23].

Stars even more massive than the previous cases with M 2 11M; have
clearly different final stages of stellar evolution. Initially, these stars go through



19

similar burning stages as stars with lower mass, fusing hydrogen, helium and car-
bon. However, in this mass range the stars will be able to ignite additional burn-
ing stages known as neon burning, oxygen burning and silicon burning. These
processes result in the core of the star consisting of the heaviest and most stable
nuclei, the most abundant being *°Fe which is located near the top of the binding
energy per nucleon chart (see figure 2). As a result, further burning stages fus-
ing “°Fe are not energetically favorable regardless of whether conditions in the
core region would provide sufficient energy to individual nuclei to overcome the
Coulomb barrier.

The way in which energy is transported away from the stellar interior changes
as the burning advances to the latter stages. In the initial burning stages the dom-
inant form of energy transport is electromagnetic radiation, but in the advanced
burning stages the energy carried by neutrino-antineutrino pairs becomes the
most significant form of transport. Neutrinos interact with solar matter much
more weakly than light and as a result the nuclear reaction rate must increase in
the burning region to provide sufficient support against gravitational pressure.
Therefore, the durations of the latter burning stages are considerably shorter than
those of the initial burning stages. For example, in a 25M, star of solar composi-
tion the silicon burning is estimated to last for only about one day [23].

Once the core region of a star reaches the end of silicon burning it has no
more sources of energy available. Nuclear burning will still continue in the shells
surrounding the core and additional material is accumulated on the core region.
When the gravitational pressure due to the mass of the core exceeds the limit
of what the electron degeneracy pressure can support, the Chandrasekhar limit
(= 1.4M), the core collapses. During the collapse, electron density reaches suf-
ticiently high levels to allow electrons to be captured onto the iron peak nuclei.
This further reduces the pressure support provided by the electron degeneracy
pressure, accelerating the collapse. Additionally, as temperature increases during
the collapse thermal radiation becomes energetic enough to photodisintegrate the
iron peak nuclei. Given that iron peak nuclei have the highest binding energies
per nucleon, energy is removed from the core in the process, which reduces the
pressure even further.

As the core collapse advances and density reaches values of the order of
nuclear density, the strong force between nucleons begins to provide pressure
support. However, density of the core overshoots the nuclear density by approx-
imately a factor of two [25] and the strong force, which is strongly repulsive at
short distances, causes the core to rebound. An outward moving shock wave is
created around a dense inner core region that survives the rebound. The remain-
ing inner core region is called a proto-neutron star.

As the shock wave moves through the outer core region, photodisintegra-
tion of iron peak nuclei removes energy from the shock wave together with emis-
sion of neutrinos. The energy loss is sufficient to cause the shock wave to lose
all its kinetic energy by the time it reaches the outer edge of the core, resulting in
the shock stalling. It is believed that the shock is revived through some process
but the exact mechanism is still unknown. It is thought that neutrinos and an-
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tineutrinos emitted by the proto-neutron star could provide the necessary energy
to revive the shock as they are absorbed in the surrounding layers [25]. Revival
of the shock is considered to create suitable conditions for a range of nuclear
reactions and to result in the production of significant amounts of nuclei up to
Ni which is the dominant species contributing to observed light curves ema-
nating from this type of core collapse events. The brief phase of nucleosynthesis
initiated by the revival of the shock is known as explosive nuclear burning. In ad-
dition to producing elements up to the iron peak, large amounts of free neutrons
are ejected from the core, which is believed to result in the production of a wide
range of heavier elements in the rapid neutron capture process (r-process) [23].

Stellar explosion scenario described above is referred to as a core collapse
supernova. In many cases events such as this result in a neutron star being cre-
ated. However, the explosion mechanism is not fully understood and it is consid-
ered that also another outcome is possible, where a black hole is created instead
of a neutron star. In this work the focus will be on neutron stars, regardless of
the details of other possible outcomes. Neutron stars are a recurring theme in
this work. The astrophysical production mechanisms behind isotopes measured
in included articles [PI, PII, PIII] are all thought to be connected to some path of
stellar evolution involving neutron stars.

Details of the process that result in the creation of a neutron star are, natu-
rally, highly relevant in the case of the neutrino-driven revival of the shock that is
considered to give rise to the r-process. However, there are also situations where
the creation process of the neutron star plays a less significant role but the pres-
ence of the neutron star is still of critical importance for this work. In these situa-
tions the neutron star is a part of a binary star system, where two stars orbit each
other at a close distance. Resulting nuclear processes depend on the composition
of the two stars. Two particularly interesting cases in the context of this work are
binary neutron star systems and systems where a neutron star accretes material
from a companion star. These two cases and the resulting nucleosynthesis will be
discussed in more detail in sections 2.1.3 and 2.1.4, respectively.

2.1.3 Rapid neutron capture process (r-process)

The production of heavier nuclei in fusion reactions in stellar environments is at
first limited and eventually inhibited by the Coulomb barrier. As fusion prod-
ucts reach higher proton numbers Z the electrostatic repulsion between nuclei
becomes ever higher. Fusion of nuclides reaches only up to the iron peak, see
tigure 2, where the binding energy per nucleon reaches its maximum value. This
prevents fusion reactions from producing heavier elements by fusing electrically
charged nuclei. One way to circumvent the Coulomb barrier and to produce el-
ements beyond the iron peak is to fuse nuclei with neutrons. Neutrons, being
electrically neutral, are not affected by the Coulomb barrier and can therefore
fuse with nuclei regardless of their electrical charge. The distribution of isotopes
that can be produced by subjecting seed nuclides to free neutrons depends on the
conditions at the reaction site. Most importantly, the resulting abundances de-
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pend on the amount of free neutrons. Neutron capture reactions responsible for
the production of elements beyond the iron peak are can be divided into two dis-
tinct processes depending on the amount of available neutrons, the slow (s) and
rapid (r) neutron capture process. Even though these two processes have many
properties in common, here the discussion will be limited to the r-process due to
its relevance to the included articles [PI, PII].

In short, the term r-process is used to describe successive capture of neu-
trons on seed nuclei (typically iron peak nuclei) in a highly neutron-rich envi-
ronment. The series of neutron captures continues until the B~ rates become
comparable to the neutron capture rate. Following the B~ decay, the daughter
nuclei then capture additional neutrons and the process repeats itself, producing
heavier and heavier nuclei with higher proton numbers [26]. Once the flux of free
neutrons becomes too low for the process to continue the produced nuclei decay
towards the valley of stability, resulting in the final r-process abundance distri-
bution. There are several factors that affect the path taken by the r-process, such
as density of free neutrons and temperature of the astrophysical site.

The most simple description of the r-process is the classical r-process model.
In the classical model an initial assumption of constant temperature and neutron
flux is made requiring them to be sufficiently high to make both (n,) and (y,n)
reactions much faster than B~ decays. In such conditions the abundance of a
given nuclide is determined solely by neutron capture and photodisintegration
rates. The abundance of a given species 4 X can be expressed as

AN(Z, A)
dt

where N are the number densities of nuclei with given Z and A, N, is the neutron
number density, (0v) 7 4 is the neutron capture reaction rate per particle pair and
Ay (Z, A + 1) the photodisintegration decay constant [23]. If the neutron capture
and photodisintegration rates are high enough a thermal equilibrium is reached
within each isotopic chain, resulting in the number densities of nuclides being
constant. The ratio of the number densities is then given by the Saha equation
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where 114, is the reduced mass m4m,, / (m4 + my), j are the spins of the nuclei, G
the normalized partition functions and Qj is the Q value for the neutron capture
reaction [23]. Here it is worth highlighting that the number ratio is proportional
to the neutron number density N, and inversely proportional to temperature T.
Also, the neutron capture Q value Q. for 4X can also be expressed as neutron
separation energy S, for QHX. These three quantities have the strongest effect
on isotopic abundance distributions in the r-process.

Using equation (6) it is possible to find all isotopic abundances of relevance
to the r-process in an isotopic chain. The equation can also be used to give a
approximate description of the shape of the abundance distribution by approx-
imating the spins j and normalized partition functions G as equal to unity. The
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resulting number density ratio is only a function of the neutron number den-
sity and temperature, which are assumed to be constant in the classical r-process
model. Therefore, it is possible to solve the equation for the Q value and find
which value Qp would produce equal abundances for the neighboring nuclides.
Actually, this solution suggests that the abundance is the same for all isotopes in
a given chain. However, the Q-values in reality are not constant and the abun-
dances vary along the isotopic chain. On average the Q-values decrease as the
neutron number N increases and the nuclides become less stable. This gives rise
to an interesting result that near the valley of stability the number density ratio
is larger than unity and near the neutron drip line it is less than unity. In other
words, it results in the isotopic abundance distribution having a maximum near
Qo where the number density ratio is equal to unity.

This approximation, however, neglects one important factor, the odd-even
staggering of the Q-values. The staggering results in nuclides with an even neu-
tron number N having a higher abundance than the neighboring odd-N nuclides.
The most abundant isotopes in any chain are, therefore, found at an even N near
the nuclide where the Q value goes below Q. In practice the abundance distri-
butions are rather sharp and only a few isotopes exist in significant amounts.

Once a thermal equilibrium between neutron capture and photodisintegra-
tion reactions is established throughout an isotopic chain, the r-process must con-
tinue via a B~ decay. Given that only a few isotopes are present in significant
amounts, the process will have to continue through the decays of those nuclides,
known as waiting point nuclides. Due to the high free neutron density and tem-
perature the B~ decays are slow compared to (n,7) and (7y,n) reactions and the
abundance distribution within an isotopic chain remains unchanged. The as-
sumption of (n,7y)<+(y,n) equilibrium, which gives rise to the significant waiting
point nuclei abundances, is known as the waiting point approximation [23].

The accumulation of material at the waiting point nuclides together with
their B~ decay half-lives determine the elemental abundances produced in the 7-
process. Each isotopic chain is fed by the decays of the waiting point nuclides in
the previous isotopic chain and depleted by the decays of its own waiting point
nuclides. Elemental abundances together with the location of waiting points in
each isotopic chain is of relevance for the final r-process abundance distribution
since all produced radioactive material will decay back towards the valley of sta-
bility, typically along their isobaric chains once the neutron flux ends.

Shell closures can have a significant effect on the location of the abundance
maximum of an isotopic chain and, therefore, the final abundance distribution.
This is most clearly seen at the magic neutron numbers N = 50, 82,126, where
the energetically favorable neutron configurations of nuclei cause the Q-values of
the (n,7) reaction to change strongly. Q-values of the neutron-capture reactions
producing nuclei at the magic numbers are relatively large while the Q-values of
the following neutron-capture reactions are relatively low. This sudden change
in Q-value results in the nuclei at magic neutron numbers being likely waiting
points. As a result, the r-process proceeds via subsequent f~ decays and neu-
tron captures at the magic numbers, pushing the process path closer to the valley
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of stability towards more tightly bound nuclei. Eventually, the produced nuclei
have high enough Q-values to move the waiting point of an isotopic chain be-
yond the magic neutron number, allowing the r-process path to once again move
closer to the neutron drip line. This results in the r-process accumulating rela-
tively large amounts of material near the magic neutron numbers, giving rise to
several peaks in the final abundance distribution.

There are also other mechanisms which affect the shape of the final abun-
dance distribution but are not included in the classical r-process model. For ex-
ample, in the mass region near A ~ 165 nuclear deformation together with pe-
culiar B~ decay properties are considered to accumulate the r-process nuclei into
a peak during the final stages of the r-process when the number of free neutrons
rapidly declines [27,28]. The final shape of the A ~ 165 peak is also believed to
be affected by spontaneous or B-delayed fission reactions of heavier r-process nu-
clei. Fission fragments of the heavier elements become seed nuclei and return to
the r-process path lower in the nuclear chart and, therefore, alter the final abun-
dance distribution. The A ~ 165 region is of particular interest in this work due
to the fact that several nuclides in the mass region have become accessible to mass
measurements using Penning traps for the first time. In this work the masses of
a range of nuclides in the A ~ 165 mass region were determined, many of which
had not been directly measured prior to this work, and the acquired results were
used as inputs in r-process modeling. For further details, see [PI, PII].

The above description of the classical r-process model provides a useful
overall picture but it omits several significant factors. For example, the assump-
tions made in the classical model over-simplify the properties of the astrophysi-
cal site by assuming a constant temperature and a constant neutron flux with an
instantaneous end. Without the assumption of constant temperature and neu-
tron flux, the waiting point approximation does not hold true and additional
factors such as the p~ decay half-lives and (n,y) and (7, n) reaction rates need
to be evaluated carefully. Additionally, some waiting point nuclei may decay to
neutron-unbound states resulting in B-delayed neutron emission. Such decays
make the final r-process abundance distribution smoother. Also, nuclides near
the heaviest isotopes produced in the r-process can decay via emission of « parti-
cles, which is not taken into account in the above discussion. More sophisticated
r-process models have been developed that include, for example, multiple sub-
sequent nucleosynthesis events and dynamical modeling of the characteristics of
the astrophysical site. For a more detailed discussion, the reader is referred to,
for example, [25,29].

There are two astrophysical sites where the r-process is believed to take
place. One possible site are the neutrino-driven winds of a core collapse super-
nova. A significant amount of free neutrons is ejected from the deeper regions
of the rebounding core region of the collapsing massive star. These neutrons to-
gether with the iron peak nuclei created in the explosive nuclear burning provide
the necessary material for the r-process. It is thought that suitable conditions for
the r-process could be formed as the revived shock wave passes through the lay-
ers of matter that surrounds the proto-neutron star. However, difficulties have
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been encountered in simulations in reproducing the explosions assumed here,
which casts doubt on the neutrino-driven winds being sites for the r-process [25].
Also, there are indications that the neutrino driven winds, even in cases where
the r-process occurs, might not a suitable location for producing the heaviest -
process nuclei above A = 140 [30].

The r-process has also been thought to take place during neutron star merger
events. In fact, it was confirmed in August 2017 that the r-process does indeed
take place in neutron star mergers by the gravitational wave event GW170817
[31,32] and the respective kilonova [30,33]. The observed afterglow, known as a
kilonova, changed its color from blue to red within a few days of the event, which
was interpreted as an indication of the presence of lanthanide-rich high-opacity
isotopes produced in the r-process [30, 33].

2.1.4 Rapid proton capture process (rp-process)

The second astrophysical nucleosynthesis process of particular relevance to this
work is the rapid proton capture process (rp-process). It has many similarities
with the r-process described in section 2.1.3. Instead of transforming seed nu-
clei via successive neutron captures, the rp-process operates mainly via proton
captures. Also, instead of B~ decays, the process relies on 1 decays to allow
nuclosynthesis to proceed beyond nuclides that are proton-unbound or undergo
very fast photodisintegrations via the (v, p) reaction. Even though the processes
have many similarities, they take place in very different astrophysical environ-
ments and produce nuclei in separate regions of the nuclear chart.

The rp-process takes place on the opposite side of the valley of stability than
the r-process. The process relies on the hot CNO cycles (HCNO) to provide it with
necessary seed nuclei. Initiation of the rapid proton capture is preceded by stable
operation hot CNO cycles until temperature of the stellar environment exceeds
approximately 0.5 GK. After this point, a number of new reaction processes in-
volving captures of a-particles, protons and photodisintegrations start to become
likely alternatives to the hot CNO cycles. As a result, nuclides needed as cata-
lysts in the HCNO processes escape the cycles and undergo further processing
into heavier nuclides. The exact reaction channels depend on the conditions of
the environment. Eventually these new reaction processes, called breakout se-
quences, lead to the production of a varying range of heavier nuclides via the
rp-process, ranging from the CNO nuclides up to the SnSbTe region [23,34].

In environments characterized by temperature T = 0.5GK, density p =
10* g/cm? and reaction process time scale t = 100s, breakout from the HCNO
cycles happens via

°O(a, 7)"Ne(p, v)*'Na. (7)

This is followed by successive proton captures until a nuclide is synthesized that
undergoes such fast (y, p) photodisintegrations that it becomes favorable for the
rp-process to continue via the f* decay channel. Following a B decay the pro-
cess will repeat and either more protons are added to a nuclide or it undergoes
additional radioactive decays [23,35]. This is known as the rp-process. It is worth
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noting that the proton capture rate does not necessarily determine whether g7
decays are the dominant path forward. It is possible that regardless of a high
proton capture rate A,, leading to more exotic species, the reverse photodisinte-
gration reaction rate is even higher, and f* decay dominates the process even if
it is the least probable reaction among the three ()Lﬁ+ < Apy < Ayp). This can
lead the rp-process to nuclei with long BT decay half-lives and very low proton
capture Q value. As a result, (v, p) reactions will force the process to proceed via
the slow B decay. These nuclides are the waiting points of the rp-process.
At a temperature of approximately 1 GK a second break out sequence from
the HCNO cycles,
"O(a, p)F(p,7)"*Ne(a, p)*'Na, 8)

starts to affect the rp-process, pushing the end point of nucleosynthesis higher
up the nuclear chart [23]. At a temperature of 1.5GK a third break out sequence
becomes active *O(a, p)VF(v, p)'°O(a, 7)*Ne. In these conditions all three se-
quences operate at the same time. However, the initial abundance flow after
break out follows a different path via the

*Na(p, v)*'Mg(a, p)**Al(p, 7)*Si(a, p)**P 9)

*INa(p, 7)”Mg(a, p)PAl(p, 7)*Si(a, p)*P(p, 7)*S(a, p)*Cl (10)

reaction sequences known as the ap-process. These break out sequences provide
the rp-process with its seed nuclei that are subsequently processes into heavier
nuclides, in many cases even up to the SnSbTe region [34].

The rp-process is thought to take place in binary star systems where a neu-
trons star accretes material rich in hydrogen and helium from its companion star.
When material is transferred from the companion star it is accumulated in an ac-
cretion disk around the neutron star. Eventually, the material will fall onto the
neutron star gaining a significant amount of energy as it moves deeper into the
gravitational potential well. The material is heated to such high temperatures
that it will begin to emit thermal radiation in the X-ray wave lengths. Tempera-
ture and density at the surface are high enough to allow the star to continuously
fuse hydrogen into helium via the HCNO cycles. The environment is not, how-
ever, initially suitable for fusing helium into carbon via the triple-x process and
the neutron star will continue to accrete material. As time passes, the star will
accumulate enough material to initiate the helium burning under electron degen-
erate conditions, resulting in a thermonuclear runaway accompanied with a burst
of X-ray radiation. It is believed that the thermonuclear runaway initiates the rp-
process on the surface of the neutron star [34]. The neutron star is not destroyed
in the runaway and the process will repeat itself as new material is accreted. This
is the thermonuclear runaway model of a type I X-ray burst [3,23]. The scenario
presented here is not the only possible explanation for the origin of the bursts. For
example, if the neutron star at the center of the event is strongly magnetized, it is
believed that it will accumulate material at its magnetic poles at higher localized
accretion rates [3].
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Numerous direct observations of X-ray bursts have been made ever since
the first ones were detected in 1976 [36,37]. This has provided valuable opportu-
nities to compare theoretical models of type I X-ray bursts and the resulting rp-
process to direct observations. Similarly as in the case of the r-process, theoretical
models of the rp-process rely on knowledge of a wide range of nuclear proper-
ties across the entire rp-process region, such as reaction rates and half-lives [38],
many of which are affected by nuclear masses. As was already mentioned in sec-
tion 2.1.1, there are several unknown masses of high importance to the rp-process
with large uncertainties [4,16]. More precise measurements of such masses could
possibly lead to significant changes in elemental abundances resulting from the-
oretical rp-process models. Variations of the masses of individual nuclides were
shown to change the final abundances of a single mass number A by up to a fac-
tor of ten, when comparing calculations with masses shifted by +3¢ [4]. In this
work mass measurements were performed in the proton-rich A = 82 — 89 region
near the N = Z. ¥Ru and 3¥Tc" were measured for the first time and the preci-
sions of 82Zr, 3 Nb and 38Tc were significantly improved. Their effect on the mass
surface was studied. However, due to the fact that no radical changes were seen
in the mass surface compared to the Atomic Mass Evaluation 2016 [39], which
includes recent storage-ring measurements [40] in the region, detailed rp-process
modeling was not performed using the new masses. For additional details, see
included article [PIII].

2.2 Penning traps

This section will provide the reader an overview of the theoretical framework for
the measurements performed at the JYFLTRAP double Penning trap mass spec-
trometer. Ideal Penning traps are discussed in order to give the reader sufficient
information to understand the experimental methods utilized in this work. A
tull in-depth description of real ion traps will not be given. For more exhaustive
discussion on deviations from ideality, further references are provided.

Confinement of ions in a Penning trap is achieved via superimposing a uni-
form magnetic field with an electrostatic quadrupole field. The second compo-
nent of the trapping potential, the electrostatic quadrupole field, can be gener-
ated using several electrode geometries, the most common of which are hyper-
bolic and cylindrical geometries. The simplest way to describe an ideal Penning
trap is to make use of three hyperboloids of revolution that form two endcap
electrodes and one ring electrode, see figure 4 (a). In an ideal case the three elec-
trodes would extend infinitely far creating an ideal electric quadrupole potential
within the trap providing axial confinement of ions. Additionally, in an ideal case
a homogenous magnetic field aligned with the axis of rotational symmetry of the
trap would provide confinement in the radial direction. Naturally, such an ideal
device is not possible to construct in real life due to a range of limitations, such as
the finite size of electrodes, limitations in machining precision and misalignment
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of electrodes. As a result, hyperbolic traps, as well as all other trap designs, are
prone to imperfections.

Theoretical studies have been conducted in an effort to find ways of reduc-
ing the imperfections in several trap geometries, see for example [41,42]. Both hy-
perbolic and cylindrical traps can be equipped with correction electrodes that can
be used to fine-tune the trapping potential and reduce its anharmonicity. How-
ever, cylindrical traps have proven to be easier to manufacture due to their more
simple electrode geometry. Additionally, the more simple structure makes the-
oretical modeling of the trap design easier and offers practical advantages, such
as easier loading of particles into the trap and improved pumping efficiency due
to the more open structure [42]. The open cylindrical electrode design used at
JYFLTRAP is presented in figure 4. For the purpose of this work, it is sufficient
to assume that both trap designs can be designed and manufactured with a high
enough accuracy that the resulting trapping potential can be approximated as
harmonic. For simplicity, we shall use the hyperbolic trap design as an example
in the following treatment.

In an ideal hyperbolic Penning trap ions are confined in the radial direction
by a uniform magnetic field of the form B = B,é,, where vector quantities are
denoted in bold. This results in cyclotron frequency

B
W = %, (11)

where g and m are the charge and mass of a trapped ion, respectively. Axial
confinement is achieved via superimposing an electric quadrupole field of the

form )
_ W (2 P
U—2d2 (z 2> (12)

with the magnetic field, see for example [41]. Here z and p are the axial and radial

FIGURE 4 Hyperbolic (a) and cylindrical (b) Penning trap designs. Endcap electrodes
are presented in yellow, ring electrodes in gray and in (b) correction elec-
trodes in red and orange.
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distance from the trap center, respectively, Uy is the potential difference between
endcap and ring electrodes and d is the characteristic trap dimension

1
d= Q(Z% +03/2), (13)

where zp and pg are the minimum axial and radial distance from the trap center to
the electrodes. In case gl > 0, the electrostatic potential gives rise to a harmonic
oscillation in the z direction at the frequency

4q U()

W; = | ——=.
m(2z§ + pj)

(14)

Motion of a particle in the trap can then be described using Newtonian
equations of motion for each dimension as,

1
¥ —wey — Ewﬁx =0 (15)
. .1 5
j+wet —swzy =0 (16)
i+ w?z = 0. (17)

The first two equations yield roots for bound motion that can be expressed as

1
Wi =5 [wc + 4/ w? —ng} , (18)

where w; is the reduced (or modified) cyclotron frequency and w_ the mag-
netron frequency [41,43]. Equations (14) and (18) define the three eigenmotion
frequencies of ions confined into a Penning trap.

There are three aspects to these eigenmotions that are especially notewor-
thy in the context of this work and are critical to understand in order to be able to
appreciate the full set of techniques utilized in mass measurements at JYFLTRAP.
The first noteworthy aspect is the magnitude and hierarchy of the frequencies,
we & wy > w; > w_. The corresponding frequencies v; = w;/2m at JYFLTRAP
for 133Cs't ions are v, ~ 807kHz, v, ~ 52kHz and v_ ~ 1.7kHz. The fact that
wy > w; > w- turns out to be a critical component in operating the purifica-
tion trap introduced in section 3.4 and also dictates some of the steps taken in
determination of the v, frequencies of ions. JYFLTRAP consists of two cylindrical
Penning trap located inside a 7 T superconducting coil. The two traps have almost
identical potentials and geometries and, therefore, the approximate frequencies
presented above apply to both traps.

The second noteworthy aspect is that the magnetron motion is mass-independent
to first order. This property is utilized in both purifying ion samples and measur-
ing their masses. The weak mass dependency of the magnetron frequency can be
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shown starting with the radial eigenmotions defined in equation (18). It directly
follows that
we 1 2w?

We | W, 2w?
e I i 4
“ET T 2
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Given that w; > w,, we can expand this as a Taylor series according around to
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Based on equation (25) it is clear that the Oth and 1st order terms in the expres-
sion of the magnetron frequency w_ are mass-independent. On the other hand,
already the Oth order term of the reduced cyclotron motion w has a mass de-
pendence. Also, equation (19) gives us a useful result that can be used as an
approximate relation when working with real Penning traps

We =wy +w-_. (27)

The third noteworthy aspect of the three eigenmotions is the dependence
of the amplitude of each eigenmotion on the total energy of the corresponding
motion. The total energy of an ion bound in a Penning trap can be described with
Hamiltonians in the axial and radial directions, see [41],

1
H, = hwz(a;az + E) (28)
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1 1
H, = hwy (atay + E) —hw_(ata_ + E) (29)

with eigenvalues of the number operators of the form a*a|j) = j|j). Therefore,
eigenvalues of the total Hamiltonian H = H, + H,, given a state |k,n,1), can be
expressed as

1 1 1
E:Ek+En+El:hwz(k+§)+hw+(n+§)—hw_(l+§), (30)

where k,n,1 are the quantum numbers describing axial, reduced cyclotron and
magnetron motions, respectively. Equation 30 shows that the energy of the mag-
netron motion is inversely correlated with the quantum number /. Consequently,
as an ion orbiting in the magnetron mode loses energy its quantum number
| increases. This corresponds to the ion moving farther from the trap center
where the electric quadrupole potential presented in equation 12 has its maxi-
mum value [41]. On the other hand, axial and reduced cyclotron eigenmotions
gain energy with an increase in their quantum numbers. The radii of all three
eigenmotions are proportional to the square root of their quantum numbers [44].
Therefore, when ions trapped in a Penning trap experience losses in energy the
axial and reduced cyclotron motion are bound whereas the magnetron motion is
unbound. Fortunately, in practical situations the energy losses are so slow that
the magnetron motion can be considered to be bound. However, this sets the
magnetron motion apart from the other eigenmotions in the sense that it cannot
be cooled away just by allowing the ions to dissipate their energy in the trap [41].
Therefore, other methods for cooling the magnetron motion are necessary. Cool-
ing methods employed at JYFLTRAP will be discussed in section 3.5.1.

The treatment presented here applies for an ideal Penning trap, i.e. one
without any misalignments, machining imperfections or field inhomogeneities.
The purpose of this section is to serve as an introduction and a first approximation
to real Penning traps. For more information on deviations from ideality typically
encountered in Penning traps the reader is referred to, for example, [41,43,45].



3 EXPERIMENTAL METHODS

This section gives a broad overview of the experimental methods and appara-
tuses utilized in this work. The layout of the IGISOL facility is presented in fig-
ure 5 together with the MCC30/15 cyclotron (A) [46] and the beam line delivering
primary beams from the K130 cyclotron (B) [46]. Radioactive isotope production
at the IGISOL target area (D) and production of stable ion beams at the off-line
ion source station (C) will be discussed in sections 3.1 and 3.2, respectively. Ion
beams from these two locations are formed into a beam, mass separated using the
dipole magnet (E), guided through the switchyard (F) and injected into the RFQ
(G). This part of the system will be discussed in section 3.3. In this work the ions
were then injected into JYFLTRAP (I), which will be discussed in section 3.4.

FIGURE5 Layout of the IGISOL facility: MCC30/15 cyclotron (A), beam line from the
K130 cyclotron (B), off-line ion source station (C), radioactive isotope pro-
duction (D), dipole magnet (E), switchyard (F), RFQ (G), laser spectroscopy
line (H), JYFLTRAP (I).
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3.1 Radioactive isotope production

Samples of radioactive ions used in experiment at IGISOL are produced using
the ion guide method [5] where a primary beam impinges upon a thin target
inducing nuclear reactions. The type of reaction is chosen based on the needs of
each individual experiment. Reaction products are ejected from the target due to
residual kinetic energy, left over from the nuclear reaction, and captured in an ion
guide. Anion guide comprises a volume of buffer gas, typically helium, enclosed
in a casing optimized for efficient evacuation and a nozzle that is used to direct
the gas flow out of the ion guide. The primary purpose of the buffer gas is to slow
down created reaction products and capture them. As the produced ions enter
the gas volume they start to collide with buffer gas atoms and gradually loose
their energy. As a result reaction products are stopped, thermalized and finally
extracted from the ion guide as the buffer gas flows through the exit nozzle. The
exit nozzle also serves as a pumping barrier. In this work buffer gas pressure
inside the ion guide was typically 200 — 300 mbar and 5- 102 — 7 - 10”2 mbar
right outside the ion guide.

This method can be used to produce a large variety of radioactive ion sam-
ples through a range of nuclear reaction processes, such as proton induced fission
and heavy-ion or light-ion induced fusion-evaporation. The use of some partic-
ular reaction processes necessitates making modifications to the IGISOL target
area. For example, heavy-ion induced fusion-evaporation reactions require a tar-
get that is separated from the ion guide, in contrast to the proton induced fission,
where the target is located inside the ion guide. Regardless of the choice of reac-
tion process, the method relies on creating electrically charged samples of desired
elements and stopping, thermalizing and extracting them while retaining their
charge. This is of critical importance due to the fact that separation of the reac-
tion products from the buffer gas relies on the presence of an electrical charge. In
this work, all on-line experiments were conducted using singly-charged ions.

There are several factors that affect the likelihood of produced ions conserv-
ing their electrical charge. These include, for example, cleanliness of the ion guide
and the surrounding vacuum system and type and purity of buffer gas. These
factors have an effect on the probability of an ion regaining its missing electrical
charge through charge exchange reactions with any material it comes into con-
tact with. Helium is a favorable choice of buffer gas since it has a high ionization
potential. This results in low likelihood of charge exchange reactions between
buffer gas atoms and reaction products. However, composition of the buffer gas
is never pure helium due to practical limitations. There is always some amount
of contamination in the system, resulting in an increased chance of neutraliza-
tion of reaction products via charge exchange reactions with the impurities. This
can be minimized through baking the system prior to experiments and using a
cryogenic buffer gas purification system, a cold trap, during on-line operations.
The gas handling system used at IGISOL is introduced in detail in [47]. As a
part of this work the cold trap design utilized in [47] was adopted in construct-
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FIGURE 6 Fission ion guide design used at the IGISOL facility: A: coolant lines, B:
buffer gas input, C: chamber separation foil, D: stopping volume, E: extrac-
tion nozzle, F: target foil, G: primary beam entrance.

ing a gas purification system for an off-line ion source station that was recently
commissioned at IGISOL. The new ion source station is discussed in section 3.2.
In this work proton induced fission and heavy-ion induced fusion-evaporation
reactions were used to produce studied nuclides. Ion guides and specific mod-
ifications to the IGISOL target area used in these reactions are discussed in the
following sections 3.1.1 and 3.1.2.

3.1.1 Fission ion guide

The most common reaction for the production of radioactive ions at IGISOL is
nuclear fission. Typically, fission is induced by impinging a proton beam on a
natural uranium target, as was the case in included articles [PI, PII]. In fission
reactions at IGISOL the target is mounted inside the fission ion guide [7, 48,49]
presented in figure 6. The target is separated from the buffer gas in its own vol-
ume allowing the primary beam to pass through the ion guide without coming
into contact with the buffer gas. This is done in order to minimize ionization of
the buffer gas that would adversely affect fission fragment yield. The target is
set at an angle with respect to the beam axis, increasing the effective thickness of
the target. As a result, the probability of proton induced fission is increased but
at the same time the likelihood of fission fragments escaping the target material
remains high due to the low actual thickness of the target. Emission of fission
fragments from the target foil is nearly isotropic [7]. A portion of emitted frag-
ments enter the buffer gas volume through a thin chamber separation foil and are
thermalized and extracted with the buffer gas flow. The most common reaction
for producing radioactive ions utilized in this work was proton induced fission
of natural uranium using the fission ion guide.
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FIGURE 7 The new HIGISOL system: A: Ion guide gas cell, B: SPIG, C: Beam dump,
D: Target wheel, E: Degrader holder, F: Rails for distance adjustment, G:
Coolant line

3.1.2 Heavy-ion ion guide and development of the HIGISOL system

In addition to fission fragments, mass measurements were also performed on
neutron-deficient nuclides in the N = Z region. These nuclei cannot be produced
in fission, and production via light-ion fusion-evaporation reactions is also chal-
lenging since the stable nuclei are located far from the N = Z line at heavier
mass numbers. For this purpose a dedicated ion production system was used
that is known as the Heavy-ion Ion Guide Isotope Separator On-Line (HIGISOL)
system [6,50-52]. It consists of an ion guide specifically optimized for the heavy-
ion induced reactions and an additional platform housing the target and a beam
dump. The HIGISOL system is presented in figure 7.

In the HIGISOL system the target is separated from the ion guide and a
beam dump for primary beam is placed between the target and the ion guide.
This is done to prevent the primary beam from entering the buffer gas volume
and causing excessive ionization. The ion guide itself consist of a single gas-filled
volume with a large entrance window covered with a thin foil (typically around 2
um thick havar). Once ions enter the ion guide they come into direct contact with
the buffer gas, thermalize and exit the ion guide with the flowing buffer gas. Due
to the fact that the target is separated from the ion guide, the distance between
the two needs to be adjusted in such a way that the dimensions of the cone of
reaction products from the target matches the size of the entrance window. This
is achieved using the new control system developed in this work.

The platform itself, see figure 7, houses a total of three foil holders, one
for the target and two for degrader foils to reduce the primary beam energy if
needed. All three can be remotely moved parallel to the primary beam axis to
adjust their distance to the ion guide. The new control system monitors the po-
sition of the foils using a resistive wire and a voltage readout circuit. The three
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FIGURE 8 Schematic of the control system developed for the HIGISOL platfrom. Dif-
ferent sections of the system are highlighted based on their functionality.

foils can also be remotely moved in and out of the path of the primary beam. The
target is a wheel rotating at a remotely adjustable angular speed. The system also
houses several switches that are used to monitor various parts of the apparatus.
This system is described in detail in included article [PIII].

Prior to this work the mechanical structure of the system was largely similar
to the one presented in figure 7. In this work all components of the electrical
system were replaced with higher quality components, including new switches
and more powerful direct current (DC) motors. Some upgrades were made to the
mechanical design, such as improvements to cooling and mechanical stability,
while keeping the operating principle of the previous version of the system. The
most significant upgrade to the HIGISOL platform was the development of a
fully computerized control system. Previously the system was controlled using
a combination of mechanical switches and relays without any remote control or
readout capabilities. The lack of remote controls was problematic since operating
the manual controls required a person to break the radiation and high-voltage
interlocks and to enter the IGISOL target area with elevated radiation levels.

The new control system is built around a Raspberry Pi 2 Model B com-
puter [53] equipped with 40 general-purpose input/output channels and 4 USB
ports. The Raspberry Pi is used together with a custom-built electronics circuit
and an Arduino Uno [54] microcontroller to monitor and control the HIGISOL
system. A schematic illustrating the different parts of the control system and their
functions is presented in figure 8. The Raspberry Pi is directly used to read states
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of the mechanical switches in the system and to monitor the distance between the
target and gas cell through an MCP3008 analog-to-digital converter. The Arduino
is used to drive a transistor which is in turn used to adjust the speed of the tar-
get wheel motor via pulse-width modulation (PWM). Communication between
the Raspberry Pi and Arduino Uno is performed via a serial connection through
a USB port. It was decided to implement the pulse-width modulation using an
Arduino Uno microcontroller instead of a Raspberry Pi due to the fact that the
former offers hardware-based PWM. This was considered to be a more robust so-
lution compared to any necessarily software-based PWM implementation using
a Raspberry Pi computer.

The new control system has a graphical user interface (GUI) program that
provides users with all necessary information and remote controls to operate the
HIGISOL system. The control program is executed by the Raspberry Pi computer
in order to minimize any possible issues in transferring information between the
input/output hardware and the control program. Due to the fact that the IGISOL
frontend is located on a 30 keV high-voltage platfrom there is a need to provide
users access to the control software without directly connecting the control unit
to a monitor and keyboard. For this reason, the GUI program is executed on the
Raspberry Pi and remotely viewed on a client computer via SSH tunneling us-
ing X11 forwarding. The Raspberry Pi is connected to the internal network of
the facility using optical-to-ethernet converters in order to overcome the poten-
tial difference between parts of the system.

3.2 Off-line production of stable ions

3.2.1 The new off-line ion source facility

The ion guide method discussed in section 3.1 is the primary way of producing
ion beams at the IGISOL facility. In the past it has served as a source of both
stable and radioactive ion species for various experiments ranging from Penning
trap mass measurements [55] to atom trap experiments [56] and decay and laser
spectroscopy [57] using several experimental set-ups. In most cases producing
and studying radioactive ions has been the primary goal and stable isotopes have
served as reference samples for calibrating parts of the system. Often the choice
of reference ion has been made during an online experiment based on factors
such as measured yields and presence of other ions close in mass to the reference
ion and their mass numbers and half-lives. Nuclear reaction processes utilized in
this work for the production of radioactive ions are such that they also produce
a wide range of isotopes in the surrounding region of the nuclear chart. As a
result, availability of suitable, pure beams of reference ions with unambiguous
identification were found to present challenges in on-line experiments.

As a part of this work, commissioning of a new off-line ion source facility,
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FIGURE9 The new off-line ion source station (I) and its internal structure (II) where
(A) is the glow discharge ion source, (B) ion optics for beam formation, (C)
surface ion source, (D) bending ion optics, (E) Einzell lens, (F) steering elec-
trodes and (G) extraction electrode.

which can be used as an alternative source of stable ions, was finalized at IGISOL,
see included article [PIV]. The work was started as a M.Sc. project, see [58], and
fully taken into use as a part of this work. The new facility consists of an ion
source station located on the second floor of the IGISOL facility and a beam line
connecting the station to the pre-existing mass separator. The new ion source
facility is presented in figures 5 and 9. The new ion source facility and its location
upstream of the mass separator introduces the possibility of producing reference
ion samples with a dedicated ion source in parallel with the IGISOL front end
used to produce radioactive isotopes. This makes it possible to overcome many of
the challenges encountered in using the beam from IGISOL for reference samples.

Two ion sources have been commissioned at the off-line station, a surface
ion source based on thermal emission of ions and a glow discharge ion source.
The thermal emission ion source is, in its simplicity, a small cylinder with a built-
in resistor for heating. One end of the cylinder is covered with a mixture of mate-
rials that is ionized as the source is heated. The source is commercially available
with a range of element mixtures [59]. In this a work a combination of K, 85RDb,
87Rb and !33Cs was used. The second ion source, the glow discharge ion source,
consist of two electrodes approximately 5 mm apart placed in a small volume of
flowing helium buffer gas. A voltage is applied between the electrodes to initiate
an electrical breakdown. Resistance and voltage of the circuit are tuned to limit
power dissipation in the circuit. A steady glow discharge is established where
positive ions created in the discharge are accelerated to the cathode, sputtering
material upon impact. Sputtered atoms are then ionized in the discharge and
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FIGURE 10 Cryogenic gas purifier constructed at the off-line ion source station. Parts
of the system are highlighted and the direction of gas flow is indicated with
arrows.

transported out of the ion source in the buffer gas flow. Produced ions are sep-
arated from the buffer gas using a skimmer electrode and differential pumping.
Ion beam from one of the sources is then directed down the connecting beam line
to the mass separator where a single isobar can be selected.

Initial tests of the glow discharge ion source were already performed in [58]
followed by installation of the surface ion source as a summer student project at
IGISOL. In this work the new system was used in on-line experiments for the
first time. Typically the ion source station was used to provide '33Cs'* from the
surface ion source to be used as a mass reference in atomic mass measurements
at JYFLTRAP. This ensured the availability of ions with well-known atomic mass
whenever needed and, additionally, provided definite identification of the refer-
ence species. As mentioned earlier, one of the challenges in using the ion guide
method for producing reference ions is the possibility to have other ions present
with mass close to the atomic mass of the intended reference isotope. For exam-
ple, it was discovered in [PII] that *Eu and '%3Gd initially measured in [PI] using
what was thought to be 19*Dy! T as a reference ion were, in fact, measured using a
molecular ion as a reference. The most likely candidate for the wrongly-identified
reference was found to be #6La'®O'H!* [PII]. Confirmation of the misidentifica-
tion was done by remeasuring the masses of '®*Eu and 193Gd using 133Cs!* ions
from the off-line station as a reference. Unambiguous identification of the refer-
ence isotope was possible due to the fact that the surface ion source uses a mixture
of material with no other isotopes within 46 atomic mass units from '33Cs. This
combined with the location of the ion source station upstream of the IGISOL mass
separator allowed a definite identification of the reference isotope.
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The off-line ion source station was used to provide other types of experi-
ments with stable ions, as well. 8Y?* ions were produced to be used as a ref-
erence in a collinear laser spectroscopy experiment on radioactive yttrium iso-
topes [60]. Previously, reference ions for this kind of experiments have been
produced by placing a foil of the desired material at injection aperture of the
SPIG [61] so that it partly overlaps with the gas jet coming from the ion guide.
However, it was discovered in [60] that the method did not produce Y in the re-
quired doubly-charged state. Therefore, the glow discharge ion source was used
to provide the necessary Y2 samples. In another experiment the new system
was used to ionize natural palladium using the glow discharge ion source. The
Q-value for the neutrinoless double electron capture on 102Pd, i.e. the mass dif-
ference between 122Pd and 192Ru was measured in [62], where two sources of the
same type were used to produce two beams of stable ions. The off-line station
provided the 192Pd'" ions and another glow discharge ion source located in the
IGISOL target chamber produced the 12Ru'™ ions. The possibility to operate two
sources simultaneously enabled the experiment to be conducted fully off-line so
that the system was tuned to accept one or the other beam at any given time.

In addition to yttrium [60], palladium [62] and copper used in the initial
test in [58], several other elements have been ionized using the glow discharge
ion source at the offline ion source station, including Ba and Nd. In prepara-
tion to a need to ionize elements that are more chemically active, a cryogenic gas
purification system, referred to as cold trap, was constructed for the off-line ion
source station in order to minimize the loss of ions via charge-exchange reactions
with impurities. The gas purification system is presented in figure 10. Design of
the cold trap and the choice of porous filling material were adopted from [47].

3.2.2 Future plans for the ion source station

The development of the off-line ion source station has been on-going ever since
the initial tests of the system in 2016. Ion yields have been improved via refin-
ing the current design of the glow-discharge ion source through adjusting the
dimensions of the buffer gas volume and exit nozzle. Also, a new buffer gas
purification system has been constructed. Operating the system has become a
routine part of experiments at the IGISOL facility and a considerable amount of
experience has been acquired with the new ion source station. Several ways to
improve the system have been identified. Therefore, an upgraded version of the
system was designed, see figures 11 and 12, as a part of this work. The upgraded
off-line ion source station design will broaden the selection of ion sources it can
accommodate and it will also provide practical benefits to its use.

The current version of the system, presented in figure 9, is fully functional
and has been proven to be capable of producing ion beams from a wide range of
elements using two ions sources. However, the mechanical design of the part of
the system surrounding the glow discharge ion source has set some limitations to
the use of the system. The most significant limitation of the very compact current
design is buffer gas removal via pumping. The reason behind this is two-fold.
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FIGURE 12 Internal structure of the planned upgrade to the off-line ion source station
where (A) is the glow discharge ion source, (B) ion optics for beam forma-
tion, (C) steering electrodes, (D) surface ion source, (E) bending ion optics,
(F) Einzell lens and (G) extraction electrode.
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This design does not have a lot of free volume for the buffer gas to expand into,
resulting in the extraction region of the ion source having an undesirably high
pressure. Also, the system cannot accommodate much larger vacuum pumps
in its current configuration. As a result, ion beam intensities are limited by the
vacuum and pumping systems. Based on experience with a similar ion source
mounted in the IGISOL target chamber, which is equipped with considerably
more pumping capacity, the possibility to use higher buffer gas pressures would
offer significant improvements to beam intensities.

Another factor, held in high value during the design process of the new ver-
sion of the ion source station, was easy access to both ion sources. In the current
version removal of the glow discharge ion source or replacing its electrodes re-
quires a considerable amount of effort due to the fact that much of the vacuum
system has to be removed before the source becomes accessible. In the new de-
sign the source is located in a spacious vacuum chamber directly underneath a
hinged lid. Additionally, in the new design no ion optical elements need to be
removed for accessing the ion source. This is expected to improve the efficiency
of the ion optical system and also reduce the amount of time needed for retuning
the system after replacing the electrodes inside the ion source.

The upgraded system is designed to accommodate either the vacuum pump
currently in use or a new pump with higher pumping capacity. Gate valves were
added on both sides of the the chamber in order to allow venting the chamber
without having to vent neighboring sections of the system at the same time. Ad-
ditionally, this removes the need to stop any of the vacuum pumps for venting
the ion source chamber. The rectangular vacuum chamber was designed with
a large number flanges that can be used to provide access into the chamber. In
particular, installation of a laser ablation ion source was considered and sufficient
laser beam access was a requirement in the design process.

3.3 Ion beam formation and manipulation

Once reaction products have been evacuated from the ion guide they are sepa-
rated from the remaining buffer gas with the help of a sextupole ion beam guide
(SPIG) [61] which is a linear Paul trap with sextupole electrode configuration.
The benefit of using such a device is that its open geometry allows for efficient
removal of neutral buffer gas via pumping while confining electrically charged
reaction products to a small region within the trap. The SPIG transports col-
lected ions to an extraction electrode system which is used to accelerate the ions
with a static total potential of 30kV. This concludes the initial formation of the
secondary beam at IGISOL. Subsequently, the ion beam is guided to a mass sep-
arator dipole magnet with mass resolving power M/AM = 500. Achieved mass
resolution is sufficient for separation of different isobars in the secondary beam.

After the secondary beam has been isobarically separated, the ions are in-
jected into a radiofrequency quadrupole cooler buncher (RFQ) [63]. The RFQ s a
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FIGURE 13 Internal structure of the RFQ used at IGISOL as it was at the time of the
measurement campaigns of this work. An updated design was commis-
sioned following the measurement campaigns. One quarter section has
been removed in the figure for better visibility.

linear Paul trap used to cool and bunch the secondary beam. The device consists
of four circular rods that have been segmented along the beam axis, see figure
13. A radiofrequency (RF) voltage is applied to the rods together with a set of
DC voltages that are applied to individual axial segments. The DC voltages are
used to generate a voltage gradient along the beam axis with a local minimum
near the far end of the device. Together these voltages provide both radial and
axial confinement for ions with kinetic energies not exceeding the depth of the
effective static pseudo potential of the device.

In order to inject ions into the Paul trap without having them bounce back
out, helium buffer gas is used. Energy of incident particles is adjusted to be barely
sufficient for the ions to climb over the effective pseudo potential in the RFQ. This
is achieved by supplying an adjustable static voltage, approximately 30 kV, to the
RFQ and surrounding pieces of infrastructure, including deceleration electrodes,
for example. As the ions pass through the device they lose energy via elastic
collisions with helium atoms and become trapped in the potential well. Neutral
helium atoms are not affected by the effective pseudo potential and therefore, on
average, carry their kinetic energy away from the trapping region. This leads
to cooling of the secondary beam and eventually formation of ion bunches as
the ions fall deeper into the potential well guided by the DC voltage gradient
along the beam axis. Finally, the ions can be extracted as bunches by lowering the
potential wall on the extraction side of the RFQ.

The RFQ was a critical component of all measurements in this work. It
was used to create well defined ion bunches that were then injected into the
JYFLTRAP [8] double Penning trap for the purpose of high-precision mass mea-
surements (see included articles [PI, PII, PIII]) or systematic characterization of
the detector system used in the mass measurements (see section 4.3).
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3.4 JYFLTRAP double Penning trap

The most significant part of the IGISOL facility for this work was the JYFLTRAP
[8] double Penning trap. It was either directly utilized or served as a source of
motivation throughout this work. Direct usage came in the from of high-precision
mass measurements during three measurement campaigns where both TOF-ICR
and PI-ICR techniques were used, see included articles [PI, P, PIII]. Additionally,
mass measurements at JYFLTRAP served as perhaps the single strongest argu-
ment for developing the new off-line ion source station discussed in the included
article [PIV].

JYFLTRAP consists of two cylindrical Penning traps located within the bore
of a single superconducting magnet, see figure 14. JYFLTRAP and all electronics
needed for its operation are located on a 30 kV platform after the RFQ presented
in section 3.3. The two traps primarily serve two separate purposes, purification
of ion samples and high precision mass measurements. The first of the two traps
is the gas-filled purification trap. It is filled with helium buffer gas, typically
2-1072 — 4 -10~2 mbar, for the purpose of utilizing the mass-selective buffer gas
cooling method [44]. The purification trap can be used to provide the second trap
with isobarically pure ion samples. If there are other strongly produced ions,
other than the ion-of-interest additional cleaning might be required. In cases like
that, the second trap can be utilized together with the purification trap to perform
an additional cleaning step.

The second trap is the measurement trap. It is separated from the gas-filled
purification trap with a small cylindrical channel, 2 mm in diameter and approx-
imately 5cm long, that allows ions to be transported between the traps and si-
multaneously functions as a pumping barrier, see figure 15. Any residual gas in
the second trap is unwanted as it limits the precision achievable in the determi-
nation of the v, frequency. Extraction side of the trap has an open geometry for

FIGURE 14 Internal structure of JYFLTRAP and its extraction region, where (A) is the
delay-line MCP detector, (B) extraction ion optics, (C) measurement trap,
(D) pumping barrier and (E) purification trap.



44

Measurement trap Purification trap

D D D D
———-CB A BC——E wm |IHCB A BCH——-

o 5
— T

G

FIGURE 15 JYFLTRAP electrode and pumping barrier geometry. Here (A) are the eight-
fold segmented ring electrodes, (B) and (C) the two-fold segmented and
non-segmented correction electrodes, (D) the endcap electrodes, (E) and (F)
purification trap pumping barriers and (G) is the buffer gas line.

improved pumping.

The two traps have the same electrode geometry. Both consist of a eight-
fold segmented ring electrode, two sets of correction electrodes and endcap elec-
trodes. The segmented ring electrodes are used for all manipulations of radial
eigenmotions in the traps using a simplified excitation scheme. In the simpli-
tied excitation scheme quadrupole excitations are performed via applying an RF
signal to two opposite quadrants of the ring electrode while applying a static
voltage to the remaining two quadrants. Similarly, dipole excitations are applied
to only a single quadrant while the remaining sections are kept at a fixed volt-
age [8]. Electrodes closest to the ring electrode are the two-fold segmented cor-
rection electrodes which were effectively used as a non-segment electrodes in this
work. These are followed by set of non-segmented correction electrodes and end-
cap electrodes. Together these electrodes can be used to tune the potential in the
traps to approximate an ideal harmonic potential. For a more thorough discus-
sion on the technical details of JYFLTRAP the reader is referred to [8,13].

A set of extraction electrodes is located after the measurement trap that ac-
celerates ions to 30keV. The extraction optics is designed to guide ions onto
a microchannel plate detector (MCP) and magnifying the image created by the
ions to better match the dimensions of the detector. The MCP is equipped with a
delay line anode which is used to measure the position of each ion hitting the de-
tector. A position sensitive detector is a critical component for the PI-ICR method
but it can also be used in the TOF-ICR method. The model of the MCP used
at JYFLTRAP is DLD40 from RoentDek GmbH [64]. As a part of this work it
was discovered that the performance of the MCP detector is of high importance
to the measurements with [YFLTRAP not only via the need to collect sufficient
statistics but it was also found to introduce a systematic shift in v, frequency
determination. This effect was studied in great detail in this work as a part of a
measurement campaign in the neutron-rich rare-earth region of the nuclear chart,
see section 4.3.
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3.5 Penning trap mass measurement techniques

Penning trap mass measurements at JYFLTRAP were an integral part of this PhD
thesis work. All results presented in included articles [PI, PII, PIII] were directly
measured using JYFLTRAP. It also served as a motivation for the commissioning
of the new off-line ion source facility at IGISOL, discussed in section 3.2. Due to
the great importance of JYFLTRAP for this work, understanding of available ion
sample purification and mass measurement techniques is instrumental. In this
section methods that were utilized in the successful measurement campaigns of
this thesis work will be presented.

3.5.1 Ion sample purification

Any measurement at JYFLTRAP starts with the injection of an ion bunch into the
purification trap presented in section 3.4. This is achieved via alternating a volt-
age on the injection side endcaps of the purification trap labeled D in figure 14.
At first, the voltages are lowered to slightly below the potential of the incoming
ion bunch. Once the ion bunch has passed the endcap electrodes the voltages
are raised and the ions are trapped. The timing of the changes in the voltages is
determined by the distance between the source of the ion sample (the RFQ) and
JYFLTRAP together with the energy and mass of the ion beam as it is transported
through the intermediate beam line between RFQ and JYFLTRAP.

Once a bunch of ions has been captured in the purification trap the ions are
allowed to dissipate their remaining axial energy in the buffer gas. The remaining
axial amplitude is a sum of the potential difference between the RFQ and the
purification trap and the amount of energy the ion bunch acquired due to the
raising of the injection side potential in the trap. If an ion bunch has not fully
passed the endcap electrodes before the voltage is raised at least a part of the ion
sample will receive an increase in their axial amplitude from the raising potential
wall. This effect is also to be considered in any other situation where an ion bunch
is captured in either of the traps, most notably in the case of the PI-ICR method
when ions are transported into the measurement trap.

Having cooled sufficiently, the ions are excited with a short RF pulse ap-
plied to one quadrant of the trap at the v_ frequency, which corresponds to the
dipole excitation in the simplified excitation scheme described in section 3.4. Ac-
cording to equation 25 the magnetron motion is first-order mass independent.
Therefore, excitation of the magnetron motion amplitude will enlarge the radius
of all ions irrespective of their mass. Using a sufficiently high excitation pulse
amplitude this results in a situation where all ions are lost when extracting them
from the trap as they collide with the diaphragm located between the two traps,
see figure 15. However, ions can be mass-selectively recentered by converting
their motion into the high-frequency vy mode using a quadrupole excitation at
the v, frequency.

As discussed in section 2.2, the magnetron motion has the lowest frequency
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FIGURE 16 Scan of the quadrupole excitation frequency at mass number A = 88. The
scan was performed as a part of the measurement campaign of article [PIII]
where the isomeric and ground states of #Tc were measured. The cyclotron
frequencies v, for the isobars are determined from the locations of the high-
lighted peaks.

out of the three eigenmotion. Additionally, both axial and reduced cyclotron mo-
tion have radii that are proportional to energy of the motion. Therefore, if the in-
duced magnetron motion were to be converted into the reduced cyclotron motion
there would be a considerable increase in energy dissipation due to an increase in
collisions with buffer gas and, therefore, the ions would fall closer to the center of
the trap. It was shown in [65] that such a conversion from one eigenmotion to an-
other is, in fact, possible. It can be achieved via applying a quadrupole excitation
at the sum frequency vy 4+ v_ = v, to the ring electrode. This causes the am-
plitudes of the magnetron and reduced cyclotron motion to oscillate in between
being purely magnetron to purely reduced cyclotron. Given that the v, com-
ponent of the sum frequency used for the conversion has a leading order mass
dependence, see equation 26, this method is also mass-selective. The method is
known as the sideband cooling technique [44].

The sideband cooling technique is the primary tool at JYFLTRAP for remov-
ing isobaric contaminants from ion samples. Each mass measurement starts with
exciting the magnetron motion amplitude of the full ion sample injected into the
purification trap. Then the quadrupole excitation frequency is scanned and at the
end of each cycle the centered ions are extracted onto an MCP detector. An exam-
ple of a quadrupole excitation scan is presented in figure 16, where isobars from
8Tc to the stable 38Sr have been identified based on expected cyclotron frequen-
cies. 88Zr and Y are separated by only 10 Hz and therefore appear here only as
a single peak, assuming that both were produced in detectable amounts in the
used reaction process.

In order to select the ion of interest, the quadrupole excitation frequency is
fixed to the v, frequency determined from the corresponding peak in the excita-
tion scan (see figure 16). The ion sample is then extracted from the purification
trap and recaptured in the measurement trap. Most often this procedure offers
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sufficient mass resolving power to remove all unwanted ion species. However,
this is not always the case. For example, the mass difference between 8Zr and
8Y is so small (670 keV [39]) that they cannot be resolved from each other (see
figure 16). There are two additional methods that can be utilized in the second,
measurement trap of JYFLTRAP in case further cleaning is required, the so-called
Ramsey cleaning [66] and phase-dependent cleaning methods.

In this work only the Ramsey cleaning was used in addition to the sideband
cooling technique. The so-called Ramsey cleaning method utilizes a dipole RF
excitation in the measurement trap at the v, frequency to excite the unwanted
ions into large radii. At the same time the ion of interest needs to remain cen-
tered. This is achieved via selecting the RF excitation timings in such a way that
the unwanted ions are maximally and the ions of interest minimally excited. This
method requires sufficient knowledge of the v, frequencies of all ion species be-
forehand. Once the unwanted ions have been excited to a large radius the ions
are extracted back towards the purification trap where the ions of interest are re-
captured. Simultaneously, the contaminant ions hit the diaphragm separating the
traps. The recaptured ions are usually re-cooled and centered in the purification
trap and the remaining ions moved back into the measurement trap for deter-
mination of the v, frequency or transported directly to a post-trap spectroscopy
set-up. For a more detailed discussion, the reader is referred to [66].

The second method for additional cleaning that has been tested at JYFLTRAP
is the phase-dependent cleaning method [13]. Phase-dependent cleaning can be
performed in two ways, both of which are mainly suitable for cleaning an ion
sample from contaminants close in mass to the desired ion species in preparation
to transporting the ions to a post-trap spectroscopy set-up. Both methods begin
with capturing a sample of ions in the measurement trap and applying a short
wide-band dipole excitation at the v frequency. This ensures that all ion species
are excited. Sufficient time is allowed to pass in order to accumulate a phase
difference between ion species. A quadrupole pulse is then applied at the v, fre-
quency to convert the ions to the v_ mode, followed by extraction of the ions.
This produces two separate images on the MCP detector. Movable slits are then
placed in front of the detector in such a way that only the ions of interest pass
through the slit, resulting in a clean ion sample. Once the detector is retracted
from the beam line the ions can be transported to a post-trap spectroscopy set-
up.

The phase difference accumulated in the process can also be used to remove
contaminants without the use of a slit system. The phase accumulation time can
be adjusted so that a phase difference of 7t separates ions of interest and contami-
nants. Applying a dipole pulse at the v_ frequency after the conversion excitation
it is possible to push the ions of interest towards the center of the trap. Simul-
taneously, contaminant ions are moved in the same direction resulting in them
gaining a larger radius. If the timing and amplitude of the additional RF pulse
are suitable, it is possible to excite contaminants so far that they either hit trap
electrodes or are not transported to any subsequent measurement set-up while
pushing the desired ions towards the trap center.
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3.5.2 Time-of-Flight Ion Cyclotron Resonance (TOF-ICR)

Two mass measurement techniques have been used at JYFLTRAP, the Time-of-
Flight Ion Cyclotron Resonance technique (TOF-ICR) [9,10] and the Phase-Imaging
Ion-Cyclotron-Resonance (PI-ICR) [11-13] technique. The latter was commis-
sioned only recently [13] whereas the TOF-ICR technique has been in active use
ever since [YFLTRAP was commissioned and it still maintains an important role
in mass measurements. Both techniques have their strengths and in many cases
they are used to complement each other, as was the case, for example, in the in-
cluded article [PIII].

The TOF-ICR technique is based on using the time-of-flight (TOF) of ions
from the measurement trap onto the MCP detector as a method of detecting con-
versions between the two radial eigenmotions of ions in Penning traps. The time-
of-flight of ions depends on three factors: initial axial speed, shape of the extrac-
tion potential after the traps and interaction between the ions and the magnetic
tield of the superconducting solenoid housing the two Penning traps. The first
two are kept constant for the duration of a measurement but the third can be
affected mass-selectively via increasing the amplitudes of their radial eigenmo-
tions. This effect can be described conveniently using the magnetic moment

1
n=1A= %qm’z = qurz. (31)

Starting from Newtonian equations for a singly charged particle moving in a uni-
form magnetic field perpendicular to the field we can derive two intermediate
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where v is the speed, w the angular speed and Ej the kinetic energy of the ion’s

angular motion. Plugging these two results into equation (31) we get
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Here Eg ~ Eg(w;f) and B =~ B(z) leading to B(z) = B(z)é, and
- Er(wyf) |
y(wi’flz) = B(Z)f €z. (36)

As ions pass through the gradient of the magnetic field they experience an axial
force

F(wyp,2) = =V (ﬁ(a)rf,z) : E(z)) . (37)
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This force leads to a reduction in the time-of-flight of ions as a function of their
radial kinetic energy. More specifically, this results in different time-of-flights
for ions in the magnetron and reduced cyclotron motion due to the fact that the
cyclotron eigenmotion is much more energetic than the magnetron. The total
time-of-flight T can be expressed as

m

dz, (38)

where Ej is the total energy of the ion, g the electrical charge of the ion, V(z) the
electrical potential and B(z) the magnetic field strength at point z along the path
from the measurement trap at z = zg to the MCP detector at z = z; [10,67].

TOF-ICR measurements are performed by first increasing the amplitude of
the magnetron motion of ions in the measurement trap. A quadrupolar conver-
sion RF pulse is then applied to convert the motion of ions from the v, mode into
the v_ mode and the ions are extracted onto the detector. This process is repeated
while the conversion frequency is scanned. This results in varying degrees of
conversion from the magnetron mode into the reduced cyclotron mode depend-
ing on the v, frequency of the ions. When the conversion frequency matches
the v, frequency of the ions, the time-of-flight will reach its minimum. In case a
single conversion pulse is used, there will a single local minimum with a smaller
time-of-flight than any other minima. An example of a time-of-flight spectrum re-
sulting from the use of a single conversion pulse is presented in figure 17. There
will also be several other local minima, but with longer time-of-flights than the
central minimum. A TOF-ICR spectrum collected in such a scan can be fitted
with a theoretical function describing the line shape, where frequency of the cen-
tral minimum is one of the fitted parameters. Therefore, fitting the data enables
experimental determination of the cyclotron frequency v..

TOF-ICR measurements can also be performed using more complex RF con-
version schemes. In this work the so-called Ramsey method [68, 69] was also uti-
lized. There the conversion pulse is divided into parts separated by a period with-
out excitation. In this work, two excitation pulses were used with 25 — 350 — 25
ms (On-Off-On) and 25 — 750 — 25 ms (On-Off-On) timing patterns, where the
RF excitations were applied for the duration of the 25 ms sections. The benefit of
the Ramsey method is the reduction of the full width at half-maximum (FWHM)
of a central TOF minimum, i.e. uncertainty of the measured v, frequency. The
improvement has been experimentally determined to be about a factor of 3 [69]
in the case of the two-pulse Ramsey excitation. Alternatively, the improvement
can be seen via a reduced length of excitation needed to reach a given level of
resolution. In the case of measuring radioactive isotopes, which was the case in
included articles [PI, PII, PIII], reduction in the excitation time gives a two-fold
gain in statistics: more measurement cycles can be performed and less ions are
lost due to radioactive decays. For these reasons the Ramsey method was utilized
on several occasions in this work.

The Ramsey method is based on the principle of using the TOF of ions to
determine the v, frequency of ions in the same manner as with the single con-
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FIGURE 17 A time-of-flight resonance spectrum for *>Tb'" measured as a part of the

work presented in [PII] using a 400 ms quadrupole excitation in the mea-
surement trap. Center frequency and fitted theoretical lineshape are pre-
sented as red solid lines. The color of background shading indicates the
number of ions.

version excitation. However, resulting TOF spectra have a different line shape.
An example of a TOF spectrum measured with the Ramsey method using two
RF excitation pulses is presented in figure 18. The figure illustrates the different
line shape but also shows that the Ramsey method cannot be used on its own to
determine the v, frequency due to the fact that all TOF minima are roughly of
the same depth. As a result, distinguishing which minimum corresponds to the
ve frequency is not reliable based solely on the two-pulse Ramsey method. For
this reason, each measurement using the Ramsey method was accompanied with
another measurement using a single conversion pulse. The resonance presented
in figure 17 was used during the measurement campaign of [PII] to verify which
minimum in figure 18 corresponds to the v, frequency.

The Ramsey method was used in a large portion of TOF-ICR measurements
performed in this work. However, full measurements using only a single conver-
sion pulse were also necessary. Two types of situation were encountered where
the Ramsey method was not a viable option. The line shape resulting from the
two-pulse conversion in the Ramsey method becomes difficult to fit with a the-
oretical line shape in case a background of unwanted ions is present. Even a
comparably small number of contaminant ions is sufficient to blur out a reso-
nance and make it difficult to distinguish TOF minima and maxima, or possibly
even verify if the ion-of-interest is present. In such cases, the use of a single con-
version pulse is preferable since it makes a successful conversion at the central
TOF minimum easy to distinguish from background. This applies also to cases
where more than one nuclear state of the ion-of-interest are injected into the mea-
surement trap. Given a sufficiently long excitation time, the central minima of
different states can be separated if a single conversion pulse is used. On the other
hand, in the Ramsey method different states are likely to either form separate
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FIGURE 18 A time-of-flight resonance for Tb'* measured with the Ramsey method
as a part of the work presented in [PII] using 25 — 750 — 25 ms (On-Off-
On) excitation cycle. Center frequency and fitted theoretical lineshape are
presented as red solid lines. The color of background shading indicates the
number of ions.

central minima and overlap with each others line shapes, resulting in a failure
to identify the separate states, or blur out the resonance. Such a case was dis-
covered in the attached article [PII], where it was found that a combination of
162Eu and '©2Eu™ was mistakenly labeled as a single state during the measure-
ment campaign of [PI]. The presence of two states was verified in [PII] using
both TOF-ICR and PI-ICR techniques. For a more detailed discussion the reader
is referred to [PII].

3.5.3 Phase-Imaging Ion-Cyclotron-Resonance (PI-ICR)

The Phase-Imaging Ion-Cyclotron-Resonance (PI-ICR) method [11,12] is based
on determination of the cyclotron frequency v, via direct measurement of the
accumulated phases of the magnetron v_ and reduced cyclotron v, motions af-
ter a certain accumulation time. This basic principle makes the method rather
straight-forward to comprehend on a general level. However, an actual measure-
ment using the method requires careful manipulation of an ion sample using a
somewhat complex timing pattern. Compared to the TOF-ICR method, an in-
dividual measurement using the PI-ICR method is more time consuming to set
up, regardless of the simpler basic idea behind the measurement technique, but
it offers significant gains in mass resolution and measurement precision.

In the PI-ICR method the ion samples are prepared in the purification trap
the same way as in the TOF-ICR method, as discussed in section 3.5.1. Once a
purified ion sample is captured in the measurement trap the amplitude of any
coherent ion motion is damped using dipolar RF excitations. As ions are injected
into the measurement trap, they can acquire non-zero amplitudes for the axial v,
and magnetron v_ eigenmotions, here referred to as residual motion. The main
source of the residual axial motion is the process of transferring ions from the pu-
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FIGURE 19 Excitation pulse timing patterns used in the PI-ICR method for the determi-
nation of the v, frequency in this work. Pattern 1 corresponds to the angle
accumulated in the magnetron mode ¢_ and pattern 2 to the angle accumu-
lated in the reduced cyclotron mode ¢ .

rification trap into the measurement trap, where voltage of the endcap electrodes
separating the two traps, see figure 15, are lowered to allow ions to pass from one
trap into the next. As the voltages are raised back to their original values, some
ions may be affected by the changing electrical field and receive an increase in
their potential energy. Once these ions reach the measurement trap they begin
to oscillate in the approximately harmonic potential well with an increased axial
motion amplitude. The gain in axial motion amplitude can be minimized through
careful tuning of the release and capture times of ions when they are transferred
between the two traps.

Even though tuning the transfer timings is a standard procedure in any mea-
surement at JYFLTRAP, ions still acquire a non-zero axial motion amplitude as
they are captured in the measurement trap. Given that the measurement trap is
not filled with buffer gas, only coherent motion of ions can be addressed. This is
done via scanning the timing of the extraction of ions over the period of the axial
motion. This results in an oscillating time-of-flight pattern as a function of the
extraction time that can be used as a diagnostic tool in setting up a suitable RF
excitation to damp the motion. Both the phase and amplitude of the RF excitation
need to be tuned to match the phase and amplitude of the residual axial motion
in order to achieve optimal damping of the coherent residual motion. Damping
of the residual axial motion corresponds to step 2 in figure 19.

The other residual motion type can be addressed in a similar manner. Any
ion sample transferred from the purification trap into the measurement trap re-
ceives a non-zero magnetron motion amplitude. The main reason behind this is
misalignment of the two traps compared to each other. Any ion that is injected
into a Penning trap at a non-zero radius with respect to the center of the trap will
assume a magnetron motion amplitude equal to the injection radius. As in the
case of damping residual axial motion, only coherent residual magnetron motion
can be damped in the measurement trap. Here the timing of extraction of ions
from the measurement trap onto the position-sensitive MCP detector is scanned
over the period of the magnetron motion. This results in a number of ion sam-
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ple projections on the detector that surround the projection of the center of the
trap. Scanning the extraction timing evenly throughout the period of the mag-
netron motion allows the determination of the location of the trap center which
is calculated as the average position of all detected ions.

Once the coordinates corresponding to the center of the measurement trap
have been determined, a scan of the extraction time over the magnetron period
can be used as a diagnostic tool in setting up a suitable RF excitation for damp-
ing the residual magnetron motion. Again, both the phase and amplitude of the
excitation must be tuned to match those of the coherent motion of ions. Damping
of the residual magnetron motion corresponds to step 3 in figure 19. The order of
steps 2 and 3 can be interchanged without affecting the measurement process.

After both the residual axial and magnetron motions have been damped
the ion sample is ready for the actual determination of the v, frequency which is
done in two parts. Ions are allowed to accumulate a phase angle in both of the
two radial motion types, magnetron v_ and reduced cyclotron v. In both cases
the procedure starts with increasing the v, radius of the damped ion bunches
using a dipolar RF pulse, labeled step 4 in figure 19. Then the ions are either al-
lowed to accumulate phase in the v, (pattern 2) mode or they are subjected to a
broad-band conversion pulse at the presumed v, frequency (pattern 1). Using a
high amplitude and a short duration for the conversion pulse results in a large
band-width of the excitation, which removes the need to have precise knowledge
of the v, frequency - the quantity that is actually being measured. In the case of
accumulating phase in the v, mode, a conversion pulse is applied before extract-
ing the ions from the measurement trap. Therefore, the two patterns presented
in figure 19 differ only in the location of the conversion pulse and they share the
same phase accumulation time.

These two patterns result in two phase angles, ¢_ + 27tn_ = 2wv_t in the
case of the magnetron mode and ¢ + 27tny = 27v,t in the case of the reduced
cyclotron mode, where 1 are the numbers of full revolutions completed in phase
accumulation time t and ¢ are the additional angles accumulated on top of the
tull revolutions. Combining the two expression gives us

2r(vy +vo)t = ¢y + ¢ +2m(ny +n_). (39)

Here it needs to be noted that projections of the accumulated phase angles on
the detector evolve in opposite directions as the phase accumulation time t is
changed. This is due to the fact that the v, phase angle is accumulated prior to
the conversion pulse which effectively reverses the sign of the projected angle.
Taking into account the handedness of a standard cartesian coordinate system,
equation (39) can be expressed using equation (27) together with w4+ = 27v4 as

2nvet = ¢ —p- +2n(ny +n_) =¢p+2n(ny +n_), (40)

leading to
_¢+2m(ny +n-)
B 27t

/ (41)

Ve
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FIGURE 20 An example of v phases accumulated using a 600 ms phase accumulation
time in the PI-ICR method where the singly-charged ions belonging to the
ground and isomeric state of 12Eu are separated. In the middle figure back-
ground shading indicates the total number of ions, where darker shading
indicates more ions. Center point of the two states and the center of the
measurement trap are marked as black dots and the angle between the two
states as ¢. Figures on the left and bottom present projections of the middle
figure onto the Y and X axes, respectively.

where ¢ is the angle between the projections of the phase angles on the detec-
tor. An example of v phases of 92Eu and '©2Eu™ projected onto the detector
are presented in figure 20. Expression (41) also reveals one challenge inherent to
this measurement technique: the v, and v_ frequencies need to be known pre-
cisely enough to guarantee that the numbers of full revolutions for each eigen-
motion is determined correctly. In the case of the first-order mass-independent
magnetron motion (see equation (25)) this is not an issue. However, the strongly
mass-dependent reduced cyclotron motion (see equation (26)) is more prone to
errors in this regard. To overcome this issue, a brief measurement with the TOF-
ICR technique can be used to verify the v, frequency with sufficient precision
to guarantee correct assignment of the integer number of revolutions in the v
mode. In principle, measurement of the angle between the v projection and any
tixed reference point on the detector using several accumulation times could be
used to deduce the v frequency with sufficient precision. However, the TOF-ICR
method has proven to be the more convenient choice in practice.

For further discussion on the PI-ICR method in general the reader is referred
to [12]. For a detailed discussion on the use of the method at JYFLTRAP the reader
is referred to [13] where, among other things, the main sources of systematic un-
certainty in PI-ICR measurements at JYFLTRAP were estimated. However, more
recently, additional sources of systematic uncertainties have been studied. For
example the effect of the magnitude of the angle ¢ on the resulting v, frequency
has been studied. Additionally, as a part of this work a new source of systematic
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uncertainty relevant to both the TOF-ICR and PI-ICR methods was discovered,
see section 4.3. A publication detailing findings on all discovered sources of sys-
tematic uncertainty is to follow this work [70].



4 RESULTS AND DISCUSSION

This section is dedicated to discussing results obtained in this work. Included
articles [PI, PII, PIII] contain detailed discussion on each measurement campaign
and present the most important findings from each campaign. Therefore, it is
recommended that the reader consults the included articles prior to reading this
section. Here in sections 4.1 and 4.2 the discussion will be limited to details that
could not be included in the articles. Additionally, systematic studies on the effect
of count rate on PI-ICR mass measurements will be discussed in section 4.3.

4.1 Mass measurements in the neutron rich rare-earth region

A total of 22 ground-state masses (154'156'158Nd, 158,160,161 ppyy 162,163Gyyy 162—-165F,
163-167Gq, 164-168Th) and two isomeric state masses (102Eu", 13Gd™) were mea-
sured in the neutron-rich rare-earth region of the nuclear chart as a part of this
work, see included articles [PI, PII]. Mass measurement results from the two
publications are presented in table 1. Out of the measured nuclides, 14 were
measured for the first time and the precisions of many of the other masses were
improved considerably. In this work we measured some of the heaviest neutron-
rich nuclei ever produced as fission fragments at the IGISOL facility. In fact, Tb
measured in this work is the heaviest fission fragment measured at JYFLTRAP to
date.

The effect of the results on the mass surface was studied using several met-
rics probing various properties of the nuclei. In general, all studied quantities are
derivatives of the mass surface which is a contour spanned by plotting atomic
masses as a function of neutron (N) and proton (Z) numbers. The surface exhibits
staggering between neighboring points across the nuclear chart, known as odd-
even staggering. It can be studied via calculating quantities between successive
points, such as neutron (S,) and proton (S,) separation energies or the neutron
(Dy) and proton (D)) pairing energy metrics. Quantities sensitive to the odd-even
staggering can be used to study how individual nucleons pair with each other. In
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this work the neutron separation energies S, were the most significant derivatives
of the mass surface due to their importance to the used nucleosynthesis models.

The mass surface acquires a smooth shape if the plotted masses are chosen
in such a way that the pairing effect causing the odd-even staggering in neglected.
This can be achieved by plotting nuclei with only even-even, odd-odd, even-odd
or odd-even neutron and proton numbers. Studying the mass surface using such
carefully limited subsets of atomic masses can reveal a wealth of information and
interesting properties of individual nuclei and regions of the nuclear chart. In
this work several quantities insensitive to the odd-even staggering were studied,
such as two-neutron separation energies (S,) and two-neutron shell gap energies
(D2y). Such metrics are useful in studying general trends in nuclear structure
otherwise easily masked by the odd-even staggering. In addition to studying
the behavior of nucleons of a single type, either protons or neutrons, also the
interaction between the two can be probed via calculating double differences of
binding energies, called 5Vpn. For definitions of these quantities, the reader is
referred to [PI, PII].

Together metrics such as these form a set of tools that can used to study the
mass surface and extract new information on nuclear structure. In the case of
included articles [PI] and [PII] focusing on the neutron-rich side of the nuclear
chart, the primary focus was on studying properties of nuclei with differing neu-
tron numbers N through the use of quantities such as S, Sy, Dy, and Dy,,. Ad-
ditionally, the effect of the measured atomic masses on the r-process was studied
via simulations of a neutron-star merger. The new masses resulted in reduced
staggering of simulated r-process abundances and in a better agreement between
the simulation and observed solar abundances. In the simulations, the most sig-
nificant metrics derived from the results of this work was the neutron separation
energy S,. It is the primary way in which our results affect the simulations due
to the fact that the neutron separation energies affect both neutron-capture and
photo-dissociation rates, both of which are highly important for the r-process in
the astrophysical conditions of a neutron star merger.

The simulations relied on theoretical mass models in regions of the nuclear
chart that have not been reached in experiments. Therefore, the measurements
of atomic masses that previously needed to be extracted from theoretical mass
models provides a two-fold benefit: a lower number of simulation input values
rely on theoretical mass values and more data are available to test existing the-
oretical models which can be developed further. In the simulations performed
in this work the FRDM12 [71] was used to supplement experimentally-known
masses. However, there are several other theoretical models that could have been
used instead, some of which, in fact, match the results from this work better than
FRDM12. The reason why FRDM12 was used in this work is that it has been
shown to result in isotopic abundances that match the solar data more precisely
than other models [72], regardless of local mismatches with experimental data.

The primary quantity determined in a mass measurement at JYFLTRAP is
the frequency ratio between two ion species, from which the typically reported
mass excess values can be calculated. The mass excess values can be further used
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to calculate any derivative of the mass surface, such as the neutron separation
energies. Figures 21-26 present the mass excesses (ME) and neutron separation
energies S, determined in this work in the neutron-rich rare-earth region for the
isotopic chains of Nd, Pm, Sm, Eu, Gd and Tb, respectively. Several theoret-
ical mass models are included in the figures: microscopic Hartree-Fock-based
model by Duflo and Zuker (henceforth referred to as Duflo-Zuker or D-Z) [17],
Hartree-Fock-Bogoliubov model (HFB24) [18], Universal Nuclear Energy Den-
sity Functional (UNEDEFO) [19] and two Weizsacker-Skyrme models WS3 [20] and
WS4 [21].

In the mass-excess figures (see figures (a) in figures 21-26) it can be seen
that most of the mass models reproduce the trends of the mass surface rather
well where there is experimental data available. However, the models start to
diverge strongly as the neutron number N reaches a region where there is no ex-
perimental data to constrain the theories. It is noteworthy that FRDM12 does not
reproduce the behavior of the mass surface seen as a peak in all of the figures
around N = 90, attributed to the onset of strong prolate deformation [73,74], as
well as many of the other theories. Additionally, the new experimental masses
seem to indicate that there is a trend of growing under-estimation of mass ex-
cesses by FRDM12. On the other hand, this trend is not visible in the neutron
separation energy figures (see figures (b) in figures 21-26). Interestingly, the di-
verging of theories seen in the mass-excess values is also not present so strongly
in neutron-separation energies. WS3 and WS4 produce a dip in neutron sepa-
ration energies compared to the FRDM12 around N = 106 not seen with other
models, but still do not show signs of a long-term trend. Also, even though there
is a clear over-estimation of mass-excesses by the UNEDFO model throughout the
region studied in this work, there is no clear over or under-estimation of neutron
separation energies.

The most clear changes introduced into the mass surface by this work can
be seen in the isotopic chain of neodymium, presented in figure 21. Both the
mass excesses and neutron separation energies show clear changes to the liter-
ature values from the most recent atomic mass evaluation AME2016 [39]. As
discussed in included articles [PI, PII], the new mass values reveal that there is an
over-estimation of the odd-even staggering in all isotopic chains for all studied
models. The new mass values produced a smoother abundance in the r-process
simulations than the baseline calculations using mass values from AME16 and
FRDM12. Additionally, the new masses resulted in a better agreement with the
observed solar abundance pattern of the r-process, quantified here as

2 _ Y(A)solar - Y(A)calc)z
X ; ( Y(A)solar (42)

which reduced from 18.9 to 10.7 after the first measurement campaign, see [PI],
and dropping further down to 9.6 after the second measurement campaign, see
[PII], indicating that the new masses result in better agreement between the r-
process simulations and solar abundances.
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TABLE 1 Frequency ratios (r) and mass-excess values (ME) determined in this work
in the rare-earth region with JYFLTRAP and corresponding AME16 values.
All measurements were done with singly-charged ions. The reference masses
were adopted from AME16 and # signs indicate extrapolated values therein.
For more details on these results, see included articles [P, PII].

Isotope Reference 7= v, .r/vc MEjyrr(keV) MEanmEie(keV)
154Nd  13¢Cs 1.158 189 215(203) -65601.2(25.1) -65825(53)
156Nd 130Xe 1.147 366 924(19)  -60210(2) -60470(200)
158Nd 130Xe 1.162 132 772(290) -53897(37) -54060(200)#
158pm  198Gd 1.000 078 752(9)  -59104(2) -59089(13)
160py  136Xe 1.176 857 014(130) -52851(16) -53000(200)#
lolpy  136Xe 1.184 236 679(468) -50107.6(59.3) -50235(298)#
l62gm  136Xe 1.191 560 914(39)  -54381(5) -54530(200)#
163gm  136Xe 1.198 949 148(286) -50552.3(36.2) -50720(298)#
162Ey  see [PII]  see [PII] -58720.4(3.1)  -58703(35)
162Eym  133Cg 1.218 439 459(13)  -58565.7(7.6)  -58540(40)
163gy  13Cs 1.225979 710(30)  -56575.7(3.8)  -56485(66)
164py  130Xe 1.206 285979(29)  -53231.1(3.7)  -53381(114)#
166y 136Xe 1.213 663 750(48)  -50726.9(6.0)  -50724(138)#
163Gq  136Xe 1.198 863 600(81)  -61382.4(10.2) -61314(8)
163Gam  136Xe 1.198 864 872(106) -61221.3(13.4) -61176(8)
14Gd  7lyp 0.959 046 522(14)  -59694(3) -59770(100)#
15Gd  lyp 1.058 489 243(23)  -56522(4) -56450(120)#
l66Gq  136Xe 1.220 992 828(29)  -54387(4) -54530(200)#
167Gq  136Xe 1.228 379 286(97)  -50783.4(12.3) -50813(298)#
4Th  7lyp 0.959 031 473(21)  -62090(4) -62080(100)
1656Tp  136Xe 1.213 585 800(31)  -60595.1(3.9)  -60566(102)#
lebTp  136Xe 1.220 965 810(30)  -57807.6(3.7)  -57885(70)
167Tp  136Xe 1.228 338 998(30)  -55883.7(3.8)  -55927(196)#
168Tp  136Xe 1.235721496(33)  -52781.2(4.1)  -52723(298)#




60

(a)

3.0

2.5 1

2.0

15

1.0

ME — MEggpy (MeV)

0.5

0.0 A

—0.5 1

soNd
1 D-Z —— Ws4
—— HFB24  —=— AME16 /
—— UNEDFO JYFLTRAP
—— WS3 + AME16 /
.,
/SN /

o

Iy
N/

N0 s

=

\

85

90 95 10
Neutron number N

0 105 110

(b)

Sn = Sn,rrRom (MeV)

0.8

0.6

0.4

0.2

0.0 1

—0.2

-0.4

wd_ S
120 hrs2e = awers
—+— UNEDFO JYFLTRAP
1 —— ws3 + AME16
A 1 / \ /N
Pt NIRRT
Aoy
/\/ \\f\/ /N

90 92

94 96

Neutron number N

98 100 102 104 106 108 110

FIGURE 21 Experimental and theoretical mass excess values ME (a) and neutron sep-
aration energies S, (b) of neodymium (Z = 60) isotopes compared to the
FRDM12 mass model. Values affected by this work are highlighted with
red markers.

(a)

2.5
2.0
15
1.0

0.5

ME — MEgppy (MeV)

0.0

-0.5

-1.0

61PM
‘ ‘ ‘ ‘
T D-Z —— WS4
—— HFB24 —=— AME16
4 —— UNEDFO JYFLTRAP
—— WS3 + AME16 /
T )"’/
—/\ /./ AASN A /

/)

A

L

Ay

% .

Y

80 85

90 95
Neutron number N

100

105 110

(b)

Sn = Sn,rrRoM (MeV)

0.8

0.6

0.4

0.2

0.0 1

—0.2

-0.4

61Pm
T T T T T
1 D-Z —4— WS4
—— HFB24 —=— AME16
—+— UNEDFO JYFLTRAP
T —e— WS3 + AME16 I
) \ \ /
R

%/
—

\

‘\\

|

"

=

\\

[/

\
I

90 92

94 96

Neutron number N

98 100 102 104 106 108 110

FIGURE 22 Experimental and theoretical mass excess values ME (a) and neutron sep-
aration energies S, (b) of promethium (Z = 61) isotopes compared to the
FRDM12 mass model. Values affected by this work are highlighted with
red markers.



61

(a) (b)
625mM 625M
D-Z —— WS4 084 D-Z —— WS4
504 — HFB24 —=— AME16 —— HFB24 —=— AME16
1 —— UNEDFO JYFLTRAP —— UNEDFO JYFLTRAP
—— WS3 —®— | AME16 \/-/\\\ 0.6 T —— Ws3 + AME16
15 N
N s
3 10 M N A Es / \
g V S 024 4 A
£, A b V
I 05 7 I A [
: Vi VAR / #
0.0 1 A
« \]] \ -0.2 4 )l V — -
—05 v -0.4
80 85 90 95 100 105 110 90 92 94 96 98 100 102 104 106 108 110

Neutron number N Neutron number N

FIGURE 23 Experimental and theoretical mass excess values ME (a) and neutron sep-
aration energies S, (b) of samarium (Z = 62) isotopes compared to the
FRDM12 mass model. Values affected by this work are highlighted with
red markers.

(a) (b)
63EU 63EU
201+ Dz —— wsa os bz —— wsa
—— HFB24  —=— AME16 /\/\/\’ " | —— HFB24  —=— AME16
—— UNEDFO JYFLTRAP —— UNEDFO0 JYFLTRAP
154 L ws3 —®= { AME16 /&/ 0.6 7 —— Ws3 + AME16
L M Foxl | )
g 05 \/ . Y
I AN NI j WAVATA
4 I
: % 5 001 i
0.0 1 'y N v \ 4
-0.2 V
v T
-05411 - V /
-0.4
| |

90 92 94 96 98 100 102 104 106 108 110

Neutron number N

80 85 90 95 100 105 110

Neutron number N

FIGURE 24 Experimental and theoretical mass excess values ME (a) and neutron sep-
aration energies S, (b) of europium (Z = 63) isotopes compared to the
FRDM12 mass model. Values affected by this work are highlighted with
red markers.



62

(a)
64Gd
I T T T
25 D-Z —— WS4 /v
—— HFB24 —=— AME16
2.0 4 —— UNEDFO JYELTRAP _/\/\
—— WS3 + AME16 ~./]
% 1.5 \/\/’\/ /‘
< /
S 1.0 /\ /\x A
g N A
w
= W
1 0.5 \/
¢ |V
BNAN A
0.0 +—
-0.5 \{
80 85 90 95 100 105 110
Neutron number N
FIGURE 25
red markers.
(a)
65TD
r r r r
251 D-Z —— ws4 LA
—— HFB24 —=— AME16 \/
20 —+— UNEDFO JYFLTRAP /\/
O L ws3 + AME16 /\/
%J 1.5
=
é 1.0 . f W
&
$ —Y\ ‘ /\\
w %0 14 \/\/‘/ V
L A VAAR
0.0 A
-0.5
L
l
80 85 90 95 100 105 110

FIGURE 26 Experimental and theoretical mass excess values ME (a) and neutron sep-
aration energies S, (b) of terbium (Z
FRDM12 mass model. Values affected by this work are highlighted with

Neutron number N

red markers.

(b)

Sn = Sn,rrRom (MeV)

(b)

Sn = Sn,rrRoM (MeV)

64Gd

T T T T T
084 D-Z —4— WS4

—— HFB24 —=— AME16

—+— UNEDFO JYFLTRAP
0.6 7 —— WS3 + AME16
0.4

L
0.2 2 ' \/ \
ol J 7.9
-0.2 ) \1 ){ V)
-0.4

90 92 94 96 98 100 102 104 106 108 110

Neutron number N

Experimental and theoretical mass excess values ME (a) and neutron sep-
aration energies S, (b) of gadolinium (Z = 64) isotopes compared to the
FRDM12 mass model. Values affected by this work are highlighted with

65Th
T T T T T
084 D-Z —— WS4
—— HFB24 —=— AME16
—+— UNEDFO JYFLTRAP
0.6 7 —— WS3 + AME16
L
- \ A \
0.2 ‘
0.0 +— ]]J7 A
-0.2 V N V ‘A
-0.4
1 L
90 92 94 96 98 100 102 104 106 108 110

Neutron number N

65) isotopes compared to the




63

4.2 Mass measurements of neutron deficient nuclei nearthe N = Z
line

In this work the upgraded ion-guide system for producing neutron-deficient iso-
topes with heavy-ion beams was commissioned, see the included article [PIII].
It was used in its first on-line experiment to produce neutron-deficient isotopes
close to the N = Z line. The mass measurements were performed using JYFLTRAP
and masses of five nuclear ground states (82Zr, 84Nb, 8Mo, 88Tc, ¥Ru) and one
isomeric state (33Tc") were measured, see table 2. Out of these, two masses were
measured for the first time and the precisions of three other masses were im-
proved. Heavier proton-rich nuclei have been studied at JYFLTRAP using previ-
ous versions of the commissioned system in, for example, [75].

Similarly to the measurements in the neutron-rich rare-earth region, the ef-
fect of the results on the mass surface was studied. Given that the number of mea-
sured masses in this region is much lower than in the rare-earth region and that
no large changes in the mass values were observed (see table 2) compared to the
most recent atomic mass evaluation AME16 [39], which includes recent storage-
ring measurements [40] in this region, no new trends on the mass surface could
be established. Most of the measured masses introduced only minor changes to
the mass surface. However, the measurement of the mass of 3Ru enabled us to
extend the experimental mass surface next to the N = Z line. Similarly as in
section 4.1, figures 27-31 present mass excess values (ME) and proton separation
energies (S,) determined in this work for isotopic chains of Zr, Nb, Mo, Tc and
Ru. In this case, proton separation energies are of higher relevance than the neu-
tron separation energies discussed in section 4.1 due to the close proximity of the
proton drip line and relevance for the rp-process.

The mass excess figures (see figures (a) in figures 27-31) show that the FRDM12
mass model does not reproduce the behavior of the mass surface as closely as
most of the other models. Out of the theories used here, UNEDFO0 seems to have
the highest deviation with respect to the experimental data. As the neutron num-
ber N goes lower and reaches the last experimentally known mass values in any
of the isotopic chains, the theoretical models start to diverge strongly. Many of
the isotopes near the low neutron numbers in the figures are likely to be proton-
unbound making experimental determination of those masses highly difficult by
Penning trap mass spectrometry. In the proton separation energy figures (see fig-
ures (b) in figures 27-31) it can be seen that the FRDM12 model deviates from the
experimental data and other mass model less than in the case of mass excesses.
Again, where there are experimental data available theoretical mass models agree
with each other better than beyond the last experimentally known masses. Inter-
estingly, even though WS3 and WS4 models diverge from the other mass models
in the ME figures with low neutron numbers, they produce proton separation
energies that closely match Duflo-Zuker and in many cases HFB24. Due to the
relatively small changes introduced into the mass surface by the new masses,
their effect on the rp-process was not studied in this work. In general, proton
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separation energies S, hold a similar role in the modeling of the rp-process as the
neutron separation energies S, in the r-process modeling.

The level structure of 8Tc was studied using the mass of the isomeric state
that was measured for the first time in this work. Additional constraints were
placed on the order of the three lowest states. The masses of 8Ru and 82Mo were
predicted using measured masses of their mirror partners, 8Mo and 82Zr, and
theoretical mirror displacement energies, resulting in 8Ru and 8Mo being more
tightly bound nuclei with smaller uncertainties than in literature.
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Frequency ratios (r) and mass-excess values (ME) determined in this work
near the N = Z line with JYFLTRAP and corresponding AME16 values. All
measurements were done with singly-charged ions. The reference masses
were adopted from AME16 and # signs indicate extrapolated values therein.
For more details on these results, see included article [PIII].

Isotope Reference 1= v ,.r/v MEjyrr(keV) MEsmp16(keV)

827r 8Rb 0.96490356(2)  —63613(2) —63631(12)
8Nb  ®Rb 0.988488167(5) —61193.8(4)  —61219(13)
Mo  ®Rb 1.01200528(6)  —64112(5) —64113(5)
8BTc 8Rb 1.01178955(5)  —61670(4) —61681(149)
BT BT 1.00000086(4)  —61600(5) —61680(340)#
¥Ru  ®Rb 1.0474089(3)  —58372(21)  —58260(298)#
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FIGURE 27 Experimental and theoretical mass excess values ME (a) and proton sep-

aration energies S, (b) of zirconium (Z = 40) isotopes compared to the
FRDM12 mass model. Values affected by this work are highlighted with
red markers.
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4.3 Systematic studies on the effect of count rate on PI-ICR mass
measurements

The PI-ICR method was commissioned recently at JYFLTRAP [13]. For the PI-ICR
mass measurements, a new detection system consisting of a Time-to-Digital Con-
verter (TDC) and a position-sensitive delay line MCP detector, was installed at
JYFLTRAP. Also, the extraction region of JYFLTRAP, see figure 14, was redesigned
to optimally magnify the projections of ion motions in the measurement trap. To-
gether these modifications introduce various sources of systematic uncertainty

that need to be quantified in order to guarantee the accuracy of measurements at
JYFLTRAP.

Prior to this work, it was expected that there are at least two sources of sys-
tematic uncertainty related to the detector system that need to be accounted for
in mass measurements: distortion of the projections of ion motions in the mea-
surement trap and the detector efficiency. The former is relevant due to the fact
that in the PI-ICR method the v, frequency is determined based on the difference
between ion motion projections, as discussed in section 3.5.3. In an ideal case,
projection of ions orbiting in the measurement trap would form a perfect circle
on the detector. However, in practice the projected image can suffer from distor-
tion due to imperfections of the extraction ion optics and tilt of the detector with
respect to the plane of radial motion of ions within the measurement trap, leading
to ion motion being projected into an ellipse rather than a circle. Any distortion
in the projection of ion motion can lead to systematical shifts in the determina-
tion of angles using the detector system, which in turn will lead to shifts in mass
measurement results.

The other source of systematic uncertainty that was expected to be relevant,
the detector efficiency, can be taken into account in the data analysis process. In
the past it has been done as a part of the process used to account for the simul-
taneous presence of multiple particles in the measurement trap, originally intro-
duced in [76]. In that process the data are divided into separate classes based
on the number of ions detected per measurement cycle and each of the classes
is analyzed separately. Due to the fact that the detector system has an efficiency
smaller than unity, each number of detected ions represents only a fraction of the
actual number of ions that were present in the measurement trap. Ideally, deter-
mination of the v, frequency should be performed on individual ions to avoid any
systematic shifts due to ion-ion interactions during the measurement process. For
this reason, the cyclotron frequencies v, from the separate count-rate classes are
fitted with a linear function and the function is extrapolated down to the value
corresponding to detector efficiency. This process approximates the v, frequency
that would result if only individual ions were measured. This process has been a
routine procedure at JYFLTRAP.

One of the first direct comparisons between the TOF-ICR and PI-ICR meth-
ods at JYFLTRAP was performed as a part of the measurement campaign pre-
sented in the included article [PII], where 1%2Eu and '®?Eu” were measured using
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TABLE 3 Mass excesses (ME) of ®2Eu and ©?Eu" from this work without count-rate
class analysis (PI-ICRe104 1), With a fixed detector efficiency in the count-
rate class analysis (PI-ICRt04 2) and with a count-rate dependent detector
efficiency (PI-ICRyet04 3)- For reference, values from CPT and from a TOF-
ICR measurement at JYFLTRAP are also listed.

ME(keV)
162EU_ 162Eum
TOF-ICR -58717.2(5.5) [PI]]  -58560.3(7.6) [PII]
PI-ICR om0g 1 -58709.6(1.6) -58576.8(1.3)
PI-ICR i pm0d 2 -58716.2(3.0) -58567.2(2.0)
PI-ICR,o0g3  -58721.8(3.7) [PI]  -58566.0(2.2) [P1I]
CPT -58723.9(15)[77]  -58563.7(1.9) [77]

TABLE 4 Mass excesses differences (AME) of 2Eu and 9?Eu™ between different mass
measurement techniques, analysis methods and results from CPT in units of
keV and standard deviation ¢. Analysis was repeated without count-rate class
analysis (PI-ICR,.tn04 1), with a fixed detector efficiency in the count-rate class
analysis (PI-ICR,tn04 2) and with a count-rate dependent detector efficiency
(PI'ICRmethod 3)'

162Eu 162Eum
AME(keV) AME(¢)  AME(keV) AME(c)
PIICR othods - PFICR potoqn 122(41) 3.0 10.8(2.6) 4.2
PI-ICR 0043 - PIFICR yothoqn 5.6(3.4) 1.6 1.2(3.0) 0.4
PL-ICR,eth041 - TOF-ICR 7.6(5.8) 13 165(7.8) 2.1
PI-ICR,,p11000 - TOF-ICR 1.0(6.3) 0.2 69(79)  -09
PI-ICR,, 01043 - TOF-ICR -4.6(6.7) 0.7 57(8.0)  -0.7
TOF-ICR - CPT 6.7(5.7) 12 3.4(7.9) 0.4
PI-ICR o041 - CPT 1432.2) 65 -13123) 5.7
PI-ICR,pt040 - CPT 7.7(3.4) 2.3 3528  -1.3

PI-ICR,0t1005 - CPT 2.1(4.0) 0.5 23(29)  -0.8
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both techniques. The two long-living states in 1®?Eu were successfully resolved
from each other using both methods. However, initial analysis revealed that the
two techniques did not fully agree with each other. Additionally, they did not
agree with the measurements done at the Canadian Penning Trap (CPT) [77]. The
initial PI-ICR results did not include any corrections due to ion-ion interactions
in the measurement trap due to a lack of software capable of taking the effect into
account. The first PI-ICR results are presented in tables 3 and 4 as PI-ICR ;¢4 1-
It should be noted here that the TOF-ICR results presented in the tables do not
include any corrections due to ion-ion interactions due to insufficient statistics
in the performed measurement. To minimize possible systematic count-rate ef-
fects, the number of ions was limited to 1-3 ions per bunch in the TOF-ICR data
analysis.

In an effort to solve the discrepancies observed for 1%2Eu and 162Eu™ be-
tween the initial PI-ICR results and values from CPT, 6.5 and 5.7 standard devia-
tions, respectively, and between the PI-ICR and TOF-ICR results, 1.3 and 2.1 stan-
dard deviations, respectively, further development of the analysis software was
undertaken. A software tool for performing similar extrapolation of measured
quantities as originally described in [76] was developed. In this case, the extrapo-
lated quantity was the x and y coordinates of images projected onto the detector.
This resulted in a significant change to the results, see PI-ICR;;¢41,04 2 in tables 3
and 4. However, a discrepancy larger than what can be explained solely by statis-
tical fluctuation still remained between the PI-ICR results and values from CPT,
2.3 and 1.3 standard deviations for '®2Eu and 92Eu™, respectively.

At this stage the assumption of a linear relationship between the extrap-
olated quantity and the number of ions per measurement cycle was suspected
to be causing the discrepancy. In order to investigate this further, the analysis
tool was then further developed to optionally perform the extrapolations using a
linear relationship in a radial coordinate system. The change of coordinate sys-
tem effectively modifies the way in which the x and y coordinates depend on the
number of detected ions. Analysis was repeated with the modified program, but
no significant change was observed and the discrepancy remained.

Another approach was then taken and attention was turned to the detector
system, the detector and TDC, used in the measurements. If the efficiency of the
detector system is not constant with all count rates the extrapolations would have
to be performed using a non-linear function in the count-rate class analysis [76].
Efficiency of the detector system was studied using stable 133Cs'* ions from the
off-line ion source station, see attached article [PIV]. The number of ions per mea-
surement cycle was controlled by changing the time ions were accumulated in the
RFQ [63] before they were injected into JYFLTRAP. Ions were cooled similarly as
during on-line measurements, extracted onto the MCP detector and the number
of detected ions was recorded. Varying the accumulation time in the RFQ allowed
the efficiency of the detector system to be studied as a function of the accumula-
tion time - or in other words, the number of ions but without an absolute scale.
Previous measurements with the RFQ using radioactive ions and a silicon detec-
tor at [YFLTRAP have shown that there is no considerable loss of ions within the
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time scales typically used in mass measurements. The off-line studies resulted
in an efficiency curve in arbitrary units for the detector system as a whole. The
absolute efficiency was determined during an online experiment by comparing
the detected MCP counts to the number of beta particles observed with a silicon
detector with a well-known efficiency. The absolute efficiency measured during
the on-line experiment was then used to calibrate the off-line data, resulting in
the final efficiency curve. The efficiency was studied both on- and off-line in or-
der reduce the statistical uncertainty of the final efficiency curve. Performing the
off-line studies made it possible to collect most of the statistics without the need
for a primary beam from a cyclotron.

With the new efficiency function it became possible to test the assumption of
a linear relationship in the extrapolations for the second time. The count-rate class
analysis was repeated with the new efficiency function added in the software tool.
Each count-rate class was corrected by the detector efficiency according to the effi-
ciency function, i.e. the extrapolation was performed using the number of ions in
the measurement trap rather than the number of detected ions. The extrapolation
was then correspondingly modified to go down to unity instead of the detector
efficiency. Additionally, the analysis software was modified to include both x
(number of ions) and y (ion spot location on the detector) coordinate errors in the
tits used in the extrapolation. Effectively, this introduced a new systematic uncer-
tainty into the calculations, uncertainty of the detector system efficiency function
(i.e. x coordinate), which is also a function of the number of ions trapped per
measurement cycle. This process transforms the non-linear dependency between
the number of detected ions and ion spot location on the detector into a linear
relationship between the number of ions in the measurement trap and ion spot
location on the detector.

The analysis process was repeated using these modifications, see PI-ICR,;;¢4104 3
in tables 3 and 4. The modifications brought the difference between this work and
CPT down to 0.5 and 0.8 standard deviations for '®Eu and '®2Eu", respectively.
Additionally, the difference between the TOF-ICR and PI-ICR methods remained
within variation expected based on statistical fluctuations, at 0.7 standard devia-
tions for both ion species. Interestingly, in the case of 1°2Eu the difference between
the two measurement techniques changed its sign with the last modifications to
the analysis process but still remained within one standard deviation.

The determination of the detector system efficiency provided valuable in-
formation on the system, not only due to the changes seen in mass measurement
results, but also thinking of the performance of the IGISOL facility and JYFLTRAP
as a whole. It was discovered that the system suffered from a significant loss of
efficiency with low ion count rates. This was an unexpected result since the de-
tector itself is only prone to suffer at high count rates due to dead times needed in
position information acquisition using delay lines. The efficiency of the detector
system used in the PI-ICR measurements of the measurement campaign of [PII]
is presented in figure 32. It should be noted that the efficiency curve is not the
same for the TOF-ICR technique due to the fact that it does not make use of the
position information provided by the system. Therefore, all detected ions with
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FIGURE 32 Efficiency of the data acquisition system (the delay-line MCP detector and
RoentDek TDC) in PI-ICR measurements at JYFLTRAP as a function of the
number of ions detected per measurement cycle at the beginning of the
systematic studies.

time-of-flight information can be used in the TOF-ICR method, even if the recon-
struction of the position of the ion is not successful. On the other hand, in the
PI-ICR method the position information is required. According to preliminary
estimates, the difference between the efficiencies for the two methods, at count-
rates typically used in mass measurements, was approximately two percentage
points, in the favor of the TOF-ICR technique.

The reason for the unexpected drop of efficiency at low count rates was
found to be in the Time-to-Digital Conversion (TDC) system, manufactured by
RoentDek Handels GmbH, used to interpret signals from the MCP detector via
comparing it against two other TDC systems, one commercially available system
from Cronologic GmbH and one that was built in-house. A comparison between
the three TDC systems was performed by splitting the signal coming from the
detector to all three TDCs and measuring the number of ions registered by each
system using various accumulation times in the RFQ. The accumulation time con-
trols the amount of ions injected into JYFLTRAP, and therefore the number of
ions detected by the TDC systems. Only the RoentDek TDC system was capable
of handling position information from the delay lines of the detector. Therefore,
the position information was neglected in the case of the RoentDek TDC. Re-
sults from the comparison are presented in figure 33 where it can be seen that
the RoentDek system clearly suffered from lower efficiency than the other two
systems.

It was discovered that the reason for the lower efficiency at low ion num-
bers was in a piece of software developed in-house that was used to reconstruct
events of ions impacting the detector. The issue was rectified in two ways: the
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FIGURE 33 The number of ions detected per measurement cycle measured using three
different TDC systems. Accumulation time of the RFQ was increased after
each measurement to increase the number of ions detected.

event reconstruction code was fully rewritten and also the original code was in-
spected carefully and the source of the issue was located and the issue fixed.
These two event reconstruction codes were then compared and identical results
were acquired. Additionally, the RoentDek TDC system was compared to the
other two systems using the new event reconstruction code and all three systems
were found to agree with each other.

Determination of the efficiency function was then repeated using the new
event reconstruction code. The shape of the efficiency function changed dramat-
ically, see figure 34. The strong drop in efficiency observed with the old event
reconstruction code at low count rates was removed and the function acquired
a shape that was closer to the behavior expected from the MCP detector. The
improvement of the detection efficiency at low count rates will be of high impor-
tance for future measurements at JYFLTRAP. As the measurements move towards
more exotic ion species the number of ions available at [YFLTRAP, naturally, de-
creases. In a large portion of experiments the yield of exotic isotopes has been
a limiting factor. Using the old event reconstruction code this would have also
meant that the efficiency of the data acquisition system goes down simultane-
ously, compounding the problem and resulting in an experiment becoming even
more challenging. The new event reconstruction code increased the efficiency of
the system at the detection rate of one ion per measurement cycle by approxi-
mately 40%, or from the original efficiency of 12% to 17%. However, observed
data acquisition system efficiency, even using the new event reconstruction code,
is far away from the absolute efficiency of up to 81% [64] reported by the detector
manufacturer. Reaching the efficiency reported by the manufacturer would give
at least a factor-of-four improvement, which would enable studying even more
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FIGURE 34 Preliminary efficiency of the data acquisition system (the delay-line MCP
detector and RoentDek TDC) in PI-ICR measurements used at JYFLTRAP
as a function of the number of ions detected per measurement cycle using
the new event reconstruction code.

exotic ion species in the future. Further studies on the efficiency of the system
have already been undertaken and a detailed report on the findings will follow
this work [70].

The commissioning of the PI-ICR method at JYFLTRAP has generated much
interest in studying low-lying isomeric states in various parts of the nuclear chart
through mass measurements. While the increase in efficiency seen in this work is
going to provide improved possibilities in measuring exotic isotopes, it is also of
great significance to the accuracy of the results, as demonstrated by the measure-
ments performed on 12Eu and 1%2Eu™. Initial results suggest that the effect seen
in this work is more pronounced in cases where there are several nuclear states
or isotope species present in the measurement trap simultaneously. Therefore,
systematic studies on the efficiency of the data acquisition system performed as
a part of this work are especially relevant in future studies on low-lying isomeric
states. It should be noted, however, that the count-rate effect seen with 12Eu and
162Eu"™ in this work would most likely have been weaker if the corrected event
reconstruction code had been in use.



5 SUMMARY AND OUTLOOK

In this work the masses of 27 nuclear ground states and three isomeric states were
measured, see figure 1 and tables 1 and 2. Measurements were performed in
two separate regions of the nuclear chart, neutron-rich rare-earth region and the
A =~ 80 region near the N = Z line. Both of these regions are of interest to nuclear
astrophysics and, more specifically, nucleosynthesis in the r- and rp-processes.
The impact on the r-process was studied for several trajectories representing a
neutron-star merger scenario. The two measurement campaigns of [PI] and [PII]
resulted each in a better agreement between the observed solar system r-process
abundances and those predicted by the models.

In the case of the mass measurement results of [PIII] relevant to the rp-
process, similar theoretical modeling of the corresponding nucleosynthesis was
not performed due to the limited number of measured masses. Also, the results
were, in most cases, in such a close agreement with literature values that the new
results were not expected to produce significant changes in the rp-process mod-
eling. The effect on nuclear structure was also studied for all mass measurement
results of this work, see [PI,PII, PIII]. The new data in the rare-earth region, which
extends the experimentally-known mass surface by several nuclides, revealed an
increasing over-estimation of the odd-even staggering by theoretical mass mod-
els. The presence of a proposed subshell closure at N = 100 [78] was also stud-
ied. It was found that the new data does not offer support to the existence of
the subshell closure. The new data measured near the N = Z line extended
the experimentally-known masses by one nuclide towards the proton drip line,
which is insufficient to reveal new trends. However, the first successful measure-
ment of the 8Tc" isomeric provided new information on its level scheme, see the
included article [PIII] for more details. The masses of two additional nuclides,
82Mo and %Ru, were estimated using theoretical mirror displacement energies
and the masses of their mirror partners measured in this work.

The mass measurements presented in this work involved several technical
developments, ranging from the production of radioactive and stable ion beams
to systematic studies of the detector system used at JYFLTRAP. The HIGISOL
heavy-ion ion guide platform used to produce radioactive ions in [PIII] was up-
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graded. A new control system was developed that allowed, for the first time,
remote control of the position and rotational speed of the target together with
remote position information readout. The upgraded HIGISOL platform was suc-
cessfully commissioned in this work [PIII]. It was the first on-line experiment
with HIGISOL at the new IGISOL facility, also known as IGISOL-4. The previous
HIGISOL experiments [50, 51] had been done at the decommissioned IGISOL-3
facility (see for example [6]) more than a decade ago. The new HIGISOL sys-
tem was modified after the measurement campaign of [PIII] for use in multi-
nucleon transfer (MNT) reactions at IGISOL. Following initial tests of the MNT
reactions using a 13Xe beam on "*Bi target, there is a continued interest to utilize
a HIGISOL type of a system in future MNT work. With the recent commissioning
of the PI-ICR method, the HIGISOL system is still an interesting tool for produc-
ing and studying nuclides near the N = Z line. Previous work in the region has
been performed using the TOF-ICR method which is not optimal for studying
low-lying isomeric states and, therefore, the recent upgrades to the IGISOL facil-
ity offer a possibility to revisit already measured nuclides and refine their masses
via separating and studying low-lying isomeric states.

As a part of this work the new off-line ion source station [PIV] was brought
into routine use at the IGISOL facility. Following upgrades after the initial tests of
the system in [58], the ion source station was used to provide stable ion samples
for various experiments, including collinear laser spectroscopy using doubly-
charged #Y?* [60], production of ultra-cold samples of cesium [56] and several
Penning trap mass measurement campaigns, such as [PII]. Some limitations in
the current design of the ion source station were identified in this work. In or-
der to address them, an upgraded version of the station was designed, offering a
highly versatile platform for installing new types of ion sources and improving
the usability of the ion sources currently in use. However, the new ion source
station design was not taken into use in this work due to time constraints. The
construction and commissioning of the upgraded design could serve, for exam-
ple, as a suitable M.Sc. thesis project for a future student. See section 3.2.2 for
further details on the upgraded ion source station design.

The off-line ion source station was used in systematic studies on the effect
of ion count rate in PI-ICR mass measurements. It was discovered that the event
reconstruction code used at the time of the 12Eu measurement at JYFLTRAP lost
some events in the reconstruction process, resulting in a considerable loss of effi-
ciency at low count rates. As a result, the PI-ICR measurements of 162Ey, which
involved both the ground- and isomeric-state ions simultaneously in the mea-
surement trap, were found to present a strong ion count-rate dependence. After
the introduction of a new event reconstruction code, however, the efficiency of the
detector system remained substantially lower than what is to be expected based
on efficiency reported by the manufacturer. Compared to the manufacturer’s es-
timate, even with the updated software, the system is up to a factor of four less
efficient than it could be. This is such a large factor that further investigation into
the cause of the difference in efficiency is highly justified. If the cause of the loss
of efficiency turns out to be the a problem or a fault in the detector itself, which
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is plausible given the fact that with the new event reconstruction code all three
TDCs agree with each other, it is worth considering replacing the detector. How-
ever, there are no clear indications of problems with the detector, other than the
unexpected level of efficiency. Therefore, consulting with the manufacturer and
possibly comparing the detector to another with similar design would be benefi-
cial. In case the efficiency of the detector system can be raised by a factor of four,
a number of new exotic nuclides are likely to become reachable in mass mea-
surements at JYFLTRAP — simply due to improved performance of the detector
system.
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The rare-earth peak in the r-process abundance pattern depends sensitively on both the astrophysical
conditions and subtle changes in nuclear structure in the region. This work takes an important step towards
elucidating the nuclear structure and reducing the uncertainties in r-process calculations via precise atomic
mass measurements at the JYFLTRAP double Penning trap. °8Nd, '0Pm, 162Sm, and '9+-'%Gd have been
measured for the first time, and the precisions for "°Nd, '58Pm, '62193Ey, 93Gd, and '**Tb have been
improved considerably. Nuclear structure has been probed via two-neutron separation energies S5, and
neutron pairing energy metrics D,,. The data do not support the existence of a subshell closure at N = 100.
Neutron pairing has been found to be weaker than predicted by theoretical mass models. The impact on the
calculated r-process abundances has been studied. Substantial changes resulting in a smoother abundance
distribution and a better agreement with the solar r-process abundances are observed.
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The astrophysical rapid neutron capture process (r proc-
ess) [1-3] is responsible for the production of around half of
the elements heavier than iron. The r process and its
astrophysical site have driven research not only in nuclear
astrophysics but in multiple fields, including nuclear struc-
ture [4,5] and theory [6,7], accelerator mass spectrometry [8],
and observational astronomy [9,10]. Various astrophysical
sites have been proposed over the years, e.g., neutrino-driven
winds from the remnants of core-collapse supernovae [3,11],
magnetohydrodynamic supernovae [12], and neutron-star
mergers [13—18]. The recent, seminal multimessenger obser-
vations of a neutron-star merger [19,20], namely, the
gravitational waves from GW170817 [21] followed by a
kilonova (AT 2017 gfo) powered by the radioactive decay of
r-process nuclei synthesized in the ejecta [22,23], provide
direct evidence that the r process takes place in neutron-star
mergers. For the first time, this allows the testing of r-process
abundance models using an unpolluted sample [24]. Hence,
there is now a strong impetus to have accurate nuclear
physics inputs to ensure the reliability of the abundance
calculations. With their high opacity, lanthanides play a
central role in the diagnostics of heavy r-process ejecta from
such mergers [25,26]. In this Letter, we present results for
nuclear binding energies that affect the calculated r-process
abundances of lanthanides in the rare-earth region.

Because the r-process path traverses uncharted and
largely inaccessible regions of the chart of nuclides, there
is a scarcity of experimental information with which to
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constrain the astrophysical calculations. Detailed r-process
sensitivity studies performed in recent years [27-32] have
shown that, among the various quantities entering into their
calculations, e.g., neutron-capture and photodisintegration
rates, beta-decay half-lives, and beta-delayed neutron
emission and fission probabilities, it is the quantities most
strongly derivative of nuclear mass, namely, binding
energies, that proved to be the most sensitive [29].
However, the masses of the most relevant r-process nuclei
have never been measured, leaving nuclear abundance
calculations to rely on theoretical mass models such as
FRDM12 [33], HFB-24 [34], Duflo-Zuker [35], or Skyrme
energy-density functionals [7] for these critical inputs.
While the mass models agree closely with one another
in regions with existing measurements, they diverge
strongly in the absence of such empirical data, which
has profound impacts on abundance peak formation sim-
ulations [29].

The formation of the rare-earth abundance peak is very
sensitive to nuclear structure in the neutron-rich rare-earth
region. A confluence of nuclear deformation and f-decay
properties peculiar to nuclei surrounding A = 165 is under-
stood to create a funneling effect that draws the nuclei
towards the peak as neutron captures dwindle and existing
radionuclides decay towards stability [36,37]. Furthermore,
fission recycling is believed to augment this process, as the
fragments of heavier, unstable nuclides beyond the third
(A =~ 195) peak could cycle back into the rare-earth region

© 2018 American Physical Society
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[17,37,38]. Fortunately, the rare-earth abundances are some
of the most precisely known in the Solar System and in
metal-poor stars [39].

The rare-earth region, located in the midshell bounded
by Z=50-82 and N = 82-126, incorporates several
interesting nuclear structure features that can affect the r
process. A surge of research was triggered by the discovery
of the onset of strong prolate deformation at N = 88-90 in
the 1950s [40,41]. Proton-neutron interactions enhanced in
nuclei with approximately equal numbers of valence
protons and neutrons have been found to play a key role
in the evolution of nuclear structure and collectivity in this
region [42-44]. A local minimum in the E(2") energies
and a local maximum of moment of inertia have been
observed for the Gd isotopes at N = 98 via y-ray spec-
troscopy at Gammasphere [45]. Jones et al. [45] found
164Gd (N = 100) to be more rigid and to show less
stretching than '6°Gd, suggesting a possible change in
structure. Recently, y-ray spectroscopy on '**Sm and '%°Gd
with EURICA at the Radioactive Isotope Beam Factory
(RIBF) revealed an increase in the E(27) and E(4")
energies at N = 100 in comparison with the N = 98 cases
for Gd and Sm isotopes, supporting an implied subshell
closure at N = 100 proffered by the Hartree-Fock calcu-
lations of Ref. [46]. Interestingly, recent half-life measure-
ments performed at RIKEN [47] did not find any
supporting evidence for the N = 100 subshell closure.
Additionally, the systematics of the new K isomers found
in the neutron-rich N = 100 isotones '©2Sm, '93Eu, and
164Gd at RIKEN could be explained without the predicted
N = 100 shell gap [48].

Although information on beta-decay half-lives [47] and
level structures [45,49] of rare-earth nuclei has increased
substantially in recent years, nuclear binding energies—
i.e., masses—have not been pursued so intensively. The
Canadian Penning trap (CPT) has explored some rare-earth
nuclei in the past [50], and some Q; measurements have
been performed using a total absorption Clover detector
[51]. In this Letter, we present the first mass measurements
of several rare-earth nuclei close to N = 100 of signifi-
cance for the astrophysical r process while providing
further information on the nuclear structure which is of
direct relevance for the r process.

The studied neutron-rich rare-earth nuclei were produced
at the Ion Guide Isotope Separator On-Line (IGISOL)
facility [52], employing a 25 MeV, 10-15 uA proton beam
impinging on a 15 mg/cm?-thick natural uranium target.
The fission fragments were thermalized in helium buffer
gas and extracted from the gas cell with a typical charge
state of ¢ = +e by a radio-frequency sextupole ion guide
[53]. Subsequently, the ions were accelerated to 30 keV
before mass separation with a dipole magnet. The con-
tinuous beam was cooled and bunched in a radio-frequency
quadrupole cooler buncher [54] prior to injection into the
double Penning trap mass spectrometer JYFLTRAP [55].
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FIG. 1. Time-of-flight spectrum for '3Eu*. Background shad-
ing indicates the total number of ions, where darker shading
indicates more ions.

Isobarically pure ion samples were prepared in the puri-
fication trap via the mass-selective buffer gas cooling
method [56]. For !%Nd, !3%Pm, !62Sm, !62163Ey,
163-166Gd, and '®*Tb, an additional cleaning phase employ-
ing dipolar Ramsey excitations [57] in the second trap was
required. The mass measurements were performed by
determining the cyclotron frequency, v. = gB/(2zm),
for an ion with mass m and charge ¢ in a magnetic field
B using the time-of-flight—ion-cyclotron resonance method
(TOF-ICR) [58,59] (see Fig. 1). A 400-ms quadrupolar
excitation scheme was applied for 1>*Nd and 'Pm. To
more accurately determine the frequency, separated oscil-
latory fields [60,61] with excitation patterns of 25-350-
25 ms and 25-750-25 ms (on-off-on) were applied for
156N, 158pm, 1625y, 162,163y 163-166Gd and 4T,

The magnetic field strength was precisely determined by
interleaving measurements of a well-known reference ion
(V. rer) Just before and after an ion of interest (v..). The mass
ratios and atomic masses were then calculated from the
ratio of frequencies r = v, ¢/v., which equals the ratio of
the ion masses. Data analysis followed the procedure
described in Refs. [55,62]. Temporal fluctuations of the
B field, 85(tef)/trer = At x 8.18 x 10712/ min  [63],
where At is the time between consecutive reference mea-
surements, and a mass-dependent uncertainty &,,(r)/r =
Am x 2.2(6) x 10719/u, determined soon after the experi-
ment, were taken into account.

The measured frequency ratios and the corresponding
mass-excess values are presented in Table I. Six isotopes,
namely, 133Nd, '%Pm, 19°Sm, and !%+-1%Gd, were measured
for the first time. The precision of the mass values has been
improved considerably for all studied isotopes. The new
values agree with the extrapolations of AMEI16 [64], which
have generally overestimated the nuclear binding energies
in this region by about 150 keV.

Most of the previously known mass values were based on
p-decay Q-value measurements, such as *Nd [65], 102193Eu
[51], and '*“Tb [66]. Although the Q4 values yield lower
mass values than the present Penning trap measurement, only
156N d [65] deviates by more than 16 from this work. In fact, it
has been suggested [67] that, based on the trends on the mass
surface, 'Nd might actually be 70 keV less bound.

Two of the studied isotopes, '3Pm and '93Gd, have been
measured by the CPT [50]. While the results for *®Pm
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TABLE 1.

Frequency ratios (r) and mass-excess values (ME) determined in this work with JYFLTRAP compared with AME16 [64].

All measurements were done with singly charged ions. The reference masses, **Xe, %%Gd, Dy, and '7'Yb, were adopted from

AMEI16, and # signs indicate extrapolated values therein.

ISOtOpe Reference MEREF (keV) r = Uc,ref/uc MEJYFL (keV) MEAME16 (keV) AMEJYFL-AME16 (keV)
156Nd 136X e —86429.159(7) 1.147 366 924(19) —60210(2) —60470(200) 260(200)
158Nd 136Xe —86429.159(7) 1.162 132 772(290) —53897(37) —54060(200)# 160(200)#
158pm 138Gd —70689.5(12) 1.000 078 752(9) —59104(2) —59089(13) —15(13)
160pm 136X e —86429.159(7) 1.176 857 014(130) —52851(16) —53000(200)# 149201 )#
1626m 136Xe —86429.159(7) 1.191 560 914(39) —54381(5) —54530(200)# 149(200)#
162py 136Xe —86429.159(7) 1.191 527 132(28) —58658(4) —58700(40) 42(40)
163Ey 163Dy —66381.2(8) 1.000 065 633(23) —56420(4) —56480(70) 60(70)
163Gd 163Dy —66381.2(8) 1.000 034 135(22) —61200(4)* —61314(8) 114(9)
164Gd 17yh —59306.810(13) 0.959 046 522(14) —59694(3) —59770(100)# 76(100)#
165Gd  17lyb ~59306.810(13)  1.058489243(23)°  —56522(4) —56450(120)# —72(120)#
166Gd 136Xe —86429.159(7) 1.220 992 828(29) —54387(4) —54530(200)# 143(200)#
164Th 17yb —59306.810(13) 0.959 031 473(21) —62090(4) —62080(100) —10(100)

Assummg the measured state is the isomer at 137.8 keV [51], the ground-state mass is —61338(4) keV.

®Measured as 163Gd!®O.

agree within lo, they deviate considerably in the case of
163Gd. Interestingly, a new long-lived [T/, = 23.5(10) s]
isomeric state at 137.8 keV in '9°Gd was recently discov-
ered [51]. The unusually large discrepancy between this
work and the CPT [50] could be understood if the proton-
induced fission on "U at IGISOL had predominantly
populated the isomeric state of '3Gd. Assuming we
measured the first isomeric state, our corrected mass-excess
value differs from the CPT by 24(9) keV. If we use the
15 keV uncertainty quoted in Ref. [50] rather than AME16,
it results in an even better agreement.

Nuclear structure far from stability can be probed via
two-neutron separation energies S,, [68]. They usually
exhibit smooth trends except at shell closures or when there
is a change in the nuclear structure, such as the onset of a
strong prolate deformation at around N = 90 seen as a
bump in Fig. 2. This is also observed as a sharp increase in
experimental E(4"7)/E(2") ratios reaching ~3.3 in the
region N = 92-102 compatible with a rigid rotor. The
strong deformation is also predicted by theoretical models;
e.g., FRDMI2 yields a maximum deformation (f, ~ 0.31
[33]) for the Gd isotopes at around N = 101-103. The
new S,, values determined in this work show a change in
the slope after N = 100 for the Gd isotopes (Z = 64).
A similar effect is also observed for Tb at N = 100 and
after N =96 for the Nd (Z = 60) chain. Incidentally,
a small local maximum is seen in the E(2") energies at
N = 100 for Gd and Dy. However, the two-neutron shell-
gap energies for N = 100 are rather low (<1 MeV) down
to Gd and do not support the proposed subshell gap at
N =100 [46,69,70].

We compared the experimental S,, values to the pre-
dictions from various mass models commonly used in
r-process calculations, such as FRDM12 [33], Duflo-Zuker
[35], and HFB-24 [34]. These models predict a rather

smooth behavior for the S,, values in the region of interest
but overestimate them at N =99 and 100 by around
0.3 MeV for the studied isotopic chains. None of them
suggest changes in the slope, in contrast to those observed
in this work. Among the other mass models, WS4+ [71]
yields the smallest root-mean-square (rms) error for the
studied isotopic S,, chains, 0.12 MeV. UNEDFO [72]
results in a similar rms error as HFB-24 and FRDM12,
~0.4 MeV, which is much smaller than for SkM and SLy4
also used in the r-process calculations in Ref. [7]. To
further explore the evolution of the nuclear structure,
we studied neutron pairing energy metrics D,(N) =
(=D)N*S,(Z,N + 1) = S,(Z,N)] [73], which is directly
related to the empirical neutron pairing gap A’(N) =
D,(N)/2 [74] also known as the odd-even staggering

16T T T T T T L—
a\/—\\
15 1

14]

SZn (Mev)
o

——AME16
104 —— JYFLTRAP

88 90 92 94 95 98 100 102
Neutron number N

FIG. 2. Two-neutron separation energies S,, from this work
(red lines) together with the experimental (solid black circles)
values and an extrapolated value for '%Tb (open black circle)
from AMEI16 [64]. The dashed blue lines indicate the values
assuming the ground state of '*Gd was measured in this work.
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FIG. 3. Neutron pairing energies from this work (red circles)
and AMEI16 (blue line) in comparison with various theoretical
predictions for the Gd isotopes.

parameter. These are very sensitive to changes in the
nuclear structure; see, e.g., [75]. To highlight such a
change, Fig. 3 shows the impact of our new mass values
on D, for neutron-rich Gd isotopes, an isotopic chain
extensively studied [45-48] for its possible change in
nuclear structure. Whereas N = 82 presents as a clear
peak, nothing is observed at N = 100 to support the
existence of a subshell closure. More interestingly, neutron
pairing is much weaker than predicted by theoretical
models when approaching the midshell. The same can
be observed for the other isotopic chains as well: The
experimental neutron separation energies are systematically
lower at N = 98, 100, and 102, leading to smaller odd-even
staggering than predicted by the theoretical models. While
there were already some indications of overestimated even-
N §,, values from previous measurements in the Tb, Gd,
and Sm chains, these were single cases in their respective
chains. The new data presented in this Letter establish this
as a trend, and also extend it to the Pm and Nd chains.

We studied the impact of the new masses on the r process
for astrophysical conditions of a neutron-star merger. The
r-process simulations proceed as in Ref. [29]. Masses and
relevant Q values not measured in this work were supple-
mented with experimental data from AME16 or calculated
values from FRDMI12. For consistency, calculated and
experimental masses were not combined in the calculation
of a given §,, value. Branching ratios and f-decay half-lives
were taken from NUBASE 2016 [76] or Ref. [77]. The
neutron-capture rates were calculated with the commonly
used TALYS code [78] with the revised mass data set
described above. For fission product distributions, we
choose a simple asymmetric split [30] so that fission
products fall into the A ~ 130 region and the rare-earth
peak forms entirely via the dynamical formation mecha-
nism of Refs. [36,37]. The rare-earth region of the final
abundance patterns for two different types of merger
trajectories, corresponding to conditions expected in the
dynamical ejecta and accretion disk wind of the merger
environment, appear in Fig. 4.

107"
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FIG. 4. Solar r-process abundances [3] (black circles) in
comparison with the calculations using the experimental
AME16 [64] + FRDM12 masses [33] (blue and purple lines,
respectively) and the new masses from this work (orange and red
lines) for representative trajectories (a) with fission cycling and
(b) without fission cycling. (c) Change, in percent, of the
abundance pattern as a result of using the masses from this
work. (d) Residuals for scenario (a) based on the mass values
from this work (red) and the baseline (purple), where the bands
represent the solar abundance uncertainties.

Figure 4(a) shows the results from a representative
dynamical ejecta trajectory for a 1.35 solar mass neutron-
star merger from Ref. [79]. The trajectory initially has a very
low electron fraction of Y, = 0.016 and low entropy per
baryon s/kg ~ 8, which rises to s/kz ~ 100 due to nuclear
reheating. The timescale is initially around 40 ms, after which
a homologous expansion is assumed [79]. Up to 90% of the
prompt ejected mass may come from these types of reheated,
fission-recycling trajectories which all yield very similar
abundances with the mass model used and are therefore
largely independent of the specific astrophysical conditions
as discussed in Ref. [79]. As shown in Figs. 4(a), 4(b),
and 4(d), better agreement with the solar abundance
pattern is obtained including our new mass values
(¢*> = 10.7) than with the AME16 and FRDM12 values
used as a baseline (y> = 18.9). Here, y?> is defined
as )(2 = Z {[Y(A)solar - Y(A)calc]/o-[y(A)solar}}2’ where
o[Y(A). 1 the uncertainty of the solar abundances [3].
The sum is taken over the mass number range
(A = 154-168) affected by the measurements reported in
this Letter, and the simulated abundances Y (A),, are scaled
to solar over the same range. Furthermore, changes of up to
24% in the calculated abundances resulting in a general
smoothing of the profile can be seen, as highlighted in
Fig. 4(c).

262701-4



PHYSICAL REVIEW LETTERS 120, 262701 (2018)

To examine whether these effects are an artifact of fission
recycling, we consider a second type of trajectory that is less
neutron-rich and does not undergo fission recycling. We
choose a low-entropy, hot wind r process, parametrized as in
Ref. [80] with values (s/kz = 10, timescale = 70 ms,
Y, = 0.15) consistent with those expected for merger
accretion disk winds [81]. As seen in Figs. 4(b) and 4(c),
the influence of the new masses is notably similar to the
fission recycling example.

The nuclei studied in this work are populated at late times
in the r process, after (n,y) — (y, n) equilibrium has failed.
At this stage, the material is decaying back toward stability,
and the fine details of the final abundance pattern are set
through a competition between neutron capture and /S decay.
Although the present work provides more accurate Q values
relevant for the ff decays, they do not affect the f-decay rates,
because the half-lives are already experimentally known.
Thus, the visible shifts in the abundance distribution are due
entirely to the influence of the new masses on the recalculated
neutron-capture rates, which changed by 10%—25%. These
rates depend on neutron separation energies but also on the
choice of the neutron-capture code. Therefore, the calcu-
lations done with the TALYS code should be taken as a
representative example of the effect of the new mass values
on the r-process abundances. However, it can be expected
that the effect of the revised neutron separation energies
would be rather similar even if a different code was used. The
reduced neutron pairing observed in this work, i.e., smaller
odd-even staggering in the neutron separation energies, is not
predicted by FRDM12 or other mass models typically used
for the r-process calculations (see Fig. 3). As a result, the
final calculated r-process abundances are smoother than the
baseline calculation done with AME16 + FRDM12. More
mass measurements are anticipated to test if the seesaw
pattern in the abundances at heavier mass numbers is due to
the used theoretical mass values.

In this work, we have determined nuclear binding
energies for °8Nd, 'Pm, '62Sm, and !6419Gd for the
first time and improved the precisions for '*°Nd, *®*Pm,
162163Ey, and '%“Tb. Neutron pairing in the very neutron-
rich isotopes has been found to be weaker than predicted by
the theoretical models commonly used in r-process calcu-
lations. The data do not support the existence of a subshell
closure at N = 100. This is in agreement with the con-
clusions made in Refs. [47,48]. While the changes in the
slopes of the S,, values coincide with the observed changes
in the E(2%) energies [45,49], they may also be due to the
approaching maximum deformation in the midshell or
reduced neutron pairing. Here, further spectroscopic stud-
ies would yield valuable information. The impact of the
new mass values on the r-process abundance pattern in the
rare-earth region has been investigated for two represen-
tative neutron-star merger trajectories. Changes of up to
24% and a smoothening of the abundance pattern has been
observed for both scenarios. Furthermore, the calculated

abundances are now closer to the solar r-process abundan-
ces. The results of this work highlight the need for accurate
mass values in the rare-earth region and provide valuable
data to improve theoretical mass models needed for
experimentally unreachable nuclei in the r process. This
is increasingly important in the era of multimessenger
observations from neutron-star mergers.
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The JYFLTRAP double Penning trap at the Ion Guide Isotope Separator On-Line (IGISOL)
facility has been used to measure the atomic masses of 13 neutron-rich rare-earth isotopes. Eight
of the nuclides, '5*Pm, '%3Sm, '**1%Eu, °7Gd, and '%%'°71%Th were measured for the first time.
The systematics of the mass surface has been studied via one- and two-neutron separation energies
as well as neutron pairing-gap and shell-gap energies. The proton-neutron pairing strength has also
been investigated. The impact of the new mass values on the astrophysical rapid neutron capture
process has been studied. The calculated abundance distribution results in a better agreement with
the solar abundance pattern near the top of the rare-earth abundance peak at around A = 165.

PACS numbers: 21.10.Dr, 26.30.Hj, 27.70.4q

I. INTRODUCTION

The rare-earth region near A = 165 is of interest for
both nuclear structure and nuclear astrophysics. With
regards to nuclear structure, an onset of strong prolate
deformation at NV = 88 — 90 in these isotopic chains was
discovered already in the 1950s [1, 2]. The rapid shape
change can also be observed in the excitation energies
of the first 2+ and 47 states (see Fig. 1). The 2% ex-
citation energies decrease strongly after N = 88, and
E(47)/E(27) ratios reach ~ 3.3, compatible with a rigid
rotor. There are also indications of rapid nuclear shape
transitions in Nd isotopes [3] as well as a possible sub-
shell gap at N = 100 [4-7]. More recently, an unusual
change in nuclear structure at N = 98 near europium
has been identified [8], and interpreted as a deformed
sub-shell gap.

Neutron-rich rare-earth isotopes play an important
role in the astrophysical rapid neutron capture process,
the r process [9-12]. The r process takes place at least in
neutron-star mergers as evidenced by the binary neutron
star event GW170817 [13, 14] in August 2017 and its af-
terglow known as a kilonova [15, 16]. During the observa-
tional period of a few days, the observed kilonova changed
from blue to red. The latter color has been interpreted
to be due to lanthanide-rich ejecta with high opacities,
i.e. heavier (A > 140) r-process nuclides [15, 16]. To
understand the produced abundances of lanthanides in
different astrophysical conditions, masses of the involved
nuclei have to be known for reliable calculations as they
are one of the key inputs for the r process.

The r process produces rare-earth nuclei during its

* markus.k.vilen@student.jyu.fi

T jkelly27@alumni.nd.edu

freezeout stage when material is decaying back to sta-
bility [17, 18]. Nuclear deformation in the A = 165 re-
gion is essential in this process as it is reflected in nu-
clear binding energies and therefore in the behavior of
neutron-separation energies. This will consequently af-
fect the neutron-capture and beta-decay rates and steer
the reaction flow toward the midshell, creating what is
known as the rare-earth abundance peak at around A =
165 [17, 18]. Another mechanism producing rare-earth
nuclei and its abundance peak in the r process is fission
cycling from heavier nuclei [19].

The impact of individual nuclear masses on calculated
r-process abundances can be quantified using a so-called
F-factor, F = 100}, |X(A) — X,(A4)|, where X;(A) is
the final isobaric mass fraction in the baseline simula-
tion done with the experimental Atomic Mass Evalua-
tion 2016 (AME16) [20] and theoretical FRDM12 [21]
mass values, and X (A) is the final isobaric mass frac-
tion of the simulation when all nuclear inputs have been
modified based on the change in a single mass in an r-
process simulation [22, 23|, done using a chosen astro-
physical trajectory. Figure 2 shows the impact factors in
the rare-earth region of interest.

The advent of new and upgraded radioactive ion beam
facilities, such as CARIBU [27] and IGISOL-4 [28], has
resulted in a resurgence of mass measurements aimed at
characterizing the rare-earth abundance peak [8, 26, 29].
The Canadian Penning Trap (CPT) at CARIBU has
measured masses of several Nd, Sm, Pm and Eu iso-
topes [8, 29, 30]. These masses agreed surprisingly well
with the predictions of a reverse-engineering mass model
[31] that uses the observed shape of the rare-earth abun-
dance peak to predict masses near A = 165. At the
new IGISOL-4 facility, the first measurement campaign
on the masses of neutron-rich rare-earth isotopes with
the JYFLTRAP double Penning trap [32] covered 12 rel-
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FIG. 1: Experimental excitation energies of the first 2%
states (solid lines) together with the ratio of the first 4
and 27 states (dashed lines). The energies have been
adopted from ENSDF [24] and [25].
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FIG. 2: The r-process impact factors F' of masses in the
region of interest [22]. Mass measurements from this
work are circled in red, while black circles indicate those
from an earlier study at JYFLTRAP [26]. In total, 22
ground-state masses and two isomeric states in this
region have been measured at JYFLTRAP, of which 14
go beyond the limit of known nuclei in AME16 [20].

atively high-impact masses, 6 of which were measured
for the first time [26]. The new JYFLTRAP measure-
ments resulted in a smoothening of the calculated r-
process abundance pattern making it closer to the ob-
served solar pattern. After the successful first campaign
at JYFLTRAP [26], a second campaign of mass measure-
ments was launched aiming to better understand the for-
mation of the rare-earth abundance peak in the r-process
as well as the underlying changes in nuclear structure, in

particular beyond N = 100, which has been proposed as
a subshell closure by Hartree-Fock calculations [5, 33, 34].
In this article, we report on the results of the second mea-
surement campaign at JYFLTRAP and study the impact
of JYFLTRAP measurements on the r process and nu-
clear structure in this neutron-rich rare-earth region.

1I. EXPERIMENTAL METHOD

A. Production of neutron-rich rare-earth isotopes

at IGISOL

The JYFLTRAP double Penning trap mass spectrom-
eter [32] is located at the Ion-Guide Isotope Separator
On-Line (IGISOL) facility [28, 35] in the JYFL Acceler-
ator Laboratory of the University of Jyviskyld in Fin-
land. The neutron-rich rare-earth nuclei of interest were
produced through proton-induced fission on uranium at
IGISOL, using 25 MeV, 10-15 pA proton beam from the
K-130 cyclotron impinging into a 15 mg/cm? thick "*U
target. This target is sufficiently thin to allow the en-
ergetic fission fragments to exit out of the target to the
target chamber filled with helium at around 300 mbar,
and pass through a nickel separation foil to the stopping
and extraction volume of the IGISOL fission ion guide
[36, 37]. The thermalized ions are then extracted out of
the gas cell by employing a sextupole ion guide [38] and
differential pumping. The extracted ion beam is subse-
quently accelerated to an energy of 30gkV, where ¢ is
the charge of the ion, and non-isobaric contaminants are
separated using a dipole magnet with a mass resolving
power (M/AM) of about 500. Finally, prior to the injec-
tion into JYFLTRAP, the ion beam is decelerated, accu-
mulated, cooled and bunched using a segmented radio-
frequency quadrupole ion trap [39].

B. Mass measurements with JYFLTRAP
1. JYFLTRAP double Penning trap mass spectrometer

The JYFLTRAP double Penning trap is comprised of
two orthogonalized [40] cylindrical Penning traps located
in the common bore of a 7 T superconducting solenoid
[32, 41]. The first trap, known as the purification trap,
is gas-filled and used to remove isobaric contaminants
via the sideband cooling technique [42]. This technique
alone can usually provide sufficient cleaning by mass-
selectively converting ion motion from magnetron to re-
duced cyclotron motion. This leads to the centering of
the ions in the trap after collisions with the buffer gas.
Only the centered ions will be extracted through the 1.5
mm aperture separating the purification and the high-
vacuum second trap known as the precision trap. When
a sample demands higher resolving power for selecting
the ions of interest, then the Ramsey cleaning technique
[43] is employed following sideband cooling. Here, the



ions extracted through the aperture to the second trap
undergo an additional cleaning step utilizing a dipolar ex-
citation at the reduced cyclotron frequency (v4), which
selectively increases the cyclotron radius. A subsequent
transfer back to the first trap through the aperture leaves
contaminants implanted on the diaphragm.

The ion’s cyclotron frequency v, = ¢B/(2x M), where
B is the magnetic field strength, ¢ is the charge and M
the mass of the ion, is determined in the second Penning
trap. Conventionally, the time-of-flight ion-cyclotron-
resonance (TOF-ICR) [44, 45] technique has been used
to determine v, with either a single quadrupole excita-
tion or the so-called Ramsey excitation [46, 47]. The lat-
ter is comprised of two short excitation pulses separated
by a period without excitation. The method can result
in a three-fold gain in precision. The TOF-ICR tech-
nique has been used exclusively for mass measurements
at JYFLTRAP until 2018 when the newer phase-imaging
ion-cyclotron-resonance (PI-ICR) technique [48] was suc-
cessfully commissioned and implemented at JYFLTRAP
[49]. The measurements using the two methods in this
work are further described in the following subsections
IIB2 and IIB 3.

2. TOF-ICR measurements

In the TOF-ICR technique [44, 45], the ion’s initial
magnetron motion is converted into cyclotron motion by
applying a quadrupole excitation pulse with a fixed du-
ration and amplitude at a frequency around the expected
cyclotron frequency. This results in a more-or-less com-
plete conversion of the slow magnetron motion into the
fast reduced cyclotron motion depending on the excita-
tion frequency. At the resonance frequency, a maximum
conversion is achieved resulting in an increase in the as-
sociated radial energy, observed as a much shorter time-
of-flight of the ions from the precision trap onto a micro-
channel plate (MCP) detector located after the trap.

The choice of employed excitation scheme depends
on the half-life, production rates and possible presence
of isomeric contamination. The higher-precision two-
pulse Ramsey technique was applied when the produc-
tion rate was sufficient. If the production rate was too
low, the conventional one-excitation pulse (referred to
as “quadrupolar”) was used. Since a Ramsey excitation
cannot easily resolve isomeric states, a long, 1600 ms
quadrupolar excitation was used for two cases, '63Gd
and 192Eu, for which isomeric states have previously
been observed [50]. The length of the applied single-
pulse quadrupolar excitation varied from 200 ms used for
154Nd, 61Pm, and '%3Sm, to 400 ms applied for 57Gd,
and 1600 ms for '92Eu, 152" Eu, and '63Gd.

The remaining TOF-ICR measurements utilized the
Ramsey method of time-separated oscillatory fields with
two excitation pulses, each with a rectangular enve-
lope. A TOF-ICR resonance for '®°Eu is presented
in Fig. 3. 103165Ey used an On-Off-On pattern of

ta
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FIG. 3: Time-of-flight spectrum for '**Eut using a
25 — 350 — 25 ms (On-Off-On) Ramsey-type excitation
pattern. Background shading indicates the total
number of ions, where darker shading indicates more
ions. The red line is a fit of the lineshape to the data
points (in black).

25 —350 —25ms and '%*Eu and '65~168Th used a pattern
of 25 — 750 — 25ms.

8. PI-ICR measurements

In the PI-ICR method, determination of the cyclotron
frequency relies on detecting the projections of the ion’s
radial motions in a trap onto a position-sensitive MCP
detector with a delay-line anode. Measurements were
performed using the second measurement scheme pre-
sented in [48]. In this scheme the cyclotron frequency
is determined as a sum of magnetron and modified cy-
clotron frequencies, v, = v_ + vy, in such a way that the
ion’s position is recorded for only one phase (referred to
as “phase spot”) for each type of motion, in addition to
measuring the center position. The cyclotron frequency
was then determined using

a+2r(ng +n_)

Ve = ; (1)

2mt

where « is the angle between phase spots of modified
cyclotron and magnetron motions, n; and n_ are the
number of revolutions the ion completed in the precision
trap during the respective motion and t is the phase ac-
cumulation time ions spent in the precision trap. In this
work, the PI-ICR technique was used only for 152Eu*
ions. A phase accumulation time of 600 ms was used for
all measurements.

The measurement process was identical to TOF-ICR
measurements until the ions were transferred into the
precision trap. There, the residual coherent components
of axial and radial eigenmotions with frequencies v, and
v_ were cooled using dipolar excitation pulses with suit-
able amplitude, phase and frequency. This was followed
by an increase of reduced cyclotron eigenmotion ampli-
tude via a dipolar excitation with the v, frequency. Us-
ing the two timing patterns, as described in [48], the ions



were given time to accumulate a phase angle, either with
frequency v, or v_ before being extracted from the pre-
cision trap with a non-zero magnetron motion amplitude.
This process resulted in at least one spot on the position-
sensitive MCP detector for each timing pattern. Addi-
tionally, the center of the precision trap was projected
onto the detector for determination of the angle between
measured spots resulting from the used two timing pat-
terns. In the case of 12Eu, both the ground state and
the isomer were injected into the precision trap simulta-
neously. The two states were distinguished by allowing
a sufficiently long phase accumulation time to pass so
that the two states produced separate v; spots on the
detector. The two states are presented in Fig. 4.

Spot positions on the MCP were averaged over any
residual radial eigenmotion after the initial magnetron
cooling in the precision trap and following the conver-
sion from reduced cyclotron motion into magnetron mo-
tion before extraction of ions onto the detector. This was
achieved via scanning the timing pattern over the period
of the relevant eigenmotion such that an equal amount
of data was gathered with all steps of the scans. Data
resulting from this two-dimensional scan was then used
in further analysis. This process is highly beneficial since
it enables the measurement and data analysis to be per-
formed without a need to do any scanning or fitting, with
the exception of unavoidable extrapolation during count
rate analysis. The measurement process merely averages
results in accounting for residual eigenmotions.

C. Production of stable reference ions

Both the TOF-ICR and PI-ICR methods rely on mea-
suring well-known reference ions before and after the
ion of interest in order to calibrate the magnetic field
strength. This is done by interpolating the measured
reference-ion cyclotron frequencies to the time of the ion-
of-interest measurement.

In this work, singly-charged '36Xe and '33Cs ions were
used as references. 3°Xe was used as a reference for most
of the studied nuclides, since its mass is well-known and
it is readily available as a fission fragment from IGISOL.
However, obtaining the reference as a by-product of fis-
sion entails a risk of misidentifying it for another species
or molecule with nearly equal mass. In order to eliminate
this risk, an offline ion source station [51], completely sep-
arate from the IGISOL target chamber, was later added
to the beam line. The stable 3Cs™ reference ions were
produced at this offline station.

The new off-line ion source station [51] consists of mul-
tiple ion sources and a beamline that connects to the ex-
isting IGISOL beamline just before the IGISOL dipole
magnet. A deflector allows for rapid switching between
the off-line ion beams and the radioactive ion beams from
the IGISOL target chamber. In this work, a thermal
emission alkali metal ion source consisting of 3°K, 3Rb,
87Rb, and '¥3Cs was used. Thanks to the IGISOL dipole
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FIG. 4: Projection of cyclotron motion of *2Eu* ions
on the position-sensitive detector detector using the
PI-ICR technique. Two detected ion spots correspond
to the ground and isomeric state of '52Eu. In the
middle figure background shading indicates the total
number of ions, where darker shading indicates more
ions. Center point of the two states and the center of
the precision trap are marked as red dots. Figures on
the left and bottom present projections of the middle
figure onto the Y and X axes, respectively.

magnet mass separator, pure beams of 133Cs™ ions were
guaranteed.

III. ANALYSIS

A. Determination of the atomic masses

Atomic masses of the measured isotopes were deter-
mined using

m=r- (mref *me) + me, (2)

where 7 is the weighted mean of the frequency ratios be-
tween the reference and the ion of interest (r = v¢ yes/ve),
Myes is the atomic mass of the reference ion, and m.
is the mass of the electron. The electron binding ener-
gies, all in the eV range, are several orders of magnitude
smaller than the statistical uncertainty of the measure-
ments, and can therefore be neglected.

Multiple frequency ratios r were measured. The
weighted mean of the frequency ratio 7 was determined
together with its internal and external uncertainties. An
example is shown for 1°Tb™ ions in Fig. 5. Following the
procedure of the Particle Data Group [52], the statistical
uncertainty of any 7 has been inflated by the ratio of the
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FIG. 5: (Color online) Measured frequency ratios
r = v.(¥Xet) /v.(1°Tb*) for 5Tb (black data
points) together with the weighted mean (solid red line)
and its error band (dashed blue lines). The Birge ratio
for 1°Th measurements was 1.05.

external-to-internal uncertainty (so-called Birge ratio) if
its value is greater than one. This practice ensures that
possible systematic effects bringing the Birge ratio above
the statistically-expected value of one are taken into ac-
count. Systematic uncertainties were taken into account
and added quadratically to the measured frequency ra-
tios as described in the following section, Sect. III B.

B. Systematic uncertainties
1. Uncertainties due to geometry and B field fluctuations

Multiple systematic effects can be present in Penning-
trap measurements. These can be due to e.g. misalign-
ment of the trap with respect to the magnetic field, inho-
mogeneous magnetic field, harmonic and non-harmonic
distortion of the trapping potential, and other unavoid-
able geometric irregularities [53]. The above effects can
cause a so-called mass-dependent systematic error on the
frequency ratio that ultimately leads to cyclotron fre-
quency determinations away from the expected v. x 1/m
relationship. At JYFLTRAP, the mass-dependent error
has been determined to be equal to (2.2 x 1071 /u) x Am
[26], where Am is the mass difference between the ion of
interest and the reference ion. This leads to uncertain-
ties of less than 1 keV for Am = 30 u in the studied
mass region. Another sub-keV systematic error is due
to relativistic effects [54], which are minimal for heavier
nuclei such as the ones measured in this work. The mass-
dependent uncertainties were added in quadrature to the
final frequency ratio uncertainty.

An additional systematic effect lies in non-linear tem-
poral fluctuations of the magnetic field on top of its
slow linear drift over time. This means that even the

very shortest linear interpolations between successive ref-
erence measurements to determine the magnetic field
strength at the time of the interposed ion-of-interest mea-
surement are subject to an error. For JYFLTRAP, these
uncertainties have been measured to be 8.18(19) x 10712
min~! x At [55], where At is the time between consecu-
tive reference measurements. The effect of these fluctua-
tions on the measured frequencies is, however, negligible
over the typical time spans between successive reference
measurements for this work.

2. Uncertainties due to ion-ion interactions

The ions are injected into the precision Penning trap as
bunches containing typically a few ions. One of the main
effects that has to be considered in the data analysis is
the ion-ion interactions when multiple ions are simulta-
neously trapped [56]. The effect is especially significant if
more than one ion species are trapped but it can also be
present when trapping multiple ions of a single species.
Most of the measured isotopes had insufficient ion count
rates to correct the result for the effect of having multi-
ple ions in the trap. All data measured with the TOF-
ICR technique were limited to 1-3 ions per bunch in the
analysis phase, and processed without taking the ion-ion
interactions into account. An additional systematic un-
certainty was added to all obtained frequency ratios to
account, for any possible ion-ion interactions.

The magnitude of the correction due to ion-ion inter-
actions was determined by analyzing the '6Tb dataset
both with and without taking the ion-ion interactions
into account. The ion-ion interaction effects were stud-
ied by dividing the data into classes of one, two or three
detected ions per bunch. The three classes were ana-
lyzed separately and the number of ions in each class was
corrected with the detection efficiency. The resulting v,
frequencies were then extrapolated to the ideal case with
only one ion in the trap. A weighted mean was calculated
and the larger of the internal and external uncertainties
was chosen as the error of the mean. The comparison be-
tween the results obtained with and without the count-
rate class analysis for the data limited to 1-3 ions per
bunch, yielded a small shift of dr/r = (2.2 +3.0) - 1078
between the results. Since the shift is compatible with
zero within 1o, we also report the values without this
additional systematic contribution in Table I. The addi-
tional systematic uncertainty due to the ion-ion interac-
tions was added quadratically to all TOF-ICR results,
and is included in the total uncertainty dr:,: given in
Table I. In the case of PI-ICR measurements, the ion
count rate was sufficient to take the ion-ion interactions
into account. There, the presence of different ion species
(ground and isomeric states) simultaneously in the trap
turned out to produce a clear shift in the results.

A detailed characterization of the efficiency of the posi-
tion sensitive MCP detector and related data acquisition
system was conducted in order to minimize any resid-



ual systematic uncertainties in the count-rate class anal-
ysis. The MCP detector was found to suffer from grad-
ually decreasing efficiency with higher number of ions
per bunch. An assumption of a linear relationship be-
tween the efficiency-corrected number of ions per bunch
and the extrapolated quantity, cyclotron frequency v,
or spot position, was assumed as in Ref. [57]. The use of
higher order polynomials or other functions with a larger
number of fitted parameters was considered, but had to
be rejected due to the lack of data with large numbers
of ions per bunch. More details on the systematic uncer-
tainties and determination of the detection efficiency can
be found on Ref. [58].

IV. RESULTS

A. Mass-excess values

The results of this work are summarized in Table I
and Fig. 6. Altogether 13 different nuclides were mea-
sured, of which eight were measured for the first time
(see Fig. 2). In addition, isomeric states in '2Eu and
163Gd were studied. In the following, the eight nuclides
measured for the first time are discussed initially. This is
followed by a nuclide-by-nuclide discussion for the other
measured nuclides.

Nuclides measured for the first time:
161 py, 163 gy, 164,165 gy, 167 (g 165,167,168 7y

The mass-excess values for eight studied nuclides,
161pyy 163Gy, 164,165y 167G, 165,167,168} were mea-
sured for the first time. The measurements were done
with the following excitation patterns in the precision
trap: ''Pm (200 ms), '%3Sm (200 ms),'%*Eu (25 — 750 —
25ms On-Off-On), 1%Eu (25 — 350 — 25 ms On-Off-On),
167Gd (400 ms), and 155168 Th (25— 750 — 25 ms On-Off-
On). All new mass-excess values agree within 1.50 with
the extrapolated value from AMEI16 [20]. The largest
deviations to AME16 extrapolation occur for the light-
est studied nuclides, 1'Pm, 1%3Sm and !64Eu, all being
around 150 keV higher than the AME16 extrapolation
(see Fig. 6).

154Nd

The determined mass-excess value of !%4Nd,
—65601(25) keV, is based on three consistent individual
frequency ratios measured with 200 ms quadrupolar
excitation in the precision trap. In AME16, the mass
of ®Nd is based on beta-decay end-point energies of
154Nd [60] and '®*Pm [61-63] connecting the isobaric
chain to 1%4Sm for which the mass has been directly
measured [64]. The mass-excess value obtained in this
work for !%4Nd is 225 keV higher than the AMEI16

value [20]. This is understandable since the beta-decay
studies often suffer from the pandemonium effect [65].
It means that transitions from higher-lying states have
been missed, leading to too low beta-decay @Q-values.
More recently, CPT has also measured '5*Nd [29].
The JYFLTRAP value agrees well with this recent
Penning-trap measurement (see Fig. 6).

162,162m g,

162Ey was measured already in the first JYFLTRAP
campaign on neutron-rich rare-earth nuclides [26]. The
measurement done with the TOF-ICR method using a
Ramsey excitation pattern 25 — 350 — 25ms (On-Off-
On) resulted in a mass-excess value of —58658(4) keV
[26]. Around the same time, the CPT measured '2Eu
using the PI-ICR method [8]. They discovered an iso-
meric state at 160.2(24) keV above the ground state for
which a mass-excess of —58723.9(15)keV was determined
[8]. The JYFLTRAP mass-excess value for the mea-
sured state was around 60 keV above the ground state
and 100 keV below the isomer determined at CPT, im-
plying that a mixture of states had been measured at
JYFLTRAP. Hence, a remeasurement was performed in
this work. It was done both with the TOF-ICR and
PI-ICR techniques. For the TOF-ICR measurements, a
long, 1600 ms quadrupolar excitation sufficient to sep-
arate the two states, was employed. Figure 7 shows
TOF-ICR spectra for 1%2Eu from the first JYFLTRAP
campaign [26] and from this work. Clearly, the first
JYFLTRAP campaign could not have easily identified
the isomeric state, unknown at the time, due to the
shorter excitation time (leading to worse resolution) and
the used Ramsey pattern with several strong minima.

The PI-ICR measurements of '°2Eu and '52Eu™ were
performed as described in Sect. IIB3 with a 600-
ms phase accumulation time. As can be seen from
Fig. 4, abundances of the two states were similar, with
53.5(1.8)% of the detected ions being in the ground state.
This supports the fact that a mixture of states was mea-
sured during the first JYFLTRAP campaign. The new
TOF-ICR and PI-ICR results for the ground and isomeric
state of 162Eu (see Table II) are now consistent, confirm-
ing that the recently commissioned PI-ICR method works
at JYFLTRAP. Both the ground-state and isomeric-state
values agree with the CPT results, and with the AME16
value based on a beta-decay study [50]. The excita-
tion energy obtained for the isomer at JYFLTRAP is
156.0(2.8) keV which is somewhat lower than obtained
at CPT.

The weighted means presented in Table II were calcu-
lated between the two measurement techniques. Internal
and external uncertainties were calculated and the larger
one was accepted as the uncertainty of the mean. In the
case of 192Eu™, the larger error of the two individual re-
sults was adopted to account for the difference in results
between the techniques.



TABLE I: Frequency ratios (r = ve res/ve) based on Npeqs measurements together with the mass-excess values
(MFE) determined in this work. For the JYFLTRAP values, the uncertainties for »r and M F are given both without
and with the added systematic uncertainty due to ion-ion interactions, see Sect. III B2. Comparison to AME16 [20]

is given, and a # sign indicates extrapolated values therein. The isomeric-state mass values were adopted from

NUBASE16 [59]. All measurements were done with singly-charged ions. The masses for the reference ions *6Xe*
and '33Cs™ were adopted from AME16 [20]. For comparison, the recent CPT measurements are also tabulated.

Isotope  Reference Nyeas 7 ME(keV)

JYFL AME16 AME? CPT
154Nd 133Cs 3 1.158 189 215(201)(203) -65601.2(24.9)(25.1) -65825(53) 224(59) -65579.6(1.0)[29]
6lpy  136Xe 5 1.184 236 679(468)(468) -50107.6(59.2)(59.3) -50235(298)# 127(304)# N/A
1630m  136Xe 4 1.198 949 148(285)(286) -50552.3(36.0)(36.2) -50720(298)# 168(301)# -50599.6(7.3)[29]
162Ey>  N/AP 5 N/AP -58720.4(3.1)° -58703(35) -14(36) -58723.9(1.5)[8]
162gymb 1330y 5 1.218 439 459(13)° -58565.7(7.6)" -58540(40) -20(50) -58563.7(1.9)[8]
163y 133Cs 5 1.225 979 710(14)(30)  -56575.7(1.8)(3.8)  -56485(66) -91(66) N/A
164 Ey 136Xe 4 1.206 285 979(12)(29)  -53231.1(1.6)(3.7)  -53381(114)# 150(115)# N/A
165Ey 136Xe 3 1.213 663 750(39)(48)  -50726.9(5.0)(6.0)  -50724(138)# -3(139)# N/A
163Gad 136Xe 5 1.198 863 600(76)(81)  -61382.4(9.6)(10.2)  -61314(8) -68(14) -61316.0(15.0)[30]
163Gqm  136Xe 5 1.198 864 872(102)(106) -61221.3(13.0)(13.4) -61176(8) -45(16) N/A
167Gd 136Xe 5 1.228 379 286(93)(97)  -50783.4(11.8)(12.3) -50813(298)# 30(299)# N/A
165 136Xe 1 1.213 585 800(15)(31)  -60595.1(2.0)(3.9)  -60566(102)# -29(103)# N/A
166, 136Xe 6 1.220 965 810(11)(30)  -57807.6(1.6)(3.7)  -57885(70) 77(71) N/A
167y 136Xe 5 1.228 338 998(13)(30)  -55883.7(1.7)(3.8)  -55927(196)# 43(197)# N/A
168 136Xe 5 1.235 721 496(17)(33)  -52781.2(2.3)(4.1)  -52723(298)# -58(299)# N/A

& JYFL - AMFE16

b Measured using both TOF-ICR and PI-ICR techniques, see Table IT.

TABLE II: Frequency ratios (r) and mass-excess values (M E) determined in this work for 162Eu and '?Eu™ with
the PI-ICR and TOF-ICR measurement techniques. The excitation energy FE, for the isomer is also given. The
reference mass values were adopted from AME16 [20].

Isotope Reference Method (07 stat) (0Ttot) ME(OME¢o:)(keV) E, (keV)
162y 162mpEy PI-ICR 0.999 998 966(19) -58721.8(3.7) 155.9(3.0)
133Cs TOF-ICR 1.218 438 235(35)(45) -58717.2(4.4)(5.5) N/A
Difference N/A -4.7(6.6) N/A
Weighted mean N/A -58720.4(3.1) N/A
162mEy 133Cs PIICR 1.218 439 457(18) -58566.0(2.2) N/A
133Cs TOF-ICR 1.218 439 502(55)(61) -58560.3(6.8)(7.6) 156.8(9.4)
Difference -0.000 000 045(63) -5.6(7.9) 0.9(9.8)
Weighted mean 1.218 439 459(61) -58565.7(7.6) 156.0(2.8)

163,163m Gd. and 163Eu
)

Both '63Gd and '%3Eu were measured already in the
previous campaign at JYFLTRAP [26]. There, Ram-
sey excitation with a pattern 25 — 350 — 25ms (On-Off-
On) was used together with a reference from the same
isobaric mass chain, '%®Dy. The resulting '3Gd mass-
excess value was —61200(4) keV. Surprisingly, this de-
viated from the AME16 value, based on a CPT mea-
surement [30], by 114(9) keV. Since the difference was
very close to the first isomeric state energy, 137.8 keV
[50], it was suggested that JYFLTRAP had measured
the isomer, which could be predominantly populated in
the proton-induced fission of 238U used at IGISOL. The

spontaneous fission of 2°2Cf used for the production at
CPT could, in turn, populate predominantly the ground
state.

To confirm whether an isomeric state had been mea-
sured in [26], 13Gd was remeasured at JYFLTRAP using
the TOF-ICR technique with a long, 1600 ms quadrupo-
lar excitation, which is sufficient to separate the two
states. In addition, a more accurate reference, 3%Xe,
was used. A total of five consistent frequency ratio
measurements were done, yielding a ground-state mass-
excess of —61382.4(10.2) keV, and an excitation energy of
161(17) keV for the isomer. The new value still disagrees
with the CPT value (—61316.0(15.0) [30]) and is not con-
sistent with the excitation energy (137.8 keV) from [50].
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FIG. 7: (Color online) Time-of-flight spectra for 62Eu*
from campaign I using 25 — 350 — 25 ms (On-Off-On)
excitation pattern (top), and from this work with a
1600 ms excitation (bottom). Fitted theoretical line
shapes and v, frequencies are plotted in red.

Counter to the hypothesis, the re-measurement showed
that the ground state was dominant. Based on a PI-
ICR yield measurement of 153Gd, the yield ratio was
72.5(5.0)% for the ground state at the MCP detec-
tor. Hence, the first '93Gd measurement at JYFLTRAP
should have produced a mass-excess value close to the
ground-state value obtained in the re-measurement. The
180 keV difference between the two '3Gd measurements
casts doubt on the reference used in the first measure-
ment, %3Dy. This reference was chosen at the time be-
cause the mass-excess value of 153Dy is well known, with
a precision of 0.8 keV [20], based on a recent Penning-
trap measurement at TRIGA-TRAP [66]. Using a refer-

ence from the same isobaric mass chain is also preferen-
tial since it cancels out any mass-dependent uncertain-
ties. Since the 1%*Eu measurement from [26] had used the
same reference, it was decided to remeasure also '%3Eu,
this time with an unambiguous reference, '33Cs™, from
the off-line ion source station. A total of five consis-
tent frequency ratios with a Ramsey excitation pattern
of 25—350—25 ms (On-Off-On) were performed, resulting
in a mass-excess value of —56575.7(3.8) keV. This differs
by 156 keV from the previous value, —56420(4) keV, re-
ported in [26]. The similar systematic shift as for the
remeasured '%3Gd confirms the suspicion that the '®3Dy
reference had been wrongly identified.

In order to correctly identify the A = 163 reference
ion used in the first campaign [26], we used the software
SCM _Qt (Search for Contaminant Masses) [67] which
lists all possible molecular combinations of a specified
list of elements and maximum number of atoms of those
elements that would yield the same frequency ratio. For
the calculations, we used the average cyclotron frequency
of 1"'Yb* (628665.80 Hz) as a reference since it was the
closest reference measurement before the use of the to-
be-identified A = 163 ion (659564.18 Hz). We allowed
SCM to form molecules of up to three different elements
and up to 10 atoms of the same elements chosen from
H, C, O, N, and fission products. We also only kept the
isotopes with a half-life greater than 100 ms. As a result,
the closest reasonable candidate found was 46LalSQ1HT.
146La is produced with a large cross section in proton-
induced fission, with an estimated rate of around 6.5x10*
particles/s.

When using #6Lal®O'H* as reference for the initial
measurement of 13Eu [26], we obtain a mass-excess value
of —56539(37) keV. Most of the uncertainty stems from
the 30 keV uncertainty in the mass excess of 145La, which
is based on a Penning-trap measurement at CPT [68]
and several S-decay end-point energy measurements [20].
This result is within one standard deviation from the new
measurement presented in Table I.

Similarly, using “6La'O'H* as a reference for the



initial measurement of '3Gd [26], we obtain a mass-
excess value of -61319(37) keV, which is 1.7¢ higher than
the new measurement presented in Table I. Such a dis-
crepancy is not unexpected, since the initial measure-
ment from [26] was performed using a Ramsey pattern
25 — 350 — 25ms (On-Off-On), which is not sufficient to
distinguish between the ground and isomeric states. As
such, the measured mixture of states in [26] is expected
to produce a value in between the two states as in the
case of 12Eu. The CPT measurement from [30], which
was done with a too short excitation time (500 ms) to
resolve the two states, yields a similar mass-excess value
of —61316(15) keV. It should also be noted that the fre-
quency difference between '#6LalSO'H* and '®3*Dy™ is
less than 1 Hz in JYFLTRAP, and hence, those cannot
be resolved in the purification trap and would have been
difficult to identify with the used Ramsey-type excitation
in the precision trap. Therefore, it is possible that the
reference was a mixture of "6La'SQ'H* and '%*Dy*.

166 Th

The mass of 1%Tb was determined based on six indi-
vidual frequency ratio measurements done with a Ramsey
excitation pattern 25— 750 —25 ms (On-Off-On). The re-
sulting mass-excess value is 77(71) keV above the AME16
value stemming from a 8-decay endpoint energy measure-
ment [69]. The precision of the mass-excess value was
improved by a factor of almost 20.

V. IMPACT ON THE MASS SURFACE AND ITS
DERIVATIVES

By plotting atomic masses as a function of neutron (V)
and proton (Z) numbers, a surface in a three-dimensional
space is obtained. If we neglect the pairing effect, i.e. by
selecting only even-even, odd-odd, odd-even or even-odd
nuclei, the surface is rather regular and smooth. Sudden
changes or irregularities on the surface can be caused e.g.
by shell closures at magic nucleon numbers or changes in
the shape of the ground state. To reveal possible changes
in nuclear structure and interactions, it is very useful to
study different derivatives of the mass surface, such as
one- and two-neutron separation energies (S, and Sa,),
neutron pairing gap energies D,,, two-neutron shell gap
energies Do, , and proton-neutron pairing strength met-
rics 0Vp,. In the following sections, the data presented
in Table I were used to study these mass derivatives.
Each of the studied quantities is sensitive to some as-
pect of nuclear structure and offers valuable feedback for
theoretical mass models needed e.g. for the unknown
neutron-rich nuclei in the abundance calculations of the
T process.

12_. —u— Eu (Z=63) —e— Gd (Z=64) —e— Tb (Z=65) ]

S, (MeV)

Neutron number N

FIG. 8: Experimental neutron separation energies, S,
from AME16 [20] (in black), and supplemented with the
JYFLTRAP results from [26] and this work (in red) .
Each isotopic chain has been shifted by 0.5 MeV relative
to the previous chain for clarity, with the Nd chain
remaining unchanged.

A. Neutron separation energies

Neutron separation energies are one of the most in-
fluential inputs needed for the r-process modeling, and
indeed the primary means by which mass measurements
influence the calculated rare-earth abundances in the r
process. The neutron separation energy, S,, is deter-
mined as

S.(Z,N) = [m(Z,N — 1) +m, —m(Z,N)]c*, (3)

where m denotes the masses for the nuclides (Z, N),
(Z,N — 1) and the neutron, and c is the speed of light
in vacuum. The neutron separation energy appears di-
rectly in neutron-capture rates, which for radioactive nu-
clides of the type presented, are largely unmeasured, and
therefore must be calculated via statistical models [22].
It also appears exponentially in photo-dissociation rates,
which are perhaps the most important factors shaping
the r-process path, highlighting the direct impact mass
measurements have on r-process calculations.

Figure 8 shows the experimental neutron separation
energies for isotopic chains from the element neodymium
(Z = 60) to terbium (Z = 65) in the region involving our
new measurements. When comparing to AME16 [20],
the new S, values do not immediately reveal any rad-
ical changes to the previously known trends. However,
the new neodymium measurements supplant four exist-
ing, successive literature values from N =94 to N = 97,
and a notable reduction in odd-even staggering is clearly
seen. Similarly to the high precision measurements of Nd,
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FIG. 9: Experimental neutron separation energies S,
compared to the FRDM12 mass model. The S,, values
affected by the JYFLTRAP measurements of this work

and [26] are shown in red and AME16 values in blue.

Dashed line indicates energies from FRDM12.

TABLE III: Root mean square errors, dgars (see
Equation 4), between the measured and theoretical S,
values, as well as the over-prediction of the neutron
pairing gap, 0D,, (see Equation 6) over 60 < Z < 65

with N > 94.

Mass Model drms (MeV) 0D, (MeV)
HFB-24 0.356 26.9
FRDM12 0.168 11.2
Duflo-Zuker 0.141 6.5

WS3 0.186 13.9
WS3+ 0.224 16.4

WS4 0.190 14.4
WS4+ 0.222 16.8

which show a decrease in odd-even staggering relative to
existing experimental data, there is also a tendency for
the theoretical models to overestimate this effect. This is
illustrated in Fig. 9 for FRDM12 [21]. The new experi-
mental S,, values are higher (lower) than in FRDM12 for
odd (even) N, decreasing the odd-even staggering for the
most neutron-rich isotopes.

In addition to FRDM12 [21], experimental S,, values
were compared to other theoretical mass models typi-
cally used in astrophysical r process calculations, includ-
ing HFB24 [70], Duflo-Zuker [71], WS3 [72], WS3+ [73],
WS4 [74], and WS4+ [74]. In order to facilitate the com-
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parison, root-mean-square (RMS) errors were calculated
for the models according to

Srars = \/N1 > (542N~ S0(Z.N)eay V' ()
tot N

where N, is the total number of isotopes in the chain,
and the sum is over the differences between the theo-
retical (th.) and experimental (exp.) values of S,, across
all isotopes of each chain, and Z and N are the pro-
ton and neutron numbers, respectively. Table III in-
dicates that the calculated RMS errors range from 141
to 356 keV, with any given isotopic chain being within
dryms = 483 keV from the JYFLTRAP values. Although
the S, values from FRDM12 deviated from the exper-
imental values more than Duflo-Zuker in this mass re-
gion, FRDM12 still remains a benchmark against which
to compare our measurements. As discussed in [31], this
is because r-process simulations using FRDM12 yield iso-
topic abundances that more closely match the solar data
in this region.

B. Neutron pairing gaps

The odd-even staggering of neutron separation ener-
gies is a strong signature of neutron pairing. The neu-
tron pairing can be quantified in terms of the differences
between the neutron separation energies S, of successive
isotopes:

Dn(Z,N) = (=D)N"[S,(Z,N +1) = Su(Z,N)].  (5)

This neutron pairing energy metric [75] is twice the odd-
even staggering parameter A, (N), also commonly used
to describe the pairing gap, see e.g. [76]. Figure 10 shows
the D,, values for the various isotopic chains affected by
our new atomic mass measurements. It presents several
main features: first a large increase in pairing energy
when the closed neutron shell at N = 82 is reached. Af-
ter N = 82 there is a sharp drop followed by a gradual
increase, peaking at N = 89, which corresponds to the
well-known region with an onset of deformation. Finally,
a steady decrease in the D, values toward the neutron
midshell at N = 104 is observed in the region covered by
our measurements.

Previously, a sub-shell gap has been predicted at N =
100 [5, 33, 34]. With our new mass measurements going
beyond the N = 100 closure (see Fig. 10), no unusual
increase in the D,, values (as seen at N = 82) is present
at N = 100, negating the presence of a sub-shell closure
or onset of deformation (as seen at N = 89).

To see the effect of the new measurements on the pair-
ing gaps relative to theoretical mass models, Fig. 11
shows the difference in the D, (N) values between the
FRDM12 mass model [77] (which tends to be more ac-
curate than other models at predicting rare-earth abun-
dances that match solar data) and the AME16 [20], sup-
plemented by the previous [26] and new JYFLTRAP
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FIG. 10: Pairing-gap energies D,, for the studied
isotopic chains based on the experimental AME16 [20]
mass values (dashed lines, open symbols) and the
JYFLTRAP measurements from this work and [26]
(solid thick lines, full symbols)
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FIG. 11: Differences in pairing-gap energies, D,,,
between the experimental values taken from AME16
[20] (dashed lines, open symbols) and the JYFLTRAP
measurements from this work and [26] (thick solid lines,
full symbols), and the FRDM12 mass model [77]
(baseline). JYFLTRAP measurements extend the
AME]16 trend in showing that FRDM12 consistently
over-estimates the effect of pairing for neutron-rich
nuclei.
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mass measurements. Relative to FRDM12, a consistent
trend of smaller pairing gaps for increasing N emerges
(negative values in the plot). This stems from the mea-
sured nuclei being generally less tightly bound, and trans-
lates to the effect of pairing being weaker than FRDM12
predicts.

Finally, we investigated whether the over-estimation in
the D,, values near NV = 100 is also present in other mass
models by calculating the following metric:

0Dp = (Dn(Z,N)th. = Dn(Z,N)ewp.) . (6)

Z,N

The 6 D,, values are given for commonly used mass mod-
els in Table III. They show that FRDM12’s overpredic-
tion of the D,, is not an isolated case since most mass
models tend to overpredict this quantity for the studied
mass region, N > 94. The overprediction of neutron pair-
ing energies by Duflo-Zuker was the lowest of the models
examined, probably because of its featureless, uniform
odd-even staggering across the measured isotopic chains.
Meanwhile, HFB-24, the strongest over-predictor of D,
is consistently high relative to the values calculated using
AME16 even for N < 94.

C. Two-neutron separation energies

Changes in nuclear structure far from stability can be
probed via two-neutron separation energies [78], Say,:

Son(Z,N) = [m(Z,N — 2) + 2m,, — m(Z, N)Jc%.  (7)

The main advantage of looking at Ss, values is that it
removes the large odd-even staggering seen in the .S,, val-
ues, resulting in a smoother pattern that will highlight
features that would have been hidden by the effect of
pairing.

Two-neutron separation energies for the neutron-rich
rare-earth nuclides are plotted in Fig. 12. The magic
shell closure at N = 82 is seen as a sudden drop in the
So, values whereas the onset of strong prolate deforma-
tion at NV = 89 produces a kink in the energies. On the
other hand, the Sy, values in the region affected by our
measurements follow a rather smooth behavior except for
a sudden change in the slope at N = 97, strongly present
only in the Tb chain. This effect will be investigated
further by calculating differences in the S, values.

D. Two-Neutron shell gap energies

Changes in the slope of Ss,, values with the number
of neutrons can be investigated by calculating the two-
neutron shell-gap energies, Do,,:

Doy (Z,N) = Son(Z,N) — Son(Z,N +2). (8)

Figure 13 shows the D5, values for all isotopic chains
affected by our measurements. At magic shell closures,
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FIG. 12: Two-neutron separation energies, Sy, based
on the AME16 [20] experimental mass values (in black)
and the JYFLTRAP mass measurements from this work

and [26] (in red).

such as at N = 82, the two-neutron shell-gap energies in-
crease rapidly. At the proposed subshell gap at N = 100,
no increase is observed. Hence, the mass measurement
data do not support such a subshell closure. It must
be noted, however, that based on the 21 and 4% exci-
tation energies (see Fig. 1), the nuclei in this region are
not spherical and deformation can affect the two-neutron
separation energies, and consequently the shell-gap ener-
gies.

Figure 13 indicates the presence of two smaller peaks
at N = 93 and 97. These peaks are particularly interest-
ing as they are strongest for two odd-odd nuclei, **Pm
and 1%2Th. Typically such an enhancement is expected
only for even-even nuclei. Interestingly, both **Pm and
162Th have an equal number of valence nucleons above
the magic shell closures at Z = 50 and N = 82, 11 and
15, respectively. This feature was further investigated
by comparing the experimental Ds,, values with various
mass models, such as FRDM12 [77], Duflo-Zuker [71],
and HFB-24 [70], for the Tb chain. Figure 14 shows that
none of these models predicts the observed unusual peak
at N=97.

Bonatsos et al. [79] have proposed that neutron-rich
rare-earth nuclei show enhanced proton-neutron interac-
tions for nuclei with equal numbers of valence protons
and neutrons above the closed proton and neutron shells
at Z = 50 and N = 82. This is in analogy with the
nuclei close to the Z = N line, which exhibit peaks in
the proton-neutron interactions for nuclides with max-
imal spatial-spin overlaps of proton and neutron wave
functions [80]. It should be further investigated why the
peaks in the rare-earth region happen at odd-odd nuclei
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FIG. 13: Dy, values based on the AME16 [20]
experimental mass values (dashed lines and open
symbols) and the JYFLTRAP mass measurements from
this work and [26] (thick solid lines and full symbols).
No subshell at N = 100 is apparent but two peculiar
peaks appear at N =93 and N = 97.

with Zval = Nval =11 and Zval = Nval = 15.

E. Proton-neutron pairing strength via the 6V},
values

Since the unusually large Ds, values, at N = 93 and
97, are present for two nuclei with unpaired nucleons, the
next natural step was to investigate the proton-neutron
(p — n) interaction observed in the studied region of nu-
clei. The unique role of the p — n interaction in nuclear
structure has long been known [80, 82], presenting itself
in shell effects, the onset of deformation, and many other
nuclear shape transitions [79, 83]. A simple way to study
the p —n interaction is to calculate a double difference of
binding energies across isotopic chains, called 6V},,. This
quantity is defined for odd-odd nuclei as

6‘/;)7L(Zodd7 Nodd) - STL(Za N) - S’n.(Z - 17N) (9)

Typically, 6V, values show large singularities for light
Z = N nuclei which are linked to maximal spatial-
spin overlaps of proton and neutron wave functions [80].
While there are no Z = N nuclei past A ~ 100, this
feature is present for heavy neutron-rich nuclei where
the number of valence neutrons, N,,;, and valence pro-
tons Z,,; above the magic shell closures at Z = 50 and
N = 82, are equal or, late in the shells, when N,,,; slightly
exceeds Zyq [79].

Figures 15 and 16 show odd-odd 6V}, values over the
measured isotopic ranges. The odd-odd nuclei where the
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FIG. 14: Experimental D, values for the Tb isotopic
chain, based on AME16 [20] (in blue) and the
JYFLTRAP measurements from this work and [26] (in
red), and comparison to various commonly used mass
models, such as Duflo-Zuker (D-Z) [71], FRDM12 [21],
HFB24 [70], UNEDFO [81], WS3 [72], WS3+ [73], WS4
[74], and WS4+ [74]. None of these models predict the
enhancement seen at N = 97.
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FIG. 15: A measure of the average p — n interaction of
valence nucleons in odd-odd nuclei according to Eq. 9.
Calculations were done using the experimental mass
values from AME16 [20] (dashed lines and open
symbols) and supplemented by the JYFLTRAP
measurements from this work and [26] (solid lines and
full symbols).
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FIG. 16: Odd-odd 6V}, values for 80 < N < 126 and
50 < Z < 82 according to Eq. 9, as in [79]. Values
affected by JYFLTRAP measurements are circled, and
black lines indicate Nyq = Zyar (upper) and equal
fractions of the N and Z shells filled (lower).

last protons and neutrons occupy specific single orbits of-
fer a clearer perspective on the valence p —n interactions.
Namely, the orbital part of the many-body wave function
determines the degree of spatial overlap between the nu-
cleons. Since the ground states of even-even nuclei have
wave functions which are spread out over several orbits
due to the pairing force, these cases are poor choices for
examining the p — n interaction. For the odd-odd nuclei
the singularities in the §V},, values are further enhanced,
again at Zya = Nyai-

The Pm isotopes (Z = 61) have 11 valence protons,
and hence one would expect an enhancement in 0V}, val-
ues for N, = 11, corresponding to N= 93. Figure 15
indicates that indeed the new measurements unveil the
presence of a small peak in 6V}, for the Pm chain at IV
= 93. For the Eu (Z = 63, Z,4; = 13) on the other hand,
no peak can be seen near the expected N, = 13, N=
95. However, a peak reappears at N = 97 for Tb (Z
= 65, Zya = 15), which matches the expected Nyq =
15. In summary, the singularities seen in [79] are getting
weaker and intermittent in the the observed region (see
Fig. 16).

VI. IMPACT ON THE RARE-EARTH
ABUNDANCE PEAK

The rare-earth abundance peak at around A = 165
gives us essential information on the r process and re-
lated nuclear structure effects. Namely, deformation in
this midshell region close to Z = 66, N = 104 can fun-
nel the reaction flow toward A ~ 165 when matter is
decaying toward stability at later stages of the process



when it is running out of neutrons [17, 18]. On the other
hand, these lanthanide nuclei can also be populated via
fission cycling from asymmetric fission of heavy nuclei in
the A ~ 280 region [70]. The lanthanides play a key role
in the emergence of the red kilonova after GW170817
[16, 84] due to their much higher opacity than lighter
elements. In order to provide accurate r-process calcula-
tions to interpret multimessenger observational data from
neutron star mergers, it is essential to have precise mass
values of the lanthanide nuclides in the rare-earth region.
It should be noted that the observed solar system abun-
dances of lanthanides are one of the most well known
[85]. Europium, for instance, is the standard representa-
tive element for the r-process in stellar observations (see
e.g. [86, 87]).

In this work, the impact of the new atomic mass val-
ues has been studied for a binary neutron star merger
scenario. The impact on the calculated r-process abun-
dances is illustrated here by a representative dynami-
cal ejecta trajectory for a 1.35 solar mass neutron-star
merger from Ref. [88], with a very low initial electron
fraction Y, = 0.016 and low entropy per baryon s/kp =
8. Most of the prompt ejected mass (up to 90%) is as-
sumed to originate from these types of reheated, fission-
recycling trajectories which all yield very similar abun-
dances with the mass model used. Thus, the results are
largely independent of the specific astrophysical condi-
tions.

The r-process simulation followed the procedure out-
lined in [23]. In the simulations, the entropy per baryon
increased to s/kp ~ 100 due to nuclear reheating. The
initial timescale was around 40 ms, after which a ho-
mologous expansion was assumed [88]. The baseline cal-
culations were done with the experimental mass values
from AME16 [20] supplemented by theoretical FRDM12
[77] mass model values where no experimental data ex-
isted. The second calculation included the JYFLTRAP
mass values from the first measurement campaign [26].
Finally, the third set included all JYFLTRAP measure-
ments performed in this region ([26] and this work). To
be consistent, calculated and experimental mass values
were not combined in the calculation of a given .S,, value.
The neutron-capture rates were calculated with the com-
monly used TALYS code [89] with the three different
mass datasets described above. For fission product dis-
tributions, a simple asymmetric split [31] was assumed.
This ensured that the produced fission fragments fall into
the A = 130 region and the rare-earth peak forms entirely
via the dynamical formation mechanism of Refs. [17, 18].
The branching ratios and [-decay half-lives were taken
from NUBASE16 [59] or Ref. [90].

Figure 17 shows the impact of the masses determined
in this work and [26] on the calculated r-process abun-
dances. The masses from [26] were shown to severely
affect the abundance pattern, resulting in a smoothening
and better agreement with the solar abundances. The
new masses from this work still affect the abundance
pattern resulting in less staggering and a smoother pro-
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FIG. 17: (Color on-line) Top: Solar r-process
abundances Y as a function of the mass number A
(black data points) together with the calculated
abundances using the AME16 [20] and FRDM12 [77]
mass-excess values (purple), and with the addition of
the values from the first experimental campaign at
JYFLTRAP (green) [26], and with the masses from this
work (red). Middle: Difference between the calculated
abundances from this work (Y1%) and (Y'17) [26].
Bottom: Residuals based on the mass values from this
work (red) and the baseline (purple), where the bands
represent the solar abundance uncertainties.

file at the top of the abundance peak. The reduced
staggering at the summit of the peak might be caused
by the reduced odd-even staggering in the S, values,
now clearly seen in Fig. 10 for the various chains mea-
sured. Such a reduced staggering reveals an increas-
ing over-prediction by the FRDM mass model, espe-
cially for the Tb and Gd isotopic chains (see Fig. 11).
Furthermore, the small reduction in the following met-
ric x? = 2 ALY (A)sotar — Y(A)calC]/U[Y(A)solar]}Q from
10.7 to 9.6 indicates that the new masses further im-
proved the matching with solar abundance data. The
bottom panel of Fig. 17 shows the dramatic improvement
in the matching between the solar abundance and the
calculated abundance once the new JYFLTRAP masses
from this work and [26] are included. Finally, the middle
panel shows that the new JYFLTRAP mass measure-
ments change the calculated abundances up to 10% as
compared to the results from [26].

VII. CONCLUSIONS

The masses of 13 nuclides in the rare-earth region have
been measured using the JYFLTRAP Penning trap facil-
ity. This second campaign of measurements adds to the
12 masses previously measured in this sensitive region



by JYFLTRAP [26] and the 10 masses measured by the
CPT [8, 29]. In this second JYFLTRAP campaign, the
masses of eight isotopes, namely '61Pm, 163Sm, 164165Ey,
167G, and 1651671681 were measured for the first time.
The mass of 1%Th was found to be consistent with the
AME]16 value, while being 54 times more precise. The
result for 14Nd agreed well with the recent PI-ICR mea-
surement from CPT [29]. Due to previous disagreements
and inconsistencies, the masses of 12:163Eu and '63Gd
have been remeasured. We confirm both the ground-
state mass and the isomeric-state energy of '2Eu mea-
sured by the CPT. The re-measurement of 3Gd and
163y using calibrant ions '35Xe and 33Cs, respectively,
indicates that the reference ion used for these isotopes
in the first JYFLTRAP campaign [26] was incorrectly
assigned, and was most likely '#5La'6Q'H*, or its mix-
ture with 193Dy*. Using the mass of this molecule as a
calibrant leads to mass-excess values consistent with the
CPT measurements for '°3Gd and '63Eu.

The impact of the new mass values on nuclear struc-
ture was studied via different parameters and derivatives
of the mass surface. All mass models, including FRDM,
were found to over-predict the odd-even staggering in S,
values. The new mass values reveal an unusual enhance-
ment in two-neutron shell-gap energies at N = 97 for the
odd-odd nuclei '62Tb. Such an enhancement is also seen
at N — 93 for 1®*Pm, but is absent at N — 95 for *®Eu.
Finally, a similar enhancement in the 6V}, values is also
seen for 1°*Pm and '62Tb, while being muted for *®Eu.
Further studies are needed to understand the nature of
the unusual enhancement in D,,, value for the odd-odd
nuclei '**Pm and '%2Tb and for the sudden quenching in
8V values for 58Eu.
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The mass measurements presented in this work pro-
vide essential nuclear data for the r-process calculations,
complementing the knowledge of the rare-earth region to-
gether with the recent beta-decay half-life measurements
from the Radioactive Isotope Beam Factory [6]. While
the new mass-excess values are shown to further reduce
the staggering at the top of the rare-earth abundance
peak in the r-process, the effect is more modest than pre-
viously seen [26]. In the future, the isomeric states in the
region can be further explored with the PI-ICR, technique
which has been demonstrated to work well for 62Eu in
this work. More mass measurements in this region are
warranted to refine theoretical mass models used for the
r-process calculations as well as to better understand this
region with rapid changes in nuclear structure.
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An upgraded ion-guide system for the production of neutron-deficient isotopes with heavy-ion
beams has been commissioned at the IGISOL facility with an 35Ar beam on a "*'Ni target. It was
used together with the JYFLTRAP double Penning trap to measure the masses of 32Zr, 84Nb, Mo,
88Tc, 89 Ru ground states and the isomeric state 3Tc™. Of these, ¥Ru and %¥Tc™ were measured
for the first time. The precisions of 32Zr, 3¥Nb and 33Tc were significantly improved. The literature
value for ¥*Mo was verified. The measured states in *Tc were compared to shell-model calculations
and additional constraints on the spins and level scheme were obtained. The masses of 82Mo and
86Ru have been predicted using the measured masses of their mirror partners and theoretical mirror
displacement energies, resulting in more tightly bound nuclei with smaller atomic mass uncertainties

than reported in literature.

I. INTRODUCTION

Neutron-deficient nuclei in the mass region A =~ 80 —
100 provide invaluable data for understanding basic nu-
clear interactions. Being close to the Z = N line, the
protons and neutrons are filling the same orbitals, mainly
the high spin 1gg/5 orbital above the subshell closure at
N = Z = 40. This opens an interesting playground
to investigate proton-neutron pairing [1, 2| as well as
isospin symmetry [3, 4] in nuclei. Recent theoretical cal-
culations for mirror (MDE) or triplet displacement ener-
gies (TDE) using extended Skyrme energy density func-
tionals with proton—neutron-mixed densities and isospin-
symmetry breaking terms have yielded a good agree-
ment with experimental data in the lower mass region
[3, 4]. For example, with next-to-leading order isospin-
symmetry breaking terms included, the root mean square
deviation (RMSD) to experimental data for T = 1 MDEs
is 180 keV, and only around 65 keV for TDEs [4]. Above
A =~ 70, the available experimental data for MDEs or
TDEs is rather limited. There, these new calculations
can provide predictions for the more exotic mirror part-
ners in the isobaric doublets or triplets.

The neutron-deficient region close to A = 80 is known
for shape coexistence and deformation. For example, the
N = Z = 40 nucleus %°Zr is one of the most deformed
nuclei known so far with a quadrupole deformation of
B2 ~ 0.4 [5]. Total-Routhian-surface calculations have
indicated that the gg/o shell plays an important role in
the shape evolution, with spherical, prolate, oblate and
triaxial shapes predicted [6]. Even possible tetrahedral

*

markus.k.vilen@student.jyu.fi

deformation has been proposed to exist in the region [7].
The onset of deformation is reflected in nuclear bind-
ing energies [8], and therefore new precision mass mea-
surements can shed light on the shape changes in the
A =80 — 100 region.

The masses of neutron-deficient nuclei are also relevant
for the astrophysical rapid proton (rp) capture process
occurring in type I x-ray bursts [9, 10]. For reliable cal-
culations of the produced light curves and burst ashes,
the masses should be known with a precision of around
10 keV [9]. Previous mass measurements at JYFLTRAP
[11-13] and SHIPTRAP [12, 14] have revealed large devi-
ations up to 1 MeV to the earlier literature values. Before
the Penning trap era, the masses were mainly based on
beta-decay endpoint energies which are prone to under-
estimations of the @) values, and hence the masses.

Neutron-deficient nuclei in the A = 80— 100 region are
rich in long-living isomeric states. Nucleons in the high
spin 1gg/o orbital can pair up from low to high spins,
and odd nucleons can also occupy the low spin 2p, /, or-
bital below, creating plenty of opportunities for spin-trap
isomers. If a measured state is wrongly assigned as the
ground state when in reality it is the isomer or a mixture
of states, it can cause a substantial offset and lead to bi-
ased rp-process calculations. The excitation energies for
low-lying, beta-decaying isomeric states have been very
difficult to measure due to the lack of resolving power
in available mass-measurement techniques. Recently, the
Phase-Imaging Ion Cyclotron Resonance (PI-ICR) tech-
nique [15, 16] has made it possible to measure isomers
with very low excitation energies (F, > 10 keV), pro-
viding valuable data for understanding nucleon-nucleon
interactions and single-particle properties in nuclei.

Many neutron-deficient nuclei in the A = 80 — 100 re-
gion have been challenging to produce at conventional



ISOL facilities due to their refractory nature. One solu-
tion to the problem is the Ion Guide Isotope Separator
On-Line (IGISOL) technique, which is a fast (sub-ms)
and chemically insensitive method for the production of
low-energy radioactive ion beams for nuclear physics ex-
periments [17-19]. Although the IGISOL technique has
proven to be a valuable tool in producing a great variety
of rare isotope beams covering a large portion of the nu-
clear chart, heavy neutron-deficient nuclei lying further
away from stability have been more difficult to access.
The most commonly used ion-guide types at IGISOL
have been optimized for either light-ion induced fusion
or proton-induced fission reactions [18]. There, the tar-
get foil is mounted in direct contact with the buffer gas
and the primary beam traverses through the gas cell. For
heavy ion beams this is not possible because the primary
beam would create a substantial number of buffer-gas
ion-electron pairs which are detrimental to the overall ef-
ficiency. To tackle this problem, a Heavy-ion Ion Guide
Isotope Separator On-Line (HIGISOL) method [19-21]
employing a shadow gas-cell technique [22] was devel-
oped at IGISOL. In this method, the target is located in
front of the ion guide and the primary beam is stopped
before entering the gas cell. The reaction products are
emitted at sufficiently large angles to bypass the beam
dump and enter the gas cell through a thin window. Re-
cently, the HIGISOL ion guide was upgraded and used in
an on-line experiment for the first time. In this article,
we report on this commissioning experiment which was
used to produce neutron-deficient refractory isotopes for
precision mass measurements improving the knowledge
of the mass surface in the mass region A ~ 80 — 90.

II. EXPERIMENTAL METHODS
A. Production using the upgraded HIGISOL

The heavy neutron-deficient nuclei were produced em-
ploying a 260 pnA, 222 MeV 36Ar8+ beam impinging on a
natNj target with a thickness of 4 ym at the IGISOL facil-
ity [18, 24]. The upgraded HIGISOL system (see FIG 1)
houses two degrader foils that can be used to fine-tune
the primary beam energy. However, in this work the full
beam energy was used. The target was located outside
the gas cell next to the degrader foils. The primary beam
was stopped right after the target using a small cylindri-
cal graphite beam dump mounted in front of the gas cell.
This shielded the buffer gas from excessive ionization.
In the new HIGISOL system the target is mounted on
a rotating wheel and the degrader foils on frames that
can be moved back and forth in order to allow the ther-
mal power of the primary beam to be dissipated over a
larger surface area. The electronics for the platform were
upgraded and a new control system was constructed uti-
lizing a combination of a Raspberry Pi computer and an
Arduino microcontroller. The rotational frequency of the
target wheel as well as the position of the target wheel

FIG. 1: The new HIGISOL system: A: Ion guide gas

cell, B: SPIG [23], C: Beam dump, D: Target wheel, E:

Degrader holder, F: Rails for distance adjustment, G:
Coolant line.
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FIG. 2: Yield distribution (in arbitrary units) as a
function of recoiling energy E, and angle 6 for a
228.60 MeV 36Ar beam on a "**Ni target summed over
all reaction products using the PACE4 program.

and degrader foils can now be remotely controlled using
a Java-based software. Additionally, the whole platform
can be remotely moved closer or further away from the
gas cell, in parallel to the primary beam axis, based on
the position information provided by the system. This
production method has been utilized at IGISOL in the
past using two mechanical designs. For further details,
the reader is referred to [20] for the original design and
to [21] for the second iteration of the system design.

The choice of primary beam energy was made based
on fusion-evaporation cross-section simulations using



PACE4 [25], HIVAP [26] and NRV [27] codes. An ex-
ample of an ion yield contour for an 3¢ Ar8+ beam on a
natNj target obtained with the PACE4 [25] code is pre-
sented in FIG. 2. The position of the yield maximum
changes as a function of primary beam energy in (E,, )
space, where F,. is the energy of recoiling reaction prod-
ucts and 0 is the deflection angle. Reaction products have
their yield maxima at slightly different, non-zero angles.
Therefore, the distance between the gas cell and the tar-
get wheel needs to be optimized for each ion of interest
so that the recoiling reaction products can enter the ion
guide gas cell through its entrance window and are not
implanted into the beam dump. In addition to the an-
gle of the products, the kinetic energy of the reaction
products has to be taken into account. Ions-of-interest
must have enough energy after the target to go through
the 2.17pum-thick Havar window and then be stopped and
thermalized within the buffer gas (helium) volume of the
HIGISOL ion guide. Therefore, the pressure (stopping
power) of the buffer gas needs to be adjusted so that
the range of the ions does not exceed the inner diame-
ter of the HIGISOL gas cell (approximately 6cm). In
order to accommodate different recoil energies and an-
gular distributions resulting from the choice of primary
beam energy and target, both the distance between the
target and the gas cell, as well as buffer gas pressure,
can be adjusted in the new system. These degrees of
freedom are sufficient for optimizing the system for dif-
ferent primary beam energies for a variety of reaction
channels. In this experiment, the helium pressure was
typically around 240 mbar.

Reaction products stopped and evacuated from the
ion guide gas cell were collected and guided towards the
high vacuum region of the mass separator using a radio-
frequency sextupole ion guide (SPIG) [23], with a typical
charge-state being ¢ = +e. The ions were accelerated to
30keV and mass-separated using a dipole magnet before
stopping, cooling and bunching in the radio-frequency
quadrupole cooler-buncher (RFQ) [28]. The ion bunches
from the RFQ were injected into the double Penning trap
mass spectrometer, JYFLTRAP [29].

B. Mass measurement techniques

Masses of the nuclides of interest were measured uti-
lizing Time-of-Flight Ion-Cyclotron Resonance (TOF-
ICR) [30, 31] and Phase-Imaging Ion-Cyclotron Reso-
nance (PI-ICR) [15] techniques. Measured ions were
prepared in the purification trap via the mass-selective
buffer gas cooling method [32], capable of providing iso-
barically purified ion samples. Masses were determined
in the precision trap by measuring the ion’s cyclotron fre-
quency v. = ¢B/(2mm), where ¢ and m are the charge
and mass of the ion, respectively, and B is the magnetic
field strength. The magnetic field strength was acquired
by interleaving measurements of ions with well-known
masses (Ve ref) before and after each measurement of the
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FIG. 3: A typical time-of-flight resonance of 82Zr™"
using Ramsey excitation pattern 25-150-25 ms
(On-Off-On). The black points with error bars

represent the mean time-of-flight for each scanned

quadrupolar excitation frequency v,¢. Background

shading indicates the total number of ions in each

time-of-flight bin. The red solid line is a fit of the
theoretical curve [35] on the data points.

ion-of-interest (v.) and interpolating the field strength
at the time of the ion-of-interest measurement. Identi-
cal excitation patterns were applied in the precision trap
for the ion-of-interest and the reference ion in order to
minimize the magnitude of any systematic errors due to
different ion species. In this work, 8>%"Rb™ ions were
used as references.

Two excitation schemes were utilized in the TOF-
ICR measurements. A 200ms quadrupole excitation
pulse was used for Mo and ®¥Tc whereas the remain-
ing masses were determined using the method of time-
separated oscillatory fields [33, 34] with 25-750-25ms
(On-Off-On) excitation pattern for ®Nb and 25-150-
25ms (On-Off-On) for 32Zr and 3°Ru. For these cases,
the position of the centre fringe was first verified via a
measurement with a single conversion pulse. An exam-
ple of a time-of-flight resonance of 32Zr is presented in
FIG. 3.

88T¢c was first measured using the TOF-ICR technique
in order to improve the precision of the literature value
of its ground-state mass. This was followed by a PI-ICR
measurement in which the energy separation between the
ground state and presumed first isomeric state was mea-
sured. The mass difference between the two states is too
low to result in two separate peaks in the TOF-ICR mea-
surement with 200 ms quadrupolar excitation.

In the PI-ICR measurements ion samples were pre-
pared in the purification trap in the same way as with the
TOF-ICR measurements. Ions were injected into the pre-
cision trap and the amplitude of residual coherent mag-
netron and axial motion was damped using RF fields of
suitable frequency, phase and amplitude in preparation
for the actual measurement. As ions are injected into the
precision trap they acquire a non-zero amplitude for the
magnetron and axial eigenmotions. If not addressed, the
non-zero amplitudes would adversely affect the measure-
ment precision. Therefore, for each eigenmotion, a dipole
pulse with a suitable amplitude 7 rad out of phase with



the motion is applied in order to reduce the motion am-
plitude.

After the residual eigenmotion amplitudes were
damped, a dipole excitation pulse at the modified cy-
clotron frequency v, was applied followed by a phase ac-
cumulation time of 200 ms and a conversion pulse to con-
vert the ion motion into magnetron motion. Finally, the
ions were extracted out of the trap towards a position-
sensitive delay-line MCP detector. This measurement
cycle was followed by one with slightly modified tim-
ings. The second cycle was identical to the first one with
the exception of the phase accumulation time being af-
ter the conversion pulse rather than before. Additionally,
the center point of the precision trap was projected onto
the detector. These three measurement cycles allowed us
to calculate the mass difference between the ground and
isomeric state of 33 Tc and 33Tc™. For a more detailed
discussion on this measurement technique the reader is
referred to [15, 16], where the excitation scheme used in
this work is presented as scheme 2.

C. Data analysis

In the case of the TOF-ICR method, the cyclotron
frequency v, was measured multiple times for each nu-
clide. Each cyclotron frequency measurement was cor-
rected, whenever possible, for shifts due to having mul-
tiple ions in the precision trap at the same time, as de-
scribed in [36]. Data available for ions of interest were
not sufficient to allow for this kind of corrections to be
made. However, all reference ion species were sufficiently
abundant for applying the correction. Additionally, a
correction due to B-field fluctuations, g (ve,ref)/Ve,ref =
At - 8.18 - 10712 /min [37], was applied to each interpo-
lated reference ion frequency, where At is the time be-
tween consecutive reference measurements, followed by
calculation of frequency ratio (r) for each measurement.
Atomic masses were calculated according to

_ Veref _ Mion—of—interest (1)
Ve Mreference ion
Veref
m = ,V : (mref - me) + M, (2)
c

where the cyclotron frequencies v, are for the stud-
ied singly-charged ions and the masses are expressed
as atomic masses unless stated otherwise in subscripts.
Electron binding energies were neglected as such correc-
tions are beyond the precision of our measurements.

A weighted mean of frequency ratios along with in-
ternal and external errors [38] were calculated, and the
larger of the two was chosen as the uncertainty of the
mean. In most cases the Birge ratios were smaller than
one, indicating that statistical uncertainties of individ-
ual measurements were conservative. Finally, a mass-
dependent uncertainty d,,(r)/r = Am - 2.2(6) - 1071° /u
[37] was added to the frequency ratio error, where Am
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FIG. 4: Projection of reduced cyclotron motion of
88Tc* ions on the position-sensitive detector using the
PI-ICR technique. The ground state and isomer are
clearly separated using 200 ms phase accumulation time.

is the mass difference of the ion-of-interest and the ref-
erence ion. The applied data analysis process takes into
account, all systematic uncertainties that had been quan-
tified at the time of the measurements. A detailed discus-
sion on the different sources of systematic uncertainties
at JYFLTRAP is to follow this article [39].

Data measured using the PI-ICR technique was used to
determine the energy difference between the ground and
the presumed first isomeric state of 88Tc (see FIG. 4).
The angle between the accumulated phases of magnetron
and reduced cyclotron radial motions was calculated from
multiple measurements for both the ground and isomeric
state, followed by the calculation of the cyclotron fre-
quency using

¢+ 2m(ng +n_)
N 2mt ’ 3)

where ¢ is the angle between the positions of the accumu-
lated magnetron and cyclotron phase spots projected on
the detector, ny and n_ the number of full revolutions
ions completed in corresponding timing patterns within
the phase accumulation time ¢. A frequency ratio be-
tween the isomeric and ground state, r = v, gs/Ve, is,
was calculated for each measurement. A weighted mean
of the frequency ratios was used to determine the mass
difference Am between the two states, i.e. the excitation
energy of the isomer F,, using

E,=Am=(r—1)(mgs —me), (4)

c

where mgy, is the mass of the ground state determined
in this work using the TOF-ICR technique. Inner and
outer errors were determined, and the larger one was
chosen as the error of the mean. Systematic uncertain-
ties of the PI-ICR measurements with JYFLTRAP were



studied in [16]. Systematic uncertainties discussed in [16]
were found to be insignificant compared to the statistical
uncertainty of this work.

One additional systematic uncertainty that was ac-
counted for in this work is the shift of measured frequency
as a function of the angle between the accumulated phase
spots in the PI-ICR method due to distortions of ion-
motion projection onto the detector. As shown in FIG. 4,
there was a non-zero angle between the isomeric and
ground states. For the purpose of characterizing the ef-
fect of the angle another measurement was performed
with stable 8"Rb ions where the v, frequency was de-
termined using 3"Rb as a reference. The positions of the
phase spots on the detector were tuned to match the 83Tc
measurement. In an ideal case a measurement like this
would result in a frequency ratio » = 1. However, the
measurement resulted in

r—1=-37(2)-1075. (5)

This systematic shift was corrected for in the results
and, additionally, added quadratically as a systematic
uncertainty. In the case of the PI-ICR measurement be-
tween 3¥Tc and 88Tc™ the effect of having multiple ion
species in the precision trap could not be accounted for
due to the low production rate of the isomeric state.

ITII. RESULTS AND DISCUSSION
A. Results and comparison to literature

In this work a total of six masses were measured:
827r, 84Nb, 3Mo, %8Tc, 38Tc™, and 3Ru. Of these,
88Tc™ and 8°Ru were measured for the first time. The
mass-excess value for 3°Ru is 14 times more precise and
112(299) keV lower than the AME16 extrapolation. A
more detailed study of the mass surface and separation
energies is presented in Sect. IIT C. The excitation energy
of the isomeric state in 33 Tc™ was also determined for the
first time and it is discussed in Sect. ITI B. Precisions for
the masses of 82Zr, 84 Nb and 3¥Tc were significantly im-
proved and the mass of 8Mo was verified in this work.
The resulting mass-excess values along with frequency
ratios and literature values for the reference ions are pre-
sented in Table 1.

The mass values determined for 3Mo and 33 Tc in this
work agree well with the previous literature values from
Penning-trap measurements. The mass-excess value of
86Mo, —64109(3) keV, agrees almost perfectly with the
SHIPTRAP Penning trap measurement —64110(4) keV
[14]. Also the mass excess value determined in this work
for 8Tc, —61669(2)keV, is in a good agreement with
AME16. The AME16 value, —61681(149) keV [40], is
mainly based on an earlier measurement at JYFLTRAP
[12] where the authors measured an unidentified state at
—61679.1(3.8) keV. The isomeric state could not be sep-
arated with the TOF-ICR technique used at that time,

which led the authors to assign the measured state as the
high-spin ground state with an increased uncertainty of
87keV based on analogy with the neighboring odd-odd
nuclide ?°Tc.

Of the studied nuclides, 82Zr and 3*Nb have both been
measured at the CSRe storage ring [42] using isochronous
mass spectrometry, and were already included in AME16
[40] as private communications. Our more precise mea-
surements suggest that 32Zr is 17(12)keV and *4Nb
25(13) keV less bound than in AME16, resulting in a dis-
agreement, of more than one sigma in both cases. Since
the AME16 values were based on the CSRe storage ring
measurements [42], we decided to do a more thorough
comparison between the Penning-trap and storage-ring
measurements to find out if there is a systematic devia-
tion between the two methods.

Firstly, we gathered all published CSRe results and
checked which nuclides had been measured also with a
Penning trap. All in all, there were 17 nuclides available
for the comparison with the CSRe publications [42-46].
These include publications on 37K[47] and 3?Ca [48] from
ISOLTRAP, “2Ti [49], 5V [50], “*Mn [50], 52Co [51],
52C0o™ [51], 53Co [52], ®°Ni [52], °"Cu [52], **Zn [52], 52Zr
(this work), 3Nb (this work) from JYFLTRAP, 56Cu [53]
from LEBIT and °°Ru [12, 54| from CPT, SHIPTRAP
and JYFLTRAP. As can be seen from FIG. 5, Penning-
trap measurements seem to give on the average around 20
keV higher mass values than CSRe. It is also noteworthy
that only 4 out of 17 measurements give lower mass values
than CSRe.

The obtained Yy, value between the two methods, cal-
culated according to

N
_ i Z (MEtrap,i — MECSRe,i)2 (6)
Xn TN N & GMEZ,,, +0MEZgp,

trap,i

is xn, = 1.54 without the revised CSRe values for °V
and “°Mn [46], and y, = 1.47 using the revised values.
In both cases, the y, value is above the limit x,, = 1+
1/v/2N = 1.18. Therefore,the deviation between the trap
and CSRe measurements cannot be explained solely by
statistical fluctuations of the two datasets. Note that
here only the JYFLTRAP measurement for “°Ru was
taken into account in order not to triple count the CSRe
measurement,.

In addition to the above mentioned measurements, es-
timations for %3Ge, %5 As, 57Se and "'Kr can be obtained
from the mirror displacement energies (MDE) and precise
Penning-trap measurements of ®3Ga [55] at ISOLTRAP
as well as 3Ga [56], °Ge [56], ®”As [56] and "*Br [57] at
LEBIT. These are shown as open circles in Fig.5. Above
A = 63, all the Penning-trap values are clearly higher
than what the CSRe measurements yield.



TABLE I: Frequency ratios (r) and mass-excess values (M Ejy pr,) determined in this work with JYFLTRAP and
compared with AME16 [40]. All measurements were done with singly-charged ions. The reference masses,
85Rb (M E = —82167.331(5)[40]) and 8"Rb (M E =-84597.791(6)[40]) were adopted from AME16, and # signs
indicate extrapolated values therein. The differences between the this work and AME16 are listed in the last
column. The excitation energy for 3Tc™, E, = 70.4(31) keV, was determined for the first time, see text for details.

Nuclide Reference T = Vc,Tef/Vc MEJYFL (keV) MEAJWEH; (keV) AMEJYFL—AMElG (keV)
827y %Rb 0.964 903 56(2) —63613(2) —63631(12) 17(12)
84Nb 8Rb 0.988 488 167(5) —61193.8(4) —61219(13) 25(13)
86Mo 85Rb 1.012 005 28(6) —64112(5) —64113(5) —2(6)
88T¢ 8"Rb 1.011 789 55(5) —61670(4) —61681(149) 11(149)
88pem 88T¢ 1.000 000 86(4)* —61600(5) —61680(340)# [41] —80(340)#
89Ru 8Rb 1.047 408 9(3) —58372(21) —58260(298)# —112(299)#
2 Measured using the PI-ICR technique.
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FIG. 5: Comparison of Penning-trap measurements performed at ISOLTRAP, JYFLTRAP, LEBIT, SHIPTRAP
and CPT to the results from CSRe. The open circle and triangles denote the masses estimated based on the masses
of 83Ga, %°Ge, 57As and "'Br and mirror displacement energies. The revised CSRe values for °V and 4°Mn are
shown by an open square. Note the different y-axis scale after A = 60 (shown on the right-hand side).

B. Isomeric state in 33Tc

In this work, we determined the excitation energy and
the mass-excess value for the isomeric state in 33 Tc for the
first time using the recently implemented PI-ICR tech-
nique at JYFLTRAP. Moreover, this enabled us to re-
move the uncertainty regarding the isomeric contamina-
tion, and therefore considerably improve the precision of
the ground-state mass. The mass excess of 3¥Tc™ was
determined using a combination of two measurements.
Firstly, the dominantly produced ground state was mea-
sured using the TOF-ICR technique. Secondly, the less-
populated isomeric state was successfully separated from
the dominant state using the PI-ICR technique. The
latter was used to measure the excitation energy of the

isomeric state and to determine the relative abundance
of the two states. It was found that the ground state
accounted for 97(1) % of ions detected after the Penning
traps. The excitation energy of the isomeric state was
measured to be 70.4(31) keV.

Based on the yield ratio and the excitation energy of
the isomeric state, i.e. frequency ratio of the two states,
a correction was made for the TOF-ICR measurement of
88Tc to account for the presence of the weakly populated
isomeric state. The applied correction was calculated
using

Ve,measured = GlV¢ gs + (1 - a)Vc,isy (7)



leading to

Ve measured —a+ (1 _ a) Ve,is (8)

VC,gS Z/C,gS

where a is the fraction of ions in the ground state. Using
frequency ratio ve ;s /Ve, g5 from the PI-ICR measurement,
we get

Ve,measured = (1 —25.7- 1079)Vc795- (9)

Applying this correction to all TOF-ICR measurements
of 88Tc resulted in a shift of —2.1keV to the ground-state
mass excess. In order to be conservative with our results,
the error of the ground-state mass excess was increased
by the same amount. The mass excess and frequency
ratio values of 8Tc and 33Tc™ presented in Table I have
this correction included.

In addition to the states measured in this work, there
is a second isomeric state with a very short half-life,
T/, = 146 1s, listed in the latest NUBASE16 evaluation
of nuclear properties [41]. The half-life of the state is
several orders of magnitude below what is reachable via
Penning-trap mass measurements. Therefore, we con-
clude that our results correspond to states listed as the
ground state and the longer-lived isomeric state in [41],
with half-lives 6.4s and 5.8s, respectively.

The order of the three lowest states in ®¥Tc has re-
mained unclear. The presumed ground state of 33Tc was
observed for the first time in 1991, and assigned as 7, 8%
due to observed feeding of 8 and 7~ states in **Mo [61].
The beta-decay study of Odahara et al. [62] suggested
spins of 37 and 67 for the detected states with half-lives
of 5.8(2) s and 6.4(8) s, respectively. The isomeric states
of 8Tc were further studied by Garnsworthy et al. [63].
Based on the observed 95-kev transition, which they as-
sign tentatively as 47 — 2%, and by comparing with the
shell-model calculations using the Gross-Frenkel interac-
tion [64] in a 1gg/o — 2p1/2 model space, they suggest
that the (5%,67,7") state listed as the ground state in
[41] would in reality be the first isomeric state with spin
67. The ground state would then be 2% fed by the ob-
served 95-keV transition.

The excitation energy measured in this work, F, =
70.4(31) keV, is lower than the observed 95 keV transi-
tion energy for the 47 — 2% (or 2+ — 47) transition
in [63]. Therefore, either the 4™ or 2% state should lie
above the isomeric state observed in this work. We stud-
ied possible options for the order of the states: (i) 6%
(E; = 0 keV), 27 (E, = 70 kéV), 47 (E, = 165 keV),
(i) 6+ (B, = 0 keV), 4% (E, = 70 keV), 2% (E, =
165 keV), (iii) 2+ (E, = 0 keV), 67(E, = 70 keV), 4+
(E, = 95keV), or (iv) 47 (E, = 0keV), 67 (E, = 70 keV),
2T (E, = 95 keV). We calculated half-lives for the iso-
meric states using Weisskopf estimates. Option (i) is not
plausible since the 165-keV E2 transition from 4% to 6T
should be faster and more intense than the 95-keV tran-
sition observed clearly in [63], and therefore should have
been detected in the earlier works [61, 63]. The fact that

no other gamma rays than the 95-keV transition was ob-
served from the 146(12)-ns isomeric state in [63] is re-
vealing: the energy difference between the states has to
be so small that it was below the detection threshold in
[63].

For option (ii), the 70-keV E2 transition would be too
fast for the state to be detected with a Penning trap.
The same is true for option (iv), and it can be excluded.
Therefore, the most likely option is (iii), with 2% as the
ground state and 67 as the isomeric state just below the
47 state (see Fig. 6). This result is somewhat surprising
because 97(1) % of the ions detected after the Penning
traps belonged to the ground state of 88Tc. Heavy-ion
fusion-evaporation reactions tend to predominantly pop-
ulate higher-spin states. As such, the production ratio of
the states would favor 67 as the ground state, i.e. option
(). Note that the half-lives of the ground and isomeric
states are roughly similar [62] and long compared to the
trap cycles, and cannot therefore explain the dominance
of the ground-state ions.

Shell-model calculations were performed in order to
compare our experimental results with theoretical mod-
els. Three nuclear interactions were employed, slgt0 [58],
jun45 [59] and jj44b [60], using the same model space as
in [63], 1p1/2—0g9/2. Acquired level schemes, presented
in FIG. 6, do not give a consistent picture of the order
of the states and, additionally, significantly overestimate
excitation energies. It is interesting to note, however,
that jj44b in the smaller model space (FIG. 6.(d)) would
agree well with the level ordering of option (i), i.e. 6T
ground state and 27 isomer. This would also be compati-
ble with the production argument that higher-spin states
are favored in heavy-ion fusion-evaporation reactions.

Shell-model calculations were repeated using a larger
model space, 0f5/2—1p—0gg,2, With jun45 and jj44b in-
teractions, see Fig. 6. The larger model space changed
the order of the states as well as produced energy lev-
els closer to experimental results. However, spins of the
states are still not in agreement with expectations based
on experimental results. Discrepancies between the ex-
perimental and theoretical level schemes, as well as be-
tween the level schemes obtained with different theoret-
ical model spaces, show that theoretical approaches for
this particular nuclide are highly sensitive and cannot
offer additional support for the spin assignments.

C. Mass surface in the region

The effect of this work on the mass surface was studied
via two-neutron (Ss,) and two-proton (Ss,) separation
energies, and neutron pairing-gap energies D,,. Two-
neutron and two-proton separation energies are sensi-
tive to trends in nuclear structure irrespective of odd-
even staggering, making them a useful tool in searching
for changes in nuclear deformation and onset of shell-
closures. Neutron pairing gap energies D,, were used as
a complementary tool to Sy, and Sy, energies since it is
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FIG. 6: Experimental (a) and theoretical excitation energies (b-f) for 3Tc. Based on this work, the ground state is
most likely 2% and the first isomeric state 67. The theoretical calculations employed the 1p; /2—0gg /2 model space
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interactions (e) jund5 [59] and (f) jj44b [60].

a quantity highly sensitive to pairing of single neutrons.

Two-neutron separation energies in the region of this
work are presented in FIG. 7. The new data introduces
minor changes to Zr, Nb, Mo and Tc isotopic chains. The
new values offer improved precision compared to [40] and
follow the trend set by the literature values. This work
extends the Ru isotopic chain by one isotope, revealing an
over-estimation of Sy, energy by extrapolated theoretical
values.

Two-proton separation energies S, see FIG. 8, largely
mirror the changes seen in two-neutron separation ener-
gies. Similarly as with the Sy, values, minor changes are
introduced to Zr, Nb, Mo and Tc isotopic chains by the
new results. Also, the Ru chain is again extended by one
additional isotope, revealing an under-estimation of Sy,
energy by extrapolated theoretical values.

The new S, and S, results suggest minor changes
compared to theoretical values in the case of the Ru
chain, but do not reveal any major changes in the case
of previously experimentally-known masses.

Neutron pairing-gap energies

D, = (—1)"S,(Z,N +1) — S,.(Z,N)] (10)
[65], where S, are neutron separation energies, were also
studied. D, energies, contrary to Sa, and Sy,, are an
effective indicator of changes in pairing of individual va-
lence neutrons. This is highlighted by the fact that the
neutron pairing gap energy can be expressed using the
empirical neutron pairing gap A*(N) = D,,(N)/2 which
is also known as the odd-even staggering parameter [66].
Neutron pairing gap energies affected by this work are
presented in FIG. 9.

Similarly to Sz, and Sy, energies, the neutron pairing
gap energies of this work produce only minor changes
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FIG. 7: Two-neutron separation energies So,.
Experimental AME16 [40] values are presented with
black dots and results affected by this work with red

dots. An extrapolated value for *'Ru adopted from [40]
is presented with an X.

in Zr, Nb, Mo and Tc isotopic chains. In the case of
9Ru, this work shows a clear over-estimation of odd-
even staggering by extrapolated values of [40].



TABLE II: Mass-excess values (M Ejy ) determined in this work, using the measured mass-excess values of 827y
and 86Mo and the theoretical MDEs, compared with the AME16 [40] values (M E4ng16), where # indicates
extrapolated values therein. The uncertainties given in brackets are deduced from the errors of fitted parameters
and RMSD, respectively. The differences between the two data sets are listed in the last column.

Nuclide Tz MDE(keV) MEJYFL(keV) MEAMElG(keV) AMEJYFL_AJWElﬁ(keV)
8Ru -1 25370(50)(180) -40310(190) -39770(400)# -540(450)
82Mo -1 24290(50)(180) -40910(190) -40370(400)# -540(450)
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FIG. 8: Two-proton separation energies So),.
Experimental AME16 [40] values are presented with
black dots and results affected by this work with red

dots. An extrapolated value for ®*Ru adopted from [40]
is presented with an X.

D. Mass predictions using mirror displacement
energies

In this work, we measured the ground-state mass of
89Ru for the first time. Our result, —58372(21) keV, indi-
cated that it is somewhat (by 112(299) keV) more bound
than the extrapolated literature value, —58260(298) keV
[40]. Since we measured many isospin projection T, =
(N — Z)/2 = +1 nuclei, we decided to investigate what
kind of mass predictions we obtain for the T, = —1 mirror
partners by combining our precise mass measurements of
T, = +1 nuclei with the state-of-the-art theoretical cal-
culations for mirror displacement energies (MDE) [3, 4].
Such a method was proved to provide accurate predic-
tions for lower mass numbers, such as A = 52 [3]. The
theoretical calculations presented in this work employ ex-
tended Skyrme energy density functional SV{3¥ o, with
proton—neutron-mixed densities and isospin-symmetry-
breaking terms in next-to-leading order [4].

The calculations yield mirror displacement energies of
24290(50)(180) keV for A = 82 and 25370(50)(180) keV
for A = 86. The uncertainties given in brackets are de-

FIG. 9: Neutron pairing-gap energies D,,. Experimental
AME]16 [40] values are presented with dashed lines and
AME16 values together with results from this work
with solid lines. An extrapolated value for °Ru
adopted from [40] is presented with an X. Results
affected by this work are highlighted with red circles.

duced from the errors of fitted parameters and RMSD,
respectively. Predictions for A = 84 and A = 88 were
not presented since T, = —1 partners in these triplets are
most likely proton-unbound and the model is not suitable
for performing calculations of such nuclei. For the same
reason, the "= 1/2 doublet at A = 89 was not studied.
The mass excesses of T, = —1 isotopes 8Ru and 3*Mo
were calculated utilizing the results from this work for
respective T, = 41 mirror nuclei 8Mo and 32Zr (see Ta-
ble II.). The results from this work consistently predict
more bound nuclei than literature [40], and also decrease
the uncertainty of the predicted mass-excess values.

IV. CONCLUSIONS

An upgraded system for the production of neutron-
deficient isotopes using heavy-ion beams has been suc-
cessfully commissioned at IGISOL. The new system was
used in its first on-line experiment where a total of six



masses were measured, 32Zr, 8Nb, 86Mo, 88 Tc, 88Tc™
and 89Ru. The precisions of 32Zr, 3 Nb and 88Tc were
improved and the literature value of 3Mo was verified.
88Tc™ and 8°Ru were measured for the first time.

The new results for 32Zr and 8*Nb do not fully agree
with the literature values based on the measurements
at the CSRe storage ring in Lanzhou [42]. A thorough
comparison between the results from the CSRe and sev-
eral Penning traps was performed, and a deviation larger
than what can be explained by statistical fluctuations
alone was discovered. The comparison suggests that Pen-
ning trap measurement seem to produce on average about
20keV higher mass values. The impact on the astrophys-
ical rp-process was already studied in [42]. A systematic
shift of around 10 keV will not have a huge impact on the
calculated abundances and light curves as it will be partly
cancelled out in the proton separation energies used as
an input for the rp-process calculations.

The excitation energy for the long-living isomer in
88Tc, 70.4(31) keV, was determined for the first time in
this work. The order of the lowest three levels in 88Tc
was studied based on the excitation energy together with
known and expected half-lives for the states. Based on
the new limitations, 2% is most likely the ground state
and 67 the first isomer in 88Tec. This is somewhat unex-
pected since the ground state was dominantly produced,
contrary to the expectation of better production for the
higher-spin state.

Masses of 2Zr and 86Mo measured in this campaign
were used to study corresponding mirror nuclei 82Mo and
86Ru via theoretical MDE’s. The resulting mass-excess
values are more precise than predicted in the most recent
atomic mass evaluation for 82Mo and *Ru [40]. The new
values suggest that the studied nuclei are more tightly
bound than expected from extrapolations of the mass
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surface [40]. This is consistent with the observation that
the mass of 3Ru measured in this work for the first time
was lower than the AME16 extrapolation.

In conclusion, we have improved the knowledge of
the mass surface in the neutron-deficient mass region
A = 82— 89 by precise Penning-trap measurements. The
results indicate that the extrapolated masses might be
somewhat overpredicted in this region. Future precision
measurements aiming toward N = Z nuclei or beyond,
are anticipated to shed more light on the evolution of
the mass surface in this region rich in isomeric states
and structural changes. The recently commissioned PI-
ICR technique will be an invaluable tool for revealing and
identifying longer-living isomeric states as demonstrated
with 88Tc in this work.
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An off-line ion source station has been commissioned at the IGISOL (Ion Guide Isotope Separator On-Line)
facility. It offers the infrastructure needed to produce stable ion beams from three off-line ion sources in parallel
with the radioactive ion beams produced from the IGISOL target chamber. This has resulted in improved fea-
sibility for new experiments by offering reference ions for Penning-trap mass measurements, laser spectroscopy
and atom trap experiments.

1. A new ion source facility at IGISOL-4

In this contribution, we present the latest addition to the IGISOL-4
(Ion Guide Isotope Separator On-Line) facility [1], a new off-line ion
source station, see Fig. 1. The new ion source infrastructure consists of
an ion source setup located on the second floor of the experimental hall
and a beamline connecting the new system to the main IGISOL mass
separator. The ion source station is designed to accommodate three ion
sources simultaneously, two sources in the horizontal branches of the
vacuum system and one vertically mounted.

The new station houses electrostatic ion optics that can accept a
beam from each of the three directions. Both ion sources presented in
Fig. 1 utilize a skimmer electrode to form an ion beam which is injected
into the quadrupole bender. The beam is focused with an Einzel lens,
situated immediately after the quadrupole bender, and its alignment is
adjusted using a set of steering electrodes. The ions have 800q eV of
energy, q being the charge state of the ions, before entering the ex-
tractor electrode which further accelerates them to 30q keV.

Subsequently, ions are transported to the lower floor of the IGISOL
facility, deflected by 90° into the horizontal beamline and separated
based on their m/q ratio using a dipole magnet. The deflector system
consists of two sets of parallel plates, one curved set of plates that de-
flects the ions by 65° and another set with straight plates that can be
used to deflect the ions by the remaining 25°. The system can accept
beam from either the off-line ion source station or the IGISOL target
chamber. Switching between these two sources is achieved by
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alternating a voltage on the latter set of parallel plates.

In its present configuration, the ion source station houses two types
of ion source, a surface ion source based on resistive heating and a glow
discharge ion source. The former ionizes a mixture of potassium, ru-
bidium and cesium, whereas the latter source is a more flexible device
that ionizes its cathode material via electric discharge through helium
buffer gas. The ion source station is equipped with a cryogenic buffer
gas purification system in order to provide beams with higher con-
centrations of the cathode material. Commissioning of a third ion
source, a laser ablation ion source, is being planned.

2. Commissioning of the ion source station

After the first commissioning runs with %Cu and 33Cs, the new ion
source station has been employed in many experiments at IGISOL. The
station was used to provide ion samples in parallel to the IGISOL
system. This enabled the laser spectroscopy work [2] by making 3°Y?+
ions available where they would not have been previously and made
possible the Penning trap mass measurement campaign [3] conducted
fully off-line using both the vertical and horizontal beamlines. Ad-
ditionally, the ion source station has been used to provide well-known
and identified reference ions for the on-line Penning trap mass mea-
surements [4] and to provide 13*Cs* for demonstrating the operation of
a new laser cooling and trapping facility for the production of ultra-cold
atomic samples of caesium [5]. The new station has been proven to be a
useful tool in preparing for on-line experiments through allowing initial
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Fig. 1. Internal structure of the new off-line ion source station (a) and the full
station (b).

tuning of both Penning trap and collinear laser systems without dis-
rupting preparation of the IGISOL front end.

Operating parameters of the system were mostly the same during
these experiments, with the exception of ion source settings. Typical
values for the glow discharge ion source were 5-10 mbar helium
pressure and 800-1400V source voltage. Current used to heat the
surface ion source was adjusted based on the amount of beam needed,
typically being 1.5-1.8 A.

3. Conclusions

The new ion source infrastructure has been used in several experi-
ments demonstrating additional flexibility in the operating modes of
the IGISOL facility, enabling novel experiments, such as [2], and the
possibility to conduct Penning trap mass measurement campaigns in a

Nuclear Inst. and Methods in Physics Research B xxx (XXXX) XXX—-XXX

fully off-line operating mode. The off-line ion source station, with its
two commissioned ion sources, provides a large variety of mass sepa-
rated ion beams to experiments. Commissioning of a third ion source
based on laser ablation would not only provide an increased number of
ion species for experiments, but also a possibility to explore carbon
cluster formation which would be of interest as reference ions for mass
measurements.
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