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Preface

This PhD thesis consists of two parts. Part I describes the results of
an experimental campaign studying mercury isotopes at ISOLDE, CERN.
Using in-source laser spectroscopy, ground and isomeric-state properties of
177-185,202,203,206-208 ¢ gich as charge radii and electromagnetic moments were
measured. The first of two aims of this experiment, was to delineate the region of
ground-state shape staggering in the neutron-deficient isotopes around N = 104.
The second goal was to characterize the charge-radii trend across the N = 126
shell closure in the neutron-rich isotopes.

Part II of this thesis describes the design, simulation and commissioning tests of
an ion-beam cooler for IGLIS developments at KU Leuven. It has been installed
and is operational at the dedicated KU Leuven laboratory for IGLIS studies.

Part 0 of this thesis links the two seemingly unrelated topics of this thesis.
Chapter 1 gives an introduction and motivation for the laser-spectroscopy
studies on mercury. In chapter 2, Nuclear models that are relevant for the
interpretation of the data are introduced briefly. Chapter 3 deals with the
theoretical basis and extraction of information from laser-spectroscopy data.
In chapter 4, the experimental setup and data analysis are summarized. This
chapter also includes two articles that have been written and in which the
experimental parts are based on the work described in this thesis. The first
publication is accepted and will be published in Nature Physics as

B. A. Marsh, T. D. Goodacre™, S. Sels™, Y. Tsunoda, B. Andel, A. N. Andreyev,
N. A. Althubiti, D. Atanasov, A. E. Barzakh, J. Billowes, K. Blaum, T. E.
Cocolios, J. G. Cubiss, J. Dobaczewski, G. J. Faroog-Smith, D. V. Fedorov,
V. N. Fedosseev, K. T. Flanagan, L. P. Gaffney, L. Ghys, M. Huyse, S. Kreim,
D. Lunney, K. M. Lynch, V. Manea, Y. M. Palenzuela, P. L. Molkanov,
T. Otsuka, A. Pastore, M. Rosenbusch, R. E. Rossel, S. Rothe, L. Schweikhard,
M. D. Seliverstov, P. Spagnoletti, C. V. Beveren, P. V. Duppen, M. Veinhard,
E. Verstraelen, A. Welker, K. Wendt, F. Wienholtz, R. N. Wolf, A. Zadvornaya,
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and K. Zuber, “Characterization of the shape-staggering effect in mercury
nuclei,” Accepted in Nature Physics, 2018, T these authors contributed equally
to this work

while the second article is submitted to Physical Review C as

S. Sels, T. D. Goodacre, B. A. Marsh, Y. Tsunoda, B. Andel, A. N. Andreyev,
N. A. Althubiti, D. Atanasov, A. E. Barzakh, J. Billowes, K. Blaum, T. E.
Cocolios, J. G. Cubiss, J. Dobaczewski, G. J. Farooq-Smith, D. V. Fedorov,
V. N. Fedosseev, K. T. Flanagan, L. P. Gaffney, L. Ghys, M. Huyse, S. Kreim,
D. Lunney, K. M. Lynch, V. Manea, Y. M. Palenzuela, P. L. Molkanov,
T. Otsuka, A. Pastore, M. Rosenbusch, R. E. Rossel, S. Rothe, L. Schweikhard,
M. D. Seliverstov, P. Spagnoletti, C. V. Beveren, P. V. Duppen, M. Veinhard,
E. Verstraelen, A. Welker, K. Wendt, F. Wienholtz, R. N. Wolf, A. Zadvornaya,
and K. Zuber, “Shape staggering of mid-shell mercury isotopes from in-source
laser spectroscopy compared with density functional theory and monte carlo
shell model calculations,” To be submitted to Physical Review C, 2018

The second part of this thesis starts with chapter 5, where the basics of IGLIS
are introduced. Chapter 6 describes the principles of an ion-beam cooler.
Simulations and design of this RFQ ion guide are detailed in chapter 7. In
chapter 8, commissioning and characterizations of the devices operation are
tested and compared to results from simulations. The thesis ends with chapter
9, where conclusions of both parts of this work are summarized and outlook to
further work is given.



Abstract

The neutron-deficient mercury isotopes are situated in the region of the Z = 82
proton shell closure, which is known for its manifestation of shape coexistence.
Shape coexistence is the phenomenon in which different degrees or types of
nuclear deformation are present at low excitation energy. The mercury isotopes
are in fact one of the prime examples of shape coexistence, which is for example
shown by the presence of ground-state shape staggering around the N = 104
neutron mid-shell. This staggering was observed by measuring the isotope shift
along the chain of isotopes which extended towards the lighter isotopes until
mass number A = 181. One of the key questions that remained unanswered
was where this staggering phenomenon ends.

Several isotopic chains in the lead region that cross the N = 126, show a strong
deviation from the trend of the lighter isotopes at the neutron shell closure. No
such measurements of this ‘kink’ were performed so far in the lead region below
Z = 82.

The first part of this thesis reports on an in-source laser-spectroscopy experiment
performed at the ISOLDE radioactive ion-beam facility in CERN. These were
the first measurements of the hyperfine structure and isotopes shifts in the
mercury isotopes below A = 181 and also the first to go across N = 126 on the
neutron-deficient and neutron-rich sides of the chain respectively.

The mercury radioactive ion beams were produced by impinging a 1.4 GeV
proton beam on a molten-lead target. The reaction products were extracted,
resonantly ionized using a three-step laser-ionization scheme, mass separated
and sent to one of three detection setups. Strongly-produced ions were measured
on a Faraday Cup. The « and v decay of short-lived and weakly-produced
isotopes (1777182Hg) was measured at the Windmill setup with silicon and
germanium detectors. These decay modes were used to identify the isotopes
of interest from the contaminated ion beam. Isotopes undergoing mainly 3
decay 1827185:202,202,206-208 o were identified using their time-of-flight in a
Multi-reflection Time-of-Flight mass spectrometer.
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From the results, both the end-point of the shape staggering at A = 180 and
the observation of a charge-radius kink at NV = 126 are confirmed. The results
of the neutron-deficient isotopes were compared to state-of-the-art theoretical
calculations using either Density Functional Theory (DFT) or the Monte-
Carlo Shell Model (MCSM). The DFT calculations are able to qualitatively
reproduce a ground-state staggering by tuning different functional parameters.
By calculating the experimentally-observed spin states, the MCSM results
reproduce the shape-staggering and electromagnetic moments of the isotopes.

In the second part of this thesis, the design, simulation and commissioning
of radio-frequency quadrupole (RFQ) ion guides are discussed. In the
commissioning tests of the RFQ ion guides, the transport efficiency, longitudinal
emittance, beam energy spread and time profiles were measured. These results
were compared to simulations performed with SIMION and IonCool software
packages. The ion guides form part of an experimental setup that is dedicated
to the development of in-gas(-jet) laser-ionization spectroscopy. This technique
makes use of the properties of a supersonic gas jet to produce an ensemble of
atoms that is suited for high-resolution laser-spectroscopy studies. Besides this,
the technique is also suited for the creation of exotic beams of radioactive ions,
when it will be installed at facilities using in-flight production of isotopes.



Beknopte samenvatting

De neutronarme kwikisotopen bevinden zich in het gebied rond de Z = 82
proton schilsluiting, die gekend is voor zijn manifestatie van vormcoéxistentie.
Vormcoéxistentie is het fenomeen waarin verschillende sterktes of types van
kernvervorming aanwezig zijn bij lage excitatie-energie. De kwikisotopen zijn
zelfs één van de voornaamste voorbeelden van vormcoéxistentie. Dit uit
zich bijvoorbeeld in de aanwezigheid van een abrupte vormverandering in de
grondtoestand wanneer een neutron uit de atoomkern wordt weggenomen.
Meer specifiek gebeurt dit in het gebied rond N = 104 in het midden
van de neutronschil. De abrupte vormverandering kan worden geobserveerd
door het meten van de ladingsstraalverschillen langsheen de keten van
isotopen. De oneven kernen 3L:183.18Hg vertonen een sterk afwijkende
grondtoestandsvervorming in vergelijking met hun even buren !32:184186g
die slechts licht vervormd zijn in hun grondtoestand. Tot dusver reikten zulke
metingen in de neutronarme kwikisotopen tot '®'Hg. Eén van de centrale vragen
die tot nu toe onbeantwoord bleef, is waar de abrupte vormverandering eindigt.
Daarenboven vertonen verschillende isotoopketens in de loodregio een afwijking
in hun ladingsstraal van de trend die wordt gezet door de lichtere isotopen.
De afwijking toont zich als een karakteristieke ‘knik’ in de ladingsstraal bij de
N = 126 schilsluiting. Tot nu toe werden er in de loodregio geen metingen
uitgevoerd van deze knik in het gebied onder Z = 82.

Het eerste deel van deze thesis beschrijft een in-bron laserspectroscopie-
experiment op kwik dat werd uitgevoerd aan de ISOLDE faciliteit in CERN waar
radioactieve ionenbundels worden aangemaakt. Het doel van deze campagne
was om het gebied van abrupte vormverandering af te lijnen en te bepalen
of de ladingsstraalknik ook aanwezig in isotoopketens in de loodregio met
Z < 82. Door het opmeten van ionizatieresonanties bij het variéren van de
laserfotonfrequentie werd de isotoopshift en het hyperfijnspectrum opgemeten.
Hieruit werden vervolgens de ladingsstraalverschillen en elektromagnetische
momenten van de grondtoestanden bepaald. De isotopen werden in de
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metingen geidentificeerd door hun karateristieke radioactieve a- en -verval in
de Windmill detectieopstelling of door hun transitietijd in een multireflectie
time-of-flight spectrometer. Dit experiment was het eerste dat de isotoopshift
en hyperfijnspectra in lichte kwikisotopen onder A = 181 opmeette en was
het eerste dat tot voorbij de N = 126 schilsluiting reikte in de neutronrijke
kwikisotopen.

Uit deze resulataten werd zowel het eindpunt van de abrupte vormverandering
vastgesteld bij '8°Hg, als werd voor het eerst een ladingsstraalknik bevestigd
bij N = 126 in een isotoopketen in de loodregio onder Z = 82. De resultaten
van de neutronarme kernen werden vergeleken met state-of-the-art theoretische
berekeningen van dichtheidsfunctionaaltheorie (DFT) en van het Monte-Carlo
schillenmodel (MCSM).

In het tweede deel van deze thesis, worden het ontwerp, de simulaties en de
eerste tests besproken van de radiofrequentie quadrupool iongeleiders. De
ionengeleiders maken deel uit van een experimentele opstelling die is toegewijd
aan de ontwikkeling van de in-gas-(jet) laserionizatiespectroscopie (IGLIS).
Deze techniek maakt gebruik van de eigenschappen van een supersonische gasjet
om een ensemble van atomen te creéren dat geschikt is voor hoge resolutie
laserspectoscopiestudies. Hiernaast is de techniek ook geschikt voor de aanmaak
van radioactieve ionenbundels van exotische isotopen. In de operationele tests
werden de transporteflicientie, longitudinale emittantie, energiespreiding en
tijdsprofielen van de ionenbunden opgemeten. De resultaten werden vergeleken
met simulaties die werden uitgevoerd met de softwarepaketten SIMION en
TonCool dewelke verschillen in het berekenen van de atoom-ion botsingsinteractie.
Uit de tests werd een operationeel werkingsdiagramma opgesteld in dewelke de
iongeleiders optimaal werken. In de toekomst zullen vergelijkbare ionengeleiders
geimplementeerd worden in een opstelling aan de nieuwe S? faciliteit in GANIL
(Caen, Frankrijk), waar de IGLIS techniek zal worden gebruikt voor zowel de
studie als de productie van exotische radioactieve ionenbundels. Dit zal het
mogelijk maken bepaalde regios van de kernkaart te bestuderen, zoals de regios
van de (super)zware of de refractaire elementen, die momenteel buiten het bereik
liggen van conventionele laserspectroscopiestudies.
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Part 0

Optical spectroscopy across
the nuclear landscape

-the link between parts | and |I-



The drive towards higher
sensitivity and spectral
resolution

In this chapter, the link between parts I and II of this thesis is detailed. While
the first part of this work deals with the experimental study of mercury using
laser spectroscopy at the ISOLDE facility in CERN, the second part discusses
the design and commissioning of an ion-beam cooler and guide as part of a
dedicated setup at KU Leuven for developing the in-gas(-jet) laser ionization
spectroscopy (IGLIS) technique.

The nuclear landscape is filled with exciting and fascinating nuclear-structure
phenomena. Examples of these phenomena include the presence of different
exotic nuclear shapes such as e.g. pear-shaped [3] or halo nuclei [4] as well
as rapidly changing nuclear deformation in shape-staggering [1, 5] or shape
coexistence [6] and the disappearance of classical and rise of new magic numbers
[7]. These phenomena arise from the subtle interplay of single-particle and
collective degrees of freedom between nucleons comprising the nucleus [8].
While the underlying forces that govern the interaction between quarks are well
described in the Standard Model by Quantum Electro Dynamics (QED) and
Quantum Chromodynamics (QCD), a full description of the nucleon interaction
and nuclear-structure phenomena starting from such basic principles is lacking.
Lattice QCD calculation attempts to provide such a description are promising
but unfortunately so far limited to only the lightest of elements with A<5 [9].
Theories such as Chiral Effective Field Theory (YEFT) are being developed that
are able to provide nuclear interaction potentials using baryon and meson degrees
of freedom without loss of consistency with chiral symmetries of QCD [10].
AbD initio theories are now reaching mid-mass nuclear systems even for open-
shell nuclei [11]. For heavier systems, such models are currently unavailable



and one has to rely on theories making use for instance of phenomenological
interactions fitted to different observables across the nuclear chart. However,
theories for these heavier systems are continuously refined, allowing for larger
and more accurate calculations. Recent advances include for instance the
development of more refined interaction potentials fitted for a wide range of
nuclear observables such as e.g. UNEDF1 [12]. Another breakthrough in
theoretical calculations for heavier systems is the development of the Monte-
Carlo shell model (MCSM), where many nucleons interacting in large model
spaces can be calculated by making use of Monte-Carlo techniques to avoid a
currently impossible diagonalization of large Hamiltonians.

In order to test the validity and accuracy of such new advances in nuclear theory,
there is a need for experimental benchmarks. Such benchmarks come from
nuclear observables usually measured to high accuracy. Nuclear-structure
observables such as excitation energy spectra, electromagnetic transition
strengths, nuclear masses, charge radii, spins and electromagnetic moments
are part of a broad scope of observables available for comparing theoretical
calculations with experimental results. Benchmarking nuclear models for exotic
nuclei with extreme neutron-to-proton ratios, different from stable isotopes,
is desired as certain features of the nuclear force are amplified and more
prominent than next to stability. This results in a continuous demand to
push the limits of accuracy and sensitivity of current experiments trying to
measure these observables in order to not only test the reach of current and
new nuclear theories but even answer fundamental questions such as "Where
does the nuclear chart end?". In laser spectroscopy experiments for example, in-
source laser spectroscopy is extremely sensitive, being able to measure isotopes
with a production rate of <0.1 atoms/second, as shown in this thesis, but
lacks the spectral resolution provided by collinear laser spectroscopy (CLS)
to measure optical transitions down to their natural linewidth and vice versa.
Therefore, several different approaches are currently being pursued to combine
high sensitivity with high spectral resolution [13-16]. Such a technique would
allow for a precise measurement of the hyperfine spectrum and isotopes shifts
of the most exotic or heaviest nuclear isotopes and as such provide an excellent
tool for validating new theoretical advances through the measurement of charge
radii differences, spins and electromagnetic moments.

In Figure 1, the nuclear chart is shown on which isotopes that have been studied
using optical spectroscopy are indicated by red squares. Stable isotopes are
indicated in black, and green squares denote isotopes that were already studied
but not yet published at this thesis publication date. Large regions of this
map are present for which experimental data is scarce or non-existent. A few
examples include regions of refractory elements, for which extraction from
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Figure 1: Nuclear chart in which isotopes that have been studied using optical
spectroscopy are indicated in red. Stable isotopes are shown as black squares.
Figure adjusted from [17]

N=20

thick ISOL-type targets is difficult [18] or the heavy element region, for which
production rates are extremely low due to the very small reaction cross sections
(<nbarn) [19,20] and which cannot be produced by high-energy proton-induced
reactions. Most of these measured isotopic chains do not extend all the way to
the proton or neutron drip lines. Limitations here are posed on the one hand
by the very short lifetimes associated with nuclei far from stability and on the
other hand by the low production rates in comparison to neighbouring masses
and higher production of isobaric contaminants in the ion beam.

This work is largely split in two parts. On the one hand, it deals with laser
spectroscopy of mercury (Hg) isotopes studied at ISOLDE, CERN described in
Part 1. Here, the sensitive technique of in-source laser spectroscopy is combined
with alpha-decay spectroscopy and Time-of-flight mass separation providing
nearly background free hyperfine spectra. This allowed to extend previous Hg
laser spectroscopy measurements closer to the proton dripline and further across
the N = 104 midshell region. On the other hand, this work concentrates on
the design, simulation and commissioning of an ion-beam cooler as part of a
new laboratory dedicated to in-gas(-jet) laser ionization spectroscopy (IGLIS)
developments, described in Part II. The construction and commissioning of part
of the IGLIS setup at KU Leuven contributes to reaching the long-term goal of



performing laser spectroscopy in the refractory and heavy element regions of
the nuclear chart. Although both parts of this thesis might appear unrelated
at first, their connection lies in the drive to push laser spectroscopy to the
limits of what is currently possible in terms of sensitivity and spectral resolution.






Part |

In-source laser ionization
spectroscopy of mercury



Chapter 1

Introduction

1.1 Motivation for studying mercury isotopes

Energy (MeV)

%s/h(;+3o 2 o— B e T
) Bzcos(7+30)

Figure 1.1: Calculated potential energy surface of '®Pb as a function of
nuclear shape parameters 2 and ~. Different minima are indicated with their
corresponding shapes. Figure from [6]
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Shape coexistence refers to the presence of one or more low-lying excited nuclear
states with different shapes compared to the nuclear ground state. A famous
example is the case of 186Pb shown in Fig 1.1, where three different 0 -states,
all within 1 MeV, are assumed to exhibit spherical, oblate and prolate shapes [6].

The origin of shape coexistence lies in the competition between two opposing
tendencies being on the one hand a stabilizing effect of closed (sub)shells
favouring spherical shapes and on the other hand residual nucleon-nucleon
interactions driving deformation [8].

To this day, mercury remains one of the prime examples of shape coexistence
and one of the most-studied isotopic chains in the lead region [21]. However,
several long-standing open questions remain unanswered. The first question
relates to the so-called shape staggering of the ground-state charge radius in
neutron-deficient mercury isotopes, first observed through optical spectroscopy
measurements at ISOLDE [22]. Secondly, beyond N = 126, a kink in the charge-
radius trend is observed for several isotopic chains in the lead region above
Z = 82 such as radium (Z = 88), francium (Z = 87), radon (Z = 86), astatine
(Z = 85), polonium (Z = 84), bismuth (Z = 83) and lead (Z = 82) [21, 23-27].
Measurements of the charge radius of mercury have so far only been done for
isotopes with 181 < A < 206 [5]. Extending these measurement would answer
the questions such as "Where does the shape staggering end?" and "Does the
kink in §(r?) at N = 126 also extend south of the Z = 82 closed shell?". The
following sections 1.1.1 and 1.1.2 give a more detailed explanation of these
questions which will be addressed in this thesis.

1.1.1 Shape coexistence in the lead region and shape stag-
gering in neutron-deficient mercury isotopes

Review papers refer to the neutron-deficient lead region as the region of the
most extensive manifestation of shape coexistence on the nuclear chart [8,17,34].
Within microscopic shell models detailed in section 2.2, shape coexistence arises
from particle-hole excitations across a shell gap when the different nucleon-
nucleon interactions render this energetically favourable. Mean-field descriptions
(Sec. 2.3) explain shape coexistence as the emergence of several local minima
with different deformation parameters in the global potential energy surfaces of
nuclei.

Shape staggering in the lead region was first discovered in neutron-deficient
mercury isotopes [22] by measuring isotope shifts using a technique named
B-radiation detection of optical pumping (5-RADOP) and has been called "one
of the most remarkable discoveries in nuclear structure physics in the last 50
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Figure 1.2: Ground-state mean-square charge-radii differences in the lead region.
The atomic number Z is shown for each isotopic chain. Data until 2017 from [28]
and [29-33].

years" [34]. Using S-RADOP, a technique only suitable for measuring nuclei
with non-zero nuclear spin and thus only odd-mass isotopes of Hg, Bonn et al.
found a large isotope shift between #3:18Hg and '8"Hg indicating a transition
from an assumed small oblate to large prolate nuclear deformation. Not long
after these first measurements, in-beam +-ray spectroscopy could not confirm
similar deformation for their even-mass neighbors '3+18Hg that appeared to
be weakly oblate deformed [35,36]. It thus became clear that the shapes of
neutron-deficient mercury isotopes staggered between small and large nuclear
deformations from one isotope to the other. Soon thereafter, the group of Bonn
also found that '®1Hg exhibits the same behaviour as 183185 Hg [37]. As optical
spectroscopy developed and lasers started playing an important role in the field,
even-mass mercury isotopes could also be measured with this technique. A series
of laser spectroscopy measurements followed from 1977 through 1986 [5, 38, 39]
and brought the knowledge of isotope shifts, hyperfine parameters and from
that, charge radii and electromagnetic moments. This is how the situation
remained for more than 30 years. A plot of the ground-state charge radii in
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the lead region, also showing mercury (Z = 80) measured until then, is shown
in Fig 1.2. The lightest mercury isotope measured with optical spectroscopy
was still '®'Hg and a direct measurement of the endpoint of shape staggering
remained absent. This work builds upon this first finding and all subsequent
optical spectroscopy measurements with the goal of finding the endpoint of the
shape staggering phenomenon in mercury by measuring more neutron-deficient
mercury isotopes than has been done so far.

1.1.2 Charge-radii kink at N=126

Besides the clear shape staggering in mercury around the N = 104 mid-shell
shown in Figure 1.2, a characteristic change in the slope is observed in the trend
of the charge radii differences, §(r?), at the neutron shell closure N = 126. This
kink is also present at other neutron shell closures e.g. N = 50,82 [28] and the
magnitude of the gradient change seems to decrease with proton number Z [17].
The droplet model, an often used model to describe charge radii differences in
the lead region, qualitatively describes a smooth §(r?)-behaviour as a function
of N and cannot account for the observed shell effects. Even for more advanced
descriptions, such as (relativistic) mean-field models, predicting the presence
and magnitude of the kink remains a challenge [17,40-42] and no general
consensus exists on how to reproduce the correct magnitudes [26]. The isotopes
with V = 127 and 128 close to Z = 82 are particularly difficult to access and
data are scarce [43]. Below the Z = 82 shell closure, there is a complete lack
of data, as can be seen from Figure 1.2. Therefore, it is not known if the kink
will be present below the Z = 82 shell closure. Measuring mercury isotopes
with A > 206, and hereby proving the existence and quantifying the strength of
the charge-radius kink, would provide data to benchmark current theoretical
models and give deeper insight in the underlying mechanism.






Chapter 2

Nuclear Models

The feed-back loop connecting theory and experiment in which theory predicts
experimental outcomes and experimental results are used to benchmark and
refine theory is a constant drive in the advance of science in general. The ultimate
goal of nuclear theory to describe all nuclei and nuclear phenomena across the
nuclear chart from their most basic constituents is so far still unreachable.
Currently, there is not a single nuclear theory that is capable of describing
nuclear behaviour for all regions of the nuclear chart, and several different
models are being utilized. These models try to explain and predict observables
that can be tested by experiments.

Ab-initio theories, such as e.g chiral effective field theories, started with
perturbative calculations consistent with quantum chromodynamics (QCD)
for the lightest nuclei, and are slowly but surely working their way up towards
medium-mass regions of the nuclear chart. However, several limitations hinder
the path towards the heavy nuclei [44]. Opposed to this ultimate microscopic
view, building the nuclear chart bottom up, are macroscopic models such as e.g.
the (shell-corrected) liquid drop model, that describe very well average global
trends across the nuclear chart [45].

In this chapter, the theoretical models most relevant for this work are discussed.
While the liquid drop and droplet model are macroscopic models, both shell-
models and mean-field models described in this chapter lie in between these
two microscopic and macroscopic extremes.

13
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2.1 Liquid drop and droplet model

The liquid drop model (LDM) is a macroscopic model that describes several
nuclear properties. In analogy to an incompressible liquid drop, it models
nuclei assuming uniform nucleon densities and a sharp nuclear surface of radius
r = rgA'/3 (where ro = 1.2 fm). A big achievement of the LDM was that it
could reproduce the experimental trend observed in nuclear binding energies
B(Z, N) according to the semi-empirical von Weizséicker formula as followed.

(A—27)?

B(Z,N) = ayA — a;A*® — a.Z(Z — 1)A™Y? — agym ¥

+6 0 (2.1)

Five different energy terms related to nuclear volume (ay ), surface (as), Coulomb
(ac), symmetry (asym) and pairing effects (&) are used to describe the binding
energy of a nucleus [46]. The volume term takes into account the short range
attractive nature of the strong nuclear force. Since nucleons at the surface have
less nearest neighbours than those at the center of the nucleus, they should
therefore feel less of the strong binding effect. The so-called surface term takes
this into account by reducing the binding energy accordingly. The repulsive
Coulomb effect of the charged protons reduces the binding energy as well. The
fourth term referred to as the symmetry term favours nuclei with similar proton
and neutron numbers in contrast to nuclei with a large proton-neutron number
asymmetry. The final term takes pairing effects into account and only adds to
the binding energy for even-even nuclei. For odd-A nuclei, the pairing term is
zero, and it is negative in odd-odd cases.

The LDM was later refined, at first by relaxing the uniform nucleon density
approximation and adding surface diffuseness [47], and was a few years hereafter
expanded to include arbitrary nuclear shapes [48]. The refined version was
named the Droplet Model (DM).

Currently, the DM is often used to compare charge-radii measurements with
predicted trends for different degrees of deformation according to equation 3.20
in section 3.2.4 of the next chapter [17,23,29,49,50]. Two parametrizations for
calculating charge radii in the DM model are given by Myers and Schmidt [51],
and by Berdichevsky and Tondeur [52]. The latter increases the slope of the
charge-radii prediction by 10-15 % in the lead region [53]. Within the present
work, the most-used parametrization of Berdichevsky and Tondeur will be
applied in the calculation of charge radii. Further improvements of the model
into the so-called Finite-Range Droplet Model (FRDM) leave the predictions
for isotope shifts and charge radii almost unchanged with respect to the droplet
model [54].
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2.2 The nuclear shell model

Experimental evidence for increased stability at certain proton and neutron num-
bers resulted in the idea that nucleons are arranged in a shell structure similar to
that of atomic shells [55]. Around nucleon numbers 2, 8, 20, 28, 50, 82, 126...,
data from nucleon-separation energies, excitation energies of first excited 2+
levels and nuclear masses for example show clear evidence of this enhanced
stability [56-58]. In 1948, Goeppert-Mayer and Jensen were the first to describe
this shell structure within the so-called nuclear shell model. Now, 70 years later,
more advanced versions of this model are still being used to explain and predict
nuclear observables.

2.2.1 Spherical shell model

Describing a nucleus, starting from an A-nucleon problem with a two-body
potential, the general Hamiltonian is written as

H= ZT+ ZV,J (2:2)

1,5=1

where T; is the kinetic energy of nucleon ¢ and V; ; is the two-nucleon interaction
between nucleons i and j. Since no exact description of the interaction potential
Vi,; is known, a mean-field approximation is introduced. In this approximation,
the nucleons are described as moving in an average central one-body nucleon
potential U(r;) created by all nucleons. Under this assumption, equation 2.2
can be rearranged as

A
H=> (Ti+U(ry))+ Zv,] ZUn (2.3)
=1

1,j=1

Ho Hyes

When tackling this many-body problem, the aim is to determine U(r;), so
that the last term H,.s, the residual interaction, can be treated as a small
perturbation to the Hamiltonian Hy [57,59]. The solutions to the Schrédinger
equation with Hy are the nucleon single particle energies (SPE) [60], such as the
ones shown in Figure 2.1 where they are calculated for three different nuclear
potentials: a simple harmonic oscillator, an extended harmonic oscillator with
an added ¢2 term and a realistic potential including ¢2 and spin-orbit £.s terms.
The orbitals in Fig. 2.1, characterized by shell numbers N, orbital angular
momentum ¢ and spin j = £ & s, are grouped in shells and large gaps appear at



16 NUCLEAR MODELS

specific nucleon numbers, when each orbital is being filled with its maximum of
(2j+1) nucleons. The nucleon numbers at which these large energy gaps appear
(2,8,20...) are called ‘magic numbers’ and nuclei with both such proton and
neutron numbers are referred to as ‘doubly-magic nuclei’. The representation
in Fig. 2.1 shows the necessity of including the 2 and spin-orbit terms to
reproduce the experimental magic numbers.

Nuclear ground states most often refer to configurations where all nucleons fill
the lowest orbitals from the bottom up to the Fermi surface. Nuclei can be
excited by moving nucleons (or pairs of nucleons) to higher-lying orbitals. The
non-filled nucleon positions resulting from this excitation to higher orbitals are
called holes, and are treated the same way as normal particles within the shell
model. Completely-filled shells are so-called closed shells.

Nuclei with nucleons outside of a closed shell are often described as nuclei
consisting of a core (the closed shells) and valence nucleons residing in orbitals
above the core. Shell-model calculations of nuclei usually start from such a fixed
core and let the valence nucleons interact within a certain valence space, the set
of orbitals which are taken into account in that certain calculation. The residual
two-body nucleon-nucleon interaction V; ; depends in a complex fashion on the
mean field U(r;) and on the valence space available. It is therefore referred to as
an ‘effective’ interaction [61]. This interaction, expressed using two-body matrix
elements, may be derived in an effective way from a fully-microscopic approach
using realistic forces, but may also be of a more phenomenological origin, fixed
from fitting energy eigenvalues to experimental energies [7,8]. An example of
the model space used for Monte-Carlo Shell-Model calculations (MCSM, see
sec 2.2.2) of ®Hg described in this thesis is shown in Figure 2.2.
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Figure 2.1: Single-particle energies for a simple harmonic oscillator (SHO),
an extended harmonic oscillator with an ¢?-term and a realistic shell-model
potential with ¢? and spin-orbit (£.s) terms. Figure adjusted from [59].

A good approximation for the residual interaction in H,es of equation 2.3
contains terms involving a pairing interaction and a sum of separable two-
body interactions acting between all nucleons, which contains contributions
of monopole, quadrupole and higher-order terms. The monopole interaction

17
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Figure 2.2: Example of the shell-model core and valence space for protons and
neutrons used in MCSM calculation of '®9Hg described in this thesis. The two-
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p—p, n—n and p —n for proton-proton, neutron-neutron and proton-neutron
interactions respectively.

has the primary effect of changing SPE’s of the nuclear mean field and can
therefore even change level-ordering and induce changes in magic numbers. The
multipole part of the residual interaction on the other hand, governs a.o. the
mixing of shell-model configurations which have the same spin [61]. An effect of
such configuration mixing is that nuclei might develop deformation, even within
the framework of the spherical shell model, making use of a spherical nuclear
potential, as it yields a mechanism that allows for a non-uniform distribution of
magnetic m states [59].

The monopole part is described as

Vmon — ZJ(2J + 1) <jaj/; leljajla J>
s >, 2J4+1)

where j and j’ are shorthand notation for (n,¢,j) of the orbit, J = f—i— j_;

(2.4)
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and the sum runs over all orbitals in the major shell [60,62]. The monopole
interaction can have the effect of changing the energy of orbitals (e.g whg o and
viy3/2 play an important role for the neutron-deficient mercury isotopes), when
these orbitals are being filled, thereby effectively decreasing the proton Z = 82
shell gap and increasing the probability of exciting protons across this gap. The
monopole interaction itself is subdivided in a central, spin-orbit and tensor
part [7]. The effect of the central part is increased when the nucleons have the
same £ values and is in general the strongest term of the monopole interaction.
While the spin-orbit part is smaller than the central-part, the difference in effect
between spin-orbit partners can become larger even than that of the central
part. The tensor part is attractive when the intrinsic spins of the neutron and
the proton are anti-parallel (js — j_, for j» =¢+1/2 and j. = ¢ —1/2) and is
repulsive when they are parallel (j — j4 or j< — j2). The effect of the tensor
part can be strong enough to have a significant effect on shell evolution [7,62].
A schematic representation of the effect of the tensor force is given in Figure
2.3.

proton neutron proton neutron

Figure 2.3: Representation of the effect of the tensor force on the relative
spacing of different orbitals. Figure from [62].

The pairing term of the residual interaction gives rise to pairing correlations.
Its attractive nature is effective for two identical nucleons coupled into pairs
with anti-alligned spins adding up to total spin zero (J = 07) when they have
extremely high spacial overlap. It is not limited to diagonal matrix elements
acting on pairs within one orbital < g0+ ’Vpair‘ j%0+> 0, but allows for scattering
of pairs into other orbitals as well (707 |Vpai[j307) [59].

In general, the residual interaction including its pairing, monopole and multipole
terms changes the relative energies and/or ordering of the independent particle
orbitals of Hy. Together with this effect, it can account for excitations of
nucleon pairs even across shell gaps, creating so-called intruder states. Its
induced configuration mixing allows for the development of nuclear deformation.
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2.2.2 Shell model calculations

The vast majority of nuclei have nucleon numbers away from only few nucleons
above or below closed shells. While shell-model calculations for multi-nucleon
configurations are possible, the size of the matrices in which the residual
interaction has to be diagonalized, rapidly becomes enormous and intractable
[59]. The complexity scales with the amount of valence nucleons that are added
to the model space. Truncation of the shell model (space) or different approaches
have to be developed to overcome this difficult problem. One has to restrict the
model spaces, keeping the essential physics content, if one intends to progress
and reach the tin and lead-region nuclei [8].

Interacting boson model

The Interacting Boson Model (IBM) is an attempt to describe heavy nuclei away
from closed shells for which the large number of valence nucleons complicate
calculations, making use of symmetry arguments. Computational possibilities
hamper a full microscopic shell model treatment for such large number of
valence particles e.g. around mid-shell, together with valence proton holes and
particle-hole excitations across a shell gap [63]. In order to limit the possible
nucleon configurations, the IBM model space is truncated by only considering
nucleon pairs which are treated as spin J = 0 or J = 2 bosons. This truncation
reduces the computational demand in such a way that calculations for e.g
mercury, platinum, polonium and radon around neutron mid-shell become
possible.

For mercury, IBM calculations with the added possibility of configuration mixing
(IBM-CM) were recently performed by Garcia-Ramos and Heyde [63] and by
Nomura and co-workers [64]. Both use different approaches to the problem. The
latter determines the parameters of the IBM Hamiltonian from a mapping of
the total-energy surface, derived from self-consistent Hartree-Fock Bogoliubov
(HFB) calculations using a Gogny energy functional onto the corresponding IBM
mean-field energy (see also sec. 2.3). Garcia-Ramos and Heyde on the other
hand fix the Hamiltonian parameters through a least-squares fit to the known
excitation energies and B(E2) transition rates of states up to 3 MeV, thereby
also allowing for an independent comparison to mean-field calculation results.
These calculations seem to describe a number of experimental observables very
well such as the excitation spectrum, B(E2) reduced transition probabilities and
even-mass charge radii. The excitation spectrum, normalized to '*®Hg, is shown
in Figure 2.4. In this picture, the excitation energy of a deformed intruder
band, built on top of the second 07 state, displays a characteristic parabolic
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shape with a minimum around A = 184. This minimum occurs around neutron
number N = 104, almost exactly at the middle between two closed neutron
shells: N =82 and N = 126.

3777777
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/
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0.5F

I Expt.

| [BMCM

—

A

092176 180 184 188" 192" 196

172176 180 184 188 192 196 200
A

Figure 2.4: Experimental excitation energies up to =~ 3.0 MeV (a) and the
theoretical results from IBM-CM calculations (b). Figure from [63]

Using the parametrization obtained in Ref. [63], a potential energy surface
(PES) was extracted which was very similar to the one obtained with the
mean-field calculation performed in Ref. [65]. These calculations indicated that,
in contrast to experiment, the prolate energy minimum becomes lower than
the oblate minimum for 180 < A < 186 (see also Fig. 2.8), being degenerate
with the oblate one in A = 186 and moving quickly away for A > 188. This
calculation however, was limited to even-even nuclei and does therefore not
provide details of the calculation of the shape staggering in the mid-shell region
between 181-185Hg.
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Monte-Carlo shell model

Conventional shell model calculations are performed by diagonalizing the
Hamiltonian matrix of which the dimensions depend on valence orbits and
valence nucleons [66]. As stated earlier, the dimensionality of this calculation
runs out of hand very quickly. The approach of the Monte-Carlo Shell Model
(MCSM) to tackle the high-dimensional problem is to reduce the dimensions of
the most general and very large Hamiltonian by focusing on the more important
parts i.e. ‘importance truncation’ The identification of these important parts is
done using a Quantum Monte Carlo Diagonalization (QMCD) method [67]. The
MCSM has two major characteristic features: the feasibility of including many
single-particle orbits and the capability of handling many valence nucleons [67].
When this method is combined with the most recent computational advances,
such as e.g. using massively parallel supercomputers [66], it allows for the
calculation of a wide variety of nuclei across the nuclear chart from light to
medium heavy and recently also in the lead region [1] as will be shown in the
articles added to this work.
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Figure 2.5: Dimension of the shell-model calculations with the Lanczos method
(filled circles) and the MCSM (blue and red squares) plotted against the year of
publication or presentation. The Ny denotes the number of major harmonic-
oscillator shells for MCSM calculations without a fixed core as basis. The
dashed line is drawn to guide the eye. Figure from [66]
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The MCSM method handles both odd and even-mass nuclei, and is able to study
a wide variety of nuclear-structure characteristics. The strength of the MCSM
lies in its possibility to calculate problems of much larger dimensions than
traditional large-scale shell-model calculations, as shown in Figure 2.5. This
allows for the possibility for some lighter nuclei to be computed using no inert
core to start from as would normally be done for shell model calculations. These
are called no-core shell-model calculations. For mercury, MCSM calculations
shown in this work were performed by T. Otsuka, Y. Tsunoda and co-workers.
These are the largest ever calculations of this type for such heavy nuclei and
are described in the papers reported in chapter 4.

2.2.3 Deformed shell (Nillson) model

In section 2.2.1, the assumption of a spherically symmetric nuclear potential was
implicit. By relaxing this constraint on the shape of the nuclear potential, it is
possible to describe the motion of single particles in a deformed nuclear potential
depending on the amount of deformation. Nilsson performed calculations for
non-spherical nuclear potentials around 1955 [68]. The deformed shell model, or
Nilsson model, has been very successful in describing features of single-particle
levels in hundreds of deformed nuclei [59].

The most common form of deformation is quadrupole deformation. Nuclear
shapes with quadrupole-deformation parameters §o such that 85 = 0,85 < 0
and B2 > 0 are referred to as spherical, oblate and prolate shapes respectively
as shown in Figure 2.6.

Oblate Spherical Prolate

B2 i
B2<0 0 B,>0

Figure 2.6: Nuclear shapes corresponding to a spherical, oblate and prolate
shape with S, = 0,85 < 0 and §2 > 0.
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The deformation parameter (o, refers to the parametrization of a nuclear surface
R(O, ¢) as an expansion of spherical harmonics Y}, and multipole A deformation
coordinates o, as

oo A
R(0,6) = Ro(1+am+ Y. > a3,Y3,(00)) (2.5)
A=1p=—X

where Ry is the radius of a sphere with the same volume [46]. When axial
symmetry is assumed, all ay, with p # 0 vanish and ag are usually referred
to as 8. In the case of quadrupole deformation (A = 2), 35 is given as

4 |1 AR
=_4\/= 2.6
ﬂ2 3 \/;TSph ( )

where AR is the radial difference between the axis of the ellipsoid and rgpp
refers to the radius of a spherical nucleus within the LDM.

Solving the Schréodinger equation for a non-spherical potential removes ¢ as
a good quantum number. This lifts the (2j4+1) degeneracy of the spherical
shell-model energy levels. States can be labelled however by other quantum
numbers e.g. the projection of j on the symmetry axis of the nuclear core
which is usually denoted as € (or also K). Reflection symmetry of the nucleus
preserves a 2-fold symmetry as £+ states have the same energy. An example of
a Nilsson diagram is given in Fig. 2.7, where the single particle energies are
given in units of oscillator frequency fwy = 41 A~1/3 MeV, which are plotted
with respect to 5. The parameter ¢4 is related to the S5 deformation parameter
according to

By = g(gé‘z + gsg + %5% + ) (2.7)
and is to a good approximation nearly the same as (2. In the Nilsson diagram
shown in Figure 2.7, the states are labeled as Q™[Nn,A], where N corresponds
to the total oscillator shell quantum number; n, to the number of oscillator
quanta in the z direction; ) to the projection of total angular momentum
J (sum of orbital ¢ and spin s) of the odd nucleon on the symmetry axis;
and A, the projection of angular momentum along the symmetry axis where
Q=A+¥ =A+1/2and ¥ is the projection of intrinsic spin along the symmetry
axis [69].
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Figure 2.7: Nilsson diagram for neutrons in the range of 82 < N < 126. Figure
from [69]
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2.3 (Beyond-)Mean Field models

In mean-field methods, the two-body nucleon-nucleon force acts as a starting
point and is used to obtain optimized single-particle states in a self-consistent
way, using Hartree-Fock (HF) theory [8]. Mean field wave functions are usually
constructed using a HF method with pairing correlations added. The nuclear
density is constrained to exhibit different deformations. As a result of these
calculations, energy surfaces with different topologies for different nuclei are
produced. The minimum of the energy-surface is then often found for a non-
spherical density distribution: a deformed nucleus. One of the main advantages
of the mean-field approach is that it can be applied to nuclei across the whole
nuclear chart from light to superheavy nuclei [70].

Energy surfaces of mean-field calculations are often shown on so-called (3,
7)-planes as shown in Figure 2.8. ! Here, the results of [63] for the even-mass
mercury isotopes near the neutron N = 104 mid-shell are depicted.

y=60°

Figure 2.8: (top) schematic representation of a 3 — v plane. (bottom) Energy
surface for IBM-CM calculations for ¥2=186Hg (see section 2.2.2). The energy
spacing between adjacent contour lines equals 100 keV and the deepest energy
minimum is set to zero, corresponding to the red color. Figure from [63].

IThe Hill-Wheeler coefficients (3, v) are used to describe the nuclear deformation [71].
They are related to ay,, according to agg = B2 cosy and a2 = %Bg siny. When v = 0°(60°),

the nucleus has a prolate (oblate) shape, while 82 refers to the degree of deformation. If
0° < v < 60°, the nucleus is triaxially shaped.
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In mean-field models, the motion of nucleons as independent particles is derived
starting from effective forces. These effective interactions are tuned to their
primary use in mean-field calculations. The form of the effective energy
functional is motivated from ab initio theory, but the actual parameters are
adjusted by global fits to experimental nuclear-structure data (e.g. masses,
charge radii). A few examples of interactions that are in use today include
Gogny, Skyrme or UNEDF. While at first, these calculations were only valid for
ground-states properties of even nuclei, developments opened up the possibility
to describe other observables such as e.g. rotational spectra of (super)heavy
nuclei [45]. Tt is important that all symmetries that were broken in the HF
approach are restored to construct states with good proton and neutron numbers,
isospin and angular momentum. These states then form the basis to determine
collective dynamics (mixing, energy spectra) which is referred to as the beyond-
mean field approach [8].

For mercury in specific, beyond mean-field calculations were recently performed
by Yao and co-workers [65] together with a study of neighbouring even-Z
elements in an attempt to describe the multitude of data gathered by different
experiments. As in the IBM shell-model calculations of [63], they are restricted
to the even-mass mercury isotopes. Yao et al. started with mean-field wave
functions with a constraint on the axial quadrupole moment and made use of
the Skyrme energy density functional. To go beyond the mean field, projections
on angular momentum and particle number were performed before mixing
the resulting wave functions. They note an energy-surface precision better
than 100 keV due to a very fine discrete Cartesian mesh. Results showed a
qualitative agreement with data, but the authors concluded that the energy-
density functionals have to be improved on order to achieve better results
quantitatively.

Very recently, density functional theory (DFT) calculations were performed
for the mercury isotopes by W. Reyssens, P-H. Heenen, M. Bender and by
J. Dobaczewski and A. Pastore. Both groups described independently a
different origin that would be able to account for experimentally-observed
shape-staggering detailed in this thesis. The first group made use of a Skyrme-
type functional, while the second one used the UNEDF interaction. The results
of both groups were added to the theoretical part of Article IT that can be found
in chapter 4.






Chapter 3

Theoretical basics for laser
spectroscopy

In laser-spectroscopy experiments for nuclear-physics research, lasers are used
to probe the atomic structure to access, in a nuclear-model-independent way,
nuclear properties such as the nuclear spins, magnetic dipole moments, electric
quadrupole moments, and charge radii of (exotic) isotopes in their ground and
isomeric states [72]. This information is found from measurements of the isotope
shift (IS) and hyperfine structure (HFS) of an atomic transition. By measuring,
with high precision, the resonance frequencies of electronic transitions between
different hyperfine levels of an atom, the IS and HFS can be obtained. In
this chapter, the theoretical basics are discussed that are needed for extracting
nuclear information from experimental spectra.

During the last decades of optical spectroscopy research, several review and
data evaluation papers on nuclear moments and charge radii measurements
have been published. A few excellent ones can be found in [17,21,53, 72-76].

3.1 Hyperfine structure and nuclear moments

The so-called hyperfine structure of electronic orbitals arises from the coupling
of the electronic and nuclear angular momenta I and J [53]. This coupling
lifts the degeneracy of the atomic fine-structure energy levels, when both I and
J are larger than zero, into the hyperfine levels labelled by the total angular
momentum F = I + J of the combined nucleus and electron system. The amount
of levels into which the degeneracy gets lifted is given by |I — J| < F < [T + J|,

29
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where F' increments by unit values. As an example, under the assumption that
1"Hg has a ground state with nuclear spin I™ = 7/2%, the 6s6p®P; orbital with
J =1 is split into three hyperfine levels with F-values ranging from 5/2 to 9/2.
No degeneracy is lifted for the 6s% 1Sy due to the J = 0 nature of this excited
state. Figure 3.1 shows the transition with 6s% 1S, as lower level and 6s6p3P;
as upper level being split into their hyperfine components.

179
2
=}
S
Frequency
— - F=5/2
3p J=1 e F=7/2 I ~10°MHz
1 A T — F=9/2
Transition used
~10°MHz /" for spectroscopy
Sy — F=7/2
J=0
179
HQg, =712

Figure 3.1: Hyperfine level structure for '"Hg of the 652 1Sy — 6s6p°P;
transition. The right-hand side shows the splitting of the 3P; level into different
F-states for an I = 7/27 nuclear spin. An exemplary spectrum is given on
top where the resonance peaks correspond to the transitions shown by the red
arrows below.

The energy with which the respective components are split is dictated by the
hyperfine parameters a and b, which are related to the magnetic dipole and
electric quadrupole moment of the nucleus respectively. Including only the
leading terms arising from the nuclear dipole and quadrupole moments, the
energy shift of a hyperfine level with respect to the fine structure level is given
by equation 3.1.

AE = Alydipole + AE‘qua.drupole (31)

AE K OTK(K+1)—I(I+1)J(J+1)
- q— 2
poo g th 21J(21 — 1)(27 — 1)) (32)

where K = F(F+1)—I(I+1)— J(J+1). a and b are the magnetic dipole
and electric quadrupole hyperfine coupling constants respectively and are given
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by the expressions

_ 1Be(0)
a= IT (3.3)
- a2

with 17 denoting the magnetic dipole moment of the nucleus, B.(0) the magnetic
field created by the electrons at the nucleus, @5 the spectroscopic quadrupole

moment and <a;¥€ > corresponding to the electric field gradient produced by

the electrons. More details can be found in [53,74].

3.1.1 Magnetic dipole moment

The magnetic dipole moment of a nucleus with nuclear spin I larger than 0,
can be evaluated from the a-parameter obtained from a fit of the hyperfine
spectrum. When the magnetic moment is known for a reference isotope, the
ratio of a-parameters can be used to determine the magnetic moment of the
isotope under study via
a ~ 12 Iref
Gref Href I
The magnetic moment of the reference isotope should then be already measured
in an independent experiment using e.g. Nuclear Magnetic Resonance (NMR)
[17]. This evaluation does not take into account the hyperfine anomaly related
to the change in the nuclear charge and magnetization distribution from one
isotope to the other, which is explained in more detail in section 3.1.3. Therefore,
eq. 3.5 is not described as exact. Often however, the hyperfine anomaly is very
small and the approximation in eq. 3.5 is neglected and the formula is treated
as being exact.

(3.5)

3.1.2 Electric quadrupole moment

Analogous to the determination of the magnetic moment, the quadrupole
moment can be determined using the b-parameter extracted from the hyperfine
spectrum when prior knowledge of the quadrupole moment for a reference is
present.

b Qs

pref - Qref

S
The spectroscopic quadrupole moment, s can only be determined for nuclei
and atomic orbitals with spin I, J > 1/2. It is a sensitive probe to the nature

(3.6)
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of deformation in atomic nuclei and can be related to the intrinsic quadrupole
moment )y, assuming axial symmetry, through

3K2—I(I+1)

T+ D@13 (37

Qs:

Where K denotes the spin-projection on the symmetry axis of the nucleus
which is presumed to have axial symmetry. This intrinsic quadrupole moment
is related to the quadrupole deformation parameter (8s) according to [74]

3
Vo

The second-order term shown is often neglected, as for instance in [53].

Qo ~ Z(r?)spn(B2) (1 + 0.36(B2)) (3.8)

3.1.3 Hyperfine anomaly

For magnetic moments, the deviation from a point-like nucleus and the finite
change in the distribution of nuclear charge and magnetization from one isotope
to the other is the reason why equation 3.5 is an approximation. This change
from one isotope to the other is referred to as the hyperfine anomaly (HFA)
and arises from two effects called the “Breit-Rosenthal” (BR) [77] and “Bohr-
Weisskopf” (BW) [78] effects. These effects take into account the finite spatial
distribution of the nuclear charge and the distribution of nuclear magnetism
within the nucleus respectively [17]. To investigate the importance of this effect,
the following approach is used in [74]. If the magnetic hyperfine constant for the
point-like nucleus is denoted as apoint, then the observable magnetic hyperfine
constant a can be presented as follows:

a = Gpoint(1 +€)(1 +9) (3.9)

where € and ¢ refer to the BW and BR effects respectively. The ratio of magnetic
hyperfine coupling constants becomes:

a B aé)oint(l + 6/)(1 +6/) ~ M/I

. ’ 4
a ap01nt(1+€)(1+6) ~ £(1+ AAA) (310)

with ) ) )
AN ZANB G HAARR = (e—€) 4+ (6 — 8. (3.11)

The hyperfine anomaly can be determined if independent values for magnetic
moment p and a-factor for the pair of isotopes under study are measured
with high accuracy. A recent review of experimentally determined hyperfine
anomalies is given in [79]. Usually, the anomaly is a small correction on the
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percent level, but is observed in specific cases to lead to values up to 10% [17].
Direct measurements of transition energies within a hyperfine multiplet can
be performed using radio-frequency resonance spectroscopy. Combined with
knowledge of the nuclear g-factor, readily provides high accuracy measurements
of AAA" [17,79]. For mercury, the effect is estimated in chapter 4.

3.2 Isotope shift and change in mean-square charge
radius

The energy of the same electronic transition ¢ differs from one isotope or isomer
to the other. This shift is referred to as the isotope or isomer shift (IS). The
origin of the shift lies in the mass and size differences between different isotopes
of the same isotopic chain. The IS between two isotopes with mass numbers A
and A’ is defined as the change in the frequency of atomic transition, (SVZA ’A/,
and is usually split in two components: the Mass and Field Shifts.

5u{4’A/ =t = suAA 51/;?5?;1(1 (3.12)

i i,Mass

Both contributions are explained in more detail in the following sections 3.2.1
and 3.2.2.

3.2.1 Mass Shift

The mass shift, originating from the change in mass between different isotopes
can be separated into two terms: the Normal Mass Shift (NMS) and the Specific
mass shift (SMS). These terms are related to the difference in reduced mass and
the correlation of electronic momenta in a multi-electron system respectively [17].
The separation of the Mass Shift into the NMS and SMS can be written as

A A
AAT o AA AAT me—m
OV Nlass = OV Xoms + 0V dus = (Knwms + Kswus) AmA

(3.13)
where (Knus + Kswgs) is often combined to a single M-factor. The Normal
Mass Shift is given as

A A
AAT me M — M A
5Vi7NMS = mipimAmA/ 1/7; (314)
where m. and m, denote the electron and proton mass respectively and Z/ZA
refers to the atomic transition frequency. While the Normal Mass Shift is easily
evaluated with equation 3.14, the Specific Mass Shift has to be provided from

theory or be evaluated using a King plot (section 3.2.3).
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3.2.2 Field Shift

The Field Shift arises from the difference in the Coulomb potential between
isotopes probed by the electronic wave functions at the nucleus. The Field Shift
is given by

AA Z€2A 26/ 2\A,A
OV, Frield = [T (0)]"6(r?) (3.15)
6h60

and where A|\Il(0) |2 describes difference in overlap of the electronic wavefunc-
tions of the atomic levels at the nucleus, and §(r2)4-4" denotes the difference
in mean-square charge radius between the isotope pair. More often, the Field
Shift is reformulated as "t o

0V Fiela = F(Z)A (3.16)

(3

where F'(Z), the electronic F-factor, contains the information on the electronic
configuration and A4 s in fact a series expansion containing all higher order
mean charge radii [80]. The contribution of these higher order moments is
however usually taken into a single k-factor, such that the expression for A4
becomes A4 = k §(r2)A4". A combination of the Field and Mass Shifts
resulting in the total isotope shift is given by equation 3.18.

3.2.3 King plot

In order to extract information on the difference in mean-square charge radius
from the measured IS, the F' and M-factors of the total isotope shift in equation
3.18 have to be known. These two factors can either be provided by non-trivial
atomic-theory calculations or by a King-plot analysis using only experimental
data.

A King plot combines isotope-shift measurements for isotopes measured by
two different atomic transitions from which information on the electronic F
and M factors can be obtained. The linear relation that exists between the
modified isotope shifts (5VZA A, ﬁf’%) has a slope k that equals the F-factor
ratio (k = F;/F;, ) of the two transitions 7 and i9. Information on the M factors

can be found in the intercept s via s = M;, + xM;.
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3.2.4 Mean-square charge radius

The nuclear mean-square charge radius (r?) is defined as

B fooo p(?)?“er3

(r?) = NS (3.17)

where p(?) describes the charge distribution of the nucleons in the nucleus.
The difference in mean-square charge radius is extracted from the IS according
to equation

A Al
AA m-—m !
mA - mA/ ’
= (Kyms+ KSMS)W + F(Z)ko(r?)yd4 (3.19)

The mean-square charge radius is related to the deformation of the nucleus
according to

(r*) = (r*)pm (1 + %(55)) (3.20)

with (r?)py denoting droplet-model prediction for the mean-square charge
radius of a spherical nucleus of identical volume and B is the second-order
nuclear deformation parameter (see section 2.2.3). This relation is what makes
the measurement of the isotopic shift and resulting evaluation of the difference
in mean-square charge radius of an isotopic pair such a sensitive probe for their
difference in nuclear deformation [17].

Two different observables can be linked to (83). While the charge radius is
related to (83), the sign and magnitude of static deformation can be directly
obtained from the hyperfine structure (see sec 3.1.2) and together, they can
provide an indication of the nature of the nuclear deformation [81]. If (533)
obtained from charge radii measurements is much larger than (35)? from the
hyperfine structure, a sizeable contribution to (#3) might be coming from
dynamical deformation according to [53]

(B3) = (B2)*+(B3) — (B2)” (3.21)
—~— —_ ——

total static dynamic
(charge radius) (hfs)



36 THEORETICAL BASICS FOR LASER SPECTROSCOPY

3.3 Broadening mechanisms of spectral lines

The observed hyperfine spectrum of an isotope is subject to a convolution
of line broadening mechanisms and shifts. These mechanisms obscure the
nuclear information present in the obtained spectrum. The dominant type of
broadening present in a spectrum depends on the experimental technique and
the laser system used as well as on the isotopic ensemble conditions. Here, the
main sources of line-shape broadening are discussed without giving a rigorous
derivation. More information on the mathematics and quantum optics involved
in these processes can be found in [82,83].

3.3.1 Natural line width

As a consequence of the Heisenberg uncertainty principle, AtAFE = h, the energy
of an excited state can never be known exactly due to the finite lifetime of this
state. In laser spectroscopy experiments, this effectively leads to a Lorentz-type
broadening of the resonance lines, where the function f(v) that can be used to
describe the spectral line shape is of the form

Fnat 1
FW) = 4 (v — 10)2 + (Dnat /AT)2 (3.22)

where I',,¢ is the Lorentz width related to the spontaneous decay rate of
the probed atomic state. Most often, the natural line width is not the main
contributor to the line profile of a spectrum, but rather poses a lower limit.
The 3P, level used in the laser-spectroscopy experiment on mercury discussed
in this work, decays exclusively to the ground state via a transition which has a
strength of A = 8.4 x 10%s~! [84]. This corresponds to a natural line width of
1.3 MHz, which is negligible in comparison to other contributions.

3.3.2 Doppler broadening and shift

Atoms in an ensemble which have differing relative velocities with respect to
the laser light, perceive a Doppler-shifted frequency of the laser light according
to the formula

Av = z/o%r (3.23)

where v,. corresponds to the atoms velocity component parallel to the incoming
laser light. When the atomic ensemble has a net velocity difference with respect

to the lab frame, one has to correct for the Doppler shift. A distribution of
relative atomic velocities parallel to the laser light thus causes a broadening of
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the line profile when measuring e.g. a hyperfine spectrum. Thermal motion
in an atomic ensemble therefor results in Doppler broadening. This effectively
broadens the line shape according to a Gaussian spectral shape f(v) depending
on the temperature T' as

f(v) = Iyexp [_ (C(”_”O)ﬂ where (3.24)

oUp
v, = (2KT/m)"/? (3.25)
SKTIn(2
FWHM(f) = VCO\/ Tn() T (3.26)

with FWHM(f) corresponding to the effective Doppler width [82]. In equations
3.24-3.26, Iy refers to the Gaussian amplitude, while v, corresponds to the
most probable velocity according to the Maxwell-Boltzmann distribution at
temperature 1" with K corresponding to the Boltzmann constant. For in-source
resonance ionization spectroscopy, it is the Doppler contribution to the total
spectral line width that is dominant. Excluding turbulent motion, the Doppler
width, corresponding to half of the induced full width at half maximum (FWHM)
of equation 3.26, for the 253 nm transition in mercury corresponds to 2.7 GHz
at a temperature 7' of 2000 K.

3.3.3 Pressure broadening and shift

Pressure broadening and shift are effects on the line shape due to atomic collision.
The amount of broadening and shift in a gaseous environment depends on the
electronic configuration of both collisional partners as well as on the pressure.
Usually the broadening takes on a Lorentzian line profile, but the effect can
also induce line-shape asymmetries [82]. Typical broadening widths are of
the order of ~ 10 MHz/mbar, while pressure shifts are of the order of a few
MHz/mbar [13]. Other than just broadening and shifting the line shape, the
interaction between an isotope and residual gas atoms could results in molecule
formation, charge exchange or induced decay towards an atomic state that
might not be probed in the experiment and thus an overall loss in signal. In an
in-gas-cell resonance ionization experiment, the pressure broadening becomes
the main contributor to the overall broadening at pressures £ 100 mbar [85].
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3.3.4 Power broadening

Pressure or collisional broadening originates from the laser-power induced
increase of the decay rate of an atomic level. Due to the homogeneous nature of
this effect (i.e. all atoms are affected in the same way), this broadening adopts
a Lorentzian profile. Power broadening provides a qualitatively similar result as
pressure or collisional broadening, the difference here being that the increased
decay rate originates from strong laser fields rather than atomic collisions [83].
In order to ensure that in experiment, power broadening does not affect the
precision with which the nuclear information can be extracted, it is often advised
to stay within the linear regime of a so-called saturation curve, which relates
the signal strength to the laser power. In resonance-ionization spectroscopy,
both power-density effects as well as temporal overlap of both the excitation
and ionization laser affect the overall line width [86]. Both parameters can
usually be easily adjusted to obtain the preferred efficiency to precision ratio.



Chapter 4

Laser spectroscopy of
mercury isotopes

The majority of relevant information related to the laser-spectroscopy experiment
of the mercury isotopes performed at ISOLDE, CERN has resulted in the
preparation of two papers (Articles I and ITI) reproduced in section 4.4. In
this chapter, more extended information is given in addition to both articles.

4.1 Experimental setup at ISOLDE, CERN

The experiment took place at the Isotope Separator On-Line DEvice (ISOLDE)
in CERN, Geneva [87] (Figure 4.1). This facility is an ISOL-type radioactive ion
beam facility, where 1.4 GeV protons coming from CERN’s PS Booster(PSB)
impinge on a thick target. The PSB delivers pulsed proton beams, whereby the
bunches are structured in a super cycle (SC) consisting of ~2 us-long pulses
separated by about 1.2 s. Each pulse can contain up to 3x10'3 protons. For
this experiment, the target-ion source combination consisted of a molten-lead
target, coupled to a Variable Arc Discharge Laser Ion Source (VADLIS) type
ion source. The latter is an extended version of a typical Variable Arc Discharge
Ion Source (VADIS), that can be operated in VADIS, VADLIS or Resonance
Tonization Laser Ion Source (RILIS) mode, depending on the experiment’s
yield and contamination requirements [88]. In this specific experiment, the
ion source was run in RILIS mode, where the non-resonant ‘discharge’-type
ionization is reduced by decreasing the energy of the electrons below the electron-
impact ionization threshold, and resonant laser ionization is the main process

39
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of ionization. Using a non-resonant ionization mode, would add to the beam
contamination which might add constant background to the resulting hyperfine
scans.
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Figure 4.1: ISOLDE layout. Picture adjusted from [89]

Reaction products effused out of the heated target kept at high temperature to
enhance effusive properties, through a heated spiral chimney into the ion-source
cavity, where resonant laser ionization took place using the RILIS lasers (sec
4.1.1). The target and ion-source were all kept at high voltage of +30kV relative
to ground potential. The resonantly produced ions were extracted by a grounded
extraction electrode. They were subsequently mass-separated by the General
Purpose Mass separator (GPS), before being sent to one of three detection
setups: the ISOLDE Faraday Cup (FC), the Windmill (WM) and ISOLTRAP’s
Multi-reflection Time-of-flight mass separator/spectrometer (MR-TOF-MS).
The path of the protons and of the mercury ions is shown on Figure 4.1 for
the case when Windmill detection setup was used. A schematic view of the
experimental setup, including the three different detection setups and the RILIS
lasers, is shown in Figure 4.2.

The choice for different detection techniques was based on several factors such
as beam intensity, isotope half-life, production yield, decay mode and branching
ratio. The Faraday Cup was used in cases where the ion-beam current intensity
was in the order of pA. The Windmill system was used for alpha-decaying
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Figure 4.2: Schematic overview of the experimental setup.

isotopes with low production yields (~ 3 x 1072 a’s/s for 1""Hg) with a short
half-life. Longer-lived contamination might build up in the carbon foils adding to
an enlarged background, and §-decaying isotopes only provide a mono-energetic
fingerprint through subsequent y-decay that is detected with lower efficiency.
Therefore, the MR-TOF technique was used in cases where S-decay was the
main form of decay and where the beam intensity was too small to be measured
by the Faraday Cup.

Having a resolving power (R = M/AM) of 1000, the GPS magnet should be able
to separate neighboring mercury isotopes with masses of for instance A =177
and 178. However, due to an incomplete acceleration or possible collisions
with rest gas in combination with the non-ideal emittance of the initial ion
distribution and higher production cross sections of less-exotic neighbouring
isotopes, beam contamination is still present. This is clearly shown in Fig. 4.11
of section 4.2, where contamination up until A = 183, could be detected, even
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when the central mass of the magnet was set at A = 177.

The use of a molten lead target was decided on after analyzing the results of a
preparatory experiment, where the yield of different isotopic species of mercury
were compared for different target-ion source combinations. The measurement
times and corresponding maximum event rates on resonance with the RILIS
lasers in narrowband mode are shown in table 4.1. For data obtained with the
WM setup, the summed count rate of both implantation detectors is given in
a’s/s. The count rate measured with the MR-ToF setup is given in counts/shot,
where each shot refers to a single bunch of accumulated ions ejected from the
buncher (see section 4.1.3). The measurement time indicated in table 4.1 for
the WM measurements refers to the total time for all files obtained for a certain
isotope given by a 100 Hz pulser. For MR-ToF measurements, this time refers
to the total HFS-scanning time for each isotope. The yield data extracted from
these count rates are summarized in Fig 3 of Article II.

Table 4.1: Setup, measurement time and corresponding maximum event rate
for the isotopes of interest on resonance during HFS scans of laser-spectroscopy
experiment IS598. For the windmill measurements, the obtained « rate is given
for both silicon detectors at the implantation site. For MR-ToF measurements,
the production rate is given in counts/shot.

« rate
Isotope  Setup  Measurement time (s7h
"Hg WM 8 hr 30 min 0.03
1"8Hg WM 4 hr 14 min 1.0
1"Hg WM 2 hr 46 min 3.8
180 g WM 6 hr 26 min 50
181 g WM 6 hr 9 min 179
182Hg WM 0 hr 42 min 324
Ion rate
Isotope  Setup  Measurement time (counts/shot)
183Hg MR-ToF 1 hr 6 min 11.48
184Hg MR-ToF 0 hr 35 min 19.72
185Hg MR-ToF 1 hr 38 min 28.81
198Hg  MR-ToF 1 hr 37 min 15.91
202Hg  MR-ToF 0 hr 30 min 23.64
203Hg  MR-ToF 0 hr 56 min 25.25
206Hg  MR-ToF 0 hr 31 min 14.0
207Hg MR-ToF 1 hr 32 min 15.29

208Hg  MR-ToF 2 hr 15 min 1.34
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4.1.1 Resonant laser ionization

In this experiment, the Resonant Ionization Laser Ion Source (RILIS) at ISOLDE
made use of the ionization scheme shown in Figure 4.3. This 3-step scheme,
consisting of two resonant steps and a final non-resonant ionization step, detailed
in [90], has a measured total target-ion source efficiency of 6%. Spectroscopy
was performed on the 253.65 nm 652 1Sy — 6s6p>P; transition producing well-
resolved hyperfine spectra even at high temperature. This is a usual necessity
of in-source ionization, as the high temperature of the atomic ensemble dictates
the Doppler broadening and spectral resolution of the hyperfine spectra.

Non-resonant

/' ionization step

532 nm

5 |

313.18 nm Freauency

3p, Ll

3D2

Transition used
/' for spectroscopy

253.65 nm
ISO ___________

Figure 4.3: Ionization scheme of mercury that was used during the experiment
and developed in [90].

The first step, a resonant step of 253.65 nm is produced by frequency-tripling the
light of a Nd:Yag-pumped Ti:Sa laser with a spectral linewidth of ~ 1.5 GHz
after tripling. Following the first step, was a 313.18 nm step produced by
frequency-doubling the light produced by a Sirah Credo Dye laser, operated
with an ethanol solution of DCM dye. Lastly, the light for the non-resonant
532 nm ionization step was produced by a Nd:YVO4 Lumera Blaze laser [90].
The laser linewidth of the first-step laser is rather broad with respect to laser
systems commonly used in high-resolution laser spectroscopy experiments, which
typically have spectral linewidths in the order of ~10-100 MHz. However, this
option is the best suitable because of the broad spectral distribution of the
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high-temperature ensemble used in in-source spectroscopy. Using laser systems
with smaller widths would result in a loss of efficiency as part of the ensemble
would not be excited. It is therefore best practice to match the laser linewidth
with the optical properties of the probed ensemble for optimal operation such
that neither a loss of efficiency nor an extra induced broadening result from
non-optimal spectral matching.

4.1.2 Windmill detection setup
Implantation and detector setup

The windmill detection setup (WM) [91], shown in Figure 4.4, consists of a
vacuum chamber holding a rotating wheel that houses 10 thin carbon foils of
10 or 12 mm diameter (20 pg/cm?) [92]. Surrounding these foils are two pairs
of silicon detectors. The first pair is positioned around the C-foil in which the
beam is implanted. This pair consists of an annular surface barrier detector
(Ortec, TC-025-450-300-S, 6 mm hole, 450 mm? active area) through which the
beam passes, and a circular surface barrier detector (Ortec, TB-020-300-500,
300 mm? active area) placed at either side of the wheel. After implantation
of the beam for the duration of 1 to 5 super cycles, the wheel rotates and a
fresh foil is placed in view of the beam. The foil that was irradiated is moved
between a second pair of detectors placed at 144° from the implantation site
with respect to the wheel center. Located at the ‘decay site’, are two Silicon
PIPS detectors (Canberra, PD 300-15-300 RM, 300 mm? active area) which are
used to study longer-lived radioactive isotopes that were implanted directly or
those produced via the decay of previously implanted nuclei.

The total alpha particle detection efficiency at the implantation site was
measured to be 34% and a detector resolution of 35 keV FWHM was obtained.
Surrounding the WM vacuum chamber were two Germanium detectors used to
study X-rays or gamma radiation from the implanted isotopes. These detectors
can also be used to study alpha-gamma or electron-gamma coincidences. Both
Ge detectors were aimed at the implantation site of the WM. The Low-Energy
Ge detector (LEGe, planar Canberra detector model 771510, 400 pm thin Be
window, 44 mm active diameter, 1500 mm? active area) was positioned in
line with the ion-beam direction behind the chamber, where the aluminium
back-plate thickness of the chamber is reduced down to 0.2 cm to increase
low-energy gamma- or X-ray detection efficiency. A high-purity Ge detector
(HPGe, model GC7520, 75% relative efficiency) was placed at a 90° angle to
the beam path.
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C foils,
(20 pg/cm?)

Si3

Figure 4.4: Model of the Windmill detection setup. Left: The silicon detector
pairs (brown), carbon foils (light grey), rotatable wheel (black) and the Low-
Energy germanium detector (LEGe, blue) are shown. The germanium detector
positioned at a 90° angle with the beam path is not visible in this sketch. Right:
zoomed in view of the implantation site with « particles (orange), §/conversion
electrons (blue), v rays (green) and fission fragments (FF, black) originating
from the foil position. Figure from [93]

The silicon detectors were calibrated using the a-decay of the observed 182-178Hg

isotopes and their o and B-daughters 17~174Pt and ' Au. As the calibration
of detector Si2 was shifting significantly over time, the calibration curve was
refitted for different groups of data files. The germanium-detector energy
calibrations were performed with the known v-ray energies of *3Ba (6.686 kBq)
and '52Eu (7.953 kBq) calibration sources. The fits were performed with a
linear function. An example of a calibration for the germanium (LEGe and
HPGe, referred to as Gel and Ge2) and silicon (Sil and Si2) detectors is shown
in Figure 4.5.
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Figure 4.5: Calibration curves for germanium (top) and silicon (bottom)
detectors.

Timing and DAQ

The scanning of the hyperfine spectra was automated using a combination of
analog signal processing and data exchange with RILIS depicted in Figures 4.6
and 4.7.
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In the top of Figure 4.6, a simplified layout is shown of how the data acquisition
was run, after the initial clock timings were set at the beginning of a scan.
At the bottom of Figure 4.6, a typical time profile of the supercycle structure
is shown, where some of the signals, referring to the top figure are indicated.
Most of the setup was remotely controlled from the DAQ-room outside of the
ISOLDE hall, as shown in Figure 4.7, where the computer layout and data
transfer are shown. The current setup, allowed for a ‘live view’ of the hyperfine
spectrum being taken both in the DAQ room and by the RILIS team, which
made it possible to intervene during scans if necessary.

(
Laser information
REMOTE LINUX LAEVIEW RILIS
IGOR PC ANALYSIS PC ANALYSIS pPC LABVIEW PC
Hyperfine spectrum
[ —— o] [—— o] Live view [— )
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Figure 4.7: Layout of computers and information flow of the experiment
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4.1.3 MR-TOF-MS
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Figure 4.8: ISOLTRAP’s Multi-reflection Time-of-flight (MR-TOF) Mass
spectrometer/separator. Picture taken from [94].

ISOLTRAP’s multi-reflection time-of-flight mass separator /spectrometer device
(MR-TOF MS) was used for mass separation and ion detection during laser
scans of 1837185,198,202,203,206-208 o This device, discussed in [94] and shown
in Figure 4.8, consists of two 160 mm-long electrostatic mirrors surrounded
by shielding electrodes. Ion bunches, consisting of different isotopic species
from a helium-filled RFQ buncher are injected to the device, where multiple
round-trips causes a mass- and charge-state dependent separation in time for
different isotopic and isomeric species in each bunch. After usually ~ 1000
round-trips, ejected ions were measured on a MagnetTOF™ TOF detector,
positioned behind the device.

An example of a TOF-spectrum obtained for 2°®Hg is shown at the bottom of
Figure 4.9, where the presence of isobaric lead contamination is more abundant
than the resonantly ionized mercury. The time difference however, allows for a
clear identification and quasi background free hyperfine spectra. At the top of
Figure 4.9, all MR-TOF flight times and count rates per shot are shown.
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ToF spectra of all investigated Hg-ions after 1000 revolutions in the MR-ToF MS
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Figure 4.9: Top: Comparison of TOF versus intensity for all mercury isotopes
measured with the MR-TOF setup. Bottom: Zoom in of the TOF spectrum of
208Hg. Figures provided by F. Wienholtz.
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4.2 Analysis

During the experiment, a total of 15 different isotopes were scanned ranging
from 1777208Hg. The scanned isotopes and the detection setups used for the
respective isotopes are shown in Figure 4.10.

Overview of region-of-interest on the nuclear chart

b 179]

Bi 184 Bi 186 || Bi 187 || Bi 188 | . Bi 211

66ms 1a8ms || 37ms || 612ms 214m

Pb 179 |[Pb 180 || Pb 181 || Pb 182 || Pb 183 || Pb 184 || Pb 185 || Pb 1861|[ P 1,

39ms || a2ms || 390ms | ssms Al s35ms | asoms || 635

82

T1178 || 1179 || T 1801( Ti 1.

255ms || 4s0ms

g 177||Hg 178 || Hg 179 || Hg 180||Hg 181]| Hg 1. g 1 Hg 1,
80 W, 2665ms]f 1055

Au 176 ([ Au 17| Au 178 Au 1

1055 | 1465

Pt 175
o L ""' ll'llll =

100 102 120 122 124 126 128
Zoom in on neutron-deficient range Zoom in on neutron-rich range

Figure 4.10: Summary of the mercury isotopes measured in the experiment,
indicated by bold frames. Colored squares indicate the detection setup used for
scanning. The Windmill, MR-TOF and Faraday Cup setups are indicated by
red, green and pink squares respectively. Top: Overview of the total region-of-
interest. Bottom: Zoom-in on neutron-deficient (left) and neutron-rich (right)
parts of the isotopic chain.

4.2.1 WM data

As has been explained in section 4.1.2, decay-spectroscopy data is taken with
both silicon and germanium detectors at the Windmill detection station. An
overview of all spectra taken with silicon detectors Sil and Si2, positioned at
the implantation site is given in Figure 4.11. The spectra are zoomed in on the
a-particle energy range and are the result of all HF'S scans summed up.
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Figure 4.11: Overview of the alpha spectra obtained with Si detectors at the
implantation site, summed for all HF'S scans.

Similarly, ~-decay energies are recorded with the LEGe and HPGe detectors.
An example of a partial spectrum taken with the LEGe-detector during a scan
of 18'Hg is shown in Figure 4.12.
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Figure 4.12: LEGe spectrum on/off resonance for a HFS scan of 8*Hg. The
origin of gamma’s with a large on/off resonance count difference are are indicated.

Energy conditions for construction of the HFS

Using the mono-energetic fingerprints of o and 7-decay, it is possible to remove
background contributions of contaminants by gating on detected energies related
to a known decay path of the isotope under investigation. Based on the identified
« peaks in Figure 4.11, energy windows were applied. The hyperfine spectra
are then constructed by combining the counts recorded within these gates with
the laser frequency recorded in each step. The alpha-peaks used for the HF'S
construction and applied energy windows are given in Table 4.2.

When constructing the HF'S, only the silicon detectors from the implantation
station were used as, from time to time, a SC signal was missed. This can
happen when one of the veto signals, as shown in Figure 4.6, was not ready. This
is for instance seen in Figure 4.14. In this figure, the irregular white gaps in the
line spacing point to missed SC’s such as e.g at ~ 650 s. Moreover, adding counts
of the decay-site detectors would not lead to a large increase in signal, as the
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longest-lived mercury isotope, 1%2Hg, has a half-life of only 10.8 s (see Table 4.2).

Due to the lower background and higher detection efficiency of a-particles, HF'S
spectra based on a-counting give rise the spectra with higher signal-to-noise
ratios. When the branching ratio for a-decay is high enough, this method is
preferred over 7y or 5 — v tagging. An example is given in Figures 4.12 and 4.13,
where the comparison is made for '8 Hg. For isotopes with lower yield, such
as 177"19Hg, the count-rate was not enough to produce gamma-gated HFS
spectra. Since almost all of the y-gated spectra, except for the one shown in Fig
4.13, were of clearly lower quality than than the a-gated ones, and since they
were only present for isotopes where enough statistics were already obtained
via a-decay, determination of the isotope shifts and hyperfine parameters were
only based on the HFS produced by a-tagging.
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Figure 4.13: HFS scan of 8'Hg gating on alpha (black) and 148 keV gamma
(red) energies.
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Table 4.2: Summary of a-tagging contributions to the HFS measured with
the WM setup and their corresponding half-lives, alpha-particle energies and
intensities. Data from [95].

HFS Isotope Ti/s (s) E,(keV) I, (%) E,-gates (keV)
""Hg | ""Hg 0.118(8) 6579(4) 100 6500-6650
173pg | 0.382(2) | 6211(6) 96(1) 6177-6217
1"8Hg | "™Hg | 0.266(25) 6430(6) >96 6350-6500
17ape | 0.876(19) | 6039(3) 99(1) 6000-6090
1Hg | "Hg 1.05(3) 6285(3) 100 6200-6346
15pg | 2.54(6) | 5959.5(24) 85(8) 5792-6078
6038(10) 7.4(12)
5831(10) 7.3(16)
180Hg | 180Hg | 2.58(1) | 6119(4) 99.87(3) 5600-6600
5689(5) | 7.9x10°2
5862(5) | 5.4(9)x1072
6pe | 6.3(5) | 5753(3) | 99.74(13)
181 | 181Hg | 3.54(8) | 6006(5) 87(15) 5400-6500
5938(10) 6.1(15)
6071(10) 1.5(3)
6148(10) 0.5(1)
A | 145(3) | 5626(5) 43.0(5)
5479(5) 43.9(5)
7Tpe | 10.6(4) | 5517(4) 88.5(7)
182 | 182Hg | 10.83(6) | 5867(5) 99 5250-6500
5700(5) 0.57(10)
5455(10) 0.24(6)
18200 | 15.5(4) | 5352(5) 72
78pe | 21.1(6) | 5446(3) 94.9(24)
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Deadtime correction

All obtained HFS were corrected for possible deadtime induced by very high
count rates. The alpha counts recorded at each laser step are corrected for
deadtime using a 100 Hz pulser. In Figure 4.14, an example of such a correction
is given.

Original alpha counts

!l TITT :,.|.! l?;;,lgxg

LLLL) LLLL LA LLLL L

. Iiimiil”

Corrected al

140
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Figure 4.14: Deadtime correction factor for the example of 81 Hg, where the
deadtime correction was the largest of all scans. Top: The original detected «
counts as a function time during the laser-frequency step (y-axis) and in function
of start-time of each laser step (x-axis). Middle: The fraction of recorded pulses
of a 100 Hz pulser in function of time. Bottom: The same spectrum as shown
on top, but now corrected for using the pulser-correction factor.

The top panel of Figure 4.14 shows the uncorrected count rate of alpha counts
for 181Hg for each laser step (x-axis) and as a function of time during each step
(y-axis). For this particular scan, data was taken for the duration of 1 super cycle
(~ 24 s) at each laser step. The middle figure shows the fraction of recorded
pulser pulses, where 1 corresponds to no deadtime and 0 would correspond to
no pulses recorded within a bin. The bottom figure, which represents the top
figure divided by the middle one, shows the corrected counts. This method
assumes that the same fraction of counts is not recorded in the silicon detector
channels as for the pulser.
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In Figure 4.15, the uncorrected HF'S is compared with two different deadtime-
correction methods. In method 1, all pulser counts recorded for a single laser
step are summed up and the corresponding counts in that HFS-step are scaled
according to the missing fraction of pulses. Method 2 is the result of the
micro-corrections shown in Figure 4.14, where each single time bin is corrected
separately. As can be seen, both methods result in almost identical HFS. All
final spectra are deadtime corrected. Figure 4.15 shows the HFS, were the
correction was the highest of all scans.

Uncorrected
Corrected (method1)
Corrected (method2)

181H
10000 g

8000

6000

alpha counts

4000

2000

131373 131374 13137.5 13137.6 13137.7 13137.8

Wavenumber(cm™)

Figure 4.15: Comparison of the uncorrected (red) hyperfine spectrum of 8'Hg
with the deadtime-corrected spectra obtained with methods 1 (black) and 2
(blue).

4.2.2 Reference measurements of “SHg

In order to check the stability in measuring the isotope and isomer shifts of a
chain of isotopes, reference scans were taken using '*®Hg. Such scans are taken
regularly between measurements in order to determine short- and long term
drifts of e.g laser frequency measurements. In Figure 4.16, the time at which
reference scans of °®Hg were taken is shown together with the scans of different
isotopes. In all but one reference measurement (measurement 7 in Fig 4.16),
the scans were taken in pairs of opposite scan directions to remove potential
bias.
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Figure 4.16: Summary of the timing of all scans performed for different mercury
isotopes relative to the start of the experiment. The symbols indicate the
method used for obtaining the scan.

As shown in Figure 4.16, the first 9 reference scans of 19Hg were taken with
the Faraday Cup at the beginning of the experiment. Due to the non-ideal
separation of the GPS separator, beam contaminants of *“Hg ground (I = 1/2)
and isomeric (I = 13/2) states were identified in the beam. As can be seen from
Figure 4.17, the corresponding HFS peaks are overlapping or even non-resolved
and the full range of *"Hg resonances were not covered (see e.g. left most peaks
in Fig 4.17) . This causes a slightly enlarged uncertainty of the peak position
for the reference scans taken with the FC. When fitting the latter spectra, the
hyperfine parameters a,,, b, of the upper level were fixed to literature values [37].
At a later stage during the experiment, the reference scans were taken with the
MR-TOF thereby removing the unwanted contamination.
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Figure 4.17: Example spectrum of *®Hg Faraday Cup reference scan.

A comparison of the centroids obtained from fitting all 1°*Hg reference scans is
shown in Figure 4.18. Here, all isotope-shift reference measurements are shown
with respect to the weighted average of the FC measurements. All centroids
are found within a frequency range of ~ 600 MHz (~ 200 MHz fundamental
frequency).

T 300 WFaraday Cup 7 8,9 6
=3 A+ MR ToF i 4, T
3 -200F + A8
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2 + ! | 1& avg
S -100( S, | 1
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©
S 5,6 7
S 100f + ! *
£ 1,2
8 200
(0]
2 300f +
E Il Il Il Il Il Il
o 0 20 40 60 80 100
Time (h)

Figure 4.18: Tripled centroid frequencies of ?*Hg reference measurements with
respect to the weighted average of the FC measurements for all FC and MR-TOF
scans. MR-TOF scan number 2 is omitted due to being incomplete.
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4.2.3 Fitting

In order to obtain the isotope shifts and hyperfine parameters, all scans were
fitted with the Python library SATLAS [96]. This package is specifically
developed for statistical data analysis of laser-spectroscopy experiments and
allows for the use of both x? or maximum likelihood fitting procedures. It
makes use of other sofware packages, such as lmfit [97] for fitting and EMCEE
Markov-chain Monte-Carlo method to determine the probability distributions
of fit parameters from which results and errors can be extracted.

The results obtained with this package were also double-checked with results
obtained with ROOT [98]. An example fit for a single scan of 1"Hg and the
error determination using SATLAS are presented in Figure 4.19. Fits for all
different isotopes measured in this experiment are shown in Figure 4.20. The
final results are summarized in Tables 4.9 and 4.10.



ANALYSIS 61

140

120

100

0.0 05 1.0 5,
Frequency - 393859753 (MHz) x10

Centroid = 7606 +- 15

10

a,=-1315+-5

-1300

-1310

20

-1320

-1330

b, = -203 +- 30

-100

b, 2001

-300

7560 7600 7640 -1330 -1320 -1310 -1300 -300 -200 -100

Centroid ER b,

Figure 4.19: Top: Example fit for a HFS scan of 'Hg. Bottom: The error
analysis performed with SATLAS using the EMCEE Markov-chain Monte-Carlo
method. The probability distributions for the (shifted) centroid, hyperfine a and
b parameters are presented on the diagonal histograms. The 2-dimensional off-
diagonal plots show the correlation between different parameters and the 10,20
and 30 contours. Values are quoted in fundamental (non-tripled) frequencies.
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Figure 4.20: Summary of fits for all isotopes measured in this experiment. The
red lines show the fit results of the data indicated by the black markers. In
case of 185Hg, the additional green (blue) line shows the partial fit result of the
ground (isomeric) state.
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4.3 Summary of results and comparison to litera-
ture

When determining the IS of different isotopes, a weighted average of several
reference scans taken before and after said isotopes are taken into account. The
latter was possible for all but the final measurements of 189181182 g which
were taken after the last reference scan. Table 4.3 shows the reference scans
that were taken into account for the IS determination in this study.

Table 4.3: Reference scans used in this study for the IS determination.

A ref scans
177 FC 7-9
178 FC 5-9
179 FC 14
180 (first) FC 1-4
180 (last) | MR-TOF avg
181 (first) FC 3-6
181 (last) | MR-TOF avg
>182 MR-TOF avg

The data of this experiment were analyzed in parallel and completely indepent
by our collaborator, Dr. A. Barzakh (PNPI, Gatchina, Russia), and were
compared afterwards. In his analysis, Barzakh used the mean of the two nearest
reference measurements relative to the considered spectrum to determine the
IS. The error on this value was chosen to cover both reference points and
their individual error. A comparison of results from both analyses is shown
in Tables 4.4,4.5,4.6. These tables show the good agreement between both
analyses. As can be seen from Table 4.4, the IS determination is remarkably
similar, considering that slightly different methods were used to take reference
scans into account.

All the final values, shown in the last columns of these tables, are extracted as
the average between the result of both analyses. An exception was made for
1""Hg, where the low statistics made a good conversion of the fitting and data
extraction challenging. The fitting of Barzakh did not show such an issue, and
was therefore chosen as final values.

In the analysis of this work, an increase in the IS error of 2°8Hg is observed.
This is rather unexpected, seen that the quality and count rate of the spectra
were not different from the other isotopes. No such increase is seen in the
analysis of Barzakh. Therefore, and in order to be consistent, the error on the
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final values are based on errors obtained by Barzakh. In order to take into
account the differences of the values from both analyses, half of the difference
was added linearly to the final error.

Table 4.4: Comparison between IS results obtained in this analysis and that of

A. Barzakh.

Isotope | IS(Barzakh) | IS(This work) | difference IS(final)
(MHz) (MHz) (MHz) (MHz)

TTTHg | 54581(390) 54176(250) 405 54580(390)
178Hg | 49550(246) 49459(320) 91 49500(290)
1"™Hg | 46321(225) 46299(120) 22 46310(240)
180Hg | 41327(240) 41325(220) 2 41330(240)
181Hg | 5450(225) 5338(260) 112 5390(280)

182Hg | 33320(228) 33376(220) -56 33350(260)
185Hg | 3119(242) 3089(280) 30 3100(260)

184Hg | 27635(223) 27733(275) -98 27680(270)
202Hg | -10106(175) | -10098(195) -8 -10100(180)
203Hg | -11847(180) | -11895(240) 48 -11870(200)
206Hg | -20928(160) | -20933(300) 5 -20930(160)
W07Hg | -25813(162) | -25765(250) -48 -25790(190)
208Hg | -32040(150) | -32014(400) -26 -32030(160)

Table 4.5: Comparison between HFS a-factor results obtained in this analysis

and that of A. Barzakh.

Isotope | a(Barzakh) | a(This work) | difference a(final)
(MHz) (MHz) (MHz) (MHz)

I"THg | -4320(180) -4179(85) -141 -4320(180)
I79Fg | -3986(80) | -3987(50) 1 -3990(80)
81 | 15018(105) | 15048(61) 31 15030(120)
183Hg | 15231(120) | 15144(163) 87 15190(160)
203g | 5043(60) 5093(30) 51 5070(90)
07Hg | -4498(54) | -4500(40) 3 -4500(50)
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Table 4.6: Comparison between HFS b-factor results obtained in this Analysis
and that of A. Barzakh.

Isotope | b(Barzakh) | b(This work) | difference | b(final)
(MHz) (MHz) (MHz) (MHz)
I"THg | -410(600) -414(500) 15 -410(600)
1"Hg | -542(200) -562(100) 15 -550(200)
203Hg | -20(200) -12(220) -8 -20(250)
207Hg | 478(210) 588(170) 111 | 530(270)

4.3.1 Determination of charge radius difference and deforma-
tion

The determination of the difference in charge radius between %8Hg and the
isotopes measured in this work was done using the formulas detailed in 3.2
rearranged as:

A
SyATI8 ((KNMS + Kgswms) * (%))
Fxk

5<T2>A_198 — (41)

where F' = -55.36 GHz fmiz, Ksus = (0 + 05)KNMS with Knvms = m:/omp [5]
and k = 0.931(30) [21]. The results of this calculation are shown in Figure
4.21 and summarized in Table 4.10. From the data shown here, it is clear that
the shape-staggering in mercury remains a localized phenomenon around the
neutron mid-shell region between N = 82 and 126, indicated by the dashed line
with N = 104. A more thourough description and comparison to theoretical
descriptions are given in Articles I and II. Figure 4.21 also shows that the kink
in the charge radii around N = 126 is present in the mercury isotopic chain as
well.
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Figure 4.21: Overview of mercury charge radii differences obtained from this
work and from [5]

The results of the neutron-deficient mercury isotopes and their comparison
to theory is the main subject of the two papers in Section 4.4, here we will
only briefly discuss the neutron-rich isotopes. For completeness, the resulting
change in charge-radius gradient is given, but a more thorough analysis has
been performed and will be published by T. Day Goodacre.

From Figure 4.22, focussed on the N = 126 region, it is clear that the
characteristic kink at N = 126 is present in the mercury isotopic chain. Using the
results from Table 4.10, the gradient in §(r?) can be obtained. The charge-radius
gradient is both quantified as the ratio between the charge radius difference of

the even-V isotopes on both sides of the N = 126 shell closure as well as for the
T2>N:128.126

odd-N isotopes. R(mgon) and R(mqy) are defined as R(man) = ggﬂww
§(r2)N=127,126

and R(miy) = Spoiv=meores-  The results are R(maon) = 1.980(52) and

R(man) = 1.267(60). This result is the first experimental evidence that the
kink at N = 126 is also present in nuclei below Z = 82.
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Figure 4.22: Overview of mercury charge radii differences around the N = 126
shell closure obtained from this work and from [5]. The blue line was added to
guide the readers eye.

The magnitude of the quadrupole-deformation parameter (42)'/2 can be
extracted from the charge-radii differences using the droplet model and a
normalization via (3?). The latter is extracted from a measurement of
(B?)1/2 199], which is given as

47

b= 3752

B(E2) 1 (4.2)

where B(E2) refers to the transition probability from the ground to the
excited 27 states. For '®®Hg, B(E2) was measured to be 10600(130) e*fm4,
corresponding to a (32)'/2 = 0.1102(7). The ($?)'/?-deformation parameters
extracted using this normalization are given in Table 4.3.1. The charge-radii
are given further in Table 4.10,

From the <52>1/ 2 values shown in this table, it is seen that the mercury isotopes
with A < 180, while still having a reasonable deformation, return towards a
more spherical shape than the strongly-deformed 18%:183:185Hg isotopes.
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Isotope | (B2)1/2 Isotope (B2)1/?
TTTHg | 0.174(20) || °Hg™ | 0.179(10)
1:2Hg 0.182(17) zgng 0.098(6)

g 0.182(17) 20%Hg 0.087(9)

181Hg 0.190(14) 207Hg 0.092(14)

Hg | 0.304(2) Hg | 0.108(14)

1821 | 0.197(11) || 29%Hg | 0.131(14)

183Hg | 0.292(2)

184Hg | 0.194(9)

185Hg | 0.271(2)

Table 4.7: <52>1/ 2_deformation parameters extracted from the charge-radii as
given further in Table 4.10, normalized to **Hg with deformation parameter
(B%)Y2 = 0.1102(7).

4.3.2 Determination of nuclear moments

For the calculation of the dipole and quadrupole moment using the formulas of
section 3.2, we used as reference isotopes 19?Hg™ and 2°'Hg respectively. The
spin, hyperfine a-value and magnetic dipole moment p are , I(199Hg™)=13/2,
a(*9Hg™) = -2298.3(2) MHz and u(*%°Hg™) = -1.0147(8) pn [100]. In the
calculation of y, the hyperfine anomaly was taken into account according to
the Moskowitz-Lombardi (ML) rule [101]. This rule gives excellent description
of the experimental HFA for the variety of neutron single particle states in a
broad range of mercury nuclei. In this rule, the Bohr-Weisskopf contribution to
the HFA is given by the simple relation

1 1 1
AlAg%v =+ < - ) ,with sign from I =1+ — (4.3)
M1 p2 2

where a = 1 x 1072 py, I represents the nuclear spin, [ is the orbital moment
of the last neutron. The Breit-Rosentahl contribution was shown in [102] to be
proportional to §(r?). Thus, AlAgﬁ can be estimated by scaling the calculated
20IALR, of [103]. The BW and BR contributions to the HFA for all isotopes
are shown in Table 4.8. The values shown in Table 4.10 are corrected for
this effect. Values for '817183Hg are excluded from this table due to being
strongly-deformed nuclei. The ML rule requires a definite orbital quantum
number [, which is undefined for such nuclei. The overall HFA, being mostly
less than 1%, has only a very small effect on the outcome.
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Table 4.8: BW and BR contributions to the hyperfine anomaly
Al | A (%) | AR (%)
T"Hg | -0.1(50)x 10! -0.16(2)
1Hg | 0.7(50)x10~* -0.14(1)
203Hg 2(5)x10~1 0.03(1)
207THg -1.7(5) 0.07(1)

As shown in [104], the maximal observed deviation of the experimental HFA
from the ML-calculation is equal to 4x10~3. Therefore, the error to the HFA
was estimated as 5x1073. This error is included in the uncertainties presented
in Table 4.10. The magnetic moments and g-factors are shown in the top and
bottom panel of Figure 4.23 respectively.
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Figure 4.23: Overview of mercury magnetic moments and g-factors from this
work and from [5]. The theoretical g-factor Schmidt values (geg = 0.6g) for
odd-neutrons are shown by dashed lines.
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As for '"71"Hg, only a tentative assignment of spin I = 7/2 had been made
[105,106], options for both I = 7/2 or 9/2 are shown. From the discussion in
Article II, comparing the moments of these two isotopes to other experimental
moments of nuclei with a mainly f7/, configuration, and from the comparison
with the single-particle Schmidt estimates shown for odd-neutron g-factors [57],
it shows that our results agree with the previous assignment of I = 7/2.

207Hg, on the other hand, was assumed to have a spin and parity of I = 9/2%, as
the neutron shell g9/2 is the first shell above the neutron shell gap at N = 126.
The g-factor shown at the bottom of Figure 4.23, which has been corrected with a
usual geg = 0.6 effective g-factor, is in agreement with both the Schmidt estimate
as with g-factors of other isotones with this configuration in the lead region (e.g:
g(?"9PDb,9/2%)= -0.3274(4) n.m. [107], g(*'*P0,9/2%)= -0.266(19) n.m. [29]).

The used reference hyperfine b-parameter and electric quadrupole moment
Qs are Qs(*°*'Hg) = 0.387(6) b and b(*°'Hg) [108,109]. The results of both
electromagnetic moment calculations are shown in Table 4.10.
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Table 4.10: Summary of resulting mean-square charge differences (§(r?)4~19%) and nuclear moments (u, Q) and their
comparison to literature.

Isotope Spin I™  §(r2)A7198  §(p2)A=198 (]it) W w(lit) Qs Q. (lit)
(fm?) (fm?) (1n) (1) (b) ()
THg  (7/27) -1.067(8){78} ; -1.025(40) ; 0.57(83) ;
(9/27)  -1.083(8){78} : -1.040(50) ; 1.21(91) ;
178}y 0 -0.968(6){71} . ) . ] ;
g (7/27)  -0.905(5){70} . 20.948(20) ; 0.76(28) ;
(9/27)  -0.915(5){70} ; -0.941(27) ; 1.45(31) ;
180} 0F  -0.808(5){60} ; - ; ] ;
SIHg  1/2-  -0.111(6){11}  -0.114(4) 0.515(4)  0.5071(7) - .
1821, 0t -0.653(5){10}  -0.6384(20) - ; . ;
83y 1/2-  -0.065(5){7}  -0.0694(19)  0.521(6)  0.524(5) - ;
184Hg 0T -0.542(5){40} -0.5436(22) - - - -
18He  1/2°  -0.069(6){7}  -0.0764(6) 0.512(2)  0.509(4) - ;
185mHe  13/2  -0.543(4){40}  -0.5433(22)  -1.008(10)  -1.017(9)  -0.15(41) 0.19(32)
202Hg 0t 0.197(3){14}  0.19728(23) - ] ; ]
203Hg  5/2-  0.232(5){17)  0.2296(35)  0.843(15) 0.84895(13) 0.03(35)  0.40(4)
206 g 0" 0.409(3){30}  0.3987(16) ; ] ] ]
07 (9/2F)  0.503(4){37} - 1.373(20) ] 0.73(37) -
208 g 0F  0.625(3){45} ; ] ; ; ;

Literature values shown of recalculated IS from A and B values in [5].

For determination of 35, the parametrization of Berdichevsky and Tondeur was appllied [52].
Statistical errors are given in parenthesis. Systematic errors stemming from

the indeterminacy of the F factor (7%, see [5]) and Mgys are shown in curly brackets

Ref. for p: p(*99Hg™) = -1.0147(8) pn, A(*%°Hg™) = -2298.3(2) MHz [100]

Ref. for Q,: Q,(2°'Hg) = 0.387(6) b [109], B(2'Hg) = -280.107(5) MHz [108]
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4.4 Publications (Articles I and II)

The following articles deal with the results of the mercury isotopes obtained in
the in-source laser spectroscopy experiment detailed in this chapter. In both
articles, only the neutron-deficient 77~ '8 Hg isotopes are discussed.

By measuring the IS and HFS parameters, and deducing the charge-radii
differences and electromagnetic moments, it is firmly established that the large
odd-even staggering is a localized phenomenon situated around the neutron mid-
shell between A = 180 and A = 186. Both the charge radii and electromagnetic
moments suggest small deformations for mercury isotopes with A < 180. The
magnetic moments of 717" Hg seem to agree well with the previous tentative
assignments of 7/27.

The results were compared with theoretical calculations using both mean-field
DFT and Monte-Carlo Shell Model methods. The DFT calculations (e.g. using
a UNEDF1°© and SLy5sX) qualitatively predict a large jump in charge radius
in the vicinity of the neutron mid shell N = 104. Both calculations use a very
different tuning parameter (pairing and surface tension respectively) in order to
come to a similar result. The emergence of several close-lying minima in the
energy surface inhibits the determination of the correct staggering amplitude
and location along the chain of isotopes.

Results from MCSM calculations show an excellent agreement with experiment
and additionally provide a microscopic understanding of the origin of the
shape staggering. These calculations are compared to both the charge-radii
differences and to the electromagnetic moments. This was the first time that such
calculations were performed in such a heavy system where 30 protons and up
to 24 neutrons were interacting in a very large model space. These calculations
explain shape-staggering in mercury as resulting from a rearrangement of
nucleon occupation numbers due to the monopole interaction between the
7(hg/2) and v(i13/2) nucleon orbits, and by doing so, provide a microscopic
insight in this phenomenon. This responsible mechanism links the origin of
the shape staggering with other interesting nuclear structure phenomena across
the nuclear chart, such as for instance the quantum phase transition in the
zirconium isotopes or shape coexistence in the nickel nuclei [110,111].
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ABSTRACT

Atomic nuclei exhibit single-particle and collective degrees of freedom, making them susceptible to variations in size and
shape when adding or removing nucleons. The rare cases where dramatic changes in shape occur with the removal of
only a single nucleon are key for pinpointing the components of the nuclear interaction driving nuclear deformation. Laser
spectroscopy probes the nuclear charge distribution, revealing attometer-scale variations and highlighting sensitivity to the
proton (Z) and neutron (N) configurations of the nucleus. The lead isotopes, which possess a closed proton shell (Z = 82),
are spherical and steadily shrink with decreasing N. A surprisingly different story was observed for their close neighbours,
the mercury isotopes (Z = 80) almost half a century ago'-2: Whilst the even-mass isotopes follow the trend seen for lead, the
odd-mass isotopes '8!:183:185Hg exhibit a striking increase in charge radius. This dramatic ‘shape staggering’ between even-
and odd-mass isotopes remains a unique feature of the nuclear chart.

Here we present the extension of laser spectroscopy results that reach '77Hg. An unprecedented combination of state-of-the-
art techniques including resonance laser ionization, nuclear spectroscopy and mass spectrometry, has established '8'Hg as
the shape-staggering endpoint. Accompanying this experimental tour de force, recent computational advances incorporating
the largest valence space ever used have been exploited to provide Monte-Carlo Shell Model calculations, in remarkable
agreement with the experimental observations. Thus, microscopic insight into the subtle interplay of nuclear interactions
that give rise to this phenomenon has been obtained, identifying the shape-driving orbitals. Although shape staggering in
the mercury isotopes is a unique and localized feature in the nuclear chart, the underlying mechanism that has now been
uncovered nicely describes the duality of single-particle and collective degrees of freedom in atomic nuclei.

Atomic nuclei, comprising protons and neutrons, display  In the vicinity of closed shells, at the ‘magic numbers’of
a rich array of quantum phenomena. These complex many- Z,N = 8,20,28,50,82 and N = 126, the nuclear wavefunc-
body systems obey the Pauli exclusion principle which dic-  tion is dominated by the last few particles (or holes) and
tates a shell-like structure, akin to Bohr’s model of the atom.  excitations thereof. In contrast to this single-particle nature,
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Figure 1. Schematic of the in-source resonance ionization spectroscopy method for the study of radiogenic mercury
isotopes (see Methods) (a): mercury isotopes are produced by proton-induced nuclear reactions in a molten lead target. The
vapor effuses into the anode volume of the VADLIS ion source® where the atoms are ionized using a 3-step resonance
photo-ionization scheme (inset). The ions are extracted as a mono-energetic beam at 30 keV. The isotope of interest is
selected using the general-purpose mass separator (GPS) and directed towards the most appropriate of the three detection
systems depicted. By scanning the 1%'-step laser wavelength, the isotope shift (IS) and hyperfine structure (HFS) is studied
(b). The isotope shifts are used to calculate the changes in mean-squared charge radii 8 (%) with respect to N = 126 along the
isotopic chain (c). The results of this study appear as red circles. !77~'80Hg are new measurements, while '8!~ !8Hg were
re-measured and the data points overlap with those of the literature values, as can also be seen by the close agreement
between values in Table 1. The error bars indicate the statistical uncertainty corresponding to the measurement precision.
The scaling uncertainties arising from the indeterminacy of the F factor (7%") and the Specific Mass Shift, Mgy are
discussed in the Methods section and provided in Table 1 (see Supplementary Information linked to the on-line version). The
additional black line illustrates the previously measured quasi-spherical trend of the lead nuclei’.

collective behaviour appears away from the closed shells, as
increased nucleon-nucleon correlations drive the minimum-
energy configuration of the nucleus to deformation. Con-
sequently, the ground-states of most isotopes in the nuclear
chart have non-spherical shapes, the most common being
the prolate (rugby-ball) shape. Different shapes, correspond-
ing to alternative nucleon configurations, can coexist within
the same nucleus®’. It remains a challenge to present the
full picture of the underlying microscopic origin of this phe-
nomenon.

Optical spectroscopy is able to measure subtle shifts in the
energy of the atomic electron levels, arising from changes
in the charge distribution of the nucleus®. Along the iso-
topic chain of a given element, this effect is known as the
isotope shift. From this, the change in mean-square charge
radius, & (rz), can be extracted in a nuclear-model indepen-
dent way. Similarly, the hyperfine splitting of the electronic
levels gives direct access to the nuclear properties: spin (/),
magnetic dipole (i) and electric quadrupole (Q) moments.
Such measurements are therefore a sensitive and direct probe
of the valence particle configuration and changes in nuclear

size or deformation as a result of the addition, removal, and
consequential redistribution of nucleons.

The radioactive isotopes in the lead region have been the
subject of a variety of optical spectroscopy studies for several
decades. An intensified interest in this region was sparked by
the study of the mercury isotopic chain in which a sudden
and unprecedented increase in charge radius was observed
for '%Hg, '83Hg and '8'Hg'2. For the heavier mercury
isotopes the changes in charge radii mirror those of lead’:
steadily shrinking with decreasing N. This seminal discovery
of shape-staggering between odd and even mercury isotopes
is unparalleled elsewhere in the nuclear chart and was key to
establishing the idea of shape coexistence at low excitation
energy” . A plethora of studies on the excited states of these
nuclei'®!! provided a further substantial insight into shape-
coexistence, complementing the laser spectroscopy studies
of ground and isomeric-states. However, to acquire a full un-
derstanding of this phenomenon two challenges remain:

Understanding the nature of this spectacular occurance re-
quires its precise localisation by probing even more neutron-
deficient systems, which were experimentally inaccessible.
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Likewise, theoretical solutions have been thwarted by the
enormous computational requirements of a fully microscopic,
many-body calculation of such heavy systems.

In this Letter we report breakthroughs on both fronts that
now provide explanations of the underlying mechanism and
localized nature of shape coexistence:

1. The combination of state-of-the-art radioisotope produc-
tion and detection techniques (see Figure la) at the
CERN-ISOLDE radioactive ion beam facility'z, extend-
ing laser spectroscopy measurements to four lighter mer-
cury isotopes; and

2. The exploitation of recent advances in computational
physics to perform Configuration-Interaction Monte
Carlo Shell Model (MCSM)'3 calculations with the
largest model spaces to date.

The new experimental scheme is illustrated in Fig. la
with the recorded laser spectra shown in Fig.1b and result-
ing charge-radii data in Fig. lc.

Ground-state charge radii and magnetic moments were
studied by performing resonance ionization spectroscopy on
the mercury isotopes with unprecedented sensitivity, reach-
ing as far as '”7Hg, an isotope with a half-life of only 127 mil-
liseconds and a production rate as low as one ion per minute.

The isotope shifts measured relative to '*®Hg and the de-
duced changes in mean-square charge radii and moments for
177-185Hg are presented in Table 1 (see Supplementary Infor-
mation linked to the on-line version). The changes in mean-
square charge radii of mercury isotopes combined with those
of the lead isotopes’ are shown relative to N = 126 in Fig-
ure lc. In addition to confirming the earlier results, these
new data firmly prove that the dramatic shape staggering is
a local phenomenon and that the odd-mass mercury isotopes
return to sphericity at A =179 (N =99).

In order to pinpoint the microscopic origin of this obser-
vation, we performed large-scale numerical simulations for
the quantum many-body problem using a MCSM method.
Heavy nuclei such as the mercury isotopes are beyond the
limit of conventional Configuration Interaction (CI) calcula-
tions for protons and neutrons interacting through nuclear
forces. However, using the MCSM method and the most ad-
vanced computers has allowed us to reach this region for the
first time, redefining the state of the art of CI calculations for
atomic nuclei. Calculations were performed for the ground
and the lowest excited states in '7’~18°Hg with spin and par-
ity corresponding to the experimental ground-state values of
the nuclei considered: 0™ for the even-mass isotopes, 1/2~
for 181:183.185Hg and 7/2~ for 7""17Hg. Also the 13/2* long-
lived isomer in '35Hg was examined. The MCSM provides
the eigen wavefunction from which the magnetic dipole and
electric quadrupole moments, and the shape parameters (f3;,
y) are calculated'*. In turn, the shape parameters are used to
obtain the mean-square charge radius (see Methods). For all
these states, the changes in mean-square charge radii relative
to the ground state of '8¢Hg are presented as shaded boxes

in Figure 2a. The height of the shaded box is related to the
spread of the quantum fluctuations of the MCSM eigenstates
(see Methods). The figure shows that for every mercury iso-
tope, only one state can be identified whose calculated & (%)
is in agreement with experiment. For the odd-mass nuclei
this identification is confirmed by the agreement between
the calculated and measured magnetic moments, as shown
in Figure 2b. Furthermore, with the exception of '8/ Hg and
in spite of the limited number of basis vectors used, the se-
lected MCSM states correspond indeed to the ground states
in the calculations. The remarkable agreement with the exper-
imental data that has been achieved reinforces our confidence
in ability of these MCSM calculations to reveal the discrete
changes in the nuclear configuration that drive shape coexis-
tence in this region. We therefore gain an insight into the un-
derlying mechanism responsible for the sudden appearance
and disappearance of the uniquely-pronounced shape stagger-
ing in the mercury isotopes.

The MCSM enables us to examine the microscopic compo-
sition of each MCSM state in terms of the occupancy of the
proton and neutron orbitals (see Figure 2¢). The most striking
differences between the deformed 1/2~ states in '81183:185Hg
and the other near-spherical states are found in the nucleon-
occupancy of two orbitals: the proton lhg; situated above
the Z = 82 closed shell and the neutron 1i13/, midshell be-
tween N = 82 and N = 126. The strongly deformed 1/2~
states of '81:183:185Hg exhibit large and constant values (~ 8)
of the neutron 1i;3/, occupation number, as well as a sizable
promotion of 2 to 3 protons across the Z = 82 magic shell
gap to the lhg ), orbit.

This abrupt and significant reconfiguration of the nucleons
originates not only from the quadrupole component of the
nucleon-nucleon (NN) interaction, known to be responsible
for inducing deformation in atomic nuclei, but also in the
monopole component. The strong attractive nature of the lat-
ter, specifically between the proton lhg/, orbital and neutron
lij3/, orbital, results in an additional lowering of the bind-
ing energy'#. If this energy gain, combined with that of the
quadrupole deformation, exceeds the energy needed to create
particle-hole excitations then the deformed state becomes the
ground state.

It is thus the combined action of the monopole interaction,
whose effect depends linearly on the orbital occupancy num-
bers, and the quadrupole interaction, that follows a quadratic
dependence with a maximum when an orbital is half-filled
(i.e. 7 neutrons in the 1ij3, orbital) that delineates the de-
formed region for the mercury isotopic chain between N =
101 and N = 105. For even-N mercury isotopes, the pair-
ing correlation that exists for the spherical shape produces
sufficient binding energy because of the high level density,
whereas this is suppressed in odd-N isotopes due to block-
ing of the unpaired neutron. The strongly deformed state,
assisted by the combined monopole and quadrupole effect,
therefore becomes the ground state. Thus, the observed shape
staggering is due to a subtle competition between these two
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Figure 2. a: The upper left panel shows () relative to that of the ground state of '%¢Hg. Red points are experimental data
from this experiment. They include the combined statistical and systematic uncertainties quoted in Table 1. Blue points refer
to literature values from*. The shaded boxes indicate radii corresponding to the MCSM eigenstates labeled by their
respective spin J, parity 7 and energetic ordering i as J'. The gray areas show MCSM eigenstates for which the calculated
magnetic moment differs from measured value. b: Comparison of the calculated and experimental magnetic moments for
different states in the odd-mass mercury isotopes. ¢: The occupation numbers of the neutron i3, orbit and the proton /g5
orbit for the states displayed by the blue connected areas in panel a (these are the experimentally-observed ground-states).
The deviation of the three strongly prolate deformed states at A = 181,183,185 from the general occupancy trend is evident.

shapes, which are different in terms of their many-body con-
figuration. The shape staggering effect manifests character-
istic features of a quantum phase transition'>~'7: In a given
nucleus, different phases - a near spherical and a strongly
deformed nuclear shape - appear at almost the same energy
without mixing. By making small changes in the control pa-
rameter, which in this case is the neutron number, the system
alternates between the two phases. In the case of the mer-
cury chain, this observation, which resembles a critical phe-
nomenon in phase transitions, happens six times. This unique
feature is now quantitatively understood through the MCSM
calculations, highlighting the importance of the simultaneous
multiple excitations to the proton 1hg, and neutron 1i;3, or-
bitals'*. In this picture, because of the major role of the neu-
tron 1iy3/, orbital in driving the large quadrupole deforma-
tion, this effect can only dominate close to neutron number
N=103. By delineating the region of shape staggering our
new data provides the neccessary information to support this
picture.

In summary, the lightest mercury isotopes return towards
sphericity and the region of shape staggering is delineated

between N = 101 and N = 105. Its underlying microscopic
origin has been identified through MCSM calculations as an
abrupt and significant reconfiguration of the nucleon orbital
occupancies.

The extension of the MCSM calculations to other states
should allow further comparisons with available experimen-
tal information on the different band structures identified in
nuclear spectroscopy studies. This will be complemented by
information from Coulomb excitation and nucleon transfer
experiments on the ground and isomeric states, now possible
using post-accelerated radioactive ion beams'®.

In this work we have uncovered the general mechanism
that links different features in various locations of the nuclear
chart, thereby providing a deeper understanding of the struc-
ture of atomic nuclei in general.

Methods summary

The experiment was performed at the CERN-ISOLDE iso-
tope separator facility using the technique of in-source res-
onance ionization spectroscopy'?, as depicted in Figure 1.
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Mercury isotopes were produced by spallation of lead nuclei
in a liquid target using up to 1 uA of 1.4 GeV protons from
the CERN PS-Booster Synchrotron. The radiogenic mercury
vapor diffuse into the anode cavity of the Versatile Arc Dis-
charge and Laser Ion Source (VADLIS) where resonance ion-
ization spectroscopy was performed by wavelength-tuning of
the 254 nm first-step transition (65> 'Sy — 6d6p >P;)° of the
3-step ionization scheme for Hg™ ion production (Figure 1a
inset)20.

The ion beam was mass separated using a magnetic-dipole
spectrometer, set to transmit a chosen isotope of interest
to the most suitable of three detection systems, depend-
ing on the beam intensity, purity, decay mode and half-life
of the species: the ISOLDE Faraday cup (>100 fA); the
ISOLTRAP MR-ToF MS?! (isobar separated ion counting of
longer lived isotopes); or the Windmill decay spectroscopy
setup (for efficient and selective detection of alpha-decaying
isotopes). Laser spectra were obtained for all isotopes from
185-177Hg_ Isotope shifts, relative to the reference isotope
198Hg, and hyperfine parameters were measured. From these
observables, the changes in mean-square charge radii to-
gether with spins and magnetic moments were deduced.

Large-scale Monte Carlo shell-model calculations
(MCSM) were performed with neutron-neutron and proton-
proton interactions taken from?? and with the proton-neutron
interaction taken from?*. Single-particle energies were var-
ied smoothly as functions of Z and N between the respective
values of doubly-magic '*2Sn and 2®Pb. The Hamiltonian
was fixed and kept throughout this study. Effective charges
for protons and neutrons were used, with their actual values
being 1.6e and 0.6e respectively, together with a spin
quenching factor of 0.9. The model space in which the
nucleons interact are 11 proton orbits from 1g7/ up to i1z,
and 13 neutron orbits from 1hg ), up to 1j;5/2, corresponding
to the largest scale MCSM calculation ever performed.

Methods

Mercury isotope production

The experiment was performed at the CERN-ISOLDE iso-
tope separator facility. Neutron deficient mercury isotopes
were produced by proton-induced spallation of lead nuclei:
a molten lead target was bombarded with protons from the
CERN Proton Synchroton booster at an energy of 1.4 GeV.
The proton beam intensity (1x10'3 protons per pulse, up to
1 pA averaged current) and bunched proton extraction was
optimized to enhance the release of short-lived isotopes from
the liquid target whilst reducing the likelihood of a mechan-
ical failure due to shockwaves generated by the proton im-
pact?»25. A temperature-controlled spiral chimney enables
effusion of the mercury vapor towards the ion source cavity
whilst ensuring the required suppression, by condensation, of
less volatile species such as lead. The mercury atoms effuse
into the anode cavity of a FEBIAD-type ion source, referred
to as the VADLIS (Versatile Arc Discharge and Laser Ion
Source)?. For this experiment the laser beams from the Res-

onance Ionization Laser Ion Source (RILIS)2® setup were di-
rected into the FEBIAD anode cavity through the 1.5 mm
ion extraction aperture. The lasers were tuned to the 3-step
resonance ionization scheme for mercury (Figure la inset),
resulting in laser-ionization of mercury only. For the first
time during on-line operation, the ion source was operated
in the newly-established RILIS-mode’, whereby the anode
voltage is reduced to several volts, whilst the cathode heat-
ing and ion source magnetic field strength are optimized for
laser-ion survival and extraction. In this case, no electron im-
pact ionization occurs, and the laser-ionized Hg™ beam pu-
rity is maximized. The ion source efficiency remains similar
to that of standard FEBIAD operation with electron-impact
ionization (estimated to be several percent). Mercury ions
leaving the anode exit aperture are subject to the 30 kV po-
tential difference between the ion source aperture and the
grounded extraction electrode. The resulting mono-energetic
beam of mercury ions was then passed through a magnetic
dipole mass separator, which has sufficient resolution for the
selection of the atomic mass of interest for transmission to
the detection system, but is not capable of separating isobars.

Laser spectroscopy and signal identification

To extend our reach beyond the range of previously studied
mercury isotopes, it was necessary to use the most sensitive
laser spectroscopy method available at ISOLDE: in-source
resonance ionization spectroscopy. As the name implies, this
approach makes use of the initial ion creation process for per-
forming laser spectroscopy, by wavelength-tuning of one of
the lasers used in the resonance ionization scheme, which
directly influences the ionization efficiency of the element
of interest. For this work the 254 nm first-step transition
652 1Sy — 6d6p 3P1)° of the ionization scheme was used
for spectroscopy since its sensitivity to nuclear variations re-
sults in a well-resolved hyperfine structure even in the high-
temperature (~1800 °C) Doppler-broadening dominated en-
vironment of the ion source cavity. The 254 nm light required
was generated by third-harmonic generation from the output
of a Ti:Sapphire laser, operating in the dual etalon scanning
mode (fundamental linewidth of 0.8 GHz)?’. While operat-
ing the ion source in RILIS-mode, this laser was scanned in
a stepwise manner and at each frequency step the ion rate
was recorded using the most suitable of the three detection
methods available. Depending on the intensity, purity, life-
time or decay mode of the beam at a chosen mass, the ion
beam was directed to one of the three detection systems de-
picted in Figure 1a: The ISOLDE Faraday cup, for ion cur-
rent measurement above 100 fA; the ISOLTRAP MR-ToF
MS, for isobar-separated ion counting of longer lived iso-
topes with a resolving power of M /AM =2 300000%*2; or the
Windmill decay spectroscopy setup (for efficient detection of
alpha-decaying isotopes). Laser scans were obtained for all
177-186Hg ground states. The isotope shifts were determined
relative to '%8Hg. A total of 17 '%8Hg reference scans were
recorded periodically during the experiment.
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Monte Carlo Shell Model Calculations

The Monte Carlo Shell Model (MCSM) calculation is one
of the most advanced computational methods that can be
applied for nuclear many-body systems. This work repre-
sents the largest ever MCSM calculations, performed on mas-
sively parallel supercomputers, including the K computer in
Kobe, Japan. Exploiting the advantages of quantum Monte-
Carlo, variational and matrix-diagonalization methods, this
approach circumvents the diagonalization of a > 2 x 10*2-
dimensional Hamiltonian matrix. Using the doubly-magic
13281 nucleus as an inert core, 30 protons and up to 24 neu-
trons were left to actively interact in an exceptionally large
model space as compared to conventional CI calculations.
Single-particle energies were set to be consistent with single-
particle properties of '32Sn and 2°*Pb with smooth changes
as functions of Z and N. All nucleons interact through effec-
tive NN interactions adopted from the frequently-used ones
provided by?>?3. The Hamiltonian was thus fixed and kept
throughout this study. The model space in which the nu-
cleons interact are 11 proton orbits from 1g7/, up to lijz
and 13 neutron orbits from 1hg/, up to 1ji5/,. Calculations
were performed utilizing effective charges for protons and
neutrons, with their actual values being 1.6e and 0.6e, re-
spectively and a spin quenching factor of 0.9. The MCSM
eigenstate is represented as a superposition of MCSM basis
vectors with the appropriate projection onto spin and parity.
Each MCSM basis vector is a Slater determinant formed by
mixed single-particle states, where the mixing amplitudes are
optimized by quantum Monte-Carlo and variational methods.
This Slater determinant has intrinsic quadrupole moments,
which can be expressed in terms of a set of B, and y de-
formation parameters. Using the effective charges and spin
quenching factor, we reproduce the electric quadrupole mo-
ments of '77:17Hg30 and the magnetic dipole moments of the
odd-mass mercury isotopes (see Figure 2b). The combined
effect of the monopole interaction, whose effect depends lin-
early on the orbital occupancy numbers, and the quadrupole
interaction, that contains a quadratic dependence with a maxi-
mum when an orbital is half-filled, causes the observed shape
staggering. Specifically the strong attractive monopole ma-
trix element between proton hg/; and neutron i1z, orbtials
(-0.35 MeV) compared to an average value of -0.2 MeV for
the other orbitals considered, localizes the observed phenom-
ena around N = 103!, This is due to the similarity in radial
wave functions and the coherent sizable effect of the tensor
force?.

Using the effective charges, the quadrupole moments for
each MCSM basis vector can be obtained. These can be con-
verted into the standard ellipsoidal nuclear shape parameters
B. (deformation strength) and ¥ (deformation shape)’'. One
of the strengths of the MCSM is the ability to link the basis
vectors onto the Potential Energy Surface (PES) deduced us-
ing the same NN interaction. The T-plot'*3? was introduced
in order to indicate the individual MCSM basis vectors using
B> and 7 as partial coordinates on the PES.

T 3.0

LI e e e

(a) " Hg 1/2; (b) % Hg 0;

3|20
z
>
&
@10
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Figure 3. T-plot examples for two different states in
185,180Hg  with large and small deformation respectively.
The corresponding 3, and y shape parameters of the main
contributing MCSM basis vectors are denoted by the yellow
circles.

Figure 3 displays example T-plots for '8>186Hg. The im-
portance of each MCSM basis vector is evaluated in terms
of the probability amplitude in the eigenstate of interest, and
is shown by the size of the circle: larger circles represent-
ing major MCSM basis vectors, whilst smaller circles imply
a less relevant contribution to this particular eigenstate. In
the T-plot, clustering of the circles is observed for spherical
('86Hg) and prolate shapes ('°Hg).

In order to compare the §(2) from the isotope shift mea-
surements to the 3, deduced from the MCSM calculations,
the following standard procedure was used:

)= Foom (14 267 O
8(Hac1ss = ) — (D 1se @)

where (r2>DM refers to the droplet model mean square
charge radius for which the most-used parametrization of
Berdichevsky and Tondeur is adopted. Following this pro-
cedure, the influence of 7y is negligible.

The calculated §(2), shown in Fig. 2a, are indicated by
shaded boxes. The height of the box is determined by the dis-
tribution of the circles in the T-plot with respect to 3, and rep-
resents the spread of the quantum fluctuations of the MCSM
eigenstates.

Data availability
The data that support the findings of this study are available
from the corresponding author upon reasonable request.
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Neutron-deficient 7"~ Hg isotopes were studied using in-source laser resonance-ionization spec-
troscopy at the CERN-ISOLDE radioactive ion-beam facility, in an experiment combining different
detection methods tailored to the studied isotopes. These include either a-decay tagging or Multi-
reflection Time-of-Flight gating to identify the isotopes of interest. The endpoint of the odd-even
nuclear shape staggering in mercury was observed directly by measuring for the first time the iso-
tope shifts and hyperfine structures of 7" "'8°Hg. Changes in the mean-square charge radii for all
mentioned isotopes, magnetic dipole and electric quadrupole moments of the odd-A isotopes and
arguments in favor of I = 7/2 spin assignment for ""!1"™Hg were deduced. Experimental results
are compared with Density Functional Theory (DFT) and Monte-Carlo Shell Model (MCSM) cal-
culations. DFT calculations with several Skyrme parameterizations predict a large jump in the
charge radius around the neutron N = 104 mid shell, with an odd-even staggering pattern related
to the coexistence of nearly-degenerate oblate and prolate minima. This near-degeneracy is highly
sensitive to many aspects of the effective interaction, a fact that renders perfect agreement with
experiment out of reach for current functionals. Despite this inherent difficulty, the SLy5s1 and a
modified UNEDF1°© parameterization predict a qualitatively correct staggering that is off by two
neutron numbers. MCSM calculations of states with the experimental spins and parities show good
agreement for both electromagnetic moments and the observed charge radii. A clear mechanism for
the origin of shape staggering within this context is identified: a substantial change in occupancy
of the proton mwhg,/; and neutron Viy3/2 orbitals.

I. Introduction

More than four decades ago, an unexpected large dif-
ference in the mean-square charge radius between 87Hg
* Simon.Sels@kuleuven.be and '%°Hg was observed by measuring the isotope shift in



a Radiation Detection of Optical Pumping (RADOP) ex-
periment performed at ISOLDE [1, 2]. Similar to **°Hg,
the 181:183Hg isotopes were found to exhibit a large iso-
tope shift from their even-mass neighbours 182184186 g
[3, 4]. Ever since these measurements, the observed pat-
tern became known as ‘shape staggering’. Studying the
levels at low excitation energy in more detail, different
shapes were identified in close vicinity to the ground state
and the mercury isotopes are now one of the most illus-
trative examples of shape coexistence [5]. The exper-
imental findings sparked extensive interest in studying
this region of the nuclear chart from both experimen-
tal and theoretical points of view [5]. The large radius
staggering was interpreted as transitions between weakly-
deformed, oblate ground states and strongly-deformed,
prolate ground states [6].

The isotopic chain of mercury has since been studied
with a multitude of complementary techniques: Coulomb
excitation [7-9], in-beam gamma-ray spectroscopy with
recoil-decay tagging [10-13], mass measurements [14] and
a/B-decay spectroscopy [15-21]. However, isotope shift
and hyperfine-structure measurements had only been ex-
tended down to '®'Hg [2, 4]. While the ground-state
deformation has been indirectly inferred for neutron-
deficient mercury isotopes from in-beam recoil-decay
tagging measurements, hinting towards less-deformed
shapes for A<180 [10-13], this had not been confirmed
by a direct ground-state isotope-shift measurement. The
missing mean-square charge-radii data for the lighter
mercury isotopes left the key question of where the shape
staggering ends.

In order to address this key question, a measurement
campaign was undertaken at the radioactive ion-beam fa-
cility ISOLDE [22] performing in-source laser resonance-
ionization spectroscopy of 15 mercury isotopes, rang-
ing from the neutron-deficient to the neutron-rich side
(177-185,198,202,203,206-208 ¢} with the goal of measuring
their isotope/isomer shifts (IS) and hyperfine structures
(HFS). The large isotopic span was made possible by us-
ing the Resonance Ionization Laser Ion Source (RILIS)
[23] in a novel target-ion source combination [24], to-
gether with three different ion-counting techniques tai-
lored to the isotope under investigation [25]: a-decay
spectroscopy for short-lived isotopes with small pro-
duction rates (down to 0.1 ion/s) using a ‘Windmill’-
type implantation station (WM), Multi-Reflection Time-
of-Flight mass spectrometer/separator (MR-ToF MS)
for high-resolution, single-ion counting and Faraday
Cup (FC) ion-current measurements for high-intensity
(>1 pA) mercury beams. This paper is an in-depth
follow-up article of [26] on the neutron-deficient isotopes
177-185Hg. A dedicated paper will provide a detailed dis-
cussion of the neutron-rich isotopes [27] also measured in
the same experimental campaign.

II. Experimental Technique
A. Mercury ion beam production

Mercury isotopes were produced at the CERN-
ISOLDE facility [22] via spallation reactions induced by a
1.4-GeV proton beam from the PS-Booster synchrotron
impinging upon a molten-lead target. The neutral re-
action products effused from the heated target via the
transfer line (=700 °C target and =400 °C transfer line
heating) into the VADLIS cavity, which was operated
in RILIS mode [24] (Fig. 1). In this mode, lasers are
used to resonantly ionize the isotopes of interest. The
photo-ions were extracted and accelerated by a 30 kV
potential difference, mass separated by ISOLDE’s Gen-
eral Purpose Separator (GPS) dipole bending magnet
before being sent to one of three measurement devices
(FC/WM/MR-ToF MS; see Fig. 1). The choice of a
molten-lead target was based on results obtained from a
preparatory experiment in similar conditions at ISOLDE,
where the mercury production of a molten-lead was com-
pared with a UC,, target (Fig. 2). While the production
rates of the lightest mercury isotopes were of a similar or-
der of magnitude for both cases, the use of a molten-lead
target significantly reduces the isobaric contamination of
surface-ionised contaminants. This was especially impor-
tant for the heavy mass region discussed in [27]. Further-
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FIG. 1. Schematic of the experimental setup in the ISOLDE
facility at CERN. See text for details.
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FIG. 2. Mercury production yield data for different target-
ion source configurations: Versatile Arc Discharge Laser Ion
Source (VADLIS) or Resonance Ionization Laser Ion Source
(RILIS) with lead or uranium-carbide target material for dif-
ferent proton-beam currents.

more, the production rate of the heavy mercury isotopes
was significantly higher for the molten-lead target.

Resonance ionization of the mercury isotopes was ac-
complished using a 3-step ionization scheme (Fig. 3) with
a measured ionization efficiency of 6% [28]. Laser spec-
troscopy was performed on the 253.65-nm 6s% 1Sy —
6s6p° P; transition. Well-resolved HFS spectra were ob-
tained by scanning the frequency-tripled wavelength of
the Ti:Sapphire laser with a bandwidth of ~1.5-GHz
FWHM after tripling (labelled 3w in Fig. 1). At the
second step (313 nm) the frequency-doubled radiation of
the Sirah Credo dye laser was used. The third step was
a non-resonant 532-nm transition driven by a Nd:YVO,
laser.

B. Isotope identification and counting
1. Ion-current measurement with a Faraday cup

A Faraday cup installed downstream the GPS magnet
was used to measure the extracted ion current of suffi-
ciently intense (>1 pA) beams of the longer-lived mer-
cury isotopes. In this experiment, the reference isotope
for IS measurements, stable 1% Hg, as well as radioac-
tive 202:203Hg were probed using this technique. In the
case of %8Hg, contamination of the neighboring “"Hg
ground and isomeric states was present in the HFS. To
prove consistency of the IS measurements for different
techniques, all isotopes measured using the FC were also

Non-resonant
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A

PITI7 474 97747774 i
3 532 nm
D —p——

I 179Hg

Counts

Frequency

3P1 —_ 1

Transition used
/ for spectroscopy
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FIG. 3. Ionization scheme for mercury developed in [28], using
the same transition for spectroscopy as in [1] and [29]. The
right-hand side shows the splitting of the *P; level states with
different total angular momentum F = I + J for an I = 7/2
nuclear spin with a corresponding exemplary HFS spectrum
of ™Hg. Energies and level splitting are not displayed to
scale.

measured with the MR-ToF MS technique, with which
it was possible to suppress the unwanted isotopic and
isobaric contaminant species.

2. IS and HFS measurements with the Windmill setup

The Windmill detection setup [30, 31], consists of a
vacuum chamber holding a rotatable wheel that houses
10 thin carbon foils up to 12-mm diameter (20 pg/cm?
thickness) [32]. Surrounding these foils are two pairs
of silicon detectors. The first pair is positioned around
the carbon foil in which the beam is implanted. This
pair consists of an annular (Ortec, TC-025-450-300-S, 6
mm hole, 450mm? active area) and a full surface barrier
detector (Ortec, TB-020-300-500, 300mm? active area).
The beam is implanted through the central hole of the
annular detector. After implantation, the wheel rotates
and a fresh foil is placed in view of the beam. The foil
that was irradiated is moved towards the so-called ‘decay
position’ between a second pair of silicon detectors. The
two silicon detectors (Canberra, PD 300-15-300 RM,
300mm? active area) were used to study longer-lived
radioactive isotopes that were implanted directly or the
daughter products of previously implanted nuclei. The
total a-particle detection efficiency at the implantation
site was 34%, with a detector resolution of 35-keV
FWHM. Two germanium detectors were additionally
positioned outside the chamber of the WM setup, in
order to measure - and X-ray radiation emitted from
the implantation site.



The a-particle energy spectra obtained at the im-
plantation point for different mass-separator settings are
shown in Fig. 4. By using the a-particle energies to
identify short-lived isotopes and associating the count
rates with the wavenumber of the laser targeting the
spectroscopic transition, it is possible to produce nearly-
background-free HFS when the « particles coming from
the decay of the beam contaminants have sufficiently dif-
fering energies. This is for instance shown in the a-energy
spectrum collected with A = 177 mass-separator setting
where contaminants from 78~'85Hg were present in the
beam (Fig. 5). Here, clean HFS of 6 mercury isotopes
can be observed in a single scan simply by gating on
different o peaks. The efficiency and selectivity of this
method allows IS and HFS measurements of isotopes with
very small production rates such as !""Hg which was de-
livered at a rate of ~0.1 ions s~
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FIG. 4. a-particle energy spectra obtained at implantation
site when the GPS was set to masses in the range of A = 177—
182. Because of the limited mass resolution and difference in
production, beam contaminants of heavier mercury isotopes
are observed in the lighter-mass spectra.
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FIG. 5. Top: 3D-spectrum showing counts as function of a-
decay energy and laser frequency before tripling (in wavenum-
ber). The spectrum is obtained from a single laser scan mea-
sured at the Windmill implantation site when the GPS mass
separator was set to A = 177. Because of the limited mass
resolution and approximately four orders of magnitude larger
production rate of **?Hg in comparison to '""Hg, beam con-
taminants are visible up to A = 182. The HFS for each
contaminant is shown by the colored lines along the Z-axis,
where different colors represent different mercury isotopes.
When projecting on the « energy or laser-frequency axis, the
total a-decay energy spectrum and combined HF'S for all iso-
topes appear respectively. Bottom: The projection of the top
plot on the a-decay energy and laser-frequency plane shows
regions of counts (indicated by circles) related to the isotopes
decay and HFS. Lines drawn between circles indicate the same
HF'S peaks visible in daughter products of the original decay-
ing isotopes.



3. IS and HFS measurements with
Multi-Reflection- Time- Of-Flight technique

For the measurement of 183-185,198,202,203,206-208 1o
ISOLTRAP’s MR-ToF MS [33] was used for mass separa-
tion and ion detection. This device, extensively discussed
in [34], consists of two 160 mm-long, 6-fold electrostatic
mirrors surrounded by shielding electrodes.

First, the ion beam from ISOLDE is injected into
a radio-frequency quadrupole cooler-buncher (RFQCB)
[35]. Ion bunches are stopped and thermalized in this
helium-filled RFQCB before they are injected into the
MR-ToF MS with at typical energy spread of 60 eV and
bunch width of 60 ns [33, 36]. Here, the ion bunches are
trapped by reducing their kinetic energy and switching of
the in-trap lift voltage. In the trapping cavity, they un-
dergo multiple round-trips between the electrostatic mir-
rors, where the time-of-flight is dependent on the mass
and the charge state. This causes a separation in time for
different isobaric species in each bunch. The ion bunches
are then ejected from the MR-ToF MS by switching the
in-trap lift voltage [33]. The arrival time of the ejected,
mass-separated ion bunches was measured by employ-
ing a MagnetTOF™ secondary electron multiplier ion
detector (DM291, ETP, Ermington, Australia). An MR-
TOF mass separator is able to reach resolving powers of
R = Am/m = 10° within a few ten milliseconds [33].
The procedure for employing the MR-ToF MS in a laser-
spectroscopy experiment was previously discussed in [36].
Examples of different time-of-flight spectra are shown in
Fig. 6.
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FIG. 6. Time-of-Flight spectra obtained for **~%°Hg, when
the GPS mass separator was set to A = 183, A = 184, A =
185 respectively, after 1000 revolutions in the MR-ToF MS at
which a mass resolving power of about 1.2x10° was reached.
At this resolving power, all isotopic and isobaric contaminants
are cleared from the spectra.

C. Recording of HFS

During the experiment, the wavelength of the laser
targeting the spectroscopic transition was scanned in a
step-wise manner and a parameter proportional to the
number of detected photo-ions was recorded as a func-

tion of the scanned laser frequency. The data taking
was synchronized with ISOLDE’s super-cycle structure
of proton pulses provided by the Proton Synchrotron
Booster. Depending on the production rate of the isotope
under investigation, between 1 and 5 full super-cycles of
measurement were taken for each laser frequency step.
Data obtained with the WM setup were recorded with an
event-by-event data structure. The data were analyzed
off-line with the ROOT software package [37], where the
deadtime-corrected integral of energy-gated alpha counts
for each laser frequency resulted in the hyperfine spec-
tra. A similar analysis was performed for the MR-ToF
MS data where isotope counting was not based on energy
of an emitted particle but on ion arrival time at the ion
detector. For measurements with the Faraday cup, the
integrated ion current for each laser step was combined
with the recorded laser frequency to create the HFS. An
overview of the measured HFS is given in Fig. 7.
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FIG. 7. Examples of the HFS scans taken for the isotopes
discussed in this paper. A fit of the data is shown in red.
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ground and isomeric state parts of the total fit, shown in red,
respectively.



TABLE 1. Isotope shifts (5V198'A) and hyperfine splitting parameters (a and b) for the 6s6p°P; level in mercury atoms and

deduced mean-square charge radii (§(r* )19%4)

and electromagnetic moments (1 and Q) in 7" ~'®°Hg istopes.

Results of both optional ground-state spin assigments I = 7/2 and I = 9/2 for """ Hg are shown (see Sec. IV B).
The literature data for §(r2 )*°** in this table are recalculated from the experimental IS [4].

Isotope Im o984 a b §(r? 1984 a I Qs Ref
(MHz) (MHz) (MHz) (fm?) (un) (b)
"THg  (7/27)  54580(390)  -4320(180)  -410(600)  -1.067(8){78} -1.025(48)  0.57(83) this work
(9/27)  55170(390)  -3460(180)  -875(600)  -1.083(8){78}  -1.035(60)®  1.21(91) this work
18 Hg 0" 49500(290) - - -0.968(6){71} - - this work
Hg  (7/27)  46310(240)  -3990(80) -550(200)  -0.905(5){70} -0.948(24)  0.76(28) this work
(9/27)  46820(230)  -3150(70)  -1050(210)  -0.915(5){70}  -0.947(27)"®  1.45(31) this work
180Hg 0" 41330(240) - - -0.808(5){60} - - this work
18lyg 1/27  5390(280)  15030(120) - -0.111(6){11} 0.515(4) - this work
5560(200)  14960(250) - -0.114(4){10} 0.5071(7) - 2, 4]
182Hg 0t 33350(260) - - -0.653(5){48} - - this work
185Hg 1/2=  3100(260)  15190(160) - -0.065(5){7} 0.521(6) - this work
3310(100)  15380(130) - -0.069(2){6} 0.524(5) - 2, 4]
18Hg 0t 27680(270) - - -0.542(6){40} - - this work
27720(90) - - -0.544(2){42} - - 4]
185 g 1/27  3350(300)  14930(340) - -0.069(6){7} 0.51(1) - this worlk
3710(30) 14960(70) - -0.0764(6){63} 0.509(4) - [4]
15Hgm 1372 27780(190)  -2286(25) 110(300)  -0.543(4){40} -1.01(1) -0.15(41) this work
27770(110)  -2305(19) -140(230)  -0.543(2){42} -1.017(9) 0.20(33) 4]

¢ Statistical errors are given in parenthesis. Systematic errors stemming from the indeterminacy of the
F factor (7%) [4] and Msms are shown in curly brackets (see Eqs. 2-4)
® Corrected in accordance with hyperfine anomaly estimation (see Sec. II1C)

III. Results

A. Extraction of IS and hyperfine splitting
parameters

Information on the difference in mean-square charge
radius 6(r2 Y44" between two nuclei with mass A and A’
of the same isotopic chain is extracted from the difference
in the positions of the centers of gravity of their respective
HFS, vy i.e. their isotope shift of a certain transition.
The nuclear electromagnetic moments (magnetic dipole,
electric quadrupole) dictate the relative position of the an
atomic-state hyperfine-splitting component with respect
to vy via the relation

0.75K(K+1)—I(I+1)J(J+1)

20721 —1)(2J — 1) '
(1)
where the dipole and quadrupole hyperfine splitting pa-
rameters are given as a and b, Av¥ represents the energy
difference of the hyperfine component with total angu-
lar momentum F =TI+ J, with respect to vy [38] and
K =F(F+1)—I(I+1)—J(J+1). Fitting of the spec-
tra was performed with the open-source Python pack-
age SATLAS [39] and cross-checked with a similar fitting
routine in ROOT [37] and the fitting procedure that was
used in our previous HFS studies as for instance in [31].
To monitor the stability of the whole system, refer-
ence scans of '*Hg were performed regularly. The spec-

AvF =0.5aK + 1

tra were fitted separately and the weigthed mean of the
fit results is taken as a final value. Results of the fits
are shown in table I. The experimental errors on the IS
include both the fit errors and the spread of individual
scan results. For '""Hg, where only a single full spectrum
was obtained, the typical dispersion in the extracted HFS
centroid position for the other isotopes was added as an
additional uncertainty. As the nuclear spin of 1"71"Hg
could not be determined directly by counting the hyper-
fine components from the present measurements due to
the low angular momentum of the electronic state (J = 1)
of the upper level of the studied transition (see Fig. 3),
we report the IS and hyperfine splitting constant values
assuming both possible options for the ground-state nu-
clear spin of ""17Hg (7/2 and 9/2, see section IV B).
Within the experimental uncertainties, good agreement
on the IS, a and b parameters compared to the previous
measurements was obtained.

B. Changes in mean-square charge radii

The isotope shift (SViA A" between two isotopes of the
same isotopic chain with mass A and A’ for transition i,

results from the Mass and Field shifts noted 6u{},’;‘l and

51/2{‘,{“ respectively:

AA A A _ o AA AA
vt =) — vl = vy 4 ovpy (2)



The mass shift can be described as the sum of the so-
called normal (NMS) and specific (SMS) mass shifts:

A — A

—A
5VM: =M— A (A[NMS + A[b]\[b) a4 (3)

where the NMS is related to the ratio of the electron and
proton masses m. and m,, and to the transition frequency

v; as Mnms = Z; v;. The field shift is proportional to
)\A,A’

an electronic F' factor and nuclear parameter , re-
lated to the change in nuclear mean-square charge radius
between the two isotopes according to:
Sud A = By A = K(Z2)Fy 002 YA

A R M S KRS0 )AL ()
In this equation, A44" takes into account the influence
of the higher-order radial moments. It was shown [40]
that the difference between A and §(r? ) is small (less
than 10% for heavy atoms) and can be accounted for by
the single correction factor K(Z). The F and M factors
used, as well as the higher radial moments correction
K(Z) were taken from [41], resulting from a combined
analysis of data from optical spectroscopy, muonic atoms
and elastic electron bcattcrlng The used values are
Fosg um = —53(4) GHz/fm®, M§MS =~ = 0+ 0.5MNMS
and K(Z) = 0.927.

A King plot combines IS for two different atomic tran-
sitions to extract information on the electronic F' and M
factors. The linear relatlon that exists between the modi-
fied isotope shifts (51/ = AAA ) following from equations
(2)-(4), has a slope s that equals to the F-factor ratio
(k = F;/Fy) of the two transitions ¢ and ¢’. Information
on the M factors can be derived from the intercept with
the y-axis, s, via s = My — kM;. In [4], this procedure
was used to determine F' and M factors for the 546-nm
transition from the fixed factors for the 254-nm transi-
tion. The IS of ¥2Hg was measured in [4], only for the
546-nm transition. To check the consistency of our data
on IS for ®¥2Hg in the 254-nm transition, we include the
corresponding point into the King plot from [4] (see Fig.
8). As can be seen in Fig. 8 and its inset, the data from
this work matches the previously observed trend.

The isotope shifts obtained from fitting and the result-
ing calculated differences in mean-square charge radius
8(r2 YA are shown in table I and plotted in Fig. 9.
From §(r? )4’ the mean-squared deformation param-
eter By =< B2 >1/2 can be inferred from the relation
38]

() = (72 yipher (1 v 2 >) , (5)

where (r? )B’I{Yr represents the droplet model prediction

for a spherical nucleus. The droplet-model calculations
have been carried out using the second parametrization
of Berdichevsky and Tondeur [42].
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FIG. 8. King plot of the modified isotope shifts in the 546-nm
line versus those in the 254-nm line with '°®*Hg as reference
isotope. Inset: zoom around the area of the plot where most
of the points are clustered. The new data point for **?Hg fits
well to the King-plot line from [4].

C. Electromagnetic moments

The magnetic moments, pu, of the discussed mercury
isotopes were calculated using the relation

IA (LA
1A= o (1+A°AA) (6)

where we use 199Hg™ as a reference (A = 199, pa, =
—1.0147(8) pn [43], an, = —2298.3(2) MHz [44]). The
hyperfine anomaly, 4°A4 | is defined as

aA, 91,4,
gr.a, aa,

Apdz = -1 (7)

where g5 is the nuclear g factor and the indices A; and As
refer to two different isotopes with atomic mass numbers
Ay and As. The hyperfine anomaly arises from the dif-
ferences in charge and magnetization distribution within
the nucleus, through the “Breit-Rosenthal” (BR) [45] and
“Bohr-Weisskopt” (BW) [46] effects, respectively. If the
magnetic hyperfine constant for the point-like nucleus is
denoted as apoint, then the observed magnetic hyperfine
constant a can be presented as follows:

a = apoint(1 + €)(1 4+ 9) (8)

where € and ¢ are responsible for the BW and BR effects,
respectively. Then, the hyperfine anomaly acquires the
simple expression:

Aipdz _Ar ASE AL AA2

Bk = (&1 —€2) + (61 — d2). (9)
To determine the hyperfine anomaly one should have in-
dependent values for magnetic moments and a-constants
for the pair of isotopes under study, measured with high



accuracy. In the case of the mercury isotopes, such mea-
surements were done earlier for ten long-lived isotopes
and isomers (193-201,193m—199m o) - Correspondingly, for
these nuclei, the hyperfine anomaly is known with suffi-
cient accuracy [47]. Moskowitz and Lombardi [48] have
shown that if one neglects the BR part of the anomaly
in comparison with its BW component, then the experi-
mental hyperfine anomalies in the ®P; atomic state of this
series of mercury isotopes, with the odd neutron in the
nuclear shell model neutron orbitals p; /2, ps/2, f5/2 and
113/2, are well reproduced assuming the simple relation
known as the Moskowitz-Lombardi (ML) rule:

11
MAR = +a <7 - 7) . (10)
H1o H2

with sign from I = (+ % where a = 1x 1072 p and £ is
the orbital moment of the unpaired neutron. Neglecting
the BR part of the hyperfine anomaly was justified in
[49] where M1IAZ2 was calculated with a diffuse nuclear
charge distribution. In particular, according to [49],
W9AZ0L — 1.8 x 1074 whereas 1994201 — —1.5 x 1073
[47].  The ML-rule was further supported by calcu-
lations from a microscopic theory [50]. We applied
the ML-rule to estimate the BW-correction for the
magnetic moments of 177'"9Hg, taking into account the
description of the experimental hyperfine anomaly by
this rule for the variety of neutron single-particle states
in mercury nuclei with the mass spanning a rather large
range. For previously-measured isotopes and isomers the
maximal deviation of the experimental '°A4; from the
ML-calculation is equal to 2.5 x 1073, We conservatively
estimated the error of ML-prediction for the hyperfine
anomaly in 1717Hg as 5 x 1073, It was shown in [51]
that AlAéﬁ is proportional to §(r? Y442, Thus, A4,
for Y717 Hg can be estimated by scaling the calculated
199AZ0L [49].  The uncertainty of this correction was
estimated to be 10%. For ""17Hg, the BR correction

are AT = 17 % 1073, 199AT9 = 1.5 x 1075,
Assuming an I = 7/2 assignment, °ALT = —1.2x107*

and ALY =7 x 1074, Under the I = 9/2 assignment,
IOALT = —1.9 x 1072 and ALY, = —2.0 x 1072
These corrections as well as the increase of uncertainties
according to the aforementioned prescriptions, are taken
into account in Table I.

The spectroscopic quadrupole moments were calcu-
lated using the relation

Qf =i la (11)

ba,

with the reference values for 20! Hg: Q2o = 0.387(6) b,
ba, = —280.107(5) MHz taken from [52] and [53], respec-
tively. The resulting spectroscopic quadrupole moments
are shown in table 1.

IV. Discussion

A. Changes in mean-square charge radii,
shape staggering and ‘return to sphericity’ of
light mercury isotopes

The change in the nuclear mean-square charge radius,
§(r? ), for lead [54-58] and mercury ([4] and this work)
isotopes are plotted with respect to N = 126 at the
top of Fig. 9. Three distinctly different regions are ob-
served in the mercury charge radii. Mercury isotopes
with N > 105 follow a smooth trend, identical to the
one of the isotopic chain of lead. At 100 < N < 106, in
the neutron mid-shell region between the closed shells at
N = 82 and N = 126, a large shape staggering is ob-
served. Here, ground-state radii of the odd-A mercury
isotopes deviate substantially from the trend of the lead
isotopes, which were found to keep their near-spherical
shape at and beyond the neutron midshell [56, 57]. See
also Fig. 9 b), where the difference in §(r? ) between mer-
cury and lead isotones is shown. From the data obtained
in the present work, it is observed that the staggering
stops at '8°Hg and 6(r? ) for mercury isotopes returns to
the trend of lead. In-beam recoil-decay tagging measure-
ments, [10-12, 59-61], showed that the band-head ener-
gies of strongly-prolate deformed intruder bands in even-
A isotopes increase rapidly for mercury isotopes with de-
creasing neutron number at N < 101. The in-beam stud-
ies by Kondev et al. [60] and '®'Pb a-decay analysis by
Jenkins et al. [16] have shown that a pronounced struc-
tural change takes place when moving from #183Hg to
1"™Hg. Based on their decay scheme deduced in [60],
the authors proposed that the ground state of "Hg is
near-spherical with a possible weak-prolate deformation,
rather than a strong, prolate deformation. A similar in-
terpretation was proposed for lighter odd-A mercury iso-
topes with A = 173 —177 [12, 13, 62]. While those differ-
ent studies had shown some indications of the shape of
the ground state, our data provide a direct measurement
of the ground-state charge-radii changes. The return of
the lightest mercury nuclei to the trend of the weakly de-
formed mercury isotopes with N>105 (and to the near-
spherical trend in lead nuclei) delineates the region of
shape staggering to near the neutron mid-shell region at
100 < N < 106.
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number N, using N = 126 as a reference.

b) Difference between the mercury and lead changes in charge radii where 6(r

>I;§ fbs is defined as 6(r2)Z;126 — 3(r?) 1.

Data points shown in red and black correspond to this work and previous work respectively ([58] for lead, [4] for mercury).

B. Magnetic moments and spins of 1""'""Hg

The ground-state spin and parity of '"Hg was previ-
ously assigned I™ = (7/27), based on experimental data
obtained for the a-decay of '83Pb and subsequent a-
decays to daughter (1"°Pt) and grand-daughter (}7*Os)
nuclei [11, 16]. The same assignment, I™ = (7/27), was
proposed for the ground state of ""Hg, based on decay
properties of the 13/2% isomeric state in this nucleus
[12] and a-decay of 8'Pb [20]. As was indicated in Sec.
III A, we also tested I = 9/2 as a possible assignment,
since the v f7/o and vhg o orbitals are assumed to play
a dominant role in the negative-parity states around
N = 97,99. The quality of fitting is the same for both
assumptions. However, the measured large and negative
magnetic moments of "17Hg rule out a vhg; hole
configuration as this is expected to give a large positive
magnetic moment g, (vhg/a) = +0.69 pyn [63].

Two plausible origins of the 7717 Hg spins and mag-
netic moments are considered:
a) They arrise from the strong Coriolis mixing of the
Nilsson states of v f7/o and vhg/, parentage at very low
deformation (82 ~ 0.05 - 0.07) or
b) they may be regarded as spherical v f7/5-hole states.
Let us first focus on the explanation a).
In [11], two likely candidates for the ground-state Nils-
son configuration of ™Hg were proposed: the 7/27[514]
and 7/27[503] orbitals, arising from the vhg/, and v f7/o

neutron shell-model states respectively. These orbitals
come close to the Fermi level only for small prolate defor-
mations (B2 < 0.15). In 7Pt the a-decay daughter of
1"9Hg, the vhg o 7/27[514] orbital was chosen as prefer-
able for the ground state band [12]. However, several
measured magnetic moments of the 7/27[514] Nilsson
state of deformed N = 105 nuclei (*¥3Pt™ 7"Hf,17°Yb)
are close to u ~ +0.8uy [64]. Nilsson-model calcula-
tions describe these experimental data fairly well [65].
The calculations with the same approach predict posi-
tive moments for 771" Hg even at rather low deforma-
tion (p(7/27[514], 1Hg)w, = +0.46 py and +0.34 puy
at [z = 0.15 and 0.10 respectively).  Coriolis-mixing
might however play a role as the lowest states in the
lightest mercury isotopes display a high spin at low de-
formation. At By < 0.15, contributions of the different
Nilsson-orbitals stemming from the v f7/o and vhg/s or-
bitals to the lowest 7/27 state become nearly equal. This
mixing would bring the magnetic moment down in value
with respect to a pure 7/27[514] configuration and might
be a possible explanation of the measured magnetic mo-
ments of 77 179Hg.

Let us now discuss option b) and explore the inter-
pretation of the ground-states of 7"'"Hg as spherical
v f7/2-hole states.

Magnetic moments of '"71"Hg come comparatively
close to the single particle estimation for spherical
neutron shell vf7/o: psp. =-1.3 uy (with the com-
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FIG. 10. Comparison of magnetic moments for N = 83 iso-
tones, having one neutron in the (v f7,2) shell above the closed
shell N = 82, with the measured p('""Hg) and p('™Hg) in-
dicated by shaded boxes. Data from [64], [66] and references
therein.

monly adopted renormalization of the neutron g fac-
tors: ggff = O.Ggﬁree and gleﬂ = -0.05). It is instruc-
tive to compare the magnetic moments of the presumed
7/2~ 1701 Hg ground states with measured magnetic
moments of the ground states of N = 83 isotones with
one neutron in the f7/5 shell. This comparison is shown
in Fig. 10. One can see that u(*""'"Hg) corresponds
to u(vfr/2) in the N = 83 isotones for which all show a
rather large negative magnetic moment value. If this in-
terpretation is valid, then the ground states of '7"179Hg
could be regarded as holes in the v f7/o orbital within a
simple shell model picture.

This means that for the light mercury isotopes, the
state arising from a neutron hole in the v fr/o orbital
lies above that arising from a neutron hole in the vhg /o
orbital. As a consequence, the state ordering for Z =
80 and N < 100 is reversed with respect to the N =
83 isotones in the vicinity of the stable isotopes, where
the vf7/, orbital is filled first after the N = 82 shell
closure. Surprisingly, with the increase of Z after goHg,
the normal ordering is restored in g;T1 and goPb. The
ground-state spin and parity of 8'Pbgg was determined
as 9/27 due to a hole in vhg/, shell arising from the
complete depletion of the ;3,5 and ps3/; shells lying above
the N = 100 spherical subshell closure [20]. Similarly, the
odd neutron state in ¥Tlgy was assumed to be a vhyo-
hole state on the basis of its magnetic moment value [17,
67]. Thus, for Z > 80 the vhg/y shell appears to be
situated above the v f7 /5 shell.

It was shown that the energy differences between the
lowest-lying 9/2 and 7/2 states for the N = 83 and
N = 85 isotones show a rapid drop above Z = 64 (see [68]
and references therein). According to Bianco et al. [68],
this drop reflects the gradual approach in energy of the
vhg o and v f7 /5 neutron single-particle orbitals. The pre-
sumed convergence of the vhg /o and v f7/5 neutron levels
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also provides a natural explanation for the anomalous
absence of charged-particle emission from the high-spin
isomer of '°Re [69]. This shell evolution was explained
in [68] by the influence of the tensor part of the nucleon-
nucleon interaction [70]. It was predicted in Ref. [68] that
the energies of the neutron single-particle orbitals may
become inverted for high Z. The interpretation of the
177179 g ground states as v f7/2 shell-model states and
their first excited states as predominantly vhg/, states
[11, 12] is in agreement with this description.

C. Quadrupole moments of ‘"' Hg

The quadrupole moments of 17717 Hg extracted from
their respective HF'S b constants are consistent with a
simple spherical shell model approach. According to the
seniority scheme [71], quadrupole moments should be lin-
early dependent on the number of particles occupying a
certain orbital as can be seen from equation 12.

A 2j+1—2n
el = sz.p. (12)
2 —1
Qs.p. = 782]4 T 2<7'2>j (13)

Here, a j™ configuration with n nucleons is labelled by
a seniority v, the number of unpaired neutrons (v = 1
in our case). The observed spectroscopic quadrupole mo-
ment Qs is represented by (j7|Q|;™), while Qs . indicates
the single-particle quadrupole moment value. Recently,
the seniority scheme with a linear dependence of @, on
the number of particles in the filling of a shell has been
found to work remarkably well for the cadmium, astatine
and actinium isotopes [36, 72, 73]. One can check the
validity of the seniority scheme for the filling the v f7/;
orbital with the assumption that !""'"Hg have 5 and
7 neutrons in this shell (n = 5,7), respectively. For
n = 1,3,5 we choose 4%147:149Gm [64]. The values of
Q(1""1T9Hg) were scaled according to Eq. 13 by 16%
using the global evaluation of (r? ) data in [58], to re-
move the dependence of Q on (r? ), which distorts the
presumed linear dependency.

As can be seen from Fig. 11, the light mercury iso-
topes follow the trend given by samarium even though
the considered nuclei have very different neutron num-
bers: N = 83—87 for samarium and N = 97—99 for mer-
cury. This observed correspondence of the Q(*""179Hg)
values to the seniority-scheme prediction supports the as-
sumption of the v f7/5-hole nature of the 77.179Hg ground
states.
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FIG. 11. Comparison of quadrupole moments for the
145, 1471499 jsotopes (data from [64]), with measured val-
ues for """ Hg corrected for the difference in charge radius
between samarium and mercury.

D. Comparison with Nuclear Density Functional
Theory (DFT) and Monte-Carlo Shell Model
(MCSM) calculations

Frauendorf and Pashkevich [6] described shape stag-
gering in the mercury charge radii using a microscopic-
macroscopic approach with Strutinsky shell corrections,
thereby proving that mean-field models are able to
predict the shape staggering and shape coexistence
in mercury. More recently, the even-even mercury
isotopes were studied and spectroscopic observables (e.g.
charge-radii) were calculated using an Interacting Boson
Model with configuration mixing (IBM-CM) [74] and a
beyond mean field approach [75]. In both approaches,
the deformation energy surfaces for nuclei near the
midshell have a lowest-energy minimum at prolate defor-
mation, accompanied by a second, oblate minimum (for
176 < A < 186 in [75] and 180 < A < 186 in [74]). This
is in contrast to experimental results, that indicated that
the even-even mercury isotopes have weakly deformed
(oblate) ground-state shapes [7]. Both papers [74, 75]
only discuss the even-A mercury cases and do not go
deeper into the origin of the experimentally observed
shape staggering in the odd-A mercury isotopes or the
prediction of its magnitude.

Early DFT calculations for both even- and odd-mass
isotopes mercury isotopes with the SLy4 parameteri-
zation achieved a reproduction of the odd-even radius
staggering for N > 100, by fitting the pairing strength to
the one-particle separation energy of these isotopes [76].
In [77] the shape coexistence in the region was confirmed
as a mechanism for the observed radius staggering for
the SLy4, Sk3 and SGII parameterizations with fixed
gap parameters, although the exact staggering could not
be reproduced. In [78], the SLy4 parameterization was
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again employed, but this time with a pairing strength
adjusted to the odd-even staggering of the lead isotopes,
leading to a qualitative correct staggering that is off
by four neutron numbers. As explicitly noted in [78],
the precise staggering pattern depends sensitively on
the details of the effective interaction. This can be
explicitly demonstrated by comparing results for the
SLy4 parameterization from all three sources, [76, 77
and [78], which differ in the pairing interaction employed
in the respective calculations. Altogether, the past DFT
investigations led to an overall understanding of the
physics of the phenomenon. However, because of the
known deficiencies of the available parameterisations of
the functional, achieving a quantitative description of
all its details is still not possible.

In an attempt to understand the behavior exhibited by
the light mercury isotopes, and to extend the description
to odd-A mercury isotopes, Density Functional Theory
(DFT) and large-scale Monte-Carlo Shell model (MCSM)
calculations were performed in this work which are de-
scribed in sections IVD 1 and IV D 2 respectively.

1. DFT calculations

In a mean-field picture, a dramatic staggering of the
isotope shift as observed in experiment can be achieved
as a consequence of a ground-state shape staggering. In
order for a shape staggering to occur and produce a large
change in nuclear charge radius, three conditions need to
be met. First, the isotopes must have multiple compet-
ing shapes, which in the case of neutron-deficient mercury
isotopes, are oblate, weakly prolate and strongly prolate.
Second, the minima must exhibit sufficiently different
deformations, leading to substantial differences in the
corresponding calculated root-mean square radius. For
the mercury isotopes, the even-A isotopes should have
weakly-deformed minima, while the odd-A nuclei in the
region should have strongly-prolate deformations. Third,
the excitation energy of the strongly-prolate minimum
should be small for a specific set of nucleon numbers,
101 < N < 105. More precisely, it should be comparable
to the odd-even mass staggering for these isotopes i.e the
difference in binding energy between odd-A isotopes and
their even-A neighbours.

In this way, the difference in odd-even mass stagger-
ing in both wells can shift the energetic balance between
the weakly- and strongly-deformed configurations. As is
argued below, these conditions put extremely stringent
constraints on the parameters of the DFT functionals, far
beyond the precision with which these parameters have
been determined so far.

Two sets of systematic calculations for the mercury
isotopes were performed. The first set considers axially-
symmetric configurations obtained using the HFBTHO
code [79, 80], for six different Skyrme functionals UN-
EDFO [81], UNEDF1 [82], UNEDF15© [83], SLy4 [84],



SkM* [85] and SGII [86].

The second set is comprised of 3D coordinate-space
calculations with the MOCCa code [87], employing the
eight parameterizations of the recent SLy5sX [88] fam-
ily supplemented by a zero-range surface pairing interac-
tion [89] with a standard pairing strength [90]. In both
sets of calculations, we retained the blocked configura-
tions for the odd-A isotopes that are lowest in energy,
which in general do not correspond to the experimental
ground state spins and parities.

None of these fourteen parameterizations predict po-
tential energy surfaces (PES) that fulfill all three con-
ditions referred to above. However, all of them at least
predict near-degenerate oblate and prolate minima to co-
exist in light mercury isotopes. This feature thus seems
to be a generic property of the bulk macroscopic energy,
and is independent of the detailed orderings of single-
particle levels that differ between functional parameteri-
zations. In particular, the orbitals corresponding to the
experimental ground-state spins and parities do not ap-
pear at the Fermi surfaces of odd-A mercury isotopes.

We will focus in what follows on four different pa-
rameterizations. The first, UNEDF159, is based on the
UNEDF1 parameterization which has been adjusted to
global nuclear properties across the nuclear chart, but
with modified spin-orbit and pairing properties to repro-
duce detailed spectroscopic properties of nuclei around
254No. Calculations here have been carried out for three
different variants: one employing the pairing prescrip-
tion from [83], and two others with an amplified pairing
strength compared to the original parameterization, by
8% and 20% respectively.

The three remaining functionals, SLy5s1, SLy5s4 and
SLy5s8, are members of a family of parameterizations
constructed on the basis of SLy5* [91] to study the im-
pact of varying the surface tension of Skyrme function-
als. SLy5s8 has a surface tension similar to SLy4 and
SLy5*, while for SLy5s7 down to SLybsl, it takes pro-
gressively smaller values. Because of the nature of the
fitting protocol, all members of the family exhibit simi-
lar single-particle structures. However, the deformation
properties of the parameterizations are quite different,
which is a consequence of the differences in surface ten-
sion. In particular, the parameterization with lowest sur-
face tension, SLybsl, gives quite a satisfying description
of the fission barriers of heavy nuclei, such as actinides
and '8Hg [92]. Here, results are presented for SLy5sl,
SLy5s4 and SLy5s8 representing functionals with low, in-
termediate and high surface tension respectively.

The PES for the even-A neutron-deficient mercury iso-
topes as calculated with UNEDF15© with standard pair-
ing as a function of the axial quadrupole deformation, are
shown in Fig. 12. For all isotopes, the lowest minimum
is the oblate one. In a narrow region, 86 < N < 106, the
strongly-prolate minimum is very close in energy to both
the strongly-prolate and the oblate minimum. In this
way, the UNEDF15© PES fulfills the first two conditions
for producing a sharp radius staggering. The other pa-
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FIG. 12. Potential energy surfaces calculated using the
UNEDF1%° functional for even-A mercury isotopes between
A =174 and A =196 as a function of the axial quadrupole
moment, 2. Energies are renormalized to the minimum of
the curve, with an additional offset of 1 MeV between iso-
topes. Circles indicate the oblate minima, diamonds the
weakly prolate minima, and squares the strongly-prolate min-
ima (if present).

rameterizations discussed here give qualitatively similar
energy curves with the same overall pattern of minima,
but with slightly different relative energy between them.
Albeit small, these differences can change the energetic
order of minima when going from one parameterization
to the next.

To appreciate the detailed energy balance between the
different configurations in both odd- and even-A iso-
topes, the excitation energies of the weakly- and strongly-
prolate minima are shown in Fig. 13 with respect to the
oblate minimum for UNEDF15© with different values of
the pairing strength, as well as for SLy5sl, SLybs4 and
SLy5s8. An unaltered UNEDF15©, Fig. 13, predicts all
isotopes between 99 < N < 103 to be strongly-prolate
deformed. Increasing the pairing strength by 8% suf-
fices to change the predicted deformation of the even-A
isotopes in that region, producing a staggering pattern.
Further increasing the pairing strength makes the shape
staggering completely disappear: the oblate minimum is
the lowest for all isotopes. For SLy5s1 as well, the ground
state staggers between strongly-prolate and oblate min-
ima in the region 99 < N < 103. By increasing the
surface tension the shape staggering can be changed: for
SLy5s4 only two odd isotopes exhibit strong prolate de-
formation while none do for SLy5s8.

For the SLyb5sX parameterizations, larger surface ten-
sion penalizes the strongly-prolate minimum compared to
the oblate and weakly-prolate ones because of its larger
deformation. Increasing the pairing strength serves a
similar purpose: the strongly-prolate minimum gains in
energy compared to the oblate minimum. Note that for
all variants of UNEDF15€ the size of the odd-even mass
staggering in the strongly-prolate minimum is almost in-
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tions with standard pairing (top), pairing amplified by 8%
(middle) and pairing amplified by 20% (bottom) are pre-
sented. For the SLy5sX family, results for SLy5sl (top),
SLy5s4 (middle) and SLy5s8 (bottom) are presented.

dependent of the size of the pairing strength: the mass
staggering is at the root of the shape staggering, but
the detailed fine tuning of the staggering is achieved by
changing the balance of the minima and not through a
change of the size of the odd-even mass staggering. Al-
though being quite different features of the effective in-
teraction, the variation of the pairing strength and the
surface tension can both be employed to change the bal-
ance of minima in order to fine-tune the shape staggering.

The effect of the shape staggering on the calculated
radius staggering is shown in Fig. 14 for the set of
UNEDF159 calculations and in Fig. 15 for the SLy5sX
calculations. Large charge radii appear where the cal-
culated ground state has a strong, prolate deformation.
SLy5s1 and UNEDF15© with 8% increase in pairing
strength predict a staggering pattern that sets in later
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FIG. 15. Same as Fig. 14, but for the SLybsl, SLy5s4 and
SLy5s8 parameterizations. Circles, diamonds and squares in-
dicate oblate, weakly- prolate and strongly-prolate configura-
tions, respectively.

with reducing neutron number.

The presented DFT results show that the origin of
the radius staggering can be properly identified in terms
of the ground-state shape staggering between the oblate
(or strongly-prolate) and strongly-prolate configurations
along the chain of mercury isotopes. The effect is ex-
tremely sensitive to the fine details of the functional: by
slightly varying the pairing strength of (UNEDF15°) or
the surface tension (SLy5SX) of the functional, one can
fine tune the detailed balance between the three, coex-
isting minima, which can change dramatically the shape
staggering and hence the radius staggering.

While this effect is demonstrated here for the pair-



ing strength and surface tension, the balance between
the minima also depends on many other properties of
the functionals both in the particle-hole and particle-
particle channels. Because of this sensitivity, it is very
unlikely that any of the existing parameterizations can
be tuned to reproduce exactly this very particular shape-
coexistence pattern. For this reason, we can not mean-
ingfully state a strong preference for any parameteriza-
tion discussed here. The precise staggering pattern could,
however, be used to impose stringent conditions on future
parameter fits.

2. MCSM calculations

Monte Carlo Shell Model (MCSM) calculations are
a type of configuration-interaction approach for atomic
nuclei that uses the advantages of quantum Monte-
Carlo, variational and matrix-diagonalization methods
[93]. This is the first time such calculations were per-
formed for such a heavy system as the mercury isotopes
and they are the heaviest MCSM calculations so far.
The massively parallel K-supercomputer [94] provided
the computing power to execute the calculations.

The model-space single-particle orbitals used in these
calculations consist of proton orbitals from 1g7/5 up to
1i13/2 and neutron orbitals from 1hg /5 up to 1j15/2, using
the doubly-magic *?Sn nucleus as inert core. As a result,
a large number of nucleons (30 protons and up to 24
neutrons) were left to interact in a large model space.

In these orbitals, all nucleons interact through effec-
tive nucleon-nucleon (NN) interactions. The neutron-
neutron (n—n) and proton-proton (p—p) interactions are
taken from [95], while the proton-neutron (p—n) interac-
tion from [96] was used. Effective charges for protons and
neutrons [97] being 1.6e and 0.6e were used together with
a spin-quenching factor of 0.9 [97] and single-particle en-
ergies were adjusted to properties of doubly-magic 32Sn
and 2°Pb nuclei.

Eigenstates were calculated for mercury isotopes with
177 < A < 186 with excitation energies below 2 MeV and
spins and parities as observed in experiment. For each of
these eigenstates, the magnetic moment, quadrupole mo-
ment, excitation energy and nucleon occupation numbers
were computed.

As shown in Fig. 16, the MCSM calculations repro-
duce the magnetic and quadrupole moments for both
experimentally-observed ground states and isomeric
states of all measured odd-A isotopes. While for some
isotopes the electromagnetic moment data clearly favor
one eigenstate over the others, such a distinction cannot
be made for all isotopes. The magnetic moment of
1"THg for instance clearly favors the 7/2; state over
7/25 , while in '®'Hg, the magnetic moment of all 1/2~
states is nearly identical. MCSM calculations were also
performed for 9/2~ states in !""!"Hg. The magnetic
moments of these states were found to be large and
positive: ©(9/27) = 1.26,0.72 and 1.26,1.47 uy for the
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FIG. 16. Comparison of experimental magnetic moment val-
ues from laser spectroscopy with MCSM calculations for odd-
A neutron-deficient mercury isotopes (A = 177 — 185). Red
circles refer to experimental data.

first two excited states with I™ = 9/27 in '"7179Hg,
respectively.

The MCSM eigenstate is given by a superposition
of MCSM basis vectors. Each MCSM basis vector
is a deformed Slater determinant, for which intrinsic
quadrupole momenta @y and @2 can be calculated. Qg
and @2 can be used as partial coordinates, from which
the nuclear shape parameters 2 and 7 can also be ex-
tracted by standard relations [98]. A given MCSM basis
vector is placed as a circle on the Potential Energy Sur-
face (PES) according to Qo and Q2. The importance
of this basis vector in the eigenstate is expressed by the
area of a circle, being proportional to the square of the
overlap to the eigenstate. This is called the T-plot [99].

The calculated g values are extracted via the following
expression:

37
TR (14 036(3, ) (14)

where R? is calculated as R? = (1.2 fm A'/3)? [38]. Since
the mass quadrupole moment, rather than the electric
quadrupole moment results from MCSM calculations, the
factor Z was replaced in Eq. 14 by A. The correction

Qo =



term 0.36(82 ) was neglected, because (82 ) is at most
about 0.2 presently. The resulting equation becomes

)

corresponding to the equations used in [100, 101].

The differences in mean-square charge radii 6(r? ), nor-
malized to '8¢Hg, from experimentally measured isotope
shifts were compared to MCSM calculations using the
extracted B2 values (Eq. 15) in combination with the nu-
clear droplet model [42] by Eq. 5 as detailed in [38, 102].
Panel a) of Fig. 17 shows the comparison of MSCM cal-
culations with experimental values.

The ground state of **6Hg is known from its observed
level scheme and from Coulomb-excitation measure-
ments to be only weakly deformed [7, 103]. This nucleus
was used to normalize the experimental § < r? >-values
from laser-spectroscopy measurements with theoretical
calculations. The plot in panel a) of Fig. 17 highlights
§ < 12 >4_186 of the lowest-lying nuclear states with
the correct spin and parity in a light blue shade if the

Vom
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calculated magnetic moment is similar to the experi-
mentally observed one and in gray when they do not
match. Since even-even nuclei, having 0% ground states,
do not have a magnetic moment, all even-mass states are
indicated in blue on Fig. 17. The width of the colored
areas corresponds to the spread of MCSM basis-vector
deformation parameters on the PES. The levels for
which both the magnetic moment and deformation agree
with experiment are connected by the blue band.

An overall agreement for the shape staggering is ob-
served in both the magnitude and location as a function
of neutron number. In all but 8185 Hg the state cor-
responding to the electromagnetic moments and charge-
radii differences observed in experiment is also the lowest
state of that given spin and parity. The difference in en-
ergetic ordering for 181:185™Hg might come from the limit
of 24 MCSM basis vectors used in the calculation. Ded-
icated calculations with 12 and 16 basis vectors showed
indeed that the magnetic and quadrupole moments con-
verged to a large extent for 24 basis vectors, while the
excitation energy of the calculated states could still shift
when more basis vectors would be added.
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FIG. 17. a) : Mean square charge radius relative to that of the ground state of '**Hg. Red points are experimental data from
this experiment. The blue shaded area indicates the radii corresponding to MCSM eigenstates for the observed ground states,
J™ = 0T for even-A, 1/27 for 81183185 g and 7/27 for """ Hg. In addition, the §(r? ) value of the isomeric state 13/23
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deformation parameters on the PES. The gray areas show MCSM eigenstates for which the calculated magnetic moments differ
from measured values. b): T-plots for two states in 1”"Hg are shown on the right (see text for more information). c): Proton

and neutron occupation numbers.



For the lightest mercury isotopes with A < 180, the
MCSM correctly describes the trend towards sphericity,
magnetic moments and even the energetic ordering
of levels. The unusually rapid and large change of
the § <72 >4_1g6 value for neutron-deficient mercury
isotopes with A < 186 is thus reproduced well in current
calculations. While the present Hamiltonian is rather
standard, the unprecedented size of the configuration
space plays an essential role in the calculation outcome.

Shape staggering mechanism

The present MCSM calculation enables one to investigate
the underlying microscopic factors driving the abrupt
change between the near-spherical and deformed states.
Notably, the change in nuclear shape is related to a
change in the occupation numbers. The most important
ones are the proton 1hg,y orbital, which is the strongest
contributor to protons excitation above Z = 82, and the
neutron 1iy3/5 orbital, shown in panel ¢) of Fig. 17. Large
and constant values (= 8) of the occupation number of
the neutron 1i13/5 orbital are observed for the strongly
deformed 1/2 states of 181183185 In addition, more
than 2 protons are excited above the Z = 82 closed shell
to the lhg/y orbital. For weakly-deformed states, the
occupation number of the 1i;3/, orbital grows steadily
with neutron number, while that of the proton 1hg,y or-
bital remains small as is expected from the usual filling
of proton and neutron orbitals. The origin of this abrupt
change in occupancy numbers as a function of neutron
number is found in the monopole component of the NN
interaction. The effect of the monopole interaction be-
tween protons in the orbital j, and neutrons in the orbital
jn can be expressed as

Emon = f(jpvjn)nw(jp)nu(jn): (16)

where f(jp,jn) is the monopole matrix element, nr(jp,)
and (n,(jn) stand for the number of protons and neu-
trons in the specified orbitals, respectively. The av-
erage value of f(jp,jn) for different orbitals is about
-0.2 MeV in mercury, but f(mhg)s,vii3/2) stands out
with a strongly-attractive value of -0.35 MeV. This is
due to the similarity in radial wave functions of the two
orbitals and due to the effect of the tensor force origi-
nating from the attractive j--j coupling [104]. Once
optimal numbers of protons and neutrons are found in
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these orbitals, they produce a large quadrupole deforma-
tion, resulting in an increased binding energy due to the
proton-neutron quadrupole correlation energy. However,
these orbitals lie above the Fermi energy and a mecha-
nism is needed to bring such states down in energy. The
strong attractive nature of the monopole interaction pro-
vides such a mechanism for f(mhgs,vii3/2) since it is
more attractive by 0.15 MeV than the average interac-
tion. When moving from '*°Hg to %' Hg, three more pro-
tons and six more neutrons in those orbitals, produce an
additional monopole binding energy of 2.7 MeV besides
the quadrupole contribution. The monopole interaction
thus shifts the strongly-deformed state down in energy.
The influence this monopole interaction has on the PES
is shown in Fig. 18 where the strength of this interaction
is artificially reduced. Here, a shift of the minimum, indi-
cated by the red arrows, is seen from a prolate to oblate
shape when the monopole interaction is reduced.

This is a variation of the so-called type-II shell evo-
lution, where significant changes in nucleon occupation
numbers produce large shifts of effective single-particle
energies. In the present case, the single-particle energies
of the neutron 17,3/, orbital and proton 1hg,, orbital are
effectively lowered, locating deformed prolate states at
lower energy. The combined action of the monopole and
quadrupole interactions thus allows for a near-degenerate
coexistence of strongly- and weakly-deformed states in
the region of the neutron-deficient mercury istopes.

While this effect is present in all mercury istopes
around the neutron mid-shell, it is the small additional
difference in pairing energy gain between odd-even and
even-even nuclei, which tips the balance in favor of a
strongly- or weakly-deformed ground state.

Type-1I shell evolution plays an essential role in the
quantum phase transition in zirconium isotopes and in
the shape coexistence in nuclei around %®Ni [105, 106].
It appears that type-II shell evolution also produces the
abrupt odd-even staggering effect in mercury isotopes.
As sucht, this insight links our results to features at
different locations of the nuclear chart. This mecha-
nism, that was qualitatively described in [5], is now put
on quantitive grounds. Moreover, the relevant proton
and neutron orbitals are identified. The MCSM calcu-
lations can now also be compared to other observables
such as energy band structures and transition matrix el-
ements from nuclear spectroscopy, Coulomb excitation
and transfer reaction experiments.
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FIG. 18. Influence of the monopole interaction between whg, and viiz/, on the potential energy surface (PES) of 1%5Hg. In
panels A and B, the interaction is artificially reduced by a factor of 0.6 and 0.8 respectively with respect to the original shown

in panel C. The red arrows indicate the PES minima.

V. Conclusion

We report on an experimental and theoretical study
of the neutron-deficient mercury isotopes. By measuring
for the first time the IS and HFS of 177~ 1¥9Hg and vali-
dating previous measurements along the chain of heavier
mercury isotopes, the end-point of shape-staggering in
the neutron-deficient direction was found to be at 8Hg.
Not only the §(r? ) of 177"189Hg but the magnetic and
quadrupole moments of 1""'"Hg support the inference
of their small deformation. More advanced descriptions
were obtained from the MCSM and DFT calculations.

The DFT models offer an interpretation of the ob-
served difference in charge radii in terms of the odd-
even mass staggering combined with multiple near-
degenerate minima of sufficiently different deformation.
The UNEDF15© with modified pairing strength as well
as the SLy5s1 and the SLybs4 functionals provide a ra-
dius staggering that is similar to experiment, but predict
a staggering pattern that sets in with two neutrons less.
Reproducing all details of the observed staggering of the
radii is not possible at the moment, as a quantitative de-
scription of the nuclear charge radii is extremely sensitive
to many details of the functionals employed. For two such
aspects, the pairing strength and the surface tension, the
delicate balance between the minima and its consequence
for the nuclear charge radii was shown explicitly.

The largest ever MCSM calculations were performed
for this work. Both the magnetic and quadrupole mo-
ments and the radii changes calculated with the MCSM
agree with the experimental results to a remarkable ex-
tent. These calculations point to the origin of the shape
staggering as coming from a combination of pairing with
a variation of type-II shell evolution. In the latter, the

monopole interaction between the viyz/» and whgs or-
bitals causes an enhanced occupation of these orbitals
which drives the mercury isotopes to deformation. The
change in their occupation from one isotope to the other
causes their pronounced shape staggering. This under-
standing can now be tested in other areas of the nuclear
chart, and the MCSM can be used to calculate different
experimental observables.
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An ion-beam cooler and guide
for IGLIS



Chapter 5

In-gas-jet laser ionization
spectroscopy

The nuclear structure of the heaviest elements is governed by the interplay
between the attractive strong and repulsive electromagnetic interactions [112].
Several models (Chapter 2), predict physics observables for the heavy elements
[113,114]. However, in many cases, firm experimental data to validate them
is lacking. Determining spins, radii and moments of these heavy nuclei is
mandatory to further develop the understanding of how atomic nuclei are built
from their constituent protons and neutrons.

Because of the low production rates of the heavy elements, these experiments
are very challenging and data is scarce, as can be seen in Figure 1. The current
limit on the existence of the heavy elements is the recently named element
oganesson (Z=118) [115,116] while optical spectroscopy has been performed
up to nobelium (Z=102) [19]. The HELIOS (Heavy Element Laser Ionization
and Spectroscopy) project at KU Leuven, in which this thesis work is situated,
aims to address the challenges that are currently hindering heavy-element
laser-spectroscopic studies by developing a new laser-spectroscopy technique:
In-gas-jet laser ionization spectroscopy.
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5.1 In-gas-jet laser ionization and spectroscopy

The in-gas-jet laser ionization and spectroscopy technique builds upon the
in-gas-laser ionization and spectroscopy technique (IGLIS), developed over
the past 2-3 decades at KU Leuven [117-119]. The former technique can be
categorized within the limits of the broader IGLIS technique as being a more
specific variation. IGLIS was used at the recently decommissioned Leuven
Isotope Separator On Line (LISOL) facility at Louvain-La-Neuve for both the
production (as an ion source) and study (using laser spectroscopy) of radioactive
ion beams (RIB). In the in-gas-cell laser ionization and spectroscopy technique,
RIBs are stopped, neutralized and thermalized in a high-pressure gas cell (filled
with ~ 300 mbar argon gas) at room temperature. A flow of noble gas leads the
seeded atoms from the stopping point towards the exit hole of the cell. Before
leaving the cell, resonant laser excitation and ionization of the isotopes takes
place in the cell.

gas inlet

pressure Water
sensor cooing
filament

radioactive
products
—

de Laval nozzle

supersonic jet
in-jet
ionization

entrance
window

in-cell . I
ionization ~ IN-C€
volume )\1/)\2

Figure 5.1: Cut view of the Leuven gas cell with the main components indicated.
Figure adjusted from [120]

For in-jet spectroscopy, this process is very similar with the main difference
being that the ionization region is moved from the gas cell to a supersonic gas
jet. While different methods for the creation of a supersonic jet exist, a ‘de
Laval’ nozzle was preferred for the setup at KU Leuven [85]. Such a supersonic
jet has several advantages due to its low density, low temperature and high
directionality when created under the right conditions. This technique combines
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a high sensitivity with a high spectral resolution in comparison to other in-source
spectroscopy methods such as e.g. the hot-cavity method used in Part 1 of
this thesis to study mercury. In Figure 5.1, both techniques (in-cell vs in-jet)
are shown and the main components of the cell are marked. The difference in
position of the ionization volumes for in-cell and in-jet spectroscopy are also
indicated.

The advantages of moving the ionization volume to the supersonic gas jet stem
from the specific characteristics of a supersonic gas jet. As discussed in section
3.3, temperature and pressure play an important role in the spectral broadening
of a measured hyperfine spectrum through Doppler and pressure broadening
respectively. Equations 5.1-5.3 dictate the temperature (T'), pressure P and
density (p) in a supersonic jet of Mach number M. The Mach number is a
dimensionless quantity that relates the flow velocity to the local speed of sound
in a medium.

b (T e

P [1 + (72_1> MQ} o (5.3)

Here, the subscript 0 denotes so-called stagnation values for P,T" and p. These
are the values inside the cell from which the supersonic jet propagates. The
parameter v refers to the ratio of specific heat capacities as v = C,/C,, which is
equal to 5/3 for mono-atomic gases. From equations 5.1-5.3, it is seen that P, T
and p all scale inversely with M, resulting in reduced Doppler and pressure
broadening (sec 3.3). For copper atoms, the FWHM of the Voigt profile of a
spectral line drops with about 1 order of magnitude from ~ 2 GHz to ~ 200
MHz when considering a Ty = 300 K, Py = 100 mbar gas cell with respect
to a M = 12 supersonic jet [85]. Besides this increase in resolution, the first
online test with the in-gas-jet technique at LISOL proved that this can even be
achieved without a loss in efficiency [13]. Figure 5.2 shows the result of these
first online tests from which the increase in spectral resolution is clear.
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Figure 5.2: Comparison of in-gas-jet and in-gas-cell laser ionization spectroscopy
of actinium isotopes studied at LISOL. Figure from [13]

When the cell is provided with a thin window through which an ion beam can
enter and be stopped in a noble gas, this setup can be used both as an ion
source and as a spectroscopy setup. If such a system is coupled to an in-flight
facility, where the production of heavy-element RIB’s is available, as is planned
at SPIRAL2 in GANIL, it will be possible to perform laser spectroscopy on a
broad scope of heavy elements which are currently out of reach [13].

5.1.1 Comparison to other laser spectroscopy techniques

Other well-established laser-spectroscopy experiments that aim to measure
exotic nuclei can be categorized in either collinear or in-source type experiments.
In the first type, lasers are overlapped with an isotopic beam in a collinear
geometry. Making use of the reduced Doppler broadening of an accelerated
ion beam, reaching the order of natural line widths for a 40 kV acceleration
voltage, very high spectral resolution can be reached down to the order of
~ 10 MHz [121]. Here, both methods using photon detection of resonantly-
excited atoms or ions and ion detection of resonantly-ionized atoms are well
established at different facilities such as for instance by the COLLAPS and
CRIS experiments at ISOLDE, CERN. However, even the more efficient CRIS
technique can only reach isotopes with production rates in the order of 100
ions/s [121]. In-source ionization in either a hot-cavity or in a gas cell, is more
efficient where, as shown in this work, isotopes with production rates down to 0.1
ions/s can be measured. Due to Doppler and pressure broadening however, in-
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source techniques only provide spectral resolutions in the order of ~ GHz. This
limits the applicability of the in-source methods to isotopes with large hyperfine
splittings and isotope shifts. More specifically, medium to heavy-mass nuclei are
often studied using this technique due to the increasing contribution of the Field
shift (~ 6(r?)) to the total IS [75]. In-gas-jet laser spectroscopy on the other
hand could combine the high efficiency of conventional in-source techniques,
with an improved spectral resolution by at least an order of magnitude. Using
the fast stopping and extraction by a purified noble gas, isotopes with half-lives
above 100 ms and produced at a rate of only 1 atom every 10 s can be measured
with a spectral resolution of v /v ~ 1 x 10=7 (~ 100 MHz) [13]. This makes the
technique ideal for studying the heavy element region with high precision and
efficiency. Since stopping and extraction of isotopes is in principle independent
of chemical properties, the refractory elements can also be studied which are
currently difficult to study with high-resolution spectroscopy at thick-target
ISOL facilities.

5.2 Experimental setup at KU Leuven

At KU Leuven, a laboratory dedicated to the characterization and optimization
of the in-gas-jet laser ionization technique has recently been commissioned. A
schematic layout of the laboratory consisting of two experimental rooms is
shown in Figure 5.3.

Jet laboratory Laser laboratory

-/

. NG:YAG laser
GND section

Figure 5.3: Layout of the IGLIS laboratories at KU Leuven. Figure from [120]
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5.2.1 Jet laboratory

The jet laboratory, depicted on the left hand side of Figure 5.3, is divided in a
high voltage (HV) and ground (GND) section, separated by an insulating fence.
In the GND section of the lab, the frontend vacuum chamber, gas distribution
and gas purification systems are placed. Inside the frontend vacuum chamber,
the gas cell with a ‘de Laval’ nozzle for the production of the supersonic jets
and radio-frequency quadrupole ion guides (RFQ) are situated. The RFQ’s are
the main topic of the following chapters. The frontend is sectioned in three
separate chambers for differential pumping named ‘jet chamber’, ‘DP1’ and
‘DP2’. This sectioning is needed to obtain a good-quality vacuum in the DP2
and beam-line sections to avoid electrical breakdown in the HV section and
bad ion-beam emittances due to for instance reheating at extraction. The top
of Figure 5.4 shows the layout of the inside of the frontend with the most
important components indicated, while the bottom panel shows a picture of
the actual setup.

RFQ ion guides Extraction

de Laval electrode
nozzle
Gas jet
. Differential "
pumping barriers
jet chamber laser DP1 DP 2
" - |

Gas cell

Figure 5.4: Top: Inside layout of the jet lab frontend at KU Leuven. Bottom:
Picture of the actual setup.

In the HV section (Figure 5.5), the beam line connected to the frontend contains
the lens chamber, housing an einzel lens and X- and Y-deflector plates. Behind
the lens chamber, beam diagnostics are installed. These are a Faraday Cup



110 IN-GAS-JET LASER IONIZATION SPECTROSCOPY

(FC) and a position-sensitive multi-channel plate (MCP) detector. A phosphor
plate mounted at the back of the MCP is used to image the ion beam using a
90° prism and an Ethernet camera. A dipole bending magnet is used to mass
separate the ion beam and send it to the focal plane of the beam line where
a FC and MCP detector are installed. Time profiles of the ion beam can be
measured with both MCP’s, as explained in more detail in section 8.4.

Lens chamber Dipole magnet Focal plane and
. . etection station
Insulator Beam diagnostics Magnet power with FC and MCP

with FC and MCP

Figure 5.5: Picture of the HV section of the jet laboratory with the main
components indicated.

5.2.2 Laser laboratory

The IGLIS laser laboratory shown in Figure 5.6 and described in [120] is situated
in an ISO8 clean room containing the laser setup. The setup consists of two
dye lasers (CREDO, Sirah Lasertechnik GmbH) and a two-stage dye amplifier
being pumped by two Nd:YAG INNOSLAB lasers (EdgeWave GmbH). The
latter have a maximum repetition rate of 15 kHz, which is necessary in order to
irradiate all atoms in a 5 cm supersonic gas jet with ~ 500 m/s velocity at least
once. These lasers have an output power of 90 W at 532 nm (frequency doubled)
and 36 W at 355 nm (frequency tripled) with a 8-10 ns pulse length. Both
dye lasers and the dye amplifier have a frequency-conversion unit (FCU) for
frequency doubling and reaching the UV spectrum. The dye amplifier is seeded
by a tunable single-mode CW laser (TA Pro, Toptica Photonics AG). The
timing of the lasers is controlled by a digital-delay pulse generator (Quantum
Composers) with several outputs for both triggering and delaying each laser
separately. A home-made control program written by K. Dockx in XOJO is
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two-stage pulsed dye amplifier
with frequency conversion unit

Atomic Beam Unit
Reference cell
CW single mode
diode laser TA Pro
WS7 Wavelength meter

———TTTT
Dye lasers (CREDO)

with frequency
conversion unit

Stabilized
HeNe laser

Nd:YAG
INNOSLAB

max 15kHz

90 W at 532 nm
36 W at 355 nm

Figure 5.6: Picture of the laser laboratory clean room (ISO8) with most
important components indicated.

used to control the lasers and automate laser scans with either the atomic
beam unit (ABU) or the fluorescence-detection setup for gas-jet-formation
measurements. This program is also used for stabilization of the CW laser based
on a software PI-loop (partial PID-loop) using as input frequencies measured by
a HF-ANGSTROM WS/7 (HighFinesse GmbH) wavelength meter. The input
frequencies of the continuous-wave diode laser and stabilized Helium-Neon laser
are simultaneously measured using an opto-mechanical switch (HighFinesse
GmbH).






Chapter 6

lon guide and beam cooler
principles

Ton guides are devices for trapping, preparing and transporting charged
particles. Beam coolers are a specific type of ion guides for optimizing ion-beam
characteristics such as emittance and energy spread. In this chapter, the basic
operational principles of such devices are described.

6.1 lon trapping with RF potentials

The majority of ion guides make use of quadrupolar radio-frequency (RF)
electric fields in order to confine the particles radially. The quadrupolar field is
created by applying RF potentials to rods that are positioned in a configuration
as shown on the left of Figure 6.1. By applying the potentials that are 180°
out of phase to adjacent rods, at any moment in time, a potential is created
that is confining in one direction but is anti-confining in the other. Such a
potential is shown on the right of Figure 6.1. However, by fast switching of
this saddle potential, a confining pseudopotential is created. Dehmelt proved
this 50 years ago, by showing that an inhomogeneous RF field can create a
non-zero time-averaged force F;,, which can be described as the gradient of a
pseudopotential Viseudo as Fr, = —€VVpseudo(r) [122].

The RF-fields of a linear RFQ only radially confine the charged particles in an
ion guide. Additional fields are needed to confine or dictate the motion of the
charged particles along the axis of the ion guide. This can be done using DC
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potentials causing an axial field gradient that can be used for dragging the ions
through the RFQ or even for temporarilly collecting and storing the ions as is
for instance done in ion bunchers.

| |
LA

time t

Figure 6.1: Left top: Rod configuration for producing a radially confining
electric field using RF potentials. Left bottom: Time dependence and relative
phase of the applied potentials. Right: Representation of the saddle potential
created by applying potentials 180° out of phase to adjacent rods at time t.

Equations of motion

The oscillation of an ion in the RF field gives rise to two types of motion: the
micro motion, an oscillation with the frequency of the driving RF field and the
macro-motion that slowly drives the ion as a harmonic oscillator (see Figure 6.2).
As RFQ’s make use of a confining quadrupole potential, the magnitude of the
electric field strength in the radial direction increases linearly with the distance
from the trap center. The same is true for the magnitude of the instantaneous
force ' = eE acting on the ions and also the time-averaged force F,. The
ion will therefore perform a bound, harmonic (macro) motion about the trap
center [123]. In linear RFQ’s the voltage

V(t) =Vpe + V}f Sin(wrft) (6.1)

applied to the electrodes, gives rise to a pseudopotential well that has the form
of a parabola, described by
6V3f

2t (6.2)

Vosendo ) = o,
0*rf
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Here, r¢ is the radius of the inscribed circle of the RFQ electrodes, referred to
as the characteristic distance, m is ion mass, e is the ion charge, w,s is the RF
angular frequency and V;; is the peak-to-peak RF amplitude.

Cu* ions in linear RFQ
06l d=0.5 f=1MHz

0.4

0.2]

-0.2|
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o

-0.4]

-— -—

-0.6|

0 20 40 60 80 100 120 140
Axial Position (mm)

Figure 6.2: Simulated motion of Cu™ ions in a linear RFQ showing the large-
amplitude macromotion and small-amplitude micromotion superimposed. The
effect of the axial DC dragging field is seen as the increase in axial movement
per cycle (indicated by the black arrows).

Stable ion motion is not valid for random combinations of variables. The
equation of motion in fact dictates what parameter set results in a stable ion
motion.

The quadrupole potential has the form of

_ $o(@® —v?)
2rk

¢ (6.3)
where ¢( refers to the peak-to-peak voltage applied to the rods as given in
6.1. When focussing on the x dimension, and using F,, = —eV¢o(y = 0), the

equations of motion become

d’x —2e(V] V¢ cos(wyrt))x
dt? TS
As it turns out, there is no simple analytic solution for these equations but
they can be transformed into the form of the so-called Mathieu equation, by
rearranging the terms in equation 6.4.

2z

el + (ag — 2gycos2)x =0 (6.5)
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where £ is related to the frequency as { = wyst/2, while a and ¢ are referred to
as the Mathieu parameters given by equations 6.6 and 6.7. The derivation is
exactly similar for the y-dimension, but due to the 180° phase difference, a and
q differ in sign.

2eViy

Qe = —Qy = m’l’ngf (66)
4eV;

Ay = —ay = % (6.7)
mrgw;

rrrrrrrrrrrrrrr-rr-r11] o2 T T T T T T 1]

B 02 = Xand Y-stable

X-stable
y-stable

Figure 6.3: Mathieu stability diagram for ion motion as a function of the
stability parameters a, ¢ given in equations 6.6 and 6.7. Figure from [123].

It should be noted however, that Upc here, does not refer to the axial DC
potential that is applied for instance as a DC gradient in ion guides to guide
ions through the device, but rather is a fixed potential applied to the rods as
given in 6.1. In our case, when working with an RF-only linear RFQ, equation
6.5 is reduced as a = 0. In this specific case, the parameter region where the ion
motion becomes stable is given by 0 < ¢ < gmax = 0.908. Another remark deals
with the limitation of the Mathieu stability diagram. Since this diagram treats
only two types of ion trajectories, bound trajectories and unbound trajectories,
the physical constraints imposed by the finite size of real quadrupoles are not
considered [124]. Simulations of the RFQ’s are needed to fully characterize the
system in advance and should be experimentally verified.
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6.2 Buffer gas cooling

Buffer-gas cooling of ion beams is a well-established method of reducing the
emittance, and energy spread of an ion beam [125]. Emittance is a measure of
the quality of ion beams related to the average spread of particle coordinates in
both position and momentum phase space. Using collisions of trapped ions with
a low-pressure gas, usually referred to as a “buffer gas”, ion beams can be cooled
to close to the temperature of the gas itself. Buffer-gas damping of ion motion in
a trap was first demonstrated in 1965 for mercury ions in a Paul trap into which
a small amount of helium was introduced [125]. At high gas pressures and low
ion energies, the effect of collisions with gas molecules is most often modelled
as a viscous drag force that damps the oscillation of the ion in RF fields as
Fg = %v. A measure of the strength of this effect is the ion mobility K, which
is characteristic of a certain ion and buffer-gas combination. As the damping
effect is proportional to the number of ion-gas collisions, reduced mobilities K
are most often quoted for a gas density of an ideal gas at 0°C and 1 atm and
need to be rescaled for temperature and pressure. As a result of this damping
force, the ion velocity is said to reduce exponentially according to

v = vpe Rt = yye o No', (6.8)
This model is often used in simulations of buffer-gas filled RFQ’s. However, this
simple model breaks down microscopically and can for instance not model RF
heating, discussed later, or the random statistical nature of ion-gas collisions
and can significantly overestimate the effectiveness of the cooling process [126].

Another often-used model for ion-gas interactions in simulations is the hard-
sphere model, which, as the name suggests, models the collisions as colliding
hard spheres. In this model, the ions scatter on gas particles with a collision
frequency related to the ion- and gas-particle’s diameters, gas pressure and
velocities. The gas particles travel in randomized velocities according to the
Maxwell-Boltzmann distribution. This is a more microscopic approach to
modelling the buffer gas effect, but is computationally more intensive than
the viscous drag model. However, modelling the full interaction potential as a
hard-sphere potential oversimplifies interactions at larger distances.

As detailed in [125,126], the actual form of the ion-molecule interaction potential
depends on the atomic structure of the ion and the molecule. The attractive
dipole-induced interaction, has a 1/r* dependence, and dominates the interaction
potential at larger distances. Similarly, an induced quadrupole effect with an
attractive 1/r% dependence is present. Higher-order terms associated with a
strong repulsive core, can be approximated by a single higher-order positive
term with a 1/7" dependence. The resulting ion-molecule interaction potential
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is modelled as
Viry=— - —+—-— (6.9)

where B, Cy and Cg are constants depending even on the electronic structure of
the ion and molecule. While other parametrizations than the so-called (n,4,6)
potential in equation 6.9 are used in parallel, rather simple relations exist to
convert one to the other [125,126]. When the full interaction potential is known,
the ion-gas collisions can be modelled in detail as is for instance implemented in
the TonCool software, developed at MSU [126]. A comparison of several models
is given in Ref. [127], which states that ‘if one is interested in a fast and possibly
more qualitative evaluation of a problem, the hard-sphere model will suffice.
However, for quantitative results and comparisons with experimental results
the realistic model is recommended”.

RF heating

An important constraint on the applicability of buffer-gas cooling is due to the
molecular mass of the buffer gas. In RF-driven coolers, the so-called RF-heating
of ions becomes important when the mass of the buffer-gas molecule M is
comparable or larger than the mass of the ion m.

If there is only little momentum transferred in ion-gas collisions, there is an
average cooling effect. For maximum momentum transfer, however, the collisions
lead to a larger paths in the RFQ. For M = m for example, the ion is at rest
immediately after the collision, but then starts out on a larger orbit in phase
space. In this case the ion picks up energy from the RF field. As noted in [127],
the average energy transfer per hard-sphere collision can be calculated as a
function of the mass ratio kK = M/m as

(enr) = r{ ol (6.10)

1+ k)2
For values 0 < x < 1 this expression is always negative, so a net cooling effect is
present. For k > 1, egp is positive and on average energy is added rather than
dissipated in collisions. This is why, helium is used mostly as a buffer gas in
RFQ’s. While cooling times are slightly larger for lower-mass buffer gases, they
can cool more ion species. Buffer gases are almost always noble gases as they
are chemically less reactive which reduces loss of ion species due to molecule
formation. In addition, the high ionization potential of helium or argon (IP(He)
= 26,4 eV, IP(Ar) = 15,8 V) reduces the possibility of charge exchange. The
effect on the temperature due to RF fields are not easily estimated. In general,
it has to be determined by experiment or by Monte-Carlo simulations of the
ion-molecule interaction. [125]



Chapter 7

Simulations and design

The goal of the ion guides in the IGLIS setup at KU Leuven can be divided in
several parts. Firstly, they have to efficiently capture the ions created in the
supersonic gas jet or in the gas cell. Secondly, the ions need to be transported
from the high-pressure jet-chamber region to the beam line which is under a
high-vacuum, high-voltage regime (see Figure 7.1). The ion guides have to do
this while providing optimal transport efficiency, which is crucial when working
with exotic nuclei, as well as a good beam quality. In order to design the RFQ
ion guides, all these aspects have to be taken into account. The most important
factors of the design of the RFQ system for the IGLIS studies at KU Leuven
are described in this chapter. By doing simulations with different programs, the
operational characteristics were calculated and optimized and later on compared
to the results of commissioning experiments described in Chapter 8.

Jet chamber DP1 DP2 Beam line
~ 0.1 mbar ~ 10* mbar ~ 10° mbar kb <10° mbar
— , High
R ! : : Voltage
i ———— - region
74 g 265 mm 305 mm

Gas cell

Figure 7.1: Frontend design with different pressure regimes.
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7.1 Design

The atoms of interest are extracted in an argon gas jet expanding from the
buffer-gas cell. For the gas jet to remain stable, and not to over- or under
expand, the background pressure in the region of the supersonic jet has to
match the pressure of the jet itself. For a jet with Mach number M = 8 and a
gas cell pressure of Py = 300 mbar, this would impose the pressure in the whole
jet chamber to be =~ 0.1 mbar according to Equations 5.1-5.3 [85]. At roughly
0.5 m from the jet chamber, the laser-produced ions will be accelerated by a
high voltage (HV) and sent to a dipole mass-separating magnet. Such a region
of high voltage (up to 40 kV) requires a vacuum of the order of 10~¢ mbar
to prevent electrical breakdown in the HV region. This means that the ions
have to be transported from a high-pressure (= 0.1 mbar) to a low-pressure
region (=~ 1075 mbar). This requirement is met by introducing two stages of
differential pumping and therefore also three different RFQ structures named
S-shaped RFQ (SRFQ), differential pumping RFQ (DPRFQ) and ion guide
RFQ (IGRFQ). The sizes of the pumping diaphragms (11 mm diameter) were
based on vacuum calculations that included both the inflow of gas from the
gas cell and the pumping system. For RF(Q simulation purposes, these vacuum
calculations were also used to estimate the pressures in chambers DP1 and DP2,
when the pressure in the jet chamber is kept fixed, as dictated by the jet Mach
number and stagnation pressure.

jet chamber DP1 DP2
C1,2 C2,3
— —
] | |

St l Stp2 l Stp3

Figure 7.2: Vacuum calculations diagram.

Using the diagram of the vacuum calculations as shown in Figure 7.2, the

pressures in DP1 and DP2 (referred to as P, and P; respectively), were calculated

as

C C
1,2 P, = P, =23

P,=P
2 ! STPQ STP3

(7.1)
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The conductances were estimated using formulas from [128] as

T _d3 8kT
= —T—  with T=4/=— 2
Ctube 1277 it v ™ (7.2)

Copp = A (7.3)

where d, [, k, T, M, A and R represent the diameter, length, Boltzmann constant,
temperature and molar mass, surface area and gas constant respectively.

7.1.1 SRFQ

Working with a unidirectional supersonic gas jet, it is important to consider
that the gas jet does not enter directly the differential pumping diaphragm
separating two chambers. Doing so renders the differential pumping invalid. By
bending the RFQ, such as for example by 90° or in an S-shape, the gas jet can
be directed away from the pumping diaphragm.

310 mm

straight output
for DPRFQ injection

S

“ pumping

. EEEE
\

76 mm
gas jet

mirror
laser beam

[P
straight input
for gas jet injection

Figure 7.3: Design of the SRFQ.

The S-bend is designed such that it is made up of two soft 45° bends with
a bending radius of 130 mm from the RFQ center, each bending in opposite
direction to each other as shown in Figure 7.3. Ensuring a soft bending increases
the transmission through a bent RFQ. This can be conceptually understood
by thinking of ions moving through the RFQ as marbles going down a slide. If
the axial energy of the ions is high enough to overcome the pseudo-potential
well depth, ions might not make it through the curved section. The magnitude
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of the bend however also allows for an easy positioning of a mirror to send a
laser beam in counter propagation to the gas jet. In order to have an optimal
injection and extraction from the SRFQ, the entrance and exit sections were
designed as regular straight RFQ sections. The RFQ is segmented in 20 sections
of electrodes to which an axial DC potential gradient can be applied to guide
the ions along the RFQ’s longitudinal axis.

When considering the size of the SRFQ, the gas jet plays an important role. In
order to not disturb the gas-jet formation, the RFQ inner radius was chosen
as such that even high-Mach-number jets of up to M = 15 can enter the RFQ
(see Figure 7.4).
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Mach number

Figure 7.4: Relationship between jet diameter and Doppler width for supersonic
jets of different Mach numbers. Figure taken from [120]

This avoids the formation of turbulences and, as such, a potential reduction
of spectral band width of laser-spectroscopic studies. It also makes a proper
injection into the RFQ easier. Therefore, rg was chosen as 9 mm. The final and
constructed design of the SRFQ is shown in Figure 7.5.
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Electronic RF and DC
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Figure 7.5: Photograph of the SRFQ ion guide.

7.1.2 DPRFQ

The DPRFQ is designed for enhanced differential pumping and therefore
resembles a small, tubular section. It was inspired by a similar RFQ designed
at MSU and presented in [129,130]. The rods are cut in such a way that they
take up minimal volume, but still produce a well-defined confining quadrupole
potential. As the device is small, segmentation into miniature RFQ segments
would make the construction complex. Therefore, the axial DC field is not
provided by applying different DC voltages to several segments, but rather by
designing two wedge-shaped electrodes only carrying a DC potential. These
wedges are cut, such that when combined, they form a tube surrounding the
RF-carrying rods. Wedge 1 has the bulk of its material at the entrance of the
DPRFQ and carries a lower DC voltage than Wedge 2 and vice versa.
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The radius of the rods was varied in a simulation in order to optimize
transmission for a minimal size and maximum differential pumping (Figure7.6).
The final radius of the DPRFQ was chosen as 79 = 3 mm. This allowed for a near
100% transmission, whilst keeping an 11 mm diameter hole in the differential
pumping diaphragm. The tubular shape of the RFQ reduced its molecular-flow
conductance by a factor 7 when modelled as an ideal tube with respect to a
regular aperture.

In order to optimize the transition from the SRFQ to the DPRFQ, the RF rods
of the DPRFQ extend through the differential pumping diaphragm and enter
inside the SRFQ for ~ 3 mm. A picture of the final design is shown in Figure7.7.
However, the mounting flange in this photograph is mounted in reverse position
for better visibility of the RFQ structure.
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Figure 7.6: Transmission efficiency of the DPRFQ versus inner radius ryg.
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Wedge electrodes

. Mounting flange

Figure 7.7: Picture of the DPRFQ ion guide.

7.1.3 IGRFQ

The last of the three RFQ structures has two main purposes: To guide the ions
from the DP-RFQ up to the high-voltage extraction electrode, which will lead
the ions to the mass-separation region. During this journey, the ions cross the
boundary separating the DP-1 and DP-2 chambers through a narrow enough
pumping orifice that allows for the vacuum constraints to be kept. This RFQ
has an inner diameter of 1y = 4 mm and is split in two by a pumping diaphragm
with a hole of 11 mm diameter and 1 mm thickness. The RFQ is divided in 8
segments, 5 of wich are situated before the diaphragm and 3 behind.

The final section of the RFQ is close to the extraction electrode which is kept
at a voltage of —2000 V. In order to minimise the penetration of the HV field
from the elctrode into the IGRFQ, an extraction plate is placed as the final
electrode on which only a DC voltage is applied (see Fig. 7.8). The shape, hole
size and position of this electrode were simulated in order to optimize transport
efficency and minimise the field penetration. Based on these simulations, a
straight plate with a thickness of 1 mm and a 4 mm hole was chosen.

Having the RFQ extraction in a low-pressure region when the ion beam is
already cooled in a previous stage removes the possibility of reheating. This
reheating process would be caused by the the scattering of ions exiting the RFQ
with remnant gas particles. Without the presence of a confining force, such as
those provided by the RFQs, this would lead to a larger beam emittance.
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Without With
extraction plate extraction plate

Extraction
Last IGRFQ segments plate

Figure 7.8: Simulated effect of an extraction plate on the penetration of the
electric field inside the final IGRFQ section. Contour lines differ 1, 10 and 50 V
for consecutive red, blue and green lines respectively. The simulations shown
here were performed with SIMION (Sec. 7.2).
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Figure 7.9: Photograph of the IGRFQ ion guide.
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7.1.4 Complete Setup

Gas cell IGRFQ Extraction
SRFQ  DPRFQ electrode

Turbo pump 1 Turbo pump 2 Turbo pump 3

Figure 7.10: Photograph of the complete setup of ion guides installed in the
IGLIS frontend vacuum chamber.

Figure 7.10 shows all three RFQ’s installed in the IGLIS frontend vacuum
chamber. The finalized RFQ designs were simulated in SIMION together with
the beam line and dipole magnet.

7.2 SIMION and lonCool simulations

In order to investigate the performance characteristics of the device, simulations
were performed. The electric fields created by the RFQ’s were calculated with
SIMION 8.0 [131], a standard ion optics software package for solving the Laplace
equations for a given user-defined electrode configuration. Boundary conditions
for solving these equations are defined by the electrode configuration and the
voltages applied to them. Using user-written programs, it is possible to simulate
ion trajectories moving through the combination of RF and DC fields as obtained
from the electrode configuration. The effect of ions moving through a buffer
gas can be included in such user programs. The hard-sphere model HS1 [132] is
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for instance included in SIMION examples and can be implemented in a users’
own simulation. Electric fields calculated by SIMION can also be extracted and
used in other software. The IonCool software package [126] for instance, makes
use of this feature to calculate ion trajectories and distributions from SIMION’s
electric-field calculations. However, IonCool provides the extra possibility
to simulate ions moving through a buffer gas, using the so-called ‘realistic
potential’ ion-buffer gas collision model. This model, detailed in e.g. [125-127],
based on the (n,4,6) parametrization of the ion-buffer gas interaction from
Section 6.2, takes both short and long-range interactions into account. In this
work, simulations of the ion trajectories were performed using both SIMION
and ITonCool software packages. From these trajectories, other operational
characteristics such as transport efficiency, flight time or emittance can then be
extracted.
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Figure 7.11: Longitudinal velocity profile of Mach 8 jet as simulated by
COMSOL. COMSOL calculations provided by E. Mogylevsky.

As a starting point for all simulations, the initial conditions have to be defined.
In this case, the initial spacial and velocity distribution of ions were provided
by COMSOL simulations of a supersonic gas jet expanding from a de Laval
nozzle with 1 mm throat diameter and 1 cm final outer radius. COMSOL
Multiphysics [133] is a wide-range simulation software consisting of several
different options such as computational fluid dynamics (CFD), and RF and
DC electrical field. The simulations providing the ions initial conditions were
performed by E. Mogylevsky using the COMSOL CFD module (see [134] for
more info). The velocity distribution that was used as input is shown in Figure
7.11. Copper ions were used as test cases, as this element would also be used
to characterize the setup experimentally. With an atomic mass of A = 63,65,
copper is sensitive to RF heating due to its similarity with argon (A = 40).
Heavier atoms are expected to be cooled more efficiently.
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Three different ion-buffer gas interaction models, explained in Section 6.2, were
used to simulate the devices performance and results of the simulations are
compared to experiment in Chapter 8. Atomic and ionic radii needed for the
ion-buffer gas drag-force and hard-sphere models were obtained from [135]. The
Cu™-Ar potential from [136] is shown in Figure 7.12 and was used as an input for
the realistic potential model calculations. It is shown together with Hgt-Ar and
ArT-He interaction potentials used in [126], as a reference for typical deviations.

lonCool interaction potentials
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Figure 7.12: Interaction potentials for ion-buffer gas collisions.

7.3 Electronics

The RF voltages for operating all three RFQ’s are generated using resonance
circuits according to the layout shown in Figure 7.13. The sinusoidal voltages
are created by TTI TG2511 function generators with a maximum output
peak-to-peak voltage of 10 V,,. The amplitude of the RF applied to the
RFQ’s is regulated by the output voltage of these generators. The function
generators of all three RFQ’s are synchronized and locked in frequency and phase.
Total transmission measurements show that phase- and frequency matching is
necessary to operate under optimal conditions. The RF voltages are passed on
to an RF amplifier (HLA150 plus HF linear amplifier) with a maximum output
power of 80 W. This voltage is sent through a passive standing-wave-ratio
(SWR) meter that indicates the ratio of outgoing versus reflected power and
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provides a measurement of how well the impedances of the RF amplifier and
the RFQ’s acting as load are matched. The amplified RF signal is fed into a
homemade impedance matched resonance circuit, as shown in Figure 7.14.
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SWR
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DC power > RF-DC
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Figure 7.13: Layout of RFQ electronics.

The impedance is matched using an RF ferrite core transformer with one primary
and two secondary coils. The secondary coils are wound in a counter-propagating
direction and carry voltages that are 180° out of phase, labelled RF™ and RF ™.
Inductor coils were wound around PVC cylinders to add more inductance to the
circuit and tune the resonance frequency to 1 MHz. A tunable capacitor is used
to fine-tune the resonance. For the SRFQ, additional inductor coils were made
with more windings to bring the resonance frequency down to 500 kHz. This
latter option could be necessary when ions have to be guided using voltages
higher than the gas-discharge breakdown limit. According to Equations 6.6 and
6.7, the voltages required to operate at a certain stability parameter would be
lower by a factor 4 but would result in a shallower pseudopotential (Equation
6.2). For all RFQ circuits, one of the inductor coils carries a secondary winding
such that it acts as a step down transformer. This smaller signal is used as a
feedback to measure the RF that is applied to the rods. It is fed into homemade
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rectifier circuit that is based on a full-wave diode bridge, which outputs a DC
signal that is directly proportional to the AC input signal.

ick
top;cectl:f‘i)er DC Out

N
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||I ny

ferrite toroide core
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Figure 7.14: Resonance circuit for generation of the RF voltages.

The two out-of-phase output RF signals are combined with the DC voltages
before finally being sent to the electrodes. For the SRFQ and IGRFQ, the RF
and DC combination happens on a printed circuit board mounted on top of
the RFQ. Here, besides the coupling of RF and DC, a DC voltage gradient
that drags the ions through the RFQ’s is created by a resistor chain. In case
of the SRFQ for instance, this chain makes sure that the DC voltage on each
of the 20 segments, lies 1 step lower by 1/20th of the total voltage gradient.
The DPRFQ quadrupole rods carry a DC offset voltage induced by placing a
voltage supply in between the transformer secondary windings and ground. The
voltage gradient is created by the surrounding wedge electrodes.

A software program was written in XOJO by Kristof Dockx that allows the RF
voltage amplitudes to be scanned for all RFQ’s with respect to the Faraday
cup signal recorded with a Keithley 6485 picoammeter to find the voltages for
maximal transmission.






Chapter 8

Commissioning tests

The operation of the RFQ’s has been characterized by performing commissioning
tests of the total transmission efficiency, time profiles, emittance and longitudinal
energy measurements. These tests have been confronted with the simulations
detailed in Chapter 7. In order to obtain the working regime in which the
SRFQ can be operated with regard to electrical breakdown, the Pashen curve
of the SRFQ has been measured. To finalize the commissioning of the IGLIS
laser- and jet laboratories, mass scans have been performed with the test case
of laser-ionized copper isotopes.

8.1 Discharge tests

The operational regime at which the RFQ’s can work in a gaseous environment
can be strongly restricted by electrical discharges. Free ions or electrons that are
accelerated in an electric field cause an avalanche effect by collisional ionization
of gas molecules which are then accelerated themselves. When the breakdown
voltage ‘V;,’ is exceeded, which depends on the electrode distance, gas type and
pressure, a discharge or electric arc can be formed. Pashen’s law describes the
breakdown voltage as a function of the product of pressure and characteristic
electrode distance pd [137]. An example of such curves for different common
gas types is shown in Figure 8.1.

Pashen-curve measurements are usually performed in well-controlled parallel-
plate experiments [139]. In a complex system, where voltage differences
are applied to electrodes and wires with differing characteristic distances d,

133



134 COMMISSIONING TESTS

5
10 f
. — He
— Ne
— Ar
— H,
N>
4
10 F
S
<
3
10 F
102 1 1
10° 10 10’

pd (mbar cm)

Figure 8.1: Pashen curves for several common gas types. Parameters used for
calculation from [138].

discharges can be initiated at different positions in the device, causing the actual
discharge curve of the system to deviate from the ideal behaviour. Therefore,
discharge tests were performed with the SRFQ in order to map out the working
regime of the device. These tests were performed by varying the pressure in
the gas-jet chamber and recording the 1 MHz RF voltage at which a discharge
was observed. DC dragging voltages are only of the order of a few volts per
RFQ segment and are therefore not significant with respect to the RF voltages
applied for ion confinement. At first, these tests were performed by visually
observing a typical low-pressure glow discharge, such as the one shown in Figure
8.2. The results of these tests are shown as black squares in Figure 8.3.

However, the possible existence of microscopic sparks acting as sources of
ions and free electrons, unobservable by the naked eye, would further reduce
the working regime. To verify this, a more sensitive observation method was
employed, by connecting the quadrupole rods of the DPRFQ to a Keithley 6485
picoammeter. By recording the RF voltage, applied to the SRFQ, at which a
sudden jump in the measured current of the picoammeter, the discharge curve
was mapped. The results of these tests are shown as red triangles labelled
‘Argon pA 1, referring to the use of the picoammeter.
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Figure 8.2: Example of an electrical discharge induced in the SRFQ.
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Figure 8.3: Breakdown voltages as a function of buffer-gas pressure in the

SRFQ.

High-power UV lasers with energies surpassing the work function of a certain
metal with which they collide could be another source of free charges that
might act as nucleation for sparks. In the laser-ionization modes where at least
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one of the lasers is alligned collinearly with the gas jet, a laser beam passes
closely to the RFQ structure and hits the nozzle. In order to check the influence
of this effect, the discharge measurements were repeated with lasers in the
collinear mode. The results are shown in Figure 8.3 as blue circles labelled
‘Argon pA 2. While the laser-induced charges do seem to have an effect on
the breakdown voltages, the influence is rather small. When operating the
SRFQ at different pressures, these curves have to be taken into account as
upper limits to the applied RF voltage. According to the Mathieu stability
parameter, ¢ (Equations. 6.6-6.7), this is especially important when working
with singly-charged, higher-mass ions. For every case in future experiments,
the possibilities will have to be evaluated separately, taking into accounts the
pressure in the gas-jet chamber dictated by the Mach number and stagnation
pressure (Equation 5.1), as well as the ion’s mass.

8.2 Transport tests

Copper ions were used as the test case for measuring the total transport efficiency
of the RFQ’s. The total efficiency is extracted by comparing the ion current
measured at the beginning of the SRFQ with the ion current measured on the
Faraday cup, which is positioned in the beam diagnostics chamber, as shown in
Figure 8.4.
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Figure 8.4: Transport measurement method.

Copper atoms were produced by resistively heating a copper filament positioned
inside the gas cell, using a ~ 30 A stabilized current. The gas cell was kept at
300 mbar with a purified (getter-based MonoTorr phase IT 3000 purifier) argon
gas flow kept fixed at a 1.7 slm flow by a Brooks gf series flow controller. The
two Nd:YAG-pumped dye lasers were tuned to resonantly excite and ionize
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copper making use of the laser ionization scheme shown in Figure 8.5. The
lasers were operated at a 1 kHz repetition rate, with laser powers in the order
of =50 puJ and ~200uJ for the first and second step, respectively. This power
is high enough to saturate the first step, but this is not the case for the much
weaker ionizing step (rel. intensity factor 5x10~% [84]). By making use of
broadband lasers of ~ 5GHz bandwidth, the absolute number of ions produced
was maximized as this fully covers one of the two doublet structures present in
the hyperfine spectra of ¢3:%5Cu.
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Figure 8.5: Ionization scheme of copper used for resonant ionization.

The lasers were sent into the gas cell, where they were overlapped in the
ionization channel (as shown in Figure 8.4) with copper atoms seeded in the
gas flow. The ions were then extracted from the gas-cell by a de Laval nozzle
with a 1 mm throat diameter, designed for producing a Mach 3.5 jet. However,
as the background pressure was varied over a range of 0.01 to 0.1 mbar, the
supersonic jet was not well-formed (see also the operational diagram presented
in Figure 8.8). This was also confirmed later by planar laser induced fluorescence
measurements of this same nozzle performed by Sasha Zadvornaya [134], used
for visualization and characterization of the jet.

The gas cell was positioned 3 cm from the SRFQ. By connecting the negative
terminal of a floating 49 V battery to the SRFQ rods, an attractive potential is
created that collects the ions expelled from the gas cell. The positive terminal is
connected to the signal input from a Keithley 6485 picoammeter. A detectable
current is measured when it flows through the battery and the picoammeter to
ground. The data was transferred by an Ethernet connection to an Advantech
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serial device of which virtual COM ports can be mapped on a network computer.
By blocking and unblocking the lasers entering the gas cell, the ion flow can
be stopped almost instantaneously. The result of such a blocking-unblocking
series of measurements on the SRFQ rods is shown in Figure 8.6. While the
background signal is subject to large fluctuations in measured current, a clearly-
distinguishable laser-related signal can be observed. Panel la of Figure 8.6
shows the raw data as measured on the SRFQ rods. In panel 1b, the same
measurement is shown, with the polynomial green background shown in panel
la is subtracted from the raw data, allong with the results of a fitting with a
trapezoid indicated in red.
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Figure 8.6: Example of a transport measurement performed with laser-ionized
copper isotopes.

When these measurements on the rods of the SRFQ were taken, the battery was
disconnected and the RF and DC voltage necessary for guiding copper ions were
applied to all RFQ’s. The ions passing through the RFQ’s were then accelerated
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with an electrostatic potential of 40 kV. They were focused with an einzel lens
into the Faraday cup positioned in front of the mass-separating dipole magnet.
This Faraday cup is connected to another Keithley 6485 picoammeter that was
sent data via the network in an identical setup as discussed previously, but
placed on the high voltage platform. The Faraday-cup readout is a much more
stable current measurement than the battery-connection method as is clear from
panels 2a and 2b of Figure 8.6, where a background is absent. After measuring
on the FC, the measurement on the SRFQ rods was repeated to account for
potential drifts in ion current. The ratio of the ion current measured on the
FC (panel 2b) with respect to the one measured on the SRFQ rods (panel 1b)
then provides the total RFQ transport efficiency. A maximal overall transport
efficiency of 94(3)% was obtained.
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Figure 8.7: Total transmission efficiencies of 63:5°Cu ions measured at different
pressures in the jet chamber compared to simulations performed with SIMION
and IonCools.

The total transport efficiency was measured for different pressures ranging from
0.01 to 0.11 mbar and are compared to simulation results of both SIMION
and IonCool in Figure 8.7, for which different ion-buffer gas collision models
were applied. The viscous drag, hard sphere and realistic potential models were
already explained in Section 6.2. The combined model, indicated by the green
data points in Figure 8.7, refers to a combination of the viscous drag model
applied at higher gas pressures (i.e within the jet chamber of the frontend) and
the hard-sphere model applied at lower pressures (i.e. in chambers DP1 and
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DP2). While the overall curves for different models agree with the down-sloping
trend in efficiency for reducing pressures, the viscous drag models seems to
overestimate performance, particularly at lower pressures. This is because of
the ‘overdamping’ effect as noted in [126] and the lack of RF-heating effects in
the model. The down-sloping trend is an effect of the reduced time the ions
spend in the SRFQ for lower pressures (see also Section 8.4). Due to the smaller
transit time the ions spend in the cooling region, the overall cooling effect is
reduced and ions are more easily lost. The differential-pumping transitions from
the SRFQ to the DPRFQ and from chambers DP1 to DP2 are the most crucial
in this respect. Overall, the simulation results of the realistic potential and of
the hard-sphere model seem to reproduce experimental transmission efficiency
well.

Combining the transport measurements shown in Figure 8.7 with the jet-chamber
pressure dictated by the Mach number and the stagnation pressure, it is possible
to create an operational diagram for copper in which the setup can be operated.
This diagram is shown in Figure 8.8.
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Figure 8.8: Operational diagram of the setup. The RFQ-transport limitations
(horizontal solid black lines) are combined with the optimal jet-formation
pressures in the jet chamber for different Mach numbers and stagnation pressures
Py. The optimal operational regime is shown in light green. Downwards-pointing
arrows delineate the Mach-number range that can be probed for Py = 100, 250
and 500 mbar shown in solid blue, dashed black and solid red lines respectively.
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8.3 Longitudinal E-spread

A measure for the longitudinal energy spread of the ions was obtained by
applying a blocking voltage on the differential pumping barrier separating DP1
and DP2. When ions do not have enough energy to surpass the potential barrier
that is formed, the observed transport efficiency reduces. From the derivative
of the S-shaped blocking curve, the longitudinal energy spread of the ion beam
is measured. The energy spreads were measured for different pressures inside
the jet chamber. An example of such a measured curve is shown at the bottom

of Figure 8.9.

c 1.0y
=
3 0.8l
2o.
&
© 0.6r
-
o
g 0.4}
E 0.25 Simulation
s . FWHM = 0.9(2) eV
=2 \
0.0f ¢ ———F  meeemmeoeooeeo
10 8 6 4 2
Blocking voltage (V)
c 1.0f ¢
o
3 0.8l
g i
2 |
© 0.6 /
b {
504 i
g ! Experiment
5 0.2r _ FWHM = 1.9(8) eV
=4
0.0t R

i5 0 5 0

Blocking voltage (V)
Figure 8.9: Bottom: measurement of the energy spread by varying the
transmission as a function of blocking voltage applied at the second pumping

barrier. The blocking voltage is measured with respect to voltage applied on
the first IG electrode. Top: simulation of the experiment using IonCool.
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The energy spread of the measured ions is similar to the simulated one, shown at
the top of Figure 8.9. The discrepancy between the absolute blocking voltages
could be explained by slightly different gradient voltage settings that were
applied during the experiment with respect to the simulation. Due to the
inaccuracy of the home-made voltage supplies that were used in these tests, the
errors on the energy spread are large. In Figure 8.10, the energy-spread results
as a function of pressure are compared with those of simulations performed
using the realistic potential model with IonCool. The trend that is observed in
simulations, where the energy spread decreases with increasing pressure, is not
reproduced in experiment.
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Figure 8.10: Measurement of the energy spread for different pressures.

8.4 Time profile measurements

Time profiles of mass-separated ions arriving on an MCP detector (©25 mm
Gids Gmbh) positioned at the focal plane of the dipole-magnet mass separator
were taken with the experimental setup shown in Figure 8.11. The MCP consists
of a two-plate chevron type setup placed in front of a phosphor plate (type P43).
The phosphor can both be used for imaging and as an anode for ion-current
detection. The latter was used for obtaining the time profiles of laser-ionized
63.65Cu and Cu-compounds that were formed either in the gas-cell or in the
RFQ’s. The MCP was biased to single-ion detection mode at -2100 V while
the phosphor plate was kept at ground potential. The signal from the phosphor
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Figure 8.11: Time profile measurement method.

plate was sent through an Ortec fast preamp VT 120 before it was passed to a
timing filter amplifier and multichannel analyser (MCA). The start signal of
the time profiles was given by the laser-pulse trigger and time profiles for both
in-gas-jet and in-gas-cell ionization were taken. When the in-gas-cell method
was employed, both lasers were sent through the gas cell from a window at the
back of the cell before they exited via the nozzle. In this way, both in-gas-jet and
in-gas-cell components are present in the time profiles, as both are contained
within the ionization volume. Before entering the cell, the lasers passed a 1
mm diameter pinhole thereby overlapping only with the center of the 10 mm
diameter final gas-cell channel. This reduces the in-cell ionization component
that would otherwise be much larger than the in-jet component with such a
setup. An example of time profiles for °Cu obtained with the latter method
and with in-gas-jet ionization is shown in Figure 8.12, when the magnet was
tuned to A/Q = 65. For in-gas-jet ionization, the time profile shows a single
peak arriving at the MCP detector in the order of 1.5 ms after the ions were
created. The in-gas-cell time profile consists of two components which can be
attributed to ionization in the jet or close to the nozzle (fast component) and to
a slow component of ions created in the cell and extracted by the much slower
gas flow (slow component).

Tons created using the in-gas-jet method spend most of their time within the
SRFQ, as the pressure here is the highest. Due to this, the influence of the DC
voltage gradient applied between the first and last electrode of the SRFQ upon
the time profiles of the extracted ions was investigated. In Figure 8.13, the
voltage at the back of the SRFQ was kept at -32 V, while the labels indicate
what the voltage was at the start of the SRFQ. During this test, the pressure
in the jet-chamber was kept at 2.2x10~2 mbar. As can be seen from this figure,
it is possible to shift the arrival time from 0.65(4) ms (FWHM 0.12(4) ms) at a
32 V SRFQ gradient to a 4.8(2) ms (FWHM 2.9(2) ms) at 0 V gradient, while
keeping the total integral of all curves almost constant.
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Figure 8.12: Normalized (peak value = 1) time profiles of ions created using
in-gas-cell ionization (setup explained in text) and in-gas-jet ionization.

The only (expected) exception appears when the voltage gradient was reversed
by applying -35V at the SRFQ entrance. The blue curve indicating this results
disappears in the background, as the transport efficiency drops to zero.
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Figure 8.13: Time profiles obtained when changing the SRFQ voltage gradient.

These tests were repeated for four different pressure at different voltage gradients.
The results of these measurements are shown in Figure 8.14. While in experiment,
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the pressure was only varied over a small range (1 - 4x10~2 mbar), it has a
large impact on the observed time profiles. For the 2 V gradient, the arrival
time ranges from 2.4(2) to 6.0(5) ms, while for the 32 V gradient they range
from 0.64(8) to 1.3(2) ms.
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Figure 8.14: Transport times of 53Cu at different pressures and voltage gradients
across the SRFQ. Voltage gradients are indicated in the top left corner of each
panel. In order to provide a fair comparison of the time profiles, since the
filament current and laser power varied for the different tests, the maximum of
their value of their time profile was all normalized to 1.

Time profiles are summarized and compared to IonCool simulations making use
of the hard sphere (full line) and realistic potential (dashed line) in Figure8.15.
From this plot, it is seen that the realistic potential seems to provide a much
better agreement with experimental data.
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Figure 8.15: Comparison of experimental and calculated transport times using
TonCool, with either the hard sphere (HS) or realistic potential (RP) models.
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8.5 Emittance measurements

The emittance is a measure of the quality of an ion beam and is related to
its volume in coordinate and momentum phase space. This value is most
often quoted as the surface of an ellipse covering 95% of the beam phase space
volume plotted as a function of position coordinates i perpendicular to the
beam direction and momentum coordinates i’ = v; /v, where ¢ = x or y when
the beam moves in the z direction

Transversal emittance measurements were performed to further characterize the
ion-beam quality coming from the in-gas laser ion source and RFQ’s. The tests
were performed using a method detailed in [140-142]. This type of measurement
only makes use of an electrostatic focussing element, which in this case was
an einzel lens, and a beam imaging technique. The setup used for measuring
the emittance is shown in Figure 8.16. By scanning the einzel lens voltage and
recording the beam-spot width as a function of the lens voltage, and combining
this with results from simulations, it is possible to extract the transversal
emittance.

An ion beam can be characterized by its X-matrix

2
o O g’ 011 012
Ogx! Oy 021 022

where 02(0,,) is the variance (covariance) of the coordinate distributions. The
rms-emittance of an ion beam is determined as €,,s = +/det(2). The combined
action of electrostatic elements of a beam line on an ion beam moving from
position zg to z; can be calculated as matrix multiplication with a transfer
matrix R

Ri1 Rio
R= 8.2
<R21 R22) (82)

The description of the ion beam at position 1, £, is then related to R and X°
as

»! = RYRT. (8.3)

The expression for the oi; that can be measured at the MCP position when
this matrix product is written out is given as
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0’%1 = R%lo(fl + 2R11R120(1)2 + R%QO'(Q)Q (84)

This means that, as the beam width o2 is measured at position 1 (MCP position)
for different einzel lens voltages, this relation can be used to calculate the matrix
%0, by solving a set of equations, assuming the matrix elements of R are known.
In order to obtain the matrix elements of R, IonCool simulations were performed
for the IGLIS setup with simple ion starting conditions. Ions started either on
axis, with an angle « or started off-axis without a velocity component in the
transverse direction («=0). These simulations yield the matrix elements of R
as linear functions of the einzel lens voltage.
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Figure 8.16: Emittance measurement setup.

The beam spot is recorded with an IDS Ethernet camera pointed at a prism
located at the back of the phosphor screen on which the beam spot is projected.
The picture is then analysed by projecting the image intensity on the x and y
axes and fitted with a Gaussian curve as shown at the top of Figure 8.17. The
result of varying the einzel lens voltage on the beam spot size is given on the
bottom of Figure 8.17.
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A quadratic fit, from which the parameters were used for calculating the final
y-emittance is shown in red. The resulting emittance was found in this case to
be £, = 12(2)7 mm mrad and e, = 8(3)7 mm mrad. These values agree in order
of magnitude with the values obtained in simulations as shown in Figure8.18.
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Figure 8.17: Top: Example of a beam spot recorded at the MCP positioned
before the dipole magnet at an einzel lens voltage of 27400 V at a jet-chamber
gauge pressure of 4 x1072 mbar and 32 V SRFQ gradient. Bottom: Beam spot
size as a function of einzel lens voltage with fit results shown in red.

Similar emittance measurements were performed at different pressures in the
gas-jet chamber to study the influence of buffer-gas cooling on the emittance.
The results of these tests are shown in Figure 8.20. However, at the time at
which these experiments were performed, a considerable amount of steering was
present in the beam line. The only combination of extraction electrode and
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Figure 8.18: IonCool simulated emittance of 53Cu at the MCP position, for the
same pressure as in Figure 8.17, with a SRFQ gradient of 32 V.

einzel lens voltages for wich a minimum of beam diameter could be observed
at the MCP, was when the extraction electrode was reduced to 400 V and the
einzel lens was varied from 426000 to +28000 V with respect to the -40 kV
high-voltage offset ground potential (i.e -14 kV to -12kV with respect to ground).
However, these voltage settings induced large beam aberrations, such as the
one shown on the left-hand side of Figure8.19. When going to higher voltage
settings of the einzel lens, steering caused the beam spot to deviate from the
MCP center. An example of this is shown on the right-hand side of Figure 8.19.
The latter effect is causes the asymmetry in the curves of Figure8.20.
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Figure 8.19: Left: Example of a beam spot suffering from strong aberrations
measured at the MCP detector for extraction electrode and einzel lens voltages
of 400 and 26000 V respectively. Right: Effect of steering causing the beam to
only partially hit the MCP detector at higher einzel lens voltages.
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Figure 8.20: Recorded beam sizes for different pressures inside the SRFQ.

However, a clear pressure dependence is observed from these measurements, as
the beam-spot size is steadily reduced for higher pressures. This agrees with
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what would be expected as shown in Figure 8.21, where the emittance results
of TonCool simulations are shown for different jet-chamber pressures. In order
to be able to compare experimental results with these simulations, further tests
should be performed without the effects of steering and beam aberration being
present.

simulated emittance (m mm mrad)
T

1 1 1
1073 1072 107t
pressure (mbar)

Figure 8.21: Simulated emittances for %3Cu at the MCP position for different
pressures with a 22 V SRFQ gradient. Simulations were performed with the
realistic potential model in TonCool.
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8.6 Mass scans and contamination

In the final stages of the commissioning of the laser- and jet laboratories for
IGLIS studies, a series of mass scans were taken to characterize the beam
composition extracted from the in-gas laser ion source and RFQ’s. The spectra
were recorded on a MCP detector positioned at the focal plane of the IGLIS
jet laboratory beam line. A 1-mm wide slit was placed in front of the 25mm
diameter MCP detector to increase the mass resolving power (Am/m) to 250(50).
A phosphor plate at the back of the MCP was used as the anode which was
connected to an MCA counter module.

Tonization in a gas cell is a process in which many different processes happening
inside the cell can affect the composition of the extracted ion beam. In the many
collisions taking place inside the gas cell with buffer-gas or other contaminants,
the atoms of interest can form molecular bonds or get lost to a dark state,
which cannot be probed with the lasers used for ionization [143]. After nearly-
instantaneous ionization by a short laser pulse inside the cell, the ions are
extracted out of the cell. During this flow, neutralization losses due to a charge-
exchange process can occur. Another possibility is that the ions bond with
atoms or molecules in the gas and form adducts. A mass spectrum extracted
from a gas-cell-based ion source can therefore be rich in adducts, depending on
its chemistry and the presence of impurities in the gas. Because of this, it is
obvious that using a high-purity gas and a well-conditioned and clean setup is
of great importance. For the IGLIS in-gas-jet laser ion source, the spectrum is
expected to contain much less of such adducts, as the pressure differences is of at
least two orders smaller in magnitude [O(100 mbar) - O(< lmbar)]. The time
an ion spends inside the gas in gas-cell ionization is also an order of magnitude
larger (O(10 ms) - O(1ms): see also Section 8.4).

Mass scans that were taken using in gas-cell and in-gas-jet laser ionization are
compared on the right side of Figure 8.22. For in-gas-cell ionization, both lasers
were sent into the cell from the back, while for in-gas-jet ionization, laser 1 was
formed into a laser sheet and was directed in a perpendicular direction into the
gas jet. In the linear-scale plots la and 2a of Figure 8.22, four intense doublets
are observed in gas-cell measurements. The lowest-mass doublet comes from
63,65Cu, while the others are related to adduct formation with either one or
two water molecules or with argon. The peaks related to Cu+2[H2O] are even
larger than the pure copper peaks. The peaks are coming from contaminants
present in the gas, with which Cu* is able to form strong bonds. The most
important observed adducts are shown in Table 8.1.
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Table 8.1: Summary of Cu-adducts formed with impurities present in the gas
and their dissociation energy. Data from [144] and [136]

Adduct Mass Dissociation energy
A (kJ/mol)
63.65Cut - H 64, 66 93(13)
63.65Cut - Hy 65, 67 51.9(4)
63.65Cut - CHy 77,79 267.3(68)
63.65Cuyt - CH; | 78, 80 111(7)
63.65Cut - O 79, 81 134(12)
63,65Cut - H,O | 81, 83 160.7(75)
63.65Cut - NH; 80, 82 237(15)
63.65Cut - Ny 91, 93 89(30)
63.65Cut - CO 91, 93 149(7)
63,65Cut - Ar 103, 105 52(10)

In the spectra of Figure 8.22, all peak intensities were normalized to 3Cu. It
should be stated that, while peak intensities can be compared relative to one
another for spectra taken under similar conditions, the relative peak heights
within a single spectrum do not necessarily correspond to the actual intensity
present in the beam. The reason is that all masses might not be transmitted
through the RFQ’s with the same transport efficiency. If one wished to study
the relative intensity of all adducts extracted from the gas cell, the RFQ systems
should be optimized for all different masses for which the produced amount
would be studied. However, the change in intensity from one condition to the
other, as is presented here in these cases, can be compared (e.g. for in-cell and
in-jet ionization in panel 2a/b).

The most striking difference between the two spectra shown in panel 2b of
Figure 8.22, is seen in peak of Cu+2[H20]. This component is reduced by a
factor 240, while the Cu+[H20] peaks remain present. The peaks related to
Cu-Ar adducts seems to have increased. The reason for this is not immediately
clear.

In panels 1la and 1b of Figure 8.22, the blue curve is the same as the one
shown in panels 2a and 2b. It is now compared to a spectrum that was taken
using the in-gas-cell ionization method, after the setup was conditioned for two
consecutive days. During this conditioning the gas cell and gas transfer lines
were baked out by heating them to &~ 100°C. The effect seems to be remarkably
similar to the in-gas-jet spectrum that was just discussed. While the Cu+2[H5O]
peaks show a steep decrease before and after conditioning, Cu+[H2O)] is still
present and the intensity of Cu-Ar adducts increased. However, the relative



156 COMMISSIONING TESTS

difference before and after conditioning is slightly larger here for Cu+[H2O].
The unconditioned Cu+[H20] peak was only 1.15 times larger than the peak
for in-gas-jet ionization, while this has now changed to a factor 3.45.

The reason for this might be that the reaction rate between copper and HoO
is high enough to form adducts even in the low-pressure regime of the RFQ’s,
where many collisions occur with the buffer gas. On the other hand, Cu+2[H50]
takes a longer time to form and grow in intensity, as shown by the time profiles
obtained for different adducts in Figure 8.23. This can only happen if the
concentration of HoO is high enough.
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Figure 8.23: Top: Time profiles for different 43Cu adducts produced via in-gas-
cell ionization measured after mass separation. Bottom: Zoomed-in version of
the same data as presented in the top plot.
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The reason for this may be that in order to form a measurable Cu-+2[H,0)]
contribution via two-body collisional processes, the concentration of both
Cu+[H20)] itself and of HoO has to be high enough. This former concentration
is related the involved time scale for Cu+[H20] adduct-formation that depends
both on the reaction rate constants and on the concentration of the Cu™ and
H>O reactants [143]. Here, a strong difference in the time profiles of observed
adduct formation was observed, related to the impurity concentration.

From these tests, it’s easily concluded that conditioning the gas-cell and keeping
the impurity-level as low as possible is important. In the future, it would
be interesting to test several molecular-dissociation methods to purify the
beam content. This could be tested using either laser- or electric-field-induced
dissociation.



Chapter 9

Conclusions and outlook

9.1 Conclusions

This thesis presents the results of both an in-source laser-ionization spectroscopy
study of exotic mercury isotopes and the design, simulation and commissioning
of RFQ ion guides for the development of the in-gas-laser ionization and
spectroscopy (IGLIS) technique.

9.1.1 Laser spectroscopy of mercury

The aim of the laser-spectroscopy experiment was to study the ground-state
properties across a broad range of mercury isotopes through the measurement
of their isotope shifts and hyperfine structures. More specifically, the goal
was to observe the evolution of the previously-discovered shape staggering for
nuclei more exotic than the so-far lightest studied isotope, 8'Hg [5]. In the
neutron-rich region, the aim was to extend the knowledge of the charge radii
across the closed neutron shell to verify the existence of a kink in the linear
charge-radii trend at N = 126, as is observed in several elements in the same
region with Z > 82 [28].

The experiment was performed at the ISOLDE facility in CERN, combining the
ISOL technique with in-source laser spectroscopy. Different setups were used
to measure the intensity of resonantly-ionized isotopes as a function of laser
wavelength. The Windmill detection setup used the detection of « particles
and ~y rays resulting from the radioactive decay of the neutron-deficient nuclei.

159
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ISOLTRAP’s MR-ToF-MS device measured the ion’s time-of-flight to produce
quasi-background-free hyperfine spectra. The combined use of both techniques
made it possible to measure a mass range from ""Hg to 2°®Hg, spanning
production rates of 0.1 ions/s to several pA of beam current.

By measuring the isotope shift and hyperfine spectra, the charge-radii differences,
magnetic dipole and electric quadrupole moments of these isotopes were obtained.
The results for the neutron-deficient nuclei establishes the shape-staggering
endpoint of mercury. It was shown from the charge-radii and deformation
that the famous odd-even staggering is a localized phenomenon between
180 < A < 186 and that mercury isotopes with A < 180 return towards
sphericity.

On the neutron-rich side, a kink in the charge-radius trend at N = 126 was
observed for the first time in an element below the closed Z = 82 proton shell.
The experimental findings for the neutron-deficient nuclei were compared to
state-of-the-art DFT and MCSM calculations. The DFT calculations offer
an interpretation of the shape staggering as an emergence of multiple near-
degenerate PES minima of different deformations. A qualitative agreement
could be reached by tuning the parameters of either the pairing energy in a
UNEDF15¢ functional or by changing the surface tension of SLy5x functionals.
However, a quantitative reproduction is not possible due to the sensitivity of
the charge radii to the functional’s parameters and the exact location of the
staggering is shifted by two mass units with respect to the experiment.

Large-scale MCSM calculations pointed to a strong monopole interaction
between the proton 7hg,, and neutron viy3,, orbitals as the reason for the large
deformation in the odd-mass mercury isotopes 181183185 g Large differences
in nucleon-occupation numbers of these orbitals were obtained for the odd-
even staggering nuclei. The MCSM calculations were able to reproduce both
qualitatively and quantitatively the experimental charge-radii, dipole- and
quadrupole-moments. However, the energetic ordering and location of all the
calculated energy levels are not in perfect agreement with the experimental
findings. One reason for this may be the use of a limited number of basis
vectors within the calculations. These calculations provide a quantitative and
microscopic insight into the system, pointing to the specific nucleon orbitals
responsible for the staggering phenomenon. The mechanism also links to
nuclear structure phenomena in other regions of the nuclear chart, such as the
quantum-phase transition in zirconium or shape coexistence in 53Ni.
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9.1.2 RFQ ion guides

In-gas-jet laser ionization spectroscopy is a promising technique which aims to
overcome some of the limitations hindering laser spectroscopy in unexplored
regions of the nuclear chart, such as the heavy- or refractory element regions. It
has recently been shown that it is possible to perform in-gas-jet laser spectroscopy
with an improved resolution of more than one order of magnitude, with respect
to in-gas-cell spectroscopy, without losing efficiency [13]. The Heavy Element
Laser Ionization and Spectroscopy (HELIOS) project at KU Leuven aims
to develop this technique, which is fast, selective and sensitive, in order to
couple it to the next-generation radioactive ion beam facilities using in-flight
production methods, such as SPIRAL2 at GANIL. This would allow high-
resolution (/2100 MHz) laser spectroscopy to be performed in the heavy-element
region, where production yields are extremely low.

For the development of the IGLIS technique, a new laser and mass-separator
laboratory at KU Leuven has been built. This thesis presents the design,
simulation and commissioning of the RFQ ion guides which capture ions
produced using the IGLIS technique. The RFQ’s need to efficiently capture
the ions, and transport them from their area of production to a high vacuum
region, passing two differential pumping barriers, with a minimal amount of ion
losses while providing a good beam quality. The final RFQ’s consist of three
separate RFQ structures that were designed for this purpose. Their properties
were simulated using different software packages. Finally, they were constructed
and commissioned.

In the commissioning tests, measurements of the transport efficiency, longitu-
dinal energy spread, ion-transmission time profiles and beam emittance were
performed. Voltage and pressure regimes at which the RFQ’s could operate
were mapped out by measuring the Pashen curve. During the best operation,
a transport efficiency of 94(3)% and an energy spread of 1.0(5) eV could be
measured. The emittance was found to be of the order of 9 7mm mrad for
a 2 keV beam energy. The test results are in agreement with the simulated
properties. The operational diagram in which the RFQ’s can be optimally
used for gas-jet spectroscopy, is limited by its transport efficiency related to
gas-jet-imposed pressure limits, as well as breakdown-imposed voltage limits.
The RFQ’s are currently installed in Leuven as part of the IGLIS laboratory.
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0.2 OQutlook

As was pointed out in the first part of this thesis, the ground-state shape
staggering in the mercury isotopes is a phenomenon that is restricted to the
neutron mid-shell region. Similar ground-state shape transitions to those in
mercury have been observed in other elements in the neutron-deficient lead
region, such as in gold [145] and iridium [146]. Within recent experimental
campaigns performed at ISOLDE, we studied gold and bismuth isotopes with
neutron numbers, down to N = 97 and N = 104 respectively. Analyses of these
experiments are ongoing, but the preliminary results are intruiging. For gold,
the isotope shifts indicate a return towards less-deformed nuclear ground states
for the more neutron-deficient isotopes, while in bismuth, a shape-staggering
pattern similar to mercury was observed around N = 105.

It would be interesting to delineate these mid-shell shape-transition regions
for both the lighter elements such as iridium, osmium, rhenium, tungsten
and tantalum, as well as for the heavier elements such as bismuth, polonium
and astatine. However, these lighter elements are refractory metals, and their
production using the ISOL technique is notoriously difficult. For the heavier
elements, production yields, life times and isobaric contamination are the main
experimental hindering factors. A future upgrade of the ISOLDE facility to
accept 2-GeV proton beams could be of help here by increasing ion-beam yields
up to a factor of 6 [147,148]. As mentioned in Paper II, the shape-staggering
reproduction is very sensitive to several tunable nuclear-theory parameters. As
such, theory could benefit from a large dataset in this region of the nuclear
chart in order to benchmark new effective interactions.

Making use of experimental techniques other than laser spectroscopy would
provide complementary measurements of the nuclear structure in the region
of isotopes around mercury. Recently, Coulomb-excitation studies have been
performed for the even-mass mercury isotopes 327188 Hg in the safe Coulex
regime [149]. Extending these measurements to the odd-mass isotopes would
provide independent measurement of deformation of the ground and excited
states. Transfer-reaction experiments using beams of exotic mercury in inverse
kinematics could be performed at for instance the HIE-ISOLDE facility using
the recently-installed ISOLDE Solenoid Spectrometer [150]. Such measurements
probe directly the single-particle nature of the populated states [151]. In the
future, electron-scattering experiments in storage rings such as the SCRIT-
experiment in RIKEN [152], could be used to study charge-density distributions
of exotic nuclei from which absolute charge radii can be extracted.
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Improving the resolution of current laser-spectroscopy measurements would
increase the sensitivity to the quadrupole moments of the measured isotopes,
which is generally low in in-source spectroscopy. This can be achieved using
either conventional collinear laser spectroscopy, or one of several techniques
under development such as PI-LIST [14], Doppler-free two-photon spectroscopy
[153,154] or MIRACLS [15]. Currently, the sensitivity of these experiments
is not high enough to reach e.g. '""Hg. However, technical developments are
continuously ongoing.

The second part of this work already hinted towards yet another outlook for
laser-spectroscopy studies, as the RFQ’s presented in this thesis form part of a
dedicated IGLIS setup with the goal of studying unexplored regions of the nuclear
chart. The IGLIS technique can be used in current facilities producing exotic ion
beams via in-flight-separation [155] or in new facilities such as SPTRAL2 [156]
that are starting up. Here, the in-gas-jet laser ionization technique could be
used for the production and study of exotic isotopes in the heavy elements,
potentially up to rutherfordium [13] or in the refractory element region. This
would further the reach of laser spectroscopy across the nuclear chart, providing
new access to key regions of interest in the nuclear landscape, using a near-model
independent probe. Key studies in these regions could include ground-state
shape evolutions in the refractory elements, the evolution of magic numbers in
exotic nuclei, the study of exotic N = Z-nuclei with amongst others 1°9Sn and
heavy and superheavy nuclei, including nobelium isotopes and above.
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