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ABSTRACT

Hukkanen, Marjut
Penning-trap mass spectrometry: commissioning of PIPERADE and measure-
ments of neutron-rich A = 100 — 120 nuclei at JYFLTRAP

Penning-trap mass spectrometry allows to measure masses of atomic nuclei with
a very high precision. Nuclear binding energies, determined from the atomic
masses, are used to study the structure of exotic nuclei, and are also key inputs for
nucleosynthesis models. In this thesis, two Penning traps have been utilized. The
PIPERADE (Pleges de PEnning pour les RAdionucléides a DESIR) double Pen-
ning trap was commissioned at the LP2i Bordeaux. The results from the first trap-
ping of ions, the implementation of the buffer gas cooling technique, a method
to select the ions of interest, all the way to the results of the first time-of-flight
ion-cyclotron-resonance (TOF-ICR) mass measurement, are reported. PIPERADE
will be dedicated to precision mass measurements and ion of interest selection in
the new research facility DESIR (Désintégration, Excitation et Stockage d’'Ions Ra-
dioactifs) at the GANIL (Grand Accélérateur National d'Ions Lourds) Accelerator
laboratory.

The JYFLTRAP double Penning trap was utilized at the Ion Guide Isotope
Separator On-Line (IGISOL) facility of the Accelerator Laboratory of University
of Jyvéaskyla to perform precision mass measurements of neutron-rich rhodium,
ruthenium, molybdenum, niobium, zirconium and yttrium isotopes in the mass
region A ~ 100 — 120. In total 15 ground- and eight isomeric-state masses were
measured. Altogether eight masses were determined for the first time, while
for the rest the precision of the atomic mass was improved significantly. The
phase-imaging ion-cyclotron-resonance technique (PI-ICR) allowed for the first
time the separation of the isomeric states from the ground states, and preci-
sion mass measurement of each state independently. The most exotic rhodium,
ruthenium, molybdenum and niobium isotopes were measured using the TOF-
ICR technique. In addition, the half-lives of the ground and isomeric states of
H2Rh were measured. From the measured masses, several observables, such as
the two-neutron separation energies, were extracted and compared to the values
predicted by the Hartree-Fock-Bogoliubov based global mass models BSkG1 and
BSkG2. The impact of the new mass values on the neutron-capture rates needed
for the astrophysical rapid neutron capture process was also studied.

Keywords: Penning trap, PIPERADE, JYFLTRAP, isomers, nuclear structure.



TIIVISTELMA (ABSTRACT IN FINNISH)

Hukkanen, Marjut
Massaspektrometriaa Penningin loukulla: PIPERADE-loukun kayttdéonotto ja
massa-alueen A = 100 — 120 neutronirikkaiden ydinten massamittaukset

JYFLTRAP-loukulla

Penningin loukku on massaspektrometri, jolla voidaan mitata atomimassoja erit-
tdin tarkasti. Atomimassoista laskettuna ydinten sidosenergiaa kédytetdan eksoot-
tisten ydinten ydinrakenteen tutkimiseen, ja se on yksi merkittdvimmistd para-
metreista alkuainesynteesin mallintamisessa. Tadssd vaitoskirjassa tehtiin tutki-
musta kahta eri Penningin loukkua hyodyntden. PIPEDADE (Pleges de PEn-
ning pour les RAdionucléides a DESIR) koostuu kahdesta Penningin loukus-
ta, ja se otettiin kdyttoon LP2i-laboratoriossa Bordeaux’ssa. Tutkimuksessa io-
nit vangittiin PIPERADE-loukkuun ensimmadistd kertaa. Tutkittavat ionit valit-
tiin jaddyttamalld puskurikaasun avulla ensimmadisesséd loukussa ja niiden mas-
sat mitattiin lentoaikasyklotroniresonanssitekniikalla (TOF-ICR) jalkimmaisessa
loukussa. PIPERADE-loukkua tullaan kdyttdmaan korkean tarkkuuden massa-
mittauksiin, sekd kohdeionien valintaan uudessa DESIR (Désintégration, Excita-
tion et Stockage d’Ions Radioactifs) tutkimuslaitoksessa GANIL (Grand Accélé-
rateur National d'Ions Lourds)-kiihdytinlaboratoriossa.

JYFLTRAP on kahdesta Penningin loukusta koostuva massaspektrometri
Jyvéaskylan yliopiston kiihdytinlaboratorion IGISOL (Ion Guide Isotope Separa-
tor On-Line)-laitteistolla. Sen avulla mitattiin tarkasti neutronirikkaiden rodium-,
rutenium-, molybdeeni-, niobium-, zirkonium- ja yttriumisotooppien atomimas-
soja massa-alueella A = 100 — 120. Kaikkiaan mitattiin 15 perustilan ja kahdek-
san isomeerisen tilan atomimassaa. Yhteensa kahdeksan atomimassaa maaritet-
tiin ensimmadistd kertaa, muissa tapauksissa tarkkuuttaa parannettiin huomatta-
vasti kirjallisuusarvoihin verrattuna. Ionien vaihekulman méérittamiseen perus-
tuvalla syklotroniresonanssitekniikalla (PI-ICR) saatiin ensimmadistéd kertaa ero-
tettua isomeeriset tilat perustiloista, ja mitattua tilojen massat erikseen. Eksoot-
tisimpien rodium-, rutenium-, molybdeeni- ja niobiumisotooppien atomimassat
mitattiin lentoaikasyklotroniresonanssitekniikkaa (TOF-ICR) kayttden. Lisdksi
112Rh-isotoopin perustilan ja isomeerisen tilan puoliintumisajat mitattiin. Mitat-
tujen massojen avulla mééritettiin useita ytimen sidosenergiaan liittyvid arvoja,
kuten kahden neutronin separaatioenergiat. Naditd maaritettyjd arvoja verrattiin
globaaleihin Hartree-Fock-Bogoliubov-massamalleihin BSkG1 ja BSkG2. Uusien
massojen vaikutus neutronisieppausreaktioihin selvitettiin. N4itd tarvitaan astro-
fysikaalisen nopean neutronisieppausprosessin tutkimuksessa.

Avainsanat: Penningin loukku, PIPERADE, JYFLTRAP, PI-ICR, isomeerit, ydin-
rakenne.



RESUME (ABSTRACT IN FRENCH)

Hukkanen, Marjut

Spectrométrie de masse avec des pieges de Penning : mise en service du disposi-
tif PIPERADE et mesures de masses des noyaux riches en neutrons dans la région
de masse A=100-120 avec le dispositif [YFLTRAP

La spectrométrie de masse avec des pieges de Penning permet de mesurer les
masses des noyaux atomiques avec une trés grande précision. Les énergies de
liaison nucléaire, déterminées a partir des masses atomiques, sont utilisées pour
étudier la structure des noyaux exotiques et sont également des données essen-
tielles pour les modeles de nucléosyntheése. Dans cette these, deux pieges de
Penning ont été utilisés. Le double piege de Penning PIPERADE (Pleges de PEn-
ning pour les RAdionucléides a DESIR) a été mis en service au LP2i Bordeaux.
Les résultats du premier piégeage d’ions, de la mise en ceuvre de la technique de
refroidissement par gaz tampon, d"une méthode de sélection des ions d’intérét et
les résultats de la premiére mesure de masse par résonance en temps de vol (TOF
-ICR) sont présentés. A 1’avenir, PIPERADE sera dédié aux mesures de masse de
précision et a la sélection des ions exotiques d’intérét dans la nouvelle installation
de recherche DESIR (Désintégration, Excitation et Stockage d’lons Radioactifs)
du laboratoire GANIL (Grand Accélérateur National d’lons Lourds). Le double
piege de Penning JYFLTRAP a été utilisé aupres de l'installation IGISOL (Ion
Guide Isotope Separator On-Line) du laboratoire de 'accélérateur de 1'Univer-
sité de Jyviaskylad pour effectuer des mesures de masse de précision des isotopes
riches en neutrons de rhodium, ruthénium, molybdene, niobium, zirconium et
yttrium dans la région de masse A 100 - 120. Au total, 15 masses d’états fonda-
mentaux et 8 masses d’états isomériques ont été mesurées. Huit masses ont été
déterminées pour la premiere fois, tandis que pour les autres, la précision a été
considérablement améliorée. La technique d’imagerie (PI-ICR) a permis pour la
premiere fois de séparer les états isomeres des états fondamentaux et de mesurer
avec précision la masse de chaque état indépendamment. Les isotopes les plus
exotiques du rthodium, du ruthénium, du molybdéne et du niobium ont été me-
surés a 1’aide de la technique TOF-ICR. Enfin, les demi-vies de I'état fondamental
et 'état isomérique du ''?Rh ont été mesurées. A partir des masses mesurées,
plusieurs observables, telles que les énergies de séparation de deux neutrons, ont
été extraites et comparées aux valeurs prédites par les modéles de masse de type
Hartree-Fock-Bogoliubov BSkG1 et BSkG2. L'impact des nouvelles valeurs de
masse sur les taux de capture de neutrons importants pour décrire le processus
astrophysique de capture rapide de neutrons a également été étudié.

Piege de Penning, PIPERADE, JYFLTRAP.
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1 INTRODUCTION

An atom consists of protons and neutrons forming a nucleus, and of electrons
orbiting the nucleus. Almost all of the mass of an atom is in the nucleus, while
electrons contribute only a little to the total mass of the atom. One of the most
fundamental properties of the nucleus is its mass, reflecting its binding energy i.e.
the interactions between its constituents. In Fig. 1 the nuclear chart is presented
where experimentally known nuclei are shown as a function of their neutron (N)
and proton (Z) number. Nuclei which have the same proton number but a differ-
ent amount of neutrons in the nucleus are called isotopes. Thus when one moves
horizontally on the nuclear chart, one moves along an isotopic chain. If the nu-
clei have the same mass number A = Z + N, but different proton and neutron
numbers, they are called isobars. An isomer is a long-living excited state of the
nucleus. The experimental data used to plot the nuclear chart of Fig. 1 is from
the Atomic Mass Evaluation 2020 (AME20) [1]. The AME collects experimental
data and compiles it into atomic mass data tables. The latest evaluation was pub-
lished in 2020, listing 2550 experimentally measured ground-state masses and
406 isomeric-state masses, which are listed in NUBASE20 published at the same
time [1, 2].

Nuclear binding energies can be derived from the atomic masses and used
to study the nuclear structure properties of the said nuclei. The structure of a
nucleus can be explained via nucleons occupying discrete energy single-particle
levels, which form shells. When the shells are separated by a large energy gap,
the corresponding number of nucleons is called a "magic number". For example,
the magic numbers of protons or neutrons, for which the nucleus is much more
bound, have been evidenced thanks to mass spectrometry. Moving away from
these magic numbers, the shape of the nucleus is no longer spherical but the
nucleus exhibits deformation. Nuclear mass does not give a direct indication
of the size of the deformation, but it can be used to probe the shape transitions
and other structural effects via studying trends of mass differences, the so-called
mass filters. This thesis studies neutron-rich refractory nuclides with Z = 39 —
45, which are known for having vastly changing shapes [3]. If one looks at the
nuclear chart in Fig. 1, these nuclei are located in the midshell region between the
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FIGURE 1 The nuclear chart with the region of interest in these measurements high-
lighted. Magic proton and neutron numbers are indicated with black lines.
Adapted from J. Karthein 2019 [5].

magic neutron numbers N = 50 and 82, and magic proton numbers Z = 28 and
50.

The masses of neutron-rich nuclei far from stability are also of importance
for the astrophysical nucleosynthesis calculations, especially for the rapid neutron-
capture process [4], the r-process, which is responsible for around half of the
heavy elements produced in our universe. The process develops close to the neu-
tron dripline, where experimental properties of the nuclei are mostly out of reach
of the experimental facilities of today. The properties of exotic nuclei reachable
with experimental techniques help to develop models that can further predict the
properties of the nuclei needed for simulating the r-process, for which nuclear
masses/nuclear binding energies are one of the key inputs.

The most precise way of measuring the mass of an atom is to use a device
called Penning trap, developed by EM. Penning and H. Dehmelt [6, 7]. It utilizes
a strong magnetic field and a quadrupolar electric field to confine charged parti-
cles in radial and axial directions. In a Penning trap the eigenmotions of a charged
particle can be manipulated using radio frequency electric fields and utilizing
buffer gas, most importantly even mass-selectively. These manipulations allow to
perform high-precision mass measurements, but also to select the ions of interest
from a contaminated beam. Penning traps are found in many modern radioactive
ion beam (RIB) facilities: JYFLTRAP- JYFL-ACCLAB [8], ISOLTRAP-CERN, CPT-
Argonne just to name a few. The JYFLTRAP double Penning trap, utilized in this
thesis, is found at The Ion Guide Isotope Separator On-Line (IGISOL) facility of
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the Accelerator Laboratory of University of Jyvaskyld (JYFL-ACCLAB), Finland.
The JYFLTRAP double Penning trap has been in use for the past two decades suc-
cessfully performing mass measurements and ion beam purification/selection.
Penning traps keep being a vital tool in RIB facilities and are a sought after de-
vice for the new upcoming radioactive ion beam facilities. In the context of a new
upcoming facility called DESIR, a double Penning trap device called PIPERADE
is being commissioned at the LP2i Bordeaux laboratory. This thesis reports on its
first commissioning in 2020-2021.

The IGISOL facility has a long history of studying the refractory region el-
ements. Due the chemical nature of these nuclei they are difficult to produce
in other facilities, but the ion-guide technique, developed in Jyvaskyld in 1980s
[9], is chemically insensitive and has thus given a good opportunity to study
these elements. Their nuclear properties have been investigated for example via
laser spectroscopcy in Ref. [10] (charge-radii), via decay studies [11, 12, 13, 14,
15, 16, 17] (half-lives, spin/parities) and mass measurements [18, 19, 20, 21]. This
thesis expands the mass measurements of the neutron-rich refractory nuclides
in the region A = 100 — 120, highlighted in Fig. 1. The newer high-resolution
phase-imaging ion-cyclotron-resonance (PI-ICR) technique [22] was used to sep-
arate and measure masses of ground states and low-lying isomers. Many of these
isomer excitation energies were measured directly for the first time, since the
previous mass measurement technique utilized at JYFLTRAP, time-of-flight ion-
cyclotron-resonance (TOF-ICR) [23], did not have high enough resolving power.

This thesis is organized as follows: Chapter 2 describes the scientific mo-
tivations for the precision mass measurements conducted in this work in the
neutron-rich refractory nuclei region A = 100 — 120. Chapter 3 introduces the
theoretical background of Penning-trap mass spectrometers and the mass mea-
surement techniques relevant for this work. Chapters 4 and 5 portray one future
and two existing facilities, DESIR, LP2iB and IGISOL, and the two Penning traps
used in this work namely PIPERADE and JYFLTRAP. Chapter 4 also includes the
results obtained for the commissioning of the PIPERADE double Penning trap
during this work. Chapter 6 describes the methods used for the analysis of the
JYFLTRAP mass measurement data, while Chapter 7 shows the results and dis-
cussions related to the mass measurements performed at the JYFLTRAP in the
neutron-rich refractory region of mass A = 100 — 120 during this work. Finally
the thesis is closed with a Summary and Outlook in Chapter 8.



2 SCIENTIFIC MOTIVATIONS

2.1 Mass and binding energy

The atomic nucleus, where most of the mass of the atom is located, consists of
bound nucleons: N neutral neutrons and Z positively-charged protons. The nu-
cleons are held together by an interaction called the nuclear strong force [24],
whereas the electrons orbiting the nucleus are bound by the Coulomb force. If
the mass of Z protons and the mass of N neutrons are added together, the ob-
tained value is larger than the mass of the corresponding nucleus. The difference
comes from the binding energy, which reflects the sum of all the interactions be-
tween the nucleons. The binding energy BE(Z, N) of an atom can be expressed
as follows

BE(Z,N) = {Zmy, + Nmy, — [m(Z,N) — Zm,] }c* (1)

where m, and m, are the mass of the proton and the neutron, m(Z, N) is the
atomic mass of an element with Z protons and N neutrons, m, is the electron
mass and c is the speed of light in vacuum. The electron binding energy has
been neglected since it is much smaller compared to the total nuclear binding
energy and the precision reached in this work. To discuss the masses in terms
of atomic mass units, the constant c? can be used as a unit conversion factor
¢? = 931.49432 MeV /u.

The binding energy per nucleon as a function of the mass number A is
shown in Fig. 2. Only the most bound isotope for each mass number is shown.
Isotopes with the highest binding energy per nucleon are found at around BE/ A ~
8.8 MeV and are %?Ni and °*%Fe. This curve shows that when lighter nuclei are
fused together, or heavier nuclei are broken apart (fission), energy is released be-
cause of the binding energy difference. This is the reason why fusion reactions in
stars can only reach iron, but not further. Other processes are needed to produce
elements beyond iron (see Chapter 2.4). To further understand this binding en-
ergy curve, and the nuclear structure physics behind it, the semi-empirical mass
formula is discussed in the next Section 2.2.1.



19

— AME2020 1
8 - -
= 6| -
G) L
=
= |
3 4] -
w 4
2 - -
0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 50 100 150 200 250

Mass number A

FIGURE 2 Binding energy BE(Z, N) per nucleon as a function of the mass number A
for the most bound isotope for a given A. Based on the experimental masses
reported in the Atomic Mass Evaluation 2020 [1].

The mass excess is defined as:
ME(Z,N) = [m(Z,N) — Am,]c?, (2)

where m(Z, N) is the atomic mass, A is the mass number and m,, is the atomic
mass unit, which is equal to 1/12 of >C mass. The mass excess is often used in-
stead of mass values, and is listed for example in the Atomic Mass Evaluation [1].
Many observables, such as reaction- or decay-Q values or binding energies, be-
come more straightforward, when mass-excess values are used instead of atomic
masses.

2.2 Theoretical models

No theory has yet perfectly described all of the nuclei simultaneously, due to the
complexity of the nucleon-nucleon interaction and the many-body problem [24].
Over the years macroscopic, macroscopic-microscopic and finally microscopic
models have been developed to describe and predict the properties of nuclei.
They depend of several parameters and experimental masses are often used as
an input for the mass models and are also invaluable in testing the theoretical
mass models. In the following only models of close relevance to this work are
described, though a wide variety of models exist [25]. The general approach dis-
cusses the liquid drop model, the Finite-Range Droplet Model [26, 27], the shell
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model [28] and the Hartree-Fock [28] approach, while the deformation, Nilsson
model [29, 30] and BSkG-models [31, 32] are described in the second part.

2.2.1 General approach

Macroscopic models aim at describing collective properties of the nuclei, such as
their masses, shapes and dynamical behaviour, such as the fission process. In
one of the earliest global macroscopic models, the liquid drop model [33, 34] the
nucleons behave like molecules in a drop of liquid. The nucleus is therefore de-
scribed as made of incompressible charged fluid droplet, where the mass density
inside is constant. In such an approach the binding energy of the nucleus is given
by the semi-empirical mass formula, or the so-called semi-empirical Weizsacker
formula

z? (N —Z)?

BE(Z,N) = ayp; X A — aguy X A3 —acou X 173 — Basymm X ~———— + 5(A).

(3)
The terms ax are contributions obtained by fitting to experimental data and are
introduced next. The term a,, x A describes the volume term of the binding
energy which accounts for the nucleons interacting with their neighbouring nu-
cleons. The ag,, x A%/3 is related to the surface of the nucleus, where the nucleons
are not surrounded by other nucleons from all sides, reducing the binding energy.
The repulsive Coulomb force of the protons, reducing the binding energy, is de-
scribed by aco,; x Z2/ Al/3. The asymmetry term Aasymm % (N — Z)?/ A describes
the effect of Pauli principle [35], which would lead to higher energy levels (i.e.
less bound) if the nucleus was made just from one type of nucleon, and lastly the
pairing of nucleons to spin-zero pairs increasing the binding energy is taken into
account by the pairing term ¢ [36]. The liquid drop model is a macroscopic de-
scription of a nucleus, ignoring some microscopic effects of the nuclear structure,
thus lacking in the description of certain nuclei. For example this model does
not reproduce the binding energies of the nuclei at the experimentally observed
magic numbers.

The liquid drop model has been further used in the development of the
macroscopic part of the macroscopic-microscopic finite-range droplet model
(FRDM) [26, 37]. On top of the liquid drop model description microscopic correc-
tions are added: for example to take into account the finite thickness of nuclear
surface, finite compressibility of nuclear matter and the finite range of the nuclear
force. The FRDM accounts for deformation, and the latest model includes also
triaxial deformation [27], which is introduced in the next Section. In this work
the FRDM model was used in relation to the nuclear astrophysics calculations in
Chapter 7.7.

In a microscopic model the nuclear interaction is considered from the point
of view of individual nucleons: the nucleus is described as a quantum mechanical
object. To calculate the energy levels in the nucleus, it is needed to solve the
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Schrodinger equation, where the nucleons are described by their wavefunctions

tp:
H|p) = Elyp), (4)

where H is the Hamiltonian describing the interaction between the nucleons, hav-

ing a kinetic energy term T and the nucleon-nucleon interaction potential term V.
The Hamiltonian is written thus as follows:

. A hZ A
H=T+V=) ——Ai+) Vj ()
o 2m i<j

where m is the mass of the nucleon and Vj; the interaction potential between nu-
cleons i and j [28, 38, 39, 40]. In reality, it is impossible to solve exactly such a
N-body problem: first the bare nucleon-nucleon interaction is unknown, and sec-
ondly, the computational resources needed to perform such calculations are out
of reach.

To overcome these limitations, the basic idea is to assume that the result
of the complicated two-body interactions among nucleons is an average self-
binding potential. This approach is referred to as the independent particle model.
The aim is to find a one-body potential that represents as good as possible, or at
best the real nuclear potential, i.e. a potential that reproduces the experimentally
measured observables. Moreover, when the nucleons are confined inside a po-
tential, it naturally emerges that their energies are discretized, forming what is
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FIGURE 3 A schematic of the single particle energy levels in a shell-model picture for
1967r. Note: the ground-state of 1°°Zr is not spherical, and is used here just
to illustrate shell model energy levels.
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referred as shell structure [28, 40, 41]. To describe this potential an infinite square
well and a spherical harmonic oscillator potential were originally used, but a
more accurate description was reached when the Woods-Saxon potential [42]
was applied. But this did still not fully produce the experimentally observed
magic numbers, in particular above 20. To produce the higher magic numbers as
well, a nuclear spin-orbit interaction needed to be added, originally introduced
by Mayer [43], Haxel, Suess and Jensen [44]. This causes a splitting of the orbitals
and gives a rise of the correct energy gaps i.e. magic numbers. Since the nucleus
is formed by neutrons and charged protons, a Coulomb term is added to the po-
tential concerning protons. The potential finally assumed for the shell model, the
Woods-Saxon potential, spin-orbit interaction and Coulomb interaction term for
the protons, was assumed to be spherical. Nucleons are fermions, thus they are
placed on these orbitals obeying the Pauli exclusion principle [35].

In modern shell model calculations, the residual interaction between nucle-
ons not accounted for in the mean field potential, has to be considered. This can
be established by considering an inert core, to which a valence space of multiple
interacting valence nucleons is built on top [45, 46]. Also a no-core shell model ex-
ists [47]. Considering the residual interaction leads to the Hamiltonian of Eq. (5)
becoming as follows:

H= Hy + Hyes, (6)
where
A
Ho =) (T, + W), )
i=1
A A
Hres - Z Vz,] - Z ui- (8)
ij=1 i=1

The U; is the one-body mean field potential. In Fig. 3 a schematic of the single
particle structure according to the shell model is shown, where on top of the
core the valence space nucleons have been built. The shell model is often used
for calculations in the vicinity of magic numbers, due to the complexity of the
valence space calculations. Among other nuclear properties, the nuclear shell
model can be used to calculate nuclear binding energy differences, such as the
two neutron separation energy Sy, (see Section 2.3).

Since in the shell model the assumption is that the potential is spherical,
the deformed nuclei have to be handled differently. In the next section nuclear
deformation and the so-called deformed potential shell model namely Nilsson
model are described.

Another microscopic method to solve the Schrodinger equation is the Hartree-
Fock-Bogoliubov approach [28, 39, 48]. The Hamiltonian in Eq. (5) needs simpli-
fications, since it is too difficult to solve for heavier nuclei (A > 10 [39]). The
Hartree-Fock method is used to extract a single particle potential from the sum
of two-body interactions using trial wavefunctions [28]. An iteration process is
performed to produce a single-particle potential, which minizes the energy ex-
pectation value (Egr =< |H|¢ >) of the system. The Bogoliubov extension to
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the Hartree-Fock describes pairing correlations between the nucleons. The reader
is referred to Refs. [28, 39] for a more complete description of the methods de-
scribed above. In this work, the Hartree-Fock-Bogoliubov approach is a building
block of the BSkG1 and BSkG2 models, used to interpret the nuclear structure
behind the measured masses.

2.2.2 Nuclear deformation and theoretical approaches for deformed nuclei

Nuclear deformation is spoken of when the nucleus takes a non-spherical shape.
Deformed nuclei are typically found in regions between the magic nuclei, where
there are orbitals that are not fully filled (mid-shell region) [24, 38]. The nucleus
is deformed when the projection of the angular momentum, thus the magnetic
substate distribution, is not divided equally to all directions i.e. the nucleons are
divided anisotropically on the orbits.

The deformed nucleus can acquire different shapes named as follows: the
elongated shape is called prolate (Fig. 4: y > x = z), the flattened shape is called
oblate (Fig. 4: z < x = y) and when all the axes differ in size, the nucleus is called
to have a triaxial shape (Fig. 4: x # y # z). The deformation can happen for the
ground states as well as for the excited states. Deformation can be described via
the dimensionless deformation parameter B, and triaxiality angle  defined as

follows: A
T
B2 = m\/ Q%O + 2Q%2, )

v = atan(v2Q2/Qu), (10)

where R = 1.2AY/3 fm. The quadrupole moments Q»p and Q», have been defined
using integral of the nuclear density distribution (p(r)) and spherical harmonics
as Qo = [ drr?p(r)Re{Yay(r)}, where m = 0,2 [49]. The B, gives the size of
the quadrupole deformation, but does not implicate if the deformation is axially
symmetric (prolate, oblate) or not (triaxial). In triaxial deformation the nuclear
deformation has no symmetry axis. A potential energy surface (PES) of a nucleus
can be calculated to describe triaxial deformation of nucleus, where the calculated

X

FIGURE 4 A spherical shape and an elongated ellipsoid shape with its axes to describe
nuclear deformation.
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FIGURE 5 A Nilsson diagram of the single-particle states for '2Rh for neutrons (top
panel) and protons (bottom panel). The left panel describes the orbitals as
a function of prolate deformation, middle panel as a function of triaxiality
angle 7y and the right panel as a function of oblate deformation. Reprinted
with permission from Ref. [49] (attached article PI) 2023, American Physical
Society.

potential energy is shown as a function of the deformation parameter B, and the
triaxiality angle «. In a potential energy surface (PES) if the energy minimum is
not a well-localized deep minimum, but spreads out over the potential energy
surface, the nucleus is called exhibiting 7y-softness.

Possibly the most successful model describing nuclear structure of deformed
nuclei is the Nilsson model [29, 30] where the single-particle motion of nucleons
is defined in a deformed potential field. Thus the Nilsson model gives the single-
particle orbital energies as a function of deformation. Due to the broken symme-
try, the quantum numbers used in the spherical shell model are not anymore good
quantum numbers. The (2j 4 1) degeneracy of the spherical shell model states is
also not valid and only two nucleons can be placed on each deformed orbital. If
the deformation is axially symmetric, the quantum number K of the z-component
of angular momentum J, is preserved since the symmetry axis of the nucleus can
be aligned with the z-axis. In Fig. 5 a Nilsson diagram of the single particle states
for 1?Rh calculated using the BSkG1 model (described below) is shown. The left
side of the three panels shows the prolate deformation shape (the lowest K orbits
interact more closely with the core) and the right side shows single-particle or-
bitals for the oblate deformation side (the highest K orbit interacts more closely
with the core). In the middle panel, the single-particle levels for different triaxial
deformation is shown, but due to the axial symmetry breaking the K quantum
number can not be regarded as a good quantum number. The Nilsson diagram
can give insight to the single particle level structure of the deformed nucleus.

The two advanced global mass models supporting this work were the
BSkG1 [31] and BSkG2 [50] models. Both of the models are based on self-consistent
Hartree-Fock-Bogoliubov (HFB) calculations utilizing empirical Skyrme energy
density functional (EDF). The aim of these models is a microscopic description
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of the nuclear structure over the whole nuclear chart, i.e. to be a global model.
The models allow for symmetry broken Bogoliubov states, thus both triaxial and
axially symmetric deformation can be accounted for. In the BSkG1 and BSkG2
models the binding energy is formed by the self-consistent mean-field HFB en-
ergy and of a collection of perturbative corrections. The mean-field HFB energy
further consists of contributions from kinetic energy, Skyrme interaction, pairing
interaction, Coulomb force and center-of-mass correction, see the detailed equa-
tions in Refs. [31, 50].

The BSkG1 and BSkG2 models have been adjusted using all experimentally
known masses, as well as other experimentally measured parameters (for exam-
ple charge radii). In addition, the BSkG2 model takes into account the so-called
"time-odd" terms of the energy density functional and has incorporated informa-
tion on fission barriers of actinides in the parameter adjustment of the fit [50].
But both of the models are expected to perform similarly regarding the binding
energies (see attached article PII).

The biggest impact of triaxial deformation predicted by the BSkG1 model,
i.e. the biggest gain in binding energy compared to axially symmetric deforma-
tion, is exactly at the region of interest in this thesis: the neutron-rich refractory
nuclei around Z ~ 40, N ~ 60 (shown in Ref. [31] Fig. 5 top right panel). The
deformation predicted by the BSkG1 model for the ions of interest in this work is
turther given in the Chapter 2.5.

Some well-known regions of deformed nuclei are in the A ~ 110 region [18,
20, 21], also rare-earth region A ~ 165 [51] and actinide and superheavy region
A > 220 [52]. The nuclear deformation can be studied experimentally in many
ways: via 7y-ray spectroscopy, laser spectroscopy or mass measurements just to
name a few. As an example of deformation in the region of neutron-rich refrac-
tory elements (A ~ 110) in the isotopic chain of zirconium (Z = 40), the change
of the nuclear shape when crossing the N = 60 has been seen via a big change in
the charge-radii in laser spectroscopic measurements [10] and in rotational-band
structures via y-ray spectroscopy [53].

The mass of the nucleus in itself does not give direct information about de-
formation. The mass measurements can though provide interesting observables,
often called mass-filters, where the biggest shape changes can be seen as a devi-
ation from the expected trend. The N = 60 shape change in zirconium is also
observed from mass measurements as a change of the calculated two-neutron
separation energy Sy, observable trend [20, 21] (see Fig. 6). The next Section dis-
cusses the two-neutron separation energy and other relevant mass filters in more
detail.

2.3 Mass filters

Systematic studies of nuclear binding energies and their derivatives along iso-
topic or isotonic chains can provide essential information on the evolution of nu-
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clear structure. In Fig. 6 a) the binding energy of zirconium isotopes is shown
as a function of neutron number N. It can be observed that the trend of binding
energies shows only a smooth decreasing trend, even if we know that at N = 60
the nuclear ground-state experiences a big change in shape. Other observables,
which are more sensitive are needed.

The binding energy difference between neighbouring isotopes is known as
the neutron separation energy Sj:

Sw(Z,N) =BE(Z,N) —BE(Z,N—1) = ME(Z,N —1) — ME(Z,N) + ME,.

(11)
It tells how much energy is needed to separate one neutron from the nucleus. A
phenomenon called the odd-even staggering (OES) is seen in the one neutron sep-
aration energy S, when plotted as a function of neutron number N, see Fig. 6 b).
This is related to the pairing of the neutrons, which translates as a higher binding
of the isotopes with paired neutrons. In the liquid drop model, discussed previ-
ously, a pairing term is added to account for like-nucleon pairing. The same effect
can be seen in the trend of one proton separation energies S,. The one neutron
separation energy S is also crucial for simulating the neutron-capture reaction
rates for the r-process path simulations (see Chapters 2.4 and 7.7).

To eliminate the odd-even staggering effect, the two-neutron separation en-
ergy

Son(Z,N) =BE(Z,N) —BE(Z,N —2) = ME(Z,N —2) +2ME, — ME(Z,N),
(12)
as a function of neutron number N or proton number Z is used. Generally within
an isotopic chain the two-neutron separation energy Sp, exhibits a smooth de-
creasing trend. Discrepancies to this trend can be seen for example at magic
numbers: a deep decrease of the two-neutron separation energy is seen when
a neutron is placed on a orbital after the magic neutron number shell has been
tilled. Also discrepancies can be observed when a shape change occurs, like seen
in zirconium crossing the N = 60, see Fig. 6 c).
The binding energies can also be used to determine the empirical two-neutron
shell-gap energies

(SZn(ZI N) = SZn(ZI N) - SZn(Z/N+2)/ (13)

which can be further compared to theoretical predictions. This observable can
help to quantify the changes seen in the two-neutron separation energy Sy,,. When
crossing a shell closure the two-neutron separation energy experiences a steep de-
crease, which is seen as an increase of the two-neutron shell-gap energy. This has
been used extensively to study the changes in Sy, trend in the articles included
to this work, see PI and PII. In Fig. 6 d) the empirical two-neutron shell-gap of
zirconium isotopes is shown.

Another mass filter which can be used to study the pairing of neutrons, is

the so-called odd-even staggering parameter/three-point formula A,(f) (see Fig. 6

e)):
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A (Z,N) _(=DN

[ME(Z,N +1) + ME(Z,N — 1) —2ME(Z,N)].  (14)

This quantity is affected by the mass of the isotope N and its neighbours N + 1
and N — 1. Discontinuities in the trend of this observable can also reveal a change
of the shape of the nucleus. All these mass filters have been shown in Fig. 6 and
have been extensively used to study the nuclei of interest in attached articles PI
and PII. Chapter 7.4 gives a summary of the findings discussed in the included
articles.
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neutron separation energy Sy, (c), empirical two-neutron shell gap 6, (d)
and the three-point formula A,(f’) (e) as a function of the neutron number N
for neutron-rich zirconium (Z = 40) isotopes. The data have been collected
from AME20 [1], where the solid symbols represent the experimentally mea-

sured values and the open symbols show the extrapolated values.
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2.4 Nuclear astrophysics and the r-process

One of the biggest questions in physics is how the heavier elements than iron are
produced in our Universe. Most of the lighter nuclei are produced in stars via dif-
ferent processes, mainly through fusion (see e.g. Ref. [54] for details). Energy can
be produced via fusion reactions only up to around iron (Z = 26), see Fig. 2. The
two main processes responsible for the production of heavier elements than iron
are the slow neutron-capture process (s process) and the rapid neutron-capture
process (r process) [4, 55]. It is also discussed if intermediate neutron-capture
process (i-process) [56, 57] exists and contributes to the observed abundance pat-
terns. These processes are highly dependent on the environment, such as temper-
ature and neutron flux, but also on the underlying nuclear structure properties.

The r-process utilizes a neutron-rich environment for rapid captures of neu-
trons via (n,y) reactions on seed nuclei. The environment suitable for the main
r-process has to have a high neutron density (1, ~ 10%*/cm?) and temperatures
of around T ~ 1 — 2 GK. Previously the astrophysical site of r-process was un-
der debate, but the experimentally observed binary neutron-star merger event at
LIGO/Virgo gravitational wave detectors [58, 59] in 2017 solidified the neutron-
star merger as a production site of heavy elements. A kilonova was observed
following the neutron-star merger, being powered by the radioactive decay of
neutron-rich elements, providing evidence of nucleosynthesis via r-process [60].

The r-process path evolves close to the neutron dripline. The environment
has to be highly neutron-rich for the neutron captures to be fast enough to com-
pete with the B~ -decays of the very exotic i.e. short-living nuclei. When the g~
decay over competes the neutron capture, the nucleus decays to the daughter nu-
cleus, from which the neutron-capture reactions will continue further. This leads
the r-process to climb higher in the proton number, producing heavier elements.

At the magic neutron numbers, the r-process experiences a phenomenon
called the waiting point. A big change in the neutron-capture Q-value is expected
at these magic numbers, leaving more room for the f~ decay, moving the process
higher up in the proton number Z. At the waiting points material usually accu-
mulates, thus when the r-process stops, due to environmental reasons for exam-
ple the neutron flux running out, thus higher peaks in the produced abundance
pattern are seen when following the B~ decay chain to stability.

One of the fundamental nuclear physics parameters needed for simulating
the r-process are the (1, ) reaction Q-values, which are further calculated from
the masses of nuclei. Thus the masses of nuclei close to the path of the r-process
represent a fundamental building block of simulating the r-process [61, 62]. The
r-process travels far in the neutron-rich side of the nuclear chart, close to the neu-
tron drip-line, thus masses are needed to be extracted from theoretical mass mod-
els. But many mass models still do not describe exotic neutron-rich nuclei per-
fectly, resulting to large variations with different models. To constrain the models
better, masses of neutron-rich elements have to be measured.
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2.5 Motivation for mass measurements at A ~ 100 — 120

2.5.1 Isomers of rhodium and ruthenium

In the neutron-rich odd-odd rhodium (Z = 45) isotopes, isomers are known to ex-
ist based on decay-spectroscopy measurements [2], but the masses of the isomers,
thus the excitation energy Ey, in 110114116118Rh were not known before this work
(see Chapter 7 and included article PI). The masses of neutron-rich rhodium iso-
topes had been measured before by utilizing JYFLTRAP double Penning trap [18],
but the measurement technique used at the time did not have sufficient resolving
power to separate the isomers from the ground states. This led to the mass being
measured to be a mixture of both the ground and isomeric states. It is important
that the ground and isomeric states are separated, so that the correct mass can be
assigned to each state.

The '3Ru and °Ru also have isomeric states with unknown energies. Ex-
perimental indications of the existence of these states had been made (Refs. [63,
15] for M3Ru, Ref. [16] for 1'°Ru), but the energies of the isomeric states had not
yet been directly measured. The attached article PII discusses the mass measure-
ments of these isomeric states, performed in this work.

The isomers studied in this work decay dominantly via f decay, making
it challenging (or impossible) to determine their excitation energies directly via
internal transition. The only way is to directly measure their binding energy via
mass spectrometry. The studied isomeric states had to be sufficiently long lived
(T1/2 > 50 ms), to be suitable to be measured using a Penning trap.

2.5.2 Shape changes and masses

Neutron-rich A ~ 100 — 120 nuclei are known for complex nuclear structure and
deformation. In neutron-rich thodium (Z = 45) isotopes triaxial deformation was
studied for example in Ref. [64] via y-ray spectroscopy of the rotational bands,
compared to the predictions of the triaxial projected shell model (TPSM) [65].
These calculations showed that to reproduce the experimentally observed rota-
tional band structure, a substantial and nearly constant triaxial deformation was
needed. As mentioned before, in the BSkG1 model the biggest impact of triaxial
deformation is in that region.

In the context of this thesis, the deformation calculated by the BSkG1 and
BSkG2 models was studied via comparing mass measurements of neutron-rich
rhodium and ruthenium isotopes to the mass-surface trends produced by the
model (see Chapter 7 and included articles PI and PII). In Fig. 7 the deformation
parameter 8, and the triaxiality angle v produced by the BSkG1 model is given
for the isotopic chains of rhodium and ruthenium. For the neutron-rich rhodium
and ruthenium nuclei the BSkG1 model predicts for the triaxial deformation to
stay rather constant until neutron number N ~ 74 and N =~ 75, respectively, af-
ter which the triaxial deformation will vanish nearly completely. The predicted
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FIGURE 7 The deformation parameter §, and triaxiality angle v calculated using the
BSkG1 global mass model [31] for neutron-rich ruthenium (Z = 44) and
rhodium (Z = 45) isotopes. Adapted with permission from Ref. [49] (at-
tached article PI) 2023, American Physical Society.

quadrupole deformation B, also decreases at these neutron numbers. This could
mean that when moving towards the N = 82 shell closure the ground-state nuclei
become less and less deformed to finally reach sphericity at N = 82.

Deformation in the more neutron-rich zirconium (Z = 40) isotopes has been
studied for example in Refs. [66, 67, 68]. In the 7y-ray spectroscopic studies of
Ref. [66] the energy of the E(2]") state in 1%Zr was found to be similar with iso-
topes of A = 100,102 and 104, leading to the assumption that the size of the
deformation would be similar. In Ref. [67] half-life measurements of the Zf in
1967y were compared to model calculations, indicating prolate deformation. The
mass of 1%Zr was measured in this work, and the discussion related to it can be
found in Chapter 7 and in a future publication.

2.5.3 r-process

The region of neutron-rich refractory nuclei, is located between the first (A ~ 80 )
and the second (A ~ 130) abundance peaks of the r process. This region is very
difficult to model, since the abundance of these nuclei is likely to come from many
different processes [69] (such as the weak r-process, the main r-process, perhaps
the i-process). The weak r-process differs from the main r-process in the produc-
tion environment: expected to happen in environments where the neutron flux
is not high enough to produce the heaviest r-process elements such as neutrino
winds of core-collapse supernovae [70]. The region is also known for isomers and
the importance of isomeric states is not yet much explored in r-process path simu-
lations, but the process flows through these nuclei when the produced nuclei are
decaying toward stability. The masses measured in this work help advance the
mass models predicting the properties of extremely neutron-rich nuclei located
at the main r-process path in this region. The effects of the measured masses on
the r-process path are presented in Chapter 7.7.



3 PENNING TRAP MASS SPECTROMETRY

The following chapter gives a description of Penning traps and the behaviour of
a charged particle in a Penning trap. The ideal and real Penning traps are briefly
explained. The mass separation and measurement techniques used in the context
of this work are also described.

3.1 Ideal Penning trap

An ideal Penning trap combines a uniform strong magnetic field (B = Bpe,) and
an electrostatic quadrupole field (E = —V®, for ® see Eq. 16) to trap a charged
particle. The z-axis is assigned to be the magnetic field axis, thus denoted as
the axial direction. Generally, two different geometries are used to achieve the
electric potential: hyperbolic and cylindrical. Both Penning traps used in this
work, PIPERADE and JYFLTRAP, have a cylindrical geometry (see Chapters 4.2
and 5.2).

The following describes the magnetic and electric fields and the equations
of motion of a charged particle in a Penning trap. A more thorough description
can be found in Refs. [6, 71, 72, 73]. In a homogeneous magnetic field By, without
any electric fields, a charged particle with a charge g and a mass m exhibits a
circular motion with an angular frequency

we = 1By = 2710, (15)
m

where 1, is the charged particle’s cyclotron frequency. This motion is perpen-
dicular to the axis of the magnetic field. Homogeneous magnetic field does not
confine the particle’s axial motion. For this, an electrostatic quadrupole potential
of the form

2
(zp) = 2 (z2 - %) , (16)

is superimposed with the magnetic field. The potential ®(z, p) is given in cylin-
drical coordinates. The term Uj is the trapping potential determined as the volt-
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age applied between the central ring electrode and two so-called endcap elec-
trodes (see Fig. 16 for ring and endcap electrodes). The trap geometrical factor d?

is defined as follows:
2 1 2 P (2)
d “z-2], (17)

where z is the axial distance between the ring and endcap electrodes and py is
the distance from the middle of the ring electrode to the inner edge of the ring
electrode (inner trap radius).

An ion with a charge g travelling with a velocity v in a magnetic field B and
in an electric field E feels the Lorenz force:

F=g(vxB+E). (18)

First, the Newton’s equation of motion in the axial direction is solved, and
since the movement is parallel to the magnetic field axis, it is unaffected by the
magnetic field (v x B = 0). Thus the motion is described as follows from Eq. (18):

F =mzZ = gE,, (19)

resulting in the following when the z-component of E = —V® and Eq. (16) are
considered: U

., qYo _

Z+ WZ =0. (20)

This is the equation of motion for a one-dimensional harmonic oscillator with the

angular frequency of
_ /1l

From Eq. (21) it is seen that the axial motion is dependent on the trapping poten-
tial applied (Up) and the geometry parameter (d2).

Next, the equation of motions in the radial direction (p) is considered. The
force experienced by the charged particle g in the radial direction based on Eq. (18)
and Newton’s second law is

F=mp=q(E,+p xB). (22)

When utilizing Egs. (15), (16), (21) and the relation for the magnetic field B =
Boe,, Eq. (22) can be written as

1
p—p X wee,— Ewgp = 0. (23)

The differential equation of Eq. (23) can be expressed in Cartesian coordinates,
written in vector form for simplicity, as follows:

il 55 .
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---- Magnetron motion
-------- Magnetron + axial motion
—— Magnetron + reduced cyclotron + axial motion
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FIGURE 8 A schematic of the three eigenmotions of a charged particle in a Penning
trap. The pure magnetron motion is shown in green, the magnetron motion
combined with the axial motion in blue and all the three motions combined
in dark red. The z-axis is along the magnetic field axis.

To solve the Eq. (24) a complex variable is defined as u = x + iy. Applying this to
Eq. (24) leads to the relation:

2
i + iwett — %u — 0. (25)

If an ansatz of u = e ! is applied to Eq. (25) a quadratic expression for the
frequency is reached:
2

w? — wew + % = 0. (26)
This has the two following angular eigenfrequency solutions:
We w?  w?
= £ —c_ = 27
Wi = - 1 o (27)

which are known as the reduced or modified cyclotron motion frequency w, and
the magnetron motion frequency w_. Thus, the motion of a charged particle in
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a Penning trap consists of a combination of two radial motions and one axial
motion. These are illustrated in Fig. 8. The magnitude of these frequencies is
we > wy > w; > w_. These motions can be manipulated using for example
multipolar time-varying electric fields, described in Section 3.3.

These equations of motions for a charged particle in a Penning trap also
raise conditions that need to be fulfilled for the movement to be bound. Eq. (21)
requires qly > 0 for the charged particle, otherwise it escapes within the axial
direction. From the radial motion Eq. (27) a condition of w? — 2w? > 0 arises for
the root to be real. When w, from Eq. (15) and w; from Eq. (21) are applied to this
condition, it becomes as follows

4|Up|

Ll
B oy

2
— Dby >
m 0

(28)

for the motion to be bound.
The invariance theorem [6] connects the eigenmotions to the cyclotron fre-
quency of the charged particle in a Penning trap as follows:

2

w2 = Wi + Wt + Wl (29)

which applies with high precision and is highly unaffected by misalignments of
the fields (B and E). These effects are more discussed in relation to the real Pen-
ning trap in Section 3.2. The following relations also apply for the eigenmotions:

2w = w? (30)

We = w4 +w-_. (31)

If a series expansion is applied for the radial motions described by Eq. (27),
it follows that the magnetron motion is of the form:

.. Uo
~ 242B°

(32)

This shows that the magnetron motion is mass-independent (to the first order).
The reduced cyclotron motion frequency after the series expansion becomes

Uy

We = 5 g (33)

wy =~
which is clearly dependent on the mass of the charged particle via we.
The energy of a charged particle in a Penning trap can be described in a
quantum mechanical way by the following relation:

E=hwy(ny +1/2) +hw,(n, +1/2) —hw_(n_ +1/2), (34)

where 7 is the reduced Planck constant and 7 is the quantum number of the
eigenmotion. Each eigenmotion has a contribution to the total energy, and as the
Eq. (34) shows, the reduced cyclotron motion has a positive contribution while
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the magnetron motion has a negative one. This means that if a charged parti-
cle experiences a loss of energy, the magnetron motion quantum number n_ in-
creases. This quantum number is tied to the amplitude of the motion, thus the
amplitude will increase. For the reduced cyclotron and axial motions the quan-
tum number n will decrease, thus the amplitudes will decrease. These features are
utilized for example in the buffer gas cooling technique described in Section 3.4.
As an example, the eigenmotion frequencies at JYFLTRAP Penning trap for
a mass m = 100 u, a charge g of the ion of +¢ and a magnetic field strength of
B = 7 T are as follows: v; =~ 1 MHz, v, ~ 50 kHz and v_ = 1.7 kHz. The
trapping potential and geometry of JYLFTRAP are described in Chapter 5.2.

3.2 Real Penning trap

In the previous section, an ideal Penning trap was described. In reality, some
considerations need to be made, since no trap is ideal. Any departure from
purely homogenous magnetic field and harmonic electrostatic potential can cause
amplitude-dependent frequency shifts, reducing the precision of the frequency
measurement. Below, the main considerations are briefly discussed.

The electric field of a Penning trap, both for the hyperbolic and cylindrical
geometries, experiences disruptions in the harmonicity. In the hyperbolic geom-
etry, the electric field is in principle closer to a pure quadrupole distribution than
in a cylindrical Penning trap, but, for example, holes are needed in the endcap
electrodes to accommodate the injection and extraction of ions. In both geome-
tries, the electric quadrupolar potential is also affected by the segmentation of
the ring electrode (for RF application) and there are certain limits in precision of
machining the electrodes. Correction electrodes are needed to compensate for
these imperfections of the electric potential. Both Penning traps utilized in this
work, PIPERADE and JYFLTRAPD, have a cylindrical geometry with correction
electrodes (see Chapters 4.2 and 5.2).

The magnetic field can drift, have inhomogeneties and fluctuations, and the
tield axis can be misaligned with respect to the electric field. The drift of the mag-
netic field over time, caused by the so-called flux creep phenomenon [74], can be
corrected to a certain degree with compensation coils. To take into account the
tield drift in mass measurements, two reference measurements are performed be-
fore and after the mass measurement of the ion of interest, and the B-field used
for the mass determination is a linear interpolation between the reference mea-
surements. In addition, a systematic uncertainty related to magnetic field fluctu-
ations is added (see Chapter 6). The inhomogeneities of the magnetic field and
the misalignement cause shift on the measured cyclotron frequency v, and the
eigenfrequencies. To limit as much as possible the impact of the imperfections of
the magnetic field, the ion motion amplitudes should be kept small.

The measured cyclotron frequency v, can also be affected if multiple ions
are stored in the trap during the measurement. The Coulomb interaction can
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modify the ion motions in the Penning trap, causing a frequency shift. The ion-
ion interaction needs to be considered when setting up the measurement and
analysing the data (see countrate class analysis in Chapter 6.4.1).

For the JYFLTRAP and PIPERADE Penning traps, more detailed explana-
tions on how the imperfections described above have been considered can be
found in Refs. [8, 75, 76].

3.3 Manipulating ion motion in the trap

To manipulate the ion motions in a Penning trap, time-varying radio-frequency
electric potentials (RF) applied to the split ring or endcap electrode are used.
These can be applied in various multipolar configurations. A dipole excitation is
used to manipulate a single eigenmotion. If there is no initial motion amplitude
and the excitation frequency is set in resonance with the eigenfrequency, then the
corresponding motion amplitude increases linearly. Figure 9 shows a segmented
ring electrode, for which the dipole excitation is applied to two opposite segments
with opposite phases (0 and 7r) to manipulate radial motions (marked as v+). For
the axial motion the dipolar field is applied between the endcap electrodes.

In the first trap of JYFLTRAP and PIPERADE the dipolar excitation at the
magnetron frequency v_ is used in the buffer gas cooling technique, described in
detail in Chapter 3.4, to increase the radius of the magnetron motion. The Phase-
Imaging Ion-Cyclotron-Resonance technique (PI-ICR), described in Chapter 3.5.2,
uses dipolar v excitation.

In case the ions are not perfectly injected into the trap, some initial motion,
either or both in the radial or axial direction, can be present. Usually this initial
motion is unwanted and needs to be decreased. An important parameter for the
RF-excitation is the phase of the RF-signal. If the RF-field is in phase with the ion
motion, the amplitude of the motion will increase. If the RF-field is in opposite
phase, it results in a reduction of the ion motion amplitude (until the center is
crossed). Thus the dipolar excitation can be used to damp this unwanted motion,
when applied at the eigenfrequency of the motion, correct phase and amplitude
for the decrease of the motion amplitude. This is often used in preparation for
the PI-ICR technique at JYFLTRAP (see Chapter 3.5.2).

The quadrupolar excitation is used to couple and convert one eigenmotion
to another at the sum or difference of the eigenfrequencies. Figure 9 shows how
the quadrupolar field is achieved with the same (phase) RF-signals applied to two
opposite segments, marked as v.. Most commonly at [YFLTRAP and PIPERADE
the quadrupolar excitation is used to couple the reduced cyclotron motion v
and the magnetron motion v_, as stated in Eq. (31). The quadrupolar field drives
a periodic conversion, so called beating conversion, between the two motions.
An example of the periodic conversion between these two motions is shown in
Chapter 4.2.1 (Fig. 24). The relation between the amplitude of the exciting RF-
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FIGURE9 A four-fold segmented ring electrode where the segments used for the dipo-
lar RF-field are marked as v+ and quadrupolar RF-field as v.

tield Vgr and the excitation time TR is the following:
Vir = 403B——, (35)
Trr

where pj is the inner radius of the ring electrode [23].

The PIPERADE Penning trap has an eight-fold segmented ring electrode,
thus an octupolar excitation can be applied. The octupolar excitation was not
implemented yet at PIPERADE, and will thus not be discussed in more detail.
The reader is referred to the following publications by S. Eliseev et al. [77] and
M.Rosenbush et al. [78] for more information on octupolar excitation.

3.4 Sideband buffer gas cooling technique

Measuring the properties of exotic nuclei are important for the studies of nuclear
structure and astrophysical processes, as highlighted in Chapter 2. In a radioac-
tive ion beam facility, producing an exotic nucleus is very challenging: usually
exotic nuclei have low yields, while other less exotic nuclei are produced in high
amounts. One of the most important tasks of a Penning trap is its ability to se-
lect the low-produced ions of interest from the highly-produced unwanted ions
and deliver it for experimental studies. Below one of such selection/purification
techniques, called the sideband buffer gas cooling method [79], is described.

The buffer gas cooling method is the main purification method utilized both
at the JYLFTRAP and PIPERADE. It utilizes a Penning trap filled with buffer gas.
After an ion bunch has been injected to the buffer-gas filled Penning trap, a time
is allocated first for cooling the reduced cyclotron and axial motion amplitudes,
by dissipating energy thanks to interactions with the buffer gas. Reducing the re-
duced cyclotron and axial motions amplitude leads to the ions occupying smaller
space, but at the same time the magnetron motion amplitude slowly increases.
The ions will be axially better centered at the ring electrode position, which is
used to perform excitations by applying dipolar or quadrupolar RF-fields. An
example of a scan on the cooling time needed, for the trapped ion bunch to be
ready for excitations, at the PIPERADE double Penning trap can be found in the
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FIGURE10 An example of a 150 ms quadrupolar excitation frequency scan using
buffer gas cooling technique for A= 112 isobars in the purification trap of
JYFLTRAP Penning trap.

Chapter 4.2.1. The cooling time depends on the initial energy of the ions and the
pressure of the buffer gas. Usually noble gases are used as a buffer gas, because
the high ionisation energy of the gas atoms will better conserve the charge state
of the ions. At JYFLTRAP and PIPERADE helium is used as a buffer gas.

After the initial cooling, the ions of interest (IOI) will be selected from the
ion bunch, discarding the other so-called contaminant ion species (this selection
is later referred as purification of the ion sample). First, a dipolar excitation at the
magnetron frequency v_ is applied. This increases the magnetron motion radius
of all the ions in the trap, since the magnetron frequency is in the first order mass-
independent (see Eq. (32) in Section 3.1). The excitation amplitude and duration
is chosen such that after the excitation the radius of the motion is more than the
radius of the diaphragm between the first and second traps (JYFLTRAP diameter
d = 1.5 mm, PIPERADE d = 4 mm). For example at JYFLTRAP the dipolar exci-
tation is generally applied for 10 ms at the frequency of v_ = 1.7 kHz. After the
magnetron motion radius p_ has been increased satisfactorily, a quadrupolar ex-
citation is applied to the ring electrode at v, frequency of the desired species with
the purpose of converting the magnetron motion to the reduced cyclotron motion,
via the relation in Eq. (31). Since this conversion frequency is mass-dependent
(see Eq. (31)), only ions within a narrow frequency band are affected by this con-
version. The reduced cyclotron motion is a fast motion, thus the ions interact
more frequently with the buffer gas atoms, losing energy in the interaction. This
way the movement amplitude diminishes and the ions fall into the center of the
trap.

The final selection is performed utilizing the diaphragm electrode, when
the ions are ejected from the trap. Ions with bigger motion amplitude than the
open aperture of the diaphragm will not survive the ejection, while the ions that
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were selected in the quadrupolar excitation and had the time to loose energy
and be centered, survive. The purified ion sample can then be captured in the
second trap or be directed to post-trap experiments. This purification method [79]
generally reaches a mass resolving power of R = m/Am = 10° (for ions with
A/q =100 [80]).

In Fig. 10 a scan of the quadrupolar frequency in the purification trap of
JYFLTRAP Penning trap (see Chapter 5.2) is shown for mass A = 112. The
quadrupolar excitation was done with 150 ms excitation time with an amplitude
of 450 mV. The first implementation and results of the buffer gas cooling tech-
nique at the PIPERADE Penning trap are described in Chapter 4.2.1.

In some cases the buffer gas cooling method is not enough to resolve and
select the ions of interest from the close isobaric or isomer contaminants. For this
a method called the Ramsey cleaning method [80] can be applied. At JYFLTRAP
this method is performed in the precision trap under high-vacuum. The purifi-
cation is performed with a dipolar excitation at the modified cyclotron frequency
v, which excites the contaminant ions, mass-selectively to a large radius. A good
knowledge of the contamination and its v, frequency is thus required so that the
contaminant can be driven to a large orbit, while the ion of interest gets mini-
mal radius increase. The excited ion sample is sent back to the first trap, and
as in the buffer gas cooling method, any ion that has larger motional amplitude
than the opening of the diaphragm electrode, is lost. For the dipolar excitation, a
specific Ramsey-type time-separated field is commonly used, where the exciting
RF signal is temporally divided into two pulses, with a waiting time in between,
as explained for the Ramsey’s method of time-separated oscillatory fields in Sec-
tion 3.5.1. In Ref. [81] a mass resolving power of R = 1 x 10° was reached.

3.5 Mass measurement with a Penning trap

The mass of an ion in Penning-trap measurements is determined using the rela-
tion between its mass and its measured cyclotron frequency v, (see Eq. 15). To
know the magnetic field with a high precision, reference measurements of ions
with a well-known mass are performed. In articles PI and PII, '3Cs™ and °Rb ™"
were used as reference ions. The frequency ratio r = v .r/ v i0i between the
reference and the ion of interest gives the mass m of a singly-charged atom as
follows:

m=rX (mref - me) + me, (36)

where m,¢ is the atomic mass of the reference and i, is the mass of the electron.
A more detailed explanation of the mass determination is given in Chapter 6.6,
where the analysis of the experimental data is described. The following two sec-
tions describe the techniques used at JYFLTRAP to measure the cyclotron fre-
quencies. The same techniques will be utilized at the PIPERADE Penning trap,
from which the first implementation of the TOF-ICR technique is described in
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Chapter 4.2.1.
3.5.1 Time-of-Flight Ion-Cyclotron-Resonance technique

The Time-Of-Flight Ion-Cyclotron-Resonance technique [23] (TOF-ICR) is used to
determine the cyclotron frequency v, from the measured time-of-flight resonance.
This is one of the two primary mass measurement techniques used at JYFLTRAP
and has been implemented for the first time for the PIPERADE Penning trap in
the framework of this thesis (see Chapter 4.2.1). TOF-ICR is performed in a Pen-
ning trap operated under high-vacuum, since interactions with gas atoms can
cause shifts in the ion motion or some damping of the resonance effect. For
JYFLTRAP and PIPERADE the technique is performed in the second trap (pre-
cision trap and measurement trap, respectively), see Chapters 5.2 and 4.2.

Assuming the ion sample has been purified first and captured in the second
trap, the first step of the TOF-ICR technique can be applied: some magnetron
motion is excited with a dipolar excitation at the v_ frequency. The second step
is to convert the magnetron motion to a reduced cyclotron motion by applying a
quadrupolar excitation. Coupling of the motions is the strongest at the conver-
sion frequency v, = vy +v_ (Eq. 31). The quadrupolar RF frequency is scanned
over a certain frequency range covering the v, frequency. The duration of this
excitation determines the width of the resonance: the longer the excitation, the
narrower the resonance.

After the excitations, the ions are extracted from the Penning trap to a time-
of-flight detector downstream. When exiting the trap region, the magnetic field
strength starts to decrease, creating a magnetic field gradient. During the ion’s
travel through the magnetic field gradient, an interaction of the orbital magnetic
moment y(wrp) of the ions with the magnetic field gradient leads to the ions to
experience an axial force:

F(wrr,z) = —p(wrr) - VB(z) (37)

turning the radial kinetic energy acquired in the quadrupolar excitation into axial
kinetic energy. The orbital magnetic moment is defined as:

H(wrr) = Erlwrr) (C];)RF) , (38)

where the radial kinetic energy can be expressed as

E/(wrr) = E-(wgrr) + E4 (wrF) = E4 (wRF) = %m(p+(pr))2wi, (39)

since the angular eigenfrequencies follow the relation w; > w_.

When the magnetron motion is fully converted to reduced cyclotron mo-
tion, i.e. wrr = w, the ions will be most accelerated in the magnetic field gradi-
ent, which will be observed as a shorter time-of-flight on the recorded resonance.
Thus in the TOF-ICR method, the quadrupolar frequency is scanned over a cer-
tain frequency range while the time of flight is recorded.
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FIGURE 11 a) 50 ms TOF-ICR resonance of "'?Mo™* and b) a 10-30-10 ms (off-on-off)
Ramsey type TOF-ICR resonance of 2Rh* performed at JYFLTRAP Pen-
ning trap. The blue curve represents the fit of the theoretical curve to the
measured data.

The time of flight is calculated as follows:

riow) =3 ] \/Eo—qxw) wann) < B

where the limits of the integral are from the trap center zg to the position of the
detector z;. Ej is total energy of the ion and y is the orbital magnetic moment of
the charged particle. The electric field and magnetic field are described by V(z)
and B(z), respectively. In Fig. 11 a TOF-ICR resonance for '?Mo™, measured
in the context of this thesis, is shown. The magnetron excitation was applied for
1 ms while the quadrupole excitation was applied for 50 ms at 224 mV amplitude.

Precision of the conventional TOF-ICR can be increased using the Ramsey’s
method of time-separated oscillatory fields [80, 82, 83, 84, 85]. The preparation of
the ion sample is the same as for the conventional TOF-ICR, but the quadrupolar
excitation pulse in the second trap is divided into two pulses and separated by a
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waiting time where no exciting RF-field is applied. The excitation RF-field is set
up in a way that the phase coherence is preserved over the waiting time. In the
recorded TOF-resonance the sideband structure is enhanced and the precision is
improved due to the narrower full-width at half-maximum (FWHM) of the reso-
nance peak. Due to the enhanced sideband structure, a single-pulse TOF-ICR is
performed to determine the central TOF-minimum before the Ramsey’s method
is used. S. George et al. [85] found two to three time increase in the precision and
a 40% reduction of the central peak width compared to the conventional, single
quadrupolar pulse, TOF-ICR. The Ramsey’s method of time-separated oscillatory
tields requires a clean ion sample: background ions can make the lineshape fitting
difficult and another ion species (for example isomeric state) cannot necessarily
be separated and recognized from the enhanced sideband structure.

This method has been utilized in articles PI and PII for the mass measure-
ments of the exotic nulcei "?’Rh* and ''”Ru*. Figure 11 b) shows a Ramsey type
TOF-resonance for 12Rh ™ measured with the timing pattern of 10-30-10 ms (On-
Off-On) at JYFLTRAP Penning trap. For the PIPERADE Penning trap the Ramsey
method has not yet been applied at the time of this work. The Ramsey method
utilized for purifying an ion sample was described briefly in Chapter 3.4.

3.5.2 Phase-Imaging Ion-Cyclotron-Resonance technique

The Phase-Imaging Ion-Cyclotron-Resonance (PI-ICR) technique [22, 86] is a mass
measurement technique where ion’s cyclotron frequency v, is determined based
on projecting the ions positions in the trap onto a position-sensitive ion detec-
tor. This allows the determination of the final phase of the ions at the moment
of extraction. Details about the detectors used at JYFLTRAP and at PIPERADE
can be found in Chapters 5.2 and 4.2, respectively. PI-ICR can also be used for
phase-dependent purification [86], but this technique is not further discussed in
this work.

A PI-ICR measurement begins with injecting the ion sample to the trap.
Misalignment of the magnetic and electric fields of the Penning trap induces ini-
tial magnetron motion in the second trap and non-ideal transfer of the ions to the
second trap leads to initial axial motion. For high-precision mass measurements,
these initial motions need to be carefully minimized before the RF excitation for
the PI-ICR can commence. In Fig. 12 the excitation pattern schemes for PI-ICR
and its preparation steps used at JYFLTRAP are shown. The magnetron motion
is damped with a dipolar RF-pulse at the v_ frequency with carefully adjusting
the amplitude, duration and the phase of the excitation pulse to minimize the
amplitude of the ion’s magnetron motion (see Fig. 12, step 2a). The same is done
to the initial axial motion v, frequency (see Fig. 12, step 2b).

After the ion motions have been damped, a measurement of the two radial
motion phases, magnetron motion phase ¢_ and the reduced cyclotron motion
phase ¢, accumulated during a time Ty is performed. Based on the phase
accumulated during Ty the total phase difference is calculated as ¢ = ¢ — ¢,
which relates to the charged particle’s cyclotron frequency v, as follows:
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FIGURE 12 The PI-ICR measurement patterns used at JYFLTRAP Penning trap. Pattern
1 and Pattern 2. Figure adapted from D.A. Nesterenko et al. [75] under the
CC BY 4.0 licence http://creativecomm ons.org/licenses/by/4.0/.

_¢+2n(ny+n)
- 27 Tacc '
where n, is the number of full turns the charged particle performs in modified
cyclotron motion and n_ in magnetron motion. In Fig. 12 the phase accumulation
time is given Ty = tgn — tg1.

To measure the accumulated magnetron ¢_ and reduced cyclotron ¢, mo-
tion phases the patterns 1 and 2 in Fig. 12 are used, respectively. First a dipolar
excitation at the v frequency is applied to increase the reduced cyclotron motion
to a controlled radius (see Fig. 12, step 3). This motion is fast and if the ions are
extracted right after the v, excitation, it would lead to a deformed phase spot,
due to the time-of-flight dispersion of the ion bunch being comparable to the pe-
riod of the cyclotron motion. To avoid the deformed phase spot, a quadrupolar
excitation is used to convert the reduced cyclotron motion into a slow magnetron
motion. In the case of the magnetron phase ¢ measurement, the conversion
is performed right after the v, excitation, to let the ions evolving at v_ motion
during the accumulation time T, before extraction (step 4, pattern 1 in Fig. 13).
When the reduced cyclotron motion phase ¢ is measured, the ions accumulate
phase for T before the quadrupolar conversion at v, is applied (step 4, pattern 2
in Fig. 13). To calculate the difference between ¢_ and ¢ the trap center "phase"

Ve (41)
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FIGURE 13 The accumulated a) magnetron phase ¢_ and b) cyclotron phase ¢ for
16Rh* PI-ICR measurement. Both phase spots were measured with an ac-
cumulation time of 450 ms. The black point represents the trap center.

spot is also measured, by applying no excitation in the trap.

In Fig. 13 a phase accumulation time Toe of 450 ms was applied for 11°Rh*
and the resulting a) magnetron phase ¢_ and b) cyclotron phase ¢ are shown.
In Fig. 13 b) the ground and isomeric states of 1°Rh have been separated in the
450 ms accumulation time. The PI-ICR technique provides a 40-fold increase in
resolving power and five times increase in precision compared to the Ramsey
type TOF-ICR [22]. The PI-ICR technique was used to separate the isomeric states
from the ground states and to measure the masses of both states in article PI and
PII.



4 PIPERADE DOUBLE PENNING TRAP

This chapter describes the offline commissioning of the PIPERADE (Pleges de
PEnning pour les RAdionucléides a DESIR) double Penning trap for the up-
coming DESIR/SPIRAL2 facility (Decay, Excitation and Storage of Radioactive
Ions) [87]. This work has been conducted at the Laboratoire de Physique des
2 Infinis Bordeaux, France (LP2I Bordeaux). In the following chapter, the DE-
SIR/SPIRAL2 facility is first introduced, followed by a section describing the
PIPERADE double Penning trap. The last part of the chapter presents the com-
missioning results obtained in this work, from which the first results of buffer gas
cooling technique have been reported in attached article PIII

4.1 DESIR/SPIRAL?2 facility

The GANIL (Grand Accélérateur National d’Ions Lourds) Accelerator Labora-
tory, located in Caen, France, has a new generation radioactive ion beam (RIB)
facility extension underway named SPIRAL2, which will provide access to exotic
nuclei far from stability. This new facility will consist of three experimental halls:
NFS (Neutrons for Science), S3 (Super Separator Spectrometer) and DESIR (De-
cay, Excitation and Storage of Radioactive Ions, see Fig. 14), from which NFS and
S3 have already been built. The DESIR hall will be dedicated to low-energy high-
precision nuclear physics experiments and it will receive the first experimental
setups in 2025.

The experimental setups at DESIR will receive 10-60 keV RIBs provided
by the S3 facility [88] and the upgraded SPIRAL1 facility [89]. S3 will produce
neutron-deficient and super-heavy nuclei with unprecedented intensities via fusion-
evaporation reactions, in which a high-intensity stable ion beam from the SPI-
RAL2 accelerator will hit a carefully selected target producing a highly-excited
compound nucleus. The formed nucleus will get rid of this excitation energy
by evaporating particles (for example protons, neutrons etc.) and < radiation,
forming the isotope of interest. These reactions give access to neutron-deficient
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SPIRAL1 \

FIGURE 14 A layout of the DESIR facility and the arrival of the S3 and SPIRAL1 beams
is shown.

nuclei (from N = Z up to super-heavy nuclei). SPIRAL1 produces light exotic nu-
clei via fragmentation reactions. The experimental setups in the DESIR hall (see
Fig. 14) will be used to study nuclear structure of exotic nuclei (deformation, shell
effects etc.), nuclear astrophysics and weak interaction via decay spectroscopy,
laser spectroscopy and ion trap based techniques.

When exotic nuclei are produced, usually it is accompanied with a high
amount of unwanted isobaric or molecular contamination, due to the non-selective
production and ionization methods. In order to perform high-precision measure-
ments on these exotic nuclei, they need to be isolated from the isobaric and molec-
ular contamination. In this context multiple devices are being built and commis-
sioned at LP2I Bordeaux, namely a double Penning trap PIPERADE [76] and a
magnetic dipole High Resolution Separator (HRS) [90]. The HRS will be placed
before the entrance of the DESIR hall (see Fig. 14) and is expected to reach a mass
resolving power of 2x10%.

For the beam quality a General Purpose Ion Buncher (GPIB) [91] will be
placed at the entrance of the DESIR hall and is being also commissioned at LP2I
Bordeaux. The GPIB will provide continuous or bunched ion beams for the ex-
perimental setups in DESIR, with low transverse emittance and controlled energy
and time dispersions. Finally, PIPERADE will be able to further purify, isobar-
ically or even isomerically, the ion bunches received from the GPIB. After the
purification performed with PIPERADE the selected ion sample can be directed
back to main DESIR beamline to post-trap spectroscopy setups or high-precision
mass measurements can be performed with the second trap of PIPERADE. In the
following a few example regions for mass measurements at DESIR utilizing the
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PIPERADE double Penning trap are discussed. First, masses of nuclei in the re-
gion around 8Zr and 1%°Sn are aimed to be measured to improve knowledge of
the rapid proton capture process and of nuclear structure. Second, masses of nu-
clei along the N = Z can be measured to study for example the Wigner effect.
Nuclei at T, = —1,—3/2, —2 lines will be measured to study the Isobaric Mul-
tiplet Mass Equation (IMME), while the Q-values of 07 — 0" transition nuclei
are measured to study the weak interaction. In the region of superheavy nuclei
recent mass measurements have already probed 257Rf [92] and 2°?Db [93], but the
aim at DESIR is to push to even heavier nuclei, starting from the Rf and Db ele-
ments. A more detailed description of the PIPERADE double Penning trap and
its commissioning at LP2I Bordeaux is given below (Section 4.2).

4.2 PIPERADE Penning trap at LP2I Bordeaux facility

The PIPERADE (Pleges de PEnning pour les RAdionucléides a DESIR) double
Penning trap [76] consists of a 7 T superconducting magnet, from the company
CRYOGENIC, and two cylindrical Penning traps housed in a warm bore. The
magnetic field has two homogeneous regions 20 cm apart, where the centers of
the two cylindrical traps are placed, see Ref. [76] for a more detailed descrip-
tion. The main aims of PIPERADE are to deliver isobarically or isomerically
selected samples of ions for the DESIR facility described above and to perform
high-accuracy mass measurements.

The PIPERADE Penning traps, together with the GPIB, are being commis-
sioned at LP2I Bordeaux. The commissioning beamline assembly is shown in
Fig. 15. The stable ion beam is provided by a Forced Electron Beam Induced
Arch Discharge (FEBIAD) type ion source on a 30 kV high-voltage platform. The
source can produce either alkali elements (surface ionization) or ionized gas el-
ements (FEBIAD mode). During the commissioning discussed in this thesis the
source was used only in surface ionization mode. The beamline is equipped with

Source GPIB PIPERADE
30 kv 29.9 kv 27 kV 29.95 kV

’ ] 5
\--\- cu) S | . LoV !
T a

7 1

FIGURE 15 Layout of the LP2I Bordeaux PIPERADE commissioning beamline assem-
bly with the high-voltage platform areas marked. The beamline starts with
a FEBIAD ion source, from which downstream are the GPIB and the PIPER-
ADE Penning traps. The detectors are shown: Faraday Cups FC, beam pro-
file monitors BPM and microchannel plate detectors MCP.
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ion beam optics elements (steerers, einzel lenses, quadrupole triplets) to control
the ion beam and with different detectors for ion counting/beam monitoring:
faraday cups, MCP detectors (Topag MCP-MA33/2) and beam profiler monitors
(see Fig 15). The ions are injected into the gas-filled GPIB, which is floated to
29.9 kV voltage for an optimal injection of the ions. The GPIB provides 1 us ion
bunches, at the time of this work, for the PIPERADE Penning trap downstream.
The transfer region between the GPIB and PIPERADE is at a 27 kV high-voltage
potential while the PIPERADE Penning trap is at 29.95 kV. Behind PIPERADE,
on the ground potential side, is the ion detection which at the time of this work
was done using an MCP detector and a Faraday cup. More detailed information
about the detection setup can be found in Refs. [76, 94].

As stated before, PIPERADE has two cylindrical Penning traps: the first one
called the Purification Trap and the second one known as the Measurement Trap.
The purification trap, which is used for ion of interest selection (i.e. purification),
has a eight-fold segmented ring electrode, neighboured by a set of correction elec-
trodes and eight endcap electrodes (four on each side, see Fig. 16). The first trap
has a larger diameter (d = 64 mm) than the measurement trap (d = 20 mm), to offer
a possibility for higher-capacity purification of ions. For example at JYFLTRAP,
described in Chapter 5.2, both traps have the same diameter (d = 32 mm). The
aim with the bigger first trap at PIPERADE is to separate up to 10* — 10° ions per
bunch. The first trap of PIPERADE utilizes the buffer gas cooling technique [79]
as the main purification technique, which can reach a mass resolving power of
m/Am = 10°. This technique utilizes helium buffer gas and is described in more
detail in Chapter 3.4. In the Section 4.2.1 below the commissioning of the buffer
gas cooling technique is explained and results obtained are shown.

. FT-ICR Diaphragm
Gas inlet PT ) i
= 4 B l Gas inlet MT
]
()
‘ —W = [ 1 —
"_‘ ME1 / \ ME2
Endcap PC1 PC2 Endcap MC1| Mc2
PE1-PE4 PE5-PE8 MR
PR
Purification trap Measurement trap

FIGURE 16 A schematic of the PIPERADE double Penning trap tower assembly. The
purification trap has eight endcap electrodes (PE1-PE4 and PE5-PES), two
correction electrodes (PC1 and PC2) and a ring electrode (PR). Also the gas
inlet and FT-ICR electronics are shown. The measurement trap consists of
two endcap electrodes (ME1 and ME2), two correction electrodes (MC1 and
MC2) and ring electrode (MR).
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The measurement trap is designed to be used for precision mass measure-
ments, accumulation of the purified ions or high-resolution purification. It has a
four-fold segmented ring electrode, neighboured by a set of correction electrodes
and a set of endcap electrodes (see Fig. 16). The preparation and measurement
traps are separated with a diaphragm which at the time of this work had a diam-
eter of 4 mm. This acts as a barrier between the two traps to reduce the amount
of helium gas in the measurement trap, since it is ideally operated under high
vacuum (< 1 x 1078 mbar). The diaphragm also plays an important role in the
selection of the purified ions in the buffer gas cooling method, see Chapter 3.4.
More details about the geometrical design of the PIPERADE trap tower assem-
bly can be found in Ref. [76]. The mass measurement techniques planned for
PIPERADE are the TOF-ICR method (see Chapter 3.5.1) and the PI-ICR method
(see Chapter 3.5.2). The first commissioning of the TOF-ICR technique at PIPER-
ADE is described in more detail below (see Section 4.2.1). For studies of the PI-
ICR technique at PIPERADE a new delay line detector (RoentDek HEX75bL with
DLD80) has been installed in October 2022. Studies of the new delay line MCP
detector, and thus PI-ICR technique, were outside of the timeframe of this thesis.

The move of the PIPERADE Penning trap from LP2I Bordeaux to DESIR
is planned for the year 2025 and first radioactive ion beam tests are planned to
begin in 2027.
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4.2.1 Results of the first commissioning

In the context of this work the commissioning of the PIPERADE double Pen-
ning trap was done in 2020-2021. These tests included the very first trapping
of ions with PIPERADE, the implementation of the buffer gas cooling technique
(see Chapter 3.4) for isobar separation in the purification trap and all the way
to the very first TOF-ICR resonance in the measurement trap. The first results
on the buffer gas cooling technique at PIPERADE have been published in the at-
tached article PIII ([76]). Only the highlights of the tests performed during the
time frame of this work are presented below. Future tests needed to complete the
offline commissioning are briefly discussed at the end of the chapter. All of the
tests have been performed with a 4 mm diameter diaphragm, which is the largest
diaphragm machined for the PIPERADE double Penning trap.

To trap ions in a Penning trap the ions need to be injected into a strong
magnetic field, decelerated and captured without inducing energy dispersion.
At PIPERADE the deceleration of the ion bunch is achieved with the different
platform voltages (see Fig. 15) and the injection optics. The 3-keV ion bunch is
slowed down by the potential difference between the transfer platform (27 kV)
and the trapping platform (29.95 kV). To avoid the sudden decrease of energy
due to the platform difference the first injection electrodes are set to about —3 kV
(compared to the trap platform) and then a gradient is applied up to the trap.

The voltages applied on the trap electrodes, used for the tests described
below, are tabulated in Table 1 and a schematic of the trapping principle is shown
in Fig. 17. At the beginning of the trapping cycle all of the trapping potentials
are in the closed state (see Fig. 17 scheme 1). When an ion bunch is released from
the cooler-buncher (GPIB, see Fig. 15) the injection side potential wall is lowered
to the open state (see Fig. 17 schemes 2 and 3) allowing for the ion bunch to
be injected into the Penning trap. At PIPERADE the injection potential wall is
formed by the voltages applied to the PE1 to PE4 endcap electrodes and the PC1
correction electrode (see Fig. 16 and Table 1). After the ion bunch passes the

TABLE1 Voltages applied on the different electrodes (see Fig. 16) of the purification
and measurement trap in "open" and "closed mode, most commonly used
in the commissioning stage of the PIPERADE Penning trap. Note that the
purification trap has a diameter of d = 64 mm and the measurement trap

d = 20 mm.
Purification trap Measurement trap

Electrode Open [V] Closed [V] Electrode Open[V] Closed [V]
PE1-4 -85 0 ME1 -85 0

PC1 -85 -70 MC1 -85 -70

PR -80 -80 MR -80 -80

PC2 -85 -70 MC2 -85 -70

PE5-8 -85 0 ME2 -85 0

Diaphragm -85 0
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FIGURE 17 The trapping principle: 1. The trap voltages are in the closed state, 2. the
ion bunch is released from the GPIB and the injection side potential wall
is lowered, 3. the ion bunch travels over the open state injection potential
wall, 4. the ion bunch has passed the injection side potential wall which is
switched to closed state, 5. the ions are trapped and RF excitation can be ap-
plied, 6. the ion bunch is released from the trap by lowering the extraction
side potential wall to the open voltage state, 7. the ion bunch is extracted.
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injection side potential wall, thus entering the trap, the injection side potential
wall voltages are switched back to the closed state (see Fig. 17 scheme 4). The time
when these electrode voltages are switched to the closed state has to be well opti-
mized, to ensure maximum capture efficiency. While the ions are trapped (Fig. 17
scheme 5) their eigenmotions (Fig. 8) can be manipulated through different RF-
excitations or even with buffer gas (see Chapter 3.4). The closed state trapping
voltages (Table 1) are set in such a way that the electrical field anharmonicities
are reduced. The extraction potential for the purification trap is created with the
PC2 correction electrode and the PE5 to PE8 endcap electrodes. The ion bunch is
extracted from the trap by switching these extraction electrodes to the open volt-
age position (Fig. 17 schemes 6 and 7). When the ion bunch is extracted from the
purification trap of PIPERADE, it travels through a diaphragm electrode, utilized
in the buffer gas cooling method (see Chapter 3.4). The ions are extracted either
to the MCP detector or to be trapped in the second trap.

In Fig. 18 a schematic TOF-ICR measurement sequence for *K* is shown.
The duration of each timing step is carefully determined by performing different
timing scans. In the following studies and optimization of each step will be de-
scribed. The last step (8.) represents both the extraction step and the length of
the timing gate, 160 us, given for the MCP detector in which the signal detected
is recorded.

The first step in the timing pattern of Fig. 18 is the injection of the ion bunch
into the purification trap of PIPERADE. The first tests on injecting ions to the
magnetic field of PIPERADE and trapping these ions started in 2020. For choos-
ing the correct injection time, i.e. how long the potential wall voltages need to be
in the open state for the ion bunch to be captured (see Fig. 17 scheme 4), an injec-
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2. Cooling time | 150-300 ms
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FIGURE 18 A schematic of the timing pattern used for a TOF-ICR measurement at the
PIPERADE Penning trap. Examples of most commonly used durations for
each step when ¥K* ions were used are shown.
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tion time scan was conducted, where the amount of ions in a bunch was plotted
against the time for closing the potential wall. For the following tests the opti-
mum injection time of 65 s, for which a maximum number of ions was detected,
was used.

After the ions are trapped in the purification trap (schema 5 in Fig. 17), a
cooling time for the ion sample needs to be allocated before the excitations are
performed, shown as the timing step 2 in Fig. 18. This ensures that the axial and
cyclotron motions gained during the injection of the ion sample are damped by
the interaction with the helium buffer gas. The helium gas pressure is controlled
with a flowmeter and during the following measurements the gas flow was set
to 1.0 % unless stated otherwise, leading to a reading of 1.4 x 10”7 mbar on the
Penning type gauge located at the cross before the injection (see Fig. 15). At0 %
gas flow the pressure reading was 2.3 x 1078 mbar.

Figure 19 shows a scan of the cooling time: the time of flight between the
trap and the MCP detector is shown as a function of the time the ion bunch spends
in the purification trap. No excitations are applied in the first trap, and the ion
bunch is not captured in the second trap (only steps 1,2,8 of Fig. 17). The cooling
time is selected based on how a significant reduction of the TOF-spread can be
achieved in a reasonable time. For example from 110 ms to 250 ms the reduction
in the TOF-spread is around 73 %, while no significant gain is attained going from
250 ms to 330 ms (around 19 % reduction). Thus based on the Fig. 19 a cooling
time of 240 ms at 1.0 % gas flow was selected for the timing step 2 in Fig. 18.
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FIGURE 19 Time of flight of ions from the fist trap to the MCP detector as a function of
the trapping time before any excitations are applied. The helium buffer gas
flow is set to 1 %. At TOF of around 5 yus a signal created by the ionized
helium gas escaping the purification trap is seen. The signal at 40 ys corre-
sponds to the TOF of water molecules, which are most likely formed due to
the rest gas in the beamline or the impurities in the helium buffer gas.
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FIGURE 20 Dipolar magnetron excitation: number of counts per bunch detected on the
MCP detector as a function of a) the excitation frequency v_ (Hz) and b) the
excitation amplitude (V).

Once the ion bunch is captured and a sufficient cooling has been performed
the manipulation of the ion motions is performed using the RF-fields applied
to the ring electrode (PR). At PIPERADE, the buffer gas cooling technique will be
the main technique to select the isobar of interest, or even a highly-excited isomer,
and to discard the unwanted ion species (referred as purification, see Chapter 3.4)
in the purification trap. In the following paragraphs the implementation of this
technique, steps 3 and 4 in Fig. 18, is discussed.

The first step is to increase the magnetron motion radius of the ions to a big-
ger orbit than the diaphragm electrode radius (r = 2 mm). This is performed by
applying a dipolar RF-field at v_ to the ring electrode: at PIPERADE two gener-
ator channels are connected to two opposite ring electrode segments, and a 180°
RF-phase difference is applied. The RF-generator is set to an N-cycle mode, thus
a certain amount of periods at the selected frequency is performed, determining
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the length of the applied excitation.

With the dimensions and properties of the Penning trap, the magnetron fre-
quency can be calculated (see Eq. 32 in Chapter 3.1). In the case of PIPERADE the
factor Uy/d? was taken from SIMION simulations of the electric field potential,
leading to a calculated magnetron frequency of 660 Hz for the purification trap.
The first successful magnetron excitation in the first trap was performed in March
2021. The dipolar excitation was applied for 8 ms in the timing pattern, but the
number of N-cycles was fixed to five. At 660 Hz this amount of N-cycles leads to
an excitation time of 7.5 ms (Fig. 18 step 3).

In Fig. 20 a) the dipolar excitation frequency is scanned in the vicinity of
the calculated magnetron frequency, while the amplitude is set to a high value
(10 V). The number of ions per bunch detected on the MCP detector is recorded.
At the correct frequency, and a high enough amplitude, all the ions are moved to
a radius bigger than the diaphragm between the first and the second trap. When
extracted after this excitation, all ions hit the diaphragm, and do not reach the
MCP detector. As expected based on the calculated magnetron frequency, the
measured v_ is about 660 Hz.

In Fig. 20 b) the dipolar excitation amplitude, with the excitation frequency
set to 660 Hz, is scanned while the number of ions detected in each bunch is
recorded. The magnetron motion radius is expected to evolve linearly with the
applied excitation amplitude. The amplitude where the number of ions per bunch
goes to zero (i.e. the ions are on a larger orbit than the diaphragm size) is selected.
For the tests to follow the magnetron excitation amplitude has been set to 5 V.

The next step of the buffer gas cooling technique is to mass-selectively center
the ions of interest (Fig. 18 step 4). This is achieved with a quadrupolar RF-field
applied at the conversion frequency v, = v, + v_ (see Eq. 31 in Chapter 3.1).
In the purification trap of PIPERADE the quadrupolar field is formed with two
RF-generator channels connected to four segments of the ring electrode (PR, see
Ref. [76] for a more detailed connection diagram). The RF-generators are used in
the gated burst mode, thus the applied excitation will end when the timing gate
given by the user ends. The quadrupolar excitation at v, = v + v_ converts the
magnetron motion into a modified cyclotron motion for the specific mass ions,
and the modified cyclotron motion will then be damped due to interaction with
the helium buffer gas. Since the conversion is highly mass dependent, the fre-
quency needs to be carefully selected. The excitation time and amplitude are
chosen to reach the desired resolving power.

The first successful mass centering utilizing the quadrupolar excitation in
the first trap of PIPERADE was performed in May 2021. The number of ions per
bunch was recorded as a function of the quadrupolar excitation frequency, close
to ve of K™, shown in Fig. 21 a). The quadrupolar excitation was performed with
a 400 ms excitation time and a 2.0 V amplitude (Fig. 18 step 4). A radial cooling
of 1 ms in the first trap was added to the timing pattern before the extraction
to the MCP detector. A Gaussian fit to the frequency scan shown in Fig 21 a)
gives a FWHM of 19.4 Hz leading to a mass-resolving power of around 140000.
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FIGURE 21 Number of ions in a bunch recorded on the MCP as a function of the
quadrupolar excitation (a) frequency and (b) amplitude performed in the
purification trap. The amplitude measurement was done with a lower in-
tensity ion beam.

Many tests on the buffer gas cooling technique were performed and the targeted
mass-resolving power of m/Am = 10° was reached [76].

Figure 21 b) shows the number of ions per bunch detected on the MCP de-
tector as a function of the quadrupolar excitation amplitude. The quadrupolar ex-
citation amplitude is selected where the maximum amount of ions in each bunch
is reached i.e. the ions have been centered and they can pass the aperture on the

diaphragm electrode. In Fig. 21 b) the ions are centered when around 1 V ampli-
tude is applied.

The ions selected using the buffer-gas cooling method, as described above,
are transferred to the second trap by switching the transfer voltage potential to
the open state (see Fig.17 schema 6). At PIPERADE the transfer potential wall
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is formed by the voltages applied to PC2, PE5-PES, diaphragm, ME1 and MC1
electrodes. When the ion sample has passed through, the same transfer potential
wall is switched to closed voltage state (similarly to Fig.17 schema 4). If the ion
bunch is captured in the second trap, the closing time of the transfer potential has
to be carefully selected to not induce axial motion to the ion sample. Capturing
the ion bunch in the second trap has the same principle as in the first trap, shown
in Fig. 17.

In Fig. 22 the time of flight of the ion bunch has been recorded on the MCP
detector as a function of the transfer time, i.e. the time that the electrodes between
the two traps are in the open state voltage position (Fig. 18 step 5). The time when
the TOF-spread is the smallest is selected as the optimal transfer-time, which is
around 30.2 us (see Fig. 22)

In the second trap (measurement trap), the ion bunch is captured and fur-
ther purification and/or mass measurements can be performed. At PIPERADE
no more purification techniques (for example Ramsey cleaning) were yet explored
but the TOF-ICR mass measurement technique (see Chapter 3.5.1) was imple-
mented in late 2021. The ring electrode (MR) of the measurement trap is four-
fold segmented (see connection diagram in Ref. [76]), and the dipolar excitation
at v_ or vy can be applied using one or two opposite segments. If two segments
are used, opposite phase for the RF-field needs to be applied to form a dipolar
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FIGURE 22 Time-of-flight of the ions from the second trap to the MCP detector as a
function of the transfer time for the ¥K* ion bunch between the PT and
MT.
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tield. The quadrupolar excitation is applied using the two other segments with
the same RF-phase. The measurements described below were done using ¥K*
ions, which have a precisely known mass.

In TOF-ICR, as described in Chapter 3.5.1, the magnetron motion radius is
tirst enlarged with a dipolar excitation. After a quadrupolar excitation is then
scanned close to the v, = v4 4 v_ frequency to convert the magnetron motion to
a reduced cyclotron motion. The measurement trap is operated in high vacuum
conditions, thus no damping of the motion is expected. When the excitation fre-
quency is equal to v, the energy gained by the ions is maximum, thus the time of
flight measured with the MCP detector is the shortest (see Chapter 3.5.1 for more
detailed explanation).

The first step of the tests in the measurement trap was to determine the
magnetron frequency. For that, a long magnetron excitation was applied, with
a frequency close to the calculated v_ frequency (MT calculated v_ is 6.76 kHz),
see Fig. 18 step 6. Since the width of the resonance depends on the excitation
time as follows Avrwpp ~ 1/Tgrrp, a broadband quadrupolar excitation at the
expected v;(*?K™) was then applied by using a short pulse for the RF excitation.
By doing such a broadband excitation, even if the v, was not precisely known
(due to the not well-known magnetic field), the conversion could be performed.
The frequency of the first magnetron exitation was scanned and if the frequency is
correct (i.e. the v_ frequency), the ions gain magnetron motion, which is then con-
verted into cyclotron motion and seen as a shorter TOF. If the dipolar frequency is
not correct, a time-of-flight reduction would not be observed. Another way to de-
termine the magnetron frequency is to use the first step of the buffer gas cooling
technique, as it was performed in the first trap. A dipolar excitation at a certain
frequency was applied and the ion sample was sent back to the first trap. If the
dipolar excitation frequency was at the magnetron frequency v_, the ion sample
would hit the diaphragm electrode. Next the ion sample was extracted from the
tirst trap, directly to the MCP detector. A similar scan of the dipolar excitation
frequency was performed as in 20 a). In both ways the magnetron frequency
in the measurement trap was measured to be around 6.52 kHz. The difference
in magnetron frequency in the measurement trap (d = 20 mm) compared to the
purification trap (d = 64 mm) is due to the size difference of the traps.

After the magnetron frequency was determined, the magnetron excitation
time was reduced to a shorter time (for example 5 ms, 25 N-cycles, Fig. 18 step 6)
and the scans of the quadrupolar excitation were performed. The quadrupolar
excitation frequency was scanned while the TOF was measured with the MCP
detector. This way a TOF-ICR resonance is recorded, where the correct v, fre-
quency of the ion can be seen as a shorter TOF. The quadrupolar excitation time is
chosen based on the aimed level of precision on v,, taking in consideration other
constraints like for example the half-life of the ion of interest (Av, = 1/Tgr). Thus
for exotic radioactive ion species a compromise between the precision of the mea-
surement and decay losses has to be found. In Fig. 23 a) a 100 ms quadrupolar
excitation TOF-ICR of ¥K* is shown. The resonance has been fitted with the
lineshape (see Eq. 40) resulting in the cyclotron frequency of 2745652.7(0.4) Hz.



60

In Fig. 23 b) a TOF-ICR resonance with a 500 ms quadrupolar excitation is
shown. Compared to the 100 ms excitation time resonance it can be seen that
the resonance with 500 ms quadrupolar excitation is much damped and unclear.
This is due to the collisions with the residual gas which has leaked from the first
trap into the second trap. A change of the diaphragm size is foreseen, to reach
resonances with better resolution using longer excitation times. Though it is note-
worthy, that with the longer excitation time higher resolution is reached (see the
differing x-scales in Fig. 23).
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FIGURE 23 The time-of-flight recorded at the MCP detector as a function of the
quadrupolar excitation frequency for two different excitation times: a) 100
ms TOF-ICR resonance of ¥K* and b) 500 ms TOF-ICR resonance of ¥K*.
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When the quadrupolar frequency is set at v, frequency of the ions of in-
terest, the specific ion’s magnetron motion is changed into the cyclotron motion
(notation Eq. 31). To have a well defined TOF-resonance the quadrupolar excita-
tion amplitude needs to be set so that a full conversion from magnetron motion
to full cyclotron motion is observed. A scan of the amplitude of the quadrupo-
lar excitation (excitation time 100 ms) at the cyclotron frequency v, of ¥K* is
shown in Fig. 24. This scan shows multiple conversions from magnetron mo-
tion to reduced cyclotron motion, the so-called conversion beating curve. It is
desired that one full conversion is performed, leading to maximum resolution.
Thus the amplitude is selected accordingly. Based on the scan in Fig. 24 the se-
lected quadrupolar excitation amplitude is 0.2 V.
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FIGURE 24  The time-of-flight recorded at the MCP detector as a function of the
quadrupolar excitation amplitude when a 100 ms excitation has been se-
lected at the v, frequency of K.

To conclude, this chapter discussed the results of the first commissioning
of the PIPERADE double Penning trap. Results were shown, starting from the
tirst injection of ions into the first trap, to the implementation of the buffer gas
cooling technique and the first excitations in the second trap. The buffer gas
cooling technique in the purification trap reached the desired resolving power
of ~ 10°. The very first TOF-ICR resonances, performed in the second trap are
shown. But clear implications of the helium buffer gas leaking from the first
trap to the second trap can be noticed. This limits the precision of the TOF-ICR
measurements to ~ 107 — 1078 (=~ 100 ms excitation times).
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To improve the TOF-ICR resonance, the diaphragm between the traps is
planned to be changed to a smaller aperture (from 4 mm to 2 mm diameter) in the
future. This will allow to perform longer excitation times of the quadrupole ex-
citation. In the measurement trap the correction ring potentials, which affect the
harmonicity of the trapping potential, also need to be optimized. If the harmonic-
ity of the trapping potential is not well optimised the ion motion is affected, caus-
ing shift to the frequencies (see Chapter 3.2). The first TOF-ICR mass measure-
ments of 3K against *' K™ have recently been performed at PIPERADE. The sys-
tematic studies of the TOF-ICR technique (B-field fluctuations, mass-dependent
errors and residual systematic uncertainties) still need to be explored. The 2D
MCP detector has been installed at PIPERADE in late 2022, which will open the
commissioning for the PI-ICR technique.



5 IGISOL IV FACILITY AND JYFLTRAP

This chapter describes the Ion Guide Isotope Separator On-Line (IGISOL) fa-
cility [95], where the experiments of articles PI and PII were conducted. The
JYFLTRAP Penning trap [8], the main device used in this work, is also introduced.

5.1 IGISOL 1V facility and radioactive ion beam production

The Ion Guide Isotope Separator On-Line (IGISOL) facility [95, 96], for which the
layout is shown in Fig. 25, is located at the Accelerator Laboratory of the Uni-
versity of Jyvaskyld, Finland. A detailed description of the facility can be found
in Ref. [96]. The IGISOL technique [9] is an ISOL-type (Isotope Separation On-
Line) radioactive ion beam (RIB) production method, but the IGISOL utilizes thin
targets and a gas volume (usually helium) to stop the reaction products. This pro-
vides access to certain chemically sensitive elements, for example the refractory
nuclei studied in this work, that would otherwise be unattainable. At IGISOL,
RIBs are produced via fission, fusion evaporation and multi-nucleon transfer re-
actions.

The ions of interest (IOI) in this work were produced via nuclear fission
utilizing the fission ion guide (see Ref. [97]) with a thin natural uranium target
(15g/ mm?) mounted inside (for "'®Ru a ?3Th target was used). From the K130
cyclotron (see Fig. 25) a 25 MeV proton beam was impinging on the thin "*U
target producing neutron-rich fission products. The target is tilted to maximize
the surface area hit by the proton beam and the target has been separated from
the helium gas volume with a thin foil in order to avoid ionization of the he-
lium buffer gas. The fission reaction products are highly charged when released
from the target. Travelling through the helium-filled gas cell, the charge of the
tission fragments reduces to +2e due to charge-exchange reactions with the he-
lium atoms. The first ionization potential of a helium atom is higher than the
second ionization potential for most of the produced elements. This leads to the
charge-exchange process with helium atoms to not proceed further. However,
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FIGURE 25 The IGISOL facility layout where the primary beam is delivered by the K130
cyclotron (1) to the target chamber (2). The secondary beam is accelerated
to 30 kV and mass separated with the 55° dipole magnet (3). The electro-
static switchyard (4) directs the ion beam to the RFQ cooler-buncher (5) and
JYLFTRAP double Penning trap (6). Offline ion source station (7) was also
used in this work. The 30 kV high-voltage platforms are shown in yellow.

the impurities in the gas (O, N2, Ne and H;O) continue the charge-exchange
process and the fission fragments reach +e¢ charge state [98], and the helium gas
can also be ionized by the fission fragments, providing more electrons. A high
amount of impurities can cause molecular formation, thus to ensure the purity
of the helium gas it is brought to the target chamber via a cold trap purification
system [99]. In this work the fission products were stopped in helium at pressure
of around 300 mbar. The helium pressure was optimised based on the yield of
the radioactive isobars at mass number A= 112 measured on a silicon detector at
the switchyard (see Fig. 25).

The fission reaction products are extracted out of the helium gas cell using a
sextupole ion guide (SPIG) [100] and accelerated to 30q kV, where q is the charge
of the ions, for further transport. The separation of an isobaric chain is done
using the 55° dipole magnet, reaching a mass resolving power of m/Am ~ 500.
The electrostatic switchyard (see Fig. 25) provides the isobaric ion beam to three
different directions: to the spectroscopy beamline (used for example in [101]), to
the radio frequency quadrupole cooler-buncher (RFQ) [102] or to the atom trap
line [103]. At the switchyard a fast switch is connected to a kicker electrode, to
control the amount of ions injected to the RFQ cooler-buncher (beamgate).

The RFQ cooler-buncher is a linear Paul trap filled with buffer gas (He) to
cool the ion sample injected into it. In the RFQ cooler-buncher the ion confine-
ment is achieved in radial direction utilizing radio frequency (RF)-fields and in
the axial direction using a DC voltage potential. This linear Paul trap provides
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ion bunches with widths of 5 — 15 us to both the collinear-laser spectroscopy
beamline and to measurements at JYFLTRAP. During 2022 upgrades to the RFQ
cooler-buncher have been made to reach bunch widths of 40 ns, suitable for the
Multi-Reflection Time-Of-Flight mass spectrometer (MR-TOF-MS). In this work
the MR-TOF-MS was not yet utilized for ion sample purification, but in the fu-
ture it can be used for a faster purification of the ion sample before precision mass
measurement performed with the Penning trap JYFLTRAP [8].

After the preparation in the RFQ cooler-buncher, the cooled ion bunch is
injected to the JYFLTRAP double Penning trap (described in detail below, see
Section 5.2) for further ion manipulation and high-precision mass determination.
The JYFLTRAP double Penning trap can also be used for isobaric or even isomeric
beam purification for post-trap decay spectroscopy measurements.

For Penning trap mass measurements, the magnetic field strength of the
Penning trap has to be known with high precision. This is done utilizing reference
measurements of an ion species with a well-known mass value (see Chapter 3).
The IGISOL offline ion station [51] provides stable reference ions from either a
surface ionisation source or a glow discharge ion source. The ®Rb and 33Cs
reference ions used in this work were produced using the surface ionization ion
source.

5.2 JYFLTRAP double Penning trap

Main results of this work were carried out utilizing the JYFLTRAP Penning trap
[8], which is a double cylindrical Penning trap housed inside a 7 T superconduct-
ing magnet. The JYFLTRAP tower assembly consists of cylindrical gold-plated
copper electrodes that have an inner diameter of 32 mm, excluding the injection
diaphragm (d = 4 mm), diaphragm between the traps (d = 1.5 mm, / = 50 mm)
and the last two extraction electrodes (d = 52 mm). The two trap centers are
20 cm apart and are separated by a diaphragm. The trap tower dimensions have
been described in detail in Ref. [8], except for the modifications made to the ex-
traction electrodes to accommodate for the PI-ICR technique (see Ref. [86]). Both
traps have a eight fold segmented ring electrode, which is used to manipulate the
ion motions in each trap utilizing RF-fields. The ring electrode is neighboured
by a set of two correction electrodes and endcap electrodes, which provide the
rest of the electric potential and correct for its anharmonicities (see Fig. 26). The
JYFLTRAP Penning trap is located on a 30 kV high-voltage platform.

The first trap, called the purification trap, is filled with helium buffer gas
(10~* — 10~ mbar) and is utilized for ion sample purification with the buffer gas
cooling technique [79]. This technique is described in more detail in Chapter 3.4.
An example of this technique at JYFLTRAP is shown in Fig.10 in Chapter 3.4
where the quadrupolar excitation (RF2) frequency in the purification trap has
been scanned for an ion sample consisting of fission products at mass A = 112.
After purification the ion sample is transferred and caught in the second trap for
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FIGURE 26 Schematic figure of the JYFLTRAP double Penning trap assembly. The pu-
rification trap has been marked with A, diaphragm with B, the precision
trap with C and the buffer gas line with E.

further studies, or transferred to the post-trap experimental setup.

The second trap, called the precision trap, is used for the precision mass
measurements utilizing the TOF-ICR and PI-ICR techniques described in Chap-
ters 3.5.1 and 3.5.2, respectively. The precision trap is operated in high vacuum,
10~7 mbar or lower depending on the He-gas pressure of the purification trap,
to avoid any frequency shifts due to interactions with residual gas. If additional
purification of the ion sample is needed, for example due to molecular contami-
nation (see attached article PI), an additional purification technique called Ram-
sey cleaning method [80], can be applied in the precision trap (see Chapter 3.4).
For PI-ICR technique an additional cooling step can be used: the ion sample is
returned back to the first trap for a short cooling, before it is sent to the precision
trap for the phase accumulation. The advantage is that the size of the phase spots
becomes smaller - which reduces the uncertainty of the position of the phase spots
(see Chapter 3.5.2).

After applying the TOF-ICR or PI-ICR technique the ions are extracted from
the 30 kV platform to a position-sensitive delay-line microchannel plate detector
(MCP, RoentDek GmbH and DLD40 delay-line anode) on the ground potential.
A Si-detector is also located behind the JYFLTRAP Penning trap and can be uti-
lized for example for half-life measurements of the Penning trap purified ions
(see attached article PI).

The analysis of the PI-ICR data has been performed utilizing both the Py-
MassScanner and Cloudberry programs while the TOF-ICR collected data has
been analysed using the Lakritsi and COMA programs [104, 105]. The analysis
procedure utilized at JYFLTRAP is explained in the following Chapter 6. Sys-
tematic uncertainties related to the temporal fluctuations of the magnetic field,
mass-dependent frequency ratio shifts and a residual systematic uncertainty are
taken into account during the analysis and are explained in Chapter 6.5 as well
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6 ANALYSIS OF JYFLTRAP MASS MEASUREMENT
DATA

This chapter will give a brief overview of the data-analysis principles concern-
ing the PI-ICR and TOF-ICR mass measurement data collected at JYFLTRAP. This
chapter will discuss the gating of the measurement data and the v, frequency ratio
determination. The countrate class analysis to account for the ion-ion interaction
due to multiple ions stored in the trap simultaneously during the measurement
is introduced. The systematic uncertainties added to the statistical uncertainty
of the cyclotron frequency ratio are briefly explained. Finally, how to obtain the
mass of the ion of interest and the excitation energy of the isomer from the mea-
sured cyclotron frequency ratio is described.

6.1 Data selection

Once the mass measurement has been performed with the JYLFRTAP double
Penning trap, either utilizing the PI-ICR (see Chapter 3.5.2) or the TOF-ICR (see
Chapter 3.5.1) technique, the cyclotron frequencies of the reference ion and the
ion of interest needs to be extracted from the collected data. In PI-ICR it is calcu-
lated from the x — y positions of the ions (see Chapter 3.5.2) and for TOF-ICR the
theoretical lineshape needs to be fitted. The following section will describe the
gating applied to the data, to pinpoint the correct ions to be used for the fitting
procedures of PI-ICR and TOF-ICR data.

The JYFLTRAP Penning trap is controlled (timings, RF-excitations etc.) and
the data is collected with a Python based program called PyMassScanner, devel-
oped by Dr. T. Eronen and the [YFLTRAP team. In PyMassScanner the data are
tirst gated based on the ion time-of-flight (TOF-gate) from the trap to the detector
and/or by the detected ion’s position on the position sensitive 2D MCP detector
(position-gate). Using these two gates, the true events around a given TOF and
position on the detector can be selected for further analysis, and the unwanted
noise counts can be discarded. The measured data can also be gated by the num-
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FIGURE 27 The reduced cyclotron phase spot ¢ for the ground state and isomer of
H6Rh+* where a) no gating has been performed and b) the TOF-gate and
number of ions/bunch gate has been applied, and the position gate to be
applied is shown in red dashed line. The line of detected ions in both a) and
b) at x = 25 mm and y = 25 mm are ions with at least one missed position
information signal.

ber of counts detected in a bunch (counts/bunch-gate). This allows to study the
ion-ion interaction in the trap. In Fig. 27 a reduced cyclotron motion phase ¢
measured for 1 Rh™ is shown (ions that arrive during 200 ys after trigger), where
in a) no gates have been applied and in b) the TOF-gate of 40 — 44 us, accompa-
nied with a gate of one to five counts detected in a bunch, have been applied. The
position-gate to be applied for the fitting of the ground state reduced cyclotron
motion phase spot ¢ is shown in red dashed line. In Fig. 27 a) the counts out-
side of the phase spots are mainly decay products of 1'®Rh™ and ionised helium
coming from the traps. The biggest impact between Fig. 27 a) and b) is due to
the TOF-gating. In TOF-ICR measurements the TOF-gate is carefully selected to
include both resonant and non-resonant ions of the ion species of interest.

In mass measurements performed with the PI-ICR technique (see Chap-
ter 3.5.2), the gates are applied for each recorded phase (magnetron, cyclotron
or center) separately. The gated PI-ICR data is fitted directly in the PyMassScan-
ner program, while the gated TOF-ICR data is sent to the Lakritsi-program for
titting and extraction of the cyclotron frequency.

6.2 Fitting and analysis of PI-ICR data

After application of the gates described above, the maximum likelihood method
is used to obtain the x- and y-positions of the phase spots. For this, a position
gate, either circular or rectangular, is set and peak position is obtained. Next, the
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gate is moved so that the obtained position center is also the gate center and the
fit is redone. This iteration is repeated at least three times. Once the position has
been fitted for each phase (magnetron ¢_, reduced cyclotron ¢, and center) of
each ion species (IOI and reference), the results are transferred to the Cloudberry
analysis program for the calculation of the cyclotron frequencies of the reference
ions and the ions of interest.

The cyclotron frequency v, is calculated as given in Eq. (41). It requires the
angle difference ¢, the number of full rounds the ions performed in the trap n and
the precise accumulation time T,... The x- and y-positions are used to calculate
the angle difference between the measured accumulated magnetron and reduced
cyclotron phase spots. The settings made during the measurement, the v, fre-
quency used for the conversion and the delay times applied to the RF-generator
to start the quadrupolar conversion, are needed for the determination of the full
rounds n and the precise accumulation time T,... After the cyclotron frequen-
cies of the reference ion and ion of interest have been determined, the cyclotron
frequency ratio is calculated. This is explained in the Section 6.4 below.

6.3 Fitting and analysis of TOF-ICR data

During this work, the TOF-ICR technique was used for the mass measurement of
the most exotic nuclei in the isotopic chains, see Chapter 7 and attached articles PI
and PII. In these measurements the number of ions produced was very low, thus
no gate on the number of counts recorded in a bunch was needed, since most of
the bunches were either empty or had just one detected ion.

The Lakritsi program [80, 105] is a TOF-ICR data analysis program for fit-
ting and additional gating or division of the data recorded at JYFLTRAP. The
time-of-flight for a single peak TOF-ICR measurement is given by Eq. (40) in
Chapter 3.5.1, and can be referred as the single peak Konig fit. A more com-
plete description of the fit parameters has been recently given in the PhD thesis
of L. Canete [105]. The Ramsey TOF-ICR is fitted with an ideal Ramsey lineshape
titting function [80, 85]. The fitting gives, most importantly, the v, frequency of
the fitted resonance.

The fitting results are then imported to the "Complicated Offline Mass Anal-
yser" (COMA) program, which calculates the frequency ratios 7 from the fit re-

sults. The following section will discuss the frequency ratio determination appli-
cable for both TOF-ICR and PI-ICR cyclotron frequencies.

6.4 Calculation of the cyclotron frequency ratio

The frequency ratio r is determined for the PI-ICR measurements in the Cloud-
berry program, while for TOF-ICR measurements it is determined in the COMA
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program. The following procedure is valid for both programs, unless otherwise
stated.

The cyclotron frequency v, for both the reference ion and the ion of interest
is used to calculate the cyclotron frequency ratio 7 = v ¢/ Ve, ioi- There are differ-
ent ways of defining the v, frequency of the reference ion for the frequency ratio
calculation. Most commonly the v, frequency of the reference ion is interpolated
linearly to the time of the measurement of the ion of interest frequency (linear
interpolation method). For this, a reference measurement is done before and af-
ter the ion of interest measurement. This gives one individual frequency ratio r.
Interpolating the reference frequency helps to account for the linear drift of the
magnetic field and for other changes in the conditions during the measurement.
The frequency ratio can also be calculated without interpolating the reference fre-
quency. This can be done when the reference ion cyclotron frequency and the ion
of interest frequency are measured alternately in a rapid succession, thus assum-
ing that the reference and IOI are measured almost simultaneously. These two
methods were utilized in this work. A more detailed mechanism of the interpo-
lation methods has been explained in Refs. [75, 80].

Once the suitable interpolation method is used, the cyclotron frequency ra-
tio is calculated r = v o/ Vc ioi- The uncertainty of an individual cyclotron fre-
quency ratio r is calculated as follows:

2 2
d .
dr— | [ Deref) 4 Weioi ) (42)
Ve ref Ve ioi

where dv, ,.r and dv, ;; is the cyclotron frequency uncertainty of the reference ion
and ion of interest, respectively. Usually multiple Ref.-IOI-Ref. measurements
are done, and the final cyclotron frequency ratio is calculated as a weighted mean
of the individual ratios, denoted as 7. An inner and outer statistical uncertainty of
the final cyclotron frequency ratio is determined, obtaining the Birge ratio [106],
from which the higher value is selected as the final statistical uncertainty. The
inner and outer errors are calculated as follows, respectively,

1
dr2 = _—_ (43)
mmn Zl‘ dl7
e , L (i —7)?
l .

dr?

where dr; is the individual cyclotron frequency ratio uncertainties, r; is the in-
dividual cyclotron frequency ratio, 7 is the weighted mean cyclotron frequency
ratio and N is the number of measurements. Fig. 28 shows individual cyclotron
frequency ratios determined in mass measurement of 1*Rh* ground state per-
formed in this work.

The next section describes the countrate class analysis performed to study
the ion-ion interaction, and to obtain the cyclotron frequency ratio, when multiple
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FIGURE 28 The frequency ratios r = v s/v. for PI-ICR measurement of the ground
state of 11*Rh*. In black are the individual frequency ratios while in blue is
the weighted mean frequency ratio, and its error.

ion species are in the trap simultaneously. The systematic uncertainties added to
the uncertainty of the frequency ratio are described in Section 6.5.

6.4.1 Countrate class analysis

When multiple ions are stored in a Penning trap, the Coulomb interaction be-
tween the ions needs to be considered. In Refs. [107] and [75] studies of the ion-
ion interaction utilizing the TOF-ICR and PI-ICR techniques, respectively, were
reported. It was found that when only one ion species is stored in the trap (at
least up to 5 detected counts/bunch of such species), the space charge does not
affect the mass center of such ion cloud and no shift in the cyclotron frequency
was observed. When two or more ion species, with different masses, are stored
in the trap, the recorded cyclotron frequencies shifted closer to each other. The
shift of the cyclotron frequency was found to be proportional to the amount of
ions in each ion species (and their ratio) and to the magnitude of the difference in
the cyclotron frequencies of the ion species.

In this work, the cyclotron frequencies of multiple ground- and isomeric-
states were measured. In these measurements the cyclotron frequency shift due
to the ion-ion interaction between the two states needed to be considered. This
was studied via the so-called countrate class analysis [75], whenever it was sta-
tistically feasible.

In the countrate class analysis at JYFLTRAP the measured data is divided
into sections based on the number of counts detected in a bunch (called classes).
For each class the cyclotron frequency ratio was calculated, see Fig. 29. The
classes were corrected with the efficiency of the MCP detector: one detected count
based on the measured detector efficiency curve corresponds to 3.4 ions on aver-
age. This detector efficiency was valid for the period of 02/2019-03/2020. The
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FIGURE?29 The measured frequency ratios for Rh™ for three different classes used
in the analysis and the extrapolated value at one ion/bunch.

detector was later moved to a smaller residual magnetic field region and a new
efficiency curve was measured. The determined cyclotron frequency ratios are
plotted as a function of the corrected ion class in Fig. 29, where this is shown for a
measurement of the ground state of 1'*Rh ™. Then a linear fit is performed and an
extrapolation to one ion per bunch is done to determine the correct cyclotron fre-
quency ratio, as if only one ion would have been stored in the JYFLTRAP Penning
trap during the measurement. This cyclotron frequency ratio, and its uncertainty;,
is then used for the calculation of the mass, described in more detail in section 6.6.

In this work the countrate class analysis was performed only for the data
measured using the PI-ICR technique since it was not statistically feasible for the
data measured with the TOF-ICR technique. The TOF-ICR technique was used
only for the most exotic nuclei in this work, for which mostly one count/bunch
was detected, thus the ion-ion interaction . In the next Section the systematic un-
certainties affecting the cyclotron frequency ratio 7 and its uncertainty at JYFLTRAP
are discussed.

6.5 Systematic uncertainties

When a high-precision mass measurement is performed, certain systematic ef-
fect need to be accounted for. In the previous sections obtaining the cyclotron
frequency ratio 7 and its statistical uncertainty dr from the measured data were
described. Below a brief description of the systematic uncertainties at JYFLTRAP
are discussed. The most recent study of the systematic uncertainties considered
at JYFLTRAP can be found in Ref. [75].

For data measured with either TOF-ICR or PI-ICR techniques, the higher-
order temporal magnetic field fluctuations, mass-dependent uncertainty and resid-
ual systematic uncertainty are added to the statistical uncertainty of the cyclotron
frequency ratio dr.



74

As mentioned before, reference measurements to determine the magnetic
field strength are performed. Due to the flux creep phenomena, the magnetic
field strength B drifts over time (described in Chapter 3.2). Also changes in the
environment (temperature, pressure etc.) affect the magnetic field strength of the
Penning trap. In Ref. [75] a study of the temporal magnetic field fluctuations was
performed and a systematic uncertainty of §B/Bst = 2.01(25) x 10712 min~!
was determined. This is quadratically added to the individual frequency ratios
depending on the time interval Jt between the two references. This uncertainty
accounts for any drifts that can appear beyond the linear interpolation.

The second systematic effect added to the uncertainty of the cyclotron fre-
quency ratio uncertainty is dependent on the mass difference between the refer-
ence ion and the ion of interest. The mass of the reference should be selected as
close to the mass of the ion of interest as possible. Mass-dependent shifts in the
cyclotron frequency can be due to for example imperfections of the quadrupo-
lar electric field or misalignements of the magnetic and electric fields (discussed
in Chapter 3.2), since different mass ions may have different motional ampli-
tudes and thus probe different regions of these imperfections causing motion-
amplitude dependent frequency shifts. When the reference mass has a differ-
ent mass than the IOI, a mass-dependent uncertainty of J,,7/r = —2.35(81) x
10719/u x (m,, £ — Mjp;) is added in quadrature to the final cyclotron frequency
ratio uncertainty. If a reference of same mass number was used, for example
ground state versus isomer, the mass-dependent uncertainty cancels out.

Finally, in Ref. [75] an additional residual systematic uncertainty was deter-
mined. This uncertainty of &7 /r = 9 x 10~ is quadratically added to the final
cyclotron frequency ratio uncertainty. For mass doublets the residual systematic
uncertainty cancels out in the same way as for the mass dependent uncertainty.

For data collected with the PI-ICR technique certain additional systematic
uncertainties and corrections can be taken into account during the analysis. First,
when two or more ion species are simultaneously trapped, a correction is per-
formed due to different phase advancement of each ion species before the phase
accumulation in the magnetron phase ¢_ measurement. As described in Chap-
ter 3.5.2, the magnetron phase ¢_ is measured by first performing a v dipolar ex-
citation promptly followed by the quadrupolar excitation to convert the reduced
cyclotron motion to magnetron motion, which is further followed by the phase
accumulation. During the v dipolar excitation, during the time delay between
the dipolar and quadrupolar excitations (marked as t;; in Fig. 12) and during the
quadrupolar excitation, different ion species will have time to accumulate differ-
ent phases (since the ions start with the fast v, motion). A correction is applied
depending on the cyclotron frequencies of each ion species, on the amount of ions
detected for each ion species and on the time used in each forementioned exci-
tation step. Thus the recorded magnetron spot is actually a weighted average of
the magnetron spots of each ion species in the trap. A more detailed explanation
with the relevant equations has been given in Ref. [75].

Second, a systematic uncertainty and a correction to the calculation of the
phase angles can be added due to the distortion of the ions flight path, see Ref. [75].
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This distortion can result from for example misalignements of the electric and
magnetic fields (see Chapter 3.2) or the plane of the MCP detector being tilted
with respect to the trap electrodes.

After considering the systematic effects, the final cyclotron frequency ratio
with its uncertainty, containing both statistical and systematic considerations, is
achieved. In the following Section the use of the final cyclotron frequency ratio 7
and its uncertainty dr in determining the mass of the ion of interest is explained.

6.6 Mass from the cyclotron frequency ratio

The analysis of the measured data, as described above, provides the final weighted
mean of the cyclotron frequency ratio 7 and its uncertainty dr, see Section 6.2. In
Chapter 3.5 it was briefly described how the atomic mass m;,; is determined from
the measured weighted mean of the cyclotron frequency ratio and is described
below with more detail. The atomic mass m;,; of the ion of interest with a charge
Gioi is determined as follows:

Mg = 71

dref

where m,, is the atomic mass and ¢y, the charge of the well-known reference ion

and m, the mass of an electron. The total binding energy of all missing electrons

B,.r and Bj,; is neglected for the singly and doubly charged ions used in this work

due to it being smaller than the precision reached. It is noteworthy to mention

that when the mass of the ion of interest is determined from Eq. (45), the uncer-

tainty of the atomic mass of the reference will affect the final uncertainty of the

ion of interest. Thus the reference needs to be selected carefully. The uncertainty
of the measured mass is calculated as follows:

X (mref — QrefMe + Bref) + GioitMe — Bioi, (45)

dmio; = io \/((mref - qrefme)E)z + (?dmref)Z' (46)

ref

In Table 3 of Chapter 7.1 the cyclotron frequency ratios determined in this work
with the used references are tabulated, and if the reference mass is measured with
higher precision in the future, the resulting masses of the ions of interest can be
recalculated.

The measured cyclotron frequency ratio in the case of a ground state against
the isomeric state can be used to determine the excitation energy of the isomer.
From the measured weighted mean cyclotron frequency ratio, when the ground
state was measured against the isomeric state, the excitation energy is determined
as follows:

Ex=(r— 1)[mref - me]czr (47)

for singly charged ions.



7 RESULTS AND DISCUSSION

This Chapter summarizes the results obtained utilizing the JYFLTRAP Penning
trap in this work. The main results are the mass measurements performed for
neutron-rich isotopes around the refractory region (A ~ 100 — 120), from which
results related to rhodium (Z = 45) and ruthenium (Z = 44) isotopes have been
reported in the attached articles PI and PII.

In total 23 masses were measured in three experiments conducted at the
JYFLTRAP Penning trap of the IGISOL facility. These experiments utilized proton-
induced fission on a " U target, except for the mass measurement of '>Ru where
a 2%2Th target was used. The proton beam had an energy of around 25 MeV and
the intensity was varied between 1 — 10 yA. The IGISOL facility and the radioac-
tive ion beam production method have been described in more detail in Chap-
ter 5.2.

In the following chapter the mass excesses determined in this work are first
reported, followed by a discussion related to the so-called mass filters, derived

from the mass values (Sy;,, S, and Aff), see Chapter 2.3) which are compared
to the BSkG1 [31] and BSkG2 models [50]. In this work, not only ground-state
masses were measured but also isomer binding energies. These results related
to isomers are then described. A section about a specific case, 12Rh, reports the
measurements of both the masses and the half-lives of the two states of this iso-
tope, which were produced in different ways. Finally, the last part of this chapter
presents the neutron-capture reaction rates calculated utilizing the masses deter-
mined in this thesis.

7.1 Mass-excess values

In this work precision mass measurements were performed for the following nu-
clei: 110’110mRh, 112’112mRh, 114’114mRh, 116’116mRh, 118,118mRh and 120Rh (article PI),

113’113mR11, llS,llSmRu and 117Ru (article PH), 104Y, 10621‘, 104,104mNb, 109Nb, 111MO
and '?Mo (forthcoming publication). Altogether 15 ground-state masses and
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eight isomeric-state masses were measured. Of these, 19 were measured using
the PI-ICR technique while four were measured using the TOF-ICR technique.
These techniques have been described in Chapters 3.5.2 and 3.5.1. Table 2 spec-
ifies the accumulation/excitation times, as well as the technique used for each
measurement. The recorded frequency ratios 7 and the mass-excess values are
tabulated in Table 3, including the literature values taken from AME?20 [1].

From the masses measured in this work eight were newly measured, hav-
ing only an extrapolated value in the AME20. Measurements conducted in this
work improve the precision of multiple mass values and resolve the ground-
and isomeric states for the first time in many cases. In Fig. 30 a comparison of
the measured mass-excesses against the AME20 values is shown. One of the
largest absolute deviation in ground-state mass to the literature value was found
for 19Zr with the difference of 166(200) keV. In AME20 the ground-state mass
of 19%Zr has an extrapolated value, —58749(200)# keV, the value of this work,
—58582.7(43) keV, being then in agreement. The mass of 1%°Zr has also been mea-
sured using the storage ring at GSI [108], reporting a mass-excess of
—58550(173) keV, however, the value was excluded from AME20 due to a large
difference to the mass surface trend. The value measured in this work agrees with
the storage-ring result, confirming that there is a shift (see Fig. 31) on the mass
surface at the neutron midshell N = 66.

One of the most significant differences in mass can be found in the mea-

TABLE 2 The accumulation/excitation times (T, / xc.) used for each measured isotope
of interest. The reference nuclide used is given (Ref.) while the measure-
ments with the accumulation/excitation times marked with a superscript a
were done using the TOF-ICR technique.

Nuclide Ref. Tace./ exc. Ims]  Nuclide Ref. Trce./ exc. [ms]
110Rh 110Rhm 700 113Ru 133CS 557
1I0RKH™ 133Cg 700 TBRy™ 1BRyss- 557
llZRh 85Rb 300 113Rum 113Rug.s. 220
H2Rwm  133Cs 1000 15Ru 133Cg 200
2Rh 1000 5Ryu™ 15Ry 100
MR 138Cs 450 H7Ru 133Cs 10-30-107
114Rhm 114Rh 450 104Y 133CS 30
116Rh 133CS 450 106Zr 133Cs 54
116Rhm 116Rh 450 104Nbgs 133Cs 311
118RK 133(Cg 170 104NJpgs+m  133(g 200
118Rhm 118Rh 170 109Nb 133Cs 50%
120Rh  138Cs  10-30-10° Mo 133Cg 100
112MO 133Cs 507

# Measured using TOF-ICR technique.
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sured neutron-rich thodium (Z = 45) isotopes (article PI). Due to the high resolv-
ing power of the PI-ICR technique the low-lying isomeric states could be sepa-
rated from the ground-states. Previous measurements had typically measured
mixtures of the ground and isomeric states [18]. For example the ground-state
masses of 19112118Rh measured in this work are not in agreement with the liter-
ature values. They deviate from the literature value by over 6c for ''Rh, over 3¢
for 1?Rh and over 4c¢ for ''8Rh. For the neutron-rich rhodium isotopes the more
detailed discussion of the origin of the literature values can be found in the at-
tached article PI. In Fig. 30 the previously measured masses using the JYFLTRAP
Penning trap by Hager et al. [18] are also given (in blue). It can be seen that those
masses, measured with the TOF-ICR technique, have been mostly a combination
of both states, depending on their production ratio.

Another large difference in the rhodium masses is related to the isomeric-
state excitation energy in 1?Rh. In literature the isomeric-state excitation energy
is Ex = 370(40) keV, which was based on B-decay endpoint energy measure-
ments, privately communicated to the AME [109] (already found in AMEOQ3 [110]).
The excitation energy measured in this work is only Ey = 38.4(19) keV (see Ta-
ble 4). In Section 7.6 the mass measurement of 112Rh (g.s. and isomer) and half-life
measurements to confirm the assignments of the observed states, are discussed
in more detail.

The masses determined in this work have been compared to the predictions
of the BSkG1 [31], see attached article PI Section IV.B, and /or BSkG2 [50] models.
The comparison to these models and what is predicted for the ground-state shape
is discussed in the next sections.
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TABLE 3 Frequency ratios (7) and mass excess (ME) values measured in this work and
the literature mass-excess values (MEj;;) from the AME20 are given. N de-
notes the neutron number of the measured nuclide. The reference masses
were taken from AME20 [1] for ¥3Cs and ®Rb, and from this work for the

other cases (Ref.). For the AME20 values # marks an extrapolated value.

Nuclide N Ref. T = Veref/ Ve ME [keV] ME;;; [keV]
10RK 65 1ORh™  0.999999629(15) -82702.4(23)  -82829(18)
HORRK™ 65 133Cs 0.826987604(15) -82664.3(18)  -82610(150)#
12Rh 67 %Rb 0.659002526(11)*  -79603.7(17)  -79730(40)
H2Rw™ 67 13Cs 0.842060991(16) -79565.2(19)
H2Rh 1.000000368(27) -79565.4(33)
Weighted mean: -79565.2(17)  -79390(60)
H4RK 69 13Cs 0.857140868(21) -75662.7(26)  -75710(70)
HARRK™ 69 114Rh 1.000001045(30) -75551.8(41)  -75510(170)#
H6Rh 71 13Cs 0.872229073(17) -70729(2) -70740(70)
HOoRK™ 71 U6Rh 1.000001119(18) -70608.3(28)  -70540(170)#
H8RK 73 133Cs 0.887323752(40) -64994(5) -64887(24)
H8RK™ 73 18Rh 1.000001720(55) -64804.9(78)  -64690(150)#
120Rh 75 133Cs 0.902423642(470)°  -58614(58) -58620(200)#
H3Ru 69 133Cs 0.849647289(12) -71874.7(15)  -71870(40)
H3Ru™ 69 13Rugs  1.000000951(10) -71774.6(1.8)
H3Ru™ 69 11BRuss  1.000000963(14)"  -71773.4(21)

Final value: 1.000000955(8) -71774.3(17)  -71740(50)
15Ru 71 133Cs 0.864742653(23) -66054.7(2.9)  -66105(25)
H5Ru™ 71 15Ru 1.000001181(43) -65928.2(5.4)  -66110(90)
H7Ru 73 133Cs 0.879843739(512)°  -59526(64) -59490(430)
104y 65 133Cs 0.782074118(126)  -53995.3(15.5) -54080(200)#
1067y 66 13Cs 0.797085417(35) -58582.7(4.3)  -58749(200)#
104Nbgs 63 133Cs 0.781930200(14) -71812.4(18)  -71811.0(18)
104Npss+m 63 133Cs 0.390963076(29) -71802.4(70)  -71801.2(19)
109Nb 68 133Cs 0.819672271(1773)° -56809(180)  -56690(430)
Hino 69 133Cs 0.834695343(70) -59939.3(86)  -59940(13)
H2Mo 70 133Cs 0.842239639(952)°  -57449(118)  -57480(200)#

* Measured with doubly charged ''?Rh?* ions.
b Measured with doubly charged ">Ru?* ions.
¢ Measured using TOF-ICR technique.
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FIGURE 30 A comparison of the mass-excess values determined in this work (red) to

the AME20 [1] (black) values. The previous JYFLTRAP measurements in
this region by Hager et al. [18, 19] have been marked in blue. The uncer-
tainty of each point is the uncertainty of each individual mass value. The
open symbol marks an extrapolated value in AME20.
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7.2 Two-neutron separation energies S,

As introduced in Chapter 2.3 the two-neutron separation energy Sy, is an observ-
able sensitive to structural changes. Figure 31 shows the Sy, values, calculated
from the ground-state masses, for the isotopic chains studied in this work. This
work extends the isotopic two-neutron separation energy Sy, chains with new
mass values in the following elements: yttrium (Z = 39), zirconium (Z = 40),
molybdenum (Z = 42) and rhodium (Z = 45). The other experimental points
marked in red, greatly reduce the uncertainty related to the mass and provide
more accurate ground-state masses to calculate the two-neutron separation en-

15

14

Tc
Ru
Rh
JYFLTRAP

FIGURE 31

62 64 66 68 70 72 74 76

Neutron number

Two-neutron separation energy S, as a function of the neutron number for
relevant isotopic chains. In black are the literature values (AME20 [1]) and
in red are the values deduced from the masses measured in this work. An
empty symbol denotes that at least one mass value used to calculate the
two-neutron separation energy was an extrapolated value.
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ergies Sy,. For example in the case of rhodium isotopes, the isomers were not
separated from the ground states previously, hampering also the determination
of the two-neutron separation energy Sy, (see attached article PI).

It can be noted that no large deviation from the smooth trend in each iso-
topic chain is seen, except for 106 7y (Z =40, N = 66) located at the neutron mid-
shell. 1%Zr is less bound than expected from the linear trend of the two-neutron
separation energy. More neutron-rich zirconium isotopes need to be measured to
fully understand if this change in trend will continue or be an indication of shape
change.

In the attached articles PI and PII the two-neutron separation energies Sy,
calculated from the experimentally measured masses are compared to two-neutron
separation energies Sy, calculated from the masses of the BSkG1 [31] and/or
BSkG2 [50] mass model. Figure 32 shows the difference of the two-neutron sepa-
ration energies Sy, between the experimental values and the BSkG1 model for the
isotopic chains studied in this work. From Fig. 32 it can be seen that the BSkG1
model slightly overbinds the nuclei, i.e. according to the model it is slightly
harder to separate two neutrons from the nucleus than has been experimentally
deduced.

As discussed in Chapter 2.5.2 the BSkG1 model predicts that the Rh and Ru
isotopes studied in this work exhibit strong triaxial deformation. For the Rh and
Ru isotopic chains, the two-neutron separation energies predicted by the BSkG1
model are in good agreement with the experimental values determined in this
work (see Fig. 32). If the BSkG1 mass model is constrained to axial symmetry,
the model deviates greatly from the experimental values (shown in article PI),
showing the importance of the triaxiality for these nuclei.

For the rhodium isotopes the BSkG1 model predicts a drop of triaxiality go-
ing from neutron number N = 74 to N = 75, which manifests in the two-neutron
separation energy Sy, as a flattening of the slope (see attached article PI). To see
if this trend holds, the mass of '2!Rh needs to be measured more precisely and
the mass of 122Rh would require to be experimentally determined. In the lighter
nuclei, for example yttrium (Z = 39) and zirconium (Z = 40), the agreement be-
tween the model and the experiment is not as good as for thodium (see Fig. 32).

In the attached articles, the evolution of the two-neutron separation energy
Sy, has been further studied via the empirical two-neutron shell gap energies
don = Son(Z,N) — Sp,(Z,N + 2). This is not further discussed here, since no
large changes to the expected trends were observed.
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FIGURE 32 Two-neutron separation energies Sy, compared to the values calculated
from the BSkG1 model [31], as a function of the neutron number N for the
nuclei relevant to this work. The BSkG1 model is shown in blue diamonds,
the BSkG2 model [32] in green triangles, in black are the literature values
(AME20 [1]) and in red are the values deduced from the masses measured
in this work. An empty symbol denotes a two-neutron separation energy
S», which is dependent on at least one extrapolated mass value.
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7.3 Neutron separation energy S,

The neutron separation energies exhibit a strong odd-even staggering (OES) as a
function of neutron number N which is related to the pairing of nucleons. When
the neutrons are paired up, it is harder to separate one of such a neutron due to
pairing energy that makes the nucleus more bound (see the discussion in Chap-
ter 2.2.1). This is clearly seen in Fig. 33, which shows the neutron separation
energies S, as a function of the neutron number N for the isotopic chains of inter-
est in this work. It can be seen that the mass measurements reported in this thesis
yield more precise neutron separation energies S;, but otherwise the impact is
difficult to see due to the odd-even staggering.

The measurements of this work also extend the neutron separation energy
S, trend of the isotopic chains for yttrium (Z = 39), zirconium (Z = 40), molyb-
denum (Z = 42) and rhodium (Z = 45). The overall trend of the BSkG1 model
values agree with the experimental values rather well, but overestimate the odd-
even staggering for the odd-Z nuclei (see next Section 7.4). The neutron separa-
tion energy S is also of importance for the neutron-capture reaction rates calcu-
lated for the r process (see Section 7.7).

Since the impact of the new experimental values is difficult to see due to
the odd-even staggering effect, a difference between the S,(N + 1) and S,(N)
can be studied via the odd-even staggering parameter A,(f), discussed in the next

Section.

7.4 Odd-even staggering parameter A,(f’) values

The A,({o)) three-point formula can be calculated as explained in Chapter 2.1 by
Eq. (14). The masses determined in this work provide more precise mass values
to calculate the odd-even staggering parameter Ag{?’) as shown in Fig. 34. It can be
noted that for example in the case of the measured neutron-rich rhodium (Z = 45)
isotopes, the odd-even staggering parameter A,(f) differs for many isotopes from
the literature values. The uncertainties on the experimental points are greatly

reduced due to the measurements of this work.

In the studied isotopic chains, the BSkG1 model [31] predicts a change in
the staggering at higher neutron numbers, related to the loss of triaxiality, for
example in the isotopic chain of rhodium this is seen after N = 74. To confirm
this predicted trend experimentally, the masses of neutron-rich nuclei in these
isotopic chains, like the mass of 121Rh, need to be measured more precisely.

(3)

For the even-Z nuclei the absolute magnitude of A;’ values are in good
agreement between the experiment and the BSkG1 model. During this work
while comparing the experimental results of the odd-Z nuclei to the BSkG1 model

it was noticed, that the absolute magnitude of A,(f’) values calculated from the
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FIGURE 33 Neutron separation energies S, as a function of neutron number N. The

experimental literature values in black are based on AME20 [1], while the
experimental results determined in this work are in red. The neutron sepa-

ration energies S, calculated from the BSkG1 model [31] values are shown

in blue. The open symbol represents a S, value which is dependent on one

or more extrapolated mass value.
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BSkG1 model values were differing significantly from the experimentally deter-
mined A,(f) values (see Fig. 34). If the binding energy of the odd-N isotope, for
example in neutron-rich rhodium (Z = 45) is increased about 250 keV, which is
roughly the difference compared to neighboring even-Z isotopic chain trends, the
absolute magnitude of the odd-even staggering parameter A,(qg) is then in better
agreement with the experiment (see the attached article PI). The need of addi-
tional binding energy for the odd-odd nuclei is usually interpreted as a residual
interaction between an odd-proton and an odd-neutron, and the effect has been
discussed in more detail in Ref. [32]. This overestimation is present for the whole
nuclear chart in the BSkG1 model. The size of the staggering of the Agf) values
is though in rather good agreement between the BSkG1 model values and the

experimental results.
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FIGURE 34 The three-point formula A'Y shown as a function of the neutron number for
the isotopic chains studied in this work. The values affected by the masses
measured in this work have been marked in red, while the literature values
(AME20 [1]) are marked in black. The values calculated from the masses
produced by the BSkG1 model [31] have been marked in blue. The open
symbols represent a value that is dependent on at least one extrapolated
mass.
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7.5 Isomeric states

The region of neutron-rich refractory nuclei is known for low-lying isomeric states.
The excitation energies for many of the isomeric states have remained unknown.
For example in the neutron-rich rhodium nuclei the isomeric state energies were
not known for HO4A6HERE -~ In this work the PI-ICR technique was utilized
to separate and measure the masses of the isomers in this region. Separating
the isomers from the ground states with the PI-ICR technique, also provides the
ground-state masses without influence of the isomeric state. This is illustrated in
Fig. 30, where the 110112114116 118Rh and 113115Ru masses measured in this work
with the PI-ICR technique at JYFLTRAP have been compared to previous TOF-
ICR mass measurements that could not resolve the two long-living states. As a
result, a mixture of states had been measured in Ref. [18].

The excitation energies measured for the isomeric states in this work have
been listed in Table 4 and compared to the literature values (NUBASE20 [2]). For
the rhodium isotopes the excitation energy was often estimated from trends of
neighbouring nuclei close to 200(150)# keV in the literature [2], when now it can
be seen that the measured excitation energies are much lower. For example for
110Rh the excitation energy is only 38.0(15) keV. When the number of neutrons
is increased in rhodium, the excitation energy seems to get higher again (see at-
tached article PI). Further interpretation using the Nilsson model, produced by
the BSkG1 model [31], of the isomeric states in rhodium can be found in the at-
tached article PI.

In the case of *Rh, the ground state was more produced, contrary to the
other rhodium isotopes. The fission yield at IGISOL is known to favor the higher
spin state in the production [111]. The possible explanation of the isomeric yield
ratio for Rh could be an inversion of the spins of the ground and isomeric
states. Another explanation could be that the half-life stated for the high-spin
state is much shorter than previously reported T;,, = 1.85(5) s in the literature,
resulting in decay losses (this half-life is identical to those of the ground-state [2]).
In the future the half-lives and spin/parities of 1'Rh should be studied in more
detail.

In this work the isomeric state of neutron-rich ''>Ru was measured to have
an excitation energy of 129(5) keV. Previously an excitation energy of 82(6) keV
had been assigned based on a y-ray spectroscopy study in Ref. [16], where the
isomer was discovered. A 61.7 keV 7y-ray was observed and it was assumed that
a low-energy y-ray of around 20 keV was not observed. Thus 82(6) keV was
assigned as an energy for the isomer and reported in literature [2]. Our measure-
ment is not within the uncertainties of this value. Thus we provide a new ex-
perimentally measured excitation energy for the isomeric state of >Ru. Further
discussion of the newly proposed level scheme, based on this measurement, is
given in attached article PII. The isomer in ''>Ru (T}, = 76(6) ms) is the shortest
isomer measured so far at the [YFLTRAP Penning trap. The '3!°Ru isomeric-
state excitation energies have been discussed in more detail in the attached article
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TABLE 4 Isomer excitation energies (E;) measured in this work compared to the exci-
tation energies reported in the literature (NUBASE20 [2]). The spin-parities
I’ and half-lives T;,, presented for each nucleus have been taken from
NUBASE20 [2], except for H2RM, for which the half-life was measured in this
work. # marks an extrapolated value.

Nuclide I Ty /2 Ref. Ey [keV] E,y. [keV]
HORK™  (67) 28.5(13) s 133Cs 38.0(15)  220(150)#
H2Rh™  (61) 6.96(8) s° 133Cg 38.5(26)
2Rh  38.3(28)

Weighted mean 38.4(19) 340(70)
HARh™  (77) 1.85(5) s H4RK 110.9(32) 200(150)#
H6Rh™  (67) 570(50) ms 16Rh  120.8(19) 200(150)#
H8Rh™ 6~ # 310(30) ms H8RK 189(6) 200(150)#
WRu™  (7/27) 510(30) ms 13RusS 100.4(9)  131(33)
WoRu™  (7/27)  76(6) ms 133Cs 129(5) 82(6)
104Nb™  (0-,17) 4.9(3)s 133¢Cs 10.4(73)  9.8(26)

1 Half-life measured in this work, see Section 7.6.

PII.
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7.6 Mass and half-life of 12Rh

At the IGISOL facility the '?Rh isotope is often used as a standard for checking
the fission yields during experiments, but until now the masses of the ground
and isomeric states were only known at best to 40 keV precision. In AME20 [1]
the ground-state mass of 12Rh is based on a JYFLTRAP mass measurement ([18]
and [112]) and on a privately communicated B-decay study [2, 109]. The iso-
mer was reported to have an energy of E, = 340(70) keV based on the same
privately communicated p-decay study [109]. The spins of 11 and (67) had
been tentatively assigned for the ground- and isomeric state, respectively [2]
and the half-lives of both states, the ground-state T;,, = 3.6(3) s and the iso-
mer Ty, = 6.76(12) s [113]. These relevant properties found in literature have
been tabulated in Table 5 for clarity.

In this work, the case of 12Rh is specific because its two states were pro-
duced in two different ways: first via fission from U target at the IGISOL
target chamber (1?Rh™) and then via in-trap decay of M?Ru (T}, = 1.75(7) s,
I™ = 0%) producing ?Rh?* ions. The fission produced mostly the high-spin
isomeric state, whereas the B-decay populated exclusively the low-spin ground
state.

Concerning the case where fission was used as production mechanism, since
in the literature the excitation energy of the isomer has been reported as
340(70) keV, a mass measurement with the PI-ICR technique was prepared us-
ing an accumulation time of 240 ms. This should have been enough to separate a
340-keV isomer. At first, during the measurement it was assumed that only one
state was observed, see Fig. 35 a). It was unclear which state, ground or iso-
meric state, was observed, since it is known that fission favors the high-spin state
(which in M2Rh is the isomeric state) but the observed mass excess was much
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FIGURE 35 The accumulated cyclotron phase ¢ for '?Rh* with a a) 0-5 ions/bunch
gate and b) 1 ion/bunch gate applied. The black point represents the trap
center.
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TABLE5 Literature values relevant to measurements performed for 2Rh, the half-
lives T /; and excitation energy E, determined in this work. Isomer excitation
energies (E, 1it.), the spin-parities I and half-lives T /; j;. presented have been
taken from NUBASE20 [2].

Nuclide I7 Ti/2, 1t [s]  Ex 1. [keV] Ey[keV] Tj/p [s]
H2RhSS 1T 3.4(4) 2.22(12)
2Rh™  (67) 6.73(15)  340(70) 38.4(19) 6.96(8)

H2Rugs 0t 1.75(7)

closer to the literature value of the ground state than expected. It was later dis-
covered during a detailed analysis that both the ground and isomeric states were
present, but the ground state was much less populated than the isomer, and the
excitation energy of the isomer was much lower than reported in literature, thus
with such short accumulation time the phase spots were not fully separated.

To confirm which state was observed, its half-life was measured using a
silicon detector located just after the 2D MCP detector. In the article PI (Fig. 5 a)
the decay curve obtained is shown, which resulted to a half-life matching with
the one given in the literature for the isomeric state.

The ground state was then produced via the in-trap decay of !'?Ru™. In the
in-trap decay method, the parent nucleus ?Ru* is taken into the purification
trap of JYFLTRAP and held there for a certain decay-time period. The '?Ru*,
which is spin I = 0T, will B-decay to the ground-state of '>Rh, which should
have a spin of I = 1*. No decay to the isomeric state of !?Rh (suggested to
be I = 67) his expected due to the large spin difference. The '>Rh ground
state will be produced in the g = 2+ charge state. After enough of decays, the
buffer gas cooling (see Chapter 3.4) is applied in the purification trap, using the
quadrupolar excitation on the cyclotron frequency of the '>Rh?* ions. This way
only the '2Rh?" ions populated via the B decay, were selected for mass mea-
surements in the second trap. The measurement was performed using the PI-ICR
technique with an accumulation time of 300 ms.

The resulting ground state mass was only around 30 keV lower from the
mass measured for 12Rh™, produced directly in fission (see Table 3), also differ-
ing greatly from the ground state mass reported in the literature (see Fig. 30). Yet
again to further confirm the state, a half-life measurement was performed (see
decay curve in article PI, Fig. 5 b). A half-life of T; /, = 2.22(12) s was measured,
and it is closer to the ground-state half-life (see Table 5). This result though dif-
fers by more than 4c from the half-life reported in the ENSDF evaluation [113].
The ENSDF evaluation is based on two measurements [11, 13] where the contam-
ination of ''2Ru decaying to the '>Rh ground-state was not properly taken into
account. A previous measurement of the half-life of the ground-state by Jokinen
et al. [12] did account for this, resulting in a half-life of Ty, = 2.1(3) s. It agrees
very well with the result of this work.

Due to the very low excitation energy of the isomer, it was then suspected
that the accumulation time used in the previous measurement, 240 ms, was not
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long enough to be able to resolve the two states. Thus the mass measurement
of the isomeric state, produced via fission, was repeated with a longer, 1 s accu-
mulation time. With such a long accumulation time and the energy difference of
38.4(19) keV between the ground and isomeric states, it was possible to separate
and measure the mass of the isomer. First 13*Cs* from the IGISOL offline ion
source station [51] was used as a reference against the isomer, after which a mea-
surement using the ground state of '?Rh as a reference against the isomer was
performed.

In Fig. 36 the mass values from all four measurements have been compiled.
It can be seen that the result obtained using the 240 ms accumulation time is
slightly shifted towards the ground-state mass value, which confirms that the
ground state was contaminating the isomer phase spot (i.e. the frequency is shift-
ing closer together). All three results of the isomeric-state mass still agree with
each other and the contamination based on the observed count-rate would be
extremely small. It was decided that the PI-ICR measurements with 1 s accu-
mulation time would be used as final value for the mass of the isomeric state of
112Rh, since the states were fully separated in the measurement.

To summarize, the measured excitation energy of the isomer is
E, = 38.4(19)-keV, which is much lower than the literature value. The ground
state was found to be much shorter-living than reported in literature (see Table
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FIGURE 36 The mass-excess values measured for the ground and isomeric states of
H2Rh. The isomeric state was measured in three different ways: first with
a 240 ms accumulation time and then with an 1 s accumulation time using
133Cs and !!2Rh g.s as references (specified in brakets after the accumulation
time).
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4). The half-life of the isomer, T;,, = 6.96(8) s, agrees well with the literature.
This work also confirms the order of the states. The ground state is the lower
spin state and the isomer is the high-spin state.
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7.7 Neutron-capture reaction rates for r-process calculations

To simulate the r-process path, the neutron-capture reaction rates are needed.
During this work the neutron-capture reaction rates have been calculated with
the masses from literature (AME20 [1]) and the masses measured in this work.
The calculations were performed by Dr. S. Nikas using the statistical Hauser Fes-
hbach TALYS code [114]. As an example, the calculated neutron-capture reaction
rates have been plotted as a function of the mass number for the rhodium isotopes
in Fig. 37. For comparison, the neutron-capture reaction rates calculated using
the AME20 [1] values and three theoretical mass models, FRDM12 [37], Skyrme-
HEFB [115] and Gogny-HFB [116] are shown. The new masses provide more pre-
cise values for the calculation of the neutron separation energy S,(Z, N 4+ 1) and
reduce the uncertainties related to the neutron-capture rates compared to the lit-
erature values (AME20) significantly up to A = 120. The three theoretical models
follow similar pattern as the experimental results, but do not reproduce it exactly.
More details about the r-process calculations will be in a future publication.

—— FRDM1

A
Skyrme-HFB
—— Gogny-HFB

108 F »"\ AME20 1o E

/ p \ JYFLTRAP + AME20 10
vV

107

Neutron-capture reaction rate [mol~! cm3 s71]

110 112 114 116 118 120
Mass Number A

FIGURE 37  The neutron-capture reaction rate shown as a function of the mass num-

ber A at the rhodium (Z = 45) region of interest. The experimental values

found in AME20 [1] are marked in light blue with a 1 ¢ uncertainty band,

while the values affected by mass measurements of this work are marked

in pink with a 1 ¢ uncertainty band. The neutron-capture reaction rates cal-

culated from the masses produced by the FRDM12 [37], Skyrme-HFB [115]
and Gogny-HFB [116] models are also shown.



8 SUMMARY AND OUTLOOK

This thesis reported on two different projects related to Penning trap mass spec-
trometry. First, this work provides the results of the commissioning of the PIPER-
ADE double Penning trap during years 2020 — 2021. The commissioning was
done and is still ongoing at the LP2I Bordeaux, for the future DESIR facility. At
the beginning of this work no ion trapping had been yet performed with PIPER-
ADE. After the ion trapping in the first trap of PIPERADE was successful, the
different excitations needed in the buffer gas cooling technique were performed.
The buffer-gas cooling technique was successfully commissioned and is now rou-
tinely used at the PIPERADE Penning trap. After the buffer gas cooling technique
has been used to select the ion of interest, trapping in the second trap of PIPER-
ADE started. During this work the first excitations in the second trap were per-
formed leading up to performing the very first TOF-ICR resonance in late 2021.
The commissioning of the TOF-ICR technique for mass measurements at PIPER-
ADE is still ongoing but the first mass measurements were done during late 2022.
In the future the position sensitive MCP detector will be used to commission the
PI-ICR technique for mass measurements and phase dependent cleaning. The
transfer of the PIPERADE Penning trap from LP2I Bordeaux to the radioactive
ion beam facility DESIR is planned for 2025.

Secondly, precision mass measurements were performed utilizing the
JYFLTRAP double Penning trap at the Accelerator Laboratory of University of
Jyvéaskyld. Altogether masses for 15 ground states and eight isomeric states of
neutron-rich refractory nuclei were measured utilizing either the PI-ICR or the
TOF-ICR mass measurement technique. The precision mass measurements were
performed on the following nuclei : 10112114116118120Rpy 113,115,117k, 104y 104Np,
1067, 109Nb, 1Mo, 112Mo. This region is known for low-lying isomeric states,
thus the isomeric states in 110112114116,118Rh and 113115Ry were separated utiliz-
ing the PI-ICR technique and their masses measured independently. This pro-
vides the excitation energies for all of the isomeric states. It was found that for
example the isomeric state energy in !'2Rh is actually E, = 38.4(19) keV instead
of the E; = 370(40) keV reported on AME20 [1] based on a privately commu-
nicated B-decay study. Due to the way the '2Rh isomeric and ground states
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were produced, via proton induced fission on a "U target and in-trap decay of
2Ry, the identification of the states was done by performing half-life measure-
ments. Thus this work also provides new half-lives for the ground state of !2Rh,
Ty /> = 2.22(13) s, and for the isomeric state, T;,, = 6.96(8) s. The new ground
state half-life differs significantly from the literature value, Ty, = 3.6(3) s, by
more than 40, while the isomeric state half-life is in good agreement with the lit-
erature. This work confirms that indeed the ground-state is the low-spin state
and the isomeric-state is the high-spin state. In the future this region would
benefit from decay-spectroscopy measurements to determine the spin/parities
of the different states more confidently, since at the time of this work most of the
spin/parity assignments are tentative.

The masses measured in this work were compared to the global mass model
BSkG1 and BSkG2. For the rhodium and ruthenium isotopes, the BSkG1 model
agrees well with the experimentally determined values. During the comparison
of the mass differences calculated from the experimental and model masses it
was noticed that the BSkG1 model produces the trend of the odd-even staggering
parameter AS}) well, but the absolute magnitude was significantly higher for the
odd-Z nuclei than the experimental values. For the even-Z nuclei the agreement
was good. The difference seen in odd-Z nuclei was interpreted as the model not
correctly accounting for the interaction of the odd-proton and odd-neutron. In
the future this will be taken into account in the next evolutions of the model.

The two different projects done in the framework of this thesis were com-
plementary: commissioning a new Penning trap for a future radioactive ion beam
facility and utilizing an operational Penning trap for mass measurements of ex-
otic neutron-rich refractory nuclei. The mass measurements have extended and
define more precisely the mass surface trends in the region. The new mass mea-
surements of the exotic neutron-rich nuclei were found, yet again, to be important
for testing the theoretical mass models. In the future of precision mass spectrom-
etry the reach of Penning traps can be improved using the Multi-Reflection Time-
of-Flight (MR-TOF) device for a fast selection of ions of interest, making this step
faster. The IGISOL facility has an MR-TOF device and one has been planned to
be installed at the upcoming DESIR facility. The region of neutron-rich refractory
nuclei of interest in this work proves still to have a lot of experimentally un-
known nuclear observables. For example the spins and parities of the states are
tentative. In this work the half-life of ''?Rh ground state was measured to be over
4¢ different than the literature value, highlighting the importance of Penning trap
purified ion samples for half-life measurements. In the BSkG1 model the defor-
mation is predicted to decrease when approaching the N = 82 shell closure, and
for example for rhodium isotopes it was seen as a flattening of the two-neutron
separation energy trend. In the future facilities some of these very exotic nuclei
will be produced and their masses, as well as other properties, will be measured.
This will help to understand the shape evolution from the midshell region up to
the N = 82 shell closure.
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Precision mass measurements of neutron-rich rhodium isotopes have been performed at the JYFLTRAP
Penning trap mass spectrometer at the lon Guide Isotope Separator On-Line (IGISOL) facility. We report results
on ground- and isomeric-state masses in %112 114116.118Rh and the very first mass measurement of '*’Rh. The
isomeric states were separated and measured for the first time using the phase-imaging ion-cyclotron-resonance
(PI-ICR) technique. For ''?Rh, we also report new half-lives for both the ground state and the isomer. The
results are compared to theoretical predictions using the BSkG1 mass model and discussed in terms of triaxial

deformation.

DOI: 10.1103/PhysRevC.107.014306

I. INTRODUCTION

Neutron-rich rhodium isotopes (proton number Z = 45)
are located in a region known for rapid and drastic changes in
nuclear structure and coexisting strongly deformed and spher-
ical shapes [1]. At Z & 40 and neutron number N =~ 60, the
strongly deformed configuration becomes the ground state.
The atomic mass can be used to probe the evolution of nuclear
structure along isotopic chains: the sudden onset of prolate
ground-state deformation has been observed as a kink in two-
neutron separation energies in the isotopic chains from Rb
(Z = 37) to Mo (Z = 42) [2-5]. The same shape change has
been observed as a steep increase in the mean-square charge
radii [6-11]. This is one of the most dramatic shape changes
on the nuclear chart.

Above Z & 42, the shape transition becomes smoother but
the situation remains complex. Coulomb excitation experi-
ments of Ru and Pd isotopes with neutron numbers between
N = 60 and 66 [12—-14] indicate that these nuclei exhibit triax-
ial deformation. Their nuclear density in the intrinsic frame no
longer has any rotational symmetry axis. In addition, the struc-
ture of neutron-rich Rh isotopes has been explored via prompt
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y-ray spectroscopy of fission fragments [15,16]. Comparison
of the studied band structures with triaxial projected shell
model (TPSM) calculations indicate a need for large, nearly
constant, triaxial deformation in ''-''”Rh [16]. Several theo-
retical models [5,17-19] predict an additional contribution to
the binding energy of triaxial nuclei compared to axially sym-
metric configurations. Most theoretical approaches predict the
largest energy gains due to triaxial deformation in the vicinity
of '%Ru [17,20-22].

The masses of neutron-rich odd-odd Rh isotopes have
not been accurately known prior to this work due to
the presence of low-lying long-living isomeric states [23].
The previous mass measurements [24,25] on these isotopes at
the JYFLTRAP double Penning trap [26] could not resolve
the isomeric states, with the exception of 108Rh, because of
the techniques used at the time.

The existence of two long-living states in neutron-rich odd-
odd Rh isotopes has been well established via f-decay studies.
The low-spin (17) states are strongly fed in the B8 decay of
even-even ''112114Ry nuclei [27,28] and have strong decay
branches to the 0" states in the Pd isotopes [29-31], whereas
the high-spin Rh isomers g decay dominantly to high-spin
states in even 1*118Pd isotopes [29-34]. Because of the large
spin difference, the internal transition is not favored and the
excitation energies of these isomeric states have remained
largely unknown [23]. Only in '®Rh has the excitation energy
of the isomeric 5" state (129 keV) been precisely established
through y-ray spectroscopy. In '%Rh, a 67 state is proposed
at 137(13) keV based on S-decay endpoint measurements
[23,35] whereas a 5% state is proposed at 113.0(75) keV

©2023 American Physical Society


https://orcid.org/0000-0002-4317-3628
https://orcid.org/0000-0002-4775-4403
https://orcid.org/0000-0002-1990-0848
https://orcid.org/0000-0001-8707-3410
https://orcid.org/0000-0003-0003-6022
https://orcid.org/0000-0003-1082-7602
https://orcid.org/0000-0001-6515-2409
https://orcid.org/0000-0002-1441-9094
https://orcid.org/0000-0002-0053-1691
https://orcid.org/0000-0001-5717-2426
https://orcid.org/0000-0002-2353-7455
https://orcid.org/0000-0002-3852-2643
https://orcid.org/0000-0001-9798-0655
https://orcid.org/0000-0002-0451-125X
https://orcid.org/0000-0002-6103-2845
https://orcid.org/0000-0003-4047-8757
https://orcid.org/0000-0003-1298-7431
https://orcid.org/0000-0003-4198-1960
https://orcid.org/0000-0002-6817-7254
https://orcid.org/0000-0002-9380-9831
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevC.107.014306&domain=pdf&date_stamp=2023-01-17
https://doi.org/10.1103/PhysRevC.107.014306

M. HUKKANEN et al.

PHYSICAL REVIEW C 107, 014306 (2023)

in '%Rh based on a time-of-flight ion-cyclotron-resonance
(TOF-ICR) mass measurement performed at JYFLTRAP [25].
For heavier Rh isotopes, the energies of the long-lived iso-
meric states have not been measured. Finally, it should be
noted that the order of the two long-living states is established
only in '™Rh and '°Rh, via y-ray spectroscopy ('**Rh) or
B-decay endpoint energies ('’°Rh). For all the other Rh iso-
topes discussed in this work, the ordering of the two long-lived
states is not firmly confirmed.

In this work, we studied odd-odd ''°'?°Rh isotopes via
high-precision Penning-trap mass spectrometry. With the
novel phase-imaging ion-cyclotron-resonance (PI-ICR) tech-
nique at JYFLTRAP [36-38], we have resolved the ground
and isomeric states in !10:112114.116.118 R} jsotopes for the first
time. The reported measurements yield more accurate ground-
state mass values as well as first direct determinations of the
isomeric-state excitation energies. In '>°Rh we report on the
first ground-state mass measurement.

The measured masses provide essential data to improve
future models of nuclear structure, particularly those that aim
to describe nuclear masses. To benchmark existing models,
we compare our experimental results to the recent global
model BSkG1 [22]. This model is based on self-consistent
Hartree-Fock-Bogoliubov (HFB) calculations using a Skyrme
energy density functional (EDF) and aims at a global yet
microscopic description of nuclear structure. Following the
protocol developed for the earlier BSk-models (see Ref. [39]
and references therein), the model parameters have been ad-
justed to essentially all binding energies tabulated in Atomic
Mass Evaluation 2016 (AME16) [40], all known charge radii
[41] and realistic infinite nuclear matter properties. The result-
ing model achieves a root-mean-square deviation of 741 keV
for the 2457 known masses of nuclei with Z > 8 included in
Atomic Mass Evaluation 2020 (AME20) [42].

II. EXPERIMENTAL METHODS

Precision mass measurements of neutron-rich rhodium
nuclei were performed at the Ion Guide Isotope Separator On-
Line (IGISOL) facility [43] utilizing the JYFLTRAP double
Penning trap [26]. The measured isotopes were produced in
proton-induced fission, with 25-MeV protons from the K130
cyclotron impinging on a thin (15 mg/cm?) natural uranium
target. The proton beam intensity was varied in the range
1-10 pA depending on the studied case. The fission fragments
were stopped in helium gas at about 300 mbar and extracted
using a sextupole ion guide (SPIG) [44]. The secondary beam
was accelerated to 30g kV and mass separated based on the
mass-to-charge m/q ratio with a 55° dipole magnet, which has
a mass resolving power of m/Am =~ 500. The mass-separated
beam was then transported to the buffer-gas filled radio-
frequency quadrupole (RFQ) cooler-buncher [45]. To control
the number of ions injected into the RFQ cooler-buncher,
an electrode after the dipole magnet was connected to a fast
switch to serve as a beam gate.

The cooled ion bunches from the RFQ were directed to
the JYFLTRAP double Penning trap mass spectrometer [26],
which consists of two cylindrical Penning traps housed in-
side a 7 T superconducting magnet. First, the ion bunch

was injected into the purification trap where the ion sample
was cooled, centered and cleaned utilizing the mass-selective
buffer gas cooling technique [46]. Typically, a mass resolv-
ing power of m/Am ~ 10° is reached, which in most cases
allowed removal of the isobaric contamination. The cleaned
ion sample was transferred to the precision trap, where the
mass determination of an ion was performed through the
measurement of its cyclotron frequency v,:

= Ldp (1)
2 m

where g/m is the charge-to-mass ratio of the ion and B is
the magnetic field strength. To determine the magnetic field
strength with enough precision, the cyclotron frequency of
a reference ion with a well-known mass is measured. These
references are measured alternatively with the ion of interest,
in order to reduce the effect of the drift of the magnetic
field. Utilizing the cyclotron frequency ratio R = v ef/ Ve,
determined with singly charged ions, the atomic mass of the
nuclide of interest m is then deduced as

m= R(mref - mE) + m, (2)

where m, is the mass of an electron and m,¢ is the atomic mass
of the reference nuclide. In our experiment, '33% Cs ions from
the IGISOL offline ion source station [47] were used for most
of the measurements. For 1122+ Rh ions, 3>t Rb ions from the
offline ion source station were used as a reference.

When one of the states, ground or isomeric state, was
measured against a well-known reference, it was later used
as a reference for the other state, i.e., the ground state was
measured against the isomeric state or vice versa. The refer-
ence for each measurement has been tabulated in Table 1. The
energy difference between the ground and the low-lying iso-
meric states, i.e., the excitation energy of the isomer E,, was
calculated utilizing the frequency ratio R determined when
these two states were measured against each other:

E. = (R — D)[myer — me]c?. A3)

In the precision trap, the measurement of the ion cyclotron
frequency was performed utilizing either the time-of-flight
ion-cyclotron-resonance technique (TOF-ICR) [48,49] or the
phase-imaging ion-cyclotron-resonance technique (PI-ICR)
[36-38]. In the TOF-ICR technique an ion’s radial energy
is increased by a quadrupolar excitation and converted to
axial energy when the ions travel through the magnetic field
gradient after extraction from the precision trap. For the res-
onant ions this results in a shorter time of flight measured
with a microchannel plate (MCP) detector. From the time-
of-flight resonance the cyclotron frequency of the ion is then
determined [49]. To increase the precision, a technique called
Ramsey method of time-separated oscillatory fields [50,51]
can be applied: a measurement scheme where the quadrupolar
excitation is performed by two short pulses separated by a
waiting time. The Ramsey technique with a pattern of 10-
30-10 ms (on-off-on) was used for the most exotic isotope
measured in this work, namely '2°Rh (see Fig. 1). The PI-ICR
technique was utilized for all the other cases.
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FIG. 1. TOF-ICR resonance using a 10-30-10 ms (on-off-on)

Ramsey excitation pattern for *’Rh*. The mean data points are
shown in black, the fit of the theoretical curve [50] in red.

In the PI-ICR technique, the determination of the ion’s
cyclotron frequency is based on a measurement of the propa-
gation of the ion’s radial motions, magnetron motion v_ and
modified cyclotron motion v, projected onto a position sen-
sitive MCP detector (2D MCP). For this purpose, first a dipole
pulse at the ion’s modified cyclotron frequency is applied. The
excitation scheme depends on which ion motion propagation
is being measured. In the cyclotron phase ¢, measurement,
the ion is let to accumulate phase for a time #,.. on the modi-
fied cyclotron motion which is then converted with a  pulse
to magnetron motion. In the magnetron phase ¢_ measure-
ment, the modified cyclotron motion is first converted with a
7 pulse to magnetron motion, which is then accumulated for a
time t,.. before extraction. The measurement pattern utilized
at JYLFTRAP is described in more detail in Refs. [37,38] and
the PI-ICR measurement technique in general in Ref. [36]. As
an example the measurement of the cyclotron phase spot for
18Rh* is shown in Fig. 2, where the separation of the ground
state from the isomeric state is seen with a phase accumulation
time of 170 ms.

The measured phase difference of the ion’s propagated
radial motions ¢, = ¢ — ¢_ is related to the ion cyclotron
frequency:

¢+ 27n
e = V- =— ", 4
: v 2j'n‘acc ( )

where n is the number of the full ion revolutions in the pre-
cision trap. The accumulation time #,.. is selected to be a
compromise where the half-life of the ion of interest, phase
spot separation of different ion species, vacuum conditions,
and the stability of the electric field of the precision trap are
considered. The phase accumulation times were 700 ms for
the "'"Rh* measurements, 1 s for ''?Rh*, 300 ms for ''2Rh?™,
450 ms for '"Rh* and '"®Rh*, and 170 ms for | Rh*.
For '"'Rh*, 19y 1°0* jons were observed in the precision
trap. Therefore an additional cleaning step using the Ramsey
cleaning method [52] was applied before the phase accumula-
tion. To unambiguously determine n in Eq. (4), the cyclotron
frequency was determined with the TOF-ICR technique and
at least two phase accumulation times were applied before the
actual mass measurements.

8
20f
7
15¢
10} 6
5t 5
=
g 0 4
>
_5 . 3
m:
—-101 2
_15 L
1
118Rp + Cyclc_)tron
—20r motion o
-20 -10 0 10 0
x [mm] Number of

detected ions

FIG. 2. Ton projection of the cyclotron phase spot of ''|Rh*
on the 2D MCP detector. The ''®Rh ground state (g.s.) versus the
isomeric state (m.) are separated with a 170 ms accumulation time.
The phase difference A¢, corresponds to an excitation energy of
189(6) keV.

A count-rate class analysis [38,53] to account for the ion-
ion interactions was performed when statistically feasible.
Temporal magnetic field fluctuations of §B/B = 2.01(25) x
10712 min~! x 8¢ [38], where 87 is the time between the
measurements, were taken into account in the analysis. For
measurements, where '3Cst or Rb* ions were used as a
reference, a mass-dependent shift of §,,r/r = —2.35(81) x
107'°/u x (myef — m) [38] and a residual systematic uncer-
tainty of S /r =9 % 1072 [38] were added quadratically to
the final frequency ratio uncertainty. For the mass doublets
(i.e., ground state vs isomer), the mass-dependent and the
residual systematic uncertainties are negligible. Systematic
uncertainties of the magnetron phase advancement and sys-
tematic angle error [38] were also taken into account.

In addition to mass measurements, the mass-selective
buffer gas cooling technique [46] was used to select '>’Rh*
and ""?Rh?* ions for post-trap spectroscopy in order to iden-
tify the states and determine their half-lives. After injection
to the purification trap, the ions at A = 112 were let to cool
for roughly 60 ms, followed by a 10 ms dipolar excitation
at the magnetron frequency. During this time, a fraction
of the ""Ru™ ions [J* = 0%, Tj;» = 1.75(7) s] beta decay
to "">’Rh**, feeding only the low-spin (1) state in ''>Rh,
whereas fission dominantly produces ''>Rh in the high-spin
state. The ions of interest were selected using a 120 ms
quadrupolar excitation either at the "> Rh™ (from fission) or
"2Rh?* (from in-trap decay) cyclotron frequency, extracted
out of the trap, and implanted every 194 ms on a thin alu-
minum foil in front of a silicon detector after the Penning trap.
The signals were read and time-stamped with the Nutaq data
acquisition system with a 105 MHz clock.
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TABLE 1. Frequency ratios (R), mass excess values [ME = (m — Au)c?], and isomer excitation energies (E,) measured in this work. The
masses of '*3Cs and ¥ Rb reference ions were taken from the AME20 [54], whereas the masses determined in this work were used for the Rh
reference ions (Ref.). The spin-parities /™ and half-lives 7}, were taken from NUBASE20 [23], except for 2R, for which the half-lives are
from this work. For comparison, the mass-excess values MEj; from AME20 [54] and excitation energies E, ;. from NUBASE20 [23] are also

provided, where # marks an extrapolated value.

Nuclide I Ty Ref. R = Vg et/ Ve ME (keV) ME;;, (keV) E, (keV) E. 1. (keV)
10RK (1) 3.35(12) s HORK™  0.999 999 629(15) —82702.4(23) —82 829(18)
HOR ™" (6") 28.5(13) s 133Cs 0.826 987 604(15) —82664.3(18)  —82 610(150)# 38.0(15) 220(150)#
12Rh (1) 2.22(13) s* 85Rb 0.659 002 526(11)° —79 603.7(17) —79 730(40)
2Ry 61) 6.96(8) s 133Cs 0.842 060 991(16) —79 565.2(19) 38.5(26)

12Rh 1.000 000 368(27) —79 565.4(33) 38.3(28)

Weighted mean —79 565.2(17) —79 390(60) 38.4(19) 340(70)

4Rh 1t 1.85(5) s 133Cs 0.857 140 868(21) —75 662.7(26) —175 710(70)
H4Rp" (77) 1.85(5) s 14Rh 1.000 001 045(30) —75551.8(41)  —=75510(170)#  110.9(32) 200(150)#
16Rh 1t 685(39) ms 133¢Cg 0.872 229 073(17) —70729(2) —70 740(70)
HoRp™ 67) 570(50) ms 6Rh 1.000 001 119(18) —70608.3(28)  —70540(170)#  120.8(19) 200(150)#
18Rh 14 282(9) ms 13B3Cs 0.887 323 752(40) —64 994(5) —64 887(24)
18Rp™ 6 # 310(30) ms 18Rh 1.000 001 720(55) —64 804.9(78)  —64 690(150)# 189(6) 200(150)#
120Rh 8 # 129.6(42) ms 133cs 0.902 423 642(470) —58 614(58) —58 620(200)#

4Half-life determined in this work; see Sec. III B 2.
bMeasured with doubly charged ''>Rh>* ions.

III. RESULTS

In total, we report six ground-state and five isomeric-state
masses, which are summarized in Table 1. The mass of 12°Rh
and the isomeric states in !!%-!114116.118R were measured for
the first time. We have also determined the excitation energies
of the isomers for the first time and show that the previously
determined excitation energy of !'’Rh isomer deviates signif-
icantly from our result (see Table I and Fig. 3). Comparison to
the previous JYFLTRAP mass measurement by Hager et al.
[25] and to the AME20 [54] values is given in Fig. 4. Taking
into account the ground- and isomeric-state yields, our results
show a reasonable agreement with the values reported by
Hager et al. [25], where the measured masses were unresolved
mixtures of the ground and isomeric states. Below, we report
the results and compare to the literature for each of the iso-
topes separately.

A. "'Rh

For ""Rh (N = 65), the measured mass excess of the
ground state is —82702.4(23) keV and —82664.3(18) keV
for the isomer. The excitation energy of the isomer, E, =
38.0(15) keV, was directly extracted from the measured
ground-state-to-isomer frequency ratio. The ground-state
mass value determined in this work is 126(18) keV larger
than the AME20 value, which is based on S-decay endpoint
energies from Jokinen et al. [27] and a private communication
[55] (see Fig. 4). However, our ground- and isomeric-state
results are consistent with the earlier JYFLTRAP measure-
ments done for a mixture of ground and isomeric states using
the buffer-gas cooling technique in the first trap, —82640(70)
keV [24], and with the TOF-ICR technique in the second trap,
—82674(8) keV [25]. Here we provide the first direct mass
measurements of the ground and isomeric state of ''°Rh.

B. '"2Rh
1. Mass measurements

The fission yield of ''>Rh (N = 67) is largely dominated
by the high-spin state, and as explained in Sec. II the low-spin
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FIG. 3. Systematics of the ground and isomeric states in
104-118ph isotopes. The literature values from NUBASE20 [23]
are shown in black, while the energies measured in this work at
JYFLTRAP are shown in red. The spin-parities are adopted from
NUBASE20 [23]. For ''?Rh, we confirm the order of the states and
show that it was previously significantly overestimated.
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NUBASE?20 [23] (black squares) and the earlier JYFLTRAP results obtained with the TOF-ICR technique by Hager et al. (blue diamonds)
[25]. Prior to this work, only the mass of the !'>Rh isomer had been experimentally determined, whereas the rest of the isomeric states were

based on extrapolations (shown with open black squares) [23].

state of !'Rh can be exclusively produced by the in-trap
decay of the even-even ''>Ru. The latter method was there-
fore used to determine the mass excess of the low-spin
state of ''”Rh in this work. The resulting mass excess of
—79603.7(17) keV is 27(9) keV lower than reported for
a mixture of the isomeric and ground states in Ref. [25].
We note that our result is 127(44) keV higher than the
AME20 value, —79 730(40) keV [54], in which the previous
JYFLTRAP measurements contributed by 16% [24] and 19%
[25], whereas a §-decay study based on private communica-
tion had a 66% contribution [55].

For the high-spin state produced directly by fission, the
final value for the mass excess, —79 565.2(17) keV, was taken
as the weighted mean of the PI-ICR measurements performed
with a 1 s accumulation time against (i) the !'?Rh ground state
[—79565.4(33) keV] and (ii) **Cs [~79565.2(19) keV]. In
the measurement (i) the reference (ground state) statistics
were rather low, thus the measurement was repeated with
133Cs as a reference. Thus, the ''2Rh mass measurements now
allow us to determine unambiguously that the low-spin state
is the ground state of ''?’Rh whereas the high-spin state is the
isomer. The excitation energy of the isomer was determined
from the difference between the mass-excess values of the
isomer and the ground state, E, = 38.5(26) keV, as well as
directly from the isomer against the ground state measure-
ment, E, = 38.3(28) keV. The weighted mean, E, = 38.4(19)
keV, was adopted as the final value. The excitation energy is
significantly (more than 40) lower than the NUBASE20 [23]
value, E, = 340(70) keV, which is based on an unpublished
B-decay study [55].

2. Half-life measurements

In order to further confirm the order of the low- and high-
spin states, B-decay half-lives of the ground and isomeric
states of ''2Rh have been determined using a silicon detector
located after the JYFLTRAP Penning trap. The first measure-
ment, performed with an isomerically mixed beam of ''>Rh*
produced directly in fission [see Fig. 5(a)], was performed
with a cycle of 2 s of waiting period, followed by 38.8 s
of implantation and 80 s of decay. The second measurement

was performed with the pure beam of the low-spin ''?Rh**
ground-state ions produced by in-trap decay of ''*Ru* [see
Fig. 5(b)]. In this case, the cycle consisted of 2 s of waiting
time, 14.6 s of implantation, and 25 s of decay.

The data were fitted using the Markov chain Monte
Carlo (MCMC) method. Depending on the dataset, the fit-
ting models consisted of exponential functions, two for the
isomerically mixed '">Rh* and one for ''>Rh?*, as well as a
constant background. The choice of this model is justified as
the half-life of the daughter isotope 12pq (13 2~ 21 h [56])
is much longer than the ''’Rh half-lives. Both datasets were
fitted simultaneously, with the 12RK ground-state half-life
being a parameter shared by both models.

The extracted half-lives are 2.22(13) s for the ground state
and 6.96(8) s for the isomer. The latter is in good agreement
with 6.73(15) s from Ref. [30] and 6.8(2) s from Ref. [29].
The ground-state half-life is more than 100 away from the
value reported in the ENSDF evaluation [7i,, = 3.6(3) s
[56]]; however, it agrees with the result reported in Ref. [27]
[Ti/ = 2.1(3) s]. It should be noted that the ENSDF value
relies on Refs. [29,30]. In all three publications, the beam
had a significant !'?Ru contamination which decays to the
low-spin ground state of ''">Rh. However, only in the work
by Jokinen et al. [27] was this effect taken into account.

Around 14(2)% of the ''>Rh nuclei were in their ground
state based on the PI-ICR measurement. This value was mea-
sured with 1 s accumulation time, and only statistical uncer-
tainty has been accounted for. The same ratio extracted from
the half-life fits, 1 s after the implantation has been stopped, is
equal to 16(2)%. The two results are in excellent agreement.
The combination of independent mass measurements of the
two states, together with the half-life measurements, allow us
to unambiguously assign the 17 state as the ground state of
2Rh, and the high-spin (67) state as the isomer.

C. "Rn

The measured ground-state mass excess of "“Rh (N =
69), —75662.7(26) keV, is in agreement with the AME20
[54] value based on Hager ef al. (59%) [25] and Kolhinen
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FIG. 5. Decay curves of !'>Rh for the Penning-trap purified sam-
ples of (a) '"Rh™ directly produced in fission and (b) ''?Rh**
produced via in-trap decay of ''>Ru™. The green and blue dash-
dotted lines indicate the contribution of the ground state [T}, =
2.22(13) s] and the isomer [T}, = 6.96(8) s] decays, respectively.
The lower panels show the residuals of the fit.

et al. (41%) [24]. The mass excess of the isomer ''“Rh™,
—75551.8(41) keV, was measured for the first time. The ex-
citation energy of '"*Rh™, E, = 110.9(31) keV, was directly
obtained from the measurement against the ground state and
determined for the first time. Contrary to the other Rh isotopes
studied in this work, the fission yield was dominated by the
ground state. The ground state is presumably 17 and the iso-
mer (77) [23,57]; however, the order of the low- and high-spin
states has not yet been confirmed experimentally. Such an
inversion in the observed isomeric fission yield ratio could be
an indication of an inversion between the low-and high-spin
states. Another explanation could be that the half-life for the
high-spin state is much shorter than reported in literature,
where the states have identical half-lives [23].

D. "*Rn

The measured mass-excess value for the ground state
of "oRh (N =71), —70729(2) keV, agrees well with the
AME20 [54] value, —70740(70) keV, but is 35 times more
precise. The AME20 value is based 63% on the JYFLTRAP
measurement by Hager et al. [25] and 37% on an average
between the earlier JYFLTRAP measurement [24] and the
storage-ring experiment using isochronous mass spectrometry
(IMS) at GSI [58].

The mass of ''°Rh™, —70 608.3(28) keV, has been deter-
mined for the first time in this work. Its excitation energy,
E, = 120.8(19) keV, was directly obtained from the measure-
ment against the ground state. The isomer has been assumed
to have spin-parity (67) based on the S-decay feeding to a
(6™) state in the daughter nucleus and no feeding to levels
with J < 4 [23,59].

E. "8Rh

The measured mass-excess value for the ground state of
18Rh (N = 73), —64994(5) keV, is 107(25) keV lower than
the AME20 value [54] based mainly on the previous study at
JYFLTRAP [25], where a mass excess of —64 894(24) keV
was determined for a mixture of the ground and isomeric
states. In addition, ''8Rh has been measured via IMS at GSI,
—64 830(270) keV [60].

The isomeric state '*Rh™ was resolved from the ground
state and measured for the first time (see Fig. 2). Its mass ex-
cess is —64 804.9(78) keV and the excitation energy, directly
determined from the measurement against the ground state,
is E, = 189(6) keV. There is no experimental information on
the spin-parities of the ground and isomeric states but they are
assumed to be 17 and 6~ based on systematics [23].

F. 'Rh

The mass of '°Rh (N = 75) was measured experimen-
tally for the first time (see Fig. 1). The mass-excess value,
—58614(58) keV, is very close to the extrapolated value
in AME20, —58 620(200)# keV [54]. Whereas the ground
state has a half-life of around 130 ms [23,61-63], the known
isomeric state in °Rh is too short-lived (7} 2 =295(16) ns
[64]) for a Penning-trap measurement. The spin-parities of the
ground and isomeric states of '2’Rh are unknown.

IV. DISCUSSION

We start by introducing mean-field modeling of nuclear
masses and the BSkG1 model in Sec. IV A. The experimen-
tal mass values obtained in this work are compared to the
predictions from the BSkG1 model in Sec. IV B, whereas two-
neutron separation energies, as well as other mass differences,
are discussed in Sec. IV C. The quadrupole deformation, its
evolution, and their role in the region are further discussed in
Sec. IV D and the case of ''>Rh in Sec. IVE.

A. Mean-field modeling of nuclear masses

The BSkG1 model is based on self-consistent HFB cal-
culations using a Skyrme EDF [22]. In such approaches one
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searches for the nuclear configuration that minimizes the total
energy in a large variational space, which generally includes
symmetry-broken Bogoliubov states that correspond to nuclei
that are not spherically symmetric. In this way, the shape
of the nucleus in its ground state arises naturally as a pre-
diction of the model. It is usually characterized in terms of
the multipole moments Qy,, of the nuclear density, which we
define in Sec. IV D, and whose relative importance generally
quickly decreases with increasing £ [22]. Not all possible
multipole moments are explored by all nuclei, since many of
them take shapes that are symmetric in some way. This fact
is often exploited by practical implementations that enforce
commonly found symmetries to reduce the computational
cost. For example, the triaxial shapes we study here combine
nonzero values for both quadrupole moments Q»y and QO
but are only encountered in specific regions of the nuclear
chart [22]. By assuming axial symmetry, i.e., by considering
only shapes with one rotational symmetry axis, a significant
amount of computational effort can be saved at the cost of
possibly missing some physics.

An EDF-based model is characterized by a sizable num-
ber of parameters, which need to be fitted to experimental
data using one of many different possible strategies. The
standard procedure constructs the objective function for this
parameter adjustment from the masses and charge radii of a
few, usually spherically symmetric, even-even nuclei, nuclear
matter properties, and some spectroscopic information. With
only a few exceptions, the parametrizations constructed this
way are nevertheless applicable to the modeling of all nuclei,
independent of their shape. Some of these parametrizations
have been widely used for local studies of nuclear structure
in small regions all over the nuclear chart; examples that
studied the appearance of triaxial shapes in the mass region
of interest here are Refs. [5,17-19]. There also exist more
global mass-table calculations with such parametrizations, but
in the majority of cases these are limited to even-even nuclei
with axial shapes [65,66], with some of them also including
nonaxial shapes [67,68]. Large-scale calculations of this kind
including odd- and odd-odd nuclei are even more sparse, an
exception being Ref. [69]; however, these calculations are
restricted to axial shapes only.!

Despite their usefulness for the study of differential quan-
tities in small regions of the nuclear chart, such “standard”
models usually do not describe absolute binding energies
well: their objective function includes but a handful of nuclei,
resulting in root-mean-square (rms) deviations with respect to
the entirety of known masses that can reach 10 MeV [22] and
are generally not smaller than 1 MeV. This former strategy
has to be contrasted with that adopted by what we refer as
global models: their adjustment includes, among other things,
the binding energies and charge radii of almost al/l nuclei for
which data are available, be they even-even, odd, or odd-
odd. Including this large amount of data in the fit typically
results in rms deviation on all masses that lie between 600—
800 keV [39]. The lowest rms deviations, for microscopic

'The update of the database also considers nonaxial shapes for
even-even nuclei.

TABLE II. Mass excesses of the odd-odd Rh isotopes measured
in this work (JYFLTRAP) and those obtained with the BSkG1 model
[22] and differences (Diff.) between both, all expressed in keV. To
illustrate the impact of nonaxial shapes, results from calculations
restricted to axial symmetry BSkG1, and their difference from ex-
periment (Diff.,y) are also given. We remind the reader that BSkG1
describes essentially all known masses in AME20 with an rms error
of 741 keV.

Mass excess (keV)

Nucleus N  JYFLTRAP BSkGl Diff. BSkGl, Diff.,
Rh 65 —82702.4(23) —83408 —706 —81545 +1157
2Rh 67 —79603.7(17) —80263 —660 —78386 +1218
MRh 69 —75662.7(26) —76401 —739 —74538 +1125
6Rh 71 —70729(2) —71538 —809 —70168 +561
8RR 73 —64994(5) —65776 —783 —65090 —96
20Rh 75 —58613.8(58) —59412 —799 —59373 —763

and microscopic-macroscopic models alike, are generally not
lower than 500 keV [21,70].

However, including more than a handful of nuclei requires
allowing for nuclear deformation during the parameter adjust-
ment, which is computationally costly. Most global models,
EDF-based or not, were adjusted for this reason with the
assumption of axial symmetry. The first global model to
overcome this limitation is the 2012 version of the semimi-
croscopic finite-range droplet model [21]. The authors of
Ref. [20] achieved a first global EDF fit that allowed for tri-
axial shapes, although some of the model ingredients for odd-
and odd-odd nuclei were interpolated from adjacent even-even
nuclei.

Profiting from recent numerical and algorithmic develop-
ments, BSkG1 is the first global model based on a Skyrme
EDF that allowed for all nuclei to take nonaxial shapes dur-
ing the parameter adjustment. This was achieved with the
MOCCa code [71], a tool that represents the single-particle
wave functions on a three-dimensional coordinate-space
mesh. It offers both an easily controlled numerical accu-
racy [72] and also advanced algorithms to achieve a rapid
and stable solution of the self-consistent Skyrme-HFB equa-
tions [73].

The calculations we report on here were performed using
the same tool, in identical numerical conditions as in Ref. [22].
We repeat here only the main features of our treatment of
nuclei with an odd neutron number, an odd proton number, or
both: for each nucleus we performed multiple self-consistent
blocking calculations using the equal-filling approximation
[74]. Among such a set of calculations, we selected the ground
state as the one with lowest energy after convergence.

B. Comparison of mass values to the BSkG1 model

The measured mass excesses, the BSkKG1 values [22] and
the differences between both are shown for the Rh isotopes in
Table II. The model overbinds all isotopes with a remarkably
constant energy difference on the order of 700 keV. This value
is close to the overall rms deviation BSkG1 achieves on all nu-
clear masses, indicating that the Rh isotopes are, on average,
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neither better nor worse described than other isotopic chains.
The difference between theory and experiment is nevertheless
several orders of magnitude larger than the experimental un-
certainty, but this reflects the current state of the art of global
mass models such as BSkGI.

To illustrate the additional energy gain due to triaxiality,
Table II also lists the mass excesses obtained when restrict-
ing the calculations to axial shapes (BSkGl.), as well as
its difference (Diff.,x) from experiment. The full calculation
leads to binding energies that are larger than those obtained
from an axial calculation, as expected from the variational
principle. With the exception of '2°Rh, the energy gain due
to triaxiality is large, up to 1.9 MeV for ''°Rh, and depends
on N. Subtracting this energy gain results in calculated mass
excesses that increase faster with neutron number than the
measured ones, as is reflected also in the mass differences we
discuss below.

Calculations spanning the nuclear chart that account for
triaxiality are scarce, but all of them predict triaxial deforma-
tions in the vicinity of ' Ru [20-22,67,68,75]. The strength
of the effect, as evaluated by the theoretical energy gain due
to triaxial deformation, is strongly model dependent. The
microscopic-macroscopic model of Ref. [75]* predicts the
largest energy effect for '®Ru at about 500 keV. They obtain
triaxial deformations for several isotopes in the Rh chain, but
the energy gain is often smaller than 300 keV. These values
are much smaller than the ones found for BSkG1, which in
this mass region are often significantly larger than 1 MeV, see
Table II, and can even reach 2.3 MeV for ''?Tc. The larger
BSkG1 values are in qualitative agreement with the results
of Ref. [20] obtained with the DIM Gogny-type EDF. This
model predicts an energy gain of up to 1.6 MeV for ''°Pd, but
the region of triaxial nuclei is limited to nuclei with N < 70.
The authors of Ref. [68] do not report on calculations for
odd-mass or odd-odd nuclei, but find a modest effect on the
order of a few hundred keV [67] for 10%104.106,108p,;- they
find the smallest amount of nuclei with ground state triaxial
deformation among the models considered here.

C. Comparison of mass differences to the BSkG1 model

The mass differences are not affected by the global offset
of about 700 keV between the experimental and the BSkG1
model values. The two-neutron separation energy is a sensi-
tive probe for structural changes, such as shell closures or the
onset of deformation as a function of neutron number [76]. It
is defined as

So.(Z,N) =BE(Z,N) — BE(Z,N — 2), 5)

where BE is the nuclear binding energy of a nucleus. In
terms of mass values, it can be written as S, = [m(Z, N —
2) + 2m,, — m(Z, N)]c?, where m denotes the masses for the
nuclides (Z, N), (Z, N — 2) and the neutron, and c is the speed
of light in vacuum.

2We note that the latest model in this series includes the effect of
triaxiality, but Ref. [21] provides no information on triaxial deforma-
tion or its associated energy gain.
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FIG. 6. (a) Comparison of two-neutron-separation energies Sy,
of the Rh isotopes affected by our new measurements (red circles),
AME20 values (full and open black square), and BSkGI results,
as tabulated in Ref. [22] (blue diamonds) or restricted to axially
symmetric shapes (purple triangles), see text. Open markers repre-
sent values at least partially based on extrapolated mass values from
AME20 [54]. (b) Two-neutron shell-gap energies d5,.

Figure 6(a) shows the experimental and calculated two-
neutron separation energies. As before, we compare complete
BSkG1 calculations allowing for nonaxial shapes and re-
sults from calculations restricted to axial shapes. The BSkG1
model reproduces the experimental data remarkably well
when triaxial deformation is allowed for, as could be ex-
pected from the near constant offset between the calculated
and experimental mass-excess values (seen Table II). The S5,
values from axial calculations deviate significantly from the
experimental ones. Their slope does not follow that of the
experimental data, which is a consequence of the gradual
evolution of the energy gain from triaxial shapes with N. For
the heaviest Rh isotopes the S,, values from the full and axial
calculations become very similar again as the energy gain
due to triaxiality is small. We note that older global Skyrme
EDF-based models that do not allow for triaxial deformation,
such as those of Ref. [39], do not match the smooth trend
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FIG. 7. Three-point neutron gaps A for (a) Ru (Z = 44), (b) Rh (Z = 45), and (c) Pd (Z = 46) isotopes. We compare values obtained
from BSkG1 (blue triangles with solid line), AME20 (black squares), and from this work at JYFLTRAP (red circles). As illustration, we also
show the BSkG1 values with an additional shift of —250 keV for Rh isotopes (Z = 45) (blue diamonds with dotted line).

of the experimental S,, as well as BSkGI1. They typically
predict one or more sudden transitions between prolate and
oblate shapes between N = 70 and N = 75 with associated
nonsmooth features of the calculated two-neutron separation
energies.

In order to highlight the changes in the evolution of the
two-neutron separation energies as a function of N, Fig. 6(b)
shows a quantity often called the two-neutron shell gap:

8on(Z,N) = S20(Z,N) — Sou(Z, N + 2), (6)

which quantifies the changes in slope of the S, and filters out
discontinuities. It is also often used to analyze the evolution
of magicity in spherical nuclei [77], but can also indicate a
change of shape. The experimental §,, values stay rather con-
stant until N = 71, implying a near-constant slope of the S,
caused by near-parabolic behavior of the masses of odd and
odd-odd Rh isotopes, respectively. From N = 71 with added
neutron numbers the &, values have a decreasing trend signal-
ing a change in the slope of the S,, values, or, equivalently, a
discontinuity in the N dependence of the masses. At N = 73,
the slope decreases less with newly measured '2°Rh (N = 75)
mass compared to the AME20 based on an extrapolated mass
value of '**Rh. The &5, from the full BSkG1 model follow
the experimental values up to N = 73, as expected from the
good reproduction of the experimental S, values. Beyond,
the BSkG1 values fall to even lower values of §,,, reflecting
the nearly flat trend of the S, and signaling a structural
change in the isotopic chain associated with the disappearance
of triaxial deformation; see Sec. IV D. The experimental data
for N =74 and N = 75 indicate a less dramatic change, but
their precision is degraded by the large uncertainty on the
masses of '2I'122Rh. Of these, >'Rh is based on a storage-ring
measurement [78], and only an extrapolated value for '*’Rh
is given in AME20 [54]. To better constrain the trend with
neutron number, masses of more exotic rhodium nuclides have
to be measured to high precision.

The masses of odd-even and odd-odd Rh isotopes fall on
two distinct curves that smoothly evolve with N in a similar
way, but that are separated by an energy gap. The distance,
or the gap, between the two curves can be estimated by a

three-point formula,

(_1)N+1
2
—2BE(Z,N) +BE(Z,N — 1)].

AP(Z,N) = [BE(Z,N + 1)

(N

The gap is usually associated with the size of the neutron
pairing gap, but is also affected by discontinuities such as
shell closures and shape transitions [79,80]. We compare the
A values for the Rh chain obtained from our measurements
to those derived from AME20 and to calculated values in
Fig. 7(b).> We have drastically reduced the uncertainties of
the experimental A®) values of neutron-rich Rh isotopes in
this work. Interestingly, the new A values do not agree
with AME20 for many of the studied Rh isotopes. This is
a consequence of the differences between the mass-excess
values determined in this work and AME20 (see Table I and
Fig. 4). For instance N = 65 and 67, the A'> value increases
by slightly more than 100 keV, whereas for N = 73 it de-
creases by a similar amount.

The amplitude of the odd-even staggering of the A® is
well reproduced by the BSkG1 model, while the absolute size
of the A®) is not. It turns out that the model’s systematic over-
estimation of the neutron pairing gaps in the Rh chain that is
visible in Fig. 7(b) is a deficiency particular to isotopic chains
of elements with odd proton number Z. For isotopic chains
with even Z, the A® values are in general reasonably well
described in this region of the nuclear chart; we illustrate this
for the adjacent Ru (Z = 44) isotopes in the Fig. 7(a) but have
also checked this for other isotopic chains. The experimental

3Note that the A®) values in Fig. 7 exhibit an odd-even staggering,
but this does not indicate a difference in neutron pairing correlations
between isotopes with odd and even neutron number. Compared to
finite difference formulas of higher order, a three-point formula does
not perfectly eliminate mean-field, i.e., non-pairing, contributions to
the evolution of the nuclear binding energy with N [79,80]. We stick
to Eq. (7), however, as it allows us to extend the experimental curves
Rh (Z =45)in Fig. 7to N = 75.
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A values of the Rh isotopes are systematically smaller than
the values in the adjacent Pd and Ru isotopes with the same
N, while the calculated ones are of the same size.

The differences in the size of calculated and experimen-
tal gaps appear systematically all across the chart of nuclei,
which points to missing physics in the BSkG1 model. The
effect in question is usually interpreted as an interaction be-
tween the unpaired proton and neutron in odd-odd nuclei that
produces additional binding energy [21,81]. Roughly speak-
ing, the offset between experimental A‘® values of the Rh
isotopes and those in the adjacent Pd and Ru chains is about
250 keV. If we subtract this estimate from the BSkG1 masses
of the odd-odd Rh isotopes, the A®) values shift down along
the entire chain. As an illustration we show the BSkKG1 values
for the Rh isotopes shifted this way for the Rh isotopes on
Fig. 7(b): the shifted BSkG1 three-point gaps agree quite well
with the experimental values.

To further clarify the systematic difference between odd-Z
and even-Z chains, we also show values for the three-point
gaps for Ru isotopes in Fig. 7(a) and for Pd isotopes in
Fig. 7(c). In any event, this discussion implies that, for nu-
clides with odd Z, the A® values systematically contain
a sizable contribution that has nothing to do with neutron
pairing correlations. The same applies of course also to three-
point formula for protons, AY(Z), for nuclides with odd N.
The pattern of the calculated AP)(NV) becomes irregular for
Rh and Pd beyond N = 73 while for the Ru beyond N = 74.
This can be attributed to the same structural change that is at
the origin of the decrease of the 4,, in panel (b) of Fig. 6. We
discuss the change in the shape of the nuclides with N in the
next section.

D. Evolution of quadrupole deformation

To better understand the experimental results and the role
of deformation and triaxiality for the structure of neutron-rich
Rh isotopes, in what follows we will analyze the evolution of
the ground-state shape as predicted by BSkG1 for this region.
To this end, we will discuss the quadrupole deformation of a
nucleus of mass A in terms of the dimensionless deformation
B and the triaxiality angle y as

4
Br = iy B + 205, @®)

y = atan(v/202/0x), )

where R = 1.2A'/3 fm. The quadrupole moments Q,, and
0y, are defined in terms of integrals of the nuclear den-
sity distribution and spherical harmonics Y, as Qy, =
[ d*rr* p(r)Re{Ys, (r)}, where p(r) is the nuclear matter
density and Re{Y,,,(r)} is the real part of the relevant spherical
harmonic, for m = 0 and 2 [22]. The quantity 8, characterizes
the total size of the quadrupole deformation and is always
positive such that its sign cannot be used to distinguish be-
tween prolate and oblate shapes. The triaxiality angle y can
make the distinction: values of 0° and 60° correspond to an
axially symmetric prolate or oblate shape, respectively. Values
in between these extremes indicate triaxial shapes that no
longer posses a rotational symmetry axis.

0.4

—4— Rh —< Pd

—&— Ru

40 —e— Ru —4— Rh — Pd ]

(b)
63 65 67 69 71 73 75 77
Neutron number N

FIG. 8. (a) Deformation parameter 8, and (b) the triaxiality an-
gle y for neutron-rich ruthenium (Z = 44), rhodium (Z = 45) and
palladium (Z = 46) isotopes as calculated from the BSkG1 model.

Figure 8(a) shows the calculated 8, and Fig. 8(b) y values
for the neutron-rich odd-Z Rh isotopes, as well as for the
neighboring Ru (Z = 44) and Pd (Z = 46) isotopic chains.
From N = 63 up to N = 74, Rh nuclei exhibit a fairly large
deformation (B, ~ 0.25-0.3) which evolves smoothly. For
these neutron numbers, BSkG1 predicts y values close to 30°,
i.e., the nuclear shapes are close to being maximally triaxial.
For the heaviest Rh isotopes, the model predicts a return to
axial shapes: beyond N = 74, the calculated values for y
drop significantly as does the total quadrupole deformation
B. This change in deformation coincides with the reduction
of the additional binding from triaxial shapes in Table II that
is responsible for different changes in Figs. 6 and 7 around
N = 75. More precisely, it leads to (i) the flattening of the S5,
in panel (a) of Fig. 6, (ii) the drop in &,, in panel (b) of Fig. 6,
and (iii) the irregularities in the odd-even staggering of the
A® in Fig. 7.

The trends in even-Z Ru and Pd chains follow the same
general lines: strong deformation that evolves smoothly for
the lighter isotopes, and smaller deformation and values of y
for neutron-rich isotopes. The details differ between chains:
the transition between both regimes happens one neutron later
(N =75) in the Ru chain, while the calculated 8 values in
the Pd chain vary more smoothly than those in the other two
chains.

Direct experimental information on triaxial deformation
in nuclear ground states is scarce, especially for odd-mass
and odd-odd nuclei. For even-even nuclei, information on
quadrupole deformation can be extracted from experimental
data in a model-independent way through the use of rota-
tional invariants [82,83]. The authors of Ref. [12], the only
such study in this region of the nuclear chart that we are
aware of, report y values for the stable °6:19%:110pq jsotopes
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(Z =46, N = 60, 62,64) as 2073, 197, and 167] degrees,
respectively. These values are somewhat smaller than the cal-
culated triaxiality angles for these nuclei [22], but we consider
this a satisfactory level of description for a global model.
Coulomb excitation data for 'Ru (Z = 44, N = 60) [13] and
HORu (N = 66) [14] also point towards triaxiality of these two
nuclides.

Also, as already mentioned in the Introduction, the inter-
pretation of the available information about rotational bands
of neutron-rich Rh isotopes and nuclides in adjacent isotopic
chains [15-17,84-88] consistently requires the assumption of
triaxial shapes within the various approaches used to model
them.

E. More detailed look at '>’Rh

As illustrated in Table II and Fig. 6, the effect of triaxiality
on the BSkG1 mass values for the Rh isotopes is large, and
the largest effect is seen for !'*Rh. The trend in the isomeric-
state excitation energies (see Fig. 3) has a minimum around
the midshell at N = 66, i.e., at ''"°Rh (¥ = 65) and ''*Rh
(N = 67). Thus, '"?Rh is a special case among the studied
Rh isotopes. In the following, we will discuss its structure in
detail.

To obtain a correct description of an odd-odd nucleus in a
mean-field calculations, one has to construct a quasiparticle
excitation for each nucleon species on top of a reference state
that describes an even-even nucleus [89]. Among a multitude
of possible choices for such blocked states, the combination
leading to the lowest total energy varies with deformation in a
discontinuous way rendering it impossible to draw consistent
potential energy surfaces (PES) for such nuclei. Instead, one
can forego the construction of quasiparticle excitations and
perform a false-vacuum calculation, which fixes the average
number of protons and neutrons to be odd but otherwise treats
the nucleus as even-even [80,90]. We show the PES for such
a calculation for ''’Rh in Fig. 9. While we obtain for this
nucleus the largest difference between the triaxial minimum
and the axially symmetric saddle among all Rh isotopes, the
topography of the surface is representative for '%-11Rh. A
peculiar aspect of the PES in this region is that the triaxial
minimum is at a slightly larger total deformation S, than either
of the prolate and oblate saddle points.

The appearance of triaxial deformation in this region can
be understood qualitatively by inspecting the single-particle
spectra as a function of deformation. Figure 10 shows the
eigenvalues of the single-particle Hamiltonian of neutrons
(top row) and protons (bottom row) for '">’Rh (Z =45, N =
67) along the path indicated by black arrows in Fig. 9. The left
column explores the variation of the single-particle spectrum
as a function of quadrupole deformation g at y = 0°, i.e.,
for axially symmetric prolate shapes. The rightmost column
shows the same for oblate shapes with y = 60°, while the
center column is drawn for fixed quadrupole deformation
B> = 0.3 while varying y. For axially symmetric shapes it is
possible to assign the single-particle states the quantum num-
ber K according to the projection of their angular momentum
on the symmetry axis. This quantum number is indicated by
colors in the left and right columns of Fig. 10, but cannot be

0.2

0.3
B2

FIG. 9. Potential energy surface in the (8, y) plane for false-
vacuum calculations (see text) of !'’Rh. The shape-trajectory
followed by the Nilsson diagram in Fig. 10 is indicated by black
arrows.

0.4

used in the center column where configurations are not axially
symmetric.

The origin of the drive towards triaxial shapes can be
found in the proton single-particle spectrum. According to
Strutinsky’s theorem [91,92], local minima (maxima) in de-
formation energy surfaces correspond to regions where the
bunching of single-particle levels around the Fermi energy is
very low (high). At spherical shape, the proton Fermi energy
is in the middle of the highly degenerate 1g9,>+ shell, lead-
ing to large level density. Through prolate deformation, the
substates of the spherical proton 1gg/+ spread out strongly
and produce a very sparse spectrum with large gaps among
the positive-parity states. The upsloping negative-parity states
spoil these gaps though, particularly the K™ = 1/27 level
coming from the spherical 2p;,,- shell. However, this state
curves up strongly for increasing values of y, such that tri-
axial deformation allows the nucleus to decrease the level
density near the Fermi energy significantly, opening up a gap
at Z = 44. Similarly large gaps open up as well for Z = 42
and Z = 46, explaining the preference for non-axial deforma-
tion in this region. Whether a given nucleus takes a triaxial
shape, however, depends also on the neutron spectrum at these
deformations.

For the midshell nucleus !'’Rh, the overall density of
neutron levels around the Fermi energy is much larger than
the one of protons. The former is also not visibly decreased
when going from spherical to prolate or oblate shapes with
B> >~ 0.3. Still, for N = 68 and some other adjacent neutron
numbers, modest single-particle gaps open up for finite val-
ues of y. When increasing the neutron number however, the
neutron Fermi energy rises and encounters larger shell gaps
at smaller prolate deformations. Sufficiently close to N = 82,
this effect trumps the preference of the protons for triaxial
deformation.
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FIG. 10. Nilsson diagram of the eigenvalues of the single-particle Hamiltonian for neutrons (top row) and protons (bottom row) along the
path in the 8-y plane indicated by arrows in Fig. 9 for !'>Rh (see text for details). The Fermi energy is drawn as a dash-dotted line, while
full (dashed) lines indicate single-particle levels of positive (negative) parity. The three indicated regions correspond to axially symmetric
prolate shape with y = 0° (left column), fixed quadrupole deformation 8, = 0.3 with varying y (center column), and axially oblate shape with
y = 60° (right column). The vertical gray band in the center panels is centered at y = 27°, the value obtained in a complete calculation of
12Rh. The quantum numbers of the shells at sphericity are indicated on the right-hand side.

The staggering of the triaxiality angle at N = 77 in Fig. 8
can be understood in a similar way. The mean-field minimum
for N > 76 is axially symmetric for all three isotopic chains,
as neutrons close to the shell closure strongly prefer axially
symmetric shapes. Nevertheless, the potential energy surface
of a false-vacuum calculation at N = 77 remains sufficiently
soft with respect to y such that the creation of a neutron
quasiparticle excitation is sufficient to break the symmetry
for '>'Ru and '>*Pd. As the level density of neutrons is much
larger than that of protons, the polarizing effect of a blocked
neutron is larger than that of a blocked protons; the latter
cannot generate triaxial deformation in '>'Rh.

Without symmetry restoration techniques, the symmetry-
broken mean-field calculations we report on here cannot
produce definite spin assignments for ground or excited states.
For even-N Rh isotopes however, we can make tentative as-
signments due to the sparsity of the single-particle proton
spectrum. The picture that emerges is consistent with exper-
imental spectroscopic information: a positive parity proton
state, linked to the K™ = 7/2% state on the prolate side, is
located close to the Fermi energy in the center of Fig. 10. This
matches well the J© = 7/2% ground states of the '9197-19Rp
isotopes.* Without triaxial deformation, theory would not re-
produce the spin-parities: on the prolate side the K™ = 1/2~
state suggests a negative-parity ground state, whereas an
oblate shape would result in a state with a lower spin. These
considerations seem to be independent of the type of EDF that
is employed: calculations with the Gogny D1S parametriza-
tion lead to a similar single-particle spectrum for the protons
[19].

“The ground states of the neutron-rich even-N Rh isotopes with
111 < A < 125 have also been tentatively assigned J™ = 7/2% [23].

For odd-N Rh isotopes, however, extracting spin-parity
assignments for the ground and isomeric states is particularly
difficult due to the large number of states near the Fermi
energy that are all K mixed. Based on the (often tentative)
experimental information on spin-parities in this mass region,
we can, however, offer some observations. For both ''"°Rh and
2R, the ground and isomeric states have been assigned (1)*
and (6)7, i.e., states of identical parity that differ by a large
amount of angular momentum. In the strong-coupling limit,
these assignments can be naturally explained by combining
the angular momentum of a K™ = 7/2% proton and a K™ =
5/2% neutron in two different ways: a parallel (antiparallel)
coupling results in a high (low) spin. Such spin assignment for
the odd nucleons would make the ground and isomeric state a
so-called Gallagher-Moszkowski pair [93]. The appearance of
triaxial deformation stops us from relying on the K-quantum
number, but we observe that the central panel of the top
row of Fig. 10 shows two neutron single-particle states near
the Fermi energy that link to K™ = 7/2% states on the prolate
side. Although the negative parity neutron state linked to the
K™ =7/2~ state on the prolate side could lead to a negative
parity ground state in a symmetry-restored calculation, the
BSkG1 Nilsson scheme in Fig. 10 is thus not incompati-
ble with this scenario for the ground and isomeric states in
10, 112Rp

Assuming that the isomeric states in !'%!'>’Rh are the
Gallagher-Moszkowski partners of their respective ground
states also offers a possible, albeit tentative, interpretation
for the extremely low excitation energy of their isomers of
10.112Rh . For other nuclei in this mass region, the excitation
energy of spin isomers is often of the order of 100 keV; see for
example Fig. 3. This splitting is generally interpreted as being
the result of the relative orientation of the intrinsic spins of the
odd neutron (s,,) and odd proton (s, ): depending on the relative
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orientation of spin, the proton-neutron spin-spin interaction
is either attractive or repulsive, leading to a small difference
in total binding energy. The state with lowest energy has
spins that are parallel (s, - 5, > 0) while the excited partner
has antiparallel spins (s, -5, < 0). The situation of 10Rh
and '"’Rh is somewhat peculiar due to the presence of two
positive parity neutron levels with similar angular momenta
near the Fermi energy that are candidates for the observed
states. These two single-particle states differ, at least for ax-
ial prolate shapes, in their relative orientation between their
orbital (£,,) and spin (s,) angular momentum, although they
have roughly similar total angular momentum (j,, = £, + s,).
The neutron level originating from the spherical 1g7/,+ has
both mostly antiparallel (£, - s, < 0), while the one connected
to the 2ds;»+ shell has both mostly parallel (¢, - s, > 0). For
triaxial shapes these two single-particle states mix, and in the
many-body wave functions of the two partner states the quasi-
particle configurations in which either is blocked might also
be mixed. This could lead to a situation where the spins of the
odd nucleons are almost perpendicular (s, - 5, ~ 0), resulting
in a very small Gallagher-Moszkowski splitting and hence a
very low excitation energy of the isomers in ''Rh and ''?Rh.
This interpretation also naturally explains why such low-lying
isomers are only observed only for a small number (two) of
the Rh isotopes; as N increases (decreases), the neutron Fermi
energy moves up (down) in Fig. 10, further away from the
K™ =7/2% neutron state with highest (lowest) energy and
removing the possibility of this mixing. Although we cannot
provide definite predictions, it is natural to expect a larger, i.e.,
normal, Gallagher-Moszkowski splitting for neutron numbers
sufficiently far from N = 65, 67.

We emphasize this discussion is no substitute for more
advanced many-body calculations capable of constructing
spectra with the associated quantum numbers for these nuclei.
Performing such calculations with predictive power based on
nuclear EDFs might however not be possible in the near fu-
ture. On top of the technical challenges inherent in employing
symmetry-restoration techniques for odd-odd nuclei, it has
been argued that virtually all existing EDF-based models are
not suited to describe the attraction between the odd nucleons
in such nuclei [94].

V. CONCLUSIONS

We have determined the ground- and isomeric-state masses
of 110-112.114.116.118Rh and determined the isomeric state exci-
tation energies accurately for the first time. Also the mass of
120Rh was measured for the first time. The new ground-state
mass values revealed deviations up to around 100 keV from
the adopted mass values of 10112, 118R K in AME20 [54]. We

have unambiguously determined the masses and half-lives
of the ground and isomeric states in ''?Rh and confirm that
the low-spin 17 state is the ground state. The new ground-
state half-life was found to be more than 10o shorter than
the value reported in the ENSDF evaluation [56], but to agree
with the result reported in Ref. [27] which had taken into
account ''"?Ru contamination. The experimental results have
been compared to the results of the global BSkG1 mass model
[22] that was adjusted allowing nuclei to take triaxial shapes.
The trends of mass excesses and two-neutron separation ener-
gies of the Rh isotopes are very well reproduced with the full
BSkG1 model, whereas limiting the variational space to axial
shapes leads to substantial deviations from the experimental
values. This result underlines the important role of triaxial-
ity in the region of studied Rh isotopes. The predictions of
BSkG1 for the potential energy surface as well as the defor-
mation dependence of the single-particle energies have been
studied in detail for ''?Rh, the nucleus for which the effect of
triaxiality is largest in the BSkG1 model. The results indicate
that the proton shell effects drive the Rh nuclides to triaxial
shapes, and that neutron shell effects moderate for which
isotopes this happens. A drastic change in the deformation is
predicted to take place at N = 75 (*°Rh), which is imprinted
on several mass differences. In the future, mass measurements
of the more exotic Rh isotopes are needed to explore if this
effect can be seen as a change in the slope of the two-neutron
separation energies beyond N = 75.
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We report on precision mass measurements of 113115117Ry performed with the JYFLTRAP dou-
ble Penning trap mass spectrometer at the Accelerator Laboratory of University of Jyvaskyla.
The phase-imaging ion-cyclotron-resonance technique was used to resolve the ground and isomeric
states in 1'*!15Ru and enabled for the first time a measurement of the isomer excitation energies,
E,(**Ru™) = 100.4(9) keV and E,(***Ru™) = 129(5) keV. The ground state of '*"Ru was mea-
sured using the time-of-flight ion-cyclotron-resonance technique. The new mass-excess value for
H7Ru is around 37 keV lower and 7 times more precise than the previous literature value. With the
more precise ground-state mass values, the evolution of the two-neutron shell-gap energies is further
constrained and a similar trend as predicted by the BSkG1 model is obtained up to the neutron

number N = 71.

I. INTRODUCTION

Neutron-rich nuclei between zirconium (Z = 40) and
tin (Z = 50) exhibit a variety of shapes; several of them
even exhibit shape coexistence, where excited states are
linked to shapes which differ from that of the nuclear
ground state. The diversity of collectivity in general
and of the nuclear shape in particular in this region of
the nuclear chart has been studied widely, both theoret-
ically and experimentally, see e.g. Ref. [I] and refer-
ences therein. The relevant nuclear configurations are
not limited to shapes with a comparatively high degree
of symmetry such as spheres or axially symmetric ellip-
soids with prolate or oblate deformation, but also in-
cludes shapes with no remaining rotational symmetry
axis: triaxial shapes. There is evidence that the ground
states of neutron-rich ruthenium isotopes (Z = 44) fall
in the latter category [I} 2], an interpretation that is fur-
ther supported by different models [3] 4]. These models

* Present address: Université Paris Saclay, CNRS/IN2P3, IJCLab,
91405 Orsay, France

T Present address: KU Leuven, Instituut voor Kern- en Stralings-
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typically agree that the effect of triaxial deformation is
largest at the mid-shell and that the effect tapers off when
even more neutrons are added to the nucleus, i.e. that
sufficiently neutron-rich nuclei revert to an axially sym-
metric or even spherical shape towards the shell closure
at N = 82.

Structural changes can be studied via a wide range
of experimental methods, including laser- and decay-
spectroscopy as well as Coulomb excitation. At the same
time, Penning-trap mass spectrometry can be used to
explore differences in binding energy which can reveal
possible shape transitions [5H7]. With the development
of the phase-imaging ion-cyclotron-resonance (PI-ICR)
technique [8, @], not only the ground-state binding ener-
gies but also the isomer excitation energies down to a few
tens of keV [I0, [I1] can be extracted, allowing to obtain
new insight into the nuclear structure.

Masses of neutron-rich ruthenium isotopes up to
A = 116 [12, 13] have been measured before with
the JYFLTRAP double Penning trap mass spectrome-
ter [I4]. However, for the cases where long-lived iso-
mers are present, namely '*1PRu, the time-of-flight
ion-cyclotron-resonance (TOF-ICR) [I5] technique used
at that time did not provide enough resolving power to
separate the ground- and isomeric-states in ''*Ru or to
detect the isomer in '"®Ru unknown at that time. There-
fore these results might have suffered from a system-



atic shift for the reported ground-state mass-excess val-
ues [I1]. More exotic ruthenium isotopes were studied
using the Experimental Storage Ring at GSI [16]. How-
ever, '1"Ru had the uncertainty 2.4-times increased by
the Atomic Mass Evaluation 2020 (AME20) evaluators
while the mass-excess value of ''®Ru was rejected due to
a significant 700-keV deviation from the mass trends [17].

In this work, we report on the direct mass measure-
ment of the ground states of '311%17Ry and the iso-
meric states in '3Ru and ''®Ru, the latter being the
shortest-lived state (77,3 = 76(6) ms) ever measured at
JYFLTRAP so far. The role of deformation for the sys-
tematics of masses in this region and the nature of the
isomeric state in 1 Ru are analysed within the context
of the recent global microscopic models BSkG1 [4] and
BSkG2 [I8] 19] that are based on self-consistent Hartree-
Fock-Bogoliubov (HFB) calculations using a Skyrme en-
ergy density functional (EDF).

II. EXPERIMENTAL METHOD

The masses of neutron-rich ruthenium isotopes were
studied at the Ion Guide Isotope Separator On-Line
(IGISOL) facility [20] using the JYFLTRAP double Pen-
ning trap mass spectrometer [I4] during two experiments.
The isotopes of interest were produced in proton-induced
fission by impinging a 25-MeV proton beam onto a thin
target, 232Th for '3Ru and "™U for ''>!''7Ru. First,
the fission fragments were stopped in a helium gas cell
operating close to 300 mbar from which they were ex-
tracted and guided using a sextupole ion guide [21].
Then, the produced ions were accelerated to 30g keV
and mass-separated based on their mass-to-charge ratio
using a 55 degree dipole magnet. The continuous mass-
separated beam was cooled and bunched using the he-
lium buffer gas-filled radio-frequency quadrupole cooler-
buncher [22]. Finally, the ion bunches were injected into
the JYFLTRAP double Penning trap.

In the first trap of JYFLTRAP, known as the purifi-
cation trap, the ion bunch was cooled, centered and the
ions of interest were selected utilizing the mass-selective
buffer gas cooling technique [23]. After that, the puri-
fied ion sample was sent into the second trap, called the
precision trap, where the mass measurements took place.

In addition, **Ru?T ions were produced via the in-
trap decay of 1'3Tc (T} /o = 152(8) ms [24]). The M3 Tc*
ions, produced via fission, were captured in the first trap
after which, the ion motion was let to cool for 102 ms.
Then a dipolar excitation on the magnetron frequency
was applied for 10 ms. During the trapping time a
fraction of the '3Tc* ion sample B-decay to ''*Ru?t.
Quadrupolar excitation of 100 ms was used to select the
ions of interest by matching the excitation frequency of
H3Ru2* ions. After, the ''3Ru?T ions were sent to the
second trap for the precision mass measurement.

In the presence of a magnetic field of strength B, the
mass m of an ion is related to its cyclotron frequency v,:

1 gq

ve=5-Lp, (1
where g/m is the charge-to-mass ratio of the measured
ion. To determine the magnetic field strength precisely,
133Cst ions from the IGISOL offline surface ion source
station [25] were used as a reference for the mass mea-
surement of '3115Rut ground states and ''"Rut. For
the mass measurement of isomeric states in 113:11°Ru, the
ground-state masses were used as a reference. To account
for the temporal magnetic field fluctuations, ruthenium
ions and their references were measured alternately. The
atomic mass m is determined from the frequency ratio
T = Vg rer./Ve between the singly-charged reference ions
and the ions of interest:

m = T(mref - me) + M, (2)

where m, and m.er are the mass of an electron and the
atomic mass of the reference, respectively. The isomer
excitation energies were extracted as follows:

Ey = (r = 1)[mgs — m]c?, 3)

where mg is the ground-state atomic mass and c is the
speed of light in vacuum. Contribution from electron
binding energies are on the order of eV and have thus
been neglected.

To measure the masses of the ground- and isomeric
states in 113115Ru, the PI-ICR technique [9} [26] was uti-
lized in the precision trap. The determination of the ion’s
cyclotron frequency with PI-ICR is based on a measure-
ment of the phase difference ¢. between the accumulated
magnetron and cyclotron motion phases projected onto a
position-sensitive microchannel plate (2D MCP) detector
after a phase accumulation time ¢,..:

Ve = (¢c + 27Tn)/27rta007 (4)

with n being the number of the ions’ full revolutions in
the precision trap. We used the following accumulation
times for the PI-ICR mass measurements: 557 ms for
the ''3Ru™ ground and isomeric state, 220 ms for the
g = 2+ ions of ''3Ru isomeric state, 200 ms for the
H5Rut ground state and 100 ms for the '>Rut isomer
(see Fig. . The measurement pattern utilized at JYLF-
TRAP is described in more detail in Refs. [26] 27] and
the PI-ICR measurement technique in Ref. [9].

For "17Ru*, the TOF-ICR technique [15, 28] was ap-
plied. The ion’s cyclotron frequency v, in TOF-ICR tech-
nique is determined from a time-of-flight resonance mea-
sured with the 2D MCP detector, located outside the
strong magnetic field of the trap. To enhance the resolv-
ing power, the Ramsey method of time-separated oscil-
latory fields [29] [30] was utilised. A short 10-30-10 ms
(on-off-on) pattern was used in order to minimize the
decay losses (see Fig. [2)).

In the mass measurement of '3Ru and ''"Ru, the
ground state and the isomer were in the precision trap
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Figure 1: A PI-ICR measurement of ''®Ru ground
state versus the isomeric state with a 100 ms
accumulation time. Only the projection of cyclotron
motion on the 2D MCP is shown. The angle difference
Ag, leads to an excitation energy of 129(5) keV. The
center spot, i.e. without any excitation, is also shown.
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Figure 2: A TOF-ICR measurement of 11"Ru* using a
10-30-10 ms (on-off-on) Ramsey excitation pattern. The
mean data points are shown in black, the fit of the
theoretical curve [29] in red.

at the same time. It is known that when two or more
ions of different masses are present in the trap simul-
taneously, the ion-ion interaction can cause a frequency
shift [27]. To account for the ion-ion interaction, a count-
rate class analysis [27, B1] was performed for the ground
state ion of 115Ru, while for other cases it was not sta-
tistically feasible. At JYFLTRAP the systematic un-
certainty related to temporal magnetic field fluctuation
has been determined to be dB/B = 2.01(25) x 10712
min~! x§t [27], where 6t is the time between the mea-
surements. In all of the measurements the maximum
systematic uncertainty related to the temporal magnetic

field fluctuations was calculated but was found to be
negligible compared to the statistical uncertainty. We
added a further mass-dependent uncertainty of d,,r/r =
—2.35(81) x 10719/u x (myer — m) and a residual sys-
tematic uncertainty of S.esr/7 = 9 x 1079 for measure-
ments where the A/q for the reference and ion-of-interest
were not the same, i.e. when using the 33Cs ions as
reference [27]. A systematic uncertainty related to the
magnetron phase advancement and systematic angle er-
ror were also accounted for in the PI-ICR measurements.
A more detailed description on the systematic uncertain-
ties and their determination at JYFLTRAP can be found
in Ref. [27].

III. RESULTS

The ground- and isomeric-state mass of 131Ru and
the ground-state mass of ''"Ru are reported in detail
below. The measured frequency ratios (r), mass-excess
values (ME) and excitation energies (E,) are summarized
in Table [

A. '""Ru
The ground-state mass excess of 13Ru,
—71874.7(15) keV, was determined using !33Cs*

ions as a reference. The isomer excitation energy,
E, = 100.4(9) keV, was determined against the ground
state, both as singly-charged ions produced directly
in fission as well as doubly-charged ions produced via
in-trap decay of '3Tct (for details see Sect. . This
yields a mass excess of —71774.3(17) keV for the isomer.

The mass of '3Ru has been previously measured at
JYFLTRAP by Hager et al. [12], using the TOF-ICR
technique with a 400-ms quadrupolar excitation time and
105Ru™ ions as a reference. With the AME20 [32] mass
value for 1%°Ru, this results in a mass-excess value of
—71826(12) keV. The revised value is in between the
ground- and isomeric-state mass-excess values reported
in this work (see Fig. [3] (a)) suggesting that a mixture of
states was measured in Ref. [I2]. A similar effect was
observed in Rh isotopes, as reported in Ref. [I1].

The reported mass-excess values are in agreement with
the NUBASE20 evaluation [24] where it was correctly as-
sumed that the value measured in Ref. [I2] was a mixture
of the ground state and an isomer at 131(33) keV. To
date, the isomeric-state excitation energy was not based
on direct experimental observations but on the sugges-
tion that it has to lie in between the states at 98 and 164
keV in "3Ru [37, 38]. In this work, we have confirmed
this hypothesis by determining the excitation energy for
the first time and by placing the isomer just above the
98-keV state (see Fig. . The production of both long-
lived states in ''®Ru in the -decay of '¥Tc is also in
agreement with the work by Kurpeta et al. [37].



Table I: The measured frequency ratios (r = v yef./v) and corresponding mass-excess values determined in this
work (ME) using the listed reference ions (Ref.). The mass-excess values from the AME20 [32] and NUBASE20 [24]
(MEj;t.) and the differences Diff. = ME — ME);;. are given for comparison. All the half-lives T} /2 and spin-parity
assignments J™ of 113:113m.117Ry are taken from the NUBASE2020 evaluation [24] while spin-parity assignements for
H5Rugs™ are taken from Ref. [33] and this work. # denotes that the spin is based on systematics while parentheses
indicate a tentative assignment.

Ton Ty/p (ms) J7 Ref. r ME (keV) ME;;¢. (keV) E, (keV) Eg e (keV) Diff. (keV)
T™BRu  800(50)  (1/2T7) ™3Cs 0.849647289(12) -71874.7(15) -71870(40) -5(40)
H3Ru™ 510(30)  (7/27) 'PRu 1.000000951(10)?| -71774.6(18) 100.0(10)
1.000000963(14)°| -71773.4(21) 101.3(15)
Final value:[] 1.000000955(8) ~ -71774.3(17) -71740(50)  100.4(9)  131(33) -34(50)
WRu  318(19)  (3/2)7 '33Cs  0.864742653(23) -66054.7(29) -66105(25) 50(26)
H5Ru™  76(6) (9/2)~ 'Ru 1.000001206(47) -65925.6(58) -66110(90)  129(5) 82(6) 184(91)
HRu  151(3) 3/2T# 133Cs  0.87984374(52)  -59527(64)  -59490(430) -37(435)

a Measured with 17 ijons produced directly in fission.
b Measured with 2+ ions produced in in-trap-decay of 113 Tc.

¢ Weighted average of frequency ratio r, from which the final ME and E, is calculated.
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Figure 3: The mass-excess values determined in this
work for the ground states (solid black symbols) and
isomers (open red symbols) in (a) '3Ru and (b) '5Ru,
in comparison with the revised JYFLTRAP value
reported by Hager et al. [12] [32] and different NUBASE
compilations [24] [34H36]. The dashed black lines show
the ground-state mass-excess values determined in this
work. # denotes mass-excess values based on
systematics.

B. !*Ru

The ground state mass excess, —66054.7(29) keV,
was measured against a '3Cst reference. The isomer
excitation energy, E, = 129(5) keV, was determined
against the ground state resulting in a mass excess of
—65925.6(58) keV for the isomer.

Our ground-state mass excess value is in agreement
with the previous TOF-ICR-based JYFLTRAP measure-
ment (ME = —66064.0(69) [12, B2]) after adjusting for

(7/27) 100.4(9) 510 ms
(3/2%) 98.4 \ 3~

98.4

(1/2%) y 0.0 500 ms
Jr E (keV) T1/2

Figure 4: Proposed partial level scheme of '*Ru based
on this work and Ref. [39].

the updated mass of the reference '2°Sn ion. In our previ-
ous work we have observed that for nuclei with low-lying
isomeric states the masses obtained with the TOF-ICR
method are a weighted average of the ground state and
the isomer masses [I1]. In the case of 1*®Ru, an apparent
absence of the isomer influence on the measured mass
can be explained by a relatively short half-life of the iso-
meric state (77 /o = 76 ms [24]) compared to the 300 ms
excitation time used in Ref. [12].

Figure (b) shows a comparison of our measurement
with the values reported in NUBASE evaluations on nu-
clear and decay properties from 2003 [34], 2012 [35], 2016
[36] and 2020 [24] as well as the revised JYFLTRAP
value of Ref. [12]. Changes between different editions
of NUBASE can be explained as due to varying input
data. In NUBASEO3 [34], the only entry for '5Ru was
from a [-decay end-point energy study [40]. After the
JYFLTRAP measurement by Hager et al. [12], a long-



lived isomeric state in 11°Ru was discovered [41], and the
evaluators of NUBASE12 [35] applied a special proce-
dure for mixtures of isomeric states assuming the exci-
tation energy to be 250(100) keV. In NUBASE16 [36],
the B-decay end-point energy study was excluded from
the global fit and the only remaining information was
from Ref. [12]. Finally, in NUBASE20 [24], the energy
of the isomeric state was adjusted to 82(6) keV based on
the value originally proposed in Ref. [4I]. However, the
isomeric-state excitation energy seems not to be taken
into account for the mass-excess value of the isomer but
only for its uncertainty.

C. ""Ru

The value determined in this work, —59527(64) keV,
is in agreement with AME20 [32] and it is almost seven
times more precise. The mass-excess value adopted in
AME20, —59490(430) keV [32], is based on storage-ring
measurements [16, [42] but with the uncertainty artifi-
cially increased by evaluators [I7]. The only known iso-
meric state has a half-life of 2.49(6) us [24] which is much
shorter than the measurement cycle used in this work.

IV. DISCUSSION

In this section, we discuss the experimental results and
compare them to the BSkG-family of models of nuclear
structure [4] [I8] [19]. This section is organised as follows:
we first establish the theoretical framework in Sec. [V A
and then proceed to study first the trends of the ground
state (g.s.) binding energies of neutron-rich Ru isotopes
in Sec. [VBl Sec. [V discusses the isomeric state in
H5Ru as well as the implication of our measurement of
its excitation energy.

A. Theoretical framework

The BSkG-family of models responds to the need for
reliable data on the structural properties of exotic nuclei
in different fields of research and in astrophysics in par-
ticular. These models are based on an empirical Energy
Density Functional (EDF) of Skyrme type that models
the effective in-medium nucleon-nucleon interaction. The
concept of an EDF allows for a global yet microscopic de-
scription of all relevant quantities at a reasonable compu-
tational cost. The coupling constants of the EDF are the
main element of phenomenology in this type of model and
have to be adjusted to experimental data. Since binding
energies are crucial ingredients for the modeling of nu-
clear reactions, the ensemble of known nuclear masses
is a key ingredient of the parameter adjustment of the
BSkG models. Because of this, these models reach root-
mean-square (rms) deviations better than 800 keV on the

thousands of masses included in AME20 [32]. This per-
formance is not at all competitive with the uncertainties
of the measurements we report on here, but it never-
theless reflects the state-of-the-art in global mass model-
ing: it is only matched by some of the older BSk models
that were adjusted in the same spirit [43], microscopic-
macroscopic approaches [44] and empirical models [45].
The latter two types of model become particularly accu-
rate when refined with machine learning techniques [46],
but either do not extend their predictions to other ob-
servables or struggle to describe them with the same pa-
rameter values deduced from the masses.

The BSkG-family so far counts two entries: BSkG1 [4]
and BSkG2 [I8, 19]. Both models combine a description
of many hundreds of measured charge radii and realistic
predictions for the properties of infinite nuclear matter
with a description of the AME20 masses with similar ac-
curacy (rms deviations of 741 and 678 keV, respectively).
Although some of the BSk models reach an rms devia-
tion below 600 keV [43], BSkG1 and BSkG2 are better
adapted to study the neutron-rich Ru isotopes as they
rely on a three-dimensional representation of the nucleus,
thereby accomodating naturally the triaxial deformation
that is known to be particularly relevant for this region
of the nuclear chart. BSkG2 incorporates a full treat-
ment of the so-called ‘time-odd’ terms in an EDF [I§]
and improves systematically on the description of fission
properties compared to its predecessor [19]. Since (i) the
inclusion of the time-odd terms did not result in a mean-
ingful improvement of our global description of binding
energies and (ii) fission properties are not directly related
to the masses, a priori we expect BSkG1 and BSkG2 to
be of roughly equal quality for the task at hand and there-
fore we will compare experiment to both models in what
follows.

Large-scale EDF-based models of nuclear structure
such as the BSk- and BSkG-models describe the nucleus
in terms of one single product wavefunction, typically of
the Bogoliubov type. The simplicity of such an ansatz, as
compared to the complexity of the many-body problem,
is compensated for by allowing for spontaneous symme-
try breaking in the mean fields. By considering such
deformed configurations EDF-based models can account
for a large part of the effects of nuclear collectivity on
bulk properties such as masses while remaining at the
mean-field level and thus keeping calculations tractable.
Nevertheless, symmetry breaking comes at considerable
computational cost. For all calculations that we report
on, we employed the MOCCa code [47] to represent the
single-nucleon wavefunctions on a three-dimensional co-
ordinate mesh. All numerical parameters such as the
mesh point spacing are identical to those employed in
the adjustment of both BSkG models [4] [I§].

In a three-dimensional calculation, the quadrupole de-
formation of a nucleus of mass A can be described by way
of the (dimensionless) deformation 82 and the triaxiality



angle -y, defined as

4
B2 = 3137V Qo + 205, (5)

v = atan (\@Qm/QQo) ; (6)

where R = 1.2A4'/3 fm. The quadrupole moments Qg
and Qoo are defined in terms of integrals of the total nu-
clear density and spherical harmonics, see for instance
Ref. [4]. Axially symmetric prolate and oblate shapes
correspond to v = 0° and 60°, respectively, while inter-
mediate values of the triaxiality angle in between those
two extremes indicate triaxial shapes.

We show in Fig. [f|the potential energy surface (PES) of
15Ru in the 8 — v plane as obtained with BSkG2, calcu-
lations with BSkG1 leading to a similar PES. Since 'Ru
has an odd number of nucleons, Fig. 5| shows the result
of so-called ‘false-vacuum’ calculations, where we con-
strained the expected number of neutrons to (N) = 71,
but otherwise treated the nucleus as if it were even-even.
We emphasize that all the calculations for which we re-
port masses do not rely on this approximation: for both
BSkG1 and BSkG2 our treatment of the odd-mass Ru
isotopes includes self-consistent blocking of a neutron
quasiparticle. For BSkG2, we also include the energy
contribution of the finite spin and current densities in-
duced by the presence of the odd neutrons. For more de-
tails on our treatment of odd-mass and odd-odd nuclei,
see the discussion in Ref. [I§]. A complete calculation
for 11°Ru that includes blocking leads to the deformation
shown as a black star on Fig. |5} its offset with respect to
the minimum of the false-vacuum calculations is due to
the polarisation induced by the odd neutron.

Qualitatively, the false-vacuum PES of ''*Ru looks
similar to the PES of 112Rh that we discussed in Ref. [I1]:
we observe a somewhat broad triaxial minimum near
v = 30° of significant quadrupole deformation. Close in-
spection reveals some quantitative differences: [; ~ 0.27
is here somewhat smaller than the value 0.3 obtained for
M2Rh for instance. Another difference is the energy gain
due to triaxiality: the difference between the oblate sad-
dle point and the minimum on Fig. [5|is about 800 keV,
while it exceeds 1 MeV for ''2Rh. This can be linked
to the four additional neutrons in '""Ru compared to
M2Rh: as we approach the N = 82 shell closure, the
neutrons have less freedom to exploit quadrupole corre-
lations and the importance of (static) quadrupole defor-
mation in general and triaxial deformation in particular
diminishes.

B. The g.s. masses of Ru isotopes and their trends

For the chain of Ru isotopes between N = 65 and
N = 73, BSkG1 reproduces the absolute g.s. binding
energies best: the deviation with respect to experiment
for the absolute mass excesses averages to 360 keV and
never exceeds 640 keV. The performance of BSkG2 is not

Figure 5: Potential energy surface in the (3,7) - plane
for false-vacuum calculations (see text) of 1'5Ru with
BSkG2. The trajectory followed by the Nilsson diagram
in Fig. [0is indicated by black arrows. The location of
the minimum obtained in a complete calculation of
15Ry is indicated by a black star.

as good: an average deviation of 650 keV with a devia-
tion of up to 1.175 MeV for ''®Ru. Interestingly, the
sign of the deviation is consistent: both models overbind
these Ru isotopes and hence produce mass excesses that
are too large in absolute size. As discussed before, the
experimental uncertainties are several orders of magni-
tude beyond the accuracy of global models like BSkG1
and BSkG2: instead of comparing absolute masses in
more detail, we will focus in what follows primarily on
the trends of mass differences.

We start with the two-neutron separation energy So,,
defined as:

Son(Z,N) = ME(Z,N —2) — ME(Z,N) 4+ 2ME(0, 1),

(7)
where ME(Z, N) is the mass excess of a nucleus with Z
protons and N neutrons. The top panel of Fig. [f] com-
pares the Sy, values derived from the newly measured
masses to the values reported in the AME20 [32] evalua-
tion and the two mass models. We also show the results
of the less general calculations with BSkG1 reported on
in Ref. [4, [IT], which restrict the nucleus to axially sym-
metric configurations.

For the less exotic 109111:113Ry, all three calculations
with BSkG-models reproduce the general trend of the
experimental Sy, rather well, although deviations on the
order of several hundred keV are clearly visible. For the
BSkG1 model, the description of the more neutron-rich
isotopes follows the trend of the more stable ones, system-
atically overestimating the Ss, values by a small value.
BSkG2 also overestimates the separation energies and de-
scribes their overall trend, but with deviations that are
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Figure 6: Comparison of mass differences along the Ru
isotopic chain: experimental values either as tabulated
in AME20 (black squares) or updated with the results
of our new measurements (red circles) versus calculated
values obtained with BSkG1 (blue diamonds), BSkG1
axial (purple triangles, see text) and BSkG2 (green
pentagons). Open markers for the experimental results
represent values at least partially based on extrapolated
mass values from AME20 [32]. Top panel: two-neutron
separation energies Sy,. Bottom panel: two-neutron
shell gaps da,.

somewhat larger than those of its predecessor. Calcu-
lations with BSkG1 that are restricted to axial shapes,
however, entirely miss the experimental trend.

We can furthermore discuss the slope of the Ss,, curve
by introducing the empirical two-neutron shell gaps do,,:

don(Z,N) = Son(Z,N) — San(Z, N + 2), (8)

which we show in the bottom panel of Fig. [6] The new
JYFLTRAP measurement for 'Ru clearly establishes
that the slope of the S, in this isotopic chain evolves
smoothly at least until N = 71. Although the corre-
sponding curves are less regular, the BSkG1 and BSkG2

results produce ds, values that remain close to experi-
ment up to N = 71. For the heavier N = 72, 73 and
74 isotopes, whose experimental do,, values are at least
partially based on extrapolated AME20 values, the two
models predict no major change in slope either. It is
only for N = 75 — 76 that BSkG1 and BSkG2 predict a
change in slope that is correlated with the disappearance
of triaxial deformation for N > 76. For 12°Ru and even
more neutron-rich isotopes, the models predict axially
symmetric prolate shapes with deformation that gradu-
ally diminishes towards N = 82.

Finally, we discuss the three-point neutron gaps
AP (z, N):
AB(Z N) _=D7 [ME(Z,N +1)
nE M= | ©)

+ ME(Z,N —1) —2ME(Z,N)].

This quantity estimates the average distance between the
curves that interpolate the masses of the even-N and
odd-N isotopes, respectively, as a function of neutron
number. It is particularly sensitive to the neutron pair-
ing, but it can also be affected by variations in the struc-
ture of these isotopes with N. The new experimental re-
sults confirm the continuation of the trend of less exotic
isotopes: the three-point gaps for the even-N isotopes at
N = 66, 68, 70, and 72 are all equal within error-bars.

For N = 70, our new result actually brings the AS’)
value more in line with this trend. The updated value of

AS’) for N = 71 falls significantly out of the uncertainty
range of AME20, which reflects the lack of accuracy of
the AME20 estimate for the excitation energy of the iso-
meric state of 1'5Ru. Nevertheless, it is not dramatically
larger than the gap values for N =69 and N = T71.

The BSkG2 model generally overestimates ASE)) and its
curve exhibits features at N = 68, 69, and 70 that are
not seen in the experimental data. BSkG1 on the other
hand, provides a fair description of the experimental re-
sults, whether including or not triaxial deformation. Yet
even this model is clearly not without flaws: the devia-
tion of the full calculation w.r.t. experiment grows with
N from N = 69 onwards. In this respect, the deviation
between the calculated BSkG1 value and the updated
point at N = 73 (which incorporates the recommended
AME20 binding energy for '18Ru) seems ominous. We
note in passing that both BSkG models systematically

overestimate Aﬁf ) along odd-Z isotopic chains, which we
discovered for the first time during the study of neigh-
bouring Rh isotopes in Ref. [I1]. Similarly, both models
overestimate the calculated three-point proton gaps in
odd-N isotopic chains. The common origin of these is-
sues is the failure of both models to account for a small
amount of binding energy in odd-odd nuclei that is usu-
ally ascribed to the residual interaction between the two
odd nucleons, see Ref. [I8]. This issue does not affect our
discussion here, but it explains why both models describe
much better the three-point neutron gaps in even-Z Ru
isotopes than in odd-Z Rh isotopes.
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We have established that performance of BSkG2 for
the N = 65— 71 Ru isotopes is worse than that of BSkG1
for absolute masses as well as all mass differences dis-
cussed. Since these models are the result of a compli-
cated parameter adjustment which is global in scope, it
is hard to pinpoint a particular source of this (local) de-
ficiency. As we remarked in the previous section, we did
not a priori expect that BSkG2 would offer an improved
description of the measured masses. Although the differ-
ence we observe between models indicates BSkG1 as the
tool of choice for future studies of this region, this does
not imply that BSkG2 is a step backwards compared to
its predecessor. The newer model presents a different
compromise on the very large number of observables in-
cluded in the parameter adjustment, leading to a worse
description of the nuclei we study here but also to an
improved description of other observables [I8§].

To close this section, we note again that our new mea-
surement indicates a rather uneventful continuation to
N = 71 of the trends of binding energies and mass differ-
ences as established for less exotic isotopes. This can be
interpreted as experimental confirmation that the struc-
tural evolution of nuclei in this isotopic chain is smooth
rather than dramatic. From the point of view of the
BSkG models this was expected: from N = 55 on-
wards, the Ru isotopes exhibit triaxial deformation that
smoothly evolves with neutron number until N = 76.
The authors of Ref. [33] relied on the Woods-Saxon
single-particle spectrum of Ref. [48] to interpret the
change in (tentative) ground state spin assignment in
H3-115Ru ((1/2%) and (3/2%), respectively) as a sign
of a shape transition from prolate to oblate deformation.
The trend of masses and mass differences does not seem
to support such scenario.

C. The isomer in '*?Ru

The isomeric state in '>Ru was reported for the first
time in Ref. [41], discussing the analysis of a 8 decay

experiment. The authors observed that the 61.7-keV ~
ray is not in coincidence with a § particle or any other
ray. In addition, the half-life extracted from this transi-
tion, T} o = 76(6) ms, differed from the half-life obtained
for the 5Ru ground-state (T}, = 318(19) ms). Conse-
quently, it was assumed that the isomeric state de-excites
via an unobserved y ray having energy below Ru K x-rays
(E = 20 keV), which we label 1, followed by an emission
of the 61.7-keV ~ ray, labeled as 7s.

With the assumption of the energy of v; being below
20 keV, the observed ruthenium K x-rays were associated
solely with the emission of K internal conversion elec-
trons from the vy transition. This observation enabled
a determination of the 5 K-internal conversion coeffi-
cient (ax = 2.7(6) [41]) by calculating the ratio of the
ruthenium K x-rays and the v, transitions.

129(5)

(9/2) 76 ms
il
M2|67.3(50)
(5/2)+ 3 61.7
Y2
M1|61.7
(3/2)* y 00 318
J" E (keV) T1)2

Figure 8: Proposed level scheme of '>Ru based on this
work and Refs. [33] 41].

The new isomer excitation energy reported in this work
renders previous calculations incorrect. However, if one
assumes that (i) the total intensity (v rays and internal
conversion electrons emission) of 77 and 7y, is identical,
(ii) 1 has a pure M2 character and (iii) 2 has a pure M1
character, the observed ratio of the ruthenium K x-rays
to 2 would be equal to 2.8(8). Any other assumptions re-
garding the multipolarity of both transitions would lead
to a ratio that differs significantly from the experimental
value of 2.7(6) [4I]. Therefore, we propose M2 and M1
multipolarities for «; and -, respectively. By assign-
ing (3/2)" as the ground-state spin-parity as proposed
in [33] from a detailed -decay spectrsocopy experiment
of 1°Ru, a tentative (9/2)~ isomer assignment can be
adopted, see Fig.

A precise description of the level scheme of ''°Ru is be-
yond the capabilities of current large-scale models such
as BSkG1 and BSkG2, but we can use them to gain a
qualitative understanding of the existence of the isomeric
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Figure 9: (Color online) Eigenvalues of the single-particle Hamiltonian for neutrons (top row) and protons (bottom
row) along the path in the 8 — v plane indicated by arrows in Fig. [5| for *'°Ru (see text for details). The Fermi
energy is drawn as a dash-dotted line, while full (dashed) lines indicate single-particle levels of positive (negative)
parity. The three indicated regions correspond to axially symmetric prolate shape with (left column), fixed total
quadrupole deformation S = 0.27 with varying v (center column) and axially oblate shape with v = 60° (right
column). The vertical gray band in the center panels is centered at v = 28.4°, the value obtained in a complete, i.e.
blocked, calculation of ''>Ru. The quantum numbers of the shells at sphericity are indicated on the right-hand-side.
Two-neutron levels near the Fermi energy are highlighted by markers in the middle column: these are the negative
and positive parity levels referred to in the text, respectively, as [o) and |e).

state. To this end, we show in Fig. [0} the Fermi energy
and the single-particle energies for both neutrons and
protons obtained in false-vacuum calculations for '5Ru
with BSkG2 along the trajectory in the g — « plane in-
dicated by the arrows in Fig. Although symmetry-
breaking allows models such as BSkG1 and BSkG2 to
grasp a significant part of the effect of collectivity on nu-
clear structure, here is where we pay the price: we can
no longer use the quantum numbers of an operator as-
sociated with a broken symmetry to label single-particle
states. At the spherical point, on the utmost left and
right of Fig. [0] no symmetry is broken and all single-
particle levels are simultaneous eigenstates of three op-
erators with three associated quantum numbers: the an-
gular momentum squared .J 2 with quantum number J,
parity P with quantum number 7 and the z-component
of the angular momentum J, with quantum number K.
The quantum numbers of the orbitals at the spherical
point are indicated in the traditional spectroscopic nota-
tion on the right of Fig.[0}] Along the first segment of the
path on Fig. |5l we break rotational symmetry but con-
serve axial symmetry: the levels in the left-most column
are no longer eigenstates of .J? but retain the K quantum
numbeIEl, which is indicated by colors on Fig. When

1 For axially symmetric configurations, we always align the sym-

exploring finite values of v along the second segment of
the path on Fig. 5| axial symmetry is broken and K can
no longer be used to label the single-particle states, hence
the absence of colors in the middle column of Fig.[0] The
final segment of the path explores oblate shapes which are
axially symmetric, such that levels in the right column of
Fig. [0 can again be color-coded. For all our calculations
we conserve parity, such that 7 is a good single-particle
quantum number along the entire path that we can use
to distinguish between levels of positive (full lines) and
negative parity (dashed lines) in all columns of Fig. @
This loss of single-particle quantum numbers also
translates to the many-body state: the BSkG-models
cannot currently offer definite angular momentum assign-
ments for calculated ground states for odd-mass and odd-
odd nuclei. Doing so would require symmetry-restoration
techniques [50] whose application is presently still out of
the scope of global models for reasons of their numer-
ical cost and because of formal issues with the type of
EDF assumed for the BSkG models. We are however not
entirely without options: we can calculate expectation
values (i|.J,|i), which will not be half-integer multiples
of h but which nevertheless tell us something about the

metry axis with the z-axis in the simulation volume.



angular momentum of the single-particle state |i). In
the limit of a non-interacting particle-core model of the
ground states of odd-mass Ru isotopes, the angular mo-
mentum expectation value of the odd neutron will also
be the expectation value of angular momentum of the
many-body state.

We discussed a qualitatively similar Nilsson diagram
obtained for '2Rh in Ref. [II] and repeat here a few
observations that are common to both nuclei before dis-
cussing the isomer. Local minima in the PES correspond
to deformations for which the single-particle level den-
sity near the Fermi energy is low: for nuclei with Z = 43,
44, and 45, the protons drive the appearance of triax-
ial deformation since their single-particle spectrum at
Ba ~ 0.28 — 0.3,y ~ 30° is very sparse. In this re-
gion of the PES only positive parity state orbitals are
near the Fermi energy, matching the parity assignments
of all even-N Tc and Rh isotopes. The single-particle
level density of the neutrons on the other hand is much
higher, resulting in a closely-spaced set of levels with dif-
ferent parities near the Fermi energy.

We interpret the close interleaving of positive and neg-
ative parity neutron states with different angular momen-
tum content as the origin of the isomeric state in '*Ru.
Two neutron states are nearly degenerate near the Fermi
energy at the location of the minimum of the PES: these
are highlighted in the middle column of Fig. [0] and we
will refer to them by their markers: |o) and |e). These
levels differ in their parity, but also in their angular mo-
mentum content: near v = 30° the positive parity state
has an average (o|J,|o) &~ 0.73h, while that of the nega-
tive parity state is significantly larger, (o|.J.|8) ~ 4.13h.
Since the odd-neutron can be assigned to each of these
levels, we expect the appearance of two low-lying levels
with opposite parity in the spectrum of '®Ru that are
close in energy yet differ substantially in their angular
momentum, hence one of them being an isomer. Finally,
the (5/2)" state in between the g.s. and the isomer on
Fig. [8 could be rotational in character: taking the calcu-
lated moments of inertia of '>Ru and under the assump-
tion of a rigid triaxial rotor, a 1A change in total angular
momentum corresponds to about 88 keV of excitation
energy.

Moving beyond simple arguments based on a non-
interacting particle-core picture and the Nilsson diagram,
we explicitly calculated the lowest-lying configuration of
each parity in ''"Ru with both BSkG1 and BSkG2. One
of these is the calculated g.s. , whose binding energy fig-
ured in the previous section: for BSkG1 this is the state
with positive parity and for BSkG2 this is the one with
negative parity. In both cases, we find an excited state of
opposite parity at low excitation energy; 33 keV and 90
keV for BSkG1 and BSkG2 respectively. For BSkG2, we
have direct access to the average many-body angular mo-
mentum along the z-axis: a small value (J,) ~ 0.7h for
the positive parity state and a large one, (J,) ~ 3.1, for
the negative parity state. These calculations support our
conclusions drawn from the Nilsson diagram and the cal-
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culated excitation energy are very roughly comparable to
the experimental isomer excitation energy. These results
should not be overinterpreted: all relevant energy differ-
ences are very small and the neutron spectrum in Fig. [0]
is very complicated. Small changes to any aspect of the
model will affect the precise location of level crossings and
therefore the ordering of levels. Our calculated excitation
energies should thus not be taken as a precise prediction,
but rather as a confirmation that two states of opposite
parity that differ little in energy can be constructed with
different angular momentum content. Predicting their
ordering and energy difference with accuracy is beyond
BSkG1 and BSkG2, or for that matter, any large-scale
model that we are aware of.

The same mechanism can be used to interpret the iso-
merism in nearby N = 71 isotones: isomeric states with
half-lives on the order of seconds or longer have been ob-
served in 1Rh, '8 Ag and '?Cd whereas shorter-lived
isomeric states are known in '4Tc and '"Pd [24]. For
Z = 42 — 46, one can expect from Fig. [0 triaxial de-
formation with a sparse proton single-particle spectrum
and two low-lying states arising from neutron orbitals of
different parities. The experimental systematics extend
much further: in the entire range of Z = 43 — 57, low-
lying isomers have been observed [24]. A more in-depth
study of isomerism in the N = 71 isotones would cer-
tainly require more diagrams like Fig. [9] for larger proton
numbers and is outside of the scope of this study. Never-
theless, we remark that both BSkG1 and BSkG2 predict
triaxial deformation for almost all N = 71 isotones in the
range Z = 40 — 6@

V. SUMMARY

The masses of 113115117Ry have been measured using
the Penning-trap mass spectrometry at the JYFLTRAP
double Penning trap. The ground- and isomeric states
in 113115Ru have been separated and masses measured
using the PI-ICR technique. The isomer excitation en-
ergies were determined directly for the first time. The
high-precision measurement reported in this work place
the (7/2)~ isomeric state in 1*Ru at 100.4(9) keV, just
above the (3/27) level at 98.4(3) keV [39], but still in
agreement with the previous prediction of 133(33) keV
[24]. For 5™Ru, the excitation energy was found to be
129(5) keV, which is significantly larger than proposed in
Ref. [41] or the value listed in the most recent NUBASE
evaluation, 82(6) keV [24].

The determined ground-state masses of '3117Ru are
in excellent agreement with the atomic mass evaluation
[32]. For '5Ru, we report a mass-excess value which is
50(26) keV larger than reported in AME20 [32]. How-
ever, it is in agreement with the previous JYFLTRAP

2 The only exceptions occur for BSkG1 near the Z = 50 shell clo-
sure: 118Ag, 1190d, 120In and '2'Sn remain axially symmetric.



mass measurement by Hager et al. [12]. With the mass
values determined in this work, the trend in the two-
neutron separation energies continues smoothly.

The experimental results have been compared with the
global BSkG1 [4] and BSkG2 [18] [19] models, which allow
for triaxially deformed shapes. Detailed calculations were
performed for the structure of ''®Ru. In the predicted
triaxial deformation, the proton single-particle spectrum
was found to be sparse and the predicted low-lying states
arise from neutron orbitals with different parities. More
systematic studies on the isomeric states in this triaxially
deformed region would be needed to shed more light on
the reasons for the isomerism in these nuclei.
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ARTICLE INFO ABSTRACT
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A double Penning trap is being commissioned at CENBG Bordeaux for the future DESIR/SPIRAL2 facility of
GANIL. The setup is designed to perform both high-resolution mass separation of the ion beam for trap-assisted
spectroscopy, and high-accuracy mass spectrometry of short-lived nuclides. In this paper, the technical details
of the new device are described. First offline tests with the purification trap are also presented, showing a
mass resolving power of about 10°.

1. Introduction

The use of ion traps in radioactive ion beam (RIB) facilities has
become essential these last decades [1,2], both for beam quality/purity
improvement and for high-accuracy mass spectrometry. After the pi-
oneering ISOLTRAP experiment at ISOLDE/CERN [3], Penning traps
have been implemented in various facilities, such as JYFLTRAP/IGISOL
[4], LEBIT/MSU [5], TITAN/TRIUMF [6], SHIPTRAP/GSI [7],
CPT/CARIBU [8] and TRIGA-TRAP/TRIGA [9], all of them show-
ing that this technique, widely used in other fields (atomic physics,
quantum computing, ...), is also extremely powerful in terms of
nuclear mass precision, accuracy, sensitivity, efficiency as well as ion
manipulation for high-resolution beam purification.

In this context, a double Penning trap named PIPERADE (Pleges
de PEnning pour les RAdionucléides & DEsir, i.e. Penning traps for
radionuclides at DESIR) [10,11] is being developed at Centre d’Etudes
Nucléaires de Bordeaux-Gradignan (CENBG) for the future DESIR/
SPIRAL2 facility [12,13] of GANIL. DESIR will be dedicated to low-
energy studies through precision measurements of nuclear ground and
excited state properties. Decay spectroscopy, laser spectroscopy and
trap-based devices will benefit from new 10-60 keV exotic ion beams
from: (i) the upgraded SPIRAL1 facility [14], producing light nuclei by
ISOL-fragmentation and (ii) the super separator spectrometer S3 [15]
under commissioning, producing a wide range of neutron-deficient nu-
clei (including the refractory elements) by in-flight fusion-evaporation
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with unprecedented intensities. A second phase may well emerge in the
SPIRAL2 project, providing the accessibility to very neutron-rich nuclei
by fission reactions.

DESIR will thus be unique in terms of beam intensities. While
the production rate is crucial to study exotic nuclei, beam purity is
also critically important. Isobaric contamination from non-selective ion
production and/or ionization, as well as chemical reactions producing
molecular contaminants, are often present with much higher intensities
than the ions of interest, preventing certain types of measurements.

Beam purification can be performed using a magnetic dipole sepa-
rator, such as the DESIR-HRS [16] developed at CENBG for DESIR. It
has the advantage to be extremely fast (in-flight separation, i.e. a few
tens of ps), to be able to handle high-intensity beams and it aims to
push the current mass resolution limits of such a system, up to 2 x 10*.

Nevertheless, even a higher resolution is required to separate a
few ions of interest from a large number of contaminants, and more
generally to separate very close isobars or even long-lived isomers.
Indeed, high-precision measurements can be achieved only if the beam
is isobarically-pure but also isomerically-pure. Penning traps are known
to reach the highest resolving power, from 10 to 107 depending on
the separation techniques, such as the standard sideband buffer gas
cooling [17], Ramsey cleaning [18,19] or phase splitting [20-22]. All
these techniques will be presented in this paper. However, the high-
resolution performances of the Penning trap technique come at the
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price of long separation times (>100 ms) and limited numbers of ions,
up to 102103 ions per bunch for the buffer gas cooling technique and
only a few ions per bunch for the other methods. This is a consequence
of space-charge effects which decrease the resolution and the efficiency
for larger number of ions [23]. In order to push the limitations of
existing devices further, the first trap of the double Penning trap
PIPERADE will be a new type of high-capacity large trap that aims
to separate up to 10*~10° ions per bunch using the buffer gas cooling
technique. In addition, other cleaning techniques allowing to reach the
highest resolution, and requiring a gas-free trap, will be implemented
in the second trap.

The pure beams extracted from the device will be re-injected in the
main DESIR beam line, so that various experimental setups, such as
total absorption spectrometry, collinear laser spectroscopy and decay
measurements, will benefit from the trap performances.

Besides purification purposes, PIPERADE will be used as a mass-
measurement setup on its own. The mass of an atomic nucleus is one
of its most fundamental properties and is therefore a key observable to
guide and constrain the current theoretical descriptions of the nucleus
and the nucleon-nucleon interaction. Binding energy measurements
along isotopic chains reveal structure effects [24], such as shell clo-
sures [25,26] or onsets of deformation [27]. In addition to fundamental
nuclear physics questions, experimental masses are crucial to constrain
nucleosynthesis models [28,29] (rp-process and r-process) and precise
Q-value measurements of specific beta transitions have different appli-
cations, as tests of the weak interaction in the Standard Model [30] or
the search of candidates for the neutrino mass measurement [31].

In this paper, details on the Penning trap technique will be given,
followed by a full technical description of the PIPERADE system. The
setup being now fully in operation, the tests with offline beam are
ongoing ; first results using the first trap will briefly be presented
whereas a detailed description of the offline studies will be given in
another publication, in preparation.

2. Basics of Penning traps and operational modes of PIPERADE
2.1. Principle of a Penning trap and excitation techniques

A Penning trap allows the storage of charged particles thanks to
the combination of a strong homogeneous magnetic field for the radial
confinement and a static quadrupole electric field for the axial confine-
ment. The electric potential is obtained by applying a voltage difference
U, between a central ring electrode and two so-called endcap electrodes
and can be expressed as

U,
V(z,p) = d—§(2z2 2 o)

where z is the distance along the trap axis from the trap center, p

the radial coordinate, and d = zg +ré/2 the characteristic trap
geometry parameter, with z, the distance between the ring center and
the endcaps, and r, the inner trap radius. The repulsive character
of this electric field in the radial direction is compensated by the
strong magnetic field obtained by installing the Penning trap in a
superconducting magnet. For creating this quadrupole electric field,
electrodes can be shaped as hyperboloids of revolution. An alternate
way is to use a cylindrical trap and by choosing the potentials and
lengths of the electrodes appropriately [32], the electric field can be
made very close to a pure quadrupolar one near the trap center. It is
the case of the PIPERADE traps, which are shown in Fig. 1.(a).

The resulting ion motion in a Penning trap is a superposition of
three eigenmotions: (i) an harmonic axial motion along the trap axis
at the frequency v,, (ii) a modified cyclotron motion at the frequency
v,, and (iii) a magnetron motion at the frequency v_. The two latter
motions are in the radial plane, the slow magnetron motion is centered
at the trap axis and its orbit defines the center of the modified cyclotron
motion. The true cyclotron frequency v, = ¢B/2zm, with ¢ the ion

Nuclear Inst. and Methods in Physics Research, A 1019 (2021) 165857

charge, m the ion mass and B the strength of the magnetic field,
corresponds, for an ideal trap, to the sum of the two radial frequencies.

The main interest of a Penning trap lies in the manipulation of
these ion motions. Each motion has its own fixed frequency, defined
by the electric and magnetic fields and the charge-to-mass ratio g/m
of the trapped ions. However, the amplitude of these motions can be
modified by bringing/removing energy to/from the motions. There are
different ways of doing so, one being to fill the trap with a buffer gas.
The ion collisions with the gas atoms will lead to a fast decrease of
the amplitude of both the axial and the modified cyclotron motions,
whereas the magnetron motion radius will slowly increase.

The second powerful way to manipulate the ions is to apply radio-
frequency (RF) fields on the trap electrodes. Excitations of the axial
motion can be performed by applying RF fields on the endcaps, but
in the following only radial motion excitations will be described. For
this, the central ring electrode is used and has to be segmented. In the
case of PIPERADE, as can be seen in Fig. 1.(b), the ring electrode of the
first trap, called the purification trap (PT), is 8-fold segmented whereas
the ring electrode of the second trap, called the measurement trap
(MT), is 4-fold segmented. There are two main modes for performing
excitations: the dipolar and the quadrupolar modes.

The dipolar mode consists of applying an RF field in one radial
direction. If the RF signal is applied at one of the eigenfrequencies, the
radius of the corresponding motion will be modified without changing
the others. When the excitation and the ion motion are in phase, the
ions will be pushed from the electrode where the RF signal is applied
every time it passes in front of it, and therefore the radius will increase.
Fig. 1.(b) shows how the two different dipolar excitations at v_ or
v, are applied on the ring segments. One should note that each trap
segment is connected to a given function generator providing a specific
frequency and phase. For the purification trap, opposite phases 0 and
« are applied on opposite segments whereas for the measurement trap,
only one phase is applied on a single segment, also creating a dipolar
field component but with lower amplitude.

The quadrupolar mode consists of applying an RF signal with the
same phase on two opposite segments (see v, excitation in Fig. 1.(b).
For the purification trap, the same RF signal with the opposite phase is
additionally applied to the two other orthogonal segments for a higher
quadrupolar field component. This type of field is applied only on sums
of eigenfrequencies and allows to couple motions. A quadrupolar RF
excitation at v, = v, + v_ will couple the modified cyclotron motion
to the magnetron motion, i.e. as long as the excitation is applied
there will be a periodic conversion between the amplitudes of both
motions. Therefore, what is called a z-pulse excitation corresponds
to a single conversion from a pure motion to another pure one. The
period of the interconversion process depends on the amplitude of the
excitation field. An alternate way to couple the radial motions is to use
an octupolar mode, which increases the resolving power [33]. This is
technically achieved by using an 8-segmented ring like the purification
trap and by applying the same phase on the four opposite segments at
the frequency 2v,.

These dipolar and quadrupolar fields are usually applied by one RF
pulse at a given amplitude and for a given duration, which will be in-
versely proportional to the frequency width of the excitation. Therefore
the longer the excitation, the higher the resolution. An alternate way
is to use time-separated oscillatory fields, called Ramsey fields [18,34],
by applying two identical pulses separated by a certain time duration,
which increases the resolution and the precision of the technique, as it
will be explained in the next Section.

2.2. Mass separation and mass spectrometry techniques

All the various mass separation and mass measurement techniques
that will be used at PIPERADE will be based on the above-described
manipulation methods. The double-Penning trap PIPERADE device con-
sists of two cylindrical traps, separated by a diaphragm for selection
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Fig. 1. (a) The two Penning traps of PIPERADE separated by a diaphragm. The purification trap (PT) consists of eleven electrodes, i.e. two endcap electrodes, which are four-fold
axially-segmented (PE1-PE4, PE5-PE8), two correction electrodes (PC1, PC2) and one central ring electrode (PR). The measurement trap (MT) consists of five electrodes, i.e. two
endcap electrodes (ME1, ME2), two correction electrodes (MC1, MC2) and one central ring electrode (MR). The electronics for broad-band FT-ICR detection can be seen on top of
the purification trap. Gas inlets for helium feedings are fixed on the adaptation electrodes on the far sides of the purification and measurement traps. (b) Schematic view of the
central ring electrodes of PT and MT. Dipolar excitation at v_ is shown in red, dipolar excitation at v, is shown in blue, whereas quadrupolar excitation at v, is shown in green.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

purposes but also to act as a pumping barrier. Indeed, depending
on the operational mode the pressure in both traps will have to be
different. These different techniques and the main operational modes
of PIPERADE are described in the following.

2.2.1. PIPERADE as a mass separator

PIPERADE will be used for mass separation and will deliver pure
beams to the DESIR users for post-trap spectroscopy. The standard
separation technique, which will be used in the purification trap of
PIPERADE is the so-called sideband buffer gas cooling technique [17].
It consists of two main steps: first a dipolar excitation is applied
at the magnetron frequency v_. This frequency being in first-order
mass-independent, it results in an increased magnetron radius for all
ion species in the trap. The second step uses the combination of a
quadrupolar field at v,, which converts the magnetron motion into
a modified cyclotron motion, and the effect of the buffer gas, which
cools the modified cyclotron motion. As the quadrupolar excitation is
highly selective, only the ions of interest are re-centered in the trap.
By ejecting the ions through the diaphragm, only the re-centered ones
are transferred to the measurement trap. This powerful technique has
the advantage of removing multiple contaminants, even unidentified
ones, to handle large ion bunches (up to 102-103 ions) and to reach
resolutions up to 10°. The limitation in terms of number of ions is due
to space-charge effects, leading to frequency shifts, peak broadening
and screening effects, which makes the re-centering inefficient [23,35].
As it is shown for example from simulations in [10], reducing the cloud
density, i.e. expanding the cloud for a given number of ions, is a way
to limit these space-charge effects. By increasing the trap size, the field
anharmonicities are further from the center thus the cloud size can
be larger. This is why the purification trap of PIPERADE has a large
diameter (64 mm) and aims at separating larger ion bunches (more
than 10* ions). More recently, promising variants of this sideband
buffer gas cooling technique have emerged, such as the octupolar
excitation for the re-centering [36] or the so-called buffer-gas-free
SIMCO excitation [37]. They will be studied using PIPERADE.

The purification trap will mostly be used for sideband buffer gas
cooling, whereas the measurement trap could be used for accumulation
purposes. One can repeat the purification cycle by sending each time
a newly cleaned sample to the measurement trap, where He gas is
injected for an efficient trapping. Once the accumulated sample is large
enough for a measurement, a final cleaning is needed to get rid of
the daughter nuclei produced during the accumulation time and the
highly-purified sample of ions of interest can be sent to the downstream
experiments.

The measurement trap could also be used for further high-resolution
mass separation. With very few ions and in a gas-free trap, other

techniques can be used to reach a very high resolving power and
separate close isobars or isomers. The so-called dipole cleaning can be
used by applying a dipolar field at the modified cyclotron frequency
v, of a well-known contaminant, whose radius is increased enough
to not be extracted from the trap. By applying time-separated pulses,
as described in the previous section, the so-called Ramsey cleaning is
very powerful for a highly-selective cleaning of a given contaminant.
More details can be found in [19]. Such cleaning methods can reach
resolutions up to about 10°, which makes this technique also suitable
for isomeric cleaning.

Finally, a very recent method, which has been implemented at
JYFLTRAP for post-trap spectroscopy, is the phase-splitting method,
inspired by the Phase-Imaging Ion-Cyclotron-Resonance (PI-ICR) mea-
surement technique [20]. Details can be found in [21,22]. The first
step of this method is to excite the modified cyclotron motion of
the trapped ions by applying a short broad-band dipolar excitation.
The excitation being short, it is not highly selective and the radial
amplitudes of all the isobars and any isomers are thus increased. Then
the basic principle of this separation is to let the ions oscillate at the fast
modified cyclotron frequency v, for a given time, so that the species
are separated in phase. This technique requires the use of a position-
sensitive micro-channel plate (MCP) detector, in order to project the
radial position of the ion cloud on the detector. One should note here
that extracting the ions moving at the higher v, frequency will lead
to a smearing of the ion spot on the MCP. Therefore, before the ion
extraction, a z-pulse excitation has to be applied to convert the pure
modified cyclotron motion into a pure magnetron motion, which then
is slow enough to observe a well-defined spot on the detector. After
the separation, the isobar or the state of interest can be transported
to the post-trap spectroscopy device through a diaphragm with a hole
at the appropriate angle and radius from the center. The selection
method used at JYFLTRAP is to adapt the accumulation time so that
the two species are separated by 180 degrees. A magnetron excitation
in opposite phase with the motion of the ions of interest will center
them in the trap while moving contaminants off-axis [22]. The selection
method proposed in [21] is to apply a static excitation, to shift the
center of the trap and then re-center the ions of interest. This has never
been tested. The phase splitting method is very powerful in terms of
resolution, which can even reach 107 for long accumulation times.

In the case of isomeric cleaning, before sending the isomeric beam to
post-trap spectroscopy, the excitation energy of the isomeric state could
also be measured with the techniques presented in the next section.

2.2.2. PIPERADE as a mass spectrometer

When using PIPERADE as a mass spectrometer, a highly-purified
sample is required. Therefore both traps will still be used for var-
ious mass separations explained in the previous section before the
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27 kv
FC/MCP B

29.95 kV
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Fig. 2. Experimental setup at CENBG, consisting of (1) a stable ion source floated at 30 kV, (2) a DESIR - quadrupole triplet, (3) the GPIB (General Purpose Ion Buncher) floated
at about 29.9 kV, (4) an electrostatic deflector floated at 27 kV and (5) the 7-Tesla Penning-trap system floated at about 29.95 kV. Faraday cups (FC), beam profile monitors
(BPM) and micro-channel plates (MCP) detectors are installed in the beam line for ion beam diagnostics.

precision mass measurement in the second trap is realized. The mass
measurement of an ion is performed through the determination of its
true cyclotron frequency v, = ¢B/2zm. Once the cyclotron frequency
is measured, only the magnetic field has to be measured to extract
the mass of the ion. This is performed by alternatively measuring the
cyclotron frequency of the ion of interest and that of a very well-known
reference isotope. Even if the magnetic field is not monitored during the
measurement of the ion of interest, if the field drift and fluctuations are
small enough, a linear interpolation is sufficient, not to add systematic
uncertainties to the measured mass.

The standard technique for cyclotron frequency determination used
since decades is the ToF-ICR technique and is described in detail
in [38]. The precision achieved with this method is of the order of 10~8
for short-lived nuclides. As for the dipole cleaning method, the Ramsey
method has boosted this technique, with an increase of a factor of 3 in
the precision on the mass determination [18].

A few years ago, the PI-ICR method has been introduced in the field
and implemented in many Penning-trap mass spectrometers, such as
SHIPTRAP [39] where it was first developed, CPT [40], ISOLTRAP [41]
and JYFLTRAP [22]. It has been shown to reach a fivefold gain for
the precision on the cyclotron frequency determination compared to
the Ramsey ToF-ICR technique. This non-scanning method opens the
way to mass measurements of very exotic nuclei but also long-lived
isomers, due to the excellent resolution it can reach (see the previous
subsection).

3. Overview of the experimental setup at CENBG

The PIPERADE setup is currently being developed and commis-
sioned at CENBG before its currently scheduled installation at DE-
SIR/GANIL in 2024. A FEBIAD ion source is used to produce stable ions,
either by ionizing a gas injected in the source, or by surface-ionizing the
alkali naturally present on the filament surface. The injection into the
Penning trap requires a bunched and cooled beam, mostly to optimize
the transmission efficiency but also to reduce the phase-space volume
when trapping the ions. For this purpose, a gas-filled Radio Frequency
Quadrupole (called GPIB for General Purpose Ion Buncher) is also
developed at CENBG. The GPIB will be installed on the entrance beam
line of the DESIR hall, acting as the main cooler-buncher of DESIR.
Details on this device will be found in [42]. As displayed in Fig. 2,
the PIPERADE setup is placed directly downstream of the GPIB. At its
final position at DESIR/GANIL, PIPERADE will be displaced in parallel
to the GPIB and the main beam line. Ion bunches will thus be sent
to PIPERADE via a transfer line equipped with two 90° electrostatic
deflectors. One of these electrostatic deflectors has been constructed
and installed at CENBG (see Fig. 2) between the GPIB and PIPERADE
devices for test purposes (e.g. transverse and longitudinal emittance
measurements).

As can be seen in Fig. 2, the different devices are held on separate
platforms electrically floated with respect to the ion source potential
of 30 kV. The difference of the GPIB and PIPERADE platforms to the
main source platform is tunable via 0-400V power supplies (DELTA
Electronika SM1500) with negative polarity, one dedicated to each
platform. This allows to adjust the ion energy for an optimized injection
in the devices (about 29.9 kV for the GPIB and about 29.95 kV for
PIPERADE). The transfer line from the GPIB to the PIPERADE setup
through the deflector is floated at 27 kV, to be in the same electrostatic
configuration as in DESIR where the 3-keV ions will be deflected. The
ions extracted from the Penning-trap system are then accelerated to
almost 30 keV and sent to a detection system dedicated to tests or mass
measurements. In the future, the ion bunches will be sent back to the
main DESIR beam line via a 45° bending.

Different beam optics systems are used to control the shape and
the position of the beam all along the beam line: a DESIR quadrupole
triplet is located between the source and the GPIB to optimize the
injection into the GPIB and an einzel lens is located downstream the
GPIB for an optimum injection of the beam into the magnetic field
of PIPERADE. In addition, sets of horizontal and vertical steerers are
located upstream of both GPIB and Penning-trap devices, in order
to correct the angle and position of the ion beam. As can be seen
in Fig. 2, retractable beam profile monitors are used to monitor the
radial distribution and position of the ion beam injected in the GPIB
and PIPERADE setups. Three Faraday cups along the beam line are
used to optimize the ion beam transmission efficiency in continuous
mode. When bunched with the GPIB, the ions are detected by micro-
channel plates (MCP) detectors behind the GPIB at 27 kV and behind
the traps at ground potential. The different beam diagnostics and their
electronics are described in detail in Section 4.3. The whole PIPERADE
beam line, starting after the deflector, composed of DN160 crosses,
bellows and a DN125 vacuum tube inserted into the magnet, use the CF
standard and a very low magnetic susceptibility stainless steel (316L-
1.4435). Two magnetically-levitated turbomolecular pumps (Edwards
STP-1003) are located at both ends of the setup, far from the magnet
axis, as are the vacuum gauges. A third pump (Edwards STP-A803C) is
located below the MCP chamber after the trap system. The pressures
at the injection and extraction sides, are 8 x 10~8 mbar and 1 x 10~8
mbar, respectively. The injection side pressure is higher because of the
GPIB helium gas. It will be lower at DESIR because the GPIB will be
further upstream and additional pumping systems will be installed on
the deflector chambers. As it will be mentioned later, this pressure is
higher when injecting He gas in the first trap. The pressure at the MCP
chamber is of the order of 10~8 mbar.

4. Technical description of the Penning-trap system
4.1. Double Penning trap

The double Penning trap of PIPERADE is shown in Fig. 1. As
mentioned before, with a radius of 32 mm, the purification trap is one
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of the largest Penning trap installed at any RIB facility (see [43] for
details on the 90 mm-radius Penning trap of the TAMUTRAP facility),
whereas the measurement trap has a radius of 10 mm. For both traps,
deviations from the ideal quadrupole field are compensated by correc-
tion electrodes added between the rings and the endcaps electrodes. In
addition, the dimensions of all electrodes and the voltages applied on
them have been calculated to limit the anharmonicities of the electric
trapping potentials (see Tables 1 and 2).

As can be seen in Fig. 1.(a), the endcaps of the purification trap
are 4 times axially segmented, to offer the possibility to apply DC
gradients at the injection and the extraction of the ions. In trapping
configuration, they are all at the same potential. In the radial direction,
as can be seen in Fig. 1.(b), the purification trap and the measurement
trap have an 8-fold and 4-fold segmented central ring electrode, re-
spectively, allowing to apply RF excitations. The correction electrodes
are also radially segmented (two parts) for implementing a broad-band
Fourier-Transform Ion-Cyclotron-Resonance (FT-ICR) detection [44],
allowing a quick broad identification of the highly-abundant trapped
contaminants. Filters and pre-amplifiers boards are directly mounted
on the trap structure inside the vacuum, in order to reduce the noise
of the very small induced current signal picked up on the electrodes.
The full electronics system has been designed and built by Stahl-
Electronics [45]. This detection technique has not been commissioned
yet. Different diameters for the diaphragm have been machined in order
to test different excitation patterns. The presently installed one has a
4 mm diameter. In addition, adaptation electrodes (see Fig. 1.a) are
added on both sides of the double Penning trap, in order to fix the
optics electrodes towers, which have a different diameter than the
traps. As mentioned earlier, the double Penning trap will be used in
different configurations, which require He buffer gas, in one and/or
the other trap. For that reason, the gas feedings to both traps are
independent and consist of PEEK tubes connected to the adaptation
electrodes via gas inlets, made of brass. Outside the vacuum, stainless
steel gas tubes allow to transfer the gas from the two mass flow
controllers (BROOKS SLAS5850S) to the gas feedthroughs. With the
present diaphragm diameter of 4 mm, when injecting He gas in the
first trap, the pressure upstream the magnet measured by the gauge
can be increased up to about 5 x 10~® mbar without degrading the
vacuum downstream the Penning-trap setup. Monte Carlo simulations
using the Molflow + software [46] have been performed to estimate the
pressure inside the first trap cavity when He gas is injected, under the
assumption of being in a molecular regime. A factor of 12 between the
pressure measured by the gauge and the pressure inside the trap has
been determined.

4.2. Tower structure

The trap tower structure located in the superconducting magnet is
divided into 3 independent parts: the double Penning-trap structure and
two sets of 10 and 11 cylindrical electrodes for the injection and the
extraction of the ions, respectively, in the critical areas of the magnetic
field gradients (see Fig. 3). On both sides of the double Penning trap,
the last injection electrode and the first extraction electrode are specific
adaptation electrodes (see Fig. 1.a), with the same radius as the traps, to
fix the optics electrodes, which all have a radius of 20 mm and 51 mm
length. The full tower has been designed and machined at the Max
Planck Institut fiir Kernphysik (MPIK) in Heidelberg, Germany.

The measurement trap electrodes and the diaphragm are made of
oxygen-free copper, chosen for its high conductivity and low magnetic
susceptibility. All the injection, extraction and purification trap elec-
trodes are made of aluminum alloy (AW-5083), a compromise to have
a reasonable weight, critical for a precise alignment and for an easier
assembly of the full structure. The aluminum electrodes have first been
plated with a 5-pm copper layer, and all the electrodes have then been
silver (15 pm) and gold (5 pm) plated. The gold layer is to prevent
oxidation whereas the silver one prevents gold from diffusing into the
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Table 1
Dimensions (in mm) of the trap electrodes. The electrodes are separated from each
other by a gap of 1 mm.

Electrode

Length (mm)

Purification trap (r = 32 mm)

Endcap 1 (PE1) 30.0
Endcap 2 (PE2) 17.5
Endcap 3 (PE3) 17.5
Endcap 4 (PE4) 30.0
Correction 1 (PC1) 25.1
Ring (PR) 9.310
Correction 2 (PC2) 25.1
Endcap 5 (PE5) 30.0
Endcap 6 (PE6) 17.5
Endcap 7 (PE7) 17.5
Endcap 8 (PE8) 30.0
Diaphragm (r = 2 mm) 30

Measurement trap (r = 10 mm)

Endcap 1 (ME1) 29.7

Correction 1 (MC1) 7.185

Ring (MR) 2.224

Correction 2 (MC2) 7.185

Endcap 2 (ME2) 29.7
Table 2

Voltages (V) applied to the entrance electrodes (ENT01-ENT10), the injection elec-
trodes (INJO1-INJ10), the extraction electrodes (EXT01-EXT11) and the exit electrodes
(OUTO01-OUT10). For the purification trap, voltages (V) applied in “opening mode”, i.e
when the ions are either injected in the trap (voltages from PE1 to PR) or extracted
from the trap (voltages from PR to PE8), and in “closed” mode, i.e. when ions are
trapped. The setup and the power supplies are installed on a high-voltage platform.
All these voltages are thus relative to the platform reference.

Electrode

Voltage (V)

from —2950 to —1000
from —800 to —85

ENTO1 - ENT10
INJO1 - INJ10

Purification trap Open/Closed
Endcap 1 - Endcap 4 (PE1 - PE4) -84/ 0
Correction 1 (PC1) -82/-70
Ring (PR) —80/-80
Correction 2 (PC2) -82/-70
Endcap 5 - Endcap 8 (PE5-PES8) -84/0

from -85 to —90
from —100 to —120
from —130 to —3000

Diaphragm/Measurement trap
EXTO1 - EXT11
OUTO1 - OUT10

copper material. In general, a tolerance of +30 pm has been achieved for
the dimensions of all the electrodes. All electrodes are insulated from
each other by MACOR” rings. The tower electrodes are designed in
such a way that the insulator rings cannot be seen by the ions (see
Fig. 1.a). Concerning the radially-segmented electrodes, the segments
are insulated from each other by saphire balls of 1.5 mm diameter.
The kapton-insulated wires are connected to each electrode with M2.5
titanium screws. This tower is inserted in a DN125 vacuum tube and
held via three rods screwed on metal landmarks soldered on the flanges
at each extremity of the tube. Since the tower is thus radially and
axially self-aligned in the tube, the latter can then be aligned in the
magnet thanks to screws from a special system fixed to the magnet
in vertical and horizontal directions. The radial alignment will be
described in Section 4.6.3. In addition to the main trap tower, two other
10-electrode towers are installed on each side of the superconducting
magnet, in the regions of deceleration/acceleration of the ions, and
were also designed and manufactured at MPIK. They are made of
aluminum alloy and have a radius of 20 mm and 60 mm length.

4.3. Beam diagnostics and detectors
Monitoring the ion beam is crucial to optimize the beam line and

the in-trap techniques. As the trap device is on a high-voltage platform,
there is no pulsed drift tube, the transmission efficiency can thus be
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Fig. 3. Top: Trap tower in the superconducting magnet consisting of injection/extraction optics and the double Penning trap separated by a diaphragm and entrance/exit beam

optics on both sides of the magnet. Bottom: Magnetic field in Tesla along the trap tower.

optimized with a continuous beam along the whole beam line. To
do so, three movable Faraday cups (FC) are installed in the beam
line, as can be seen in Fig. 2. These are DESIR-standard FC developed
by GANIL, covering a very wide range of current intensities, from
only 50 fA to 100 pA. To achieve such a high sensitivity, each FC
is coupled to a low-bandwidth transimpedance linear amplifier called
PicoLIN [47], also developed by GANIL within the SPIRAL2 project.
The beam position, size and shape is monitored with SPIRAL2 beam
profile monitors (BPM), based on secondary electron emission of 47
tungsten wire harps (0.5 mm step) for both horizontal and vertical
planes [48]. Equipped with high-sensitivity charge preamplifiers, these
semi-interceptive BPM are used to monitor down to a few tens of pA
ion beams with a transparency higher than 90%.

Ion bunches generated by the GPIB can be detected by the FC,
coupled to a fast commercial I/V converter (FEMTO DHPCA-100).
This detection system can be used only for high-intensity bunches
(>10* particles in a 1 ps bunch), the lower ion number limit strongly
depending on the time distribution of the bunch. The voltage image of
the bunch intensity is digitized with a Red Pitaya board, which is also
controlling the amplifier using digital I/0 (switchable gain from 10>
to 108 V/A). The Red Pitaya board is a cost-efficient data acquisition
platform based on a Xilinx FPGA and a dual-core ARM processor
running a Linux operating system. Amplifier output signal sampling
and quantization are achieved with a 14-bit ADC at 125 MSample/s
in parallel with the digital I/0O processing without any dead time. The
Australian Synchrotron EPICS driver support is used to run the Faraday
Cup EPICS server (see Section 4.5) in the Red Pitaya itself [49].

In case of low-intensity bunches, there are two MCP’s (Topag MCP-
MAZ33/2) installed in the beam line, one after the GPIB and one after
the Penning-trap setup. They allow measuring the absolute number of
ions in a bunch as well as performing time-of-flight measurements. The
MCP anode signal is discriminated and a specific counting system has
been developed. This FPGA development called RedPiTOF has been
implemented into a dedicated Red Pitaya. Thanks to the use of two
digital inputs (MCP counts and bunch gate signals), it allows to benefit
from 50 MHz counters, time measurements with 10 ns time resolution
and TOF spectrum construction in 16k channels without any dead time.
The modified embedded EPICS server (see Section 4.5) allows from any
EPICS Client to monitor online the MCP counting rate, the number of
counts per bunch and the TOF spectrum. More details about this new
development will be presented in a dedicated paper, under preparation.

A position-sensitive MCP (delay-line detector) is planned to replace
the MCP after the trap, in order to implement the phase-splitting [21,
22] and PI-ICR [20] methods described in Section 2.2.

4.4. Trap electronics

In order to meet the DESIR High Voltage-Power Supplies (HV-PS)
requirements, ISEG multichannel crates are used for providing the DC
voltages to the DESIR instruments. The reasons of such a choice are
(i) the large variety of low-noise, precise and stable HV-PS proposed,
(ii) its ability to concentrate a large number of HV channels in a single
crate, and (iii) the CC-24 ISEG crate controller with its built-in EPICS
server (see Section 4.5). A SPIRAL2-like EPICS records database is de-
veloped and used on all DESIR ISEG crates. The PIPERADE electronics
stands in a dedicated 19” rack placed on a 29.95 kV platform and
require 75 HV-PS, all with negative polarity. The DC signals for the trap
electrodes and the diaphragm are provided by 0-500V high-precision
supplies (ISEG EHS-F205N). The injection and extraction electrodes are
supplied by 0-1 kV modules (ISEG EHS F010n) whereas the entrance
and exit electrodes on both sides of the magnet are supplied by 0-6 kV
modules (ISEG EHS F060n). The switching of the trapping potentials is
required to be fast, in order to capture efficiently the ions and to extract
them from the traps without degrading their energy distribution. This
is performed by homemade fast switches (see [42] for more details),
capable of switching up to 100 V in about 30 ns. The RF fields for the
different motion excitations are supplied by Agilent 33510B function
generators with a 1 pHz frequency resolution. The ring electrode of
both traps being supplied by both RF and DC signals, AC/DC couplings
are performed before the connection to the trap electrodes. Another
main instrument used as the conductor of the traps has been devel-
oped on a National Instruments CompactRIO device: the Pulse Pattern
Generator (PPG). This real-time and FPGA-based device triggers the
function generators and the fast switches with respect to a given time
pattern defined by the users with a 12 ns time resolution. Ion bunch
injection, trapping, cooling and excitation times, ion bunch transfer and
extraction are controlled by this PPG.

4.5. Control system

Control System (CS) developments performed at CENBG for DESIR
are based on the Experimental Physics and Industrial Control System
(EPICS) architecture [50], being the basic framework for the SPI-
RAL2 control system [51]. PIPERADE is therefore also fully remotely
controlled under EPICS. This system is based on Clients (Operator
Interfaces) and Servers (Input Output Controllers IOC) communicating
together via shared Process Variables (PVs) on an Ethernet Network
using a dedicated communication protocol named Channel Access (CA).
Most of the PIPERADE electronics is embedded on a high-voltage
platform. Therefore, fiber optics coupled to Ethernet switches ensure
galvanic insulation and TCP communication of the equipment with the
EPICS I0Cs running on a CentOS Linux PC. Some IOCs are embedded



P. Ascher, L. Daudin, M. Flayol et al.

into the equipment: this is the case for the ISEG HV multichannel crate
(ISEG CC24 Controller) and the Red Pitaya used for beam intensity,
ion counting and time-of-flight (RedPiTOF) measurements. SPIRAL2
vacuum systems and interlocks are controlled using dedicated PLCs
(Siemens S7-1500). The Profibus Fieldbus is used by the vacuum PLC
to communicate with turbo-molecular pumps and Profinet (Profibus on
Ethernet Network) is deployed to manage Input-Ouput terminal mod-
ules (ET 200S) distributed along the beam line and on the high-voltage
platforms. Each PLC has its own HMI (Human Machine Interface) on a
dedicated Touch Panel.

Shared software development tools are used such as the SPIRAL2
version of CSS/BOY (CSS-Dev) used to build most of the Graphical
User Interfaces (GUIs) and will handle central services like the data
archiver or the alarm handler system in the near future. EPICS with
its CA protocol makes possible to monitor and control any beam line
equipment through its PVs in many programming languages. Using this
EPICS feature, a Python program is under development to operate the
traps, i.e. scan the different trapping and excitation parameters, control
the PPG and read on-line output data from the RedPiTOF instrument.
Bunch counts and TOF spectra are processed and plotted as a func-
tion of the scanned parameters. It is inspired by the PyMassScanner
program [52] developed at JYFLTRAP.

4.6. Superconducting magnet

The superconducting magnet is a 7-Tesla magnet manufactured
by CRYOGENIC [53], consisting of a set of NbTi windings immersed
in liquid helium at 4.2 K. The main magnet has a 160 mm room-
temperature bore in which the vacuum tube is installed and a cryostat
with an overall diameter of 1112 mm and a length of 1250 mm. It has a
500 liter helium reservoir suspended within the cryostat vacuum space
by stainless steel necks attached inside the turrets, surrounded by a 125
liter annular nitrogen reservoir. The main coil has been loaded to 118
A, leading to a magnetic field of 7 T. There is also an independent active
shield coil wound onto the main winding magnet where no current
is applied. However, a low current created by inductive coupling to
the main coil is increasing with time, and might slightly modify the
magnetic field. Therefore, every few months or before a precision
measurement, the current on this coil has to be released. Two other su-
perconducting compensation coils connected to the main coil, i.e. with
the same current, are positioned on both ends of the magnet, allowing
a first rough compensation of the inhomogeneity along the magnet
axis. In addition, there are two sets of superconducting shim coils,
allowing to adjust independently the homogeneity over two specific
regions separated by 20 cm, corresponding to the two trap regions.
Each set of coils has three 1st-order shim coils in the three directions X,
Y and Z and an additional 2nd-order shim coil in Z direction (magnet
axis) to compensate non-linear inhomogeneities.

4.6.1. Field homogeneity

The field homogeneity in the trapping region is crucial because
the radial motion frequencies as well as the true cyclotron frequency
depend on the magnetic field. As ion motions have non-zero amplitude,
any inhomogeneity of the field in the space where the motions take
place leads to frequency shifts, resulting in a loss of resolving power
in mass separation or precision in mass measurements. The shimming
has been done by adjusting currents of the order of a few ampere
on X and Y shim coils for radial shimming, and on the Z shim coil
for axial shimming. The 2nd-order coils were finally not needed for
the adjustment. Since the latter have a strong inductive coupling to
the main magnet, having in principle no current on these shim coils
allows us to release from time to time, as for the shield coil, the
accumulated induced current. An NMR probe coupled to a precision
teslameter (Metrolab PT2025) has been used to precisely measure the
magnetic field along the axis and around the two trap center regions.
Fig. 4 shows the magnetic field homogeneity, i.e. the relative deviation
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Fig. 4. Relative azimuthal magnetic field deviation from the centers of the PT
(purification trap) and MT (measurement trap) trapping regions. The centers of these
regions are at r = 0, z = =10 cm and z = +10 cm, for the PT and MT regions,
respectively. Deviations are shown for different azimuth angles at a radius of 10 mm
and over 20 mm length for the PT region and at a radius of 5 mm and over 10 mm
length for the MT region. For both regions, the red bold lines correspond to the axial
centers of the trapping regions.

from the centers of the trapping regions, separated by 20 cm. A wider
region is shown for PT (purification trap), which has larger dimensions,
and where ions will move further from the trap center. Even over a
very large region of 10 mm radius and 20 mm length the homogeneity
is still of the order of 3 ppm. On the MT (measurement trap) side, an
homogeneity below 1.3 ppm has been obtained over a region of 5 mm
radius and 10 mm length.

One should note that with the NMR-probe installed in the vacuum
tube, the homogeneity determination was performed without the trap
electrodes inserted in the tube. However, as it is described in Sec-
tion 4.1, all materials were carefully chosen to be of very low magnetic
susceptibility, so as not to induce any additional field inhomogeneity.

4.6.2. Field drift

Due to the so-called flux creep phenomenon [54], the magnetic
field decreases over time. The active shield coil allows to reduce this
drift from 0.13 ppm/h to 0.04 ppm/h. However, for precision mass
measurements, this drift is still too high. Therefore, an additional
warm coil has been added afterwards in the magnet bore, allowing to
compensate very precisely the linear drift by applying a ramp of the
order of +100 pA/h. This has been tested with the NMR-probe located
at the center of the measurement trap’s region and showed that the
field drift can be reduced by about two orders of magnitude, as can
be seen in Fig. 5. Due to the limited precision of the NMR-probe and
the sensitivity of the teslameter to temperature fluctuations, this will
have to be determined more precisely with the cyclotron frequency of
trapped ions.

4.6.3. Tube alignment with respect to the magnetic field

Another cause of ion frequency shifts is a misalignment between the
electric trapping field and the magnetic field axes. The way the main
coil is suspended in the cryostat does not guarantee a perfect alignment
of the coil in the main magnet structure. The coil also slightly moves
when cooling the magnet, therefore the alignment procedure has to be
performed when the magnet is warmed up and cooled again, i.e. after
the move of the setup to GANIL.
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Fig. 5. Magnetic field B relative to the initial magnetic field BO as a function of time.
The red lines correspond to a fit of the data to a linear function ; the resulting slope is
shown on the Figure. Top: No current is applied on the additional warm coil. Bottom:
A positive ramp current is applied on the warm coil.

The trap electrodes are mechanically aligned in the vacuum tube but
this assembly must be aligned with the magnetic field axis. The option
to move the vacuum tube with respect to the magnetic field axis has
been chosen. It prevents moving the magnet while it is cold, which can
be risky.

A standard procedure using an electron-gun device inserted in the
vacuum tube has been used (see Fig. 6). By heating a tungsten ribbon
positioned at the center of the magnet with a current of 10-15 A and
by floating it to a potential of about —50 V, low-energy electrons are
created and thus spiral closely around the magnetic field lines on both
sides of the magnet. Two plates with apertures of 0.5 mm diameter each
fixed on both sides of the filament and at a distance of 15 mm, define
the initial shape and size of the electron beam. Detectors are placed at
both ends of the magnet, each of them consisting of a metallic plate
acting as a Faraday cup on which another 8-fold segmented plate (4
inner quadrants surrounded by 4 outer ones) with a 0.5 mm pinhole in
the center is fixed. The aim of the procedure is to move the vacuum
tube in such a way that the electron beam travels through the pinhole
in the first layer of the detector and thus the electron current on the
main detection plate is maximized. The segments of the first plate allow
to estimate the position of the beam. The further the detectors are from
the filament, the more precise is the alignment. However, starting the
procedure with very far detectors is not convenient if the beam is not
observed at all. Therefore, the two sets of detectors were mounted on
elements sliding on rods, such that the axial position of the detectors
could be controlled by a crank from outside the vacuum (see Fig. 6),
so that the setup does not have to be opened every time the position
has to be changed.

The vacuum tube inclination was finally corrected by 2.7(13) mrad.
It is thus not perfectly aligned with the rest of the beamline any-
more, but now well aligned with the magnetic field axis. The resulting
cyclotron frequency shift from the possible remaining angle can be
calculated from the formula given in [55,56]:

Ay, = %v_&z (2)

Nuclear Inst. and Methods in Physics Research, A 1019 (2021) 165857

W ribbon

Detector 1 aperture

Detector2 crank

Fig. 6. Electron gun device installed in the vacuum tube, consisting of a tungsten
ribbon in the center, apertures on both sides, as well as 8-fold segmented detectors
with a hole and a plate behind. A crank connected to a worm gear is used to change
the axial position of the detectors with respect to the filament.

with 6 the angle between the electric and magnetic field axes and v_
the magnetron frequency of the trapped ions, being expressed, in first-
order approximation, as v_ = U,/(4zd*B). One can notice from Eq. (2)
that the absolute frequency shift is, in first-order, mass-independent.
As explained in the following section, the trap parameter d? can be
determined from the simulated electric field and is equal, for the
measurement trap, to 134.49 mm?. With # = 1.3 mrad, corresponding
to the uncertainty on the angle, the resulting cyclotron frequency shift
in the second trap will be from 0.5 mHz for a trapping potential of 10
V, to 5 mHz for a trapping potential of 100 V. The relative uncertainty
on the true cyclotron frequency v, depends then on v, itself, the heavier
the mass the larger the uncertainty. However, as it is explained in
Section 2.2, the cyclotron frequency of an ion of interest v, is always
measured relatively to a well-known reference ion with a cyclotron
frequency vc”’f . Therefore, the resulting relative uncertainty we are
interested in is the one on the ratio r = v,/ vzef . In [56], it is given
by the formula:

sr 9., V_ (vfff -V
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By assuming that v, = v, for both the ions of interest and the reference
ions, one can simplify Eq. (3) and define a shift factor R depending only
on the trap parameters, the magnetic field strength and the misalign-
ment of the magnetic field to the trap axis. For a mass measurement,
the relative uncertainty will then be given by the trapping potential U,
and the mass difference between the ions of interest and the reference

ions AA:

or 9., 1 u
— =R-UydA = =0 —
r 0 47 24°B? q,

UyAA @

with u the atomic mass unit and ¢, the elementary charge (assuming
all trapped ions are of 1* charge state). The final relative uncertainty
resulting from an angle of 1.3 mrad between the magnetic and electric
field axes is:

o _30x 10712y UyAA (5)
.

Even with a trapping potential U, of 100 V and a 44 of 10, the relative
uncertainty of 3.0 x 10~ is still negligible on the level of the expected
precision of the Penning trap, i.e. of the order of 10~8 for short-lived
ions.

5. First offline tests with the purification trap

We report here the first offline tests of the PIPERADE mass spec-
trometer. As no gas was injected in the stable ion source, the ion
beam consisted only of surface-ionized elements. The ion beam was first
cooled and bunched by the GPIB, with RF parameters set to transmit
light ions, such as 39K* or “°Ca*, and then sent to the PIPERADE traps.
A so-called beam gate was implemented using one of the steerers at
the exit of the ion source. Switching this electrode for a short moment
allows to inject in the GPIB a well-defined number of ions, and also to
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avoid the GPIB to be fed constantly with “hot” ions that mix with the
cold ones when extracting an ion bunch.

The ion bunches are extracted from the GPIB floated at 29.9 kV
towards the deflector at 27 kV with an energy of about 2.9 keV, and
are then sent to the Penning-trap platform, which is at 29.95 kV. In
order to attenuate the strong defocusing effect of the platform voltage
change from 27 kV to 29.95 kV and a abrupt drop of the ion energy, the
first entrance electrodes are set at about —2950 V, and then a smooth
gradient is applied, in order to decelerate the ions for the injection in
the purification trap, where the ion energy has to be lower than the
trapping potential, in this case 80 V. Table 2 shows the voltages applied
on the different electrodes. For the purification trap electrodes, “Open”
and “Closed” correspond to the settings for injection/extraction and
trapping modes, respectively. For the first tests, the four axial segments
of each endcap were all connected together.

Before performing any trapping in the purification trap, the bunches
were shot through the Penning trap tower and detected on the MCP
detector behind the setup. The absolute transmission efficiency through
the trap device is difficult to determine, because the MCP’s before
and after the traps have not been precisely calibrated and despite the
fact they are identical, they might have slightly different detection
efficiencies. This is mostly due to different time and spatial distributions
of the bunches hitting the detector leading to different saturation
effects, but also due to the difference in ion energy (3 keV after the
GPIB and 30 keV after PIPERADE) and the fact that there are grids in
front of the GPIB MCP (to measure the bunch energy dispersion) which
might impact the detection efficiency. A test bench with another offline
ion source is being mounted in the hall of CENBG, in order to precisely
calibrate the detectors, depending on the ion beam conditions. Despite
the difficulty of precisely determining the efficiency, the number of
counts/bunch detected on the MCP after the GPIB and on the one after
PIPERADE were similar for a given beam gate duration, which shows
that the overall transmission efficiency is excellent, most probably
above 30%-50%. One should note that in continuous mode, by detect-
ing the beam on the Faraday cups, the transmission efficiency through
the traps has been estimated to about 60%-70%. All these efficiencies
will more precisely be measured during the on-going commissioning.

The trapping mode has then been tested. In order to capture the
ions coming from the GPIB, the injection endcaps (PE1-PE4) are open
while the extraction endcaps (PE5-PE8) are kept closed. Then, when
the ions reach the trap center, the injection endcaps have to be closed,
i.e. switched up to 0 V. The capture efficiency can be determined by the
ratio of the number of counts of the MCP detector after a trapping cycle
to the number of the counts in “‘shooting-through” mode, i.e. without
any trapping. This has been determined to be >80% and is reliable
because the MCP detector is the same one for both measurements.

The first sideband buffer gas cooling technique was performed with
the following time pattern:

(1) Extraction from the GPIB (triggers the PPG of the trap)

(2) Waiting time while the ions fly from the GPIB to the PT (62 ps)

(3) Closing of the injection endcaps and first correction electrode

(4) Axial cooling time (200 ms)

(5) Dipolar magnetron excitation (15 ms)

(6) Quadrupolar cyclotron excitation (200 ms)

(7) Waiting time for cooling (200 ms)

(8) Opening of the extraction endcaps and second correction elec-
trode

(9) Trigger for the MCP detection gate

As can be seen from the above time pattern, after the capture
of the ions, a waiting time is needed to axially cool the ions before
applying the magnetron excitation. This time is strongly dependent on
the amount of buffer gas injected in the trap, the higher the pressure
the shorter the time.

The magnetron excitation was first tested, meaning that step 6 was
omitted. The dipolar field was applied during 10 magnetron periods
with an amplitude of 2.2 Vpp. Fig. 7 shows the number of counts/bunch
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Fig. 7. Number of counts/bunch detected on the MCP detector behind the trap as a
function of the frequency of the dipolar magnetron excitation.

detected on the MCP detector behind the trap as a function of the fre-
quency of the RF excitation. We can see that at the resonance frequency
v_, the counts/bunch drops to zero because the ion’s magnetron radius
has been increased to an orbit higher than the diaphragm radius, and
thus no ions can be extracted from the trap. The amplitude of the mag-
netron excitation was tuned, so that it is high enough to radially push
the ions beyond the diaphragm, but low enough so that the ions are not
too far from the center. The further they are, the harder it is to re-center
them because of frequency shifts induced by anharmonicities of the
electric field and inhomogeneities of the magnetic field. The magnetron
frequency has been determined to be about 660 Hz. This is in perfect
agreement with the magnetron frequency calculation from the formula
v_ = Uy/(4xd?B), with d> = 1360.90 mm” determined from a linear fit
of the trap electric field simulated by SIMION [57] (see Eq. (1)). The

geometric formula for the characteristic trap parameter d = 4 /z(z) + rrz) /2
is actually not correct anymore for a real cylindrical Penning trap. All
these offline tests were performed with He gas injected in the trap,
giving a pressure of 2.6 x 1077 mbar on the injection side of the
magnet. From the Molflow simulations described in Section 4.1, the
pressure inside the trap cavity was then of the order of 3 x 10~® mbar.

A quadrupolar excitation of 200 ms duration was then applied (step
6 in the above time pattern) with 2 Vpp amplitude, in order to re-center
the ions. Fig. 8 shows the number of counts/bunch detected on the MCP
detector behind the trap as a function of the quadrupolar excitation RF
frequency. This first resonance allows to confirm that 3°K* ions are
indeed produced from the ion source. The resonance curve was fitted
with a Gaussian function, resulting in a sigma of 11.0 Hz. With a FWHM
of about 26 Hz, the resolution v./FHWM is then 106 000. The targeted
resolution of this technique has thus been achieved. Studies are on-
going to investigate the evolution of the resolution and the re-centering
efficiency with respect to the different excitation parameters. The mag-
netron and cyclotron excitation amplitudes, as well as the amount of
gas and the different pattern step times are strongly correlated and they
all affect the sideband buffer-gas cooling performances. The next step is
then to study separation performance as a function of the total number
of trapped ions and for different ratios between the ions of interest and
the contaminants.

6. Conclusions and outlook

A double Penning trap has been developed for mass separation
and mass spectrometry at the future DESIR/SPIRAL2 facility. The in-
stallation of this device at CENBG has been finalized and is now
under commissioning. First offline tests using the purification trap have
shown that a resolution of 10° can be achieved. The next main step
is to implement the mass spectrometry and high-resolution separation
techniques for the measurement trap of PIPERADE. The first on-line
experiments at DESIR with PIPERADE are foreseen in 2026.
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Fig. 8. Number of counts/bunch detected on the MCP detector behind the trap as a
function of the frequency of the quadrupolar RF excitation. At the resonance frequency
V., 2°K* ions are centered in the trap. The gaussian fit to the data, shown in red, has
a sigma of 11.0 Hz. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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