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Abstract

Nuclear size and shape are fundamental physical properties defined by the composition of
neutrons and protons within the nucleus. The precise investigation of both properties provides
benchmarks for nuclear models and helps to understand the nucleon-nucleon interaction. The
nuclear charge radius and the nuclear magnetic dipole and electric quadrupole moments can
be probed by the well-known electromagnetic interaction and extracted from atomic spectra.
Collinear laser spectroscopy (CLS) is a versatile tool to measure and resolve fine structure and
hyperfine structure required to extract the nuclear parameters. It is an in-flight spectroscopy
method and therefore very well suited for short-lived isotopes and isomeric states.

A new online collinear laser spectroscopy setup, the Argonne Tandem Hall Laser Beamline
for Atom and Ion Spectroscopy (ATLANTIS) has been commissioned in this work with first
online beams of !1%:112-116,118pq delivered from the Californium Rare Isotope Breader Upgrade
(CARIBU). The required high sensitivity for these investigations of palladium isotopes with
very low production yields was achieved by a new radio-frequency quadrupole cooler-and-
buncher with unprecedented long accumulation times of up to 30s. A new charge-exchange
cell, designed specifically for the charge exchange with magnesium, provided unexpected high
neutralization efficiency with almost undisturbed and symmetric resonance profiles.

Using the new setup, spectra of all stable and the neutron-rich 12-116:118p(d isotopes were
obtained, the spins of ''311°Pd confirmed, their magnetic dipole moments and the electric
quadrupole moment of ''*Pd determined, and the trend of the differential nuclear charge
radii along the chain of measured isotopes established. The results indicate a complex nuclear
structure and are compared to other isotopic chains in the Pd region and to axial Fayans
EDF and triaxial Skyrme EDF calculations. The good agreement with the EDF calculations
allowing triaxiality, supports the possible existence of triaxial ground states in the mid-shell
region between Z=26 and Z=50 and around N =60.

Moreover, CLS measurements were performed at the COLLAPS experiment at ISOLDE/CERN
on semi-magic lead isotopes. The differential mean-square nuclear charge radii and nuclear
moments of 87208Pb and of the isomeric states of the odd '¥7~203Pb isotopes were deter-

mined. A comparison to Fayans and ab initio calculations show an overall good agreement.







Zusammenfassung

Grolde und Form eines Atomkerns sind grundlegende physikalische Eigenschaften, die durch
die Verteilung der Neutronen und Protonen bestimmt werden. Die genaue Untersuchung bei-
der Eigenschaften liefert wichtige Informationen fiir Kernmodelle und trigt zum Verstand-
nis der Wechselwirkung zwischen Nukleonen bei. Der Kernladungsradius und die elektroma-
gnetischen Kernmomente konnen aus Atomspektren extrahiert werden. Die kollineare Laser-
spektroskopie (CLS) ist eine vielseitige Methode zur Messung der Hyperfeinstruktur optischer
Uberginge, die sich besonders fiir kurzlebige Isotope und isomere Zustinde eignet.

Ein neuer Online-Aufbau fiir CLS, die Argonne Tandem Hall Laser Beamline for Atom- and
Ion Spectroscopy (ATLANTIS), wurde im Rahmen dieser Arbeit mit ersten Online-Strahlen
von 110:112-116,118pdq des Californium Rare Isotope Breader Upgrades (CARIBU), in Betrieb
genommen. Die erforderliche hohe Empfindlichkeit fiir Untersuchungen dieser Isotope mit
geringen Ionenstrahlintensitdten von 1-10 Ionen/s wurde durch einen neuen Hochfrequenz-
Quadrupol-Kiihler und -Buncher gewéhrleistet, mit dem erstmals Akkumulationszeiten von
bis zu 30 s ohne gréRere Verluste erreicht wurden. Eine neue Ladungsaustauschzelle, speziell
fiir Ladungsaustausch mit Magnesium entwickelt, lieferte eine unerwartet hohe Neutralisati-
onseffizienz bei nahezu ungestérten und symmetrischen Resonanzprofilen.

Mit dem neuen Aufbau wurden Spektren von stabilen und den neutronenreichen !12-116:118pq
Isotopen aufgenommen, die Spins von '3115Pd bestétigt, ihre magnetischen Dipol- und elek-
trischen Quadrupolmomente bestimmt sowie der Trend der differentiellen Kernladungsradien
entlang der Kette der gemessenen Isotope ermittelt. Die Ergebnisse weisen auf eine komple-
xe Kernstruktur hin und werden mit anderen Isotopenketten im Pd-Bereich sowie mit axia-
len Fayans- und triaxialen Skyrme-Energiedichtefunktional (EDF)-Berechnungen verglichen.
Die gute Ubereinstimmung mit den EDF-Rechnungen, die Triaxialitit zulassen, unterstiitzt
die mogliche Existenz triaxialer Grundzustdnden offenschaliger Isotope zwischen Z=26 und

Z=50 und um N=60.

Des Weiteren wurden CLS-Messungen am COLLAPS-Experiment an ISOLDE/CERN an semi-
magischen Blei-Isotopen durchgefiihrt. Die differentiellen Kernladungsradien und Kernmo-
mente von #7~208pb sowie der isomeren Zustinde der ungeraden '87203Pb-Isotope wurden
bestimmt und stimmen insgesamt gute mit Fayans-EDF- und ab initio Berechnungen tiiberein.
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1 Introduction

Since its discovery by Rutherford in 1911 [1] physicists try to obtain a consistent picture of
the atomic nucleus. Using alpha-scattering, he could show that an atomic nucleus was not
point-like, but a few fm in size [2]. He also observed the first nuclear reaction [3], leading to
the conclusion that protons, which form the nucleus of ordinary hydrogen 'H, are constituents
of heavier nuclei. The occurrence of chemically identical isotopes of the same element, but
with different masses was only understood after the discovery of the neutron by Chadwick in
1932 [4]. Since then, atomic nuclei are treated as systems of neutrons and protons, the nu-
cleons. However, their complete interaction and dynamics inside the nucleus is only partially
understood. Therefore, the main goal of nuclear physicists is to explore the nuclear structure
and nucleon-nucleon interactions.

One of the earliest models is the liquid drop model [5, 6], which treats nuclei similarly to a
water drop bound by surface tension. It also takes into account the repulsive Coulomb force
between protons and the effect arising from the Pauli exclusion principle that an equal number
of protons and neutrons is favoured in a nucleus. The liquid-drop model predicts a smooth
trend of binding energies and masses along the nuclear chart.

Around 1950, sharp irregularities from such an overall smooth trend were noticed in nu-
clear masses and binding energies at nuclei of specific neutron or proton numbers [7, 8]. The
discovery of these magic numbers lead to the development of the famous nuclear shell model
by Goeppert-Mayer and Jensen [9]. This model perfectly reproduces the observed magic num-
bers, i.e., the unexpected stability of magic nuclei with magic neutron and proton numbers. It
assumes a spherical nuclear binding potential created by the average potential of all other nu-
cleons with distinct single-particle binding energy levels, leading to a spherical nuclear shape
for magic nuclei in their ground state.

Later on, Bohr, Mottelson and Nilsson extended the shell model to deformed nuclei, which
are observed especially in the mid-shell region [10, 11]. Many of these have still axial sym-
metry and are oblate or prolate. The shape directly influences the electro-magnetic nuclear
moments and the observable nuclear radii. This also motivates that isomers (long-lived excited

states) may have a different nuclear size compared to their ground states.




Many further approaches have been developed over the past century, like ab initio calcu-
lations starting with individual nucleons in, e.g., the no-core shell model or Green’s function
Monte Carlo calculations. A complementary approach is the energy density functional (EDF)
theory, which is based on densities and currents instead of individual nucleons. Significant
progress has been made in both fields during recent years particularly with respect to nuclear
charge radii [12, 13, 14, 15, 16]. Their predictions are compared to nuclear ground state and
nuclear transition properties.

Atomic physics studies of short-lived isotopes play an important role in this endeavor, since
mass and laser spectroscopy allow a precise and nuclear-model independent approach to nu-
clear ground-state properties like masses, spins, nuclear moments and charge radii [17]. This
work investigates spherical lead nuclei as well as the deformed palladium region, using a
laser-spectroscopic technique.

For (semi-) magic nuclei, like the tin and lead isotopes, the spherical nuclear shell model
has been applied successfully to, e.g., the nuclear spin and the nuclear structure. The 2°*Pb
nucleus, with Z = 82 and N = 126, is a textbook example of a doubly magic nucleus, having
large excitation energies and a spherical shape [18].

&(r?) [fm?]
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Figure 1.1: Experimental differential mean-square (ms) charge radii §(r?) along the lead iso-
topic chain. The ground states are represented by circles, the isomeric states by triangles.
The solid line represents theoretical predictions assuming zero deformation, i.e., spherical
nuclei. The good agreement of the experimental data to this linear model hints to a very
weak deformation from a spherical shape for lead nuclei. Figure taken from [19]. Reprinted
figure with permission from Hilde de Witte. Copyright 2007 by the American Physical Society,
cropped from original.
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The size of nuclei is often calculated by the droplet model [20] with a certain amount of
deformation. As can be seen in Fig. 1.1 the nuclear charge radii evolve along an isodefor-
mation line. The isodeformation line of vanishing deformation is shown by the solid linear
line reaching across the whole range of neutron numbers N. The experimental values below
N = 126 are in good agreement with it, showing the robustness of the Z = 82 shell closure.
Only towards the middle between the N = 82 and N = 126 shell closures, around N = 104,
a slightly increasing deformation is observed.

A change in the slope (kink) as it is visible at N = 126 has been observed for all traditional
magic numbers with N > 20, but only recently for N = 20 in the scandium isotopes [21]. Its
reason is still under debate and a topic of investigation [13, 22].

The most simple approach, the single-particle shell model, uses a single-particle-like de-
scription to predict nuclear moments and shapes. For nuclei with more than one particle or
hole in an incompletely filled shell, the pairing effect must be taken into account. This is done
by the seniority scheme, which was already introduced by Racah [23, 24] for atomic physics,
and later applied to the nucleus by Racah, Talmi and Flowers [25, 26].

This seniority scheme can explain characteristic trends in the isomer shifts, i. e. the charge
radii differences between the nuclear ground state and the isomeric state, in cadmium iso-
topes, as it was observed in [28]. In [29], a linearly increasing quadrupole moment was ob-
served for the 11/2™ unique-parity isomeric states, as it was predicted already by the spherical
shell model for single-particle proton states [9] and for single-particle neutron states by [30].
For nucleons of both types outside a closed shell, the seniority scheme predicts a linearly in-
creasing quadrupole moment. This linearity, together with a postulated constant deformation
of the ground-state cadmium isotopes, is in [28] connected to the observed quadratic behav-
ior of isomer shifts, which is depicted in Fig. 1.2. The slightly negative offset of the observed
parabola is explained by a weak but constant deformation of the nuclear ground state.

A similar trend of the isomer shift was also observed in the magic tin isotopes [27], although
the quadrupole moments of the isomeric states increase with a rather quadratic than linear
function. For a better understanding of this behavior, the investigation of these trends in
similar isotopic chains, e.g. in lead, is needed. This was one motivation for this work, since
in lead, the isomeric charge radii and nuclear moments, if known at all, were only measured
with large uncertainties. This work presents measurements of these nuclear properties with
uncertainties improved by about an order of magnitude.

Continuing the investigation of isomeric trends away from the Z = 50 shell closure, ini-
tially motivated the experiments performed on palladium within this work. In contrast to the
’simple-structured’ lead and tin isotopes, predictions on mid-shell nuclei are more complex
and elaborate. Their intricate nuclear structure can lead to nuclear shapes of large deforma-
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Figure 1.2: Experimental differential ms charge radii of isomeric states (11/27) in tin (circles)

and cadmium (squares) relative to the ground states (1/2* and 3/2"). Figure taken from [27],
used under CC by 4.0, cropped from original.

tion or to triaxiality, removing the axial symmetry. In the mid-shell region between the proton
shell closures Z = 28 and Z = 50 and between the neutron shell closures N = 50 and N = 82,
characteristics indicating triaxial ground states have been observed among some Sr, Mo, Ru,
Pd and Cd isotopes [31]. In the same region a sudden shape-change at N = 60 has been
identified in the 37 < Z < 41 mid-shell isotopes, which manifests in Fig. 1.3 as a sudden in-
crease in the nuclear charge radius [32]. Measurements of charge radii and nuclear moments
of palladium are therefore of particular interest, as they continue the investigation of nuclear
shapes to higher Z isotopes, approaching the Z = 50 shell closure. At the same time, this
region is nevertheless known to exhibit triaxial nuclear ground states [40].
The triaxial shape of nuclei in their ground state is considered in a series of energy density
functional calculations (EDF) based on the Brussels-Montréal Skyrme (BSK) interactions [31,



https://creativecommons.org/licenses/by/4.0/

48 50 52 o4 56 o8 60 62 64

) [fm?]

8(r?

48 50 52 o4 56 o8 60 62 64

Figure 1.3: Differential ms charge radii §(r?)-%° along isotopic chains between krypton (Z =
36) and molybdenum (Z = 42). For a separation of the individual curves an increasing offset
of 0.2fm? per chemical element was added. All isotopic chains reveal a kink at the magic
neutron shell closure N = 50, which is related to its magicity. In Rb, Sr, Zr and Nb a sudden
increase in the charge radius is observed at N = 60, caused by a sudden shape change.
Values are taken from [33, 34, 35, 36, 37, 38, 39].

41, 42]. A comparison of EDF calculations allowing axial or tiaxial deformations with ex-
perimental data can contribute to proving the existence of triaxial ground-state nuclei in the
palladium isotopic chain. Comparing EDF calculations based on different nucleon-nucleon
interactions with experimental data can reveal important information on the nuclear force.

Precise collinear laser spectroscopy (CLS) measurements on lead and palladium were per-
formed and analyzed as a central part of this work. With CLS we can explore the structure
of exotic, short-lived isotopes (> 10 ms) and isomers. This is possible by performing the mea-
surement in flight with a collinear alignment of the spectroscopy laser beam with the ion
beam. The collinear geometry leads to a Doppler compression and, thus, spectroscopy with
high-resolution can be performed.

The measurements on lead were performed at the COLLAPS experiment at ISOLDE/CERN.
COLLAPS was the pioneering CLS setup [43] and still serves as a reliable instrument for online




laser spectroscopy [44]. With the implementation of the radio-frequency quadrupole cooler-
and-buncher ISCOOL, a considerable boost of sensitivity was achieved [44]. For many cases,
atoms offer better spectroscopic transitions than singly-charged ions. COLLAPS is therefore
equipped with a charge-exchange cell (CEC), which converts the ion beam into an atomic
beam for CLS.

The measurements and the analysis of the nuclear moments and charge radii of lead are
presented in chapter 6.1. The observed trends in the ground state and isomeric nuclear rms
charge radii are discussed regarding the magicity of lead in comparison to the magic tin iso-
topes and the almost magic cadmium isotopes.

The measurements on palladium were performed at the Argonne National Laboratory (ANL).
There, the new Argonne Tandem Hall LAser beamliNe for aTom and Ion Spectroscopy (AT-
LANTIS) was set up. The new installation is attached to CARIBU [45], a californium fission
source. This allows the production of refractory metals, that cannot be efficiently produced
by the ISOL-technique at ISOLDE. This was demonstrated in the first online measurements
performed on palladium which are presented in chapter 7.1.

For high sensitivity at low production rates, the ion beam is bunched by a radio-frequency
quadrupole cooler-and-buncher (RFQCB) before it enters the CLS beamline. The RFQCB per-
forms remarkably well for unprecedented long accumulation times of up to 30s, before an
ion bunch is released. This enables a strong photon background suppression, allowing laser
spectroscopy on beams of only 10 — 100 particles per second.

The charge exchange was successfully performed with a newly designed CEC that uses for
the first time a magnesium vapour for the charge-exchange process. The CEC was specifically
desigend for ATLANTIS, allowing operating temperatures of up to 400 — 500°C [46]. Mag-
nesium as a charge-exchange agent was chosen, to provide resonant charge exchange with
palladium with a high population of low lying atomic states. The total efficiency of this design
has proven to be extremely successful, without any visible impact on the beam properties.

The new ATLANTIS setup and its performance is described in detail in chapter 4.3. The
achieved results on the mid-shell palladium isotopes are used to investigate the shape evolu-
tion along the palladium isotopic chain in comparison to other isotopes in the mid-shell region.
Also the possibility of triaxial nuclear ground states is discussed, by comparing the experimen-
tal data to axial and triaxial EDF calculations. The nuclear moments are discussed regarding
the nuclear structure also in comparison to the neighboring isotopes in chapter 7.2.
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2 Theory

In this chapter the theoretical background for this work is set. The first part covers nuclear
properties and the basics of nuclear theory that are relevant for the discussion of the exper-
imental results. In the second part, atomic theory and the interaction of atoms and photons

are discussed

2.1 Nuclear Theory

Since the discovery of the neutron in 1932 by Chadwick [4], the picture of the nucleus con-
sisting of protons and neutrons, the nucleons, is commonly accepted. Both types of nucleons
have an intrinsic angular momentum, a spin, of 1/2%. The proton is stable and carries one ele-
mentary charge while a free neutron has a half-life of about 10 min [47, 48] and total electric
charge zero.

The interactions between these nucleons are of high interest to nuclear physicists, since they
were identified as the constituents of nuclei. The electric and repulsive Coulomb interaction
between the protons was very well known from the beginning. In order to explain the exis-
tence of bound nuclei, a short range attractive force between nucleons was assumed [49] and
in 1930, Gamow formulated the liquid drop model [5] to describe the nuclear binding energy
B in dependence of the mass number A of an isotope, the charge Z and the neutron number
N. It was further developed by Weizsdcker and Bethe to the semi-empirical mass formula [50]

2 1 N - Z)? 1
B=aA— oA —¢cZ?A” /3—s(A)++5-pA /2 (2.1)

where the first term a is the volume term, which accounts for the saturation of nucleons inside a
nucleus, the second term describes a surface tension effect proportional to the nuclear surface,
the third term accounts for the repulsive Coulomb force acting only on protons, the fourth term
is the symmetry energy, indicating the preference for equal proton and neutron number. The
last term is added to describe the observed preference of even-even isobars, where § is +1
for even-even, —1 for odd-odd and 0 for odd nuclei, and it is called the pairing energy. It is
explained in the nuclear shell model (see next section) by the formation of neutron-neutron
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Figure 2.1: Binding energy per nucleon color plotted as a function of neutron number N and
proton number Z, as given by Eq. (2.1). The parameters were taken from [50]: a = 15.84 MeV,
o =18.33MeV, = 0.714MeV, s = 23.2MeV, p = 12 MeV.

and proton-proton pairs, while for an odd nucleus or odd-odd nucleus, the unpaired nucleons
are less strongly bound. The parameters a, o ¢, s and p were originally fitted to experimental
data. Equation (2.1) describes the general trend of the binding energy per nucleon for the
stable isotopes as is depicted in Fig. 2.1.

2.1.1 Nuclear Shell Model

Although Eq. (2.1) is an overall good approximation of the binding energy, for certain neutron
and proton numbers larger deviations can be observed at specific points along the nuclear
chart. Figure 2.2 shows the two-proton-two-neutron differential binding energy

AB® = B(N +2,Z+2)+ B(N —2,Z —2) — 2B(N, Z) (2.2)

across the nuclear chart. It strikingly shows that the proton numbers Z and neutron num-
bers N = 2,8, 20, 28,50, 126, ... stand out, as these nuclei are more strongly bound than their
neighboring nuclei. These numbers are called the magic numbers and they were explained by
Goeppert Mayer [52] and Jensen [53] in the nuclear shell model [9]. It assumes that protons
and neutrons can be arranged in shells, similarly to bound electrons in the atomic shell model.

In the nuclear shell model, it is assumed that each nucleon moves in a spherically symmetric
average potential V'(r), created by the other nucleons but independent of their exact positions.
Similarly to the atomic orbits, the possible nuclear orbits are characterized by quantum num-
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Figure 2.2: The two-proton-two-neutron differential binding energies according to Eq. (2.2),
color-plotted across the nuclear chart. Negative values (blue) indicate that the nucleus is
more strongly bound than its neighboring nuclei. Binding energies per nucleon are taken
from [51].

bers (n,l,j). According to the Pauli principle, each orbit can be occupied by only a limited
number of nucleons of the same type. Since the Coulomb potential shifts the proton orbits
to higher energies, neutrons and protons do not share orbits. The following chapter, briefly
introduces the nuclear shell model by Goeppert Mayer and Jensen.

Isotropic Nuclear Potential: The nuclear shell model reduces the interaction between nu-
cleons to a single-particle potential V'(r) acting on every single nucleon and generated by all
other nucleons. The nuclear shell structure and the resulting magic numbers are in first order
defined by this nuclear potential V(7).

The observed nuclear magic numbers are different from the atomic magic numbers as the
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interaction between nucleons is mainly governed by the strong nuclear force. Therefore the
nuclear potential V' (r) cannot be described in the same way as the atomic potential. There
are some restrictions for the construction of the nuclear potential:

* V(r) is generated by the other nucleons.
* The nuclear density saturates inside the nucleus, such that V' (0) cannot be singular.

* V(r) must quickly go to zero at the nuclear surface (r = R) as the strong nuclear force
is a short range interaction.

These requirements can be fulfilled by various potentials, such as a square well or a harmonic
oscillator potential. In the harmonic oscillator model the discretization of the energy levels is
given by [9]

€ny = Nohw (2.3)

with the oscillation quantum number ny = 2(n — 1) + [, radial quantum number »n and orbital
angular momentum quantum number [ . According to the possible combinations of » and /,
each of these energy levels ¢,,, is degenerated leading to the magic numbers 2, 8 and 20. This
degeneracy is lifted in case of the square-well potential or the more realistic Woods-Saxon
potential. The mentioned magic numbers nevertheless remain. Higher magic numbers as
observed in experiments are, however, not reproduced in this approach. This is resolved by
considering spin-orbit interactions.

Spin-Orbit Potential: Since nucleons do not only carry the orbital momentum ¢ but also an
intrinsic spin s, a spin-orbit coupling potential of the form f(r) (s - 1) can be introduced, which
splits and shifts the energy levels ¢,,,. The radial factor f(r) depends on the exact form of the
nuclear force. In analogy to the electronic case, it is often chosen as f(r) oc —1/r - 4V/dr. The
potential peaks at the nuclear surface. The scalar product s-1 can be expressed by the coupling
of the intrinsic spin s and the orbital angular momentum ! of a nucleon to the total angular
momentum j = [ + s. This implies [, s and j are ’good quantum numbers’, i.e. j2, j., [? and
s? are conserved quantities.

Although the exact nucleon-nucleon interaction is not sufficiently known to predict the ra-
dial factor f(r), the following assumptions are in agreement with experimental observations
in stable or long-lived nuclei [9]: Spin-orbit levels with spin s parallel to [ are shifted to lower
energies, while levels with anti-parallel spin and orbital angular momentum are shifted up-
wards. The shift of the energy levels, which is proportional to f(r), decreases with increasing
radial quantum number n and increasing orbital radius, but increases with orbital angular

momentum since the splitting is proportional to (2] + 1).
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In order to completely characterize an energy level, the total angular momentum j must be
specified additionally to n and [. For [ > 0 the (n,[) level is split up by the spin-orbit coupling
to the (n,l,j =1+ 1/2) and the (n,l,j =1 —1/2) levels.

For a level of given [, first the 241 = 21+ 2 states with j = [+1/2 are filled with one nucleon
each before the 2j + 1 = 2I states with j = [ — 1/2 are filled. With this spin-orbit coupling of
the right size introduced, the magic numbers 28, 50, 82 and 126 can be reconstructed while

the lower magic numbers are unaffected.
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Figure 2.3: Single-particle energy level scheme obtained using a harmonic oscillator potential
or a square well (potential box) as nuclear potential V(r). Spin-orbit coupling leads to a
splitting of the levels, producing the shell gaps associated with the magic numbers. Figure
taken from [50]. Reproduced with permission from Springer Nature.

The energy levels obtained from calculations including the spin-orbit coupling are plotted
in Fig.2.3. A group of levels separated from other levels by a large energy gap is called a
nuclear shell. The precise order of the levels within the shells depends on the exact nuclear
potential and on the strength of the spin-orbit coupling.
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Apart from the perfect prediction of the magic numbers, another powerful feature of the
nuclear shell model is, that the resulting effective nuclear potential of completely filled (closed)
shells and levels is spherically symmetric. In the case of only one missing nucleon (hole) from
an orbit or only one single nucleon (particle) in a level, the nuclear properties (like spin, parity)
are exclusively defined by this single particle or hole.

For more than one particle or hole in a nuclear level, the total angular momenta of the
individual nucleons in the incompletely filled orbit couple to the nuclear spin I. Due to the
various different coupling possibilities, the determination of the ground state configuration
becomes more elaborate, the more particles and holes are involved.

The examination of empirical data revealed a set of coupling rules [9], helping to identify
ground state configurations of nuclei:

* The ground sate of even-even nuclei have zero nuclear spin and even parity.

* The ground state properties of odd-even nuclei are defined by the odd-type nucleons
only.

* The ground state spin of the majority of odd nuclei are defined by the quantum number
j of the last unpaired nucleon.

2.1.2 Excited Nuclear States

Nuclei can also exist as excited states, where one or more nucleons populate a higher nuclear
energy level. These excited nuclei have typical lifetimes 7ex. in the range of picoseconds or
less, before they decay to the ground state usually by the emission of y-radiation (photons).

A transition of an excited nuclear state of spin Iexc to the ground state of spin Igs causes
a change of the nuclear spin. Due to angular momentum conservation, the emitted photons
must carry a total angular momentum L = Iexe — Igs.

The electromagnetic field emitted in the ~-decay can be classified by a multipole expansion
in the angular momentum number L, with multipolarity 2. While there are no monopole
transitions (L = 0), the transition probability decreases with increasing values of L, i.e., the
lifetime of the excited state increases.

Due to symmetry selection rules, also the parity IT (the behavior under reflection, +1 even
parity or —1 odd parity) of the energy levels of a transition influences the lifetime of an excited
state. The parity change for electric multipole transitions is AIl = (—1)* and for magnetic

L+1

multipole transitions it is AIl = (—1)**". It defines which multipole transitions are allowed,

e.g., for a dipole transition (L. = 1) with the same parity in the excited and ground state
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(AII = +1), the electric dipole transition is forbidden, as (—1)* = —1 while the magnetic
dipole transition is allowed ((—1)%*! = +1).

Excited nuclei of longer lifetimes (nanoseconds up to years) are called isomers. Forbidden
dipole or quadrupole transitions can cause the long lifetimes. This is often the case for low-
lying excited states which need a large spin change for the decay to the nuclear ground state.
Therefore, the unique-parity intruder states of high spin are good candidates to form isomers
as they are e.g. observed in Cd, Sn and Pb. Isomers with a lifetime of at least a few hundreds
of milliseconds can be investigated by the use of collinear laser spectroscopy, as it has been
done for several lead isomers within this work.

2.1.3 State-Dependent Nuclear Properties

Despite the very general and qualitative assumptions about the nuclear interaction, the nuclear
shell model predicts nuclear properties remarkably well. From a laser spectroscopic point
of view, the nuclear charge radius and the nuclear magnetic dipole and electric quadrupole
moments are the most important ones since these can be extracted from the optical spectrum.
They are introduced in the following sections.

Nuclear Charge Radius

The nuclear charge radius is a measure for the size of the nuclear charge distribution and
has to be distinguished from the nuclear matter radius. Following the liquid-drop model, the
nuclear charge radius can be approximated by

R = A3R,, (2.4)

with the empirical constant R, varying between 1.12 and 1.24fm [54], depending on the
exact model.

It is a good approximation for spherical nuclei but for deformed nuclei deviations have to
be expected. In these cases the ’size’ of the nuclear charge distribution p(r) strongly depends
on the actual form of p(r).

In this work, the root-mean-square (rms) nuclear charge radius is used as a measure of the
size of the nucleus, which depends on the nuclear charge distribution through [55]

o Jr2p(r) d3r
V(rd) = G (2.5)

With this definition, the rms nuclear charge radius can be derived from form factors measured
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in elastic electron scattering experiments. The resulting value of the rms nuclear charge radius
depends on the model parameters chosen for the determination of p(r).

A model-independent measure of the size of the nuclear charge distribution is the Barret
equivalent radius Ry, [55], which is obtained from muonic x-ray spectroscopy. It is related to
the rms nuclear charge radius by

(r2y = —ke (2.6)

with the V;-ratio obtained from elastic electron scattering. By combining the information
gained from muonic x-ray spectroscopy and electron scattering experiments, a model inde-
pendent rms nuclear charge radius can be determined. For both methods stationary targets
are required, restricting the application to long-lived isotopes. A powerful method to investi-
gate the nuclear charge radius and the nuclear moments of short lived nuclei is collinear laser
spectroscopy, although in recent years, advancements have also enabled the investigation of
short-lived isotopes using electron scattering [56].

Magnetic Dipole Moment

The moving charges within the nucleus give rise to the magnetic moment of the nucleus.
Additionally, the spin induced magnetic fields of the nucleons contribute. The operator of this
magnetic dipole moment can be written as

A
p= Z {ligi + 5595} pn 2.7)

i=1

where [; and s; are the angular momentum and the spin of the i™ nucleon. The orbital gyro-
magnetic factor (g-factor) for protons is g; = 1 and for neutrons it is zero. The spin g-factor
for free protons is g = 5.586 [57] and for free neutrons g, = —3.826 [57].

The observable magnetic dipole moment i, is the largest possible value of the z-component
of pu. Tt is typically given in units of the nuclear magneton py = eh/(2m,) with the elementary
charge e and proton mass m,, and can be calculated from the nuclear spin I by

1934 9s — qgi
— =gl = + I 2.8
e g (gl a1 ) (2.8)

where + applies for s and [ parallel and — for s and [ antiparallel, and g is the nuclear g-factor.
If the magnetic moment is calculated by Eq. (2.8) with g, and g; owed to the last uncoupled nu-
cleon exclusively and with I = j of the incompletely filled orbit, p is called the single particle
moment i, also called Schmidt value, and the corresponding curves connecting the Schmidt
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values for different single-particle angular momenta are the Schmidt lines. In reality the mag-
netic moment of a nucleus is also influenced by polarization effects (see below). Therefore
the single-particle moments are rarely observed. Still the Schmidt lines give the upper and
lower limits of possible nuclear magnetic dipole moments.

To account for the deviations from the Schmidt values an effective g-factor instead of the
spin g-ratio can be used to calculate the nuclear magnetic dipole moment. In the tin region,
e.g. for palladium, it was observed to be around g; (¢ = 0.6 - g for protons and neutrons [58,
59, 60], i.e. for neutrons g, o = —2.298, while for the Pb region, the effective spin g-factor
for neutrons can be fitted to g, o = 0.9 - g, = —3.447 [61].

Electric Quadrupole Moment

The classical definition of the quadrupole tensor of a continuous system with charge distribu-
tion p(r) is

Qij = /p(r) (3rirj - |r|25z~j) d3r (2.9

where the indices 7 and j indicate the Cartesian space coordinates x, y, z.

In the nuclear shell model, closed shell nuclei are spherically symmetric. Nucleons outside a
closed shell can lead to a deformation of the nuclear charge distribution. These deformed nu-
clei carry an intrinsic electric quadrupole moment. With the body-fixed spherical coordinates
(r',0', ¢') the matrix elements of the intrinsic electric quadrupole tensor are [62]

Qyt = / p(r")r"?Ya, (0, ¢') &' (2.10)

with the charge distribution p(r) and the spherical harmonics Y}, (6, ¢). The intrinsic quadrupole
moment )y can then be calculated by

eQo = (K| Q| K) (2.11)

with the intrinsic rotational state | K) (K is the projection of the nuclear spin I onto the body-
fixed axis 3 and therefore K = 1,1 —1,...,—1)[63].

In the nuclear shell model with a single proton (hole) outside a filled orbit, the completely
filled levels with | > j| = 0 are assumed to lead to a spherical charge distribution. The
quadrupole moment is therefore only defined by the odd proton (hole). According to Eq. (2.9)
and (2.11) the intrinsic quadrupole moment (), due to a single proton is defined by its total

angular momentum j only [9]
2j — 1

2(j+1)

Qsp = —(r?) (2.12)
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with the ms radius (r7) of the particle in orbit of angular momentum j.

For an odd number )\ of protons in an orbit of angular momentum j and with normal cou-
pling (I = j) the intrinsic quadrupole moment of the nucleus depends on the occupation
number A. Owing to Qg5 = Qsp ~ it can be calculated from the single particle quadrupole
moment [9] as

Q(\) = Qsp <1 - 2;?:?) : (2.13)

The resulting quadrupole moment is negative for less than half filled orbits, positive for more
than half filled orbits and zero for half filled orbits (A = (27 +1)/2).

Deviations from this expectation value of () have been observed when mixing of configu-
rations with the same j and the same parity are possible. This configuration mixing can be
semi-theoretically be described by Rainwater’s model. In this model, the core, consisting of
all nucleons but the last unpaired particles, is assumed to be spherically symmetric but soft. It
can therefore be deformed by the interaction with the unpaired particles. This deformed core
contributes additionally to the quadrupole moment of the nucleus. The softness, or deforma-
bility, of the core can be regarded as a measure of the number of possible configurations for
the ground state.

Rainwater’s model does not only describe quadrupole moments due to configuration mixing,
but it also explains the electric quadrupole moments of even-proton-odd-neutron nuclei (odd-
N nuclei). Their quadrupole moment cannot arise from the last odd neutron only, as the
neutron does not carry electric charge. Rather it has to arise from the non-spherical charge
distribution of the deformed core. The single particle quadrupole moment in Eq. (2.12) can
be altered to )

Qsp = _<7"2>22(j-+1)%ff (2.14)
where ¢, is the effective charge of the unpaired neutron derived from fitting to experimental
data.

Equation (2.13), with ) replaced by the number of neutrons in a state of angular momentum
j, also holds for these odd-N nuclei. For an odd number of protons and neutrons, the relation
can be generalized according to the seniority scheme [64] to

2j+1-2n

Qn,v) = IE—

Qsp, (2.15)

where the seniority v is the number of unpaired nucleons and n is the number of particles
occupying partially filled levels of angular momentum ;.

Until now the nucleus has been considered in its body-fixed reference frame, with the nu-
clear spin I rotating around the symmetry axis of the nucleus. In the reference frame of the
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observer (laboratory frame), the symmetry axis of the nucleus can also rotate around the z-
axis of the laboratory frame. This can distort the time-averaged charge distribution, that can
be observed experimentally. The intrinsic quadrupole tensor can be transformed using the
Wigner D-Matrix D?W(w) to the laboratory frame, resulting in

Z Q5 D)
p==2 (2.16)

CQ0Yan 0,01/ 5"

where w = (¢, 0,1) is the orientation of the body fixed system in the laboratory frame (see
[63] for more details). In the last expression of Eq. (2.16) axial symmetry of the nuclear charge
distribution is assumed.

The observable static, or spectroscopic, quadrupole moment (), is given by the diagonal
elements of the reduced matrix element from the Wigner-Eckart theorem [63]

(KI||Qo] |[KIz) = /(211 + 1) (11 KK; 20| LK) eQo. (2.17)

where the coupling of the angular momenta in the intrinsic frame is represented by the vec-
tor addition coefficients (I;K;20|[2K), also called Glebsch-Gordon coefficients. The static
quadrupole moment can therefore be calculated from the intrinsic moment by

Qs = (IK20|TK) (I1201T) Qq
8K II4 L) (2.18)
T (I+1)@20+3)

The case I = K usually applies for the the ground state of a nucleus [63]. Therefore one

obtains for the ground-state static quadrupole moment

I 2I—-1
I+127I+3

Qs = Qo (2.19)

and |Qs| is in any case smaller than the intrinsic |Qy|.

From Eq. (2.19) one can see that spin-0 and spin-!/2 nuclei do not have a spectroscopic
quadrupole moment even if the nucleus is intrinsically deformed and has an intrinsic quadrupole
moment ()y. More visually spoken: In experiments only the quadrupole moment of the time-
averaged charge distribution can be determined. So the quadrupole moment can only be
observed, if the intrinsic quadrupole moment can orientate itself with respect to a nuclear
axis. Spin-0 nuclei do not have a preferred axis and are oriented randomly. Therefore, their
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quadrupole moment cannot be measured. Also the time-averaged charge distribution of a
spin-1/2 nucleus is spherical symmetric. So only for I > 1 the nuclear quadrupole moment can
be observed.

Consequences The polarization of the core does have a strong influence on the nuclear
magnetic dipole moment. As the core is deformed and its potential for the odd nucleon is not
spherically symmetric, the angular momentum j; of the odd particle is not a good quantum
number anymore, only its projection m; onto the symmetry axis [9]. The core’s and the
particle’s angular momenta couple such that the total nuclear magnetic moment cannot be
expected to coincide with the Schmidt values. The expected deviation depends on the strength
of the core-particle coupling. The problem can also be treated in the following [62] way: The
spin-dependent part of the nuclear force favors LS coupling over jj coupling, which leads
to a mixing of configurations with different j (but same parity), causing the deviation of the
magnetic dipole moment from the Schmidt value.

An important consequence of core deformation is, that it can even lead to an intrinsic
quadrupole moment for even-even nuclei, although it is not directly observable as the total
nuclear spin is zero. But it affects the observed nuclear charge distribution, and can therefore
have an impact on measured nuclear charge radii.

For a prolate or oblate nucleus the position of the surface of the nuclear charge distribution
depends on the polar angle 6 and can be described by the angular-dependent nuclear charge
radius

R(6) = Ry (1 LB Yanl6) — jﬂﬁ) 2.20)

with the deformation parameter $ and the spherical harmonic Y},,, which is independent of
the azimuthal angle ¢ for m = 0. Ry is the radius of a nucleus described as a spherical liquid
drop. Higher orders of 5 were omitted in Eq. (2.20).

For triaxially deformed nuclei the angular-dependent nuclear charge radius also depends
on the azimuthal angle ¢ and up to order o? it can be expressed by [63]

00 l
R(0,¢) = Ry (1 +D 0D Y0, 9)

=2 m=-1

[e'S) l
_ LZ S Jaml?
47

=2 m=-1

(2.21)

where the multipole parameters «,,, now characterize the deformed surface. Usually only the
quadrupole contributions are of relevance and their multipole parameters are often expressed

by the deformation parameter S and triaxiality parameter v as agy = fcosy and agy =
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% sin .
With Eq. (2.5) this decomposes the mean-square nuclear charge radius into a spherical and

a deformed contribution

o0

(12) = () + (ke = () + )= S 48%) (2.22
=2

where in the second part of the equation axial symmetry is assumed and higher orders of 3
are neglected.

With the deformation parameter 5 and Eq. (2.9), the intrinsic quadrupole moment can be
expressed in terms of 3 by

3 2 /5
or for triaxial shapes by
N 2 [ costy — [ E st
Qo ~ \/5—7rZR05 <c057+ - 7Tﬂcos v 12 sin“~y | . (2.24)

2.1.4 Ab initio calculations

The nuclear structure is is governed by the nuclear forces, i.e. strong interactions between all
nucleons and Coulomb interactions between protons. Therefore, ab initio many-body calcu-
lations aim for a microscopic understanding of nuclear structure by solving the Schrédinger
equation for all constituents and the interactions between them. The strong interaction is gov-
erned by the quark-gluon dynamics within the nucleons and makes a low-energy perturbative
approach to describe the nucleus as a quark-gluon system impossible.

Chiral Effective Field Theory

Chiral effective field theory (EFT) makes use of the fact that small-distance details (like quark-
gluon dynamics within a nucleon) are not resolved when probing the nucleus at low energies
[65, 66]. Therefore one can introduce low-energy degrees of freedom and any contributions to
free-space inter-nucleon interactions are treated in a power counting expansion. The relevant
degrees of freedom depend on the energy scale, at which the nucleus is probed.

In chiral EFT only protons, neutrons and pions are considered, setting the breakdown energy
to Ay =~ 500 MeV [67]. The power counting of nuclear interactions is performed in ¢/, with
the typical momentum (2 of the interacting system. It leads at leading order (LO) ©°/A? to two
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contributions: the two-nucleon (2N) contact interaction and the one-pion exchange between
two nucleons. Three-body interactions only start to appear at next-to-next-to-leading-order
(N2LO). The contact interaction contributions depend on running coupling parameters which
depend on the resolution scale A, introduced to regularize the theory. The coupling parame-
ters are nowadays fit to experimental data.

In-Medium Similarity Renormalization Group

Low-energy and high-energy components of nuclear interactions can be systematically decou-
pled from each other by (similarity) renormalization group ((S)RG) techniques [68], while
at the same time low-energy observables are conserved. Such a decoupling is performed by
a unitary transformation, which depends on a flow parameter or the resolution scale. It im-
proves the convergence of many-body calculations when truncating the basis in which the
calculations are performed.

For higher mass numbers the in-medium similarity renormalization group (IMSRG) [69] is
a well-established method to reduce the computational costs of calculating eigenvalues and
eigenstates. For this technique the Hamiltonian is normal-ordered with respect to a reference
state. While the normal-ordered zero-body contribution of the Hamiltonian describes the en-
ergy of the reference state, the normal-ordered many-body contributions describe the resid-
ual interactions beyond, including n-particle-n-hole (npnh) excitations. Applying the SRG
technique to this normal-ordered Hamiltonian transforms it to a block-diagonal form with all
considered particle-hole excitation state admixtures already included in the eigenvalue of the
OpOh reference state. By a suitable choice of the used reference state, the main contributions
from 3N interactions can already be incorporated at computational costs of 2N interactions
[67].

The single-particle basis can additionally be partitioned into core, valence and beyond-
valence states and the operators can be normal-ordered with respect to the closed-shell core
Slater determinant. The valence state can be decoupled from non-valence states by IMSRG
and the eigenvalue problem is then solved with Shell-Model calculations. This approach is
called valence-space IMSRG (VS-IMSRG) [70].

Over the last decade ab initio calculations progressed dramatically. While in 2010 only
A < 10 — 20 nuclei were accessible by ab initio calculations, the limit was pushed up to
A < 80 — 100 until 2020[71]. Figure 2.4 shows the nuclei accessible by ab initio theory until
2020. During the last four years further progress has been made to the magic lead isotopes
at Z = 82 [72, 73] while the mid-shell region below Z = 50 around palladium is still not
reached yet.
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Figure 2.4: Nuclei accessible by ab-inito calculations (status 2020). Figure taken from [71].
Used under CC by 4.0 with permission from Heiko Hergert.

2.1.5 Energy Density Functionals

To extend calculations to the higher-mass regions nuclear energy density functional theory
(EDF) is a powerful tool. In EDF the calculations for a nucleus consisting of A particles are
performed based on particle densities

A
n(r) = Z loi(r)|? (2.25)

as degrees of freedom, instead of many-body wave functions (7, rs, ..., 74) or single particle
(orbital) wave functions ¢;(r), as it is done in ab initio calculations.

EDF is based on the Hohenberg-Kohn theorem [74]. It says, that the functional
E[n] = Fn(r)] + /U(r)n(r) d*r (2.26)

has its minimum at the ground-state energy of the system, described by the Hamiltonian
H = F + Viy;, where the external potential Vey is associated with v(r), and that F [n(r)] is
universal and exists for any v(r). In fact, the functional F' depends on the kind of fermions,
i.e., on the nucleon-nucleon interaction, and is independent of v(r).

25


https://creativecommons.org/licenses/by/4.0/

Kohn and Sham present an often used scheme [75], where

Fn] =T [n] + Gun[n] + Eyc 0] (2.27)
Gnn[n] = /n(r)n(r')VNN(\r — /) d*’ (2.28)
Eyln] = / n(F)eseln(r)] dr (2.29)

with the kinetic energy 7T of a system of non-interacting nucleons of density n(r), the direct
nucleon-nucleon interaction energy Gy (Hartree energy) and the so-called exchange and
correlation energy F,. of an interacting system of density n(r) with the exchange and corre-
lation energy density ¢,.. Within this scheme one can use the variational principle to derive
the Kohn-Sham equations from Eq. (2.26),

<_271nv2 + Viks[n] (7')) i = €ipi (2.30)
with the orbital wave functions ¢; and their single-particle energies ¢; and the potential Vg
depending on the nucleon-nucleon interaction, the exchange and correlation energy density
and the external potential. Eq.(2.30) is solved self-consistently, starting with an assumed
particle density ny(r), from which Vi is constructed. From Eq. (2.30) and (2.25) a new n(r)
is found. This process is iterated until the ground state energy (2.26) converges.

For the calculations, different methods exist of which the Hartree-Fock Bardeen-Cooper-
Schrieffer (BCS) and the Hartree-Fock Bogoliubov (HFB) methods are the most common.
The BCS framework leads to a nucleon density n(r) with a gas-like character for small binding
energies, while the HFB framework results in a localized nucleon density [15].

A large variety of energy functionals have been developed. For the discussion of the results
of this work, the widely used Skyrme functionals and Fayans functionals are relevant. They
especially differ in the way how nucleon pairing is established. Any used energy density
functional is a phenomenological description of the system and the free coupling constants
of the functionals have to be tuned to (selected) experimental data. The impact of different
energy-density functionals and of different observables used for tuning the coupling constants
is investigated in [13].

2.2 Atomic Theory

The nuclear properties described above are investigated in this work using laser spectroscopy.
The following section describes the atomic structure, how it is related to nuclear properties
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and how the nuclear observables can be extracted from atomic spectra.

2.2.1 Atomic Structure (Fine Structure)

Similar as the nuclear shell model describes the nuclear structure, atomic structure is well de-
scribed by a set of discrete energy levels occupied by the atomic electrons. Each electronic orbit
is characterized by a set of quantum numbers. Non-relativistic quantum mechanics, assum-
ing an attractive Coulomb potential, predicts levels characterized by the principle quantum
number n and the orbital angular momentum quantum number /.

In contrast to the nuclear force, the Coulomb force allows for a fundamental description
within the Schrodinger equation and relativistic corrections. It enables the ab initio calculation
of few-electron systems with high precision. For the multi-electron systems investigated within
this work, approximations or semi-empirical approaches are necessary.

For a multi-electron system, the orbital angular momenta of the individual electrons couple
to L = ), 1;. As electrons also have a quantized spin of s = h/2, these spins also couple to
the total spin § = ). s;. The eigenstates of such a multi-electron system are usually labeled
by 251 [76].

Analogously to the LS-coupling in the nuclear shell model, the total orbital angular mo-
mentum and total spin couple to a total angular momentum J = L + S, splitting and shifting
the electronic energy levels by Fis(L - S) [76], with the coupling strength Fis.

The spin-orbit coupling can be expressed by
_ I1s
Eis = 52 [J(J +1) = L(L +1) = S(S + 1)), (2.31)

with the preserved quantum numbers L, S and J, and the eigenstates are labeled by 251 ;.

In heavier atoms, [s-coupling is often stronger than //-coupling and ss coupling. In these
cases one speaks of jj-coupling, where the total angular momenta j of the individual electrons
couple to the total angluar momentum of the atom J =) . 5; = >, (l; + s;).

2.2.2 Atomic Transitions

The ground state of an atom corresponds to electrons occupying the lowest possible energy
levels. By exchanging energy with their environment, the electrons can be excited into higher
lying levels. For an optical transition of an electron to a higher level (excitation), a photon of
the required energy is absorbed by the atom. In the same way for an optical transition to a
lower (not yet fully occupied) level (decay), a photon is emitted carrying the excess energy.
The frequency v of the involved photon is related to the transition energy by F = huv.
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Transitions between two different principal (n) levels are usually in the order of several eV
(hundreds of THz) and excitations can therefore be driven by lasers and the photons from a
decay can be observed with common optical detectors. This concept of photon-driven transi-
tions is the basis of laser spectroscopy which is explained in more detail in Sec. 4.

Owing to conservation laws not every transition is allowed. As the bosonic photon can only
have spin orientations +1 and due to parity the quantum numbers between the initial and
final atomic levels can only change by Al = +1, Aj = 0,£1 and Am; = 0,1 for an electric
dipole transition. It should be noted that a transition with Aj = 0 is forbidden in the case of
Jji=0—=7,=0.

2.2.3 Atomic Interaction with the Nucleus

In the simplest approximations the atomic energy levels are derived under the assumption of
a point-like nucleus of infinite mass and charge Z, without any further properties. As covered
by Sec.2.1 atomic nuclei have a variety of properties and are not point-like at all. These
properties influence the atomic energy levels.

Isotope Shift

If the nucleus’ finite size and its finite mass are taken into account, both nuclear characteristics
lead to the isotope shift between two isotopes of the same element,

A = A VAI, (2.32)

a difference in the transition frequency v of the isotope with mass number A compared to
the transition frequency v4’ of the isotope with mass number A’. The two contributions are
called the mass shift and the field shift.

Mass Shift:

Considering the finite nuclear mass M, the binding energy B of an atomic electron depends
on the reduced mass of the electron-nucleus system [77]

meM

B R
OCM—i—me

(2.33)

with the electron mass m..

As two isotopes of the same element have different nuclear masses M4 and M 4 their atomic
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binding energies also show small differences, which can be approximated as

me(My — My) KNMSh

B — B a4 .
4 AT (M +me) My +me) me

(2.34)
where Knuvs = Voome and v, corresponds to the atomic binding energy to a nucleus of infinite
mass. This simplified theoretical description only holds for one-electron systems and is called
the normal mass shift (NMS).

In an atom or ion with more than one electron, correlations between those add an extra shift
to the binding energies called specific mass shift (SMS). It can be treated as a perturbation and
leads in first order to a total mass shift of [77]

My — My
Ba—Ba = hipp s | B + <sz- -p]-> : (2.35)

4,

with the momenta p; of the atomic electrons. The first term in the parentheses represents the
NMS and the second term the SMS.

The calculation of the SMS for many-electron systems becomes computational more tedious
the more electrons have to be considered. As both the NMS and SMS have the same nuclear-
mass dependence, the total mass shift can be written as

’

gt = p (Knwis + Kswis) = n K (2.36)

with the mass-scaling factor

, Ma— My
A A A A
A . 2.37
H (Ma + me)(Ma + me) (2.37)

Field Shift:

An electron outside the nuclear region sees a Coulomb potential due to the electric charge of
the nucleus, which is the same for all isotopes of the same element. An electron that penetrates
the nucleus sees a different (and finite) potential, depending on the nuclear charge distribu-
tion. Hence, in such a case the binding potential cannot be simply described by a Coulomb
potential of a point-like charge.

This deviation from a Coulomb potential shifts the atomic energy levels. The energy shift is
proportional to the electron density at the nucleus, and, thus, depends on the electron orbital.
This makes the field shift observable in differences of the transition frequencies. Owing to
this proportionality s — p transitions are particularly sensitive to field shifts. The isotope shift
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caused by the finite-nucleus-size effect can be written as [78]

’ 2 / ’
s = —%ZezApe(O))\A’A = FpAA (2.38)
where Ap.(0) = pe(0)* — p.(0)! is the difference between the electron densities at the nucleus
of the upper and lower atomic states.

A = () A (Co /O (r) M + (C3/CL)S (%) A + . (2.39)

is called the nuclear parameter and contains the desired information about the nuclear charge
radii. The Seltzer coefficients C,, are tabulated in [79, 80, 81].

Separation of Mass and Field Shifts

Optical measurements of the isotope shift are always the sum of the mass and field shift

6VA’AI — MA,A’KMS + F)\A’Al

/ / (2.40)
~ ,LLA’A KMS +F(S<T2>A’A ]

They can be separated by a so called King-plot procedure. For this, Eq. (2.40) is divided by
p44" leading to
~AA ——— A A
dv = Kus + Fo(r?) (2.41)
where tilde includes the division with the mass-scaling factor. It reveals a linear dependency
~—AA < . . .
of the modified isotope shift jv on the modified differential ms nuclear charge radius

—~ A A ——AA’

5 "/A,Al y
o(r?) . A linear fit to three or more experimental measurements of dv and 6(r?)
yields the mass shift factor Kys as the offset of the linear function and the field shift factor F'
as the slope of the fit function.

In this work, nuclear charge radii of stable isotopes from electron scattering experiments and
muonic X-ray spectroscopy are combined with optical isotope shift measurements to determine
Kys and F'. The differential ms nuclear charge radii of radioactive isotopes are then calculated
from optical isotope shifts by

! I
SUANY Ky A

2\AA" _
5<T > - F

(2.42)

It should be noted that Egs. (2.41)-(2.42) are only (but very good) approximations, since
higher-order terms are neglected. This is completely sufficient for the extraction of charge
radii in formation of medium-mass and heavy isotopes. However, a closer look is required if
one wants to look for, e.g., new bosons contributing to isotope shifts as recently proposed by
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Berengut et al.[82] and has been done in several recent works [83, 84, 85, 86, 87].

Hyperfine Splitting

The field shift is the correction of only the monopole contribution ~ 1/- of the electromagnetic
interaction between the nucleus and the atomic electrons for » < Rpy. The total electromag-
netic interaction between the two components can be described by a multipole expansion,
where owing to parity and time reversal conservation only even electric and odd magnetic
multipoles contribute [78].

The magnetic dipole contribution describes the interaction of the magnetic dipole moment
pr of the nucleus with spin I with the magnetic field B, at the nucleus’ position created by the
atomic electrons. This interaction shifts the binding energy of an atomic configuration with
total angular momentum J by [76]

AFEyrs_mag = — (JJ|pr - Be |JJ)
= —grun (JI|I - Be|JJ) (2.43)
= —gI,u,NBeJ <JJ’I J‘JJ)

where in the last equation the Wigner-Eckart theorem was applied, i.e., (JM ;| Be|JMj) x
(JMy|J |JMy). The scalar product of the nuclear spin and total angular momentum is un-
derstood as a coupling to F' = I + J and the energy shift can be written as [88]

A
AEHFS—mag = 5K, K = F(F + 1) — I(I + 1) — J(J + 1) (2.44)

with the magnetic dipole hyperfine constant

Ay = g1NBe,y (2.45)

VITT D)

Equation (2.44) shows a level splitting into the hyperfine (HF) states characterized by the
quantum number F = |I — J|,...,|I + J| and is called hyperfine splitting (HFS). The eigen-
states of the hyperfine interaction are described by the set of (I.JF M) quantum numbers.

The next order of the electromagnetic interaction between electron and nucleus is the
electric quadrupole contribution. It describes the interaction of the static nuclear electric
quadrupole moment s with the gradient of the electric field 9V /a2 of the electrons at the
nucleus’ position. This interaction leads, without any further splitting, to an additional shift
of [78]

BEK(K+1)—2J(J+1)I(I+1)
4

AFps_el = J(2J — 1)I(2I —1)

: (2.46)
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0*Ve

022
and the z-axis corresponding to the electronic total angular momentum. As () is the time

B =eQs(JJ|

|J.J) (2.47)

average of the intrinsic quadrupole moment ), (see Sec. 2.1.3), spin-0 or spin-!/2 nuclei show
no electric contribution to the HFS.

Similar to the selection rules in fine-structure spectra discussed in Sec. 2.2.2, the total an-
gular momentum can only change by AF = 0, £1, in a transition between hyperfine-structure
levels. The transition F' = 0 — F' = 0 is forbidden.

If for some reference isotope the magnetic dipole moment pu,..f (and nuclear spin I,.f) and
the electric quadrupole moment @, are known, these properties can be determined for other
isotopes by measuring the hyperfine splitting of the same levels for both isotopes and using
the relations

I 4 1 I
I = & 7 HMref
Aref Iref (2.48)
o_ B
Bref ref-

Likewise the ratios 4«/4, and B«/B, of two electronic levels (u upper and [ lower) are, to first

order, constant within an isotopic chain, as the nuclear contributions cancel out.

2.2.4 Investigated Transitions in Lead and Palladium
Lead (Z=82)

The lead ion (Pb) has no laser-accessible transitions out of the atomic ground state due to the
large energy gap to the first excited state of opposite parity. But the neutral Pb atom offers a va-
riety of laser-accessible transitions. Starting from the atomic ground state or metastable states
as shown in Fig. 2.5. The latter one can be populated by electron transfer from other atoms in
flight. Therefore, the Pb ions have to be neutralized. Within this work, this is performed by the
use of a charge-exchange cell, filled with potassium vapor. 55% of the neutralized Pb atoms
will be in the metastable 6s26p> D, state [89] which can be laser-excited to the 6s26p7s 3P,

state. Advantages of this transition are:
* Its wavelength of 723 nm is accessible with titanium-sapphire lasers.
* The lower state is efficiently populated in the charge-exchange cell.

* The branching ratio of the upper state (see Fig. 2.5) allows separation of the fluorescence
light from the laser light using optical filters by detecting the 406 nm transition.
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Figure 2.5: Left: Electronic energy levels in the lead atom. In this work, lead is excited from
the metastable 6s26p> 'D, state to the 6p7s P, state. From there it can undergo different
decays to 4 lower lying states. Right: Population probabilities after charge exchange with
potassium vapor.

* Owing to the involvement of an s-electron in the transition, it is highly sensitive to the
field shift and therefore to §(r2)44’,

* The lower state is highly sensitive to the nuclear quadrupole moment while the upper
level is sensitive to the nuclear magnetic moment.

The odd isotopes and the isomeric states show hyperfine splitting due to their non-zero nuclear
spin. Depending on the nuclear spin, the lower and upper level can split up into different
number of hyperfine levels. The hyperfine splitting for neutral Pb with nuclear spins I =
1/2,3/2, and 5/2 are shown in Fig. 2.6, 2.7 and 2.8 respectively. These schemes also show the
allowed (F1) transitions.
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6s26p7s 3Py, S I
F:1/2
F =5/

Figure 2.6: Level structure of atomic lead with nuclear spin I = 1/2. The left side shows the
fine structure without hyperfine splitting. The right side shows the hyperfine splitting. The
selection rules allow only three transitions.

F =5/
6526p7s 3Py

Figure 2.7: Level structure of atomic lead with nuclear spin I = 3/2. The left side shows the
fine structure without hyperfine splitting. The right side shows the hyperfine splitting. The
selection rules allow eight transitions.
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Figure 2.8: Level structure of atomic lead with nuclear spin I = 5/2. The left side shows the
fine structure without hyperfine splitting. The right side shows the hyperfine splitting. The
selection rules allow nine transitions.
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Palladium (Z=46)

Like lead, palladium (Pd) offers laser-accessible transitions in the neutral atom. In this work
Pd ions are therefore neutralized in a magnesium-filled charge-exchange cell. The ionization
energy of magnesium (Mg) (7.65 eV) almost coincides with the binding energy of an electron
in one of the 4d”(?D52)5s levels of neutral Pd (6.88 — 7.52eV) [90].

The population distribution of the different electronic states in Pd after charge exchange
with Mg depends on the beam energy, the vapor pressure and the initial atomic states of the
participating particles. Since right after the charge-exchange process many atoms will be in
an excited state with finite lifetime, the population distribution changes over time after the
charge exchange happened. The whole process can be simulated, like it was done and is
described in detail within [46] and [89].

The simulated population distribution for a Pd ion beam of 29.85keV with Mg vapor, af-
ter a time corresponding to 40 cm traveling distance, is shown in Fig.2.9. It also shows the
lowest atomic energy levels of Pd and transitions appropriate for laser spectroscopy. The
4d°(*Ds,)5s levels are, according to the simulation, both populated by about 30 % while the
4d°(*Ds),)5s ?[3/2]; level is populated by about 18 % and the population of the ground state is
negligible.

All three transitions, the 363.6nm, 361.1 nm and 357.2nm transitions, where tested with
the experimental setup, in order to find the transition with the highest signal counts. All of
these transitions include an s-electron and are therefore highly sensitive to §(r2)44’". For the
final spectroscopy measurements the 4d°(*Ds ,)5s ?[5/2]5 — 4d°(*Ds,)5p 2[3/2], was chosen.

Depending on the nuclear spins, different hyperfine splittings can occur, which are shown
in Fig.2.10 and 2.11, leading to 3 transitions for isotopes with nuclear spin I = 1/2 and 14
transitions for isotopes with spin I = 5/2.

36



Simulated CEC Population

Pd B (eV) Level Scheme neutral Pd Mg £ (ev) Pd in Mg
ionization limit
8O = —— P —mm e ————
/ /
/
" ad®sp2[ply
4.722 1 9 2 _—
4d”5p~[7/2]3
43954 A4d°5p°[Bfas —
4.224 —
5% .
. S
g = ~
= — g
©| 53% —
® R
™
1.251 0% 60 7{/] 17.59 %
4d°5s“[3/2 1
0.961 — 30.87 %
08149 =—S———— 4d”55 2[5 /2] 33.84%
4d°55%[5/2]3 Mg
76 —m———————————
0.000 A m=3.56 %
4d'o

Figure 2.9: The left side shows the level scheme of atomic palladium with the electronic
levels relevant for this work. The excitation energies (E) of the electronic levels are given
on the left axis. The transition wavelengths are indicated as well as the branching ratios of
the excited levels. The right side shows the simulated populations of the lowest electronic
states after charge exchange with magnesium and after the ions have traveled 40 cm, which
corresponds to the center-center distance between the neutralization pointin the CEC and the
optical detection region. The simulation was performed for a 29.85 keV ion beam. The blue
line indicates the ionization energy of magnesium, the red line indicates the ionization limit
of palladium. The energies are taken from [90], the population distribution was calculated in

[46].
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Figure 2.10: Level structure of atomic palladium with nuclear spin I = 1/2. The left side shows
the fine structure without hyperfine splitting. The right side shows the hyperfine splitting. The
selection rules allow only three transitions.
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Figure 2.11: Level structure of atomic palladium with nuclear spin I = 5/2. The left side shows
the fine structure without hyperfine splitting. The right side shows the hyperfine splitting. The
selection rules allow fourteen transitions.
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3 Regions of interest

The two investigated elements are known to show very different properties and characteristics.
Lead’s magicity manifests in simple nuclear structure and simple trends in the isotopic chain
while the mid-shell palladium is expected to have a more complicated structure. The general
properties of lead and palladium isotopes are described in the following sections.

3.1 Lead

With 82 protons, lead is a proton-magic nucleus and, as such, represents a textbook example
and benchmarking case for the nuclear shell model. According to the model, all proton levels
up to the 1hi.), level are fully occupied, and the energy gap to the next proton level is com-
parably large (see Fig. 2.3). The three stable isotopes are 206:207:2%8ph and the most naturally
abundant isotope 2°®Pb is a doubly magic nucleus with neutron number N = 126. The magic
number N = 126 is visible as a kink in the trend of the differential radius ¢(r?)*" along
the chain of isotopes (see Fig. 1.1). The magicity of Z = 82 can also be concluded from the
trend of the differential radii §(r?)44". The experimental values agree very well to liquid drop
model calculations assuming zero deformation (see Fig.1.1).

The nuclear quadrupole moment @), which quantifies the nuclear deformation, is expected
to show only small values, as it would confirm the spherical shape of lead isotopes. Experi-
mental values exist for 183-189:197=205ph  but only with relative uncertainties in the order of 2
to 6 [59, 91, 92, 19, 93]. Nuclear quadrupole moments Q" and differential radii §(r?)4™ 4
for isomeric states are, as well, only known with large uncertainties.

The simple nuclear shell model predicts a linearly increasing Q7" for isotopes with an un-
paired neutron in the 1iis/, orbital, which is the only positive-parity level in this shell. Similarly,
for the magic tin isotopes, the quadrupole moments of the isomeric 1h../, state should reveal
a linear trend, which was not confirmed by experimental measurements [27], but instead, in
the ground state moments of tin. If Q7" increases linearly along the lead isomers, while Q) re-
mains relatively constant, a simple model for the isomeric differential charge radii §(r2)4™4,
as proposed in [28], predicts a parabolic trend for §(r?)4™ 4 with increasing mass. The model
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connects the parabolic mass dependence of §(r?)4™ 4 to the linear mass dependence of Q7,
combined with an almost constant and small deformation of the ground state nuclei.

In this work, the lead isotopes from A = 187 up to A = 208 were investigated. Their masses
and known nuclear spins of the ground states and isomeric states are listed in Tab. 3.1.

Table 3.1: Atomic masses and nuclear spins of the ground states (I,s) and isomeric state
(Im) of Pb isotopes as well as the parity . Data is taken from [51].

A m [u] I | In
187 | 186.983911(5) |3k | 13"
188 | 187.980879(11) | 0
189 | 188.980844(15) | 3k~ | 132"
190 | 189.978082(13) | 0
191 | 190.978216(7) |3k~ | 132"
192 | 191.975790(6) | 0F
193 | 192.976136(11) | 3.~ | 132"
194 | 193.974012(19) | 0
195 | 194.974516(5) |3k | 13"
196 | 195.972788(8) | 0
197 | 196.973435(5) |3k | 132"
198 | 197.972015(9) | 0
199 | 198.972913(7) |3/ | 13"
200 | 199.971819(11) | 0%
201 | 200.972870(15) |5/~ | 1327
202 | 201.972152(4) | 0+ | 9
203 | 202.973391(7) |5/ | 132"
204 | 203.9730435(12) | 0%
205 | 204.9744817(12) | 5/2~ | 132"
206 | 205.9744652(12) | 0%
207 | 206.9758968(12) | 1/2~ | 13/2"
208 | 207.9766520(12) | 0%

3.2 Palladium

Palladium has 46 protons, which is 4 protons below the proton shell closure at Z = 50 (tin).
It has six stable isotopes 192:104:105,106,108,110pq_Tab, 3.2 lists the masses and spins of the inves-
tigated isotopes.

Isotopes with neutron numbers between N = 56 and N = 72 are investigated in this
work, i.e. the neutron shells 1g7/,, 2ds/,, 2ds/,, 351, and 1hi./, within the NV = 82 shell can
be populated. The simple nuclear shell model predicts the nuclear spin of the metastable
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Table 3.2: Atomic masses an nuclear spins of the ground states (Ig5) and isomeric states
(Im) of Pd isotopes as well as the parity . Data is taken from [51].

A m [u] Ig I
102 | 101.9056323(4) | 0F
104 | 103.9040304(14) | 0
105 | 104.9050795(12) | 52" | 11/27
106 | 105.9034803(12) | 0
108 | 107.9038918(12) | 0
110 | 109.9051729(7) | 0
112 | 111.907331(7) | 0F
113 | 112.910262(7) | 3" | 9/~
114 | 113.910369(7) | 0

115 | 114.913659(15) | lL* | 7/2~
116 | 115.914298(8) | 0

118 | 117.9190673(27) | 0

states to be I = 11/2, but gamma decay experiments have already shown that the isomeric
nuclear spins deviate from this simple prediction [94]. These deviations are caused by the
complicated nuclear structure of mid-shell, or also called open-shell isotopes. For the same
reason, the nuclear spins of the ground states cannot be expected to agree with single-particle
predictions.

The complexity of the nuclear structure of palladium also manifests in the nuclear shape.
Coulomb excitation measurements [40] indicate triaxial shapes for the stable palladium iso-
topes and elements with Z < 46 have revealed interesting shape evolutions (see. Fig.1.3).
The symmetry of a nuclear shape, i.e. (tri)axiality, cannot directly be concluded from laser
spectroscopy measurements. But a comparison with theoretical calculations allowing either
axial or triaxial states can give guidance in the understanding of nuclear shapes and nuclear
structure.
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4 Experimental Setups

This chapter explains the experimental technique of collinear laser spectroscopy and the ex-
traction of nuclear parameters from optical spectra. After a general introduction to collinear
laser spectroscopy based on the COLLAPS experiment, where lead was investigated, ATLANTIS
is presented, at which the measurements on palladium were performed.

4.1 Fluorescence Laser Spectroscopy

An atomic transition can be driven by photons of frequency v, providing the energy A Eirans =
hvpy necessary for the excitation. The natural linewidth duvp, of a transition is

1
6Vnat — T (4.1)

T

with the lifetime 7 of the excited state, assuming that the lifetime of the lower level is infinite or
at least much longer than that of the upper level. It limits the resolution in laser spectroscopy
experiments even if all other sources of line broadening are eliminated.

For high-resolution fluorescence laser spectroscopy, a laser system provides nearly monochro-
matic (laser linewidth dvpaser < dvnat) photons with frequency vy, for the excitation of atoms
or ions and the emitted photons from the subsequent radiative decays are detected and counted.
This count rate decreases, if the laser frequency is not in resonance with the probed particles.
By scanning the laser frequency across the resonance in the rest frame of the probed particles
and measuring the count rate, a resonance signal is detected and the transition energy can be
determined from the position.

In every laser spectroscopy experiment the measured spectroscopy lines are additionally
broadened by the Doppler effect, as each particle in the probed particle ensemble sees a
Doppler-shifted laser frequency depending on its individual velocity. To increase the resolu-
tion, and to make nuclear effects visible in atomic spectra, it is necessary to employ methods
to reduce the Doppler broadening like it is done within this work by the use of collinear laser
spectroscopy.
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4.2 Collinear Laser Spectroscopy at ISOLDE

Collinear laser spectroscopy (CLS) has become a very useful tool and, thus, it has been es-
tablished at several radioactive beam facilities in the world and even more devices are under
construction [95]. After a first demonstration at the TRIGA research reactor in Mainz [96],
the pioneering CLS experiment COLLAPS was installed at ISOLDE, CERN in 1979 [97]. A de-
tailed description of the ISOLDE facility can be found, e.g., in [98]. The focus of the following
brief description is on the production and preparation of the ion beam for the measurements
on the lead isotopes, performed within this work at COLLAPS.

4.2.1 lon Beam Production and Preparation

The radioactive ion beam facility ISOLDE produces numerous isotopes from helium up to
radium (Z = 88) via the isotope separation online (ISOL) technique. For this work, radioactive
lead ions were used. A thick uranium carbide target was bombarded with 1.4 GeV protons
from the Proton Synchrotron Booster. Lead isotopes are dominantly formed by spallation
reactions of uranium, evaporate from the hot target and diffuse into the ion source. These
lead atoms are selectively ionized by RILIS [99], a resonance ionization laser ion source,
and accelerated from a high-voltage potential. RILIS provides rather pure ion beams with
only very low admixtures of isobars coming from surface ionization. After mass separation in
the high-resolution mass separator (HRS), the ions are guided to ISCOOL, a radio-frequency
quadrupole cooler-and-buncher (RFQCB) [100, 101].

The task of ISCOOL is to stop and cool the ions during accumulation, and to eject the cooled
ion bunches. A combination of electrostatic and radio-frequency electric fields confine the
ions in the buffer-gas region before they are ejected as a short bunch of typically a few ps
length to the experiment. To stop the ions, ISCOOL is located on a high-voltage platform at
approximately the ion-beam energy. The ions enter the gas-filled region and dissipate energy
in collisions. Afterwards they are not able to overcome the potential walls at the entrance
and exit of the RFQCB anymore and are trapped. Further collisions of the trapped ions with
a buffer gas reduce the transverse and longitudinal velocity spread. More details are given in
the description of the ATLANTIS-RFQCB in Sec. 4.3.5.

For the lead measurements, ISCOOL was operated at bunching frequencies between 25 and
200 Hz, depending on the production rate, total beam currents and half-life of the respec-
tive isotopes, and bunch lengths of about 10 us were achieved. The main advantage for CLS,
besides the improvement of beam properties, is the bunch structure that improves the signal-
to-background ratio considerably. The latter stems dominantly from scattered laser light that
impinges on the photo multiplier tubes (PMTs). Assuming a repetition rate of 50 Hz, all ions of
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a continuous beam coming in within 20 ms are compressed into a 10 us bunch. Time-resolved
detection of the fluorescence photons allows to accept only photons arriving during the pas-
sage of the ion bunch through the optical detection region, while excluding the background
signal acquired during the remaining 19.99 ms. This enhances the signal-to-background ratio
of the CLS measurement by a factor of 2000. With longer accumulation times and a shorter
bunch length, like it has been realized in this work at the ATLANTIS setup, the sensitivity
boost can be increased even further.

4.2.2 COLLAPS

ISCOOL

\g& Niser beam

electrostatic optics

charge-exchange cell

o

ion beam &, o { [ ¢
(continuous to bunched) y- -

imaging lenses ﬁ/, A

photomultiplier tubes7/_ \
ot

/¢~ g detection region

Figure 4.1: Setup of COLLAPS. The bunched ion beam from ISCOOL enters the COLLAPS
beamline at an angle of 10° and is overlapped collinearly with the laser beam. It is tuned with
electrostatic ion optics and guided into the charge-exchange cell. The CEC is on a scannable
electric potential defining the velocity of the resulting atoms. In the subsequent detection
region the laser-atom interaction takes place. Fluorescence light is collected by lens systems
onto photomultiplier tubes. Figure taken from [27]. Used under CC by 4.0, cropped from
original.

Figure 4.1 shows a schematic drawing of the COLLAPS setup. The ion bunches from ISCOOL
are reaccelerated from the high-voltage potential with the acceleration voltage Uy,c. ~ 50keV,
monitored with a high-precision high-voltage divider [102], and are guided into the CLS
beamline. The ions enter the beamline through a 10° bender to be superimposed collinearly
with the spectroscopy laser. The initial velocity distribution dvy of the ions in the buncher is
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further reduced by the acceleration (Doppler compression) to [103]

(51)0 AFE
o~ — ,
2 qUacc

4.2)

where AFE is the initial energy distribution of the ions before acceleration and ¢ the electric
charge of the ions. For a typical energy spread from ISCOOL of 1 eV [101] the acceleration to
50 keV reduces the observed Doppler broadening by a factor of 2 x 1073,

A very important advantage of CLS is that the Doppler compression takes place in-flight,
such that the time between ion production and probing is very short, once the ion has left the
ion source. It takes only a few 10us to transport the ions to the CLS setup, which is much
shorter than -decay half-lifes. This makes high-resolution laser spectroscopy also possible
for short-lived isotopes and isomers. Thus, it is often the extraction time from the target-ion
source combination that limits the applicability even if a sufficient amount of an isotope is
produced in the target.

In the COLLAPS beamline the ion beam is further shaped by ion-optical elements like electric
quadrupoles and lenses before it enters the charge exchange cell (CEC). The CEC is used for
the production of a fast atomic beam suitable for CLS, neutralizing the ions with almost no
velocity broadening [104]. Inside the CEC an alkaline metal (here potassium) is heated to a
temperature that ensures sufficient neutralization efficiency. During the collision process of
ions and alkaline atoms, an electron can be transferred from the neutral alkaline atom to the
ion, e.g.,

Pb" + K — Pb+ K" + AE. (4.3)

The efficiency of this charge-exchange process also depends on the ionization energy of
the alkaline atom, the atomic energy levels within the ion, and its kinetic energy. The charge-
exchange agent is therefore chosen according to the investigated element and the atomic state
that is to be populated.

The CEC is floated on an additional electric potential which can be scanned between —10
and +10kV for Doppler tuning, i.e., by scanning the additional voltage, the ion velocities are
scanned, before they are neutralized. The velocity v of the ions Doppler shifts the observed
transition frequency in the laboratory frame according to

Vo = Va/cY (1 + 5) <  Vaje = VoY (1 + /8) 4.4)

with the transition frequency 1 in the ions’ rest frame, the laboratory laser frequency v,/ in
anti-/collinear geometry, the ions’ velocity § = v/ in terms of the speed of light ¢, and the
Lorentz factor v = (1 - 52) -l By scanning the additional acceleration voltage applied to the
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CEQC, i.e., the velocity of the ion bunch, a fluorescence spectrum can be measured with a fixed
laser frequency. This is called Doppler tuning and allows to keep the laser frequency stabilized
during a measurement. When leaving the CEC and the scanning potential, the atom velocities
are not changed, as they do not see the electric potential. With this technique, high-resolution
laser spectroscopy can also be performed on atoms [104].

After neutralization, the atom bunch passes through the interaction and detection region.
In this part of the beamline, the atoms are resonantly excited by the laser and the subsequent
fluorescence light is guided by lenses into photo multiplier tubes (PMTs) [105]. The collinear
alignment allows for a long interaction region between ions and laser, increasing the number
of induced transitions.

4.2.3 Absolute Transition Frequency

According to Eq. (4.4) the absolute frequency of a transition can only be measured if the laser
frequency and the exact ion velocity are known. While the laser frequency can be measured
accurately, the ion velocity is usually not known well enough. By performing collinear and
anticollinear laser spectroscopy simultaneously or in direct succession and combining both

measurements according to
vaVe = 1oy(1+ B) voy(1 — B) = 15, (4.5)

the velocity dependence can be removed and the absolute transition frequency v, extracted
[106, 107].

4.2.4 Laser System

The 723 nm laser wavelength, required for CLS on lead atoms, was generated by a tunable
titanium-sapphire Matisse 2DS laser pumped by 25 W of a Millenia laser. The laser frequency
is long-term stabilized using a cavity (High Finesse WS8-2) which is again regularly calibrated
to a helium-neon laser. The laser beam is transported through air about 25 m to the COLLAPS
beam-line. There, a spatial filter is used to obtain a spatial Transverse Electromagnetic Mode
TEMOO profile, i.e. a cross sectional Gaussian intensity distribution, and the beam is colli-
mated and directed through the COLLAPS setup.
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4.3 Collinear Laser Spectroscopy at CARIBU

Not all elements can be produced and extracted from the target by the ISOL technique, as
the evaporation temperature is limited to ~ 2000 °C, which is too low for refractive elements.
Therefore, for the measurements of palladium, a new beamline has been set up at the Argonne
National Laboratory in Chicago [46, 108].

4.3.1 Online lon Source CARIBU

HV-platform at
23.7 keV

Figure 4.2: Schematic drawing of the CARIBU facility. The small high-voltage platform hosts
the gas catcher with the 2°2Cf fission target. The fission fragments transverse the RFQCB be-
fore they are accelerated to the larger high-voltage platform. A combination of quadrupoles
(Q) and sextupoles (S) guide the ions through two high-homogeneity 60° magnetic dipoles
(with an electrostatic multipole (M) in between) for isobaric mass separation before the ions
are guided to the CLS setup.

The Californium Rare Isotope Breeder Upgrade (CARIBU) [45] produces short-lived iso-
topes through spontaneous fission of 2°2Cf. A general overview of the setup is depicted in
Fig.4.2. Due to the high energy released in the fission process, the products recoil from the
thin layer of Cf and are stopped in a gas catcher filled with helium gas. The generated singly
or doubly charged ions are extracted from the gas catcher by an electrical drag-field and fi-
nally, close to the exit hole, by the gas flow. A subsequent RFQCB cools and bunches the
extracted ions before they are accelerated to ~ 23.7keV, mass separated by a combination of
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Figure 4.3: Fission yields of 2°2Cf. The yields are color-coded and normalized so that their
sum equals 2. Additionally to the nuclear shell closures, the palladium isotopic chain is high-
lighted. Figure taken from [51].

two 60° magnetic dipoles in combination with an electrostatic multipole, and guided to the
experiment.

The fission fragment mass distribution of ?*2Cf is shown in Fig. 4.3. It exhibits a high pro-
duction yield in the neutron-rich region just below the magic tin isotopic chain, giving access
to the neutron-rich palladium isotopes. Their nominal production rates by CARIBU are listed
in Tab. 4.1, assuming a 1 Ci 252Cf source. Unfortunately only an activity of 500 mCi [109] was
reached. Additionally, the thicker-than-intended target reduced the number of released recoils
from the source installed in 2019 down to 130 mCi and the half-life of 252Cf (2.645 a) lead to
a continuously decreasing yield. At the time when the CLS experiments were performed, the
available yields were therefore a factor of 10 — 50 smaller than listed in the table.

4.3.2 Offline lon Source

A laser ablation ion source is installed to produce stable palladium ions for offline tests and
reference measurements with stable isotopes during online campaigns. A laser pulse with a
pulse power of up to 20 mJ impinges on a palladium target ablating material from the target
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Table 4.1: half-lifes and yields of palladium isotopes produced at CARIBU. Numbers are taken
from [110]. The real yields during the experiments in 2022 and 2023 were reduced by a factor
of about 10 — 50 due to issues with the ion-source thickness and the half-life of 22Cf.

Isotope /2 rates [ions/s]
110pq | stable 8.0 - 102
Himpq | 55h 2.3-103
Hipd | 23.4m 1.6-10°
12pd | 20.04h 9.8-103
13pd | 1.64m 3.1-10%
14pq | 2.48m 2.4-10*

115pd A7s 2.2-10%
116pq 12.7s 1.1-10%
H7pd 5s 3.8-103
118pd 2.4s 1.7-10°

surface and creating a plasma. The positive ions are then extracted from the source by an
electric field. The amount of produced ions can be adjusted by the power of the ablation laser.
The whole ion source is mounted on a high-voltage platform which is on a similar potential
as the CARIBU platform. The relevant part of the beamline is shown in Fig. 4.4.

4.3.3 The ATLANTIS Radio-Frequency Quadrupole Cooler-and-Buncher

Online and offline ions are guided to the RFQCB just before the CLS beamline, which ensures
well-defined beam properties that are independent from the source. The setup of the injection
beamline and the RFQCB is shown in Fig.4.4. Either the online or the offline beam can be
chosen by the use of an electrostatic diverter. The beam can then be monitored on two micro-
channel plates (MCPs) before it is injected into the RFQCB. The ejected ion bunch can be
monitored on another MCP located after the RFQCB.

The ATLANTIS-RFQCB is a copy of a design for the CLS experiment BECOLA at FRIB [111]
and is described in detail in [112]. It was specifically designed to enhance the sensitivity of
CLS measurements. The efficiency of the RFQCB in bunched mode is reported to be up to
~ 80% [112], depending on the buffer-gas pressure and the cooling time.

The electrode setup for the static field of the RFQCB is shown in Fig. 4.5. The extraction field
is defined by the voltage applied to the last three electrodes A, B and C. B is called the trapping
electrode, which defines the depth of the trapping potential. C is called the pulling (extraction-
)electrode and A is called the kicking (extraction-) electrode. During accumulation, the pulling
electrode is on a potential 25V above the trapping electrode while the kicking electrode is 4.7V
above the trapping electrode. The trapping electrode is on —59.2 V relative to the total buncher
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Figure 4.4: The injection beamline and RFQCB section. Radioactive (CARIBU) or stable (of-
fline) beam can be chosen with a voltage applied to a diverter. In offline mode, the diverter is
time gated on the ablation laser trigger. Electrostatic ion optics guide the ion beam into the
RFQCB, which is lifted to the same potential as the ion beam. The beam can be monitored
on micro-channel plates (MCP) before and after the RFQCB.

potential (23.7kV). In this mode, the trapping and extraction electrodes form a potential well
deep enough to trap and accumulate the stopped and cooled ions. For extraction, the pulling
electrode has to be switched to a lower potential to release the ions. The kicking electrode
is additionally switched to a higher potential, "kicking” the ions out of the trap. A set of
hyperbolic electrodes at the exit of the RFQCB collimates the ion beam before the ions are
accelerated out of the trap into the transport beamline towards the CLS setup.

The combination of DC voltages applied to the trap and the extraction electrodes defines
the properties of the ejected ion bunches and has been optimized during commissioning ex-
periments that are described in Sec. 4.3.5.

4.3.4 ATLANTIS

From the RFQCB, the ion bunches are reaccelerated to 23.7keV into the Argonne Tandem
hall LAser beamliNe for aTom and Ion Spectroscopy (ATLANTIS). A schematic drawing of
ATLANTIS is shown in Fig. 4.6. The setup follows the same principle as the COLLAPS beam-
line. It includes a new charge-exchange cell which was particularly designed for the use with
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Figure 4.5: Top: Schematic of the electrostatic structure of the RFQCB. The ion beam is fo-
cused by hyperbolic electrodes into the conical capture segment of the RFQCB. The dragging
field in the cooling segment is created by diagonally wedged segments. The cooled ions then
enter the bunching segment. It consists of segmented electrodes creating the trap potential.
The extraction field is mainly defined by electrodes A, B, and C. The hyperbolic electrodes at
the exit collimate the ion beam during re-acceleration. Bottom: Static potential along the
RFQCB axis in accumulation mode (potential on the right is high) with an exemplary ion tra-
jectory and in ejection mode (potential on the right is low). Figure taken and adapted from
[112].

magnesium [46]. This new CEC can be set on a scannable potential between —500 and 500V
for Doppler tuning.

The fluorescence light was detected in two identical detection regions, each consisting of
a parabolic mirror system that focuses the fluorescence light into two PMTs, which are posi-
tioned perpendicular to the beam axis. A detailed describtion of the detection region design
is provided in [108].

The setup can be used for both collinear and anti-collinear laser spectroscopy. Two movable
beam monitoring systems are installed before the CEC and at the end of the beamline. For
stable beams, the ions are monitored on MCPs during beam tuning. For radioactive beams, a
silicon detector is moved into the beam instead. To check the neutralization efficiency during
laser spectroscopy measurements, the ions remaining after the CEC can be deflected onto the
silicon detector at the end of the beamline.

After the installation of the beamline, commissioning measurements and optimizations of
the ATLANTIS-RFQCB and the CEC were carried out within this work and are described in
the following sections.
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Figure 4.6: Schematic drawing of the interior part of ATLANTIS. The ion beam enters the
beamline from the left through a y-steerer and the 10°-bender and are overlapped with a
collinear or anti-collinear laser beam. It is tuned and focused by the following electrostatic
ion optics. The ion beam can be monitored on an MCP or a silicon detector, which are in-
cluded in the movable detection station.To optimize the beam overlap and laser background,
two irises can be opened and closed within the beam path. The ions are neutralized in the
Mg-filled charge-exchange cell, which is on the scanning potential. At the end of the beam-
line, a second detection station allows to monitor the beam. It also includes a deflection
electrode, such that any residual ions after charge exchange can be deflected off-axis to be
monitored continuously during the spectroscopy measurement. The fluorescence detection
region consists of two elliptical mirror systems, focusing the emitted photons onto PMTs
outside of the beamline.

4.3.5 Comissioning of the Radio-Frequency Quadrupole Cooler-and-Buncher

The ion bunch extracted from the RFQCB can be characterized by its energy and time-of-flight
(ToF) distribution. Both depend strongly on the amount of ions in the RFQCB and on the trap-
ping and extraction fields. For the RFQCB commissioning, singly ionized zirconium ions from
the offline ion source were used. For the investigation of bunch length and energy distribu-
tion, CLS was performed on the 4d?5s *Fs;, — 4d*5p“Gs), transition at 357.3nm. Zirconium
was chosen since °Zr is a stable even-even isotope that does not exhibit hyperfine structure
and has the largest natural abundance of about 50 %. Moreover it can be studied on the ionic
transition and does not require the operation of the CEC additionally.
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Figure 4.7: Resonance spectrum of ?°Zr before the RFQCB was tuned. The horizontal axis
represents the ion beam energy in keV and the vertical axis the time-of-flight in us between
the RFQCB and the detection region. The detected photon counts are color-coded. lons of
different initial velocities require different Doppler-tuning voltages to show resonant fluores-
cence. Therefore, resonances appear at different acceleration voltages, depending on the
ions’ initial velocities, and the bunch shows a strong distortion in time and energy.

The first spectrum taken is presented in Fig. 4.7. The plot shows the total acceleration volt-
age (RFQCB-potential + Doppler-tuning potential) on the horizontal axis and the ToF on the
vertical axis. The number of detected photons is color-coded in this time-energy plane. If
all ions in the bunch have the same energy, the resonance appears for all ions at the same
acceleration voltage. A different ion velocity requires a different Doppler-tuning potential to
be in resonance. Thus, the horizontal axis represents the ion velocity distribution while the
vertical axis encodes the arrival time of the ions at the detection region. Optimally, the differ-
ent velocity classes should be homogeneously distributed in the ejected ion bunch, yielding a
symmetric resonance shape in the time-energy plane. Space-charge effects and detuned trap-
ping and extraction voltages can cause a separation of the different velocity classes within the
ion bunch and to leaking off the trap. Both effects lead to a distorted shape of the resonance
as observed in Fig. 4.7.
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Figure 4.8: Time-resolved “°Zr spectra of bunched ions with different RFQCB fillings. (a) The
incoming ion bunches from the laser-ablation source were not time gated, leading to an over-
filled RFQCB. In the time-energy plane, the resonance is distorted to an asymmetric and very
broad distribution. (b) The overfilling of the RFQCB was efficiently reduced by time gating
the incoming ion bunch and selecting the Zr* ions. The distortion is significantly reduced.

Overfilling of the RFQCB is the main reason for the strong distortion. Thus, reducing the
ion current from the offline source reduces the distortion, but it is difficult to eliminate the
overfilling completely while maintaining a spectroscopy signal of the isotope of interest simply
by reducing the ablation-pulse power. This is because laser ablation produces a mixture of dif-
ferent elements, isotopes, molecules and charge states, which are all guided into the buncher.
All of them contribute to the charge load of the trap. Contrary, no effects from overfilling
have been observed with the online beam, since CARIBU provides a mass-to-charge-separated
beam and the beam rates are too low to overfill the RFQCB.

Instead of reducing the ablation power of the offline source, a scheme was implemented
to gate out the unwanted ions from the primary beam. By monitoring the ion bunch time-
resolved on the MCPs before and after the RFQCB, the Zr peak (and later the Pd peak) could
be identified in the ToF spectrum. To gate out higher masses, a fast switch was used on the
diverter voltage, triggered relative to the ablation laser pulse. In Fig. 4.8, Zr spectra with and
without gating on the diverter are compared to show the large effect of the contaminating
particles on the RFQCB performance. Even with an adequate charge load, the shape of the
bunch strongly depends on the trapping and extraction field at the end of the RFQBC. Fig. 4.9
shows the difference of the time-energy distribution of an ion bunch with the different pulling
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Figure 4.9: Time-resolved Zr spectra of ToF preselected and bunched ions with different volt-
age settings of the pulling and kicking electrodes according to Tab. 4.2. (a) The time-energy
spectrum with maladjusted RFQCB potentials shows a broad and distorted shape. (b) Opti-
mized pulling and kicking voltages lead to a symmetric resonance with a strongly reduced
energy width.

and kicking voltages in extraction mode listed in Tab. 4.2.

Table 4.2: Voltages applied to the the kicker, trap and puller electrodes of the RFQCB for Zr+
during accumulation (accum.) and during ion bunch extraction (extr.) according to Fig.4.9.
The optimized accumulation and extraction voltages for Pd™ ions are listed in the last two
rows.

mode A: kicker [V] | B: trap [V] | C: puller [V]
accum. Zr -55.3 -59.2 -35
extr. Zr Fig.4.9(a) 44.7 -59.2 -135
extr. Zr Fig.4.9(b) -45.3 -59.2 -75
accum. Pd -55.3 -60 -35
extr. Pd -40.3 -60 -110
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Figure 4.10: Resonance spectra of bunched °®Pd ions with different RFQCB fillings. (a) In the
time-energy plane, the resonance with a low filling is narrow and symmetric, compared to (b)
an overfilled RFQCB that leads to a distorted resonance. The time projections (ToF spectra)
of these resonances are plotted in (c,d), where the red curves represent a Gaussian profile
fitted to the data. For (c) low filling, the data is well described by a symmetric Gaussian
with FWHM of 0.8 us, whereas (d) the overfilled RFQCB exhibits a strongly distorted non-
Gaussian ToF spectrum with a much broader FWHM of 3.5us. The energy projections of
the resonances (g,f) are also fitted with Gaussian profiles (red lines). For (e) low filling, a
symmetric lineshape with FWHM of 6 €V is observed, whereas (f) an overfilled RFQCB distorts
the energy spectrum and broadens the FWHM to 11 eV.
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Time-Energy distribution

As described in the previous section, the amount of injected ions into the RFQCB strongly
influence the time-energy distribution of the ejected ion bunches. It is therefore crucial that
CLS measurements are not taken on ion bunches coming from an overfilled RFQCB.

Figure 4.10 (a) and (b) show exemplary time-resolved spectra of the 4d°(*Ds ,)5s ?[5/2]5 —
4d°(*Ds,)5p 2[3/2], transition in '°*Pd atoms produced in the offline ion source, injected into
the RFQCB with optimized extraction-electrode settings, and neutralized in the CEC. The two
spectra were taken with low and with maximum laser-ablation power and the ions are ToF pre-
selected, like in Fig. 4.8 (b). The amount of ions injected into the RFQCB strongly influences
the resulting resonance shape. For a low filling of the RFQCB the time-energy distribution is
symmetric and has a small width while it is broad and asymmetric for an overfilled RFQCB.

Figure 4.10 (c) and (d) show the time projections (ToF spectra) of the same measurements.
It is clearly visible that an overfilled RFQCB leads to a very broad distribution in time and
that the ToF spectrum cannot be assumed to be Gaussian-like for an overfilled RFQCB. The
shoulders in the ToF spectrum are formed from ions with very different kinetic energies. If the
CLS spectrum of one isotope and its reference isotope show different ToF profiles, i.e., contain
different kinetic energy classes, they cannot be used to derive a precise isotope shift.

The projection of the resonance spectra onto the energy axis are presented in Fig. 4.10 (e)
and (f). While (e) shows a symmetric and narrow resonance profile, the overfilled RFQCB in
(f) causes an asymmetric profile with a flat top and a longer tail at higher energies.

For the best resolution, it is therefore necessary to use an appropriate ablation laser power.
The resulting widths of the time and energy projections and the reduced x? of a Gaussian fit
to the ToF spectrum were investigated for different RFQCB fillings. Therefore, pulse power
of the ablation laser was varied. For comparison, the same parameters were determined for
online "*Pd measurements from CARIBU, which filled the RFQCB only to a very low level.
The results are summarized in Fig. 4.11.

Based on these, a "threshold-parameter” was chosen, which is indicated in Fig. 4.11: For all
198pd spectra, the ToF spectrum was fitted with a Gaussian. If x2; > 1.28, the measurement
was assumed to be performed with an overfilled RFQCB and not used for further analysis.

To ensure that the filling of the RFQCB does not have any influence on the measured isotope
shift, the center position of the resonance was also determined for different ablation laser
powers. They do not show any dependence on the ablation power, as can be seen in Fig. 4.12.
It is therefore concluded that the RFQCB characteristics do not lead to a systematic uncertainty,
as long as the reduced x? of the ToF distribution is smaller than the threshold .

The RFQCB together with a time-gate for the voltage projection enables a typical enhance-
ment of the resonance signal-to-background ratio in time-resolved CLS of about 10° by accu-
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Figure 4.11: Characteristics of resonances for different RFQCB fillings. The top plot shows
the width of the time-of-flight (ToF), the middle plot shows the energy width and the bottom
plot the reduced x? of a Gaussian fit to the ToF spectrum. In the bottom plot three data-
points from an overfilled RFQCB, indicated by arrows, are out of the range of the vertical axis
(x* > 3). Blue data points indicate °Pd measurements with overfilled RFQCB. Red data
points indicate '°®Pd measurements with low filling of the RFQCB. Green data points indi-
cate '*Pd measurements from CARIBU with very low filling of the RFQCB. The grey dashed
line indicates the "threshold” between overfilled and acceptable filling (see text for more de-
tails).
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Figure 4.12: Center position of °*Pd spectra using different ablation-laser powers. The red
line is the weighted average of all center positions with the standard deviation marked as a
blue shaded band. Typically, references were taken around a laser power of 60 % (~12mJ),
and the scatter of the reference measurements is much smaller than the standard deviation
shown here.

mulating ions for 1s and ejecting ion bunches of 1ps width. For very low ion yields, the ac-
cumulation time was increased even further to unprecedented 30s, i.e., increasing the signal-
to-background ratio by 30 x 10°.

4.3.6 Charge-Exchange Cell

For palladium, the collision process Pd* + Mg — Pd + Mgt with magnesium was chosen
(see Sec.2.2.2). For the vaporization of magnesium, a new charge-exchange cell was com-
missioned. A Mg vapor pressure of 1Pa requires the Mg to be heated up to at least 428°C
[113] while standard CEC temperatures stay below 300 °C. The new CEC can be operated at
400 — 500 °C and is based on the design described in [46], which already fulfilled the require-
ment of confining the vapor pressure of 10~2 mbar inside the cell without compromising the
vacuum outside (~ 10~" mbar). In a standard CEC, this is enabled by a temperature gradient
between the hot cell containing the reservoir of the alkaline metal and the entrance and exit
regions. In these regions the vapor condenses and can be recycled by capillary action back to
the cell center.

The high melting point of Mg (650 °C [113]) disallows this recycling process. To still enable
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the confinement of the vapor pressure inside the cell the entrance and exit holes of the cell
were cooled to lower temperatures to decrease the vapor pressure at these points to very low
values. To reduce the loss of Mg during operation, the entrance and exit pipe diameters were
reduced. Although the previous design by [46] could be used to perform charge exchange with
Mg on calcium ions [46], it needed improvement as the Mg vapor condensed at the cooled
entrance and exit apertures and blocked the beam path.

In the optimized design shown in Fig. 4.13, the central reservoir is heated to create the vapor
for neutralization. The apertures are close to the heated center and prevent fast depletion of
the reservoir. Due to their high temperature the Mg vapor cannot condensate, which would
clog the apertures. The entrance and exit pipes are cooled down to 90 °C to reduce the vapor
pressure and secure the vacuum in the rest of the beamline.

Commissioning of the Charge-Exchange Cell

The efficiency of charge-exchange of Pd ions with Mg was measured with respect to the CEC’s
temperature. For this, radioactive beam of '“Pd from CARIBU was used. To reduce isobaric
contamination from the other strong beam components '*Ag (¢, = 4.6s) and '*Rh (t:/, =
1.855), the bunching time of the RFQCB was set to 10 s, giving the contaminants time to decay.
The activity from '“Pd (t. /> = 2.42min), which predominantly accumulates in the trap, was

Figure 4.13: New design of the charge-exchange cell suitable for charge-exchange with mag-
nesium. The reservoir and the entrance and exit apertures in the central part can be heated
up to 400 - 500 °C. The tubes along the axis are liquid-cooled to reduce the residual partial
magnesium pressure in the entrance and exit regions.
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measured on the last silicon detector, at the end of the beamline. The deflector electrode
placed in front of this detector, was turned on to deflect all remaining ions, such that only
the decay of neutral palladium atoms was detected. During the heating process of the CEC,
the activity generated from Pd atoms on the silicon detector increased due to the increasing
charge-exchange efficiency. The temperature-dependent charge-exchange efficiency is

) 4.6)

Cmax

with the maximum count rate cpax on the silicon detector when the CEC is cool and the
count rate ¢(7") at a CEC temperature 7'. The resulting efficiency curve is shown in Fig. 4.14.
A plateau at a maximum efficiency of 87% was reached at about 380°C. The temperature
on the horizontal axis gives the temperature measured at the cell’s surface, read out with
a thermocouple. Spectroscopy measurements were typically performed with temperatures
between 350 and 370 °C, which corresponds to 50 — 80 % neutralization efficiency.
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Figure 4.14: Neutralization efficiency of the magnesium charge-exchange cell on Pd*™ mea-
sured for different temperatures. The lower curve was measured during the heating pro-
cess of the cell, while the upper curve was measured during the cooling process. The spec-
troscopy measurements were performed at temperatures marked by the red shaded area.
The difference between the curves can be explained by thermal hysteresis and gives an im-
pression of the margin of uncertainty.
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5 Data Analysis

The lead data from COLLAPS and the palladium data from ATLANTIS were recorded and
analysed using the same methods. This chapter gives a general overview about how spectra
are extracted from the raw data sets, and how laser spectroscopic observables are determined.
Details on the analysis of lead or palladium are presented in the subsequent chapters, where
the specific procedures are explained in detail and the differential nuclear charge radii, isomer
shifts and nuclear moments are extracted.

5.1 Data Sets

The data acquisition system TILDA [114] was used in both experiments. Therefore, the anal-
ysis was based on the tool PolliFit, which is distributed together with TILDA.

The complete data set of each beamtime consists of different measurements, called runs. A
single laser spectroscopy data set contains all information required for the analysis of a run,
i.e., the laser frequency and the main acceleration voltage during the measurement, the inves-
tigated isotope, the direction of the laser beam (collinear or anticollinear), the amplification
factor for the Doppler-tuning voltage and the binned photon data. Typically, each run covers
the resonance spectrum of a single isotope. Some runs were performed for tests, or cannot be
used due to technical or user errors. These runs have to be excluded from the data analysis.
For isotopes with very low yields, in many cases a run was directly added onto previous runs
to increase the statistics. These previous runs, even though saved independently, also have to
be excluded in order not to use them several times for the data analysis’.

The main part of a stored run is the binned photon data. The Doppler-tuning voltage ap-
plied by TILDA (DAQ voltage), which is scanned and fed to a voltage amplifier, and the photon
counts are stored time-resolved in 100 ns bins. The runs contain a separate list of binned counts
for each PMT. Thus, the PMTs can be evaluated separately or summed up in any combination.
TILDA allows to fragment a run into different tracks, where each track covers a specific scan

!The advantage of having them individually saved is that in post-beamtime analysis, individual runs can still be
excluded in case of a mistake happened during a run (e.g. a blocked laser beam, no protons on target) which
is only registered later on.
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range. Using tracks can be very efficient in wide-spread hyperfine structures, as regions with-
out resonances can be skipped. Each track is saved separately in the run. For each run, the
stabilized pre-acceleration voltage and laser frequency are measured and stored, along with
the investigated isotope, the start and stop times of the run, the direction of the laser beam,
the number of scans and measurement steps performed, and, if applicable, the runs to which
the current one was added on.

Figure 5.1 shows an example of a recorded spectrum. The two-dimensional histogram
shows the number of photon counts within 300 ns period color-coded in the time-energy plane.
A projection to the time of flight (ToF) axis reveals the ToF spectrum relative to a chosen trig-
ger delay on the RFQCB ejection, and a projection to the beam-energy axis represents the
resonance spectrum since the Doppler-tuned energy is in first order linear to the change of
laser frequency in the ion’s rest frame.

5.1.1 Time Gates
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Figure 5.1: Example of the time-resolved counts registered by a single PMT in a reference
measurement at COLLAPS. In the top left, the number of counts is color coded in a two-
dimensional histogram with the horizontal axis representing the beam energy and the vertical
axis representing the time of flight with an arbitrary offset. The projection of the counts onto
the energy axis is shown in the bottom plot and the projection of the counts onto the time axis
is shown on the right. In order to reduce laser induced background on the voltage projection,
only the counts registered within the time gate marked by the red lines were used.
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The time-resolved data acquisition allows for the application of timing windows in the post-
beamtime analysis instead of hardware gates during the beamtime. The two red lines in
Fig.5.1 indicate the chosen timing window. Their correct setting is crucial for the signal-to-
background and, thus, the signal-to-noise ratio of the resonance. Laser-induced fluorescence
can only be detected while the atom bunches pass through the detection region. During the
remaining time, the PMTs only detect a background signal, mainly produced by laser stray
light. Exclusion of these periods reduces the background to the stray light within the short
periods and beam-induced background caused by inelastic collisions of the atoms with residual
gas and the de-excitation of longer-lived atomic states that have been populated in charge-
exchange reactions. An important part of the palladium data analysis was the determination
of an unbiased time window for each isotope, as discussed in Sec. 7.1.3.

5.2 Fitting Spectra

The fitting of the spectra was performed using PolliFit[114], a python-based software module
distributed with and tailored to the data sets generated by TILDA. The program can load one
or more runs at once and fit them either individually or simultaneously with or without shared
parameters.

5.2.1 Voltage to Frequency Conversion

In a first step, the total acceleration voltage Uy, has to be converted into the Doppler-shifted
laser frequency in the particle rest frame. For this, the main acceleration voltage Uje., mon-
itored with a high-precision high-voltage divider at the RFQCB, and the additionally applied
Doppler-tuning voltage Usean at the CEC are required. To derive Ugcean from the value applied
by TILDA to an amplifier that generates the CEC voltage, the amplification factor has to be
determined. Therefore, Uscan is measured with another high-precision high-voltage divider as
a function of the value set by TILDA. These measurements are referred to as Kepco measure-
ments and an example is shown in Fig. 5.2. The amplification factor is determined by fitting
a linear function to a Kepco measurement.

This amplified voltage Uscay is added to the main acceleration voltage to Uit = Uace + Uscan
to calculate the total acceleration voltage of each measurement step. U is transformed to
a laser frequency v in the particle rest-frame by the Doppler formula and according to the
relation of the acceleration voltage and the particle velocity, i.e., by

eU +mc? £ \/eU(eU + 2mc?)
2

(5.1)

V:Va/c' me
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Figure 5.2: The top plot shows an example of a Kepco measurement performed at COLLAPS
with the set DAQ-voltage on the horizontal axis and the measured Doppler-tuning voltage on
the vertical axis. A linear function is fitted to the data to determine the amplification factor.
The bottom plot shows the residuals of the data to the fitted function. With an amplification
factor of 999.9, the residuals range from 7 to 70 ppm of the amplified voltage, depending on
the applied DAQ voltage.

with the laboratory laser frequency v, . in anti-/collinear geometry, the mass m and the charge
q of the ions and the speed of light c.

5.3 Fit Parameters

The resonance spectra are fitted with a function depending on the center of gravity of the
transition frequency, i.e., the fine-structure transition frequency, the width and height of the
resonance and, additionally for I # 0 isotopes, the hyperfine parameters A and B of both
atomic levels, the relative intensities of the resulting hyperfine peaks and the background

count rate.




5.3.1 Lineshapes

Additionally to the natural line width vy, introduced in Sec. 4.1, collisional broadening [88]
and saturation power broadening [115] are homogeneous broadening effects, that lead to a
Lorentzian resonance profile L(v) with increased widths.

The Doppler broadening is an inhomogeneous broadening effect, where the transition prob-
ability depends on external degrees of freedom [115]. In this case it depends on the parti-
cle’s velocity. Inhomogeneous broadening is additionally correlated to the distribution of the
external degree of freedom. In the case of a thermal velocity distribution this includes a
Gaussian lineshape G(v). Since both categories of broadening are present in collinear laser
spectroscopy, both profiles are convoluted to the Voigt profile [115]

v)=1I / G(W)L(v —v)d/ (5.2)
exp( —(V —w)?f20?) |, ,
C’/ =) T (o) dv (5.3)

with the central frequency 1y, the Lorentzian full width at half maximum (FWHM) ~, the
Gaussian standard deviation o of the Maxwell-Boltzmann distribution and the total intensity
C'. Such a Voigt profile is fitted to the atomic spectra.

5.3.2 Spin-Zero-Nuclei

For isotopes without nuclear spin, the free fitting parameters are the Voigt width parameters
o and 7, the center position, the background, coming from stray light and collisions, and
the signal intensity, which is related to the number of atoms interacting with the laser, the
transition strength and the laser power, which is assumed to be constant during a run. With
the necessary transformations described in this section, the center position directly allows to
extract the fine structure transition frequency.

5.3.3 Hyperfine Splitting

As described in Sec 2.2.3, the spectra of isotopes with a non-zero nuclear spin show hyperfine
splitting. For the extraction of observables from a hyperfine spectrum, a sum of several Voigt
profiles is fitted to the data. The position of the hyperfine peaks is defined by the hyperfine pa-
rameters A and B, introduced in Egs. (2.44) and (2.46), for both participating atomic levels.
The hyperfine formulas are incorporated into the fitting routine, such that the hyperfine pa-
rameters of the upper (A,, B,) and lower (4;, B;) atomic level are free fitting parameters. It
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is essential to carefully identify the hyperfine structure "by hand”, since often, the assignment
of quantum numbers to the individual peaks is not unambiguous (especially if the nuclear
spin is not known a priori). The relative intensities of the hyperfine peaks are, in principle,
defined by the Racah W-coefficients, but optical pumping during seceral transition cycles can
shift the relative intensities and, thus, they have been adopted as free parameters in all cases
with sufficient statistics. In some cases, however, statistics required to reduce the number of
free parameters and the line intensities were fixed to the theoretical expectation.

Typically, the hyperfine spectra of each isotope were measured in several runs. The spectra
of these runs were fitted simultaneously with shared hyperfine parameters. The B-ratio B«/B,
derived from an isotope measured with the best statistics achieved, was fixed during the fitting
of all other isotopes, removing B; from the free fitting parameters. In the cases where isomeric
states where observed, the hyperfine parameter ratios 4«/4, and B«/B, of the isomeric states
were shared with the ratios of the ground states, ignoring a possible (small) hyperfine structure
anomaly.

For some isotopes and isomers, the nuclear spins are not known from literature. In order to
assign the spin, the fits were performed using different hypothetical spin values which generate
different hyperfine structures and thus, fit functions cts(v). The resulting reduced 2., values
of these fits

2 2
X 1 (cts, — cts(v))
Xted = NN Z o2 ; (5.4)

with measured counts cts, for each frequency v, the standard deviation of the counts o =
y/cts, and the number N of measurement points, i.e., the number of voltage steps in a run,
gives information about the goodness of the fit. The closer x2,, is to 1, the better is the fit.
Therefore, the comparison of x2,, for different nuclear spins can give a hint to the right spin
assignment. The spin assignment can also be verified by checking the hyperfine parameters
and their ratios as well as the resulting isotope shifts for plausibility.

5.4 Isotope Shifts

Since the isotope shift is calculated by 6v4-f = p4 — 4t each isotope shift measurement

consists of a set of runs which includes spectra of the reference isotope A,.r and spectra of the
isotope of interest A. They were measured in the order A,ef — n-A — A Where n
indicates the number of runs performed on the isotope of interest. From each of the n- A runs,

Aref was

a center frequency can be extracted and a corresponding reference center position v
extracted from the previous and subsequent reference runs A,.s. Since voltage drifts or laser

frequency drifts can lead to drifts in the extracted center positions over time, the reference
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center position is linearly interpolated by

vy — 1

_— 5.5
— (5.5)

vt = yy + (t — to)
from the two reference positions vy, 11 measured before (t;) and after (¢;) the isotope of
interest, which was measured at the time ¢. This interpolated reference center position was
subtracted from the fitted center position of A to calculate the isotope shift. If more than one
run for isotope A was performed, the weighted mean was calculated to determine the final
isotope shift.

5.5 King Plot Analysis

As described in Sec. 2.2.3, one portion of the isotope shift is caused by the difference in the nu-
clear charge radii. Therefore, the differential ms nuclear charge radius between two isotopes
can be extracted from the measured isotope shift by Eq. (2.42). With the help of a King-plot
procedure, i.e., by fitting Eq. (2.41) to known differential ms nuclear charge radii and mea-
sured isotope shifts, the field shift and mass shift factors F' and Kys can be extracted. The
isotope shifts of the stable isotopes measured within this work are used while the correspond-

ing differential ms nuclear charge radii are taken from literature.

The fitting of the linear function to the modified isotope shifts and modified differential
nuclear charge radii (see Eq. (2.2.3)) was performed using the python package gspec [116].
To reduce the correlation between the offset and slope parameters of this linear fit, the axis
of the modified radius was shifted by a constant «, as proposed by [117]:

— AN
ov=K,+F <5<7’g> - a) (5.6)

K, can be calculated back to the actual mass shift factor by Kys = K, — Fa.

5.5.1 Literature Nuclear Charge Radii

Fricke and Heilig have compiled nuclear charge radii of all investigated stable isotopes in [55].
For the stable isotopes of lead and palladium, the Barret equivalent radii Ry, from muonic x-
ray spectroscopy data are listed as well as the V5 ratios, derived from high energy elastic
electron scattering. The differential ms nuclear charge radius between two isotopes A and
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A’ can be calculated from these listed values with the help of Eq. (2.5) by

6<7,2>A,A’ :<7,2>A - <T2>A’

C c &

2 7\ 2
:<R£‘> [ Bia
vyt Vit

A A A A
— Rka o Rko/z Rka + Rkolz . (57)
Vit v Vit v
The uncertainties can be approximated by
. ASREY (RA R
AS 2\ A A ~ ka ka kolz 5.8
(r3) v 7 + v, ; (5.8)

with the uncertainty of the differential Barret radius A(SR,?(;A/, which is also listed in [55]. For
this approximation, V;'' ~ V;* is assumed, which is often sufficiently accurate, and the term
in the first parentheses of Eq. (5.7) is about two orders of magnitude smaller than the term
in the second parentheses. The contribution of the V5-uncertainties would be of the order of
10~* [55] and can therefore be neglected.

This procedure yields at least two pairs of differential ms nuclear charge radii and corre-
sponding uncertainties, which are necessary to perform a king fit. The uncertainty of the
differential radii contributes significantly to the uncertainty of the extracted mass shift and
field shift factors and is usually the limiting factor for the accuracy of the charge radii, rather
than the isotope-shift uncertainty.
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6 Lead

This section provides a detailed evaluation of the lead data. The extracted isotope shifts and
hyperfine parameters are presented and the differential nuclear charge radii and the nuclear
moments are extracted. The section concludes with a discussion of the results in comparison
to the semi-magic tin isotopes and theoretical caculations.

6.1 Data Analysis Specifics

6.1.1 Dataset

The measurements on lead were performed during one beamtime at COLLAPS. All stable iso-
topes 208:207.206ph, were investigated, with 2°®Pb, the naturally most abundant isotope, serving
as the reference for the isotope shift measurements. For an extensive investigation of the lead
isotopic chain, collinear laser spectroscopy was also performed on the radioactive isotopes
187-205P} including isomeric states with half-lifes down to 4s. Each measurement targeted a
single isotope but can also include an isomeric state. The main acceleration voltage between
ISCOOL and the COLLAPS beamline is measured before and after each spectroscopy measure-
ment and stored in the measurement file. The wavemeter used to stabilize the spectroscopy
laser was calibrated before each isotope-shift measurement. Therefore, the complete mea-
surement routine consisted of: wavemeter calibration — A, — n-A — A Forall
isotopes the laser was stabilized to the same frequency of (414 893 775 + 1) MHz. It should be
noted that the uncertainty is systematic and does not represent statistical variations that are
rather on the < 1 MHz scale.

6.1.2 Scanning Voltages

As described in Sec. 5.2.1, the amplification factor for the Doppler-tuning voltage is extracted
from a linear fit to a Kepco measurement (see Sec.5.2.1). The amplification factor was re-
peatedly measured during the beamtime. Figure 6.1 shows that the resulting offset and am-
plification factor drifted over time. A linear function was fitted to both and used to interpolate
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Figure 6.1: Voltage offset and amplification factors derived from the different amplification-
factor measurements performed during the beamtime. A linear function in time is fitted to
the offset and to the amplification factor for interpolation.

the voltage offset and amplification factor for each run.

6.1.3 Fitting

For the evaluation of the data, the counts measured on all four PMTs were summed into a
single spectrum and fitted with Voigt profiles.

Hyperfine Splitting

The first spectra analyzed were the hyperfine spectra of *’Pb and '*°Pb, which had the best
statistics and highes signal rates, in order to extract the B-ratio B«/B, from these two iso-
topes with I > 1/2. Each isotope was fitted individually. For '°“Pb, six runs were evaluated,
and for '99Pb, four runs were analyzed. For each isotope all runs were fitted simultaneously
and the hyperfine parameters for the ground and isomeric state were shared between the
different runs. The B ratio was shared between the ground and isomeric states. The ratio




was calculated for each isotope and from these two values, the mean was determined to be
Bu/B, = —0.0938 4 0.0034.

In the next step, all isotopes and isomers were fitted with the B-ratio of the ground and
isomeric state fixed to B«/B, = —0.0938. Again, for each isotope, all runs were fitted simulta-
neously while all A-parameters of ground and isomeric state and the B-parameter of the lower
atomic level of ground and isomeric state were shared between different runs. The results are
shown in Tab. 6.1.

Table 6.1: A and B parameters for the 6s26p7s *P; (upper) and 6s%6p? 1D, (lower) levels along
the isotopic chain of lead, including observed isomeric states. The statistical uncertainties
are given in parentheses. For B, they include the uncertainties from B; and from the B-ratio.

Isotope I A, [MHz] A; [MHz] B, [MHz] B, [MHz]
2™pb | 1/2 | 8805.89 (60) | 609.83 (33)
205pp 3/2 2111.8 (25) 144.9 (15) 282 (11) -26.5 (14)
203pb | 5/2 | 2039.90 (65) | 140.77 (34) | 133.8 (18) | -12.55 (48)
208mph | 13/2 | -1171.54 (24) | -80.32 (13) | 641.4 (23) | -60.2 (22)
202mpp 9 -187.92 (24) -12.46 (12) | 713.7 (37) | -66.9 (25)
201pp 5/2 2008.36 (70) 139.11 (42) | -41.2 (23) 3.86 (26)
20imph | 13/2 | -1196.60 (15) | -81.782 (81) | 651.8 (15) | -61.1 (22)
199ph 3/2 | -5311.59 (97) | -363.83 (57) | 41.5(16) -3.90 (21)
199mph | 13/2 | -1227.723 (90) | -83.861 (58) | 622.2 (13) | -58.4 (21)
Y7pb | 3/2 | -5325.8 (13) | -364.32(80) | -79.5(19) | 7.46 (32)
19Tmph | 13/2 | -1262.167 (94) | -86.055 (57) | 544.0 (11) | -51.0 (19)
95pb | 3/2 | -5361.1 (20) -369.2 (11) | -147.5 (22) | 13.84 (54)
195mpp | 13/2 | -1293.55 (10) | -88.096 (61) | 434.6 (12) | -40.8 (15)
193pp 3/2 -5381.9 (27) -368.7 (15) | -193.2 (28) | 18.12 (71)
193mpp | 13/2 | -1320.93 (15) | -90.200 (95) | 304.1 (18) | -28.5 (10)
¥ipp | 3/2 | -5405.1 (20) -369.8 (12) | -222.5 (33) | 20.87 (82)
19Imph | 13/2 | -1342.99 (14) | -91.578 (78) | 144.1 (14) | -13.51 (51)
19pb | 3/2 | -5467.1 (17) -373.2 (10) | -233.8 (25) | 21.93 (83)
189mpp | 13/2 | -1362.31 (33) | -92.70 (19) | -31.7 (33) 2.97 (33)
87pb | 3/2 | -5553.3 (30) -378.3 (18) | -221.1 (51) | 20.73 (89)
187Tmph | 13/2 | -1382.26 (89) | -94.25(53) | -201(11) 18.8 (12)

Verification of Spins

Although the nuclear spins of the investigated lead isotopes are already reported in [51],
alternative spins were tested while fitting the measured hyperfine spectra. A reduced y?-
analysis confirmed the previously known spins. Figure 6.2 shows as an example the x? for the
isomeric state of 197Pb.
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Figure 6.2: y2-analysis of *"™Pb. The spectra were fitted for different isomeric spins. The
x? of each fit is plotted over the assigned nuclear spin. For I = 13/2 the best x? is achieved.
I = 11/ has not been tested, since the N = 126 shell does not include a level with a total
angular momentum of 11 /.

6.1.4 Isotope and Isomeric Shifts

The isotope shifts were determined following the procedure described in Sec.5.4. The iso-
meric shift is an additional fit parameter of the total fit function, defining the position of the
fine-structure transition in the isomer relative to the one in the nuclear ground state. For each
isotope, it is set as a shared variable between the available runs during simultaneous fitting.

6.1.5 Uncertainties

The center positions of both the reference and the isotope of interest, come with a fit uncer-
tainty from the least-squares analysis. Since Eq. (5.5) interpolates the center position of the
reference, the uncertainty of the reference center-position is calculated by

t—t 2 t—t 2
Alpef = \/ (tll_ - AV0> + ( - fOAm) 6.1)

with the fit uncertainties Ay and Av, of the two individual center positions. This uncertainty

Avyer is added quadratically to the fit uncertainty of the center position of a single run on the
isotope of interest. This yields the total fit uncertainty Aduf’A/ of the isotope shift, determined
by a single run. For the isotopes, where more than one run was used to determine the isotope
shift, the final statistical uncertainty was conservatively chosen to be the maximum of the
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standard deviation and the mean of the fit uncertainties AéuiA’A/.

Since the isomeric shift was a shared variable in the fitting routine, its fit uncertainty can
directly be used as the total statistical uncertainty.

In addition to these statistical uncertainties, there are also systematic effects contributing
to the total uncertainty. For the determination of the systematic uncertainty, the procedure
described in [43] is used. It takes into account that the ion velocity comes with an uncertainty
due to the ISCOOL-voltage uncertainty, the Doppler-tuning-voltage uncertainties and the mass
uncertainties. The ISCOOL voltage U, is read out over a high-voltage divider with a scaling
ratio of M = 5963.39 and its uncertainty AWM = 1-107°, which defines the ISCOOL-voltage
uncertainty.

The uncertainty of the Doppler-tuning voltage comes from the uncertainty in the evaluation
of the Kepco measurements. The standard deviation of the residuals is taken as the amplifi-
cation factor uncertainty, leading to a relative Doppler-tuning-voltage uncertainty of 5 - 107,
This uncertainty can be neglected compared to the uncertainty of the ratio A—RR of the voltage
divider, used to perform the Kepco measurements. The relative uncertainty of the scanning

AU,

voltage is therefore considered to be F7s = % = 9.997-10~°. The systematic uncertainty of

the isotope shift coming from the acceleration voltages and masses can be estimated by [43]

/ U, 1 U, om AM U, AU AmA ATTLA/
AS AA _ €Uacc |1 scan om scan scan 6.9
v "N ome 2\ Te T ) M T Ve Usen ~ m  m | 6.2)

with the assumptions m ~ m4 ~ my4 and ém = m4 — m4 and with the mass uncertainties

Amp, Amyr.

From the laser frequency stabilization by the wavemeter, an uncertainty of 1 MHz, coming
from the calibration laser, can be assumed [118, 119], which is added quadratically to the
systematic uncertainties. The isotope and isomeric shifts with all uncertainties are listed in
Tab. 6.2.

6.1.6 Nuclear Moments

The nuclear magnetic and electric moments of lead are calculated from the measured A and
B parameters according to Eq. (2.48). The magnetic moment of 2°"Pb, with a known value
of p207 = (0.59102 + 0.00018) un [61] and measured by nuclear magnetic resonance spec-
troscopy, was used as a reference to calculate the nuclear magnetic moments of all investigated
isotopes and isomers. The calculation was performed twice, once using the A parameters of
the upper atomic level and once of the lower level. The results are given in Tab. 6.3. Since the
relative uncertainties of the A-parameter of the upper level are smaller by almost an order of
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Table 6.2: Measured isotope shifts 6v42%8 relative to 2°*Pb and isomeric shifts §v™9 rela-
tive to the ground state along the lead isotopic chain. Statistical uncertainties are given in
parentheses, systematic uncertainties in square brackets.

Isotope | 6v42%% [MHz] Sv™9 [MHz]
I87pb | —22804.3(26)[1.9] | —728.5(37)[19]
188ph | —21355.8(19)[18]
189pb | —20590.4(03)[18] | —598.5(17)[17]
190ph | —19259.9(14)[17]
91ph | —18689.9(08)[17] | —405.5(16)[16]
192ph | —17431.4(13)[16]
193pb | —17050.9(07)[15] | —133.6(18)[15]
194ph | —15698.4(12)[15]
195pb | —15505.7(04)[14] | 220.7(12)[14]
196ph | —13926.7(08)[14]
Y97pb | —13890.6(08)[13] | 705.1(10)[14]
198ph | —11994.0(01)[13]
199ph | —11849.2(03)[12] | 983.5(09)[13]
200pp | —9860.4(19)[12]
21ph | —9419.5(04)[11] | 1060.5(09)[12]
202ph | —7544.0(21)[11] | —49.3(14)[11]
203pb | —7008.2(09)[11] | 1239.8(16)[11]
204pp | —5130.5(21)[10]
205pb | —4528.3(37)[10]
206pp | —2715.5(09)[10]
2Tpb | —1696.0(05)[10]

magnitude than the ones of the lower level, which also leads to smaller uncertainties in the
extracted magnetic dipole moments, the nuclear magnetic dipole moments extracted from the
upper level are further discussed in Sec. 6.2.

The electric quadrupole moments can be calculated from the field-gradient and the hyper-
fine parameter B (see Eq. (2.47)), according to [120]

Q(“Pb) = —0.00868(52) - B(“'Pb; 6p7s > P,) (6.3)

MHz"

This is used to calculate the electric quadrupole moments from the B parameters of the upper
level in MHz. The results are also provided in Tab. 6.3.
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Table 6.3: Nuclear magnetic dipole moments determined from the A parameters of the upper
(1,,) and of the lower (i) level and nuclear electric quadrupole moments determine from the
B parameter of the upper level.The statistical uncertainties are given in parentheses.

Isotope | i [pn] fu [pN] Q [b]
187pb | —1.099(5) | —1.1174(9) | —0.180(11)
18Tmph | —1.187(7) | —1.2053(11) | —0.163(10)
189pb | —1.084(3) | —1.1001(7) | —0.109(11)
189mph | —1.167(3) | —1.1879(8) | —0.026(2)
YIph | —1.074(4) | —1.0876(8) | —0.181(11)
WImph | —1.153(1) | —1.1710(7) | 0.117(7)
193ph | —1.071(5) | —1.0829(8) | —0.157(9)
193mph | —1.136(2) | —1.1519(7) | 0.248(15)
195pb | —1.073(3) | —1.0788(8) | —0.120(7)
195mph | —1.109(1) | —1.1279(7) | 0.354(21)
Y7pb | —1.059(2) | —1.0716(7) | —0.065(4)
19Tmph | —1.084(1) | —1.1005(7) | 0.443(27)
19ph | —1.057(2) | —1.0688(7) | 0.034(2)
199mpp | —1.056(1) | —1.0705(6) | 0.507(30)
2iph | 0.674(2) 0.6735(5) | —0.034(2)
20tmph | —1.030(1) | —1.0434(6) | 0.531(32)
202mph | —0.217(2) | —0.2269(3) | 0.581(35)
203pb | 0.682(2) 0.6841(5) 0.110(7)
203mph | —1.011(2) | —1.0215(6) | 0.522(31)
205pb | 0.702(7) 0.7082(9) 0.230(14)
27pb | 0.5910(5) | 0.5910(2)

6.1.7 Nuclear Charge Radii

All charge radii information of the stable isotopes required for the King-plot analysis is sum-

marized in Tab. 6.4. It includes the Barret equivalent radii, the uncertainties of the differential

Barret radii, and the V5-ratios of stable isotopes, all taken from [55]. The resulting differential

ms charge radii in the last column were calculated according to Eq. (5.7) and their uncertain-

ties were derived from the uncertainties of the differential Barret radii using Eq. (5.8).

King-Plot Analysis

The corresponding isotope shifts from Tab. 6.2 and charge radii from Tab. 6.4 are fitted with
the function given in Eq. (5.6), yielding K, = (55452+301) u GHz and F = (18.6+1.9) GHz/fm”.
The remaining correlation between K, and F' is —0.0006 for v = 2622.8375 ufm?. The mass
shift factor K is calculated as K = K, — Fa = (6668 + 4992) u GHz, which is in agreement
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Table 6.4: Barret radii Ry,, uncertainties of the differential Barret radii AdR, and the cor-
responding V5 ratios taken from [55]. They are used to calculate the differential ms charge
radii 6(r2)4-2%8 for the King-plot analysis. Their uncertainties are given in parentheses and
are calculated from the differential Barret radii uncertainties AJR;,, from [55] according to
Eq. (5.8).

Isotope | Ry, [fm] Va AR [1073fm] | 6(r2)A208 [fm?]

20iph | 7.0036 (3) | 1.27808 0.2 -0.2420 (17)
206ph | 7.0169 (2) | 1.27811 0.2 -0.1293 (17)
207pp | 7.0222 (3) | 1.27809 0.3 -0.0828 (26)
208ph | 7.0316 (1) | 1.27805

with the mass shift factor K = (6625 + 4976) u GHz derived with a fixed a = 0ufm®. Figure
6.3 illustrates the King plot, with the fitted data points in black and all measured isotopes
shifts from Tab. 6.2 marked on the fitted linear function to visualize the extraction of their ms
nuclear charge radii relative to 2°®Pb. The extracted differential charge radii of all isotopes

207-208
fit
0000 - e  extracted
<+ stable
=
T 60000 A
=)
3 3
<t
2 50000 A
40000 A

—1000 —500 0 500 1000
5<T2>A,A’

C

— 2622.8375 [u fm?]
7!

Figure 6.3: King plot for lead. The used reference values of stable isotopes are marked in
black. A linear function is fitted to the data. Red data points illustrate the extraction of the
differential ms nuclear charge radii from the measured isotope shifts.
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and isomers are presented in Tab. 6.5.

Table 6.5: Mean-square nuclear charge radii of ground state nuclei §(r?)#2%® and isomers
§(r2)4™ 208 relative to 2°Pb and isomer shifts §(r2)"™9. The statistical uncertainties are given
in parentheses and the systematic uncertainties from the King-plot procedure in brackets.

Isotope 6 (r2) 4208 [fm?] §(r2)A™ 208 [fm?] 5 (r2)™9 [fm?]
187 | —1.03278(22)[4003] | —1.07191(29)[3615] | —0, 03916(20)[400]
188 | —0.96507(18)[3926]
189 | —0.93398(9)[3491] | —0.96612(13)[3173] | —0,03218(9)[323]
190 | —0.87240(14)[3337]
191 | —0.85159(11)[2848] | —0.87338(14)[2634] | —0,02180(9)[223]
192 | —0.79378(13)[2704]
193 | —0.78285(9)[2103] | —0.79003(13)[2033] | —0,00718(9)[73]
194 | —0.71969(11)[2025]
195 | —0.71875(7)[1352] | —0.70690(9)[1464] | 0.01187(6)[121]
196 | —0.64324(9)[1402]
197 | —0.65053(8)[703] | —0.61266(10)[1034] | 0.03791(6)[387]
198 | —0.55777(4)[903]
199 | —0.55904(5)[372] | —0.50621(7)[747] | 0.05288(5)[540]
200 | —0.46114(13)[545]
201 | —0.44632(5)[279] | —0.38936(7)[580] | 0.05702(5)[582]
202 | —0.35435(13)[313] | —0.35699(15)[296] | —0.00265(8)[27]
203 | —0.33426(7)[305] | —0.26766(11)[481] | 0.06665(9)[681]
204 | —0.24199(13)[163]
205 | —0.21817(20)[358]
206 | —0.12923(6)[101]
207 | —0.08283(3)[225]

The field-shift factor and isomeric shifts can also be utilized to compute the isomeric differ-
ential ms charge radii relative to the ground state by

o9

F

5<T2>m,g _ (6.4)

Their values are also included in Tab. 6.5. It is important to note that selecting the correct V5
ratios from the literature is crucial. A King plot performed with V5 ratios averaged from various
available literature values yielded a field-shift factor of (20.4 & 2.3) GHz/fm” and a mass-shift
factor of (1605 + 6025) GHz u. However, the extraction of the nuclear charge radii turned out
to be largely tolerant to these variations and the extracted ¢ (r?)4-?%® in both attempts agreed
within their uncertainties.

For a cross-verification with isotope shifts measured in other transitions (summarized in
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[121]), multidimensional linear fits for different sets of transitions were conducted. These fits
encompass the ratio of field shifts between different transitions 7 and j by

~ F— F
ov; = Fjéz/j + (Ki - FjKj> . (6.5)
The resulting field shifts of the 723 nm transition investigated in this work, were in the range
of 18.8 — 18.9 GHz/fm? with an uncertainty of 2 GHz/fm?, demonstrating excellent agreement
with the previous results. Likewise, the mass shifts, varying between 5890 — 6243 GHz u +
5200 GHz u, corroborate the King plot results derived solely from the data of this work.

6.2 Discussion

* 3p1/2 * 2f5/2 + 3p3/2 A 1i13/2
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Figure 6.4: Magnetic dipole moments of ground states and isomeric states of lead. The hor-
izontal lines show the single-particle magnetic moments, or Schmidt lines, for the different
spin configurations without any quenching.

The magnetic dipole moments of the lead ground states and isomeric states are plotted in
Fig. 6.4 alongside the Schmidt lines. For the ground states (ps/,, fs,, p15,), from '%Pb to 2°'Pb,
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a jump in the magnetic dipole moment is observed, coinciding with the observed change in the
nuclear spin from I = 3/2to I = 5/2. Approaching the neutron-shell closure, from N = 118
up to higher neutron numbers, neutrons populate the 2f;/, level until N = 124, after which
neutrons start filling the 3p./, level. For this change of nuclear spin, a much smaller jump is
observed and the experimental nuclear magnetic dipole moment of 2°"Pb agrees well with the
single-particle Schmidt value.

For the isomeric i.s/, states, a nearly constant trend in the nuclear magnetic dipole moments
extends along all investigated odd isotopes from N = 105 up to N = 121, even though the
liis/, level has only a capacity for 12 neutrons. The deviation from the expected Schmidt
values is slightly smaller for the isomeric states compared to the 3ps/, and 2fs, ground states.
This smaller deviation can be attributed to the unique-parity character of the intruder 1iis),
level, which constrains the unpaired neutron to this level. As the other levels within this
neutron shell have the same parity, their states are expected to mix into the many-body wave
function of the entire nucleus, resulting in larger deviations of the experimental magnetic
dipole moments from the single-particle Schmidt values.
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Figure 6.5: Electric quadrupole moments of lead isotopes (e) and isomers (a). The different
colors refer to the different nuclear spins. With the spin change in the ground states, a sign
flip in the quadrupole moment is observed.
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Figure 6.6: Isomeric (I = 11/2) and ground state (I = 3/2) quadrupole moments of Sn and Cd
below the neutron shell closure at N = 82. Figure taken from [27]. Used under CC by 4.0,

cropped from original.

The quadrupole moments of the 3/2~ ground states show a quadratic trend with a wide
minimum around '8°Pb. From '%Pb to 2°'Pb, the spin of the ground state changes to 5/2 and
a switch of the sign of the quadrupole moment is observed as it is expected in the single-
particle shell model, when the filing of a new (sub-) shell starts as discussed in the theory
chapter. The three obtained quadrupole moments of the 52~ states rise linearly and already
203pb has a positive quadrupole moment. The sign flip can be interpreted in the way that the
quadrupole moment of '?Pb is defined by an unpaired hole while the quadrupole moment of
201pp is defined by an unpaired particle.

The quadrupole moments of the 13/2" isomeric states in Fig. 6.5 exhibit a somehow quadratic
trend, crossing zero at N = 108, but could also be interpreted as a linear increase from '*"Pb
to '93Pb, which then softly flattens out. The quadrupole moments of the 3/2" states in Sn
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were observed to exhibit also a linear increase along five isotopes but then abruptly stayed
constant. This is visible in Fig. 6.6 taken from [27]. In comparison to the trend in quadrupole
moments of the magic tin isotopes below the neutron shell closure, both, the slopes of the
trends of the ground-state and isomeric-state quadrupole moments are intensified in lead by
approximately a factor of two. While the general trend of the ground state moments differs
significantly between lead and tin, the quadrupole moments of the isomeric states show at
least some similarities.
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Figure 6.7: Isomer shifts in lead isotopes. Black values are derived from measurements per-
formed within this work while blue values are taken from [93].

The isomer shift of the nuclear charge radius, i.e. its change between the ground state
and the isomeric state is plotted in Fig.6.7. Up to !%*Pb, where the quadrupole moment of
the 13/2" isomers increases linearly (see Fig.6.5), the isomer shift follows a flat, parabolic
trend. When the trend in the quadrupole moment starts flattening, the isomer shift increases
only linearly from %Pb up to *’Pb. For 2°'Pb and 2°*Pb, where the change in the ground-
state spins occurs, the slope in the isomer shift changes again. Although the parabolic trends
observed in the isomer shifts of magic tin [27] and cadmium isotopes [28] are absent in lead,
slight resemblances can be noted. While in cadmium, the quadratic behavior was linked to
the linear trend in the isomeric quadrupole moments (see Ch. 1 and [28]), such a linear trend
is absent in tin and even less prominent in the lead isomers. It would be interesting to extend
the investigations to other isotopic chains with unique-parity isomers.

Figure 6.8 illustrates and summarizes the differential ms nuclear charge radii of ground
state nuclei and isomers. The experimental values are compared to EDF calucaltions using

a Fayans functional extended by isovector pairing terms (IVP) (see [122] for details) and to
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Figure 6.8: Differential ms nuclear charge radii of lead. Experimental values of the ground
state nuclei are marked with blue circles and of the isomeric states with red triangles. Values
for ground states (gs) derived from Fayans calculations (IVP) [P-G. Reinhard, L.V. Rodriguez,
private communication] are presented by a green line and the isomeric states are marked as
green stars. For the mass region with the dashed line, only values for the even isotopes
have been calculated. Values derived from ab initio calculations (VS IMSRG) [T. Miyagi,
L.V. Rodriguez, private communication] are presented in black, with the isomeric states
marked as stars.

ab initio valence-space in-medium similarity renormalization group (VS IMSRG) calculations.
From the neutron shell closure N = 126 down to N = 116, the EDF calculations show an
overall better agreement with the experimental data compared to the ab initio calculations.
However, for lower neutron numbers, the EDF calculations also fail to accurately describe the

differential ms nuclear charge radii.
With the definition of the staggering parameter

5<T’2>A’108 _ (5<T2>A_1’108

Lo (§(r2)A+1108 _ §(p2)A=1,108) (6.6)

OES4 =

the pattern of odd-even staggering can be investigated and visualized in detail. For odd iso-
topes normal OES would imply an OES parameter < 1, for even isotopes it implies an OES

parameter > 1.
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Figure 6.9: Experimental odd-even staggering (OES) in lead ground states (gs) and isomeric
states in comparison to EDF (IVP) [P-G. Reinhard, L.V. Rodriguez, private communication] and
ab initio (VS IMSRG) calculations [T. Miyagi, L.V. Rodriguez, private communication]. Both
theoretical calculations can describe the ground state OES observed experimentally. The
isomeric OES is better described by the ab initio calculations, while the Fayans calculations
predict inverse OES.

The OES of lead is compared to theoretical calculations in Fig.6.9. In the ground states,
the OES is well described by the Fayans and the ab initio calculations. The good agreement
with the Fayans calculations is remarkable, as the OES is supposed to be related to small-scale
effects. It is, therefore, not surprising, that the isomeric OES is only well described by the ab
initio calculations, while the Fayans EDF calculations predict an inverted OES compared to the
experimental values.
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7 Palladium

This chapter covers the detailed analysis of the palladium data and concludes with a discussion
of the new results acquired in the palladium isotopic chain. The isotope shifts and hyperfine
parameters extracted from the data sets are presented and the differential nuclear charge radii
and the nuclear moments are extracted.

7.1 Data Analysis

7.1.1 Data set

The measurements of palladium were the very first online-experiment conducted at ATLANTIS.
Consequently, this experiment also served as the online commissioning run for the new setup.

Beamtime 1 - Hyperfine Spectra

In a first beamtime, CLS on all stable Pd isotopes as well as the neutron-rich !12-116:118pd
isotopes and, potentially, isomeric states was performed. The stable isotopes were produced
by the offline ion source. Since the performance of the offline source varied over time, owing
to the ablation process changing the target surface, different ablation laser powers were used
during the beamtime. The data analysis of this beamtime exhibited a strong dependency of the
resonance width and position on the ablation laser power (see. Sec.4.3.5). In addition, the
stabilization of the RFQCB high-voltage platform broke during the beamtime and a constant
logging of the high-voltage and wavemeter readout was not implemented yet. Therefore, the
data of this first beamtime was not used to determine the isotope shifts but only to extract
the hyperfine parameters A and B of the odd isotopes. The hyperfine spectra of the ground
states of '3Pd and '!Pd were recorded, while the isomeric states and other odd isotopes
could not be ovserved with the given rate and sensitivity. During this beamtime the RFQCB
potential and laser frequency were read out and stored once for each run. In Tab. 7.1 for each
odd isotope the measurement times and number of scans performed, as well as the number
of accumulated CARIBU bunches for one filling of the ATLANTIS-RFQCB are listed.
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Table 7.1: For each odd isotope measured during the first and second beamtime, the total
number of scans and of accumulated bunches in the RFQCB, and the total times spend on
the measurement are listed. The number of scans and measurement time is always referring
to the smallest observed hyperfine peak.

beamtime | isotope | scans | Accumulation | time [h : min : g]
1 105pd | 200 1 00:17:09
H3pq | 210 100 10:22:60
15pd 67 500 3:21:51
2 H2pq 25 500 6:41:54
13pq 83 500 18:29: 57
14pq 63 500 8:33:17
15pq 40 250 5:12:20
16pq 16 200 1:51:30
H8pd | 790 69 18:18:24

Beamtime 2 - Isotope Shifts

In a second beamtime, the isotope shifts were measured. During this beamtime, the high-
voltage of the RFQCB platform and laser frequency were continuously recorded with time-
stamps. This allowed a more accurate treatment of the main acceleration voltage and laser
frequency for each run and also to check for irregularities that would compromise the isotope-
shift measurements. Since the hyperfine structure of the neutron-rich odd isotopes '*Pd and
115pd is known from the first run, only the two largest hyperfine peaks were scanned and the
isotope shift was determined based on the known hyperfine structure. The same information
as for beamtime 1 is included in Tab. 7.1.

Beamtime 3 - King Plot

The third beamtime was performed for a precise investigation of the isotope shifts in stable
Pd. Each run consists of two isotopes, each measured in a separate track. The scan alternated
between the two tracks, cancelling any temporal drifts in the high voltage or in the laser fre-
quency. Since both isotopes were measured with the same laser set frequency, the wavemeter
uncertainty is eliminated and the remaining uncertainty is mostly the uncertainty originating
from the high-voltage amplifier used for the Doppler-tuning voltage. The RFQCB voltage and
laser frequency were again recorded continuously during a measurement. In total the follow-
ing isotope pairs were investigated: 192Pd — 191pd, 194pd — 105pd, 104pd — 106pq, 106pq — 108p(,
108pd — 110pd. These isotope shifts were used to perform the King Plot analysis, described in
Sec. 7.1.10 to extract the atomic isotope-shift parameters.
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7.1.2 Line Shape

The line shape of the spectra is assumed to be a Voigt profile. With the spontaneous transition
probability A; tabulated in [123], the natural linewidth for the used transition is

A
Avnar = o~ = 19.8MHz. (7.1)

The power broadening effects can be estimated from the saturation intensity [76]

whe
= 3

T
Avgar = Agary /1 + —. (7.3)
Isat

For the observed transitions and the applied laser power of about 300 tW and a beam diameter

(7.2)

by

of 1 mm this results in a saturation broadening factor of 1.085 such that the power-broadened
Lorentzian linewidth is Ay, = 21.5MHz. Since the powers used in the experiment were
generally not higher than that, the effect of power broadening cannot be distinguished in the
convoluted Voigt profile.

According to [112], the beam extracted from the ATLANTIS-RFQCB has an energy FWHM
of typically AU = 5eV. With [124]

Av elU &

AVDopp = e T o U (7.4)

this leads to a reduced Doppler broadening of Avpepp = 60 MHz = Avg. The total FWHM of
the expected Voigt profile can then be estimated by [125]

1
Aw = 5 (1.06927 + \/().8663972 + 4Aug) = 71.8 MHz (7.5)

with the Lorentzian FWHM ~ and the Gaussian FWHM Avg = 2v/2In20. In contrast to
the analysis of the COLLAPS data, the Lorentzian linewidth was assumed be constant, as all
measurements were performed with the same laser power. In a first step all reference runs
(198Pd), used to determine isotope shifts, were fitted simultaneously with a shared Lorentzian
width ~. This procedure results in v = (45.7+1.2) MHz, with the uncertainty coming from the
fit. For the final fitting of all spectra, v was fixed to this value. The resulting weighted average
of the Gaussian standard deviation of all reference runs is ¢ = 13.1 MHz with a standard
deviation of 4.4 MHz (see Fig. 7.1). This is smaller by a factor of 4.6 than the expected Doppler
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Figure 7.1: The Gaussian width o for all reference runs on '°®Pd used to extract isotope
shifts for a fixed Lorentzian linewidth of 45.7 MHz. It varies around the weighted average
of 13.1 MHz (red line) with a standard deviation of 4.4 MHz (blue shaded area).

broadening while the Lorentzian width ~ is larger by a factor of 2 than expected. The resulting
FWHM of the Voigt profile is 62 MHz, which is slightly smaller than the expected width. This
hints to a better cooling performance of the RFQCB with energy FWHM of ~ 3 — 4€eV. The
robustness of the extracted center position of a resonance is illustrated in Fig. 7.2, where the
center position is plotted against different fixed values of + for one of the reference runs. The
small influence on the center position can be neglected compared to the fit uncertainties and
would additionally cancel in the calculation of the isotope shifts.
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Figure 7.2: The center position of a single reference run on '°*Pd for different fixed values of
the Lorentzian linewidth ~. The plotted error bars are the statistical uncertainties from the
fit.
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7.1.3 Time Gates

To choose a time gate, a Gaussian profile was fitted to the time projections of all analyzed
runs. Figure 7.3 shows an example for '°Pd. The upper two plots refer to the first two PMTs
located in the first, while the lower two plots show the data from the other two PMTs located
in the second detection region. Due to the different positions along the beamline, the time-of-
flight to the second detection region is slightly longer. The plot also shows that the background
signal in the second detection region is about three times lower than in the first one, providing
a better signal-to-noise ratio.

PMT1
200 A o i ﬁ
100 T T T T T T T T
PMT2
150 . . . o s
100 L e T T T T ° T T e T T
PMT3
75 7
90 1
25 L T T T T T T T
PMT4
75 1
90
25 R T T T T T
26 28 30 32 34 36 38 40
ToF [ps]

Figure 7.3: Time projection of an example measurement on '°°Pd for each PMT. To each time
projection a Gaussian profile was fitted to determine the time-of-flight and the bunch width
in time. A small shift of the mid time-of-flight can be seen between the upper two PMTs (first
detection region) and the lower two PMTs (second detection region). The statistics in the
second detection region are better than in the first detection region.

After fitting the time projections for each run, the average time-of-flight and average width
of the Gaussian profile were calculated for each isotope and each detection region and plotted
against the mass number. The spectra of °2113Pd and ''®Pd have too low statistics for fitting
in the ToF projection, and have been excluded from this analysis. For each detection region,
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the two PMTs were evaluated together. As Fig.7.4 shows, a linear function can be fitted to
the calculated ToF.
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Figure 7.4: The time-of-flight (ToF) from the RFQCB to the detection region for each isotope
as a function of its mass number. Upper frame. ToF determined from the spectra measured
by the two PMTs in the first (o) and second (x) detection region with a corresponding linear
fit. Lower frame: Fitted temporal Gaussian widths of the ion bunch as a function of its mass
number. ToF spectra, from which the time-of-flight could not be extracted due to a lack of
statistics, were excluded from this analysis (10%113:118pd).

From the non-relativistic kinetic energy

1 1 s?
Ekjn = im'l)2 = imtj (7.6)

with the mass m, the velocity v, the traveled distance s and the time-of-flight ¢, one expects a
square root dependency of the time-of-flight from the atom’s mass:

S
t= 1/2Ekin\/% (7.7)
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With a first order Taylor expansion of

1
Vi—u=1+ U + O(u?) (7.8)
and
\/m:,/mo 1-— m()?n_m’ (79)
0

where m = mg + d0m, in first order the time-of-flight depends linearly on the atom’s mass for

[ s2my [ 52
t~ .10
8Ue + 8Uem0m (7.10)

To set an unbiased time-gate for each isotope in the further analysis, the linear fit function is

m = mg:

used to choose a consistent ToF and time-gate width. The fit function

t = 16.364 s + 0.1567 psA
is used for the PMTs in the first detection region, and

t=16.4331s + 0.1610 psA
for the PMTs in the second detection region. The resulting ToFs are shown in Tab. 7.2. The
time-gate width for the evaluation is chosen as a 20 from the Gaussian fit. It is chosen equally
for both detection regions, as the bunch width is identical in the two detection regions, as
observed in Fig. 7.4. For all PMTs and for all isotopes a time-gate width of 1.2 s is therefore
used.

Table 7.2: Chosen time-gate centers in ps for the investigated Pd isotopes. The time-gate
centers are determined from the linear fit shown in Fig. 7.4. For the first (DR 1) and second
(DR 2) detection region different times are used, since their location along the beamline leads
to different times of flight.

isotope DR 1 [ps] DR 2 [ps]
102pd 32.35 32.86
104pq 32.66 33.18
105pd 32.82 33.34
106pq 32.97 33.50
108pd 33.29 33.82
1opq 33.60 34.14
12pq 33.91 34.47
H3pq 34.07 34.63
14pq 34.23 34.79
H5pq 34.38 34.95
16pq 34.54 35.11
H8pd 34.85 35.43
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Figure 7.1.3 shows an example of the robustness of the results with respect to the chosen
time gates. The center position of a single run of a '%Pd and a '“®Pd resonance as well as the
resulting isotope shift are plotted as obtained from fits with different time-gate positions (left
column) and with different time-gate widths (right column). Both, the time-gate position
and the time-gate width lead to negligible changes in the center positions , at least within
a range of ~ 0.5 ps which corresponds to approximately 1o of the Gaussian ToF width. A
small shift is observed for relative large variations of the time-gate center that is still within
the statistical uncertainty but might lead to a systematic uncertainty. However, the tolerated
range is much larger than the largest deviation of the ToF centers from the linear fit in Fig. 7.4
and a significant influence is not expected within this range of isotopes.

7.1.4 Beam Energy Calibration

The RFQCB potential was continuously monitored and the trapping potential applied to the
trapping electrode of the RFQCB is added to determine the kinetic energy of the probed beam.
Since a slightly higher potential is applied to the kicking and pulling electrodes of the RFQCB,
it can be assumed, that the beam energy is slightly higher. To gauge this offset, a calibration
measurement of the beam energy was performed. Such a calibration is based on the measure-
ment of the absolute transition frequency as described in Sec.4.2.3 and was performed on
the reference isotope '%Pd. It was assumed that the laser frequency was measured correctly
within the uncertainties of the wavemeter, while the literature value of the transition frequency
and the beam energy need to be calibrated. Note that a discrepancy from the literature value
is most likely due to a wavemeter offset.

Before calibration, two different rest-frame frequencies are found for the collinear and anti-
collinear measurement when using the multimeter and the wavemeter read-out. If only the
voltage had an offset, the resonances would appear symmetrically shifted away from the ab-
solute transition frequency. An additional offset of the wavemeter causes it to be centered
around a different value. This is shown in Fig. 7.6.

In a first step, the wavemeter offset is compensated by shifting the literature transition
frequency in the voltage-to-frequency transformation. For this, the difference of the resonance
positions in voltage space AU = U,y —U,co1 and the differential Doppler shift C% are calculated
and used to correct the collinearly measured resonance frequency by Av = AU - 3—5. With
this correction the absolute transition frequency for the used wavemeter can be calculated

by 10 = \/(Veol — AV) - Vyeo1 and this value is from now on used for further transformations.
The resonances now appear around 824 574 218.9 MHz which is illustrated in the second row
of Fig.7.6. The resonances are not perfectly located symmetrically around 0 MHz since the
transformation from voltage to frequency space is only in first approximation linear and the
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Figure 7.5: Influence of the chosen time gates on the center position of a resonance and on
the isotope shift. (a) The relative center positions of 1°°Pd and '°*Pd and the isotope shift are
plotted over the chosen center of the time gate. The 0 s refers to the actual chosen time-
gate position in the final analysis. The time-gate position has a small influence on the center
position of the resonances, but the statistical uncertainties from the fit make this influence
negligible for both, the center position of a single isotope and the isotope shift. (b) The
relative center positions of 1°Pd and 1°®Pd and the isotope shift are plotted over the chosen
width of the time gate. The influence of the time-gate width is also negligible compared to
the statistical uncertainties.

frequency correction with ~200 MHz is rather large.

In a second step, the beam energy is calibrated. The calibration offset is added to the
measured acceleration voltage, chosen such that the collinearly and anticollinearly measured
resonances both appear at ~ 0 MHz in Fig. 7.6. This correction can be calculated by

mc? (Vo — Vayc)®

Ekin,corr = 2 = (3.5 + 0.5)V (7.11)

I/Va/c

and leads to an offset in the beam energy from the measured acceleration voltage of (3.5 +
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0.5) V, which is also in agreement with similar calibration measurements performed at AT-
LANTIS on '°2Ru [B. Maaf3, private communication].
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Figure 7.6: The resonance signal for a collinear (left) and anti-collinear (right) measurement
of 18pPd (a), (b) before calibration, (c), (d) after transition frequency calibration and (e), (f),
after beam energy calibration. The x-axis shows the transition frequency with an offset.
(@), (b): The offset is chosen such that 0 MHz refers to the literature transition frequency
824 574 029 MHz [90]. Owing to the uncertainties of the absolute transition frequency and the
acceleration voltage, the resonances appear at different frequencies that are also not cen-
tered around 0. (c), (d): After handling the wavemeter offset (see text for more details), the
x-axis offset is chosen such that 0 MHz refers to 824 574 219 MHz. Due to the unknown beam
energy the resonances appear at different frequencies but they are located, not perfectly, but
much better than before, around zero. (e), (f): The x-axis offset is chosen such that 0 MHz
refers to the calibrated frequency 824 574 219 MHz. With the calibrated beam energy the res-
onances both appear at almost the same frequency close to 0 MHz.
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7.1.5 Fitting

The fitting of the spectra was performed in the frequency space. For this, the applied voltages

had to be converted to frequencies in the atoms’ rest frames.

Voltage to Frequency Conversion

The main acceleration voltage U,.. was continuously measured using a high-precision high-
voltage divider, and a mean acceleration voltage U, is calculated for each run. This voltage
was then corrected by the offset of 3.5V determined in Eq. (7.11).

For each run, the Kepco measurement performed before and the one performed after the
CLS measurement are evaluated. Only the data points within the scanning region of the
CLS measurement are fitted. From the two results, the amplification factor and offset are
interpolated to the time, when the CLS measurement was performed, and used, to calculate
the actual Doppler-tuning voltage. The conversion then follows the procedure described in
Sec.5.2.1.

Hyperfine Splitting

The hyperfine structure components of the odd isotopes 195:113:115pd measured in the first
beamtime were fitted to determine the hyperfine parameters A and B. The ratios of the hyper-
fine parameters are determined in a first step by fitting the spectrum of the stable isotope 1°°Pd.
The 1%5Pd run was fitted with A and B of the lower level fixed to the well known literature val-
ues A = (—391.178 £ 0.001) MHz [126] and B = (—652.906 + 0.015) MHz [126] within their
uncertainties. The ratios were used as free fitting parameters, resulting in 4« /4, = 0.2099 + 0.0005
and B«/B, = 0.4668 + 0.0031. The hyperfine parameters of the upper level A, and B, are cal-
culated from the literature values and the fitted ratios.

These ratios were then fixed for the two neutron-rich isotopes ''3Pd and ''°Pd.!'3Pd was
scanned six times, using different scan ranges and track settings, which cover most of the hy-
perfine peaks. All runs were fitted simultaneously with common hyperfine parameters ''°Pd
was scanned in five runs, also using different scan ranges and track settings. All runs were
fitted simultaneously with shared A;. Since ''°Pd was assigned a spin I = 1/2, it has no spec-
troscopic electric quadrupole moment and therefore the hyperfine parameter B is 0. Figure
7.7 shows example spectra for '3Pd and '!5Pd.
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Figure 7.7: Example spectra of !*Pd (upper frame) and '!°Pd (lower frame). The hyperfine
peaks were recorded in separate tracks and with different number of scans. For this repre-
sentation the measured counts are normalized to the number of scans. The frequency axis
has an offset with 0 MHz representing the transition frequency of the reference isotope '%*Pd.
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Figure 7.8: The reduced y? of the fit is plotted over the assigned nuclear spin. For *3Pd (top)
a nuclear spin of 5/2 results in the best reduced x? while for !Pd (bottom) the reduced y?
analysis proposes a nuclear spin of 1/2.

7.1.6 Spin Assignment

During the fit of the spectra, the nuclear spin is fixed. It therefore has to be either known,
or, like for '*Pd and ''°Pd, different possible nuclear spins have to be tested. According to
the single-particle nuclear shell model [9], the odd neutron can occupy one of the following
nuclear shells: 1g7/,, 2ds/,, 2psp, 381, or 1huy,. In the single-particle picture, this allows
nuclear spins of 1/2,3/2,5/2,7/2 and 11/2. The National Nuclear Data Center lists the nuclear
spins of ''3Pd and ''5Pd to be 5/2 [51], but without definite assignment. Contrary, in the
Evaluated Nuclear Structure Data File (ENSDF), the nuclear spin of 11°Pd is listed as 1/2 [127],
but also with uncertainty. The hyperfine spectra of the two neutron-rich odd isotopes can be
used to determine the correct nuclear spin.

The data set of 1*Pd was fitted once for each possible spin (3/2 - 7/2, 11/2). The measured
spectra showed five peaks, which is not compatible with a spin-1/2 structure that would result
in only three peaks in the studied transition. The same was done for the data set of !'°Pd. In
this case, only three peaks were observed which in principle is a clear signature for I = 1/2.
However, to ensure that no unobserved peaks are possibly hidden in the noise due to a very
small intensity or are outside the covered region, additional fits with the spins !/2 — 7/2 and
11/2 were performed. The resulting reduced x? of the fits are depicted in Fig. 7.8 and suggest
assigning a nuclear spin of 5/2 to 1'3Pd and of 1/2 to !'°Pd, given in Tab. 7.3.

This assignment is solidified by the resulting isotope shifts. Figure 7.9 shows the isotope
shifts resulting from different spin assignments within the isotopic chain of palladium. Only
the spin assignment of 5/2 for 13Pd and /2 for 11°Pd lead to reasonable isotope shifts. Thus,
these spins are finally determined in a model-independent way. The final fit results for the
hyperfine parameters of the investigated odd Pd isotopes are listed in Tab. 7.3.

100



o I-= e =25 e I=55
e =15 I=35 A final
2000 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
A
1000 1 A,
z 2000 :
= o T s
Zoé) ~3000 1 A °
() ® A A
§ —1000 1 —4000 - A A , A
(@]
L —50001 o
—20007 —6000 — ’
115
[ ]
—3000

102 104 106 108 110 112 114 116 118

Figure 7.9: Isotope shifts along the isotopic chain of palladium determined in this work as a
function of the mass number. For the neutron-rich isotopes '!3Pd and !'°Pd, different nuclear
spins lead to different isotope shifts, which are plotted in different colors. The final values
are presented as A. The inset shows the isotope shifts in MHz for the different spins of '!5Pd,
which lie outside the range of the main chart.

7.1.7 Isotope Shifts

The isotope shifts of all isotopes were determined as described in Sec.7.1.6 and are plotted
in Fig. 7.9. For each isotope, the isotope shift was measured relative to !°®Pd, generated from
the offline source.

To ensure, that the resonances from the offline source show the same shape and no system-
atic shifts compared to the resonances obtained with ions delivered from CARIBU, the center
position of ''°Pd was determined once using ions from the offline laser ablation source, and
once using ions from CARIBU. Figure 7.10 shows three different sets of online-offline mea-
surements. For each run, the fitted center position is plotted. The sets have been recorded
at different times during the second beamtime. The variation of the measured transition fre-
quency within each set between online and offline measurement is in the same order as the
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Table 7.3: Fit results of the hyperfine parameters with the assigned spins I. A; and B are the
hyperfine parameters of the 4d”(*Ds/,)5s [5/2]5 (lower) state and A, and B, are the hyperfine
parameters of the 4d°(*Ds , ) 5p %[3/2]» (upper) state. The uncertainties of the lower level, given
in parentheses, are derived directly from the fit. The uncertainties of the upper level are
propagated from the fit uncertainties of the lower levels and the ratios.

Isotope | I AjinMHz | B;in MHz | A, in MHz | Byin MHz
105pd | 2.5 | -391.178(1) | -652.91(2) | -82.1(2) -305(2)
Uspd | 2.5 -292(1) -1073(20) -61.2(3) -501(13)
H5pd | 0.5 -906(3) 0 -190.2(8) 0
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Figure 7.10: Isotope shifts of '°Pd determined using offline (black) and online (red) beams.
The first group of measurements was performed within 5 hours, the next group within 20
minutes and the last two measurements were performed within 20 minutes. For both mea-
surement times, no major drifts, that could compromise the test of online-offline influence,
are observed.

total variation of all runs. No systematic difference in the center position depending on online

or offline beam is observed.

Comparing the residuals, the resonance shape, plotted in Fig.7.11, does not show an ob-
servable difference between online and offline beam, but, since the ion yields from CARIBU
are much smaller than those from the offline source, the statistics of the online resonance is too
low for an accurate comparison of the shape. The shape parameters of the fitted Voigt profiles
are for the offline resonance 7, = (24.0 = 4.3) MHz and o, = (4.8 £ 8.6) MHz, and for the
online resonance on, = (20+813) MHz and o4, = (0473 000) MHz. This yields a total FWHM
of the Voigt profiles of (24.5+4.5) MHz for the offline and (204 813) MHz for the online beam.
The large uncertainties for the online spectrum is due to the low statistics. A simple Gaussian
fit yields comparable standard deviations of oo = (24 + 1) MHz and oon = (16 £ 3) MHz.
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Figure 7.11: Resonance spectrum of '1°Pd taken with online and offline beam. Voigt profiles
are fitted to the data, yielding o = (24.0 £+ 4.3) MHz and o, = (20 + 813) MHz, and with
ooff = (4.8 +8.6) MHz and oo, = (0 £ 73 000) MHz, and the residuals are plotted.

7.1.8 Uncertainties

Both the center position of the reference and of the isotope of interest have a fit uncertainty
from the least squares analysis. As Eq. (5.5) interpolates the center position of the reference,

its uncertainty is calculated by
2 2
t; —t t—t;
Avpe(t) = = Av; | + Aviiq (7.12)
lit1 —ti lit1 —ti
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with the uncertainties Ay; and Av; ;1 of the two reference measurements. This uncertainty
of the reference position is added quadratically to the uncertainty of the center position of the
isotope of interest. This propagation of the statistical fit uncertainty is done individually for
each run, before the weighted mean is calculated for the final isotope shift. For the isotopes,
for which more than one run was used to determine the isotope shift, the final statistical
uncertainty was conservatively chosen to be the maximum of the standard deviation and the
mean of the fit uncertainties.

Additionally to the statistical uncertainty from the fit, there are also some systematic ef-
fects contributing to the uncertainty. One of the main contributions is the uncertainty of the
acceleration and Doppler-tuning voltages U, and Ugean. As the main acceleration voltage is
measured with a high-voltage divider with a scaling ratio of M = 5961.43 the uncertainty of
this ratio of AWM = 1-107° contributes to the uncertainty of the velocity of the ions. Since the
used multimeter was, unfortunately, uncalibrated during the beamtimes, the absolute voltage
might have an additional offset, but the beam-energy calibration described in Sec. 7.1.4 takes

care of this offset.
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Figure 7.12: Amplification factors and offsets of the Doppler-tuning voltage interpolated for
example runs. The amplification factor scatters by ~ 4-0.5 and the offset by ~ 4-0.004 V.

The uncertainty of the Doppler-tuning voltage comes from the uncertainty of the amplifica-
tion factor and offset which is interpolated from two measurements, as described in Sec. 7.1.5.
The corresponding uncertainty is calculated from the fit uncertainties similarly as in Eq. (7.12),
leading to uncertainties of the amplification factor in the order of 10~® and uncertainties of
the offset of the Doppler-tuning voltage in the order of 10~7 V. Comparing the amplification
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factor and offset during the second beamtime in Fig.7.12 shows that the factor is scattering
by +0.5 and the offset by +0.004V, making the uncertainties from the interpolation negli-
gible. With the amplification factor of of ~ 51, the contribution of the offset uncertainty is
small compared to the one of the amplification factor. The relative uncertainty of the scanning
voltage is therefore approximately AUsan /U, & 0-5/51 = 0.0098.

The relative uncertainties of the masses are of the order of 10712 — 10~® leading to com-
pletely negligible uncertainties of 10~7 — 1073 MHz. The wavemeter used for the laser fre-
quency measurement was continuously calibrated on a He:Ne reference laser. The wavemeter
stability in this configuration was extensively investigated in [119, 89] and a upper bound
of the drift between reference and online isotope of < 1MHz can be expected. Uncertain-
ties coming from the non-linearity of the setpoint in the wavemeter were also investigated in
[119] and an uncertainty of < 2 MHz can be expected. This uncertainty contributes to each
isotope shift measurement, as the laser frequency was changed between isotope and reference
measurement by several 100 MHz. Since the spectroscopy laser is frequency doubled, a final
laser frequency uncertainty of Ar;, = 2MHz is assumed for the estimation of the systematic
uncertainty of the isotope shift.

The chosen time-gate width also introduces a systematic uncertainty. To investigate its con-
tribution, for a set of randomly chosen '“®Pd measurements, the time-gate width was varied
between 1 and 3¢ of the Gaussian fit, i.e. between 0.6 and 1.8 us. For each measurement,
the standard deviation of the resulting center positions was calculated. The mean of all stan-
dard deviation of 0.66 MHz is considered as the systematic uncertainty Avg, coming from the
chosen time-gate width.

The total systematic uncertainty can be estimated by

’ N 2 "2
i - [ o o
where
r AM ;1] uom vAULA - vAUA
AA
Aél/Ub :CiM I/If1 — I/IL4 — 5 [Vﬁlm L ScaIbacc L “scan (7‘14)
) ; A
AU =0yl + (vt Soeam SDsean (7.15)
s Uacc Uscan
eUjcc
= . .16
¢ 2mc? (7:16)

with dm = mpa — mas. The derivation of this formula can be performed analogously to the
one presented in[43], but considering the different laser frequencies that were applied. This
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total systematic uncertainty is calculated for each individual isotope shift measurement and
for the final systematic uncertainty, the average value is taken. All isotope shifts, their statisti-
cal uncertainties and their systematic uncertainties determined within this work are listed in
Tab. 7.4.

Table 7.4: Measured Isotope shifts of palladium. The statistical uncertainties are given in
parentheses and systematic uncertainties in brackets.

Isotope | §v*108 [MHz]
2pd | 1455.6(38)[74]
104pd | 960.4(61)[205]
105pd | 842.0(23)[96]
106pd | 492.5(19)[159]

10pd | —448.0(30)[27]
U2pd | —740.2(64)[21]
Uspd | —937.1(100)[21]
14pd —952.0(26)[21]
5pd | —966.8(53)[21]

16pd | —1085.6(22)[21]
18pd | —1155.0(210)[21]

7.1.9 Nuclear Moments

The magnetic dipole moment and electric quadrupole moment of a nucleus can be extracted
from the hyperfine-structure parameters according to Egs. (2.48) with respect to the moments
of a reference nucleus. For the stable odd isotope '%°Pd, the nuclear moments are known to
be pier = (—0.639 + 0.003) un [128] and Qe = (0.660 + 0.011)b [129]. The results for
the calculated nuclear moments will be the same for the upper and the lower level, since the
ratios 4«/4, and Bx/B, where fixed during the fit. This neglects a possible hyperfine-structure
anomaly. In the neighboring chain of ruthenium this is about 2 - 10~* for %1%'Ru [130],
which both have the same spin (5/2"). Since the spin of '3Pd is identical to that of 9°Pd, it is
assumed that the hyperfine-structure anomaly is also smaller than the assigned uncertainty of
about 0.5 %. For ''°Pd, one must be a bit more careful due to the different spin. In these cases,
the hyperfine-structure anomaly can be an order of magnitude larger as observed, e.g. in the
silver isotopes 107103:109A¢ [130]. But even then, the additional uncertainty would be just
20 % of our statistical uncertainty. The nuclear moments were calculated from the parameters
of the lower levels, as the uncertainty can then be directly extracted and is independent of the
uncertainties of the A- and B-ratios. The results are presented in Tab. 7.5.
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Table 7.5: Nuclear magnetic dipole moments . and electric quadrupole moments @ of the
odd isotopes. The statistical uncertainties are given in parentheses. The value for the mag-
netic dipole moment of '°°Pd is taken from [128] and for the electric quadrupole moment
from [129].

lsotope | plun] | @[

105pq (ref.) | -0.639(3) | 0.660(11)
13pd -0.477(3) 1.08(3)
115pq -0.296(2)

7.1.10 Nuclear Charge Radii

For the stable isotopes of palladium the differential ms nuclear charge radii can be calculated
from the Barret radii Ry, listed in [55] according to Eq. (5.7). In this calculation the V;-ratios
can be treated without uncertainties, which are expected to be of the order of 10~ [55]. The
literature values for palladium calculated by Eq. (5.7) and from the Barret radii listed in [55],
and their uncertainties calculated by Eq. (5.8) are listed in Tab.7.6 and were used for the
King-Plot analysis.

Table 7.6: Differential ms nuclear charge radii §(r?) calculated from Barret radii from [55] and
isotope shifts measured within this work.

Isotope pair | §(r?) [fm?] | ov*4" [MHz]
102-104 | —0.2312(60) | 489.7(41)
104-105 | —0.0700(75) | 118.7(12)
105-106 | —0.1533(35) | 346.1(32)
104-106 | —0.2233(55) | 465.2(30)
106-108 | —0.2239(54) | 495.0(16)
108-110 | —0.2045(58) |  442.1(8)

King-Plot Analysis

As described in Sec. 7.1.1, separate measurements of the stable Pd isotopes were performed
for the King-Plot analysis during a third beamtime. For each pair of isotopes listed in Tab. 7.6,
the isotope shift was measured. Like for the King plot for lead, Eq. (2.41) is modified by the

fitting constant « such that the function

—~ 7A/ /—\-/A,A/
v =Ks+ F-(6(r?) — ) (7.17)
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can be fitted to the data points. The fit results give a mass shift factor of Kys = K, — F -a =
(—2756 & 259) u GHz and a field shift factor of F = (—2.7 + 0.2) GHz/fm?.

Figure 7.13 shows the King Plot with the stable isotope pairs used for the fitting. Addition-
ally, the measured isotopes shifts of the second beamtime are marked in red to illustrate the
extraction of the differential ms nuclear charge radii of all isotopes relative to '°Pd. Their
values are tabulated in Tab. 7.7 and are discussed in Sec. 7.2.
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Figure 7.13: King-Plot with the literature values of the differential ms charge radii and mea-
sured isotope shifts of the stable isotopes. A linear function is fitted to the data according
to the King-Plot procedure. The red data points illustrate the extraction of the differential ms
nuclear charge radii of all investigated isotopes from the measured isotope shifts.

7.2 Discussion

7.2.1 Nuclear Moments

From the nuclear magnetic dipole moments, the experimental g-factors are calculated using
= glpy and are plotted in Fig. 7.14 in comparison to the neighboring even-Z isotopic chains.
For all isotopes with the odd neutron in the 2ds/, level, the experimental g-factors show an
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Table 7.7: Differential ms nuclear charge radii §(r?)#1%8. The uncertainties given in parenthe-
ses include the statistical uncertainties from the isotope shift and the systematic uncertain-
ties from the King-plot procedure.

Isotope | 6(r2)A108 [fm?]
102pd | -0.6802(14)[82]
104pd -0.4480(23)[53]
105pd -0.3806(9)[51]
106pd -0.2277(7)[26]
10pd 0.2096(11)[25]
12pd 0.3596(24)[71]
13pd 0.4530(37)[85]
H4pd | 0.4782(10)[139]
15pd | 0.5031(20)[197]
16pd 0.5664(8)[226]
18pd | 0.6296(78)[327]

overall constant trend along the isotopic chains. While the experimental g-factors of the magic
tin isotopes agree very well with the single-particle g-factors calculated from Eq. (2.8) with
geit = 0.6 - g5, a slightly larger deviation is observed for the other isotopic chains, hinting to
an enhanced mixing of states.

According to the single-particle model, a sudden change of the nuclear g-factor is expected
along the isotopic chain, when the unpaired, odd neutron occupies a different level than in
the neighboring odd isotope. This behavior is very well met by the tin isotopic chain: The
experimental nuclear g-factors of °°-199Sn agree very well with the expected single-particle
g-factor of the 2ds, level, while the experimental g-factors of !'3~'19Sn are close to the single-
particle g-factor of the 3s,/, level, but show a linear deviation from the expected constant
g-factor. This hints to a stronger mixing of the different neutron levels in the nuclear wave
function in the neutron-midshell region, already for the semi-magic tin isotopes.

When moving away from the proton shell closure Z = 50, a very pronounced trend of the
I = 1/3 states is observed: From Sn (Z = 50) over Cd (Z = 48) to Pd (Z = 46), the quenching
of the g-factor increases, until for Ru (Z = 44) the g-factor becomes positive. Already for Pd,
the change in the g-factor from ®Pd (I = 5/2) to 'Pd (I = 1/2) is not pronounced anymore.
The same is observed for Xe isotopes (Z = 50 + 4, Pd: Z = 50 — 4): the g-factors are of very
similar size and no sudden change from the I = 5/2 to I = 1/2 isotopes is observed. Before
this behavior is discussed in more detail, the results of the quadrupole moments are presented.

Figure 7.15 shows the experimental quadrupole moments of palladium and those of the
even-Z elements in the vicinity of Pd, over their neutron numbers N. All isotopic chains exhibit
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Figure 7.14: Experimental nuclear g-factors of I = 1/2,5/2 isotopes of Pd from this work and
[131,128] and of the neighboring isotopes of Xe [132], Sn [133, 59], Cd [134, 135], Ru [B. MaaR,
private communication] and Mo [132, 136] together with the single-particle effective g-factors
for the 2d.,,, 2d5/» and 3s; , levels in this region (gt = 0.6 - g;). The magnetic moments in
the isotopic chains of Sn, Cd and Pd with the same spin are connected by lines for better
visibility.

an increasing trend. The investigated isotopes with N < 55 have a negative quadrupole mo-
ment, which can still be explained in the single-particle spherical shell model with Eq. (2.13).

The trend of quadrupole moments of the magic tin isotopes can be interpreted as a sequen-
tial filling of the 2ds,, level with a potential zero crossing at N = 53 [133]. At N = 60, the
level is completely filled, which agrees with the linearly increasing trend in the Sn quadrupole
moments. At N = 61 the linear trend is broken, which can be explained by the filling of a
1g75, x 2ds/, configuration with three neutrons in the 2ds/,, and one neutron-pair in the 1g7,
level [133].

Removing two protons, i.e., looking at Cd, shows a very similar trend but larger values of the
quadrupole moment. This indicates a stronger polarization effect and can be accounted for
by a larger effective charge in the nuclear shell model. One has to keep in mind though, that
by moving towards proton mid-shell from the proton shell closure, pronounced deformation
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Figure 7.15: Experimental spectroscopic quadrupole moments of the ground state nuclei of
palladium from this work and [131] and its neighboring isotopes Zr [36], Ru, Cd [135] and Sn
[133]. For better visibility the data points of Sn, Cd and Pd are connected.

can occur, which restricts the use of the spherical shell model and will also affect the magnetic
moments since level mixing will increase.

Thus, it is no surprise that two more protons away (Z = 46, Pd), the general trend from
the now available values of Pd quadrupole moments also agree with the trend observed in Cd
and Sn. Also, the size of the quadrupole moment is similar to the one observed in Cd. At
N = 57, the size of the quadrupole moments start deviating from one element to the other.
For Sn, the quadrupole moments do not increase very strongly while for the other elements
with Z < 50, a stronger increase is observed. For the N = 61 isotopes, the same ordering
as in the magnetic dipole moments at N = 69 is observed: The further away the element is
from the proton shell closure, the larger is the size of the quadrupole moment. This indicates
stronger mixing of the levels in the nuclear wave function for this neutron number region and
agrees with the observations made in nuclear charge radii when crossing N = 60, which will
be discussed in the next section. But in order to be able to precisely compare the evolution of
the quadrupole moment in palladium, more odd-N isotopes need to be investigated. Never-
theless, the trend to relatively large quadrupole moments in the mid shell region is obvious

m



38 40 42 44 46 48 50
0404 ¢
0.35 ¢
¢
0.30
[ )
Naj
0.25
0.20
[ ]
[ )
0.15
[}
38 40 42 44 46 48 50
7z

Figure 7.16: Deformation parameter 3 of the N = 60 isotopes in the palladium region. The
values are taken from [51]. The deformation parameter shows an increasing trend when
approaching the mid-shell region.

and Ru does have similarly or even larger quadrupole moments. This, in combination with the
larger deformation parameters [ of the even-even isotopes at N = 60 in this region shown in
Fig. 7.16, indicates that the spherical shell model might not be appropriate anymore. Indeed,
some of the observations can be explained using the deformed nuclear shell model (Nilsson
model).

For the neutron mid-shell 1'*Pd isotope, the NuDat3 database [51] lists a deformation pa-
rameter of f; = 0.25, which corresponds to a quadrupole deformation parameter e; ~ 0.2.
Figure 7.17 shows the dependence of the single-particle energy levels for neutrons on the de-
formation e5, according to the Nilsson model [138]. The red rectangle marks the area in the
plot which is relevant for the neutron-rich Pd isotopes. The Fermi level of the 19 neutrons
above N = 50 lies in the region of the crossing of the 1/2[411], 5/2[402], and the (negative
parity) 5/2[532] levels. The spins and parities of !'°Pd excitations given in [51] can all be
found within this area, although the ordering is -expectedly- not in perfect agreement. Thus,
it is plausible, that the 1/2" state in '*°Pd is the 1/2[411] level originating from the (spher-
ical) 3s./, level. The Nilsson diagram also predicts a mixing of the 2d,, with the 3s./, level,

12



572413

Esp (hw)

o

Figure 7.17: Nilsson diagram for neutrons [137]. The diagram shows the single-particle en-
ergy levels of neutrons in dependence of the quadrupole deformation parameter ¢,. The red
rectangle highlights the part of the diagram relevant for neutron-rich Pd isotopes. The yellow
marks indicate the repelling between the 1/2[400] and 1/2[411] levels.
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indicated by the yellow marks in Fig. 7.17. Level mixing could explain why the nuclear mag-
netic dipole moment of 1°Pd measured within this work is shifted upward from the negative
Schmidt value for the s./, level, closer to the positive Schmidt value of the ds/, level, which is
also plotted in Fig. 7.14. The energy trend of the relevant 1/2[411] in the Nilsson diagram
becomes rather flat with increasing deformation. It is possibly repelled by the lower-lying
1/2[420] level (from g7/)- Additional admixture of this state, which also has a positive g-
factor, may further enhance the trend towards positive g-factors and finally push the state in
Ru in the positive region.

7.2.2 Charge Radii
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Figure 7.18: Differential ms nuclear charge radii of palladium. Experimental results from this
work and [16] (for %*-101pd) are marked a black dots. The blue line is a fit of the model of
Zamick and Talmi to the experimental values (see text).

The differential ms charge radii of Pd are plotted in Fig. 7.18 and show a linear increasing
trend with an additional parabolic shape. The plot also shows a superimposed odd-even stag-
gering, but for '!3Pd, the OES is inverted compared to normal OES, i.e., the nuclear charge
radius of 1'3Pd is larger than the radii of its neighbors. Zamick and Talmi proposed a param-
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eterization of the differential ms nuclear charge radius [139, 140], which can be specifically
applied to isotopic chains which span between 50 < N < 82 by

c

§(r?) = a(N — 50) + b(N — 50)(82 — N) + 5

c

11— (-] +a. (7.18)

The parameter a accounts for the volume effect, i.e., the linearly increasing trend with in-
creasing neutron number. The deformation is accounted for by the parameter b, leading to a
maximum deformation in mid-shell, i.e., at N = 66. The parameter c¢ describes the strength
of normal odd-even staggering, and the offset d depends on the chosen reference isotope.

A fit of this parameterization to the Pd data yields a volume effect of & = 0.072 fm?, which is
identical to the one observed in the neighboring cadmium isotopes [117]. Since the inverted
OES at 3Pd cannot be described by the Zamick-Talmi model, the fit yields ¢ = —0.017 fm?,
which is smaller than the one in Cd [117] and also too small to describe the normal OES in
105p(.

The deformation parameter b = 0.0030 fm? fitted to the Pd isotopes is larger than in the
Cd isotopes (b = 0.0017fm? [117]). For the neutron mid-shell isotope '2Pd, it leads to a
deformation contribution of §(r2)ges = b - 16> = 0.768 fm®. Using Eq. (2.22), this yields a
deformation parameter (33) = 0.094, which is almost twice the deformation of 1**Cd according
to the Zamick-Talmi model [117].

For a further comparison of the differential ms nuclear charge radii of Pd to neighboring
isotopic chains, Fig. 7.19 shows the experimental values for isotopic chains between Z = 36
and Z = 50.
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Figure 7.19: Differential mean-square nuclear charge radii §(r2)*4’ of the palladium and neighboring isotopic chains. Values
for 98-101pd., - are taken from [16]. For comparison, experimental values for Sn [133], Cd [141], Ru [B. MaaR, private com-
munication], Mo [33], Nb [34], Zr [35, 36], Sr [37, 38], Rb [39] and Kr [142] are also plotted. The inset shows the 2/N-derivative
AS§(r?)@ of the differential mean-square nuclear charge radii for the same isotopic chains in N = 56 — 70 region.




For the isotopic chains of Rb up to Nb, a sudden increase of the nuclear charge radius at
N = 60 has been observed, related to a sudden shape-change from prolate to oblate nuclei
[32]. This sudden increase gets smoother in Mo (Z = 42), and the overall slope in this
neutron-number region decreases until Z = 48, Cd.

To investigate the deviations between the isotopic chains, the 2/NV-derivatives of the differ-

ential ms charge radii

B — 3(r2) A2
2

are plotted in the inset of Fig. 7.19. In this so-called Brix-Kopfermann plot, the influence of the

odd-even staggering is removed, and only the change between two even or two odd isotopes

remains. The inset shows the N = 56 — 70 region, where the strongest deviations between

the isotopic chains appear, including the sudden shape change at N = 60.

A§(r2)D(A4) = (7.19)
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Figure 7.20: Mean 2N-derivative A5<r§>(2) of Sn, Cd, Pd, Mo, Zr and Kr versus the proton
number Z. The mean is taken from isotopes with 56 < N < 70, as available. The ends of
the error bars mark the maximum and minimum values for each element and are meant to
represent the range of variation for the respective 7.

The mean 2 N-derivative for each element in this neutron number region is plotted in Fig. 7.20.
The maximum appears at Z = 40, Zr, exactly in the middle of the Z = 50 shell, and the 2N-
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derivative decreases when approaching both neutron shell closures Z = 28 and Z = 50.
When looking at small-scale effects an inverted odd-even staggering (OES) is observed for
H13Pdg,. Such an inverted OES pattern is also visible in the Z = 42, Mo isotopic chain between
N = 60 — 64 (the odd-N isotopes below and above have yet to be measured) but not for any
other isotopic chain in this region. For a detailed investigation of the odd-even staggering, the
OES parameter defined in Eq. (6.6) is plotted in Fig.7.21. It shows for experimental data
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Figure 7.21: Experimental and theoretical odd-even staggering (OES) of palladium. For N <
59 and N > 68 normal OES is observed for Pd and inverted OES for NV = 67. For Mo normal
OES is observed for NV < 55 and inverted OES for V > 59.

normal OES for the neutron-deficient isotopes of palladium as well as for '°Pd while for
113pd an OES pattern inverted to normal OES shows up. The OES of Mo is also plotted for
comparison and exhibits the same pattern as in Pd, i.e., normal OES for neutron-deficient
isotopes and inverted OES for N = 61 — 63. The experimental results on radii and OES can
now be compared to predictions from various nuclear models.

Fy(std) is a standard Fayans functional calculation based on a Hartree-Fock and Bardeen—
Cooper—Schrieffer framework (HF-BCS) and with axial symmetry [13] adjusted to the Pd
region [16]. Fy(Ar,BCS) was not only tuned to binding energies, but also to a few selected
differential charge radii in order to describe OES by pairing interactions [13]. As this model
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treats pairing such that the resulting particle and pair densities are not spatially localized
and is therefore not well applicable for weakly bound nuclei, it was re-developed within a
Hartree-Fock-Bogoliubov framework (Fy(Ar,HFB)) [15] and also adjusted to the palladium
region [16].

The BSKG models [31, 41, 42] are Skyrme-EDF-based calculations in a Hatree-Fock-Bogoliubov
framework allowing triaxiality. While the Fayans functionals Fy(std) and Fy(Ar,HFB) were
tuned to one or two observables from restricted sets of isotopes, the BSKG models were ad-
justed to five observables of almost all nuclei for which these were available. Compared to
BSkG1, BSkG2 does not rely on the Equal Filling Approximation (it breaks time-reversal sym-
metry for odd nuclei) and, therefore, allows for more general nuclear configurations compared
to BSkG1. Additionally, it also contains information on the fission barriers of actinides.

For the BSkG3 model, a more microscopically founded treatment of pairing was employed
and ground state reflection asymmetry is allowed. Constraints on infinite nuclear matter prop-
erties at high densities were included also, with the aim to predict the nuclear equation of state
in heavy pulsars. This emphasises the fact, that the main goal was not the reproduction of
nuclear charge radii.

The differential ms charge radii obtained from EDF calculations of Pd isotopes using these
functionals are compared with the experimental values in Fig. 7.22. The Fy(std) calculation
predicts a smaller slope of the differential ms charge radii than observed experimentally, espe-
cially in the neutron deficient region. The Fy(Ar,HFB) calculation predicts an overall larger
slope of the differential ms charge radii for the Pd isotopic chain. Although the BSkG models’
goal is the global reproduction of nuclear masses, all three BSKG models show a very good
agreement with the experimental trend in the differential ms charge radii. BSkG2 predicts a
slightly smaller slope than the experimental data.

Comparing the OES pattern to theoretical calculations in Fig.7.21 shows that the Fy(std)
cannot reproduce the small-scale effects for the neutron-deficient isotopes and also slightly
deviates from the observed OES pattern in the neutron-rich isotopes. Fy(HFB) shows a similar
but sightly overestimated OES pattern for the neutron-deficient isotopes in Fig. 7.21. It shows
strong and normal OES for the neutron-rich isotopes, contrary to the experimental data. The
BSkG1 calculation slightly deviates from the experimental OES parameters of the neutron-
deficient isotopes while it shows very good agreement for !°°Pd and the neutron-rich isotopes.
The BSkG2 model agrees with the experimental OES pattern of Pd for both neutron-deficient
and neutron-rich isotopes, but mistakenly predicts inverted OES for °Pd. BSkG3 cannot
reproduce the OES pattern for any of the palladium iosotpes.

A more detailed investigation of effects coming from different treatments of pairing, triax-
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Figure 7.22: Experimental differential mean-square charge radii compared to density func-
tional calculations employing the following functionals: Fy(std) and Fy(Ar,HFB)[16], BSkG1
[31], BSkG2 [41], BSKG3 [42]. See text for details about the functionals.

iality or time-reversal asymmetry is needed to understand the concrete origin of normal OES
and inverted OES for the different neutron numbers, and the measurement of differential ms
charge radii should be completed in this neutron number region for Pd and Mo.

Kumar et al. connect the smooth but strongly increasing slope in Mo between N = 56 — 70
to an increasing quadrupole deformation and triaxiality [143]. This interpretation could be
adopted for palladium and agrees with the strong quadrupole moments observed for N > 57
and the good agreement between the observed differential ms nuclear charge radii and the
ones calculated with triaxial BSkG models. But a direct comparison between axial and triaxial
calculations is necessary for a compelling argumentation. Triaxiality could also explain the
inverted OES, but the completion of experimental data is required for a final conclusion. Also
it is interesting that, though BSkG3 should refine the description of nuclei compared to BSkG1
and BSkG2, it cannot reproduce the OES pattern observed in Pd while it agrees well with the
overall trend. This deviation of the OES could be a sign, that the microscopic description of
pairing is not appropriate for medium-mass nuclei like palladium.
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8 Summary

This work has contributed to the investigation of nuclear properties of both spherical and
deformed nuclei through precise collinear laser spectroscopy measurements on lead and pal-
ladium isotopes.

In the investigation of lead isotopes, the analysis of nuclear differential ms charge radii and
electric and magnetic moments provided detailed insights into the nearly spherical isotopes
at the Z = 82 proton-shell closure, below the neutron-shell closure at N = 126. The measure-
ments of the differential ms charge radii of both, ground states and isomers, showed excellent
agreement with theoretical predictions from the doubly magic ?°*Pb down to '*°Pb. The Fayans
EDF calculations reproduce the general trend excellently while the small-scale effect of odd-
even staggering is much better reproduced by the first ab initio calculations in this region. A
detailed discussion of the comparison of experimental and theoretical values is currently in
progress and will be published in an upcoming paper.

The observed trends in the magnetic dipole moments can be interpreted in the picture of
the spherical nuclear shell model. The observed increasing deviations towards neutron mid-
shell are expected due to enhanced level mixing. The linear trend of nuclear quadrupole
moments expected from the spherical nuclear shell model is met by the three ground-state
isotopes closest to the N = 126 shell closure. Also the expected switch of the sign, when the
filling of a new (sub-) shell starts, is observed in the ground-state quadrupole moments. These
observed good agreements with expectations from the spherical nuclear shell model support
the magicity of lead.

The behavior of the isomer shift, which is slightly different from the trend observed in
magic tin isomers [27], is not yet understood and opens up the question, if it can be related
to the unique-parity character of the intruder 13/2" level in the region between the N = 82
and N = 126 shell closures. For a better understanding of nuclei in proton-shell closure
regions, the recently conducted CLS measurements on tellurium, Z = 52, together with the
investigation of thallium Z = 81, both also performed at COLLAPS, may give some further
guidance.
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The investigation of isomeric states in palladium isotopes in the mid-shell region could
also have helped in finding an answer to this question. While this was originally one of the
motivations for this work, these could unfortunately not be observed in the atomic spectra
recorded at the newly established ATLANTIS setup at the Argonne National Laboratory.

With the palladium campaign serving as the online commissioning of ATLANTIS, an out-
standing sensitivity of the new setup is shown. Despite extremely low ion yields provided by
CARIBU, the sensitivity was sufficiently increased by bunching the ion beam with an RFQCB
for unprecedented long accumulation times of up to 30s, which enables the study of many
more interesting short-lived isotopes and isomers with low production yields. Also, the reso-
nant and unexpectedly efficient charge exchange of palladium with magnesium provided an
atomic beam for CLS with a high population of the required atomic state and it further in-
creased the sensitivity. The new charge-exchange cell designed for the use with magnesium
gives access to new population distributions after charge exchange, which could also increase
the efficiency of charge exchange for other elements. Another remarkable feature was that the
atomic spectra were very symmetric even at pressures that provided ~ 90 % charge exchange
probability.

The investigation of the palladium ground states reveals intricate nuclear structures and
highlights the presence of nuclear ground-state shapes that deviate significantly from spherical
symmetry as it was expected in this region. The deviation of the magnetic moments of 1/2"
isotopes from the Schmidt values can be qualitatively explained by the Nilsson model for
deformed nuclei. However, calculation of the magnetic moments using state-of-the-art EDF
calculations are ongoing but could not be finalized until this thesis was completed.

The observed increasing quadrupole moments when moving towards both, neutron and
proton mid-shell, indicate an increasing nuclear deformation. This is in agreement with the
deformation extracted from the observed differential ms charge radii using the Zamick-Talmi
model and also with the trends observed in neighboring isotopic chains between the proton
shell closures Z = 26 and Z = 50.

The precise determination of differential nuclear charge radii in comparison to EDF cal-
culations indicate that the experimental values are better met by EDF calculations allowing
triaxial ground states [31, 41, 42]. Not only the overall trend of the differential ms charge
radii, but also the pattern of odd-even staggering including inverted OES for '3Pd is predicted
better when triaxiality is allowed. The results of this work contribute to the ongoing debate
about the nature of nuclear deformation in this region, but for a convincing conclusion precise
measurements of further isotopes in this region are needed. A first step in this direction is the
investigation of ruthenium isotopes, which took place at ATLANTIS right after the commis-
sioning with palladium and its analysis is still ongoing.
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The findings from both lead and palladium isotopes underscore the importance of high-
precision laser spectroscopy in probing nuclear structure and have contributed valuable data to
the field of nuclear physics, aiding in the refinement of nuclear models and the understanding
of nuclear structure. The precise measurements of nuclear properties in lead and palladium
isotopes not only benchmark existing theoretical frameworks but also pave the way for future
investigations into more exotic nuclei and the underlying forces that govern their behavior.

The herewith established new infrastructure ATLANTIS at Argonne National Laboratory
(ANL) will serve several laser spectroscopy experiments. It is connected to the nuCARIBU
facility, which is under commissioning and will soon provide short-lived isotopes from the
neutron-induced fission of actinides. Proposals to study Tc, Ce, Nd and La*+ were recently
accepted by the ATLAS Physics Advisory Committee. Two of these proposals are from groups
at ANL and Michigan State University. This demonstrates that ATLANTIS is of interest for
abroad community and will contribute to our knowledge of nuclear structure in the regions of
the nuclear chart that can be addressed by nuCARIBU.
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