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Zusammenfassung

Exotische Atomkerne weit ab der Stabilitéit sind faszinierende Studienobjekte in vielen
wissenschaftlichen Feldern, wie zum Beispiel der Atom-, Kern- und Astrophysik. Da es
sich bei diesen meist um kurzlebige Isotope handelt, ist es wichtig, deren Produktion mit
der sofortigen Extraktion und Weiterleitung zu den Experimenten zu koppeln. Dies ist
das Einsatzfeld des Isotopenseparators ISOLDE am CERN. Ein wichtiger Teil dieser
Grofiforschungsanlage ist die Resonanzionisations-Laserionenquelle (RILIS), da diese
ein schnelles und hochselektives Mittel zur Ionisation der Reaktionsprodukte darstellt.
Zusétzlich dient diese Technik auch als empfindlicher Aufbau fiir die Entwicklung und
Verbesserung von Elektronenanregungsschemata zur resonanten Laserphotoionisation
und fiir die Laserspektroskopie zur Untersuchung der Kernstruktur oder fundamentaler
atomphysikalischer Eigenschaften.

In der hier vorgelegten Arbeit werden alle diese verschiedenen Aspekte der RILIS be-
handelt: Ein neuartiges Gerét zur Unterdriickung von oberflachenionisierten Kontami-
nationen in RILIS Ionenstrahlen, bekannt als die Laserionenquelle und -falle (LIST),
wurde an die ISOLDE angepasst, weiterentwickelt und charakterisiert; ein neues Elek-
tronenanregungsschema zur Laserionisation von Kalzium wurde entwickelt; die Ionisa-
tionsenergie von Polonium wurde mittels Rydbergspektroskopie mit hochster Prézision
gemessen; und schliefllich fiihrte die erste Anwendung der hochselektiven LIST zur
Bestimmung von Kernstruktureigenschaften von 2!“Po mittels der Resonanzionisati-
onsspektroskopie in der Ionenquelle.

Abstract

Exotic atomic nuclei far away from stability are fascinating objects to be studied in
many scientific fields such as atomic-, nuclear-, and astrophysics. Since these are often
short-lived isotopes, it is necessary to couple their production with immediate extrac-
tion and delivery to an experiment. This is the purpose of the on-line isotope separator
facility, ISOLDE, at CERN. An essential aspect of this laboratory is the Resonance Ion-
ization Laser Ion Source (RILIS) because it provides a fast and highly selective means of
ionizing the reaction products. This technique is also a sensitive laser-spectroscopy tool
for the development and improvement of electron excitation schemes for the resonant
laser photoionization and the study of the nuclear structure or fundamental atomic
physics.

Each of these aspects of the RILIS applications are subjects of this thesis work: a
new device for the suppression of unwanted surface ionized contaminants in RILIS ion
beams, known as the Laser Ion Source and Trap (LIST), was implemented into the
ISOLDE framework, further developed and characterized; a new electron-excitation
scheme for the laser ionization of calcium was developed; the ionization energy of polo-
nium was determined by high-precision Rydberg spectroscopy; and finally, the first
ever on-line physics operation of the highly selective LIST enabled the study of nuclear
structure properties of 2!7Po by in-source resonance ionization spectroscopy.
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1 Introduction

From the perspective of our habitable corner of the universe, i.e. the Earth, matter seems
to be fairly stable. Yet, our existence relies on so-called “exotic atomic nuclei”, as these
nuclei are often a stepping stone in the nucleosynthesis processes, responsible for the cre-
ation of the elements. Exotic nuclei are radioactive because they have an unusual ratio
of protons and neutrons compared to that of the stable nuclei that surround us. Many of
these exist only for a very short time in our sun or in extreme conditions far away in the
universe such as neutron stars or supernovae. Besides their fundamental role in nature,
they are extremely interesting objects to be studied in many fields from atomic to nuclear
physics and from solid-state to medical and biophysics.

Very few exotic nuclei occur naturally and most of our knowledge about the properties
of these short-lived and volatile objects stems from their artificial production. To date
more than 3000 nuclei have been discovered of which, to put this into a context, only 284
are stable. They can be illustrated in the chart of nuclei, as shown in Figurel.1, where
each combination of a number Z of protons with a number N of neutrons represents one
specific nucleus. The nuclear and atomic properties of these isotopes™ may vary greatly
and their theoretical description still remains an extremely challenging task in nuclear
physics, despite the power of modern computers. Nuclei, heaver than the lightest hy-
drogen isotope 'H, are many-body systems, and except for the very lightest nuclei, an
ab initio calculation, i.e. a calculation relying on the fundamental forces, is impossible.
It is therefore a common approach to search for macroscopic trends and patterns across
the nuclear chart. The most obvious observation is the line of stable nuclei, known as
the wvalley of stability. Another macroscopic observation is the unusual stability of nuclei
consisting of certain numbers of protons or neutrons, known as the magic numbers: 2, 8,
20, 28, 50, 82 and 126 (see Figurel.1). A microscopic model that is able to reproduce
the magic numbers is the nuclear shell model [73], which, in a simplified picture, assumes
the nucleons (protons and neutrons) to be arranged into energy shells within the nucleus,
analogous to the concept of electron shells in atomic physics. Nevertheless, it is now clear
that these concepts need to be refined for isotopes far away from stability. Magic numbers,
for instance, are known to disappear for imbalanced proton and neutron numbers, while
new ones may appear[82, 174]. The recently discovered new magic number at N = 34 in
the neutron-rich isotope 4Ca is a good example [165]. However, the study of these exotic
nuclei is an experimental challenge due to their short half-lives of typically of the order
of seconds to milliseconds. A high production yield and fast separation, extraction and
transport to the experimental setup is therefore essential.

*Isotopes are atoms of the same element (same proton number, Z), but different number of neutrons
(neutron number, N).
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Figure 1.1: The chart of nuclei (z-axis neutron number N, y-axis proton number P) and the
regions of interest for this thesis. The red solid lines indicate elements, for which RILIS
laser ionization schemes exist, while magic numbers are indicated with the dashed lines.
Different tones of gray correspond to different radioactive decay channels.

One type of apparatus that is able to address all these demands is the “radioactive ion
beam facility” [75], whose proof of principle was demonstrated at the Niels Bohr Institute
of Physics (NBI) in Copenhagen, Denmark [91]. One prominent example is the ISOLDFE
facility [85] at the European Organization for Nuclear Research (CERN) in Switzerland,
where the results, reported in this thesis, were obtained. The ISOLDE radioactive ion
beam facility is based on the Isotope Separator On-Line (ISOL) process, where an accel-
erator is combined with a mass separator to irradiate a suitable target material with a
high-energy driver beam to produce a multitude of different nuclei of all kinds and masses.
These are almost instantly released from the target, ionized and mass separated by mag-
nets to be sent as ion beams to the experiments. In the fastest cases, all these events are
happening in a time-span of only a few milliseconds, as it was for instance demonstrated
for 1“Be, which has a half-life of only 4.35ms [84]. For radioactive ion beam production,
one of the most important and difficult aspects is the ionization process as all experiments
on exotic nuclei often rely on highest beam purity and intensity.



The ion source, which most closely meets these requirements is the Resonance lonization
Laser Ion Source (RILIS). First design studies were presented by V.S. Letokhov and V.I.
Mishin [103] in 1984 and by H.-J. Kluge et al. in 1985 [90] and for the first time op-
erated by Alkhazov et al. [1, 2] at the IRIS* facility at the Petersburg Nuclear Physics
Institute (PNPI) in Gatchina, Russia in 1989. The RILIS is based on the principle of
the selective laser photoionization [102], where several lasers are wavelength-tuned to the
element-unique electron transitions of the atom for the stepwise excitation of the weakest
bound electron above the ionization threshold. By principle, this technique is absolutely
element-selective and ionization efficiencies of more than 10 % are possible. The RILIS
at ISOLDE [57] was operated for the first time in 1992 [119] and has now become the
most often used ion source at ISOLDE. In total, laser ionization schemes for more than
30 elements were developed and RILIS installations are operated at many radioactive ion
beam facilities worldwide. For a comprehensive discussion of the developments in this field
during the last decades, I refer to the review article of V.N. Fedosseev, Yu. Kudryavtsev
and V.I. Mishin [58]. The regions on the nuclear chart, which are currently accessible by
the RILIS technique are indicated by the red bars in Figure 1.1 and the expansion of the
available elements is subject to ongoing research.

Despite the element-selective principle of the RILIS, the beam purity may be reduced
due to ionization processes which take place in parallel. This is especially the case for
the ISOLDE RILIS, where the laser photoionization takes place in a hot metallic cavity.
The hot cavity also provides the conditions for the process of surface ionization, where an
atom may lose an electron during the contact with a hot surface. This process can be very
efficient for elements with low ionization energies, such as alkali or alkaline earth metals.
The resolution of the separator magnets is not sufficient to efficiently suppress isobars (i.e.
isotopes of the same mass, but from different elements) and thus, the selectivity of the
RILIS, defined as the ratio of the ion beam intensity of the isotope of interest over the
ion beam intensity of the isobaric contaminants, may be greatly reduced. In some cases,
the contamination is so strong that foreseen experiments are hampered or may even be
harmed. An important aspect of the technical developments for the RILIS are therefore
aimed at improving the selectivity.

In addition to providing radioactive ion beams with high intensities and high purity to the
experiments at ISOLDE, the RILIS is also a powerful and sensitive resonance ionization
spectroscopy tool for ionization scheme development, fundamental atomic physics experi-
ments and nuclear structure studies [1].

In this thesis all of these aspects of RILIS operation are performed: improvement of the se-
lectivity of the RILIS by implementing a new device, the Ion Source and Trap (LIST), into
the ISOLDE framework; laser ionization scheme development for calcium; determination
of the ionization energy for polonium; and in-source resonance ionization spectroscopy of
neutron-rich polonium.

*IRIS is the abbreviation for “Investigation of Radioactive Isotopes on Synchrocyclotron”.



1 Introduction

The outline of the thesis is as follows:

PartI, “Theory and Methods”, aims at introducing all theoretical and experimental as-
pects necessary for the understanding of the experiments and results reported in this
thesis. Chapter 2, “Interaction of light with atoms”, describes the electronic structure of
the atoms as well as different aspects of laser spectroscopy. In Chapter 3, the relevant
theoretical and experimental principles of the “Radioactive ion beam production” are in-
troduced: the ISOL process, the ionization processes, the RILIS setup and ion detection
methods, and the principles of radiofrequency ion guides.

Part I, “Improvement of the selectivity of the resonance ionization laser ion source”, de-
scribes two approaches for the improvement of the selectivity. Chapter 4 reports on the
technical implementation into the ISOLDE framework, development work and experimen-
tal characterization of a device known as the Laser Ion Source and Trap (LIST). The
LIST is a novel type of ion source for ISOLDE and was proposed by H.-J. Kluge and first
described by K. Blaum et al. in 2003 [14, 176]. It consists in its present form of an elec-
trostatic surface ion repelling electrode and a radiofrequency quadrupole (RFQ) ion guide
located immediately downstream of the cavity. The problem of the unwanted isobaric con-
tamination in RILIS beams is tackled directly as ions created before the LIST structure
are blocked by the positively charged repeller electrode whilst neutral atoms may enter the
laser/atom interaction region inside the RFQ, where the element-selective resonance ion-
ization takes place. After development work at the Mainz University [14, 74, 152, 176, 178§]
prior to the work described in this thesis, extensive off-line tests and the first two on-line
runs at ISOLDE allowed the characterization and the improvement of the performance
in terms of selectivity and ionization efficiency. Following these, a first on-line physics
experiment to use the LIST took place at ISOLDE/CERN in September 2012.

In Chapter 5, a new laser ionization scheme for calcium will be introduced that increases
the laser ionization efficiency by a factor of about 20 compared to the previous existing
laser ionization scheme. During the on-line period in 2012, the new laser ionization scheme
for calcium was in use for two experiments [11, 96] and enabled the study of the exotic
53:54(Ca isotopes for the first time by the ISOLTRAP experiment [177].

Part ITI, “In-source laser spectroscopy of polonium”, covers fundamental atomic and nu-
clear structure studies of polonium isotopes. Chapter 6, is about the “precision measure-
ment of the ionization energy of polonium”. Laser scans over the ionization energy of
polonium revealed a rich spectrum with many Rydberg states (highly excited electron
states), which enabled the determination of the ionization energy with more than 50 times
higher precision than the value known from literature [149]. Chapter 7 is devoted to the
in-source laser spectroscopy of polonium isotopes using the RILIS. This is a fitting con-
clusion to the work described in this thesis since the isotope of interest, 2!"Po, was only
accessible due to the strong suppression of francium isotopes achieved by using the LIST.
The results obtained give a valuable insight into the evolution of nuclear structure for this
region of the nuclear chart, whilst the success of the experiment is a demonstration of
the LIST as a viable ion source option for high purity ion beam production and in-source
resonance ionization spectroscopy.



Part 1

Theory and methods






2 Interaction of light with atoms

This chapter describes the basic principles of the interactions between light and atoms,
which are essential to understand the experimental methods and physics described in this
thesis. The basic concept of atomic physics is briefly introduced by the most simple atomic
structure, the one-electron systems. A similar behavior of the energy levels is observed in
so-called Rydberg-atoms, whose spectra can be described by the Rydberg-Ritz formula. It
will be used to determine the ionization potential of polonium later in this work. Building
upon the discussion of the one-electron system, the fine-structure of multi-electron atoms
and important parameters such as the quantum numbers that describe the atomic structure
are summarized. One important part of this work is the observation and description of the
hyperfine-structures and isotope shifts of exotic polonium nuclei. These phenomena are
described in the last part of Section 2.1, which deals with atomic spectra. In Section 2.3,
the fundamental principles of the emission and absorption of light are discussed since they
are essential to the understanding of the technique of laser spectroscopy. The chapter ends
with the fundamental formulae which describe the atomic spectral lineshapes and widths.
The discussion follows the descriptions given in [42, 48, 164, 167], if not otherwise identified.

2.1 Electronic structure of atoms

2.1.1 One-electron systems

The precise calculation of the discrete energy levels of the two body system of one-electron
atoms, such as the hydrogen atom (H) and hydrogen-like atoms (He™, Lit™, etc.), is
one of the greatest achievements of quantum physics theory. In fact, these are the only
atomic systems in non-relativistic quantum theory, which have an exact solution and they
therefore serve as an important basis for the further understanding of the electron-structure
of multi-electron atoms.

A one-electron atom consists of an electron with charge —e and mass m. and an atomic
nucleus with charge Ze and mass M. Its stationary states are solutions of the time-
independent Schrodinger equation:

HU(r)=EU(r), (2.1)

where H = Hyin + Hoouloms 18 the Hamilton energy operator and ¥(r) the eigenfunction
of the one-electron atom as a function of the position variable r*. The calculation can be
simplified by placing the nucleus into the origin of the two-body system and by replacing
me with the reduced mass u = mM/ (me + M) to study the relative motion of the
electron to the nucleus. Then, the Schrodinger equation of the one-electron atom writes

*In this work, vectors are denoted in bold letters for improved readability.



2 Interaction of light with atoms

as follows:

ﬂ 4dmegr

<_ R 2 ) U(r) = EW(r). (2.2)

The spherical symmetry of the Coulomb potential suggests the use of spherical coordinates
(r, 0, and ¢), which leads after transformation of the Laplace operator V2 to a separation
ansatz since the Coulomb potential depends solely on 7:

U (r,0,9) =R(r)Y(6,9). (2.3)

Solutions to the separable terms in Equation. 2.3 are the radial eigenfunctions R, ; and
the spherical harmonics Y™, which introduce the quantum numbers: principal quantum
number n, angular momentum | and magnetic quantum number m. The energy eigenvalues

FE,, are then given by

1 ety 72 72
where R)s is the Rydberg constant of the one-electron system with reduced mass p. Ry
can also be rewritten as

M
Ry = R = R,

_— 2.5
Me M + m, (2:5)

where R/ is the fundamental Rydberg constant R, = 109737.32cm ~'. E,, is the energy
of the excited state with principal quantum number n below the ionization limit, defined by
Eyn = 0cm™!. The resulting energy levels are therefore negative. In atomic spectroscopy
however, it is common practice to note the electron levels as the excitation energy W,
defined as the energy of the excited level to the ground state, W,, = E,, — E},.. The
minimum energy that is required to remove one electron from the atom with respect to
the lowest energy configuration of the electrons (the atomic ground-state) is given by
Wim = IE = Euym — Eg = |Eo| = e¢1 and is called the first ionization energy (IE)
and ¢; the first ionization potential (IP)*. This work mainly discusses the case, when one
electron is removed from the neutral atom. Therefore, these measures are simply called
the ionization energy and the ionization potential in the following.

The energy eigenvalues F,, describe the gross structure of the one-electron system and do
not depend on the quantum numbers [ and m. The energy level E, of the one-electron
system is therefore n2-fold degenerate. For a full description of the one-electron system,
Equation (2.2) needs to be further corrected for relativistic effects (fine structure, FS and
the interaction of the electron with the nucleus (hyperfine structure, HFS, which leads to a
splitting and shifting of the degenerate states. These effects are discussed for multi-electron
atoms later in this chapter.

2.1.2 Rydberg atoms

In the first order for any multi-electron atom, the distribution of the states with a high
principal quantum number, n is analogous to that of the one electron atom. The energy of

*In literature, the usage of these terms is not always consistent and often the term ionization potential
refers to the ionization energy. In this work, the term ionization energy is used.



2.1 Electronic structure of atoms

these so-called Rydberg states converge to the ionization limit or to tonic states similarly
to the excited states of the one-electron atom described by Equation (2.4).

This similarity can be qualitatively explained by the screening of the total nuclear charge
Z by the N — 1 inner electrons (N = Z for neutral atoms, N — 1 for a singly ionized ion,
etc.) of the atom. Thus, the effective charge acting on the highly excited outer electron
is ( = Z — (N — 1) and the energy of the excited state can be calculated in first order by

E,=— . (2.6)

However, there is a non-negligible probability that the electron penetrates the inner core of
the electron shell. In this case, screening is not complete and the outer electron interacts
with the larger charge of the nucleus and the inner N —1 electrons. The shift of the energy
levels compared to the one-electron atom can be described by correcting the principal
quantum number n through the use of the quantum defect é6,,; and an effective quantum
number n* = n — 0. The energy levels in the Equation (2.6) are then given by

Ru¢®>  _ Ru(®
(n=60)*  ()*°

The quantum effect varies with the angular momentum [ due to the I-dependent pene-
tration of the inner core. The probability to find an s-electron (I = 0) close to the inner
core is higher than for electrons with larger | and thus, the s-electron will experience a
nuclear potential that shows a stronger deviation from the point-like Coulomb potential
of the one-electron atom.

The quantum defect ¢ is constant for high principal quantum numbers n and Equation (2.7)
is a good approximation of the highly excited Rydberg states close to the ionization po-
tential. However, the quantum defect shows also a small dependency on the principal
quantum number n, which gets stronger for smaller n. These higher order effects can be
described by the Ritz expansion:

E,=— (2.7)

] 0
§=00+ =+ g+, (2.8)
o (n¥)
which can be approximated in the second order to
B
on)=A+ —, 2.9
(m) = A+ (2.9)

where A and B are newly introduced constants to take account for the n-dependency of
5(n).
Combining Equation (2.7) and Equation (2.9) leads to the the Rydberg-Ritz formula [83]:

Ry¢?
E,=— . (2.10)

(=4 i)




2 Interaction of light with atoms

The Rydberg formula and Rydberg-Ritz formula (Equations 2.7 and 2.10) can be used to
determine the ionization energy of an element very precisely, provided that the energies
of several members of a Rydberg series (Energy levels E,, with same quantum defect §,, ;)
are known.

2.1.3 Multi-electron atoms

The Hamilton operator of a multi-electron atom with N electrons and a nuclear charge of
Ze takes the form

N 62 N 62 N

4megr;
i<j=1 0T

The first term in Equation (2.11) describes the kinetic energy and interaction of each
electron with the Coulomb potential of the nucleus. The second term describes the con-
tribution to the potential energy from the electrostatic repulsion between the electrons.
The third term is due to the interaction of the intrinsic electron spin s (quantum numbers
s = i%) with the dipole moment due to its orbital angular momentum ! and is known as
the spin-orbit interaction.

There exists no exact solution for the Schrodinger equation of multi-electron atoms and
the wave-functions have to be approximated. However, it turns out that the non-central
electrostatic interaction depends on the total orbital angular momentum L = va = ;
and the total spin S = va = s;. Their associated quantum numbers L, S, My, and Mg
replace the individual quantum numbers m; and ms of each electron

The spin-orbit interaction leads to a splitting of the formerly degenerate gross-structure
into separated energy-levels, called the fine structure. The appropriate method of eval-
uating the spin-orbit interaction depends on the relative interaction strength of the in-
dividual electron spin with its own magnetic dipole moment. Two limiting cases can be
distinguished: the pure LS-coupling, which is a good description for light atoms and the
J7-coupling, which occurs in heavier atoms.

LS-coupling

In case of LS-coupling, the interaction between the orbital moments W7, ;; = a;;l;l; and
between the spin magnetic moments W, ,; = b;j8;8; are strong compared to the inter-
action between the orbital magnetic moment and the spin magnetic moment of the same
electron e;: Wi, o = cilis;. Then, the orbital magnetic moments and spin magnetic
moments couple to the total angular momentum J = L + S. It has the corresponding
quantum number J with values of

J=L+8 L+S—1,---,|L—8|. (2.12)

The value of J is then given by |J| = hy/J (J + 1). Pure LS-coupling results in a well
separated fine splitting of the energy levels of the one-electron energies E(n,L,S), for
which the individual fine structure component is then denoted as n?+1L ;.

10



2.2 The influence of the nucleus on the atomic structure

jj-coupling

The pure jj-coupling is the opposite extreme, where the interaction between the orbital
magnetic moment and the spin magnetic moment of the same electron W, ,; is dominat-
ing. Then the angular momentum I; and spin s; of each electron couple to the resultant
angular momentum j; = l; + s; and form the total angular momentum J = Zfil Ji- In
this case, the fine splitting is no longer well resolved in the spectrum and L and S cannot
be treated as a “good” quantum number. The only remaining “strong” quantum number
to describe the spectrum is the total angular momentum .J.

2.2 The influence of the nucleus on the atomic structure

Such is the precision of laser spectroscopy measurements that perturbations or splittings
of the atomic energy levels due to the non-point like nature of the nucleus may be resolved,
even though the correction on the energy levels are orders of magnitudes smaller than the
contributions of the gross and fine structure. Two effects are of importance in this work:
a small shift of the fine structure energy levels for different isotopes of the same element,
called the isotope shift (IS), and a further splitting of the fine structure into the so-called
hyperfine structure. The isotope shift is caused by the nuclear mass, volume and charge
distribution. The hyperfine structure is the result of the interaction of the higher order
components of the electromagnetic multipole field with the electrons.

The measurement of the isotope shift and the hyperfine structure are important observ-
ables in laser spectroscopy because they contain information related to the nuclear charge
distribution and moments.

2.2.1 Isotope shift

The mass and the charge distribution inside the nucleus changes along an isotope chain
due to the different number of neutrons. This shifts the energy levels of the atom, as the
interaction between the electrons and the nucleus is affected. The total shift of one fine
structure energy level E; between two isotopes with mass mass M A and M4 is called the

isotope shift and is defined as
AEs; = E{" - E. (2.13)

Two effects are responsible for the isotope shift: the change of the kinetic energy of the
electrons due to the change of the finite nuclear mass (mass shift, MS) and the change of
the Coulomb potential due the non-point-like structure of nucleus, which changes volume
and shape (field shift, FiS):

AELY = ABL + ABL, . (2.14)

IS,i

Mass shift

The mass shift, which dominates the isotope shift of light nuclei (Z < 30), is caused by
the difference in kinetic energy AES:‘/ of the electrons of two isotopes with mass number

11



2 Interaction of light with atoms

A and mass number A’, respectively. It can be calculated by

, 1MA - A E al
ABSN = El., - El,, = > MAMA p; + Zpipj ; (2.15)
i=1 i>j

where p is the momentum of the electrons. The two terms in Equation (2.15) can be
treated separately: term one describes the sum over the change in the single electron
energies due to the change in mass and is called the normal mass shift (NMS), while the
second term describes the changes in the electron-electron correlations and is called the
specific mass shift (SMS). It follows that NMS and SMS have the same mass dependency
and the total mass shift can be written as:

MA — pmA

AEQ?I AEﬁ\I/?S T AESMS i (KNMSJ + KSMSJ) MAMA

(2.16)
where Kyus; is calculated easily by me - Erisi. Ksus; is not analytically solvable for
multi-electron systems and have to be derived by theoretical calculations [33]. However,
the calculations are very difficult to obtain and therefore limit the accuracy of the infor-
mation derived from the isotope-shift measurements.

Field shift

The field shift AEZA. dominates the isotope shift of heavier elements since the mass shift
is approximately inversely proportional to M4 M A" Tt can be written as

AEME = F MY = B f(2) - MY (2.17)

where F; is the electronic factor, f(Z) is a function which takes into account the finite
size of the nucleus and A4’ is the change of the nuclear charge parameter. The electronic
factor is proportional to the change of the total non-relativistic electron-charge density at
the nucleus A |¥(0)|* and is given by

Tag

AERE = —AW( )2 (2.18)

The determination of the electronic factor E for heavier isotopes relies on empirical data,
since its precise calculation, based only on fundamental interactions, is only possible for
atomic systems with up to three electrons [65, 76]. The function f(Z) increases with Z
and takes into account the finite nuclear charge distribution and corrects the electronic
factor E; for relativistic effects. The nuclear charge parameter A44" can be expressed as
a power series of the changes in the mean charge radius &(r2/)44";

2

12



2.2 The influence of the nucleus on the atomic structure

where C; are the Seltzer-coefficients. They can be found in literature for most elements
together with the relations between the higher order of the changes in the mean square
charge radius §(r%)44" and the mean square charge radius (r2)44" [161]. The Seltzer
coefficients are decreasing rapidly with higher orders and thus, higher powers of the mean
square radii do not contribute much. In case of polonium, literature values for C; and

% lead to A4~ 0.932 - §(r2)A4"

Obtaining nuclear properties from isotope shift measurements

A careful analysis of the isotope shift gives access to the changes in the mean-square
charge radius § <7“2>AAI. Its accuracy is limited by the precision of the determination of
the constants Kyys, Ksus, F, and f(Z). As has been discussed, the electronic factor and
the value of Kgyg rely on atomic calculations or supplementary experimental data. In
heavier nuclei, the mass shift becomes less important since it is proportional to ﬁ. On
the other hand, the field shift is proportional to Z, which makes the determination of the
changes in the mean square charge radius ¢ <7'2>AA/ easier for heavier nuclei such as polo-
nium. However, an alternative way to determine the electronic factor £ and the specific
mass constant Kgyg is the so-called King plot, if additional independent information (e.g.
from e~ scattering, muonic decay, or K z-ray experiments) about isotope shifts in other
transitions is available [88]. It allows a separation of the field and mass shifts and gives
information about the consistency of the data. In preparing a King plot, the isotope shifts
of a measured transition and a reference transition are put into relation by introducing

the modified isotope shift defined by

AE™ = (AEs; — ABxus,) _AAT (2.20)
IS,i IS,i NMS,i A — A .

to remove its mass dependency. The modified isotope shift of the reference transition
becomes the z-axis and the modified isotope shift of the measured optical transition be-
comes the y-axis of the King plot. Then, the pairs of the modified isotope shifts fall on
a straight line, where the slope is the ratio between the two electronic factors E of the
transitions and the interception with the y-axis is the difference of the mass-shift factors.
For a detailed description of this procedure, I refer to [76, 88, 128]. A King plot using
recent data for the even-even polonium isotopes can be found in [39].

13



2 Interaction of light with atoms

2.2.2 Hyperfine structure

On smaller energy scales, a further splitting of the fine-structure becomes visible. This so-
called hyperfine structure is caused by the interaction of the higher order electromagnetic
multipoles of the non-point-like nucleus with the electrons. When the electromagnetic
potential of the nucleus, V,,,, is written as a multipole expansion one gets:

‘/cm = VCoulomb (O(R_l)) + VDipolc (O(R_g)) + VQuadrupolc (O(R_5)) + ttt . (221)

In general, the effect on the energy levels gets weaker with higher multipole orders and
thus, only the first three leading terms are of practical relevance in laser spectroscopy.
The first term is the Coulomb-potential of the nucleus and causes the gross structure as
discussed previously. The second and third terms, responsible for the hyperfine structure,
are the magnetic dipole moment and the electric quadrupole moment, respectively. A
schematic of the hyperfine structure of an atomic level with nuclear spins I = 3/2 and
total angular momentum J = 2 can be found in Figure2.1.

Similar to the total angular momentum J of the electrons, a total nuclear spin I =
Zﬁzl (sn + 1) can be assigned to the nucleus as the sum over all spins and angular
momenta of the protons and neutrons. I and J couple to give the total angular momentum
F =TI+ J of the atom, where F' takes values from |I — J| to |I + J|. A hyperfine level
with total atomic angular momentum F' is then shifted relative to the energy of a fine

=7 Y
-------- | F=3 1~10 2 Hz
+%B A
+3A
J=2 1A
=3 L, i .
- ! B . ~10 & Hz
. F=3
3A
~10 '8 Hz i 3A
ERY +0B s
=3
=1
2
+%B
Ve oulomb + VDipole + VQuadrupoIe

Figure 2.1: Schematic of the hyperfine structure of an electronic level with I = 3/2 and
J =2 [36]. Only the dipole interaction and the quadrupole interaction are considered.
The level splitting is not to scale.
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2.2 The influence of the nucleus on the atomic structure

structure energy level n25t1L; by

4

AEp =3 CC+1)—IT(I+1)J(J+1)

20 -1)(2J-1)I-J

3
C+B-4 (2.22)
where C = F(F+1)—J(J+1)—1(I+1)is the Casimir factor [28].

A is the magnetic dipole constant and describes the interaction of the nuclear magnetic

moment g7 with the magnetic field at the nucleus caused by the total angular momentum

J of the electrons H;(0):

p1rH;(0)
I-J

Note that the nuclear magnetic moment, given by u; = gIﬁI is smaller than the mag-

A= (2.23)

netic moment of the electron spin ug = gg5— 2m S by the factor of e ~ 1836 This is the
reason why the hyperfine structure sphttlngs is typically 30rders of magnitude smaller
than the fine structure splitting. Furthermore, the nuclear spin of ground state nuclei
with even numbers of protons and neutrons (ee-nuclei) is I = 0 (except for very few light
nuclei) and thus, the magnetic dipole interaction is only observed for nuclei with either an
odd number of nucleons (eo-, or oe-nuclei, where I is a half-integer) or an odd number of
proton and neutron (oo-nuclei, where I is an integer).

B is the electric-quadrupole coupling constant and describes the interaction of the electric
field gradient 92V /9%z|.—o at the nucleus with the spectroscopic quadrupole moment Qs:

2
B— <3V)

0%z
Qs is usually expressed in terms of the deformation parameter, 3, and is a measure of the
deviation of the nuclear charge distribution from a spherical distribution. The electric-
quadrupole interaction is therefore strongest for deformed nuclei and its sign depends on
the deformation of the nucleus: @ > 0, if the nucleus is elongated along the direction of
I (prolate shape) and @ < 0, if the nucleus is flattened (oblate shape). The shift due to
the electric quadrupole requires a non-zero ) and a non-zero electrical field gradient at
the nucleus, which leads to I,J > 1.
Higher order components of the HF'S are beyond the resolution power of the techniques
used in this work and are therefore neglected in the following. For further reading, I refer
to the literature [19].

eQs - (2.24)
z=0
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2 Interaction of light with atoms

2.3 Absorption and emission of light

Valence (or outer shell) electrons can interact with photons in various ways. Essential
for laser spectroscopy is the absorption and emission of photons, whereby an electron
undergoes a transition between two energy levels F; and E; (with ¢ < j). Energy must
be conserved and thus, the energy of the photon is F;; = E; — E;. A photon which fulfills
this criteria is then called resonant with this transition. Fj; is directly proportional to the
frequency v and inversely proportional to the wavelength in vacuum FE19 = hvig = he/A. In
optical spectroscopy however, it is common practice to note a transition by its wavenumber
defined by 7 =v/c=1/\.

In the following, the basic principles of absorption and emission of light are described first
by the FEinstein coefficients. The spectral linewidth, lifetime and broadening mechanisms
of a transition between two atomic states are then discussed.

2.3.1 The Einstein probability coefficients

The processes involved in a transition of one electron between two energy levels E; and E;
(1 < j) were first described by Albert Einstein [54]. Einstein identified three fundamental
processes, which govern the emission and absorption of light and assigned each of them an
intrinsic probability coefficient: resonant absorption (Einstein coefficient B;;), stimulated
emission (Einstein coefficient Bj;), and spontaneous emission (Einstein coefficient A;;).
In the following discussion of the Einstein coefficients, an ensemble of idealized non-
degenerated two-level atoms with energy states Fo > FEj is assumed as shown in Fig-
ure2.2. First we can state that secondary transition channels are absent and that the
total occupation N, of the energy states should then be constant:

N, + N, = N,,, = const., (2.25)

where N1 and N» are numbers of electrons in the lower and upper level, respectively.

E,

NN A, B,, B,

AE12= Ez'E1= hV12

Figure 2.2: An illustration of the three possible processes involved in a transition of an
electron between two electron levels with their corresponding Einstein probability coef-
ficients: spontaneous emission (A, ), absorption (Bi,), and stimulated emission (B ).
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2.3 Absorption and emission of light

Resonant absorption

Resonant absorption occurs, when a resonant photon with frequency 12 excites an electron
from the lower state to the upper state. If the ensemble is exposed to a radiation field
with density p (v), the number of electrons in the lower state N is then reduced with a
rate Ny proportionally to the amount of photons with v15:

N, = i = ~Bup(2) Ni. (2.26)

Stimulated emission

In the stimulated absorption, electrons in the excited state may jump with probability
(Bi2) to the lower state in the presence of a radiation field p (v12):

N2 = —Bglp (1/12) N2 . (227)

Spontaneous emission

While the former two effects only occur in a radiation field, spontaneous emission is purely
statistical and may occur also without the presence of a radiation field. An electron in
the excited state releases its energy with probability As;. The rate of this process is then
given by:

Ny = —AyN;. (2.28)

Spontaneous emission defines the natural lifetime of an excited atomic and can be observed,
for instance, in an excited medium as fluorescence.

Einstein’s relations

While absorption and stimulated emission can in principle be explained by a semiclassical
approach using time-dependent quantum mechanic wavefunctions and classical electro-
magnetic theory, spontaneous emission cannot be explained this way, because it involves
statistical processes. It therefore requires the theory of quantum electrodynamics (QED)
for a full description. Luckily no knowledge about wavefunctions is necessary to derive the
relations between the different Einstein coefficients. In fact, Einstein derived the relations
between the probability coefficients from considerations based entirely on the principles of
thermodynamics by describing the processes for an idealized two-level atom in a blackbody
enclosure.

The ensemble is then exposed to a radiation field, which follows the Planck relation:

8mv? 1

p(v,T)dv = d

oy 1hu, (2.29)

where k is the Boltzmann constant.
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2 Interaction of light with atoms

The population ratio is given by the Boltzmann relation if the ensemble is in thermal
equilibrium with an environment with temperature 7":

N hv
2 = 2o (2.30)

N g
where g2/g1 is the degeneracy of the energy levels Ey. For the idealized non degenerate
system, the ratio becomes Ej. g¢2/g1 = 1. In addition, the population of the lower and
excited state is constant (N7 = Ny = 0) in thermal equilibrium and the total rate of
resonant absorption must equal the rate of emission:

A91 Ny + Ba1p (v12) Na = Biap (v12) Ny . (2.31)

Rearranging Equation (2.31) and using the Boltzmann relation in Equation (2.30) leads to

Az
Bz (91/92) e12/kT — By

p(via) = (2.32)

This must be equal to the Planck relation given in Equation (2.29) and by comparison one
obtains the Einstein relations for the Einstein probability coefficients

8Thuj
g1B12 = g2Ba1 and Ay = 2 By . (2.33)

c3

2.3.2 Resonance excitation of atoms

The Einstein probability coefficients for the transition between two states are intrinsic
properties of the atom. They are thus also valid for atoms, which are taken out of the
ideal blackbody enclosure and exposed to a photon flux ® [chS_I} (for example from
a laser). Instead of using the absorption coefficient Bja it is more common to use the
evidently related absorption cross section o192 of the transition. The rate of the absorption
is then given by

Ny = ®oyy. (2.34)

In a many-level atom, higher levels can then be successively populated from the excited
level by the same principle using several light sources, which match the energy of the
higher-lying transitions. The overall process is then governed by the probabilities (or
cross-sections) for absorption and emission of all involved transitions and will eventually
reach an equilibrium, where the rates of absorption and emission are equal. This is the
underlying mechanism of resonance laser ionization and in-source laser spectroscopy.

2.3.3 Spectral linewidth

An elegant way to describe the interaction of electromagnetic waves with the electrons of
an atom, involving statistical processes such as spontaneous emission, is the density matrix
formalism, which leads to the optical Bloch equations (OBE). A thorough treatment of
this approach is given in [16, 162]. In short, the solutions of the OBEs for a two-level
transition between two states F; and E; (with ¢ < j) lead to the saturation parameter,
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2.3 Absorption and emission of light

S, and the resonant saturation parameter, Sy, given by:

So I . whc
1@ s and S() = —  with Isat = w’}/,

o] sat
~

S = (2.35)

where v is the damping parameter. In the simple two-level atom, this can be interpreted
as the spontaneous emission v = A. ¢ is the detuning of the frequency with respect to the
resonance frequency of the transition. [ is the intensity of the laser radiation of wavelength
A. I, is the saturation intensity at which a population of the excited state F; reaches its
maximum of 50%, provided that g1 = g2. An excited state population of more than 50%
is called a population inversion and is only possible for excitation schemes with more than
two levels.
The lineshape of a transition has a Lorentzian form with a linewidth (FWHM*) of

v, = L\/1+ 8. (2.36)

27

The natural linewidth observed, if the transition is not saturated (I < I,). In this case,
the linewidth is given by the damping parameter « or by the inverse of the lifetime 7 of
the transition':

Svy = L= (2.37)

2 27T

For a two-level atom, the natural linewidth is simply the Einstein coefficient As; of the
transition and its lifetime 7 = A%l by its inverse. For more realistic multi-level atoms, the
lifetime has to be corrected for the additional lower states, to which the excited electron
with F; can decay. Then, the total decay probability to all N = k lower levels is the sum
of the corresponding Einstein coefficients and the total lifetime calculates to:

1
==k 4
Zk:l Ajk

The line profile of the lower state E; is also naturally broadened due to contribution of the
line profiles of all transitions to the total linewidth. This leads in turn to a Lorentzian
shape with an overall natural linewidth of this transition of

Tj (238)

1 1
2rT;  2mT;

5Vnat,ij = 5Vnat,j + 5Vnat,i = (239)

Typical lifetimes of non-metastable excited states are of the order of 1078s with corre-
sponding typical natural linewidths of 100 MHz. The resolution of these narrow transitions
by laser spectroscopy is very complicated and requires special Doppler-free or Doppler-
reduced techniques such as collinear laser spectroscopy [13, 87] and collinear resonance
ionization spectroscopy [135]. For in-source laser spectroscopy as used in this work, the
natural linewidth cannot be resolved since the other broadening mechanisms dominate the

*Full width at half maximum
tThe natural linewidth of a transition can be obtained alternatively by the Heisenberg uncertainty
principle (AE - At > 1).
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Figure 2.3: Lineshapes of power or Doppler broadened transitions. The power broadened
transitions have a Lorentzian shape with intensity dependent widths. In contrast, the
Doppler broadened transitions are Gaussian and depend on the temperature of the
atomic vapour.

spectral lineshape. The most important of these are power broadening, Doppler broadening,
and pressure broadening, which will be discussed in the following.

Power broadening

If the laser intensity I approaches or exceeds the saturation intensity I,,,, the lineshape
still remains Lorentzian, but a broadening of the natural linewidth is observed. This
can be understood by looking at the formula for the linewidth in Equation (2.36): if the
laser frequency is in resonance with the transition (v = 1y, 6 = 0), the population of the
excited state cannot exceed 50%. On the other hand, if the laser frequency is off resonance
(v # vy, 6 # 0), the population maximum is not yet reached and the population can thus
further increase with increasing laser intensity resulting in a flatter slope of the Lorentzian
lineshape.

Pressure broadening

If ionization takes place in a buffer gas, in a dense vapour, or in the presence of charged
particles such as ions and electrons, the energy and lifetime of an excited state can be
altered. A shifting, broadening, and mixing of the energy levels can therefore occur. These
effects are due to interactions between the excited atom and the buffer gas atoms. For
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2.3 Absorption and emission of light

example, collisions of the excited atom with particles may reduce the lifetime of a state
and thus broaden the lineshape (collisional broadening). Additionally, the Stark effect,
which results in a shift of the resonance frequency, may be observed, if the excited atom is
perturbed by an electric field of charged particles nearby. This effect can be significant in
case the ionization takes place in gas cells, where the pressure is many orders of magnitude
higher than in the hot cavity, which was used for the experiments described in this work.
A full description of these effects is given in the reference [167].

Doppler broadening

For in-source laser spectroscopy in a hot cavity, the lineshape is dominated by Doppler
broadening. This is due to the velocity distribution of a hot vapour with atomic mass m 4
and temperature 7T, which follows the Mazwell-Boltzmann distribution:

AN (v, 1 2%y T\ /2
]E;] ) = ﬁexp (—vg/vg) with vy = <mbA> ) (2.40)

where v, is the velocity of a single atom, v is the “most probable velocity” and k is the
Boltzmann constant. The transition frequency v of a single atom which propagates with

velocity v, in opposite direction (z-direction) of the laser light becomes Doppler shifted
to the transition frequency vy at rest:

v=1y(l+uv,/c). (2.41)

The overall lineshape follows the Maxwell-Boltzmann distribution from equation (2.40),
which results in the Gaussian intensity profile

(v —w)

2
I(v) = I () exp [— <WO) ] with 1 () = ﬁ (2.42)

The contribution to the total broadening by the Doppler broadening dvp is

Svp = 2v/In2 220 = uo,/gkLh;lz . (2.43)
c mac

In addition, the center frequency has to be corrected for the expected Doppler shift. This
is especially the case for highly directional atomic flow jets.

For laser ionization in hot cavities as performed in this work, Doppler broadening can
be of the order of several GHz. However, to account for a Gaussian and a Lorentzian
contribution, one can use the so-called Voigt function, which is a convolution of a Gaussian
I (v) and a Lorentzian line profile I, (v):

I(v)y=1sW)*I,(v)= /OO I (V) I, (v =1 . (2.44)

—0o0

Although, the integral in Equation (2.44) cannot be solved analytically, modern comput-
ers and data analysis programs can generate Voigt functions and perform least-squares
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2 Interaction of light with atoms

fitting very rapidly. In case of in-source laser spectroscopy in hot cavities, a Gaussian
approximation is often sufficient for determining the centroids of a transition due to the
strong Doppler broadening.

2.3.4 Selection rules for allowed transitions

Not all transitions between atomic states show the same probability or are observed in
nature. Whether a transition is ‘allowed’ or ‘forbidden’ is based on the rules of momentum
conservation and symmetry (parity o). To first order dipole approximation, the dipole
operator only acts on the angular momentum and not on the electron spin. Therefore
Al = +1, As = 0 and parity changes by ¢ = +1. In case of LS-coupling, where L, S, and
J are good quantum numbers one gets the following rules for allowed dipole transitions:

AS=0,AL=0,41 and AJ =0,+1, whereJ =0=~J =0. (2.45)
Similar expressions can be derived for transitions between hyperfine structure levels:
AJ=0,+1 and AF =0,4+1, where F=0=5 F =0. (2.46)

The word ‘forbidden’ is misleading as higher order multipole transitions may still occur,
albeit with much smaller transition probabilities and cross-sections (several orders of mag-
nitudes). Also, LS-coupling is not always pure and lines and formerly forbidden dipole
lines appear. Nevertheless, the selection rules given in Equation (2.45) and Equation (2.46)
are good guides to analyze atomic spectra and for finding new laser excitation schemes.
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3 Radioactive ion beam production

The production of exotic isotopes far away from stability enables the study of a large
variety of phenomena in fields such as fundamental atomic-, astro-, nuclear-, and solid state
physics. Some exotic nuclei are found to be deformed, decay in unexpected manner, or are
suitable for medical applications. Determining their properties gives answers to questions
such as the origin of elements (nucleosynthesis), nuclear structure and the chemistry of
synthetic elements. It is also a very useful tool to explore new applications in fields such
as nuclear medicine and material science.

Since the advent of radioactive ion beam (RIB) facilities in the 1950, more than 3000
isotopes have been discovered and studied [85] and many more isotopes are expected to
be in reach.

Several concepts for the production of radioactive ion beams exist, but common for the
majority of the techniques are a driver (particle) beam (also called primary beam), whose
particles collide with the target material and cause nuclear reactions for the production
of exotic nuclei, and a mass spectrometer to separate and select the reaction product of
interest.

The production of nuclei far from stability comes with several difficulties:

e low production cross-sections and low ion yields of the isotope of interest.
e short half-lives of many isotopes.

e non-selective production inside the target and possible contamination with unwanted
species.

Therefore, all types of RIB facilities require an efficient atom and ion release from the
target, highly selective elements for beam purification, and efficient beam transportation.
Most RIB facilities follow two fundamental concepts: the Isotope Separator On-Line
(ISOL) technique and the In-Flight Fragment Separator technique. ISOL facilities can
be further divided into two categories: those that use thick targets for production and
thermalization™ and rely on thermal motion for transport to the ion source; and facilities
that use thin targets for production and gas catchers to stop the reaction products. An
overview of the different types of RIB facilities is given in Figure 3.1 and in [18].

ISOL facilities are the most effective means of producing high intensity, low emittance
beams of isotopes with a half-life greater than 10- 100 ms. In contrast, the In-Flight Frag-
ment Separator method uses heavy projectiles to react with a thin target. This process is
extremely fast, chemistry independent and results in a high energy, high emittance beam
of ions in a variety of charge states. Extremely exotic and short lived species are therefore

*Stopping and neutralization of the reaction products until the particles eventually reach thermal
equilibrium with the target material.
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Figure 3.1: A sketch of the three different principles of radioactive ion beam facilities [113]:
1) ISOL method using a thick target and an ion source as used at ISOLDE/CERN,
Meyrin, Switzerland. 2) ISOL facility with thin target plus gas catcher as used at
IGISOL, Jyvéskylé, Finland. 3) In-flight fragment separation method as used at GSI,
Darmstadt, Germany.

accessible but the production yield of any chosen isotope is typically much lower than it
can be achieved at an ISOL facility. Examples for ISOL facilities are ISOLDE at CERN,
Switzerland, the RIB facility in Louvain-la-Neuve, Belgium and the IGISOL facility in
Jyviaskyla, Finland. In-Flight Fragment Separator facilities are found at the Gesellschaft
fiir Schwerionenforschung (GSI) in Darmstadt, Germany, at the Grand Accélérateur Na-
tional d’lons Lourds (GANIL) in Caen, France and at the the Japanese Institute of Physical
and Chemical Research (RIKEN*) in Wako, Japan. For further reading about the different
facilities and methods, I refer to the several review papers [17, 18, 52].

Of the three different types of RIB facilities, only a thick target type ISOL facility requires
necessarily a dedicated ion source for standard operation. Most commonly used are ion
sources based on surface ionization, resonance laser ionization, electron impact ionization
and plasma tonization. The right choice for the type of ion sources is crucial in planning
an experiment and is made depending on the nuclear- (half-life), the atomic- (ionization
energy, atomic levels, etc.) and the chemical properties of the element. The most im-
portant characteristics of an ion source at a RIB facility are the ionization efficiency €on

defined as
# of atoms ionized

(3.1)

€ion

~ total # of atoms released from the target

*RIKEN is an abbreviation of Rikagaku Kenkytjo, which translates from Japanese to English to “the
institute of physical and chemical research”.
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3.1 The ISOL process at ISOLDE

and the selectivity, S, defined as

Ion intensity of isotope of interest

~ Total ion intensity on the given mass of contaminants and isotope of interest(' )
3.2
A lot of effort is continuously invested in the development of new techniques to improve
these two parameters. One of the primary goals of the work described in this thesis was
to improve the selectivity and efficiency of the Resonance lonization Laser Ion Source
(RILIS) at the ISOLDE facility.
This chapter will focus on the aspects of the radioactive ion beam production process at
ISOLDE which are relevant to this work. A description of the ionization techniques with
emphasis on resonance laser ionization is given. The status of the RILIS installation and
its application as a spectroscopy tool is then discussed in the last part of the chapter.

3.1 The ISOL process at ISOLDE

This section discusses the ISOL process at ISOLDE, which includes the production of
the exotic nuclei, the thermalization of the reaction products, the transport of the atoms
to the ion source, the ionization, and the mass separation. The optional stages of ion
beam cooling and bunching, charge-state breeding and post-acceleration were not used
during this work and are therefore omitted. Figure3.2 gives an overview of the different
components and their location at ISOLDE: the driver beam enters ISOLDE through the
proton beam line and impinges on the target installed at one of the target front-ends,
where the exotic atoms are produced in nuclear reactions. The atoms are then transferred
to an ion-source, extracted into the beam-line and mass separated by one of the separator
magnets.

3.1.1 The driver beam

ISOLDE is integrated into the CERN accelerator complex as shown in Figure 3.3. It uses
the bunched, 1.4 GeV proton beam from the CERN Proton Synchrotron Booster (PSB) as
a driver beam, which is sent through the proton beam line towards the target front-end.
PSB Proton bunches are of 1.66 us length, contain up to 3-10' protons, and are separated
by 1.2s. The proton bunch distribution between the various users (ISOLDE, nTOF, LHC
etc.), follows a repetitive sequence, known as the super-cycle, which typically contains
of the order of 39 pulses. The maximum proton current that can be sent to ISOLDE is
limited to 2 uA due to radio-protection constraints.

3.1.2 The target and front-end

A cross-section of a standard ISOLDE target unit for surface or resonance laser ionization
is shown in Figure3.4. It comprises a target cylinder filled with the target material, a
transfer line for atom transport from the target to the source and a hot cavity, which
serves as surface ion source or as the laser-atom interaction region for resonance laser
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location RILIS
HRS frontend

location Tape station

Figure 3.2: A drawing of the ISOLDE facility and its main components: 1.4 GeV proton driver beam, GPS- and HRS target front
ends with target, transfer line, ion source and extraction electrode, and the two mass separators GPS and HRS. Optionally
the beam from the HRS separator magnet can be further cooled and bunched, charge state bred, and post-accelerated to up
to 3.1 MeV /u. Experiments are located at the end of the different beam-lines in the ISOLDE experimental hall. The RILIS
ion source is located in the experimental hall above the HRS mass separator. Picture adapted from [21].
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Figure 3.3: An illustration of the CERN accelerator complex with all major facilities. The
proton bunches are accelerated by the LINCAC 2 and Booster (in the text referred to
as the Proton Synchrotron Booster, PSB) to 1.4 GeV before they are sent to ISOLDE
[30].

ionization. Resistive heating of the target container and the hot cavity to up to 2000°C
enables the transport and ionization of atoms.

The target can be installed at one of the two front-ends at ISOLDE (see Figure3.2).
These correspond to the beam-lines of the two mass separators General Purpose Separator
(GPS) and High Resolution Separator (HRS). Ions are extracted from the hot cavity into
the ISOLDE beam-line by a potential difference between the target and front-end on a
high-voltage (+30keV and +60keV) and an extraction electrode on ground potential,
which is installed approximately 60 mm away from the exit of the ion source.

3.1.3 The target materials

The choice of the correct target material is crucial for highest production rates of the
isotope of interest. For the work described in this thesis, rolled foils of titanium (Ti)
or pellets of uranium-carbide (UC,) were used as a target material. As illustrated by
Figure 3.5, a range of isotopes of many different elements are produced. The actual ex-
perimental cross-sections for each isotope are difficult to obtain, but can be calculated
theoretically by the ABRABLA code [109]. These production cross-sections were verified
at GSI, but are expected to be similar to the production cross-sections at ISOLDE. Due
to the non-selective reaction reaction processes, a degree of selectivity must be thus intro-
duced during the subsequent processes of atom transport, ionization, and ion transport to
extract an isotopically pure beam.
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Figure 3.4: A cross-sectional drawing of an ISOLDE target unit equipped with a tantalum
ionizer cavity for surface or laser ionization. The main elements are: 1) The thick
target container filled with the target material. 2) The transfer line for atom transport
and a hot cavity for surface ionization and laser ionization [117].
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Figure 3.5: Theoretically expected production cross-sections at ISOLDE for 1 GeV protons
on 23U [109)].
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3.1 The ISOL process at ISOLDE

3.1.4 The reaction mechanisms

The 1.4 GeV proton beam from the PSB travels through the target cylinder as shown in
Figure 3.4 and undergoes nuclear reactions with the target material. Three production
channels are present: proton induced fragmentation, spallation, and fission. Fragmenta-
tion and spallation dominate the production at the neutron-deficient side of the nuclear
chart and fission is mainly responsible for the production of neutron-rich nuclei. However,
all channels are usually present and the exact production process is not always clearly
distinguishable.

It is possible to give preference to the fission reaction channel by the use of a neutron
converter [108]. This is a solid tungsten cylinder, positioned adjacent to the target. If
the protons are directed onto the converter then a portion of the spallation neutrons are
emitted into the target material and induce fission reactions.

3.1.5 Atom thermalization and transport

The initial kinetic energies of radioactive isotopes right after the production inside the
target is in general quite high. Fission reaction products, for example, have kinetic energies
of about 200 MeV. At ISOLDE, these atoms are stopped inside the target matrix itself
and cooled down to the target temperature (typically ~ 2000 °C), which corresponds to
a kinetic energy of ~ 300meV [52]. Depending on the vapor pressure of the element,
the atoms are able to diffuse through the porous target material and eventually reach the
aperture to a transfer line, which guides the atoms to the ion source. The transfer line is
the first opportunity to introduce chemical selectivity by inserting a quartz transfer line
to delay alkali metals and thus reducing the contamination by decay [23].

3.1.6 Ionization processes

The ionization region is located immediately after the transfer line. Depending on the
properties of the isotope of interest, one can choose between surface ionization, laser
ionization, electron impact and plasma ionization. The first three of these ionization
mechanisms that are relevant to the work described in here are discussed in more detail
later in this chapter in section 3.2. After the ionization, the ions are then accelerated by
the potential difference between the target assembly on a high-voltage (between -30kV
and -60kV) and an extraction electrode on ground potential.

3.1.7 Mass separation

Each of the two ISOLDE target frontends has a corresponding dipole magnet mass spec-
trometer: the General Purpose Separator (GPS) and the High Resolution Separator
(HRS), respectively. When the beam enters the dipole magnet, ions of a different mass-to-
charge ratio are bent with different radii. For a mono-energetic beam with kinetic energy
T, atomic mass m, and particle charge ¢ in a magnetic dipole field with field strength B,
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the bending radius p of the ion beam is given by:

1 [omT
e (3.3)

PZE' 7

The overall resolving power, R, of such a mass separator for a given mass m is defined as

m

R = N (3.4)
where Am is the FWHM of the ion beam with mass m in the focal plane of the separator.
The resolving power of the GPS mass separator (singly staged 90° analyzing magnet) is
R =~ 2500 and thus, is less strong than the resolving power of the HRS mass separator
(two subsequent analyzing magnets with 90° and 60° respectively) with R = 7000, but can
achieve higher transport efficiency and is easier and faster to tune. In addition, the GPS
has the advantage that it can enable transmission of up to three masses simultaneously
within a mass range of 15% (low mass, central mass, and high mass). The HRS beam-line,
however, is also equipped with an RFQ ion cooler and buncher for further improvement
of the beam quality /emittance.

3.1.8 Production rates and total transport efficiency

The intensity of a radioactive ion beam at an ISOL facility is given by
I =0 Nypger D€, (3.5)

where o is the cross-section of the relevant production process for the isotope of interest
(see Figure 3.5), N the number of atoms inside the target material, ® the flux of the driver
beam, and € the transport and ionization efficiency from the target to the experiment. The
total transport and ionization efficiency consists of the transport efficiency from the target
to the ion source €.qca.se, the ionization efficiency €nization, and the transport efficiency
through the analyzing magnets and the beam line to the experiments €,.nsport:

€ = €release : Eionization : 6tr'cmsport . (36)

This work puts its emphasis on the improvement of the ionization efficiency of the ion
sources.
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3.2 Ionization mechanisms and ion sources at ISOLDE

An ion is defined as a nucleus with a number of shell-electrons N., which is smaller
or greater than the number of protons N, = Z, where Z is the atomic number. It
is therefore either positively charged (N, < Z, “positive ions”) or negatively charged
(Ne > Z, “negative ions”). Almost all experiments at ISOLDE are performed with positive
ions and thus, in the context of this work, the word “ion” is used to refer to a singly
positively charged ion. The ionization methods described below are therefore techniques,
which remove one electron from a neutral atom.

All ionization methods must provide a reaction energy which is at least greater than the
ionization energy E > IE = e¢;, where ¢ is the ionization potential, to remove one
electron from the atomic shell (see Chapter2.1). If this energy is supplied to a confined
sample, then a plasma of electrons, ions and neutral atoms is generated. The ion source
therefore needs to be optimized in terms of extraction and emittance of the ion beam to
match the special requirements of the beam-line, of the post-accelerators, and the specific
experiment.

The different ion sources at ISOLDE fall into four main categories: surface ionization*,
resonance laser ionization, electron impact ionization and plasma ionization. Each type of
ion source has advantages for specific elements in terms of efficiency and selectivity. Surface
ionization is highly efficient for elements with low ionization energies such as alkali and
alkaline-earth metals. Resonance laser ionization is highly efficient and element-selective,
but requires good knowledge and extensive investigations about the atomic structure of
the element as well as a series of transitions between atomic levels that are accessible with
the available laser system. Electron impact ionization and plasma ionization are rather
non-selective, but give access to elements with high ionization energies, such as noble
gases, or to elements with an atomic structure that makes laser ionization impractical or
inefficient, such as the halogens. In the following, the ionization mechanisms relevant to
this thesis, surface, laser and electron impact ionization are discussed.

3.2.1 Surface ionization

Surface ion sources are the standard choice for elements with low ionization energies at
ISOLDE. Surface ionization may occur when a neutral atom with ionization energy IF =
e¢; interacts with a surface of a material with a work function W. The least electron may
then tunnel into the Fermi band of the material.

Following Meghnad Saha’s description of the ionization in hot gases, Irving Langmuir first
described the relation between the ionization probability of a vapor by contact with a
surface by considering the ratios between neutral atoms, ions, and electrons on the surface
[98, 148]. The so-called Langmuir-Saha formula gives the ratio s between the number of
ions NN; and number of neutral atoms Ny with ionization energy e¢; on the surface with
temperature 7" and work function W in thermal-equilibrium:

Ny g ep—W
a, = No a0 exp( T > , (3.7)

*Or contact ionization. The denotation depends on the literature.
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Figure 3.6: Surface ionization efficiencies in a hot cavity ion source obtained by experiments
[89] and by simulations [170].

where g; and g are the degeneracy of states™ for the ions and neutral atoms, respectively.
The probability to ionize one atom on the surface is then given by

N; 1
ﬂ_NyHW_%<1+%)' (38)

As it follows from Equation (3.7), the surface ionization efficiency benefits from a high
temperature, a low ionization energy and a high work function!. Therefore, the highest
ionization efficiencies are obtained for alkaline metals with low ionization energies from
5.1eV (sodium, Na) to 3.9eV (cesium, Cs and francium, Fr) in combination with contact
materials with high working functions such as tantalum, Ta (WW=3.7—4.9 eV)i, tungsten,
W (W=4.5—4.8¢eV) or rhenium, Re (W~5eV) 3, 4].

The ionization efficiency obtained by an ISOLDE-type hot-cavity surface ion source actu-
ally exceeds the value that is implied by Equation (3.7) [89]. This is due to a combination
of effects: multiple atom-wall interactions per atom, a plasma potential, which is formed
inside the hot cavity by the emitted electrons, and a penetrating extraction field. The
plasma potential is neutral close to the axis of the source and positive towards the walls
of the hot cavity. This leads to a confinement of the positive ions inside the hot cavity
and to a reduced neutralization at the walls [100].

However, a quantity to describe the overall enhancement of the ionization efficiency s

*g is the degeneracy of states, given by g = 2J + 1, where J is the total angular momentum in the
ground state of the atom or ion.

tFor the production of negative ions, the opposite, high electron affinity and low work function, applies.

#The work function depends on the surface orientation, in case of crystalline elements.
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to the ionization probability § predicted in Equation (3.8) is given by the amplification
factor n:
_Bs

n 3
Recently, the surface ionization efficiency for several elements has been successfully sim-
ulated and compared to experimental values [89, 170]. The experimental values and the
results from the simulation are shown in Figure 3.6. As expected, the ionization efficiency
depends strongly on the ionization energies. Ionization efficiencies of about 100% are

obtained for alkaline metals such as potassium, but decrease sharply for elements with
higher ionization efficiencies.

(3.9)

3.2.2 Electron impact ionization

Electron impact ionization is the ionization principle of the plasma ion source, the electron
beam ion sources (EBIS), and the electron beam ion traps. Free electrons with kinetic
energies above the ionization potential (£ > IE) may remove an electron from the electron
cloud of an atom or an ion with a certain probability. This process is described by the
following reaction:

e” + AT 5 AFDF 4 96— (3.10)

where A is the atom with initial charge state q. The overall ionization rate R in a volume
V with target particle (atoms or ions) densities INV; and electron densities N, is given by

R = //NZ'NGO'Z' (Ue,i) dveﬂ' dV, (311)

where v, ; is the relative velocity between the electrons and the target particles and o; (ve ;)
the velocity dependent cross-section of the process. In general, the reaction cross-section
is zero for electron energies below the ionization threshold and reaches its maximum at
electron energies at about three to four times the ionization energy. The cross-section as
a function of the energy can be described by several semi-empirical formulas [107, 126],
but close to the ionization-threshold, the cross-section can be approximated by

O; =« (Ee — 6(;51)” s (3.12)

where « is a constant and n depends on whether the target is an atom (n = 1.1269)
or an ion (n = 1.056). The cross-section declines for higher electron energies since the
interaction time gets shorter.

If the ionization takes place in a hot plasma, the velocity distribution of the electrons is
given by the Maxwell distribution (Equation (2.40)). In this case, ionization occurs due
interaction with the electrons in the higher energy tail of the velocity distribution. Using
electron impact ion sources, the electron energy can be precisely tuned to the maximum
of the cross section of the reaction. A suitable increase in the electron beam energy makes
it possible to ionize the ions to higher charge states.

In contrast to surface ionization, electron impact ionization can be applied for elements
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3 Radioactive ion beam production

with high ionization potentials such as halogens or noble gases. However, the process is
not selective since the maximum of the cross-section is rather broad and thus, isobaric
contamination can be a problem in radioactive ion beams. Provided that the chosen
isotope is a volatile element, a degree of selectivity can be achieved through the use of a
cooled transfer line to transport the reaction products to the ion source.

3.2.3 Resonance laser ionization

A very efficient and element selective ionization technique is the resonance laser ionization
[92, 102]. Here, electrons are excited from the ground state above the ionization energy
using several subsequent electron transitions. These must be in reach of the tuning range
of the available lasers. The final step of ionization can be achieved by either non-resonant
excitation into the continuum, by an excitation to a so-called auto-ionizing state above
the ionization energy or by an excitation to a highly excited Rydberg-state close to the
ionization energy. In the latter, the atom can then be efficiently ionized by external effects
such as a strong field gradient, blackbody radiation or collisions. An overview over the
different ways to ionize an atom by resonance laser ionization is shown in Figure 3.7. These
so-called ionization schemes are discussed in more detail later in this section.

The process of resonance laser ionization is completely element-selective due to the element-
unique atomic structure. In some cases, even isotope or isomer selectivity is possible if
the laser line-width is sufficiently narrow to resolve isotope- or isomer shifts. Moreover
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Figure 3.7: An illustration of different excitation schemes that may be applied for resonance
laser ionization: intermediate states can be populated resonantly by a) one or b) two
photons or by c) two-photon excitation through a virtual level. Ionization is possible
by d) non-resonant ionization into the continuum or resonance excitation to e) auto-
ionizing states or f) Rydberg levels followed by field or laser ionization.
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3.2 Ionization mechanisms and ion sources at ISOLDE

high ionization efficiencies of up to 30 % can be achieved, and due to the very short ion-
ization process, no additional significant delay is introduced into the production process.
The resonance laser ionization is the technique of choice for most ion beams produced at
ISOLDE [59] (see Figurel.1).

In the following section, the principle and the basic requirements for an efficient laser
ionization are discussed. For a thorough analysis of the laser ionization process, I refer to
[81, 102]. The description below follows the discussion found in [51].

Laser ionization efficiency

For a given ionization scheme several conditions must be satisfied to maximize the ioniza-
tion efficiency:

Minimum photon energy: The sum of all of the electron transition energies,

E; (i=1,---,k), has to exceed the ionization energy:
i=k
Y Ei>epi=1IE. (3.13)
i=1

The minimum photon energy required to ionize the elements with lowest ionization
energies (cesium and francium) must be greater than F =~ 3.9 eV, which corresponds
to ultraviolet light of about 320 nm. The expected efficiency in this case will be very
low due to the low laser power available for UV light and the low cross-section for
non-resonant ionization. Generally, two to four lasers are therefore used to provide
a step-wise resonance ionization scheme.

Flux condition: the depopulation rate of the excited state due to resonant or non-
resonant absorption, given by the product of the photon flux, ® [cm_Qs_l], and the
cross-section, o;, has to be greater than the loss rate due to de-excitation (3 [8*1] of
the level to meta-stable levels or energy levels that don’t match part of the excitation
scheme®*. This is the so-called flux condition and can be expressed by

0 P> p. (3.14)

Fluence condition: For this discussion the photon fluence is calculated as the photon
flux multiplied by the useful interaction time. For continuous wave lasers (CW
lasers) the interaction time would be defined by the lifetime of the excited state.
For efficient ionization for a given average laser power it is therefore preferable to
use a laser with a pulse length that is less than the excited state lifetime. If this is
the case then the useable photon fluence, ¢ [cm™?] is simply the flux times the laser
pulse length:

p=®-77. (3.15)

*These levels are often colloquially referred to as “dark states” as they are “invisible” to the photons
that are provided by the lasers.
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3 Radioactive ion beam production

To ensure that enough photons are delivered within the suitable time period to ionize
all excited atoms, the fluence condition is then given by:

92
g1+ g2

o+ ¢ >1, (3.16)
where g1 and g2 are the statistical weights of the ground and excited state of the
atom, respectively.

A transition between two states is called saturated, if both, the flux condition and the
fluence condition hold and in turn the maximum ionization rate is achieved if this is
separately valid for each involved transition. Typical values for the spontaneous emission
rate of B = 1075571 and for the cross-section of the weakest transition of o; = 10~ 7cm?
require a photon flux of more than 102! photons/s [51]. This corresponds to a 500 W CW
laser power or to a pulsed laser with a pulse energy of much more than 5 pJ/pulse. At
ISOL facilities, only the latter is practical.

The repetition rate of the pulsed lasers has to be chosen with respect to the average
transport time of the atoms through the hot cavity of roughly 10 us, which leads to a
repetition rate of 10kHz and in turn defines together with the flux and fluence condition
the pulse energy. If any transition remains unsaturated, the achievable ionization efficiency
is directly proportional to either the laser laser power or the cross-section for the transition.
However, the ionization cross-section can vary by several orders of magnitude, depending
on whether the ionization is non-resonant above the ionization energy or resonant to an
auto-ionizing state or Rydberg-level.

Non-resonant laser photo-ionization

Non-resonant laser photo-ionization occurs, when an electron of an atom is excited above
the ionization energy into the ionization continuum. This is illustrated in Figure3.7d. It
requires a photon energy, which is higher than the energy from the intermediate state to
the ionization energy. The cross-section for non-resonant laser ionization is only 10~7cm?
to 107cm?. Although the maximum residual power of the non-tunable pump laser is
usually used for a non-resonant ionization step, the transition is in most cases difficult to
saturate.

Ionization via auto-ionizing states

Strong resonances with high cross-sections are observed above the ionization energy in the
spectra of many elements. These cross-sections can be several orders of magnitudes higher
than for non-resonant transitions to the continuum. In some cases (e.g. gadolinium [12, 24]
and manganese [115]), the spectrum of bound states above the ionization energy can be
extremely rich. These resonances can be interpreted as a resonant two-electron excitation,
for which the combined excitation energies of both electrons exceeds the ionization energy.
It is then possible that one electron decays back to a lower state, while the energy of this
electron is transmitted directly to the other excited electron. In case of the latter, the
excited electron has then enough energy to escape the atom. The process is known as
auto-ionization and the corresponding bound state an auto-ionizing state (AIS).
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3.2 Ionization mechanisms and ion sources at ISOLDE

The line-shape of such a transition can differ from resonances below the ionization energy.
It can be rather asymmetric due to interference effects with the continuum and fits with a
Voigt function (see Equation (2.44)) may not be suitable for fitting any more. A theory for
the line-shape of these auto-ionizing states was first described by Ugo Fano [56]. Here, an
auto-ionizing process is described by two scattering processes, which interfere with each
other: the excitation to a discrete level (resonant scattering) and the scattering within a
continuum of states (background scattering). If the excitation energy is varied around the
central energy of the auto-ionizing resonance, the background process varies only slowly,
while the amplitude and the phase of the resonant process changes rapidly. The variation
of the phase leads to the asymmetric line-shape.

The total cross-section o,; follows a function of the Fano factor q and the so-called reduced
enerqgy €:

(g+¢)? _E-E
TS R

0, is the part of the continuum cross-section, which interacts with the discrete level, o,
is the non-interacting constant background cross-section and I' is the line-width of the
resonance. The Fano factor ¢ can then be interpreted as a quantity for the amplitudes
of the resonant scattering and the background scattering and determines the shape of the
resonance.

On resonance (€ = 1/q), the amplitude is given by 0, max = . - (1 + q2) + 0, which leads
in case of g2 > 1 to

0w =0.-F(g€)+0o, with F(ge) = (3.17)

ou G, (3.18)

Typical values of o, are similar to the cross-sections of the non-resonant ionization
(10~'cm? — 10~ %cm?). In combination with Equation (3.18), it is obvious that for high
Fano factors ¢, the gain in laser ionization efficiency due to ionization through auto-ionizing
states can be several orders of magnitudes compared to the non-resonant laser ionization.
Line-widths of auto-ionizing states can vary strongly and resonances were observed with
line-widths ranging from MHz to THz (see Chapter 5). However, in most cases, tunable
lasers are needed to excite to auto-ionizing states. The higher cross section of transitions
to an autoionizing state results in a reduced laser power requirement and, for the typical
output power of a tunable laser of the laser ion source, this transition may be saturated. If
this is not the benefit of using an autoionizing state, the usage of non-resonant ionization
has to be carefully evaluated, taking into account the higher power and greater convenience
of using a non-tunable laser for a transition to the continuum.

Ionization via Rydberg levels

It is possible to excite to high-lying Rydberg levels (see Chapter 2.1.2) for efficient ioniza-
tion. The resonant photo-absorption cross-sections of these Rydberg states can be as high
as ~ 1074 cm™2. The binding energies of the electrons in these states is only of the order
of meV. This is very small, when compared to the binding energy of the valence electron
of typically several eV. In addition, the volume* of a Rydberg atom is large and their

*The radius increases approximately proportionally to the cube of the effective quantum number.
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life-times can be very long (several pus) [68]. These properties make them very sensitive to
ionization due to external disturbances:

Strong field gradients: Field ionization may occur when the Rydberg atom is ex-
posed to a sufficiently strong field gradient.

Collision: The long life-time and large volume results in a high probability of collisions
with other particles in the atomic vapour or plasma. Furthermore, the cross-section
for ionization due to energy transfer during the collision is high because the electron
is weakly bound.

Photo-ionization: In a hot cavity, the photon flux from the hot walls due to blackbody
radiation can be high and can lead to an excitation of the electron from high-lying
n-state into the continuum [9].

The study of a Rydberg series can be used to precisely determine the ionization energy
of elements using the Rydberg-Ritz formula (Equation (2.10)). This has been recently
demonstrated for astatine at ISOLDE [143, 144] and was performed as part of this thesis for
polonium (see Chapter 6). The study of a Rydberg series can be used to precisely determine
the ionization energy of elements using the Rydberg-Ritz formula (Equation (2.10)). This
has been recently demonstrated for astatine at ISOLDE [143, 144] and was performed as
part of this thesis for polonium (see Chapter6).

3.3 The Resonance lIonization Laser Ion Source at ISOLDE

The Resonance Ionization Laser Ion Source (RILIS) has become the most often used ion
source at ISOLDE. After first design studies were presented by V.S. Lethokov and V.I.
Mishin [103] in 1984 and by H.-J. Kluge et al. in 1985 [90], the first ion source of this type
at an ISOL facility was established at the IRIS facility at the Petersburg Nuclear Physics
Institute (PNPI) in Gatchina, Russia in 1991 [1]. A similar installation was constructed at
ISOLDE [57] and for the first time operated on-line by Mishin, Fedosseev and colleagues
[119] in 1992.

Figure 3.8 is a schematic of the laser beam delivery to the ISOLDE target, taken from the
first publication that referred to the ISOLDE RILIS [119]. Whilst the laser system has
changed from that of the original RILIS, this figure is still representative of the ISOLDE
setup, and closely matches the configuration methods used at several facilities worldwide.
Mishin et al. reported laser ionization of ytterbium (Yb), thulium (Tm), and tin (Sn)
with efficiencies of up to 10 % to 20 % [119].

In the standard configuration, the ISOLDE RILIS uses the hot cavity surface ion source as
a laser/atom interaction region. The hot cavity has proven to be efficient and convenient
for two reasons: 1) full overlap in time and space of the lasers with all atoms effusing
from the target and 2) the cavity plasma potential that provides transverse confinement,
and therefore enhances the survival of laser-ions during their drift towards the extraction
region, as described in Section 3.2.1.

Many factors must be considered for the optimization of the geometry and characteristics
of the hot-cavity:
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Figure 3.8: A schematic of the first RILIS setup at ISOLDE. Picture taken from [119].
Its basic principle is still valid for the RILIS at ISOLDE and exemplary for similar
setups at RIB facilities with thick targets world-wide. Atoms released from the target
are laser-ionized inside the hot cavity (here: the ionizer) extracted into the ISOLDE
beam-line and mass separated by the separator magnets. Laser beams are sent through
a quartz window and the magnet into the hot cavity.

Duty cycle: the cavity should provide confinement of the atoms long enough for each
atom to be irradiated by at least one laser pulse. A long cavity therefore results in
a lower repetition rate requirement for the laser system.

Decay losses: conversely, for short-lived isotopes, the effusion time should be minimized
to avoid decay losses. In this case, the cavity length should be short. For the
standard 30 mm cavity, the mean effusion time is about 100 ps, corresponding to a
required repetition rate of 10 kHz

Diameter: to maximize the photon flux per unit area, the laser beams should be focused
to a spot size as small as possible. In this case the atom confinement, or cavity
diameter, should be equal to the laser spot diameter. For the long laser paths
used at ISOLDE and, due to the inaccessibility of the optics outside of the laser
installation, the typical laser focal spot diameter at the source is 3 mm.

Material and temperature: for maximum ionization efficiency, minimum effusion time
and highest laser-ion survival, the cavity should be a high temperature material and a
thermionic electron emitter. Refractory metals such as tungsten, tantalum, rhenium
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3 Radioactive ion beam production

are ideal in this respect.

The efficiency of the resonance laser ionization inside a hot cavity using a laser system
with repetition rate f can be approximated by [119]

E oto
€RILIS = S o (3.19)

fephoto + A1,2

where €., is the efficiency of the applied resonance laser ionization scheme, v is the
thermal velocity of the atoms, and L and d are the length and the diameter of the hot
cavity, respectively. The ISOLDE RILIS uses lasers with a repetition rate of f = 10kHz
and the hot cavity dimensions are L = 30 mm and d = 3 mm.

During the last 20years, the RILIS was gradually upgraded to improve the stability,
efficiency and reliability. Now, it operates more than 2000 hours/year and has delivered
ion beams of 28 elements [113]. The current laser setup is described in the following
section, followed by a description of the modes of operation that were used during the
experiments described in this thesis.

3.3.1 The ISOLDE RILIS setup

A schematic of the current RILIS setup including the different detectors which were used
during this work is shown in Figure3.9. The laser setup went through two major up-
grades during the last 5 years. First, the tunable dye-lasers and copper-vapor pump lasers
(CVL) from the Russian Academy of Sciences were replaced by two commercial dye lasers
from Credo®© and two commercial neodymium-doped yttrium aluminum garnet (Nd:YAG)
pump lasers from Edgewave GmbH. One tunable narrow band (NB) dye-laser remained
in the system for spectroscopy purposes. A summary of these upgrades can be found in
[115] and [59]. In the second stage, a complementary solid-state laser system, consisting of

RILIS Dye Laser System

Protons

‘windmill’ (c-detector)

Alternative detectors:
- tapestation (f,y detector)

LabVIEW based DAQ - MCP (time structure)

pA — meter

Figure 3.9: A schematic layout of the most important elements of the RILIS setup [143].
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Figure 3.10: The wavelength tuning range after the dual RILIS upgrade, including all tun-
able dye and Ti:Sa lasers and second (SHG), third (THG), and fourth (FHG) harmonic
generation [113].

three tunable Mainz design titanium:sapphire (Ti:Sa) lasers and two commercial Nd:YAG
pump-lasers from Photonics Industries were installed [143, 145]. One of the Ti:Sa lasers
was further modified for narrow-band operation [144] by inserting a second etalon into the
Ti:Sa cavity to narrow the laser linewidth to below 1 GHz. Furthermore, the tuning of the
NB-Ti:Sa was automatized and integrated into the RILIS control system [142].

If needed, non-linear crystals can be used for frequency multiplication of the fundamental
beams of the lasers. Second, third and fourth harmonic generation can be achieved. The
specifications of the pump and tunable lasers are given in Tables 3.1 and 3.2, respectively.
Each tunable laser is coupled via fibers into wavemeters (WM) (WS6 and WS7 from
HighFinesse GmbH [78, 79]) for wavelength measurement and data-acquisition (DAQ).
Automatic scanning is possible for the dye lasers and the NB-Ti:Sa laser. The full tuning
range of the RILIS lasers, including frequency-multiplication of the dye and Ti:Sa laser
beams is shown in Figure 3.10.

A system of optical elements (mirrors, lenses, prisms, etc.) steers, converges and focuses
the laser beams from the RILIS laser setup through the separator magnets into the cavity
of the target. Due to the wide laser wavelength range and inaccessibility of the optics
outside of the laser installation, broadband optics must be used for beam transport. For
this uncoated quartz prisms, windows and reference plates are used for beam transport
and sampling. The losses due to Fresnel reflections are therefore approximately 4 % for
every optical surface in the beam path. Hence, the power delivered to the source is signif-
icantly lower than the measured power on the laser table. A commercial automatic beam
stabilization unit (Aligna®, by TEM Messtechnik GmbH) was recently installed to im-
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Table 3.1: Operating parameters of the RILIS pump lasers. Usually the dye lasers are
pumped by different outputs (A, B, C) of one of the Fdgewave Nd:YAG lasers. If
needed, beam A can be directly sent to the ion source for non-resonant ionization.

laser Dye A Dye B Dye C Ti:Sal Ti:Sa 2
Manufacturer Edgewave  Edgewave FEdgewave  Photonics  Photonics
Harmonic Nd:YAG 2nd 2nd 3rd 2nd 2nd
Wavelength (nm) 532 nm 532 nm 355 nm 532 nm 532 nm
Repetition rate (kHz) 10 10 10 10 10
Average power (W) 0-80 0-40 0-20 0-74 0-72
Pulse duration (ns) 8 8 6 128 170
Pulse jitter (ns) 3 3 3 9.3 8
Divergence (mRad) 0.2 0.2 0.3 7.6 6.4
Beam quality (M2) < 1.3 - - ~ 30 ~ 30

Table 3.2: Typical parameters of the tunable RILIS lasers. In total two broadband (BB)
Credo type dye lasers, one narrow band (NB) dye laser, two BB Ti:Sa laser, and one NB
Ti:Sa laser are available.

laser Dye “Credo” Dye NB Ti:Sa
Manufacturer Sirah GmbH DMK CERN / Mainz University
Tuning range (nm) 390 — 860 390 — 860 680 — 950
Line-width BB/NB (GHz) 9/— 15/0.8 5/0.8
Maximal power (W)
- Fundamental 20 10 6
- 2"! harmonics 2.5 1 1
- 3" harmonics 0.2 0.2 0.15
- 4*" harmonics 0.15
Pulse duration (ns) 7 10 35
Divergence (mRad) <1 <1 <1
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prove the stability of the ion beam production rate by correcting for any rapid or gradual
drifts of the laser beam positions. For a full description of the RILIS setup it is referred
to [113] and for a thorough description of the solid-state laser system it is referred to [143].

3.3.2 RILIS installations at off-line mass separators

The off-line* mass separators at ISOLDE and in Mainz can be equipped with temporary
RILIS setups for ion source and ionization scheme tests [122, 153]. An all solid-state Ti:Sa
based system is preferable for a temporary installation due to their smaller size and ease
of use and cleanliness. A detailed description of the laser setup which was installed at the
ISOLDE off-line mass separator will be given in Chapter4.2.3.

Both off-line mass separators are very similar and differ only in terms of specific details of
the electronics, the ion optics, and the control system and their design follows the principal
setup shown in Figure 3.8. Their target frontends are compatible to the ISOLDE targets
and therefore offer a realistic testing environment. Ions are usually extracted at 30kV and
the 60 ° magnets are used for mass separation.

3.4 Ion beam detection at ISOLDE

ISOLDE has a wide variety of different ion detection methods. Faraday cups (FC), wire
scanners and wire grids are installed at several locations along the ISOLDE beam line [63].
These detectors are usually used for beam tuning with intense ion beams above the back-
ground noise of the detection electronics (=~ 0.2 pA), but can be also used for experiments
with radioactive isotopes, if the ion beam intensities are high enough. Micro-channel plate
(MCP) detectors are suitable for the detection of low intensity ion beams, particularly
for stable or long lived isotopes whose activity is too low for detection at a decay station
[180]. The fast response of MCP detectors makes them capable of measuring the time
structure of laser-ion bunches with ns precision. These measurements are important for
the understanding of the ion production process and optimization and development of ion
sources.

However, in most cases, Faraday cups and MCPs are not suited for the characterization of
radioactive ion beams due to their non-selective detection principles and particle identifi-
cation is usually performed by the study of the radioactive decay channels. At ISOLDE,
B-emitters can be studied by a tape station and a-emitters by a so-called “Windmill”-
detector setup. Both detectors can be also used for y-emitters.

3.4.1 The ISOLDE tape station detector for beta- and gamma-decaying
isotopes

The local tape station detector at ISOLDE is a device for the detection of short-lived S-
and v-decaying nuclei. Its primary use at ISOLDE is the study of the radioactive ion
yields and the measurement of the release times from the ISOLDE targets, but can be

*The term “off-line” setup refers to an experimental installation, which is not attached to a driver
beam accelerator.
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Figure 3.11: A schematic of the ISOLDE tape station, consisting of a beam gate, transport
tape, and detectors for v- and S-emitters.

also used for nuclear decay spectroscopy. An illustration of the tape station is shown
in Figure3.11. It consists of a beam gate, a transport tape (Mylar® with an aluminum
layer), a 47 scintillator for S-detection, and a germanium (Ge) detector for y-detection.
After opening the beam gate, the ions with kinetic energies of up to 60 keV are implanted
into the tape, which is then moved to the detectors. Measurements with the tape station
are limited to nuclei with half-lives above the transport time of ~ 100ms. Clearly, the
implantation of intense beams of long-lived isotopes (several hours or more) should be
avoided to prevent long-term contamination.

The KU Leuven “Windmill” detector for «- and y-decaying isotopes

The “Windmill” detector from the KU Leuven is a highly sensitive a- and v-detector,
which can be installed at one of the free ISOLDE beam lines [55]. For the experiments
reported here, the ”Windmill” setup was installed at the end of the LA1 beam line (see
Figure 3.2) for the measurements of the HFS and IS of 216=219P¢ (see Chapter 7).

Figure 3.12 shows the main components of the windmill setup. The ions are implanted
with up to 60keV energy into one of the 10 carbon foils (10 mm diameter, 20 ug/cm?,
from the GSI target laboratory [106]), which is moved into the axis of the ion beam. Here,
silicon detector system 1 (detectors C1 and C2 in Figure3.12) surround the carbon foil.
These are the detectors used for registering the alpha-emitting polonium isotopes that
were studied as part of this thesis. Detector C1 is a passivated implanted planar silicon
(PIPS) detector with 300 mm? active surface and is installed as close as possible behind
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Figure 3.12: A schematic of the Windmill detector setup [37]. It consists of a rotating
wheel (D), equipped with 10 thin carbon discs (A) rotatable by a stepping motor (F),
Si a-detectors (C1, C2, and B), a collimator (G), a Faraday cup (E), and a 2'*Am
source (H).

the carbon foil. Detector C2 is a cylindrical surface barrier detector with 350 mm? surface
and is placed in front of the foil. Its aperture of 6 mm diameter allows the ion beam to pass
through the detector to the carbon foil for implantation. The best solid angle coverage
(= 51%) of the escaping a-particles is achieved if this detector is placed 4mm away from
the carbon foil [36]. A collimator (element G in Figure3.12) with an aperture of 5mm
protects the detector C2 from ions that diverge from the beam axis. After implantation
of the ion beam and after finishing the data taking, the wheel can be rotated to move a
clean carbon foil into the ion beam.

The alpha spectra recorded by C1 and C2 differ slightly due to the different geometry and
location of the detectors, which needs to be considered during the analysis. The ions are
implanted closer to the detector C2 than to detector C1. Therefore, the a-particles travel
through more material to reach the detector C1 and thus, the observed a-energy peak at
detector C1 is shifted and has a stronger tail towards lower energies. C2 gives a higher
count rate because of the better solid angle coverage.

Silicon detector system 2 (detector pair B in Figure3.12) is mainly used for background
checks and decay-spectroscopy of isotopes with longer half-lives. This detector pair sur-
rounds a different foil position on the windmill wheel and consists of two PIPS detectors
similar to the PIPS detector C1.

It is further possible to move a Faraday cup in front of detector C2 for ease of stable beam
tuning to the foil position. To calibrate and test the detectors, the rotating wheel is also
equipped with a 30-50 Bq 2! Am source, which can be moved between the detectors. How-
ever, the a-calibration is slightly shifted because of the implantation depth of the ISOLDE
beam. Therefore a calibration using an ion beam of an isotope with a well-known a-line
is preferable.
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3.5 Ion beam manipulation and transport using
linear radiofrequency quadrupole ion guides

The concept of linear quadrupole ion guides is based upon the groundbreaking work of
Wolfgang Paul, for which he received the Nobel Prize in Physics in 1989 [129]. Wolfgang
Paul developed a technique to confine charged particles radially and to filter these depend-
ing on their mass to charge ratio by applying alternating electrical fields to four hyperbolic
rods [130, 131, 132]. Later, this concept was extended to the trapping of charged particles
in three dimensions [62].

Nowadays, these so-called radio-frequency quadrupole (RFQ) mass filters and ion guides
are used in a wide range of research, e.g. mass spectrum analysis in chemistry or as an ion
storage device for quantum computing. At ISOLDE and at RIB facilities, devices known
as “ion cooler and buncher” combine an RFQ ion guide with segmented radio-frequency
rods (RF-rods) and with injected buffer gas for the confinement in radial direction, bunch-
ing and cooling of the ion beams [77, 111]. Also the Laser Ion Source and Trap (LIST),
which will be discussed in detail in Chapter 4, makes use of a linear RFQ structure to guide
laser ionized ions. The basic principles of linear RFQ ion guides are therefore introduced
in the following. In order to limit the discussion, only the two-dimensional confinement in
radial direction is discussed. For further reading and a more fundamental mathematical
treatment of the theory, I refer to the literature [15, 44, 69, 110, 129].

3.5.1 The ideal RFQ ion guide and mass filter

The general three-dimensional time-dependent quadrupole potential can be described in
Cartesian coordinates® by:

®(z,y, 2,t) = Po(t) - (az® + by® + c2?) | (3.20)

where ®((t) is the time-dependent voltage amplitude and a, b and ¢ are geometrical pa-
rameters. Assuming that no space-charge effects disturb the pure quadrupole potential,
the Laplace-equation A® = 0 leads to the condition a + b + ¢ = 0. The solution for a
confinement of charged particles in radial direction’ is:

a=—c and b=0. (3.21)

A possible geometry is a quadrupole, which consists of four hyperbolic rods with infinite
length as shown in Figure 3.13 a. In this case, the coefficients can be normed to
a=—c= %, where rq is the free field radius, defined as the distance from the longitudinal
axis to the vertexes of the hyperbolic rods.

Confinement of ions, which are traveling through the RFQ, is achieved by applying an
alternating potential, ®((¢), phase-shifted by 180° between neighboring rods. One general
solution using sine-functions is of the form ®g(t) = U + V - cos (wt), where U is the static

*I follow the conventions for the Cartesian coordinates used in [129]: z and z are in radial direction, y
is the axial direction. It may differ in alternative literature, where z is the axial direction.
fConfinement in all three dimensions is given, if the coefficients fulfill ¢ = b and ¢ = —2a.
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3.5 Ion beam manipulation and transport usinglinear radiofrequency quadrupole ion guides

Figure 3.13: a) Geometry of the ideal, hyperbolic radiofrequency quadrupole. b) Equipo-
tential lines in the z-z-plane. c) Areas of x- and z-stability. All figures were taken from
[129]

direct-current (DC) potential, V' the amplitude of the alternating-current (AC) potential
and w the frequency of the alternating potential.

Together with Equation (3.20), the overall potential of an RFQ with four hyperbolic RF-
rods is then given by:

22— 22)

O(z,2,t) = (U +V -cos (wt)) - ( 22

(3.22)

The resulting equipotential lines in the z-z-plane are shown in Figure 3.13b. The inhomo-
geneity of the quadrupole potential of Equation (3.22) leads to a weak net force towards
the center of the RFQ, where the electrical field is the weakest. For certain applied volt-
ages, U and V, the longitudinal motion becomes stable and the charged particle can travel
through the RFQ without hitting the RF-rods. However, the resulting equation of motions
(EOMSs) of charged particles inside a linear RFQ are:

£+L2(U+V‘cos(wt))'x:0

mro
ij=0 (3.23)
- L U4V coswt) 2=0,
mTO

where ¢ = e for singly charged ions and m is the mass of the charged particle. The EOMs
in 2- and z-direction are types of Mathieu equations [118] and can be brought into the

standardized form of )

d°z
p+(a+2q-cos(27'))-:c20

d?z

=
by introducing dimensionless parameters a = mﬁ%iz, = m21“q;(./02 and 7 = %, The solution
0 0
to the Mathieu equations is a superposition of two movements of the charged particle: a

slow oscillating macro-movement and a faster micro-movement with a higher frequency but

(3.24)
—(a+2q-cos(27))-2=0
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3 Radioactive ion beam production

smaller amplitude. Depending on the applied voltages, U and V', and the corresponding
dimensionless parameters, a and ¢, respectively the EOMs have two types of solutions:

Unstable motion: the amplitudes of the oscillating charged particles grow exponentially
and the particles will eventually get lost.

Stable motion: the amplitudes of the oscillations are limited and the charged particle
travels through the RFQ.

Note that in case of the ideal RFQ the stability of the charged particle motion depends
entirely on the value of ¢ and ¢ and not on the initial parameters, such as the velocity or
the direction of the motion. The conditions for stable solutions can be illustrated in a a-g
stability diagram as shown in Figure 3.13c, where the hashed areas mark the combinations
of a- and ¢ values for which x or z stability exists. However, only where the areas of
- and z- stability overlap with each other exists stability throughout the motion of the
charged particle through the RFQ. The most important area of z-z-stability is shown in
Figure 3.14, where stability is given for 0 < ¢ < 0.92 and corresponding a-values.

A so-called operation line for different masses, m; < meo < ms, defined by ¢ = % = const.
and fixed rp and w illustrates the operation principle of the linear RFQ mass filter. Only
the masses mq and mq are inside the range of stability (range Aq in Figure 3.14) and have
stable motions. A further improvement of the mass-resolution, R, of the linear mass filter
is possible by steepening the operation line (e.g. increasing V).

The same principle is illustrated in Figure 3.15, where the stability diagram and the op-
eration line is transformed into the V-U-space. In this case, the dimension of the area of
stability depend on the mass of the charged particle and the operation line cuts through

instapl
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Figure 3.14: ¢g-a area of stability of first order. For ¢-a pairs inside the area of stability,
the motion is stable in - and z-direction. For fixed values of rg, w, U, and V, different
masses with mq < mg < mo lie on the operation line, of which only mq and mso are
stable. Figure taken from [129].
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3.5 Ion beam manipulation and transport usinglinear radiofrequency quadrupole ion guides

the tips of the areas of stability. Figure 3.15b shows the corresponding mass spectra (filled
areas). However, the only mode of operation of the LIST is the RF-only mode (U = 0) [43].
In this mode of operation, the RFQ works as an ion-guide for all masses qig‘:}z <m < o0,
which can be easily derived from the stability-condition 0 < ¢ < 0.92. The corresponding
mass spectra is illustrated in Figure 3.15b by the empty areas. Both masses, m; and mao,
are transmitted until the maximum RF-amplitude V of the area of stability of m; (dashed
line). For higher RF-amplitudes, only mg is transmitted, until the end of the area of

stability of ms is reached.

3.5.2 The real RFQ ion guide and mass filter

The potential inside the real RFQ ion guide and mass filter differs from the ideal hyperbolic
RFQ due to several reasons:

e Non-hyperbolic RF-rods.

e The RF-rods are of finite lengths.

Slightly misaligned RF-rods.

Field disturbances by external fields (e.g. nearby electrodes).

Space charge effects due to the interaction between the stored charged particles.
e A disturbed RF-signal at the RF-rods.

The deviations from the ideal RFQ potential lead to so called non-linear resonances, which
are unstable a-g-combinations inside the area of stability [45]. Usually, these non-linear
resonances are observed as losses in the mass spectra for certain RF-voltage settings. How-
ever, in the experiments with the LIST, described in here, no such non-linear resonances
were observed. Figure 3.15¢c shows a possible mass spectra without non-linear resonances
of a real linear RFQ. In general, the mass peaks of a real RFQ mass filter show a decreased
efficiency towards the limits of the RF-potential, V. In contrast, the mass peaks may tail
over the limits of the RF-potential. This is due to the finite length, which only allows
a certain number of oscillations. For charged particles with masses close to the area of
stability, the defocusing effect may not be strong enough and the charged particles may
eventually pass the RFQ without getting lost.
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3 Radioactive ion beam production

Figure 3.15: a) Areas of stability in the V-U-space. b) Ion signal as a function of the
The filled areas represent the mass spectra, when the RFQ is
operated as a mass filter U > 0 and the empty areas represent the mass spectra of the
ion guide mode of operation (RF-only, U = 0). In all figures, red lines belong to mass
mq and blue lines belong to ms. The dashed black line is the total ion current. ¢) Mass
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4 The Laser Ion Source and Trap

The Laser Ion Source and Trap (LIST) is a novel approach to improve the selectivity of
the RILIS. It combines the highly element-selective RILIS with an electrostatic repelling
electrode that is installed shortly after the exit of the hot cavity to suppress surface ionized
isobaric contaminants. Additionally, an RFQ ion guide (IG) is used to provide transverse
confinement of ions inside the LIST as they drift towards the extraction region.
Figure4.1 is an illustration of the LIST, combined with a typical target/ion source and
mass separator configuration of ISOLDE. Two modes of operation can be distinguished:
in LIST mode, a positive voltage is applied to the repeller electrode and thus, positive
ions coming from the hot cavity are repelled and only neutral atoms are able to effuse into
the RFQ ion guide, where the atoms of interest are subsequently ionized by the RILIS
lasers. The ions are radially confined by the transverse RFQ potential and drift towards
the aperture of the LIST end-electrode and the penetrating field of the high voltage (HV)
extraction electrode. In LIST mode losses in efficiency compared to standard RILIS op-
eration are expected, while the selectivity, i.e. the beam purity, is expected to improve
strongly. Alternatively, the LIST can be operation in ion guide mode: in this mode of op-
eration, a negative voltage is applied to the repeller electrode allowing all ions to pass the
repeller electrode. This results in a lower selectivity, but allows for ionization efficiencies,
comparable to normal RILIS operation, which is typically of the order of 10% (Further
explanations of the LIST mode and ion guide mode are given in Section4.3.1).

The LIST was proposed as a new type of ion source for RIB facilities in 2003 [14, 176]
and was built and designed at the University of Mainz [14, 74, 152, 176, 178]. The testing
and development of the LIST was carried out as a collaboration between the University
of Mainz and ISOLDE [150, 151].

This thesis describes the characterization and implementation of the LIST in the ISOLDE
environment, further development work towards a higher selectivity and the first on-line
applications of the LIST. The LIST was tested extensively at the off-line separators of
ISOLDE and Mainz University [140] before it was further adapted and modified to match
the special requirements of the on-line physics operation at ISOLDE. In May 2011, the
LIST was for the first time operated with proton irradiation during an ISOLDE on-line
target development run. This allowed for first studies of the LIST performance with ra-
dioactive isotopes.

Based on the results of these experiments, a new slightly modified LIST was designed to
improve the ionization efficiency, and was tested off-line. The first on-line application of
the LIST took place in September 2012. Its goal was the suppression of surface-ionized
francium in polonium beams for the study of the hyperfine structure and isotope shifts of
neutron-rich polonium isotopes. The results of this experiment are described in Chapter 7.
To put this doctoral work into context, this chapter starts with a short summary of the
previous development stages and achievements. A detailed explanation of the final exper-

53



4 The Laser Ion Source and Trap
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Figure 4.1: An illustration of the LIST target operated at the ISOLDE mass separator
facility. The LIST (repeller electrode, RFQ) is attached to the target assembly (target
container, transfer line, hot cavity). Protons are irradiate the target and the reaction
products effuse through the target into the LIST RFQ, where the atoms are ionized by
the lasers. After extraction by the extractor electrode, the ions are sent through the
mass separator towards the detector or the experiment.

imental setup is then given together with the technical aspects, methods and parameters
required to assess the LIST performance. A dedicated section addresses the different mod-
ifications of the LIST target-assembly and electronics, necessary for the implementation
into the ISOLDE environment and for the preparation of the on-line runs. The results of
the characterization of the performance from the ISOLDE off-line and on-line operation
are given at the end of the chapter®.

4.1 LIST developments and achievements prior to this work

4.1.1 First proposal

The Laser Ion Source and Trap was first proposed by H.-J. Kluge and first described by
K. Blaum, C. Geppert, H.-J. Kluge, M. Mukherjee, S. Schwarz and K. Wendt in 2003 [14].
Its initial design concept is illustrated in Figure4.2. An ion-repelling electrode (colloqui-
ally called the “repeller” or the “repeller electrode”) is installed downstream of the exit
of the transfer line of the target. Its function is to hinder the surface-ionized ions from
entering the laser/atom interaction region behind the repeller electrode. The free atoms,
which are able to pass the repelling potential undisturbed, interact with the RILIS laser
beams which are tuned to ionize only the element of interest.

Without a shielding enclosure, the strong field gradient of several keV/cm towards the
extraction electrode would lead to a wide energy spread of the ion beam and high losses

*This chapter comprises parts that were published in [60].
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Figure 4.2: Top: schematic of the LIST, as proposed by [14]. This design comprises an
ion-repeller electrode, a segmented linear RFQ ion trap, a gas inlet, a pulsed end-plate
and an exit lens. Bottom: potential gradient along the ion beam axis, z.

in the magnet*®. The laser ionization region is therefore enclosed by a cylindrical cavity. It
surrounds a linear Paul trap with segmented RF-rods create a field gradient and potential
well in the longitudinal direction. Simultaneously, it permits the confinement of the ions
in radial direction by an RFQ quadrupole potential as well as the guidance to the exit of
the source cavity. By injecting a buffer gas into the trap, the segmented linear RFQ can
be operated as an RFQ ion cooler and buncher. The longitudinal trap potential is shown
in the bottom part of Figure4.2. The DC potential, which is superimposed on the RF
signal of typically 1 MHz, lowers the potential towards the exit of the trap, where the ions
are then cooled down from the initial thermal kinetic energy due to the collisions with
the buffer gas and follow the declining potential energy. If the end-plate of the LIST is
operated on the same potential as the repeller, the trap is closed and the ions eventually
accumulate in a potential minimum next to the exit of the LIST. After a certain time of
accumulation, the potential at the end-plate is lowered and the bunch of ions is released
by the extraction electrode and sent towards the mass separator.

The sequence of ionizing, cooling, trapping and releasing is synchronized with the laser
repetition rate of typically 10 kHz, and leads to a pulsed ion beam with pulses of only a
few micro-seconds length.

The ionization efficiency of this first LIST design was simulated to be of the order of 20 %
to 30% of the total atom and the overall selectivity to be > 10% [14]. Furthermore, a
beam emittance as low as 37 mm -mrad in the transverse direction and 10eV - us in the
longitudinal direction was calculated.

*The acceptance of the GPS is approximately +50eV
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4 The Laser Ion Source and Trap

Figure 4.3: A transverse schematic [152] of the relative dimensions and alignments of the
RF-rods of a) LIST A and b) LIST B. LIST A consisted of 4 segmented RF-rods with
superimposed DC-potential (free field radius 79 = 0.6 cm; radius rods R = 0.9 cm).
LIST B consisted of 4 RF-rods and 4 segmented DC-rods (rg = 1.05cm, R = 0.75cm).

4.1.2 LIST A

Based upon the first proposal and preparatory studies by M. Mukherjee [125], a first pro-
totype (LIST A*) was simulated, constructed and characterized by K. Wies as part of her
dissertation [178] with support by F. Schwellnus [151, 152]. These first developments were
carried out at the RISIKO mass separator in Mainz (see Chapter 3.3.2). The maximum
trapping capacity of the LIST RFQ was determined to 4-10% ions and the beam emittance
was simulated to be as low as 37 mm -mrad in the transverse direction and 10eV - us in
the longitudinal direction. Considering the limited trapping capacity, space charge effects
and collisions with the buffer gas, the overall maximum ionization efficiency of the LIST
was estimated to be < 1 %o.

4.1.3 LISTB

An important aspect of designing an ion source at a RIB facility is to simplify the trans-
port of electronic signals into the target. A second prototype (LIST B) was therefore
constructed for which the RF-signal was decoupled from the superimposed DC-potential.
This was done by applying the RF-signal to four non-segmented rods for radial confine-
ment and adding four separate segmented rods for the longitudinal trapping [152]. A
comparison of the spacing and alignment of the RF-rods between LIST A and LIST B is
given in Figure4.3.

Tests revealed that the ionization efficiency of the LIST scales to the distance of the re-
peller electrode to the hot cavity due to the divergence of the atomic beam. The total
laser ionization efficiency in ion guide mode of the LIST B was determined to be > 0.54%,
which is slightly higher than obtained by LIST A. This improvement was achieved mainly

*In order to keep the discussion simple, the denotation for the different list devices is as follows: LIST
prototypes, which were tested only at off-line facilities are denoted by capital letters; LIST devices, which
were operated on-line, are denoted by numbers.
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Figure 4.4: A schematic of the LIST C [150] in a) a sideways perspective, displaying the
repeller electrode and enclosing cavity and b) plan view inside the LIST, displaying the
four RF-rods.

by reducing the distance between the LIST and the exit of the hot cavity from 3 mm to
1mm, which led to a greater overlap of the laser beam with the atoms.

During the diploma work of T. Gottwald, the RISIKO mass separator was equipped with
an emittance meter for the study of the emittance of the LIST beam [74]. The experimen-
tally determined beam emittance showed a surprisingly low emittance obtained without
cooling and bunching of only ~ 17 mm - mrad.

4.1.4 LISTC

The design of LIST B was modified and adapted for the special technical restrictions at the
target fronted at ISOLDE during the dissertation of F. Schwellnus [150]. For this purpose,
the complexity of the third LIST prototype (LIST C) was reduced for several reasons:

1. Limited available volume for the LIST inside the ISOLDE target.

2. Limited number of available vacuum feedthroughs for the transport of the electronic
signals into the target.

3. Harsh conditions at the target front-end: radioactivity of up to kGy/h during oper-
ation and temperatures exceeding 2000°C.

4. Technical difficulties and safety considerations concerning the usage of buffer gas at
the ISOLDE target front-end.

These restrictions, together with the promising results of the LIST B emittance without
buffer gas, justified the reduction of the RFQ cooler and buncher to a linear RFQ ion
guide without segmented rods and buffer gas cooling. A schematic of the LIST C design is
shown in Figure 4.4. The LIST C was developed in a collaboration between the University
of Mainz and ISOLDE and was successfully tested and operated at the ISOLDE off-line
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4 The Laser Ion Source and Trap

mass separator under realistic conditions. It was then further simulated and characterized
at the University of Mainz.

The minimum suppression of surface-ionized ions by the LIST C repeller electrode was of
the order of 10°, and the laser ionization efficiency could be increased to = 0.14%c*. Even
without buffer gas, the LIST C pulse length of one laser pulse was smaller than 6 us and
the estimated transverse emittance was about 27 mm - mrad.

These promising results led to an ongoing continuation of the collaboration between the
University of Mainz and ISOLDE for further development of the LIST, towards the first
on-line test at ISOLDE. A first solution for the transport of the RF-signal into the target
was proposed and additional tests of the resulting LIST D at the ISOLDE off-line mass
separator were scheduled for October 2010.

4.1.5 Objective of this thesis

The work on this doctoral thesis started in September 2010, directly prior the scheduled
off-line test of the LIST D at the ISOLDE off-line mass separator. It first aimed at charac-
terizing the performance of the LIST at the off-line mass separator and then, if successful,
eventually prepare and organize the first on-line test of the LIST at ISOLDE. The re-
search work was carried out in a joint effort with Sven Richter (PhD student, University
of Mainz [140]), within a collaboration between the RILIS group of Dr. Valentin Fedosseev
and the target group of Dr. Thierry Stora at ISOLDE, the LARISSA working group of
Prof. Dr. Klaus Wendt of Mainz University and the Division of Prof. Dr. Klaus Blaum at
the Max-Planck Institut fiir Kernphysik in Heidelberg. This approach was compelled by
the combined knowledge of design and construction in Mainz, and ISOLDE for the suc-
cessful implementation of the LIST into the ISOLDE environment and the preparation of
the off-line and on-line experiments. Additionally, the project benefited of complementary,
independent tests at ISOLDE and at the RISIKO mass separator in Mainz. Based on the
previous developments of the LIST described above, the objectives of this thesis are:

Establish a test setup at the ISOLDE off-line mass separator:
Setting-up a temporary RILIS installation at the ISOLDE off-line mass separator;
setting up and testing the electronics and developing of a remote control program;

the adaptation and modification of an ISOLDE target unit for the installation of the
LIST.

Preparatory tests at the ISOLDE off-line mass separator:
Characterizing the LIST in terms of selectivity and ionization efficiency; testing an
automatic RF-coupling system; commissioning of the ISOLDE target prior to the
on-line target development test.

Implementation of the LIST into the ISOLDE environment
Constructing an on-line target; developing a technical solution for the transporta-
tion of an RF-signal into the target; installing the LIST power supplies and remote
controls at the ISOLDE high voltage platform.

*Note that this increase was achieved in the LIST mode (repeller on positive potential), while the laser
ionization efficiencies of LIST A and LIST B were obtained in ion guide mode.
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On-line testing, optimization, further developments and operation of the LIST
Organizing a first on-line run; characterizing the LIST using radioactive nuclides;
first on-line application of LIST for physics experiments at ISOLDE, in the case of
a successful first on-line test.

4.2 The Laser Ion Source and Trap at ISOLDE

Three LIST devices were constructed and used for the experiments described here: LIST D
for the initial tests at the ISOLDE off-line separator from October 2010 to February 2011,
LIST 1 for the first on-line target development test at ISOLDE in May 2011 and LIST 2,
which was used in September 2012 for the spectroscopy of neutron-rich polonium. All
three LIST versions are based on the design of LIST C (repeller, RFQ ion guide, no cool-
ing nor bunching), but were slightly altered between the different versions to optimize the
performance. They were built at the workshop of the physics institute of the University
of Mainz and the corresponding target assemblies were designed and constructed by the
ISOLDE workshop.

4.2.1 Specifications of LIST D, LIST 1 and LIST 2

An illustration of the final LIST design is given in Figure4.5 and photographs of the
different stages of the assembling and installing of the LIST are shown in Figure4.6. In
order to improve the performance, the dimensions of some components were changed from
LIST D to LIST 2. To simplify the description in the following, the LIST D values are used
as default. For components that were modified for each LIST version, the dimensions are
given in parenthesise with indexes referring to the specific LIST model. Further detailed
technical drawings will be given in [140].

The LIST consists of two annular electrodes with an outer diameter of d, = 35 mm and
an aperture diameter of d, = 7Tmm (d,; = 11 mm) located at each end of a cylindrical
chamber made of stainless steel with a length of [, = 100mm (l.56 = 90mm) and a
diameter of d. = 38mm. Four RF-rods of lzr = 98 mm (lgrss = 88mm length) and
drr = 10mm diameter are fixed parallel with the axis of the LIST and equally spaced
around a radius of rgr = 15mm from the center of the device to form the RFQ ion
guide. Each of these elements are made of stainless steel and are separated by boron-
nitride (BN) ceramic insulators, chosen for its high melting point of 7" = 2973 °C and its
resistance against radioactivity.

The two electrodes (repeller and end-electrode) and the chamber shield the ionization
region from the strong electric field of the ISOLDE extraction electrode; thereby providing
a longitudinally field-free region, such that ions created inside the LIST will be extracted
with a small energy spread.

A voltage of up to Vzr = £500V can be applied to the repeller electrode. The repeller
voltage polarity determines the mode of operation of the LIST. A positive voltage repels
ions that are created inside the hot cavity ( “LIST mode”) permitting only neutral atoms
to enter the LIST RFQ ion guide. A negative voltage enables passage of the hot cavity
ions and the LIST RFQ acts as an ion guide only ( “ion guide mode”). The RFQ ion guide
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Figure 4.5: Left: a drawing of the LIST design and its most important parameters [140]:
a) repeller, b) RF-rods, c) LIST holder and d) housing. A voltage of V,.penee = £500V
can be applied to the repeller electrode. Right: the RF-signal (Vi = 0 — 500V,
frr &~ 1MHz) is applied to the RF-rods in opposite phase between neighboring rods.

is necessary for transverse confinement of ions within the LIST as they drift towards the
extraction potential (see Chapter 3.5). A sinusoidal RF-signal with fzr = 1 MHz frequency
(fres = 1.2MHz, frpe = 1.15 MHz) and up to Vgr = 500 V,, amplitude from peak to peak
(pp) is applied to the RF-rods, in opposite phase between neighboring rods to generate a
trapping potential.
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Figure 4.6: Left: Overview of the LIST 1 components. Center: assembled LIST. The
repeller electrode, the LIST chamber, the LIST holder and the RF-contacts are visible.
Right: LIST 1 installed into an ISOLDE target.
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4.2.2 On-line runs and target specifications

One target was assembled for each on-line run and for the corresponding off-line test. Both
were ISOLDE targets in standard configuration, as shown in Figure 3.4. They consisted
of a target container (I = 202mm, d = 20mm), tantalum transfer line (! = 41 mm
from target, d = 5mm) and a hot cavity (I = 34 mm, d = 3.1 mm inner diameter). The
individual target and operation parameters of the two LIST targets are given in Figure 4.7.

LIST target 1: off-line characterization October 2010 until May 2011 and
on-line run May 2011

The first on-line target development run of the LIST was scheduled from May 5-7, 2011 at
the beginning of the on-line period in 2011. The goal was the first on-line characterization
of the LIST at ISOLDE, comprising measurements of the suppression and laser ionization
efficiency of radioactive isotopes. Its long-term reliability under on-line conditions was also
to be assessed. In addition, the feasibility of using the LIST to reduce contamination of
surface ionized sodium and aluminium (Al) in magnesium (Mg) beams in the mass range
from 21u to 27u was tested. For the production of these light exotic nuclei, the target
(ISOLDE target #442) was filled with rolls of titanium-foils (25 um thickness, 56 g total
weight) as the target material.

The initial tests at the off-line separator were carried out with the LIST D. Due to space
constrains inside the target, LIST 1 was built with a 1 cm shorter overall length. LIST D
and LIST 1 were installed 5 mm downstream of the hot cavity. This was the closest possible
position ascertaining that the LIST would not come into contact with the hot cavity or the
protecting heat shields. An overview over the operating parameters of the LIST target 1
(ISOLDE target # 442) is given in Figure 4.7 a.

Figure 4.7: An illustration of the operating parameters of a) LIST target 1 and b) LIST
target 2. From top to bottom: target number #, target material, typical target and
hot cavity currents in A, proton intensities in pA, LIST symbol, extraction voltage and
front-end. Design of schematics adopted from [143].
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LIST target 2: off-line commissioning August 2012 and on-line run
September 2012

The LIST was used for its first real on-line physics application in September 2012. The goal
was suppression of surface ionized francium in polonium beams in order to subsequently
perform laser spectroscopy on neutron-rich polonium isotopes (see Chapter 7). For this
purpose a uranium-carbide UC, was used. Due to a possible coating of the BN insulators
because of the outgassing of material from the uranium-carbide target, the LIST was
initially tested with silicon carbide (SiC) target to investigate this issue at the ISOLDE
off-line mass separator.

A slightly altered design of the RF-rods insulators and the repeller electrode allowed for
the LIST to be mounted 2.5mm closer to the hot cavity than for the previous target,
resulting in an overall distance of only 2.5 mm. This geometry leads to a greater overlap
of the lasers with free atoms behind the repeller, possibly leading to a higher ionization
efficiency. The operating parameters of the LIST target 2 (ISOLDE target #488) are given
in Figure4.7b.

4.2.3 Implementation of the LIST at ISOLDE

The on-line operation of an electronic device such as the LIST in the ISOLDE environment
required several technical modifications of the LIST, the target, and the GPS-front-end
due to several constraints:

1. Previously there were no dedicated RF-feedthroughs or RF-cabling installed for
transport of electronic signals over the distance of about 20 m from the high-voltage
cage to the target. This necessitated:

— the installation of a new radiation-hard RF-coax line from the high-voltage cage
to the target.

— the minimization of losses due to the transport of the RF-signal by sending a
low-amplitude signal to the front-end as well as by transforming and splitting
of the RF-signal into two RF-signals of opposite phase at the target using a
transducer unit ( “transducer box”).

— the minimization of losses due to the transport of the RF-signal by sending a
low-amplitude signal to the front-end as well as by transforming and splitting
of the RF-signal into two RF-signals of opposite phase at the target using a
transducer unit ( “transducer box”).

2. Harsh conditions during operation due to high radiation levels and high temperatures
were overcome by:

— radiation hard insulators, cables and a transducer box.

3. Automatic handling of the targets by robots demanded:
— the design of the mount to hold the transducer box on the target assembly.

— the construction of an automatic RF-coupling from the front-end to the target.
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4. No access to the target or to the front-end and only limited access to electronics on
the high-voltage platform is possible during operation. This required a

— remote control for the LIST operating parameters.

— automatic data acquisition system.

Transport of the RF-signal

Due to the absence of a dedicated RF-cable and an RF-feedthrough to the target, several
modifications to the GPS front-end and the target unit were necessary prior to the first
on-line run. In order to avoid power losses during the transport of the RF-signal from
the high-voltage cage to the target over a distance of about 20m, a two-stage transport
and transformation system was initially designed by K.-P.Holdtke from the University
of Mainz [150]. The final design for the adaption to ISOLDE is shown schematically in
Figure4.8.

The RF-signal of about 1 MHz is generated by a function generator (“TTi”, 0.001 Hz to
10MHz, 0V,,to7V,,) and amplified to up to 60V by a pre-amplifier unit designed and
built by the University of Mainz. The pre-amplifier can be tuned remotely by an analog
0Vt0o10V DC-voltage signal (RF-control voltage), provided by a “Keithley 6487 power
supply.

The RF-signal was then sent down from the high-voltage cage to the target through a newly
developed radiation hard coaxial line. It was designed in parallel for the first on-line test
of a HELICON type ion source by Pekka Suominen from the ISOLDE target group and
installed at the ISOLDE GPS front-end during the ISOLDE shutdown period in spring
2011 [97]. This line consisted of a 20 m radiation hard coaxial cable (502, 75.9 pF/m) of
the company Huber+Suhner, a 0.7 m home-built coaxial copper line to bridge the high-
radiation area close to the target, and an automatic RF-coupling to transport the signal to
the target. This RF-coupling allows the automatic connection of the target to the coaxial

RF-control voltage

“Keithley 6487"
010V RF-pre amplifier Coaxial line + RF-coupling Transducer box
“University Mainz” “ISOLDE/CERN” “University Mainz”
- 1MHz,0-59 V,, 20m, 75.9 pF/m 1MHz,0-500V,,
Function generator

“TTi TG2000"
sine,1MHz, 0-10 V,,

Repeller voltage
“Keithley 6487"
+/- 500 V

Figure 4.8: A schematic of the electronic supplies and the RF-transmission system from the
high-voltage cage to the LIST. The RF-supply system consists of a function generator,
a DC-control unit, a pre-amplifier, a radiation hard coaxial line including the RF-
coupling and a transducer box. The DC-voltage for the repeller is provided by a power
supply and transmitted through a standard feed-through to the target.
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Figure 4.9: a) A picture of the radiation-hard coaxial copper line installed at the ISOLDE
GPS front-end and a close-up of the RF-coupling [166].

Transducer Box

Mount

RF-coupling

LIST
Target container

Figure 4.10: Target assembly 1 with LIST 1 before the first on-line run in May 2011. The
transducer box, mount of transducer box, RF-coupling, LIST 1 and target container
are visible.
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copper line when the robot attaches the target to the front-end. A drawing of the coaxial
copper line and the RF-coupling at the GPS front-end is given in Figure 4.9 [166].

After passing the RF-coupling, the RF-signal is transported to a transducer box, which
is mounted above the target assembly. A technical drawing of the transducer box and
further details can be found in [139, 140]. The transducer consists of an inductor-capacitor
(LC) circuit with tunable capacitors to match the LC circuit to the 50 coaxial line.
All elements were made of radiation hard materials (PEEK) to protect the electrical
components from the radioactive environment. If the frequency of the RF-signal is in
resonance with the LC-circuit, the transducer transforms the signal to up to 500V, to
generate a sufficient trapping potential. The resonance frequency was 1.15 MHz for the
transducer box of the LIST target 1 and 1.2MHz for the transducer box 2. The difference
between these two transducer boxes was due to small differences of the LC-components.
Furthermore, the transducer box output is split into RF-signals of opposite phase for
the neighboring rods of the RFQ (see Figure4.5). The RF-signals are then transferred by
standard vacuum feedthroughs from the transducer into the target continuing to the LIST.
A picture of the final target assembly of the LIST 1 with transducer box and RF-coupling
is shown in Figure4.10.

After each attachment of the target assembly to the frontend, the RF-amplitudes at the
LIST RF-rods need to be calibrated for the applied RF-control voltage. Figure4.11 shows
the calibration of the RF-control voltage to the RF-amplitude at the RF-rods of the of the
LIST 1. The calibration at the ISOLDE off-line separator is compared to the calibration
at the ISOLDE GPS front-end before the first on-line run in 2011. For each individual
calibration, the RF-signal from the function generator was set to 3V,, and the tunable
capacitors were set such that signal strength at neighboring rods was symmetrical. The
dependency of the RF-amplitude to the RF-control voltage showed a linear behavior in
both cases. However, a difference of the strengths of the RF-signals of a factor of 2.18
was observed between the off-line separator and the GPS front-end. For instance, at
the off-line separator, the maximum obtained amplitude at 10 V RF-control voltage was
436,,, while at the GPS frontend, the amplitude was only 198V ,. Despite the losses, the
maximum RF-amplitude at the GPS front-end was believed to be enough to transport
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all ions through the RFQ according to the preparatory tests performed at the off-line
separator (see Chapter4.3.3). If necessary, it would have been possible to increase the
signal strength further by increasing the amplitude of the RF-function generator to 7V,,,.
The losses at the GPS front-end can be explained by the different RF-cables and RF-
couplings, which were used at the off-line separator and the on-line separator. Since the
LIST transducer box cannot be fine tuned at the front-end due to safety constraints, the
transducer box could only be tuned at the off-line separator prior to the on-line run leading
to a possible mismatch at the GPS-frontend. In order to limit the losses during the next
LIST experiments, an identically constructed coaxial copper line and cable was installed
at the off-line separator for a better matching of the transducer box prior to the second
on-line run with the LIST 2 in 2012. The results of the calibration of the transducer box
of the corresponding LIST target 2 are similar to the calibration line of the transducer box
of LIST target 1 shown in Figure4.11, but no direct measurements at the GPS frontend
were possible prior the second on-line run due to safety constraints.

Handling and coupling of a target by robots

The modified LIST target assembly with the transducer box and the cabling adds space
and weight to the standard ISOLDE target. Thus, the correct placement of the LIST
transducer box and the automatic RF-coupling had to be investigated in order to balance
the target during the transport by the robots, and to avoid contact with the elements of the
target front-end. For this purpose, a mount for the LIST transducer box was designed.
The handling of the target by the robot was successfully tested at the GPS front-end
during the ISOLDE shutdown in April 2011. In addition, these tests provided important
information about the correct placement of the transducer box on the mount with respect
to the cabling at the front-end. Figure4.12 gives an impression of the different stages of
the handling phases by the robot: grabbing, transporting and attaching.

Remote control system

Remote control of the repeller voltage and the RF-settings is essential for optimizing the
LIST operating parameters. To serve this purpose, a LabVIEW based control system
for the LIST has been developed and integrated into the RILIS control system [142].
The system provided independent control of the RF-function generator “TTi TG2000”
(RF-frequency), the RF-control voltage supply “Keithley 6487” (RF-amplitude) and the
repeller voltage supply “Keithley 6487”. A schematic of the control system is shown in
Figure 4.13.

Glass fibers were passed from the RILIS laboratory into the HV-cage to allow the remote
control of the electronic units. RS232-to-ethernet and fiber-to-ethernet converters trans-
lated the signal from and to the HV-cage. The electronics were integrated into the CERN
technical network as shown in Figure4.13, which were in turn accessible by the RILIS
control computer. Additionally, the Faraday cup signal could be accessed by the control
system to allow for optimizing and scanning of the ion current as a function of the repeller
voltage and the RF-amplitude.

This setup was also used during the preparatory tests of the LIST at the ISOLDE off-line

66



4.2 The Laser lon Source and Trap at ISOLDE

Figure 4.12: Photographs taken during the robot test of the LIST target1l at the GPS
front-end. Left: Richard Catherall controls the grabbing of the target by the robot
arm. Location and balancing the weight of the transducer box is crucial. Right top:
the robot lifts and moves the target towards the front-end. The design of the holder
allows to move the robot freely. Bottom right: target attached to GPS front-end.
Cabling of transducer box needs to be considered for the final placement of the the
transducer box. It is noted that the transducer box was altered between this test and
the on-line run (see Figure 4.10).
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Figure 4.13: Illustration of the remote control system of the LIST. Glass fibers were passed
from the RILIS laboratory to the HV-cage for remote control of the electronics. The
RF-function generator, the RF-control supply and the repeller voltage supply are inte-
grated and controlled via the technical network of CERN.

mass separator, except that the devices were not integrated into the technical network,
but controlled via an USB-to-RS232 converter directly by the control computer.

Off-line laser system

A RILIS setup was installed at the ISOLDE off-line mass separator for the off-line tests.
A sketch of the setup is shown in Figure4.15. It consisted of two Ti:Sa solid-state lasers,
which were pumped by a Nd:YAG 532nm pump laser from Photonics industry and one
frequency tripling unit. The pump laser beam was split by two tunable beam-splitters
(\/2-plate + beam-splitter cube), which allowed separate tuning of the pumping power
of the two Ti:Sa lasers. A small fraction of the output from each of the Ti:Sa lasers was
picked up by 4% beam splitters and sent to a wavemeter for monitoring. Laser optics for
infrared (IR) and ultraviolet (UV) light - consisting of mirrors, telescopes and periscopes
- guided and focused the laser beams through a metal tube and a quartz-window into the
separator magnet and beam-line towards the LIST and the hot cavity.

The tests at the off-line mass separator were conducted with ytterbium (Yb) because of
its efficient two-step laser ionization scheme, with wavelengths within the tuning range of
the Ti:Sa lasers. The ionization scheme of ytterbium is shown in Figure4.14a. Addition-
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Figure 4.14: Laser ionization schemes for a) ytterbium (Yb), b) magnesium (Mg) and c)
polonium (Po), as used during the experiments with the LIST. Ytterbium was ionized
via an intermediate state to an autoionizing state. Magnesium and polonium were
ionized via two intermediate transitions non-resonantly into the continuum. The second
step of polonium was provided by a tunable NB Ti:Sa laser for the measurement of the
HFS and the IS of that transition. Wavenumbers and configuration of the atomic levels
and wavelengths and the transition probabilities are given if known from literature [94].

ally, ytterbium has a significant surface ionization efficiency, which allows to study the
suppression of surface ionized ions and laser ionization efficiency in parallel.

On-line laser system

For the first on-line run, the RILIS laser system was tuned to the ionization scheme for
magnesium, as shown in Figure4.14b. A detailed description of the RILIS setup is given
in Chapter 3.3.1. Two Sirah Credo dye lasers were used for the first two resonant transi-
tions and the residual output power of the dye pump laser (frequency doubled Edgewave
Nd:YAG) was used for the non-resonant ionization step. The target was prepared with
one uncalibrated magnesium mass marker for initial testing and optimization of the laser
beams and one calibrated magnesium mass marker (1100nAh) for a laser ionization effi-
ciency measurement.

During the first part of the 2012 run, the RILIS was tuned to magnesium to compare the
LIST 2 to LIST1 from the 2011 run. The setup of the RILIS was similar to the setup
described above. In the second part of the 2012 on-line run, the setup was reconfigured
to ionize polonium (Po) for the study of neutron-rich polonium isotopes (see Chapter 7).
The laser ionization scheme [41] of polonium is shown in Figure4.14c. The first resonant
step was provided by the third harmonic of a Sirah dye laser, while the second step was
provided by the fundamental of a tunable, narrow-band Ti:Sa laser for scanning of the
spectroscopic transition. For the third transition above the ionization energy, the radiation
of the frequency doubled Fdgewave Nd:YAG dye pump-laser was used.
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Figure 4.15: Schematic of the RILIS installation at the off-line mass separator for the

testing and characterization of the LIST with ytterbium. The main components are
a Nd:YAG 532nm pump laser from Photonics industries, two Ti:Sa solid-state lasers,
one tripler unit, a wavemeter and laser beam transport optics. The laser path is given
by straight colored lines with arrows indicating the direction. The beams are finally
mixed together at the last periscope and sent to the off-line separator.

Figure 4.16: Photograph of the laser installation at the off-line mass separator (from
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the bottom right edge of the laser table in Figure4.15). The two Ti:Sa lasers, the
Nd:YAG pump laser and the optics are visible. The laser beams are transported by
two periscopes into the metal beam pipe towards the quartz-window of the mass sep-
arator and the target.
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4.3 Characterization of the performance of the LIST at
ISOLDE

This section discusses the results of the two on-line runs and their preparatory tests at the
off-line separator. Prior to the results, the most important terms, parameters and methods
are defined to enable a better understanding. These are discussed with the help of Fig-
ure4.17, which shows the different dependency of the ionization efficiency of laser ionized
17y} and surface ionized 17*Yb on the applied repeller voltage. For these measurements,
the repeller voltage was scanned automatically from U,, = —215V to U,, = +215V,
while the ion current was measured by a Faraday cup. These so-called, repeller scans,
were conducted with the LIST 1 at the ISOLDE off-line separator as part of the prepara-
tory measurements for the first on-line run.

4.3.1 Different modes of operation

Depending on the repeller voltage setting, the LIST can be operated in the selective LIST
mode or in the ion guide mode with a selectivity and efficiency similar to normal RILIS
operation:

LIST mode: In LIST mode, a positive repeller voltage is applied and surface ions are

suppressed. Only laser-ions created inside the LIST are extracted. The repeller
voltage setting in LIST mode is defined as the positive voltage for which maximum
suppression of surface ions is achieved.
The effect of a positive repeller voltage to the ion current of '7Yb is shown in
Figure4.17. When scanning across zero repeller voltage, the surface ion current
decreases strongly and eventually reaches the background level of the Faraday cup at
around U,,, = +5 V. Despite of some fluctuations of the Faraday cup noise level, the
surface ion current then remains indistinguishable from the Faraday cup background
noise of 0.08 pA for higher repeller voltages, while the laser ion current remains well
above the Faraday cup noise level. On the other hand, higher repeller voltages lead
to the loss of laser ions due to an increased initial energy of ions created close to the
repeller, which is detrimental for their transmission through the LIST. To take this
effect into account, a range of suitable repeller voltages for the operation in LIST
mode was determined from U,., = +7V to U,,, = +12V.

rep

Ion guide mode: In ion guide mode a negative voltage is applied to the repeller electrode
and the positive ions, which were created in the hot cavity, may enter the LIST
RFQ undisturbed. The overall extraction efficiency depends on the penetration of
the negative repeller voltage into the source and thus, the ion guide mode is defined
as the negative repeller voltage for which the laser ionization efficiency is highest.
In Figure4.17, the ion guide mode for 174y} is between U = —25V to U, =
—55V.

The exact values of the repeller voltage settings for LIST mode and ion guide mode need
to be determined separately for each isotope and may differ, depending on the mass and
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Figure 4.17: Ion current of laser ions (dashed red line, laser on) and surface ions (solid black
line, laser off) of 1™Yb as a function of the repeller voltage, measured at the ISOLDE
off-line separator with LIST 1. The hatched fields correspond to the repeller voltages
for ion guide mode (I1G) and LIST mode. The LIST loss factor, LLF, is indicated by
the red arrow from the laser ion current in IG mode (a) and in LIST mode (b) and
the LIST suppression factor, LSF), is indicated by the black arrow from the surface ion
current in IG mode (c¢) and in LIST mode (d).

the level of contamination. However, in case of radioactive isotopes with low production
yields a repeller scan is either impracticable or impossible. For these isotopes, the optimal
LIST settings need to be extrapolated from the settings of stable isotopes.

4.3.2 Parameters of the LIST performance and measurement methods

The performance of the LIST can be characterized by five parameters: the selectivity, S,
the LIST suppression factor, LSF, the laser ionization efficiency €, the LIST loss factor,
LLF | and the LIST quality factor LQF'. Corresponding measurement methods, which were
used throughout these experiments, are described when applicable.

Selectivity, S: The selectivity® is a measure of the purity of the ion beam and can be
defined as:

Ton intensity of isotope of interest

S

~ Total ion intensity on the given mass of contaminants and isotope of interest '
(4.1)

*The selectivity has already been introduced in Equation 3.2 in Chapter 3 but is here given for com-
pleteness.

72



4.3 Characterization of the performance of the LIST at ISOLDE

LIST suppression factor, LSF: The suppression in LIST mode can be described by
the LIST suppression factor, LSF, which is given by:

L.SF — Ton intensity of contaminant in ‘on guide mode

Ion intensity of contaminant in LIST mode (42)
If the ion intensity of the contaminant is above the detection limit of the Faraday
cup, the LIST suppression factor can be determined by a repeller scan as demon-
strated in Figure4.17. It is calculated by comparing the maximum intensity in <on
guide mode mode and the minimum intensity in LIST mode. For radioactive iso-
topes, for which a repeller scan is not easily achievable, the suppression factor is
then derived by calculating the ratio between ion intensity in ton guide mode and
in LIST mode using the predefined repeller settings for LIST mode and ion guide
mode, which were obtained by extrapolation from the values of stable isotopes.
The LSF for '"YDb, shown in Figure,4.17 has been determined to be ~ 400 consid-
ering the background noise of 0.08 pA. Note that for this measurement, the Faraday
cup noise was a lower limit and a measurement of the absolute LSF would require
a detector with higher sensitivity (i.e. a SEM).

Laser ionization efficiency, €;,,: The ionization efficiency, €, of an ion source can be
defined as:

# atoms in sample ionized

€ion =

4.
total # atoms in sample (43)

This is most reliably evaluated by measuring the integrated ion current after the
total evaporation of a carefully calibrated sample of the element of interest. How-
ever, the absolute efficiency measurement is restricted to stable isotopes and is time
consuming, which limits its applicability during on-line runs.

LIST loss factor, LLF: A more practical means of assessing the laser ionization effi-
ciency of the LIST is to compare the LIST mode and ion guide mode ion intensity,
using the predefined repeller voltage settings. The efficiency loss, LLF, due to the
reduced atom/laser overlap in LIST mode is given by:

Laser ion intensity in ion guide
LLF = Y &

: 4.4
Laser ion intensity in LIST mode (44)

As an example, Figure4.17 shows a LFF value of ~ 50 for '"Yb with LIST 1.

LIST quality factor, LQF: Combining the LIST suppression factor, LSF, and the LIST
loss factor, LLF), it is possible to characterize the LIST performance using the LIST
quality factor, LQF, defined as:

LSF
LQF = —. 4.5
QF = % (4.5)
The value of LQF is intended as a guide to determine the typical LIST performance
under standard conditions and is an important tool for comparing different LIST
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units. For specific isotopes that suffer from poor isobaric suppression, due to isotope
dependent sources of contamination, the target and LIST ion source assembly may
be operated in non-standard conditions. In these cases, the LIST quality factor does
not apply.

If the efficiency in ion guide mode is comparable to the efficiency of the normal RILIS
operation, the LIST quality factor LQF is the gain in selectivity due to the use of
the LIST compared to the RILIS.

4.3.3 Transmission through the RFQ ion guide

The RF amplitude at the rods, for which the transmission efficiency is highest, depends on
the mass (see Chapter 3.5). This dependency was studied systematically at the ISOLDE
off-line separator with several surface ionized isotopes, namely 23Na, 4°Ca, 8Rb and 33Cs
in don guide mode with a repeller voltage settings of Ug., = —43 V. Laser ionized "4Yb
was studied in both, LIST mode and ion guide mode with repeller voltage settings of
Ugep = +7V and Ug,, = —100V, respectively.

Figure4.18 shows the normalized ion current of these isotopes as a function of the RF-
amplitude obtained by LIST 2. In the left graph, the behavior of the surface ionized
isotopes are shown. The transition curves of the different isotopes have similar shapes:
a steep increase from Urr = 0V, to a mass-dependent maximum, from which the ion
current slowly decreases to about a third of the maximum ion current and in case of the
lightest studied isotope, 23Na eventually drops to zero. This corresponds to the end of
the stability diagram (see Figure 3.15 in Chapter 3.5). An approximate proportionality of
the RF amplitudes for which the ion current is highest to the mass can be observed. For
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Figure 4.18: Measurements of the ion transmission through the LIST RF(Q ion guide
conducted at the ISOLDE off-line separator with LIST 2. The normalized ion current
is given as a function of the RF voltage applied to the rods of the RFQ ion guide. Left:
surface ionized 2*Na, 4°Ca, 8Rb and 133Cs in ion guide mode (U,., = —50V).

Right: laser ionized ™Yb in LIST mode (U,., = +7V, dotted line) compared to ion
guide mode (U, = —100V, dashed line).
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the heavier of the studied isotopes, the available maximum RF-amplitude was not high
enough to observe the limit of transmission. These curves clearly deviate from a transmis-
sion curve of an ideal RFQ ion guide, for which the ion current should remain stable over
the full range of the stability diagram. The differences can be ascribed to the changes of
the quadrupole potential compared to an ideal RFQ due to the finite and non-hyperbolic
RF-rods and field disturbances due to the repeller voltage.

The difference in RF-amplitude dependence of laser ionized '™YDb in ion guide mode and
in LIST mode is shown in the right graph of Figure 4.18. In ion guide mode, the transmis-
sion curve is similar to the curves of the surface ionized ions. This is easily understandable
since in ton guide mode, most atoms are ionized inside the hot cavity and the initial con-
ditions of the ions are similar to those of the surface ionized isotopes. In contrast, the ion
current in LIST mode remains constant for the full range of the applied RF-amplitudes
after it reached its maximum ion current. This may be explained by the different initial
conditions between ions created inside the hot cavity and inside the LIST RFQ and the
different repeller voltage settings. The latter may also explain the disproportional shift of
the maximum ion current between LIST and ion guide mode.

The dependency of the transmission through the LIST RFQ on the RF-amplitude, the
repeller voltage and the mass of the ion therefore requires a careful determination of the
optimal settings before studying the efficiency and performing any experiment. For ra-
dioactive isotopes, for which a scan of the RF-amplitude is difficult to perform, the optimal
settings for the transmission through the RFQ need to be extrapolated from the values
obtained with stable isotopes.

4.3.4 Surface ion suppression
Suppression: LIST 1

A repeller scan of '™Yb measured off-line with the LIST 1 is shown in Figure4.17 and
revealed an LSF of about 400 (see Section4.3.2). In contrast, Figure 4.19 shows a repeller
scan, which was conducted for *Ti during the on-line test using LIST 1 in 2011. This mea-
surement allowed the predefinition of the repeller voltages for LIST mode to U,,, = +7V
and for ion guide mode to U,., = —50 V. The overall suppression of 4*Ti was determined
as LSF = 4400 by taking into account the Faraday cup background noise of ~ 0.1 pA.
However, in contrast to the repeller scan of the surface ionized '™Yb from Figure4.17,
the ion current increases for repeller voltages higher than the optimum LIST setting of
U.., = +7V by more than one order of magnitude. A possible explanation of this is the
poor vacuum condition related to the outgassing from the on-line target and electron im-
pact ionization in this regime within the LIST structure.

Using the predefined repeller settings, ionization of radiogenic isotopes was studied using
a tape station, which was equipped with a - and y-detector (see Chapter 3.4.1). For stan-
dard RILIS operation, a desired magnesium ion beam in this mass range may suffer from
isobaric sodium and aluminum contamination. The suppression of the possible isobaric
contaminants, 21'?6Na, was determined using the -detector of the ISOLDE tape station,
revealing a suppression of more than 3 orders of magnitude for both.
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Figure 4.19: Surface ionized “8Ti ion current as a function of the repeller voltage measured
with LIST 1 under on-line conditions at ISOLDE. A suppression of 4400 is observed in
LIST mode (Uyep =~ 8V) compared to ton guide mode (Uyep ~ —50V) with a strong
increase of interfering contamination for a higher positive repeller potential.

An overview of the LSF of the studied isotopes obtained by the LIST is given in Table4.1.
For most isotopes, namely 2'Na, 23Na, 26Na, 4Ti (off-line), and 174, the measurement
of the actual LIST suppression factor was not possible since the ion intensity in LIST
mode was indistinguishable from the background level of the detectors. In these cases,
a lower limit for the suppression factor was calculated as the ion rate in ion guide mode
divided by the statistical uncertainty v/N of the background measurement. However, this
does not apply to ?K, for which the absolute suppression factor was determined to only
LSF = 230. In this case, the reduced suppression factor can be ascribed to additional
ionization effects such as electron impact ionization as described above for *¥Ti. These
isotope specific reductions of the LSF will be discussed in the next session in more detail.
Using the individually determined LSFs from above, a conservative general value of
LSF > 1000 can be expected.

Suppression: LIST 2

Figure 4.20 shows wide range mass scans for 20u < m < 75u and 125u < m < 180u
taken at the off-line separator with LIST 2. The upper graph shows a mass scan in ion
guide mode and the lower graph shows a mass scan in LIST mode. In ion guide mode,
2Na, 27Al, 394K 40Cy,, 46505 5233Cy 69,71, 133(, 134-138By and 168,170-174176y},
are observed as well as titanium oxide (TiO) and some unidentified molecular ion beams
in the mass region of 34 u to 45u. In LIST mode only the alkaline elements sodium, potas-
sium, cesium, and a reduced molecular ion signal around 34 u remain above the detection
limit of the Faraday cup.
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The reduced suppression factor for these ions can only be explained if one considers ion-
ization mechanisms other than surface ionization, i.e. via electron impact. In agreement
with the results from the studies with LIST 1, it appears that this effect is only observed
if a large deposit of these atoms has condensed on the cold structures downstream of the
hot cavity and is therefore enhanced by the extensive outgassing of the target in the initial
conditioning phase or by contamination of the structures during production and assembly.
The absence of this effect for radioactive alkaline isotopes supports this explanation.
Light radioactive isotopes with masses between 26 u and 46 u were measured by the §-
detector of the tape station during the on-line run in 2012. Figure4.21 shows the ion
yields from S-decay of the surface ionized 2°Na and “°K and laser ionized 3°Mg as a func-
tion of the repeller voltages. In ion guide mode (Ug., = —50V), the surface ion rate is
high, while in LIST mode (Ug., = +7V), the ion rate drops by more than 3 orders of
magnitude in case of K and by more than four orders of magnitude in case of 26Na and
eventually falls below the detection limit. In contrast to the reduced suppression of stable
sodium and potassium in the mass scans shown in Figure4.20, the obtained suppression
of 26Na and K of 3 to 4 orders of magnitude do agree well with the results obtained
on-line for the LIST 1. The lower LSF for 3*Na of only 130 can be ascribed to the yield
of this isotope and the high background measured by the p-detectors of the tape station
during this measurement rather than a secondary ionization effect. The exact values of
the ion intensities in LIST and ion guide mode and LIST suppression factors are given in
Table4.1.

For radioactive isotopes in the high mass range above 212 u, the suppression of francium
isotopes was studied. These possible contaminants in RILIS ionized polonium ion beams
were studied using the a-detector setup of the Windmill system from KU Leuven (see
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Figure 4.20: Wide range mass scans taken at the off-line separator with LIST 2 for 20u <
m < 7huand 125u < m < 180u, in ion guide mode (upper graph) and LIST mode
(lower graph). Surface ionized isotopes are suppressed to the noise level of the Faraday
cup, except for the alkaline elements, which are assumed to be ionized by electron
impact ionization behind the repeller. Laser ionized ytterbium (Yb) is visible in LIST
mode with a loss factor of ~ 50 with respect to ion guide mode.
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Table 4.1: Ion intensities in ion guide mode and LIST mode and LIST suppression factors
(LSF) of several stable and radioactive isotopes obtained by using LIST 1 (off-line,
on-line) and LIST 2 (on-line). Half-lives of radioactive isotopes are given in brackets.
Stable isotopes as well as 220Fr were measured by a Faraday cup (FC) and ion intensities
are given in pA. S-emitters were measured with the tape station (T'S) and ion intensities
are given in counts per pC protons, while a-emitters were measured by the a-detectors
of the Windmill setup and ion intensities are given in counts /supercycle. If the ion
intensity was below the background (bgnd) level of the Faraday cup detector system,
a conservative value of the LIST ion intensity was estimated from the background
fluctuations in case of the Faraday cup or the statistical uncertainty (\/N , given in
brackets) of the a or 3 counts. Values are implied with their significant numbers.

Isotope Detector Iiq IrnisT bgnd unit LSF
LIST 1

Off-line

2Na FC 75 0.4 0.08 pA 230
48T FC 145 0.08 0.08 pA > 1800
174y FC 3.15 0.08 0.08 pA > 300
On-line

?INa925¢) TS 16000 - 10° 100  100(10) counts/pC >1.6-10%
ZNa, FC 85 0.4 0.1 pA 280
26Na1.07¢) TS 3900-10* 100  100(10) counts/pC >3.9-10°
3K FC 410 2 0.1 pA 230
48T FC 3500 0.9 0.1 pA 4400
LIST 2

On-line

26Na1.075) TS 75000 50 50(7) counts/pC > 10700
3ONa (48 ms) TS 1437 125  125(11) counts,/pC > 130
K (1055 TS 13000 50 50(7) counts/uC > 1850
205Fr (3. 97¢) WM 63520 25 0 counts / supercycle 2540
12T (90,0 min) FC 80 2 0.85 pA 70
20T (97.45) WM 15379 412 412(20) counts /supercycle > 770
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Figure 4.21: Ion rates of surface ionized 2Na and 46K and laser ionized 3°Mg as a function
of the repeller voltage of the LIST 2 measured on-line at ISOLDE using a tape station.
The background level was 50 counts per 1uC proton irradiation. If LIST mode is
applied, the surface ion intensity drops below the detection limit, while the intensity
of the laser ionized ions drops only by a factor of 20.

Chapter 3.4.1). Table4.1 lists the results for the studied isotopes. While the LIST sup-
pression factors of 2%Fr and 2?°Fr agree well with the LSFs obtained for the lighter masses,
an LSF of only 70 was measured for 2'2Fr. Since the LIST mode ?'?Fr intensity was above
the a-detection limit, the low LSF for this particular francium isotope indicates that there
is an isotope dependent ionization mechanism.

A suggested explanation is the presence of the 2'2Fr ions inside the LIST RFQ ion guide
due to the radioactive decay of precursors that have passed the repeller electrode as neu-
tral atoms and condensed on the relatively cold structures of the LIST. In the case of
212Fr neutral 2'?Ra is a possible predecessor, which may have decayed by 8+ decay (15%
branching ratio) on the RF-rods inside the LIST RFQ. Also observed were weak, but
detectable, ion beams of 2!6At and ?!"Rn which, due to their short half-lives (< 1ms),
cannot be direct in-target reaction products, but similar to the case of 2'2Fr be produced
by the decay from precursors at the RFQ rods. The a-spectra of these isotopes and pos-
sible corresponding production mechanisms will be discussed in Chapter 7.4.1.

In summary, an absolute LSF measurement was only possible for 2Na (10700), 2%5Fr
(2540) and 22Fr (70). However, in the absence of secondary ionization mechanisms a
minimum LSF of 1000 is obtained for LIST 2. This is similar to the results obtained
by LIST 1, meaning that the repeller electrode of LIST 2, with a reduced distance of the
repeller to the hot cavity of 2.5 mm, suppresses surface ions with the same efficiency as
the repeller electrode of the LIST 1, with a distance of 5 mm.
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4.3.5 Laser ionization efficiency
Laser ionization efficiency: LIST 1

At the off-line separator, the LIST 1 loss factor for "Yb was determined to be LSF = 50
by the repeller scan shown in Figure4.17 and as it was discussed in Section 4.3.2.

For determination of the absolute laser ionization efficiency of '"Yb in LIST and ion
guide mode a calibrated mass marker of 6.9 - 10! atoms of natural ytterbium was used.
Taking into account the 31.8 % abundance of 1"Yb, this corresponds to an atomic sam-
ple of 17™YD of 2.2 - 10! atoms, or a maximum (100% efficient ionization) integrated ion
current of 10nAh. Figure4.22 shows the '"YDb ion current in LIST mode during the ef-
ficiency measurement as a function of time. The atoms were evaporated during a period
of approximately 4 hours by stepwise increasing the mass marker temperature. The steps
and spikes in the data-set correspond to occasional blocking of the lasers for background
determination as well as for switching from LIST to ion guide mode for verifying the
stability of the LIST’s performance during the measurement.

The LIST 1 ionization efficiency was calculated by interpolating the ion current over the
periods, when the LIST was in ion guide mode or when the lasers were blocked for back-
ground measurements. A total number of 4.4 - 10'! was then compared to the original
sample size to give a LIST mode ionization efficiency of €157 = 0.2 %. This is about twice
as high as obtained in previous studies on gallium at the RISIKO off-line separator in
Mainz [151]. Multiplying by the LIST loss factor of LLF = 50 as extracted from Fig-
ure 4.22, the efficiency in ion guide mode reaches €, = 10 %, which is in good agreement
with the efficiency typically obtained for standard RILIS operation.

For verification, a similar procedure was implemented into the on-line test measurements
of LIST 1 for the determination of the overall LIST ionization efficiency. A calibrated sam-
ple of 2.47 - 1016 atoms of the stable magnesium (1100 nAh singly ionized ion current at
100% 1+ ionization efficiency) was released during a period of about 12 hours. Figure 4.23
shows the Mg ion current as a function of time with the measurement predominantly
performed in ion guide mode. Occasional measurements in LIST mode are visible in Fig-
ure 4.23 as sharp drops in the ion signal corresponding to the LLF. The measurement had
to be stopped before the sample was fully evaporated due to time constraints. The gaps
in the data-set correspond to the use of the ion beam by another experiment. To evaluate
the integrated ion current, the latter was interpolated between the periods of data taking,
once again with the assumption of an exponential decline of the ion rate with time.
1.5hours at the start of the measurement, were required to optimize the lasers and the
data acquisition system and data could not be taken. Therefore, the ion current was
extrapolated by an exponential decay to the start of the measurement. In addition, a
conservative extrapolation of the starting ion rate was made using a constant ion rate,
which corresponds to the initially measured maximum value. The extrapolation beyond
the measurement time was omitted. In this way, a lower limit of the ionization efficiency
is €ic = 2.5 % in ton guide and e ;r = 0.08 % in LIST mode.

The fitted exponential decay curves depended on the background level. From the mea-
sured ion currents and the fitted curves it seems that the ion current does not drop to
the background level of the Faraday cup. This excess is most likely due to atoms, which
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Figure 4.22: LIST 1 laser ionization efficiency measurement of a Yb-sample by full sample
evaporation during 4 hours. The steps visible in the trace are due to the following
actions: a) initial temperature increase of mass marker, b) laser blocking for Faraday
cup background determination, c) switching to ion-guide mode for comparison, d) laser
blocking in ion guide mode for surface ion background determination, e) return to LIST
mode, f) mass marker temperature increase and g) intentional mass marker temperature
decrease for test of reproducibility.

accumulated at a cold spot inside the target assembly. For the determination of the ex-
ponential decay curves of the ion current, the background levels were kept fixed for LIST
mode and ion guide mode at 2.4 pA and 140 pA, respectively. These background ions do
stem from the same sample and may explain the reduced laser ionization efficiency of mag-
nesium obtained on-line, when compared to the laser ionization efficiency measurement of
ytterbium at the ISOLDE off-line mass separator.

In Figure4.23, a slight dependence of the loss factor on the ion current is evident with
lower LIST loss factors of typically LLF; = 33(1), measured for ion currents of almost
10nA that were reached at the start of the measurement in ion guide mode. This is sig-
nificantly smaller than the typical LIST loss factor, whereas later, when the ion current
had reduced to below 1nA, a LLF = 51(1) was measured. The evolution of the loss factor
is documented in Table4.2, with values corresponding to the LIST loss factors, LLF to
LLF 4, illustrated in Figure 4.23.

This is attributed to space charge effects that occur when the ion load in the hot cavity
is high [89]. In this case, the laser ion density starts to screen the penetrating extrac-
tion voltage of the repeller electrode as well as the guiding RF field and reduces the ion
transport accordingly. A reduction of the laser ionization efficiency is only observed in ion
guide mode. In the case of high ion current, the obtained LIST loss factors are therefore
unreliable. Correspondingly, the extracting negative repeller voltage should be chosen as
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Figure 4.23: On-line measurement of the LIST 1 laser ionization efficiency in ion guide
mode and LIST mode using a 0.11 ug sample of natural magnesium. The sample was
evaporated over 12h. Four different LIST loss factors, LLF1 to LLF 4, were extracted
at different times of the measurement and are listed in Table 4.2.

high as possible for efficient ion guide mode operation. This also applies in the case of a
high ion load inside the cavity due to surface ionization and needs to be considered for
the operation in ion guide mode.

Laser ionization efficiency: LIST 2

During the on-line run in 2012, the LIST loss factors of LIST 2 were measured with mag-
nesium and polonium. As shown in the repeller scan of Figure4.21, the laser ionized Mg
beam intensity drops only by an LLF of 20(1) from ion guide mode to LIST mode.

The ion intensity of laser ionized 2°®Po was measured by the a-detectors of the KU Wind-
mill for two different values of proton intensity: 0.3 pA and 1.1 gA. The LIST loss factor
for 208Po dropped from 10(1) to 4(1) at the higher proton current. This reduction can
be explained similarly to the reduced loss factors obtained with Mg observed for LIST 1
due to the reduced laser ionization efficiency in ion guide mode when there is a high ion
load inside the hot cavity. Following these arguments, also the LIST loss factor of 10(1)
is unreliable, when compared to the LLF of magnesium. Therefore, the LIST loss factor
of the LIST 2 is conservatively estimated to LFF = 20, which corresponds to the value
obtained for magnesium.

The measurement of the absolute laser ionization efficiency of the LIST 2 by the evapo-
ration of a calibrated mass marker was not possible due to time constraints during the
off-line preparatory tests and during the on-line run.
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Table 4.2: LIST loss factors LLFs and laser ionization efficiencies ¢ measured for with

LIST1 and LIST 2.

Ion intensities in LIST and ion guide mode, which were used

for the calculation of the LLFs together with the detector type and the background
levels are given. Half-lives of radioactive isotopes are noted next to the isotopes in
brackets. Mg, ™Yb and 2°®Po were measured with the Faraday cup (FC) 3°Mg with
the tape station (T'S) and results are given in pA and counts/uC, respectively. The four
LIST suppression factors (LLF; to LLF4) correspond to the LIST suppression factors,
LSFs, illustrated in Figure4.23. The proton intensities (I,) for the the two 28Po
measurements are listed in the left column. Values are implied with their significant

numbers.
Isotope Detector Iic InisT  bgnd unit LLF e1g/€eList
LIST 1
Off-line
174yh FC 1280 25 0.1 pA 51 10/0.2
On-line
2 Mg(11.35) TS 1.0-10% 3.5-10® 100 counts/uC 294 -
Mg FC 0.1 pA >2.5/>0.08
LLF, 7200 220 33
LLF, 3200 75 43
LLF; 360 7.4 49
LLF, 250 4.9 51
2TMg(9.46 min) TS 2.5-106 4.5-10* 100 counts/uC 56 -
LIST 2
On-line
POMg (335 ms) TS 80000 4000 50 20 -
298P0 (5 508 y) FC -0.1 pA -
[,=0.3 nA 3 0.2 10
L,=1.1pA 3 0.6 4
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Laser ionization efficiency: discussion

In total, absolute ionization efficiencies were determined for 2*Mg and '"Yb and LIST
loss factors were measured for 25242"Mg, 17YDb and 2°®Po and the results are summarized
in Table4.2.

The absolute laser ionization efficiency of ~ 10 % of 17Yb in ion guide mode obtained at
the off-line separator agrees with the expectation for a standard RILIS mode ionization
efficiency. The slightly lower ionization efficiency for 2*Mg obtained on-line can be ex-
plained by the inability to completely evaporate the sample during the limited available
measurement time. A series of ionization efficiency measurements is necessary to improve
the statistics, but unfortunately, the scheduling restrictions of the testing facilities make
this impractical and an increase of the reliance is based on regular checks of the LIST loss
factor.

The results indicate that under optimal conditions and at low ion currents, the ion guide
efficiency is comparable with the efficiency of the normal RILIS operation (= 10 %) and
thus, the LIST loss factor can be also applied to compare the efficiency of the selective
LIST mode to normal LIST operation.

The loss in ion guide mode efficiency at high ion loads is regained by increasing the ex-
traction voltage, which is currently limited to U,,, = =500V or by optimizing the design
of the repeller electrode.

The LIST loss factors for lower ion currents were of the order of 50 for LIST 1 and around
only 20 for LIST 2. The improvement can be ascribed to the reduced distance of the
LIST 2 repeller electrode to the hot cavity of only 2.5mm, which leads to an improved
spatial overlap of the lasers and the free atoms inside the LIST RFQ. The overall efficiency
of the LIST would benefit, if the distance of the repeller electrode to the hot cavity could
be reduced further.

4.3.6 Selectivity

The LIST selectivity, defined in Equation (4.1), is difficult to determine exactly since it
requires the simultaneous measurement of the ion intensities of the isotope of interest and
the contaminant. A suitable pair of isotopes and corresponding detection system was not
available during the on-line tests described here. Instead it was possible to assess the per-
formance of each LIST using the LIST quality factor, defined in Equation (4.5), assuming
that the ion guide mode efficiency is comparable to normal RILIS operation.

Table 4.3 summarizes the LIST parameters obtained in standard operation. The minimum
LIST quality factor of LIST 1 is LQF = 88 and of LIST 2 is LQF = 127. These values
were calculated by taking into account the absolute LIST suppression factor and the typ-
ical LIST loss factors. The results indicate that the selectivity was increased due to the
improved laser ionization efficiency of the LIST 2.

However, the limited detection efficiency and high background levels made it difficult to
determine the absolute suppression factor for some isotopes. Following the LIST suppres-
sion factors of at least 4 orders of magnitude in the case of 2Na, a maximum LIST quality
factor of the order of more than 200 can be expected with the LIST 1 and more than 500
with the LIST 2.

84



4.3 Characterization of the performance of the LIST at ISOLDE

Table 4.3: Comparison of the different LIST parameters obtained on-line by LIST and
LIST 2: minimum suppression factor (LSF .;,), maximum LIST loss factor (LSF nax),
representative LIST loss factor LLF, and corresponding minimum and maximum LIST
quality factors (LQF min and LQF ., ) are given. Values are implied with their signif-
icant numbers.

LIST LSF ;. LSF .. LLF LQF ;. LQF,,..
LIST1 4400 > 10000 50 88 > 200
LIST 2 2540 > 10000 20 127 > 500

4.3.7 Comparison of lineshapes of resonances obtained in LIST mode,
ion guide mode and normal RILIS operation

The LIST is an important option for resonance ionization spectroscopy (RIS) (see Chap-
ter 7). Any differences in terms of line-shape (width, asymmetry) and center frequencies
of the observed atomic lines compared to those measured during in-source RIS in stan-
dard hot-cavity RILIS mode need to be examined. Therefore, several measurements of
the resonance profile of the second step transition for 2°Po, which were taken during the
experiments, were compared retrospectively. The profiles were obtained by scanning the
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Figure 4.24: Comparison of the resonances of the second intermediate step of the polonium
(Po) scheme (50934.89 cm ™!, 6p3(*5°)7p) obtained in LIST mode, ion guide mode and
in standard RILIS mode, respectively. The transition was scanned by tuning a narrow
band Ti:Sa laser across the resonance and fitted by a Voigt profile. Ion intensities were
normalized for better comparison.
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NB Ti:Sa laser (about 1 GHz linewidth, WS7 wavemeter) for several operating modes:
LIST 2 in ion guide mode (2 scans), LIST 2 in LIST mode (3 scans) and standard RILIS
mode (4 scans during the measurement of the ionization potential of polonium during the
following run at the HRS target. See Chapter6.1). The laser power for the spectroscopic
transition was attenuated to reduce the degree of saturation broadening.

The left graph in Figure 4.24 shows one of these resonances for each of the different modes
of operation, LIST mode, ion guide mode and standard RILIS mode. By trend, it seems
that the width of the resonance in normal RILIS operation (FWHM = 0.053cm™! =
1.59 GHz) is slightly narrower than in LIST mode (FWHM = 0.073cm™! = 2.19 GHz)
and in ion guide mode (FWHM = 0.086cm~! = 2.58 GHz). In addition, no significant
asymmetry nor shift in the frequency was obtained within the standard uncertainty of the
wavemeter of 0.2cm™! , but it is difficult to make conclusions about the comparison of the
line widths and the centroid positions, since the measurement conditions (saturation, tar-
get temperature) were different. A more reliable comparison would require more statistics
and better target control and is therefore best performed at an off-line separator facility.

4.3.8 Time structure of LIST ion bunches

The measurement of the time-structure of a pulsed ion source is an ideal probe for the
understanding of the ionization process. The time-structure of the LIST bunches of laser
ionized 2*Mg was measured during the first on-line run with the LIST 1. An MCP detector
was installed about 18 m downstream within the ISOLDE beam line and the data was taken
by a Teledyne LeCroy Waverunner 104 Maxi scope, which was synchronized to the 10 kHz
laser pulses of the Nd:YAG pump laser. The time of flight was then measured with respect
to the laser pulses for several seconds to provide enough statistics.

The time structure was measured for several positive repeller voltages, spanning the typical
operation range of the LIST, namely 7V, 10V, 20V, 30V, 40V, 70V, 100V, 120V and
200V. Figure4.25 depicts the time structure for repeller voltages of 7V, 10V and 40 V.
Three distinct structures are visible in each spectra:

Peak (A): a narrow, repeller-voltage independent peak at 29.725 ps.
Peak (B): an intense peak with a repeller voltage dependent position and width.

Tail (C): the long, flat tail of peak (B) for which the substructure is slightly dependent
on the repeller voltage.

The width of peak (B) decreases from 3.43(7) us for a repeller voltage of 7V to 1.56(5) us
and 0.37(3) us for a repeller voltage of 10V and 40V, respectively. For the maximum
repeller voltage of 200V the FWHM gets as small as 0.08(1) ps.

In order to understand the different features observed in Figure 4.25, the time structure of
the LIST ion bunches was calculated . The following section discusses the mathematical
model that was used for the calculations and the results will be discussed and compared
to the experimental results in the last subsection.
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Figure 4.25: Time structure of LIST ion bunches of laser ionized Mg for repeller voltages,
7V (red line), 10V (black line) and 40 V (blue line). Three distinct features are visible
within each spectra: (A), a narrow, repeller-voltage independent peak; (B) a broader,
more intense, repeller-voltage dependent peak; (C), the tail towards longer flight times.
The time of flight is given with respect to peak (A) at 29.725 us.

A model for the calculation of the LIST time structure

Prior to this work, simulations were performed using Monte-Carlo methods and the ion-
tracking software SIMION® [150, 163]. For the work described in this thesis, a comple-
mentary approach was used that calculates the time of flight for ions with different initial
conditions (position zp, thermal velocity vg) alongside the longitudinal potential inside the
LIST. The potential was simulated by the Charged Particle Optics© (CPO®) software,
a software for the accurate simulation of electrostatic potentials of ion optical elements
using the Boundary Element Method [138]. For simplicity, the time-dependent potential
of the RF-rods was not considered during the simulations. In turn, the calculation of the
time of flights of the ions was implemented into a code that was written in the Python
programming language. Figure 4.26 shows the overall shape of the calculated longitudinal
potential for repeller voltages of 7V and 40 V. Additional calculations were performed for
repeller voltages of U,., = 10V, 100V and 200 V, which showed a similar behaviour.

For the calculation of the time of flights, the potential was approximated by purely em-
pirical functions. Their purpose were merely to give an estimation of the longitudinal
potential gradient inside the LIST that can be implemented into the calculations. Several
different functions, e.g. exponential functions and polynomials, were tested. The best
results for the description of the asymmetric shape of the potential close to the repeller
electrode were obtained by hyperbolic tangent functions that were shifted to z = 0 and
normalized to the calculated effective repeller voltage at z = 0 mm, Uy(U,.,). The drop of
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Figure 4.26: Longitudinal potential inside the LIST cavity as a function of the distance to
the repeller electrode calculated by the CPO® program. Ranges on the longitudinal
axis, which are discussed in the text, are indicated by the Roman numbers. The
potential defined by Equation (4.6) is fitted to the simulated data

the potential close to the exit of the LIST could be approximated by an exponential func-
tion. The potential drop from U = —50V at z,., = —85.3 mm to the extraction electrode
was approximated by a linear function and the potential behind the extraction electrode
was assumed to be constant. The functions that were fitted to the repeller potentials of
U, =7V, 10V, 40V, 100V and 200V and that were used for the calculations are:

(_ Uo(U,
rep

)
————— (1 +tanh (b- f
T+ tanh (a) (14 tanh (b- z + a)) or z <0
U(z) = 1—|—t(anr10:2 ‘(I —tanh(d-z+¢))— B-exp(e- (x —x)) for 0 <z < zpax

)
ch r
U(Zmax) + (‘/'U - Zmax) : —_— for Zmax S z < Zextr

Zextr T “max

\Uextr fOI" z > Zextr7

(4.6)
where 2z, = 31.75 mm is the position at which the potential drops to 0V, z,., = 85.3mm
is the position at which the potential reaches —50V and z., = 160 mm is the position of
the extraction electrode operated at U, = —50kV (see Figure4.26 for an illustration).
Only the effective repeller potential at z = 0, Uy(U..,), depends on the applied repeller
voltage and this dependency was obtained by a linear fit to the Uy(U..,) for each repeller
voltage:

Up(Usep) = 0.575(1) + Uy, - (4.7)
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The constant parameters a = 1.775, b = 0.565mm~"!, ¢ = 0.650, d = 0.185mm™"', e =
0.400mm~! and B = 1.872-10® V are the averaged parameters of the fits of Equation (4.6)
to the potential gradients of the different repeller voltages. Overall, the fits describe the
longitudinal potential well and the representative fits to the repeller voltages of U,,, = 7V
and U,., = 40V are shown in Figure4.26.

A simplified model of the atomic beam was used, where the atomic beam was assumed
to evaporate divergently with a constant angle © = constant. The geometry is illustrated
in Figure4.27. For the calculations, the angle of the divergence was chosen to be 3.8°
according to the calculations for a hot cavity of 34 mm length described in [163]. For

simplicity, the atom distribution within the cylindrical volume
Vi = R(2,0)*- Az (4.8)

for a given starting position zy and corresponding atomic beam radius R(zp, ©) = zp-tan ©
was assumed to be uniform:

Vi - p(z0,©) = constant , (4.9)

where p(zp,©) is the atomic density at zg. Then, the number of atoms, N, which are
ionized by the laser with radius r and ionization efficiency €, in in the corresponding
volume V, = mr2Az can be calculated by:

V. mr2Az 2
N=Ny — = No¢jopn ——5— =Ng————, 4.10
O Vg 0 TR(20)?Az 0 (20 - tan(©))? (4.10)

where Ny is the number of atoms within the volume V,. With r,¢,,,® = constant, the
number of atoms as a function of the initial position is then proportional to the square of
the starting position (i.e. the distance to the hot cavity): N o Z%

0

The time of flight was calculated for different starting positions, —5 mm < zp < 85.3 mm,
with Azp = 0.01 mm between each starting position and different initial velocities, 5m/s <
vop < 3500m/s, increasing in steps of Avy = 5m/s. The velocity was weighted by the
Maxwell velocity distribution given in Equation (2.40) and by an additional weighting
factor® of 903 /vpm/s to consider the higher probability of slower atoms to interact with
the 10 kHz laser pulses before leaving the LIST RFQ.

To match the time of flight of the calculated values to the experimental values, it was
necessary to introduce an off-set, AUy, to the effective potential Up:

Uy (Uvep) = 0.575(1) - Uy, + AU . (4.11)

The best overall agreement with the measured time of flights was obtained for a reduction
of the effective potential of AUy = —2.1(1). Interestingly this offset is not dependent on
the magnitude of the repeller voltage and its significance is not yet understood. A possible
explanation are perturbations by the RF-potential, which were not considered for these
calculations.

*903 m/s is the velocity, for which the atom is interacting with one laser pulse, when traveling from
the hot cavity z = —5 mm to the maximum allowed position zmax = 85.3 mm
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Calculated LIST time structure and comparison to the experiment

Figure 4.28 shows the calculated LIST time structure for U,, = 7V, 10V, 40V with re-
spect to peak (A). The countrate was normalized to the peak (A) similar to the measured
time structure from Figure4.25. Overall, the simulation reproduces the main features,
peak (A), peak (B) and tail (C) of the measured time structure. The dependency of the
position and the width of peak (B) on the repeller voltage are similar to the measured
values. In contrast, the intensity of tail (C) and the background of the calculations are
overestimated, but can be ascribed to the simplified model of the atomic beam, which
does not take into account any angle-preference of the intensity nor the acceptance of the
RFQ. The calculated strictly growing intensity of peak (A) for increasing repeller voltages
was not observed in the measured time structures. This can be ascribed to a different
statistic for each of these measurements and ion optics effects that depend on the initial
energies (e.g. energy tolerance of the GPS magnet). The substructure observed in the
tail (C) was not reproduced, but can be explained by perturbations of the potential along
the longitudinal axis due to the influence of the RF-potential. The calculated positions
of peak (B) with respect to peak (A) for different repeller voltages agree well with the
experiment as shown in Figure4.29. A small shift is observed for low repeller voltages,
but can be explained by the unknown correction, AUy, to the effective repeller voltage
described by Equation (4.11).

The origin of the different features of the LIST time structure

In order to understand the features, peak (A), peak (B) and tail (C), observed in the spectra
shown in Figure4.25 and Figure4.28, the time structure was calculated for 7 different
ranges of starting positions, zg, along the longitudinal axis, z. These ranges, denoted with
Roman numbers, represent distinguishable features of the longitudinal potential as shown
in Figure4.26. The calculated time structures for the relevant ranges I — V' that allow
for kinetic energies within the energy acceptance +50 of the GPS mass separator [70]
are shown in Figure4.30. Using the separate calculations of the time structure, peak (A),
peak (B) and peak (C) can be understood as follows:

Range I, —5 mm < z < 0mm: the longitudinal potential is rising from 0V at the exit
of the hot cavity (z = —5mm) to the maximum potential at the position of the
repeller electrode (z = 0). Only ions with sufficient initial velocities in forward
direction can pass the repeller barrier. lons created in rangel contribute to peak

(B).

Range II, 0mm < z < 7.5 mm: the longitudinal potential decreases rapidly by 75 %
from its maximum value at the position of the repeller electrode z = Omm to z =
7.5mm. Assuming that the atomic beam is divergent, the atom density inside the
LIST RFQ is highest in range I and thus most atoms are ionized close to the repeller
electrode. The strong potential gradient and the drift time in the following ranges
lead to a focusing and the formation of peak (B).

Range III, 7.5 mm < z < 31.75 mm: the longitudinal potential decreases slowly from
25 % of its initial value at z = 7.5mm to 0V at around z = 31.75mm. Ions created
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Figure 4.27: Simplified model of the diverging atomic beam with angle ©. V, = mr?Az
is the volume in which the atoms at zp interact with the laser beam of radius 7.

Vi = mR(20)?Az is the corresponding volume of the total atomic beam with radius
R(zp) = 20 - tan(O).
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Figure 4.30: LIST ion bunch time structure for the repeller voltage of U,., = 7V for differ-

ent ranges of starting positions zg, corresponding to the ranges defined in Figure 4.26
and Section 4.3.8.
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in range III form the tail (C).

Range IV, 31.75 mm < z < 60 mm: the longitudinal potential is not affected by the
repeller voltage or the extraction field of the extraction electrode on a high potential
and the longitudinal potential is constant at around 0 V. The time of flight of the ions
created in rangelll is therefore entirely defined by the initial conditions (position
20, thermal velocity, vy).

Range V, 60 mm < z < 85.3 mm: the longitudinal potential starts to drop due to the
influence of the extraction potential of -50kV at the extraction electrode at z =
160 mm and a potential of -50V is reached at z = z,,, = 85.3mm. Ions created in
range V form the peak (A) due to the strong potential gradient and the drift time
towards the experiments.

Range VI, 85.3mm < z < 160 mm Ions created after z = 85.3mm have an energy
difference of more than 50eV compared to ions created inside the LIST, which ex-
ceeds the acceptance of the GPS separator magnet and their contribution is therefore
negligible. The potential drops by -50000kV to the ground potential at the extrac-
tion electrode at z = —160 mm.

Range VII, z > 160 mm: the potential remains constant after the extraction electrode
and the ions drift to the experiment with the velocity corresponding to their kinetic
energy.

In summary, peak (A) stems from the atoms ionized next to the exit of the LIST (range V),
peak (B) are the ions produced close to the repeller electrode (rangel and II), the tail (C)
are the atoms ionized further away from the repeller electrode (rangelll) and the back-
ground is produced by ions produced in the nearly field free zone (rangeIV).

An important result of these calculations for the laser ionization efficiency of the LIST
is that the dominant peak (B) stems mainly from ions created very close to the repeller
electrode. Consequently, a reduction of the distance of the repeller electrode to the hot
cavity should thus correlate with an increased laser ionization efficiency. This conclusion
is supported by the improved ionization efficiency of a factor of 2,5 from LIST 1 to LIST 2,
for which the distance was reduced by 2.5 mm.
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4.3.9 Improving the selectivity of the Laser Ion Source and Trap

In the following, possibilities are discussed to improve the LIST selectivity for future
applications at ISOLDE.

Improving the laser ionization efficiency

Improving the laser ionization efficiency increases directly the ratio of the intensity of the
isotopes of interest over the intensity of the contaminants.

1. Improvement of the laser/atom overlap: a higher laser/atom overlap can be
achieved by further reducing the distance of the LIST to the hot cavity. The reduc-
tion from 5 mm for LIST 1 to 2.5 mm for LIST 2 led to a significant improvement of
the laser ionization efficiency of a factor of 2.5. This is also supported by the analysis
and calculation of the time structure, which indicate that the atomic beam is dens-
est close to the repeller. However, a further reduction is difficult to be mechanically
constructed due to possible shortcuts with the heat shield of the hot cavity. One
possibility could be to use the heat shield itself as a repeller, which would reduce
the distance to about 1 mm, but possible complications need to be ruled out during
long-term off-line tests.

Additionally, the laser/atom overlap could be increased by improving the atom beam
collimation by different hot cavity designs (e.g. increased length).

2. Improvement of the laser ionization scheme: if all steps would be strongly
saturated, the laser beam radii could be expanded to interact with more atoms.

3. Reducing the duty cycle: atoms with the largest transverse velocity component
may have a short (< 100 pus) residence time inside the LIST laser interaction region.
In this case an increased laser repetition rate would reduce duty cycle losses provided
that the pulse energy stays the same, which is practically difficult.

Time dependence of laser ions

As it was discussed in Section4.3.8, the laser ion pulse produced by the LIST has a
distinct pattern with one dominant peak (B) corresponding to the ions produced close to
the repeller electrode. For the standard repeller voltage setting of I,., = 7V, the FWHM
was determined to be 3.43(7) us. Using a beam gate could thus increases the selectivity
significantly. For example, a gating time of 10 us around peak (B) would allow ~ 60 % of
all ions to pass, whilst cutting of 90 %* of the pulse-independent contaminants leading to
an overall selectivity gain of 6. Depending on the required laser ionization efficiency the
gate could be increased at the cost of the reduction of the contamination and vice versa.

*The duty cycle for a 10kHz laser is approximately 100 us. With a gating time of only 10 pus, only the
10 % contaminants produced within this time interval could pass the beam gate.
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Temperature dependency of contamination

Figure 4.31 shows that the ion rate of 212Fr, which is a LIST mode contaminant of unknown
origin*, has a stronger cavity temperature dependency than laser ionized '“*Po in LIST
mode or the surface ionized 2'2Fr in ion guide mode. It is therefore possible to improve the
selectivity for LIST mode laser ionized 22Po by a reduction of the hot cavity temperature.
It should be noted that this method only applies to isotopes, which have a reasonable long
lifetime to not be affected by the longer transport time through the hot cavity in case of
lower temperatures. 'Po has a half-live of T} s2 = 5.8s and an application for isotopes
with similar half-lives should be feasible.

One possible future application is the resonance ionization spectroscopy of the polonium
isomers 2'"Po and 2''™Po. Due to their relatively long half-lives of T} s2 = 25.2s and
Ty /9 = 45.1s, respectively, the hot cavity temperature dependency of these isotopes is the
same or even less than the hot cavity temperature dependency of '*6Po.
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Figure 4.31: Ion intensity of 2'2Fr (T2 = 20min) in jon guide mode and LIST mode
and 19°Po (Th /2 = 5.8s) in LIST mode as a function of the hot cavity temperature.
The ion intensity is normalized to the maximum intensity measured for each isotope at
T = 2000°C. 9Po was laser ionized and 2'?Fr in ion guide mode was surface ionized.
The exact source and ionization mechanism of 2'2Fr in LIST mode is still unknown.

*In Chapter4.3.4, the in-trap S-decay of neutral ?*?Ra to ?'?Fr at the RF-rods was discussed as a
possible explanation for the contamination.
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5 A new laser ionization scheme for
calcium

More than 30 elements are currently available for the resonance laser ionization with the
RILIS at ISOLDE and efforts are being continuously made to extend this further® [113].
For many laser ionization schemes, only non-resonant final steps have been applied and
their relatively low ionization cross-sections of only 10717cm? — 10~ 2cm? require often a
laser powers in excess of the power available from the Nd:YAG pump laser.

Thus, finding efficient autoionizing states (AIS) may improve the ionization efficiency. The
general approach to improve the laser ionization schemes for elements with stable isotopes
is to conduct this studies at off-line facilities such as the LARIS laboratory at CERN [115].
This allows for extended studies of the resonances without the scheduling constraints of
the ISOLDE on-line facility. However, a very convenient and time-efficient alternative
approach to improve existing laser ionization schemes is to perform the measurements
during scheduled on-line runs at ISOLDE. The recent upgrade of the RILIS to a dual-RILIS
system of 6 tunable lasers (see Chapter 3.3.1) has made opportunistic ionization scheme
developments possible during the normal on-line operation of the system [143, 145].
Calcium (Ca) is one of those elements, which was ionized via a non-resonant last step
during previous experiments [25, 127]. Figures5.1a,b show the existing laser ionization
schemes: a) two-step scheme with one blue laser beam to the intermediate step and one
UV laser beam for non-resonant ionization, and b), a three step scheme consisting of one
blue laser beam, one infrared laser beam for the excitation to the intermediate steps and of
one of the 532 nm pump lasers for the step above the ionization energy’ of 49305.924 cm™!
[120]. Of these two laser ionization schemes, only the latter is applicable since the laser
power provided by a UV laser beam is usually not sufficient to approach saturation in the
case of non-resonant ionization.

Two calcium experiments were scheduled for 2012: Experiment 1S529, “measurements of
spins, moments and charge radii beyond 48Ca” by collinear laser spectroscopy with the
COLLAPS experiment in April 2012 [11] and experiment IS532 for mass measurements of
exotic calcium with the ISOLTRAP experiment in June 2012 [96], for which the results
were recently published in Nature [177]. Both experiments relied on a high ionization
efficiency for the study of very exotic calcium isotopes and thus, investigations towards an
improvement of the existing calcium laser ionization scheme was integrated into the setup
procedure and maintenance work of these two on-line runs.

In the following I report on the results of the resonance ionization spectroscopy study, the

*A RILIS web-database (http://riliselements.web.cern.ch) was recently developed to summarize
and share the latest results of RILIS scheme developments at facilities worldwide [143].

tTransition energies and excitation energies are given in the unit of wavenumbers throughout this
chapter.
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Figure 5.1: a) Two-step scheme using one resonant transition. b) Three-step scheme using
two resonant transitions and one non-resonant ionization step. Both originally from
[25, 127]. ¢) Illustration of the scanning regions for an alternative second intermediate
step and the search for autoionizing states above the ionization region. The wavelengths
are referred to as Ao and A3 for the second and third step, respectively.

analysis of the spectra and the discussion of possible new ionization schemes. It should
be noted that these measurements aimed on the development of a new laser ionization
scheme rather than a comprehensive and decisive study of the atomic spectrum of calcium.
I therefore restrict the discussion to the relevant information such as relative peak heights,
ion intensities, widths and saturation and refer to possible future experiments at off-line
laser facilities for an in-depth study of the resonances and features in the spectra.
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5.1 Experimental setup

5.1 Experimental setup

The search for an alternative laser ionization scheme was performed during maintenance
breaks of the 1S529 experiment and during the laser setup and optimization procedure for
the IS532 experiment. Experiment 1S529 used a UC, target (ISOLDE target # 471) with
a hot cavity made of rhenium (Re) and experiment 15532 used a UC, target (# 480) with
a hot cavity made of tantalum. Typical target specifications and operation parameters
are given in Figure 5.2.

b)

40 kV 30 kV

HRS | HRS > |

Figure 5.2: Target specifications of the targets used for the Ca-Spectroscopy. a) UC, target
# 471 with rhenium (Re) hot cavity for experiment 1S529 and b) UC, target # 480 with
tantalum (Ta) hot cavity for experiment IS532. From top to bottom: target number,
target material, typical target and hot cavity currents, proton intensities, extraction
voltage and type of front-end. Note that these values represent maximum values and
can differ for certain measurements. Design of schematics adopted from [143].

During the two experimental periods several scans of the calcium atomic spectrum were
recorded. The scan ranges for the search of an alternative intermediate step and resonant
last step are indicated in Figure5.1c with Ay and A3, respectively. For the search of
alternative intermediate states, a dye laser, operated with a RhodaminB (RB)-ethanol
solution, was scanned from 16250cm~! to 17250 cm™! (579.7nm to 615.4nm) from the
first intermediate state 4sdp ' Py at 23652.304cm™! | while a 532nm Nd:Yag was used for
the last step. Two levels were found in the range from 17030 cm™! to 17070 cm™!. Using
these alternative intermediate levels, additional scans were performed with a dye-laser
using a DCM*-ethanol solution in the range from 14700 cm~! to 16300 cm~! (613.5nm to
680.2nm). Various autoionizing states were observed and studied during several scans.
Due to time constraints during the experiment [S529, the scans were repeated during the
second experiment, IS532, where the setup was tuned from the beginning to the alternative
intermediate steps and the autoionizing states.

In order to compensate possible frequency shifts due to time-delays in the DAQ-system,
the scans for the relevant levels (intermediate levels, strongest autoionizing states) were
performed in forward and backward direction as appropriate.

*DCM is the abbreviation for 4-dicyanomethylene-2-methyl-6-p-dimethylaminostyryl-4H-pyran.
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5.2 Analysis of the spectra

Figure 5.3 shows the relevant segments of the scans: a) alternative second intermediate
states; b) autoionizing states from the lower lying intermediate state (3p°4s6s 'Sy, denoted
by the term symbol 1Sp); ¢) autoionizing states from the higher lying intermediate state
(3p%4p? 1 Dy, denoted by the term symbol 'Ds); d) and e), zooms into the spectra of
the autoionizing states reached from the two second intermediate steps, 1Sy and 'Ds,
respectively.

5.2.1 Alternative second intermediate states

The alternative second intermediate states were found in the energy range from 17035 cm ™!

and 17080 cm ™! relative to the first intermediate state 3p64s4p1P10 at 23652.3 cm~! as
shown in Figure5.3a. The first structure appears at around 17037 cm™' and the second
structure is at around 17067 cm™!. Both structures show unresolved substructures, which
are due to strong saturation and the presence of additional laser frequency side bands.
To determine the transition energies F, a single Voigt-profile was fitted to the main res-
onance of the first structure and a superposition of two Voigt profiles was fitted to the
second structure. The results from the forward and backward scans were averaged to cal-
culate the final value of the transition energy, E. The transition energies were then added
to the literature value for the first intermediate step 3p%4s4p ! Py with energy 23652.3 cm™*
[94].

The statistical uncertainties of the fits are dominated by the uncertainty from the waveme-
ter of AE .. wu = 0.02 cm™! [79]. A systematic uncertainty arises from the wavemeter
WS7, which was determined in [143] to AE,,.wy = 0.03cm ™! . Additionally, a systematic
uncertainty of AE, . wu = 0.3 cm™! is conservatively added to resonance 1 because of the
unresolved substructure.

Taking the systematic uncertainty of 0.33cm ™' into account, the main resonance in the
first structure with energy 40690.26(2) cm~! can be assigned to the literature value at
40690.435(1) cm~! with configuration 3pS4s6s'S. The highest lying resonance, reso-
nance 2, in the second structure with energy 40719.87(2)cm ™" corresponds to the literature
value of an atomic state at 40719.847 cm~! with configuration 3p%4p? 1 D [94]. The peak in
the lower energy flank of the main resonance with energy 40718.32(3) cm™! is not known
in literature. It is impossible that it can be assigned to an isotope shift of the second
most abundant isotope *Ca, whose natural abundance of only 2 % does not correspond to
the peak height. It is therefore likely to be a laser related effect as discussed above. The
disappearance of this peak in a reduced power (close to saturation intensity) scan would
confirm this but this was not feasible due to time constraints. The results for resonance 1
and resonance 2 are given in Table5.1 and Table 5.2, respectively, together with the cor-
responding subsequent transitions to autoionizing states. The energy position of the two
observed intermediate states enables a search for autoionizing states through the use of a
visible dye laser for the third step in the ionization scheme.
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Figure 5.3: Overview of the different scans conducted for the search for a new laser ion-
ization scheme for calcium: a) alternative second intermediate levels. b) and c), au-
toionizing states found in the scans from the second intermediate levels. d) and e):
zooms to the most interesting resonances from the point of view of laser ionization
efficiency in the spectra shown in b) and c), respectively, and the corresponding Voigt-
fits (blue: individual line-shape; red: cumulative fit). Used dyes, scanning ranges and
configurations, are given, if known from literature.
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5 A new laser ionization scheme for calcium

5.2.2 Excitation from the alternative intermediate state 1

A broad low-resolution scan (0.7cm~! /s — 14 measurements/cm~!) over all observed tran-
sitions to autoionizing states from the 4p6s 'Sy state is shown in Figure5.3b. In total 8
resonances, denoted by small Roman number, could be identified for transition energies
between 15175cm™" to 16100cm™'. Of these, a pairing of the transitions i to vi was
observed similar to the case of the resonance 2 observed in the scan for the search of the
intermediate states described above. It is likely that these peaks are due to a similar laser
side band, i.e. a saturation effect, as was discussed earlier.

A slower scan with higher resolution (0.1ecm~!/s — 100 measurements/cm~!) over the
strongest lines (resonances i-vi) from 15200 cm ™" to 15300 cm ™! is shown in Figure 5.3 d).
These resonances are highly symmetrical and were therefore fitted with Voigt fits as shown
in Figure5.3d), where the individual fits are the solid blue lines and the cumulative fit
is the red line. The Gaussian widths due to hot cavity temperature of T ~ 2000°C
(Doppler broadening) and the laser linewidth of 9-12 GHz of the broad-band Credo dye
lasers[59, 113] was estimated to be 0.4cm ™! and was kept fixed during the fits. The scan
was performed with the maximum available laser power (=~ 1 W in the source). The prior-
ity was given to maximizing the ionization efficiency, rather than extracting spectroscopic
information, was made and thus, no attempt was made to reduce the degree of saturation
and subsequent power broadening of the transitions. Similar to the transitions to the
intermediate states, the statistical uncertainties are dominated by the statistical uncer-
tainties of the wavemeter and are 0.02cm™" . The results are listed in Table 5.1.

The two resonances, vii and viii, shown in Figure5.3b are less intense than the reso-
nances, itovi. Resonance vii is significantly narrower (=~ 0.2cm™!) than the resonances
i-vi and shows a certain asymmetry and a further unresolved substructure. However, not
enough data was available to study this structure precisely, but the excitation energy of
the centroid of W = 56531.98(20) cm ™! (transition energy of 15841.55cm™! ) is close to
an autoionizing state known in literature (3p®3d6p3P;) with energy 56532.6 cm~! [94]. In
contrast, the structure viii, for which no literature value is known, is extremely broad and
significantly asymmetric. A Fano-fit (see Equation (3.17) in Chapter 3.2.3) was performed
to resonance viii, to give the center of the resonance of 15977.12(50)(3) cm~! with a width
of 23.5(3)cm™! (720 GHz). However, the asymmetry factor ¢ depended on the choice of
the background level and could not be determined unambiguously and the observed strong
asymmetry could instead stem from an unresolved substructure. This idea is supported
by a value known in literature with configuration 3d6p!P and total excitation energy of
56651.0 [94], which would be observed at a transition energy of 15960.7 cm ™! . This agrees
well to the small perturbation of the left flank of resonanceviii [94]. No corresponding
states could be found in literature for the resonances i, v, and viii.

For the strongest resonances, ii, iv and vi, the ratio of the absolute height to the background
due to surface ionization (Laser on/off) was determined in with all lasers in saturation for
a realistic comparison to normal operation conditions.

For the strongest line ii, the overall gain in efficiency compared to surface ionization (Laser
off) is 290. The slightly lower height of resonanceii in Figure5.3d), when compared to
resonance vi, is misleading and can be explained by fluctuations of the laser power during
the scan.
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5.2 Analysis of the spectra

Table 5.1: Parameters of the transition to the first intermediate step, 4p6s'Sy (reso-
nance 1), and subsequent transitions to autoionizing states (resonancesi-viii): number
of resonance (Res.), transition energies E, total excitation energies from the ground-
state W and corresponding literature values W), electron configuration, term value
and total angular momentum J, FWHM and relative ionization efficiency compared to
surface ionization (Laser on/off). The literature values of the 3d4f3P° could not be
unambiguously assigned to either resonanceiii or iv and are marked with (). Statis-
tical and systematic uncertainties of the measured transition energies E are given in
the first and second parentheses, respectively, and are identical for the total excitation
energy W. The other values are implied with their significant numbers.

Res. FE W W it Config. Term J FWHM Laser

cm™! cm™! cm™! cm~!'/GHz on/off

1 |17037.96(2)(33) 40690.26 40690.44 3pS4s6s 1S

( 0
i | 15210.55(2)(3) 55900.99 1 0.3/88
i | 15211.91(2)(3) 55902.35 55902.8  3d4f  3D° 1  0.9/28.1 290
i | 15256.00(2)(3) 55946.43 55946.6* 3d4f* 3P 1 0.4/11.9
iv | 15257.37(2)(3) 55947.80 55946.6* 3ddf*  3P°* 1 0.6/17.7 190
v | 15290.95(2)(3) 55981.38 1 0.9/27.3
vi | 15292.33(2)(3) 5598277 55982.3  3d6p  'P° 1 0.9/27.3 260
1 ~02/6
1 ~24/720

vii | 15841.55(20)(3) 56531.98 56532.6  3d6p  3P°
viii | 15977.12(50)(3) 56667.55

5.2.3 Excitation from the alternative intermediate state 2

The broad low-resolution scan (0.5cm~!/s — 20 measurements/cm™1) from the 4p® 1Dy
intermediate state at 40719.847cm™' [94] is shown in Figure5.3c). In total 13 reso-
nances, denoted by capital Roman numbers, were found in the range from 15150 cm™! to
16000 cm ™! . The spectrum of autoionizing states shows some similarities to the spectrum
explored from the 4p6s 'Sy intermediate state shown in Figure5.3b): several intense and
rather narrow resonances at lower excitation energies, resonances I to X, and a very broad
structure next to weaker resonances at higher excitation energies (between 15700 cm ™! and
16000 cm™! ). In contrast to the spectrum of the excitation from the 4p6s 'Sy intermediate
state, more peaks are visible. This can be explained by the higher L- and J-value of the
4p® ' Dy intermediate, which allows for more possible transitions. Moreover, no systematic
pairing of the peaks is visible.

The determination of the centroids of the resonances was similar to the analysis of the res-
onances found in the scan from the 4p6s 'Sy intermediate state described in the previous
section: Voigt profiles were fitted with a fixed Gaussian linewidth of 0.4 GHz to the sym-
metrical resonances (I to X) and to the weak resonance XI and Fano-profiles to the higher
excited resonances at higher energies 15700 cm~! and 16000 cm~! (resonance XIIand res-
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Figure 5.4: Resonance XII with transition energy 15812.89(3)(3) cm~! (56532.76 cm ™! total
excitation energy) accessed from the 4p?! Dy intermediate state. A Fano-profile was
fitted (red solid line) to the asymmetric lineshape of the resonance.

onance XIIT). Figure 5.3 e shows a scan with higher resolution 0.2cm~!/s — 50 measure-
ments/ cm~! for the resonancesI to X, together with individual fits (solid blue lines) and
the cumulative fit (red line). It was difficult to resemble the peaks heights with the multi-
peak Voigt fit, which can be explained by possible asymmetries of some of the peaks.
Nevertheless, the transition energies could be determined and the fitting results for the
backward and forward scan were averaged to obtain the transition energies.

Similar to the broad structure in the scan from the 4p6s 'Sy intermediate state, a fit with
a Fano profile to the resonance XIII showed a strong dependency of the asymmetry factor
g on the chosen fitting range and an unambiguous determination of ¢ was not possible. A
further discussion is therefore omitted. However, the strongly pronounced asymmetry in
resonance XII is shown in figure 5.4 together with the fitted Fano profile (red solid line)
and the corresponding Fano factor of ¢ = —3.86(8).

Center energies and widths of all resonances are given in Table 5.2 together with corre-
sponding values and configurations of levels found in literature [66, 94] together with the
relative intensities compared to surface ionization (Laser on/off) of the strongest lines, V,
VIII, IX and X.. No corresponding states could be found for resonances I, ITI, VI-VIII,
X, XI and XIII and are possibly newly discovered autoionizing resonances. Comparing
the transitions from both intermediate steps listed in Table 5.1 and Table 5.2, each pair,
ii and II, vi and IX and vii and XII correspond to the same autoionizing state. Of these
transitions, resonance IX with configuration 3d6p 3P resulted in the highest recorded ion-
ization efficiency with an overall gain in efficiency of a factor of 300 compared to surface
ionization.
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5.2 Analysis of the spectra

Table 5.2: Parameters of the transition to the second intermediate step, 3p®4p? ! Dy (res-
onance 2), and subsequent transitions to autoionizing states (resonancesI-XIII). The
notation of the parameters is similar to those given in Table5.1. Statistical and sys-
tematic uncertainties of the measured transition energies E are given in the first and
second parentheses, respectively, and are identical for the total excitation energy W.
The other values are implied with their significant numbers.

Res. E w Wy  Config. Term J FWHM  Laser
cm™! cm™! cm™! cm!/GHz on/off

2 | 17067.56(2)(3) 40719.87 40719.85 3p%4p> D 2

I 15175.00(2)(3) 55894.85 0 1.19/35.7

II | 15182.46(2)(3) 55902.30 55902.8 3d4f 3D° 1  0.62/18.5

III | 15187.17(2)(3) 55907.01 12,3 4.7/139.3

IV | 15194.79(2)(3) 55914.64 55915 3d4 f 5D 2.3 2.2/65.0

V| 15230.72(2)(3) 55950.56 55951 3d4 f 3SF 1,23 4.5/142.1 240
VI | 15238.84(2)(3) 55958.69 1,2,3 1.0/30.9

VII | 15246.76(2)(3) 55966.61 1,2,3 1.7/50.8

VIII | 15256.32(2)(3) 55976.17 1,2,3  3.5/105.0 275
IX | 15262.93(2)(3) 55982.78 55982.3  3d4f Lpo 1 0.5/16.3 300
X | 15287.56(2)(3) 56007.41 1,2,3 4.0/121.1 250
XTI | 15735.04(4)(3) 56454.89 1,23  0.3/8.8

XII | 15812.89(3)(3) 56532.74 56532.63  3d6p 3pe 1 0.3/8.8

XIIT | 15933.51(30)(3) 56653.35 1,2,3  0.3/8.8
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5 A new laser ionization scheme for calcium

5.3 The new laser ionization scheme for calcium

With the available dye laser power in the source of P ~ 1 W, many of the observed
autoionizing states, namely ii, iv and vi from intermediate step 1S3 and V, VIII, IX
and X from intermediate step D3, could serve as potential candidates for an efficient
last step for a new calcium laser ionization scheme. However, of these, the transitions ii
and IX were the easiest to saturate. Figure5.5 shows the laser ionization schemes from
the first intermediate step 4s4p ! P at 23652.304 cm™~! through a) the intermediate step
4s4p 1Sy at 40690 cm~! to the autoionizing state ii (3d4f3DS, 55902.8 cm~! ) and through
b) the intermediate step 4p? ! D3 at 40719 cm™! to the autoionizing state IX (3d4f!P°,
55982.3 cm ! ).

Saturation of the transitions

Figure 5.6 demonstrates the saturation for each transition shown in Figure 5.5 by showing
the ion current as a function of the laser power inside the hot cavity. The latter was
estimated based on simultaneous measurements of the laser power on the laser table. The
ratio of the measured power to the laser power inside the hot cavity can be estimated
by measuring the ratio to the 4 % reflection® of the laser beam at a quartz plate that is
in the beam path at 50 % of the path length to the target. For the measurement of the
saturation, the laser power was attenuated by inserting neutral density filters in the laser
beam path. The other involved transitions were kept saturated during each measurement.
The ion current IC as a function of the power P was then fitted by a saturation curve,

defined by
P
IC =1Cy+ IC.,, - Ppil , (5.1)
Psat

where IC is the background of the ion current from the non-resonant ionization, I, is the
maximum ion current in saturation and P, is the saturation parameter. The extracted
saturation parameters are listed in Table 5.3 for each transition. The estimated typical
available laser power in the hot cavity during the experiments IS529 and IS532 was about
175mW for the first step provided by the frequency-doubled Ti:Sa output, 500 mW for
the second step provided by the Credo dye filled with Rhodamin B and 1125 mW for the
third steps provided by the Credo dye laser filled with DCM. The excess of the laser power
available simplifies the maintenance of the RILIS performance because it makes the overall
efficiency less sensitive to small changes of the power (aging of the dye, change of laser
spot position) or small shifts of the wavelengths.

*The laser spot of the reflection at the quartz plate is usually used as the reference spot to observe the
beam position during operation.
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Figure 5.5: The new laser ionization schemes for calcium developed on-line at ISOLDE.
From the first intermediate step at 23652 cm™! with configuration 4sdp!P¢, two
equally strong ionization schemes are accessible: a) via the second intermediate step
40690 cm~! with configuration 4s4p'P; to the autoionizing state at 55902.8 cm~!
with configuration 3d4f3D5 (resonanceii) and b) via the second intermediate step
40719.847 cm~! with configuration 4p? 1 Dy to the autoionizing state at 55982.8 cm ™!
with configuration 3d4 f 1 P° (resonance IX). Excitation energies, transition energies and
wavelengths are taken or calculated from values listed in [94]. Wavelengths are given
for air. Peak numbers correspond to these defined in Figure 5.3.
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Figure 5.6: Saturation curves for the atomic transitions used in the new calcium schemes.
The ion current of each involved transition is given as a function of the estimated laser
power inside the hot cavity. a) transition to the first excited state 4s4p ! Pg, b) second
excited state 4s4p 1Sy (resonance 1), ¢) second excited state 4p? 1 D3 (resonance 2), d) to
the autoionizing state 3d4f 3 D5 (resonanceii) and e) to the autoionizing state 3d4 f ! P°
(resonanceIX). For each saturation measurement, the other involved transitions were
saturated. Note that the saturation of the first transition was measured at a different
time with different oven settings and thus, the total ion current differs from the other
measurements.
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5.3 The new laser ionization scheme for calcium

Table 5.3: Saturation parameters, P,,,, of transitions of the new laser ionization schemes
for calcium. Electron configuration of involved atomic levels of the transitions and
wavelengths are given. The values correspond to the fits shown in Figure 5.6 and are
organized following the two schemes to either the autoionizing state (AIS) i (3d4f 3D3)
or to autoionizing state IX (3d4f 'Py). Wavelengths are calculated from the literature
values of the level energies listed in [94] and are implied with their significant numbers.

Step Transition Wavelength (nm) P... (mW)
1=t 4s*1Sy — 4sdplpg 422.67 0.5(1)
To AIS ii:

2nd 4s4pl Py — 456519, 586.75 9.6(29)
3rd 456515y — 3d4f3Ds 657.17 18.2(11)
To AIS IX:

2nd 4s4p Py — 4p* 1Dy 585.74 0.5(1)
R 4p? Dy — 3dAf1pPy 655.0.1 5.5(2)

Conclusion

The saturation parameters of the transitions in the laser ionization scheme to the au-
toionizing state IX shown in Figure5.5b are smaller than for the ionization scheme to
the autoionizing state it shown in Figure5.5a). Moreover, the autoionizing state IX
with FWHM = 16 GHz is narrower than the autoionizing state # with FWHM = 28.1 GHz.
Thus, the ionization through the autoionizing state IX is the best candidate for a new
calcium ionization scheme.

The laser ON/Off ratio for ionization through the autoionizing state IX was measured to
about ~ 300 for a hot cavity heating current of 279 A (T' ~ 2000 °C) during the experi-
ment IS532. Under similar conditions (hot cavity heating current of 279 A, T' ~ 2000 °C)
during experiment 15529, the laser on/off ratio for the previously used ionization scheme
(Figure5.1) was determined to about ~ 14. This implies an overall improvement of the
laser ionization efficiency of calcium of about ~ 20 with the new calcium scheme. This
is a remarkable improvement as it shortens the measurement time by at least™ the same
factor of 20 and surely the experiments at COLLAPS (IS529) and at ISOLTRAP (IS532)
benefited greatly from the improved yields. Moreover, the newly developed laser ioniza-
tion scheme for calcium will enable future experiments on highly exotic calcium isotopes
far away from stability due to the higher ion yield, which were not possible prior to this
work.

The experiments illustrate the necessity of a highly efficient ionization scheme for the study
of exotic isotopes. At ISOLTRAP, the masses of the exotic calcium isotopes, °3°4Ca, were
measured using a newly developed multi-reflection time-of-flight (MR-TOF) mass sepa-
rator [181] leading to the discovery of a shell closure at neutron number N = 32 [177].

*The reduction of the measurement time depends on the measurement conditions. For a background
dominated measurement, the reduction of the measurement time can be even stronger.
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5 A new laser ionization scheme for calcium

These isotopes have extremely low production yields, e.g. in the case of >*Ca the ion
count rate was only a few ions per second. In this case, one measurement cycle took
more than one hour even with the newly developed ionization scheme for calcium. The
measurement would not have been possible within the allocated time period without the
efficiency improvement of the new ionization scheme.
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6 Precision measurement of the
ionization energy of polonium

The ionization energy® (IE) is one of the most important parameters of an element. It
determines chemical properties such as the reactivity and the stability of its bonds within
a chemical compound.

Polonium (Po) is one of the rarest elements in the Earth’s crust and mainly appears in
uranium ores as an intermediate product of the 23U decay chain (also called the uranium-
or radium series). The amount of 21°Po in these ores is estimated to be as little as
0.1 pg per ton [154], which makes the study of naturally occurring polonium extremely
challenging. A more effective source of polonium for study by experiments is artificial
production at radioactive isotope production facilities such as ISOLDE.

Thus, only very few experiments have investigated the atomic spectrum of polonium so
far [31, 32, 93]. A first prediction for the ionization energy of polonium was given by W.
Finkelnburg and F. Stern [61]. They estimated the IE of polonium to be 8.4 4+ 0.3eV
by taking into account the regularities of the screening constant s = Z — Z.g in the
periodic table and interpolating the ionization energy between the neighboring elements.
Charles etal. [31, 32] confirmed this value by semi-empirical calculations following the
method of Russel [147] and by trying to associate some few lines in the spectra to Rydberg
series. This allowed for calculating the ionization energy by applying the Rydberg-Ritz
formulas from Equation (2.7) and Equation (2.10). Sansonetti et al. lists a literature value
of the polonium ionization energy of IE;, = 67860(30) cm ™!, which is the averaged value
of the values given in [32] and [31]. Additionally, several theoretical predictions for the
ionization energy of polonium have been published with values ranging from 7.90eV to
8.575eV [99, 133, 141, 155, 182]. A summary of the experimental and theoretical values
can be found in Table6.1. However, these values are not within close agreement and a
determination of the ionization energy of polonium down to a precision of few or below
1cm™! had not been achieved.

A very precise method of determining the ionization energy is the spectroscopy of a high-
lying series of Rydberg levels, which in turn allows the precise calculation of the ionization
energy by fitting the Rydberg-Ritz formulas to the obtained members of these series. At
ISOLDE, this method has been recently applied to determine the ionization energy of
astatine for the first time [144].

A series of Rydberg levels in the spectrum of polonium has been measured at ISOLDE by
resonance ionization spectroscopy using the RILIS. The obtained value of the ionization
energy is over two orders of magnitude more precise than that listed in [149].

The following chapter describes the experimental setup, the data taking, and the analysis
of these Rydberg levels and the determination of the IE of polonium. The newly obtained

“In literature it is often alternatively referred to as the ionization potential (IP)
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6 Precision measurement of the ionization energy of polonium

Table 6.1: Experimental values and theoretical predictions for the first ionization energy
of polonium available prior to the work described in this thesis. If not stated otherwise,
the uncertainties are implied by the significant figures.

Author Year Method Ionization Energy
(eV) (cm™1)
Finkelnburg etal. [61] 1949 Interpolation 8.4(3)  67750(2500)
Charles etal. [32] 1955 Semi-empirical [147] 8.43 67980
Charles etal. [31] 1966 Rydberg-Ritz 8.417  67885.3
Semi-empirical [147] 8.411 67840.0
Seijo [155] 1995 Theoretical 7.90 637000
Peterson et al. [133] 2003 Theoretical 8.575 69160
Roos et al. [141] 2004 Theoretical 8.29 66900
Sansonetti et al. [149] 2005 Evaluation of lit. values [149] | 8.414(4) 67860 (30)
Zeng et al. [182] 2010 Theoretical 8.271 66710
Laury et al. [99] 2012 Theoretical 8.473 68340

value for the ionization energy of polonium is then discussed and compared to the existing
literature values, to the experimental results obtained simultaneously at the TRIUMF
facility, and to recent theoretical calculations.

6.1 Experimental setup

The target was installed at the HRS separator frontend with a standard RILIS UCx-target
(target #490, 71.5g/cm3 UCy, 14.5g/cm?® C, tantalum hot cavity).

As it was discussed in in Chapter 4, polonium beams may be contaminated with a critical
amount of isobaric francium. Therefore, a process called "pseudo off-line measurement”
was used to produce an intense isobar free, quasi-DC* ion current of 2Po [36]. Prior
to our measurements, the target was irradiated for several days while being used for an-
other experiment (IS479). A 20%Po (T}, = 2.898years) source had been accumulated
in the target by direct proton induced spallation and through the proton induced pro-
duction of its mother nucleus 2°8At (T} s2 = 1.63h). After the protons were turned off,
208y (T 2 =959.1 s), a possible isobaric contaminant, decayed rapidly because of its much
shorter half-life. Shortly after, only 2°*Po was released at mass A = 208 with ion currents
of the order of pA from the target matrix due to its long lifetime.

A further advantage of this method for resonance ionization spectroscopy is the absence
of noise in the spectrum due to proton induced fluctuations and instabilities of the ion
signal (see appendix of [143]). The atoms were then ionized by the RILIS lasers producing

*Stable ion current with relatively low fluctuations.
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Figure 6.1: a) Operational parameters of the ISOLDE target used during the measurements
of the ionization energy. Design of schematics adopted from [143]. b) Ionization scheme
for polonium as used for the Rydberg spectroscopy. The first step was provided by a
frequency-tripled dye-laser, the second step by the fundamental output of a Ti:Sa laser
and the region around the ionization energy was scanned by a tunable dye laser operated
with R6G in ethanol.

an ion current, which was stable over the whole measurement period and which was high
enough to be measured directly by the Faraday cup (> 0.1 pA).

Figure 6.1b shows the ionization scheme of polonium as used for the measurement. The
intermediate steps are the same as those described in Chapter 4.2.3 and [41]: the first step
(A = 255.80nm) was provided by a frequency-tripled dye-laser (dye: styryl8, P ~ 40 mW
in the hot cavity) and the second intermediate step (A = 843.37nm) by the fundamental
beam of a Ti:Sa laser (P ~ 1 W in the hot cavity). The ionizing step, which is usually
provided by the 532 nm output of a Nd:YAG pump laser, was replaced by a tunable dye-
laser (dye: rhodamine 6G (R6G)) for scanning across the expected ionization energy at
67860 (30) cm ™! [149]. The laser was scanned over a range of 585 nm - 605 nm (16530 cm~?
to 17100cm™!, respectively), equivalent to a scan across the ionization threshold from
67460 cm ™! to 68030 cm 1. The wavelength was measured by the WS7 wavemeter [79)].
The power output power of the dye laser is wavelength-dependent and thus, the intensity
of the ion signal varies while scanning along the tuning range of the dye. This affects the
relative intensities of the different Rydberg levels and has to be considered when compar-
ing the relative heights of the peaks.

The background signal at the Faraday cup HRS.FC690 was of the order of -0.08 pA. This
negative offset is due to the decay of radioactive isotopes, which are deposited on the
Faraday cup.
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6 Precision measurement of the ionization energy of polonium

For each Rydberg scan, the last step was scanned by the control program of the commer-
cial dye laser, while the wavelength and the Faraday cup current were recorded by the
LabVIEW based RILIS control system [142]. This leads to a systematic DAQ delay for
which the data needs to be corrected (see Section6.4.1).

6.2 Rydberg scans

Three Rydberg scans around the ionization energy (Wimu = 67860cm™! [149]) were
performed during one on-line shift of 8 hours at ISOLDE and the results are shown in
Figure 6.2, where the ion current is given as a function of the excitation energy from the
second intermediate step at 50934.89(1) cm™! (6p3(*S°)7p) [31]. Correspondingly, energy
ranges and energy levels are given as the excitation energy from the second intermediate
state®, W/ in the following. This simplifies the analysis and allows for the correction of
the literature values of the intermediate steps, if necessary. Transitions to Rydberg levels
were observed in the range from about 16550 cm™! to 16975 cm™!, which corresponds to
laser wavelengths from 589 nm to 605 nm, respectively.

The three Rydberg scans differ in the scanning direction and speed to allow for correction
of the shifts caused by the DAQ-system (DAQ-shifts). The scanning speed was reduced
by a factor of two for each subsequent scan. The results, together with the estimated
resolution, are given in Table 6.2.

Table 6.2: Scanning speeds of the obtained Rydberg spectra and estimated resolution. The
uncertainties are implied by the significant figures.

Scan Scanning speed (cm™!/s) Resolution (data-points/cm™!)
1 -0.56 3
2 0.28 7
3 -0.14 15

In the spectra presented in Figure 6.2, the general structure of the observed Rydberg series
is reproduced but the relative peak heights. This is due to fluctuations in the experimental
conditions such as laser power and beam position that occurred during the measurement
period. For the data-taking it was preferable to acquire a complete scan with no exter-
nal corrective action, than to attempt continuous ion-rate optimization during the scans.
However, it is thus difficult to draw conclusions about the relative intensities observed
in different scans. It is possible that the use of some Rydberg-levels might improve the
efficiency of the laser ionization scheme for polonium [36], but this would require a careful
comparison of the two ionization methods and time restriction did not allow this.

*In the following, a double-primed value always refers to an observable, which is given relative to the
second intermediate state.

114



6.2 Rydberg scans

11981} HATOSI 2% 10 SIITY 9Y) JO SUOIIIPUOD JUSIPIP A[IYSI[S
9)ROIPUI SURIS O} UMD SOOUDIOPL(] "AJ1ARD O} opISUl UoIsod weoq Jose[ Ul 98URYD 9} WO 9JRUISLIO ABRUI URDS ® SULIND

SIYS1e1] yrad Ul SUOIJRLIRA "UOIIN]OSAI JUSISHIP B 0} P YOIYM ‘ISTJ0 [[ORD WIOIJ PAIOJIP SURIS 9211} [[B JOo poads Suruueds oy J,

“uor3oaarp 03150ddo o3 ur pouueds sem g uedg ‘[6HT] 810U UOIFRZIUOL 9} MO[R] [[oA4 03 (d3s Puodes oy woy

W 1°GZ69T)

[—UI0 (09829 JO ASIOUO UOIPRZIUOL O} JO ON[BA SINJRINI[ O} PISSOID YOIYM UOLSII B POIGAOD SUBIS SI9QPAY PIIyy oy3 pue
sag oy, [1€] dA(oSy)ed9 uworpemMSyU0d YA U GFEE0G 1 dos oyerpotIojul Jse oy} woly 810U oy} 0} puodsariod

sToquInuosem o], ‘ufredured JUSUIAINSLIUL Y} SULIMP POUTRIO dI9M TDIYM ‘OJg,, JO SURIS SIOGPAY 901U} YT, :g'9 23]

(. Wwo) are)s panox3 g anoqy Abisu3g uonenox
05697 0069T 05897 0089T 05297 00.9T

05991

.

T

S/,.WO ¥T°0-

= paads Buiuueoss
£ ueds — —

N

——

S/,.W2 82°0 = paads Bujuueds |

Zueog — —

ainjelay|

Ell

S/,.W2 9G°0- = paads Hujuueds |

Tuesg — —

05997

000
S¢'0
0S'0
SL°0
00T

000
S¢'0
0S'0
SL°0
00T

000
S¢°0
0S'0
SL°0
00T

(wd) uaun) uoj

115



6 Precision measurement of the ionization energy of polonium

6.3 Analysis of the Rydberg spectra

Each obtained Rydberg spectrum was analyzed individually. In the following the proce-
dure is explained using Rydberg scan 3 as an example, but Rydberg scans1 and 2 were
analyzed similarly. Figure6.3 a shows the detailed structure of scan3. In total 93 peaks
could be resolved. The spectrum contains a repetitive substructure of 5 peaks, each be-
longing to a separate Rydberg series. These subseries converge eventually to the center
of gravity of the group for higher energies towards the ionization energy. The five peaks,
which all have the same principal quantum number n, are referred to as one group (g).

6.3.1 Identification of the subseries and peaks in the Rydberg scans

Figure 6.3 b shows a zoom into the spectrum of a low-lying group (g = 7) of Rydberg states
from 16746 cm ™! to 16757 cm~!. Each peak is well-resolved and belongs to one of the five
subseries. The labeling with arbitrary names from the lowest-lying series to the highest
lying series is as follows: II, ©, 3, 2, and ®. Within one group, the second subseries ©
is the strongest and the first subseries II and the isolated subseries 2 in the middle of
the group are about half as strong as subseries ©. The fourth subseries €2 and the fifth
subseries ® are much weaker than the others.

These subseries converge towards higher energies and become unresolved in an enveloping
peak, which are then treated as a new individual subseries. The different stages of the
merging of the subseries are shown in Figure6.3b-d: in Figure6.3c, the first two sub-
series and the last two subseries become indistinguishable and are denoted as IIO and Q®;
then, the third subseries ¥ merges with the first two subseries to become subseries I1OY;
Figure 6.3 ¢ shows the subseries very close to the ionization energy; all series converge
eventually to the center of gravity of the group, which is then denoted as the subseries
110XQ0.

The point from which the subseries start to merge depends on the resolution of the scan
and consequently more Rydberg levels were resolved for scan3 since it has the highest
resolution due to the slow scanning speed.

In total 97 resonances were resolved in scan1l and 93 resonances were resolved in scan 2
and scan3. In scanl and scan 2, the peaks belong to 39 identified groups and in scan 3
to 48 identified groups. Each group is numbered, starting with g = 1 for the lowest-lying
Rydberg group of scanl and 2 visible in Figure6.2. Correspondingly the lowest lying
group visible in scan 3 is g = 6.
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6 Precision measurement of the ionization energy of polonium

6.3.2 Fitting

The fitting was performed using the Origin Pro(©) 9.0 analysis software. To determine the
center of each well-resolved peak, one or more groups were fitted simultaneously with a
multipeak fit of superposed Gaussians for each scan. The equation describing this is:

F@)=w+Y — G (6.1)

where yg is the FC background level, which is kept constant for each scan, A; is the area
under the i*h peak, w; = 20; is the peak width, and 7. ; is the wavenumber of the center of
peaki. The common background level yy was determined for each scan before the multi-
peak fit by fitting a straight line to the background signal well below the ionization energy
and was then kept fixed during the actual fitting. The peak width of the well-resolved
resonances was on average FWHM = 0.4cm ™! . This was taken as a lower limit and, for
a single fully resolved peak, it corresponds to the expected Doppler broadening in the hot
cavity. No upper limit was set in order to take into account the merging of the subseries
and the corresponding broadening.

The groups below 16740 cm™! (see Figure 6.2) were considered to be independent of the
neighboring groups and were fitted individually by a multipeak fit. All groups from
16740 cm™! to about 16940 cm™! were fitted by one multi-peak fit to take potential su-
perpositions of the peaks of neighboring groups into account. For these cases, the high
number of fitting parameters made it necessary to fit in several stages: first, the wavenum-
bers of the peak centers were initialized and the width was shared for all peaks during the
first fit. Then, the width was fitted freely with a lower limit of 0.4cm™! . If necessary,
centroids and widths were slightly varied until the fit converged by X?-minimization. The
overall uncertainty of each peak centroid is between 0.01cm™! and 0.1cm™! depending
on the statistics and how well resolved the individual peak is. Table 6.3 gives an overview
about the most important parameters of the analysis.

Note that the obtained values for the centroid of the peaks show a systematic shift between
the scans due to the different scanning speeds caused by a delay in the DAQ system.

Table 6.3: Characteristics of the three different Rydberg scans and the fitting results: peaks
and groups that were identified, Faraday cup background levels and wavenumbers of
the first and the last identified peak. The levels are not yet corrected for the systematic
shift of the spectra due to the DAQ delay.

Scan | # peaks Range groups Background First peak Last peak
Ginin~Gmax (PA) (em™) (em™)

1 97 1-39 —0.0896 (6) 16565.09 (9)  16924.54 (3)

2 93 1-39 —0.0895 (6) 16565.49 (2)  16924.91 (6)

3 93 6 —48 —0.0847 (2) 16703.86 (6)  16934.41 (2)
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6.4 Evaluation of Rydberg peak position

6.4 Evaluation of Rydberg peak position

6.4.1 Correction for the systematic shift of the spectra due to the DAQ
delay

A systematic shift of the peak positions is observed between the different scans. This is
illustrated in Figure 6.4a which shows the Rydberg state series ¥ in group g = 7. The peak
position of scan 1 is shifted towards lower wavenumbers compared to scan 3, while the peak
position of scan 2 is shifted towards higher wavenumbers compared to scan 3. It is further-
more observed that the lineshape broadens slightly for faster scan speeds (see Figure 6.4a).
Both effects can be explained by the different acquisition speeds of the wavemeter and the
Faraday cup: while the wavenumber is measured about 28 times per second, the Faraday-
cup DAQ integrates the ion current over a half a second and thus measures only 2 values
per second. This results in a systematic shift of the measured wavenumber. Additionally,
the lineshape is broadened due to the increased ion current that is recorded on rising and
falling peak flanks.

The overall systematic DAQ-shift of the peaks was determined by calculating the weighted
average of the systematic shifts of several well-resolved and undisturbed peaks of series X,
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Figure 6.4: A representative example of the determination of the systematic shift due to

the DAQ delay, conducted for the resonance of series ¥ in group g = 7. a) Plot and fit
of the resonance of series for the three Rydberg scans. The estimated real position of
the peak is given by the red solid line and the shifts to the measured peak positions are
indicated with the arrows. b) The peak position as a function of the scanning speed
and a fit to the data (red solid line). The real position of the centroid is defined as the
intercept of the straight line with the abscissa (scanning speed of 0 cm™!/s).
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6 Precision measurement of the ionization energy of polonium

for which it was certain that no superposition with neighboring series could disturb the
peak. In total, 13 of such resonances (g = 7 to g = 19) appear in each scan.

As shown in Figure. 6.4b, the systematic shift, 7, of the peaks is proportional to the scan-
ning speed. This allows for the determination of the real peak position at a scanning speed
of 0ecm™!/s by fitting a straight line to the data and interpolating to the intercept. This
procedure was repeated for the other 12 undisturbed peaks of the series ¥ and the results
of all fits are given in Table A.1 in the Appendix A. No systematic wavenumber-dependent
trend in the DAQ-shifts was observed. The correction factor was then determined by
calculating the weighted average of all the individual DAQ-shifts, for which the fitting un-
certainty was taken as the weighting factor. The uncertainty of the systematic DAQ-shift
was obtained by calculating the standard deviation of the scans to the weighted average.
Table 6.4 lists the systematic DAQ-shifts of the peaks obtained for each scan.

Table 6.4: Details of the systematic shift due to the time delay in the DAQ. Different
frequency steps, measured scanning speeds and corresponding systematic DAQ-shift,
0v obtained by the fit and the uncertainty of the DAQ-shift, Adv.

Scan Steps size Scanning speed ov AdD
(em™') (ecm™!/s) (em™!/s) (cm™!/s)

1 0.02 -0.56 -0.275 0.073

2 0.01 0.28 0.138 0.047

3 0.005 -0.14 -0.074 0.045

6.4.2 Evaluation procedure for the determination of the peak positions

The final values of the transition wavenumbers to the Rydberg levels were calculated by
correcting the measured peak values in each scan for the systematic DAQ-shift and aver-
aging the results from the individual analysis of the three Rydberg scans. The procedure
is summarized in the following and the final results for each observed level can be found
in Table B.1 in Appendix B.1.

Correction of the fit results for the systematic DAQ-shift due to the DAQ delay:
In order to obtain the DAQ-shift corrected centroids ﬂ;’ i the DAQ-shifts d7; of
each Rydberg scan given in Table 6.4 were added to each centroid 7; ;1 (i: Rydberg
series, j: group number, k: scan number):

Vz{,j,k = ﬂi,j,k — 61714: (62)

Calculation of the uncertainties of the DAQ-shift corrected peaks: The statisti-
cal error of the DAQ-shift corrected centroid is given by the uncertainty of the mul-
tipeak fit and the statistical uncertainty of the wavemeter AWM = 0.02cm™! [79].
In addition, a systematic error due to the DAQ-shift AdD, needs to be added. The
systematic error of the wavemeter will be added later to the final combined values
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6.4 Evaluation of Rydberg peak position

of the centroids and to the uncertainty of the evaluated ionization energy since this
systematic is a property of the combined values of all three scans. Thus, the total
error of the DAQ-shift corrected centroids calculates to:

AT =\ (A7) + (AWM)? + Az, (6.3)

The position of the Rydberg levels: The calculation of the final value of the com-
bined centroids depends on the number of scans in which the individual Rydberg level
was resolved. Most peaks were resolved in at least two or three scans (N = 2,3).
In these cases, the final values of the Rydberg levels were obtained by calculating
the weighted mean for each Rydberg level W/":

N=k
~/
2 Vi Wik
" k=1 ! 1
Wi,j = “N=k with Wi, 5k = m, (64)
Z? 2
2 Wik ’
k=1

where w; ;1 is the weighting factor. If a Rydberg level was only resolved in one scan
(N = 1), the DAQ-shift corrected value from Equation (6.2) was taken:

Wi = Vi (6.5)

The excitation energy of the Rydberg level with respect to the ground state is then
given by

Wij=W"+ W, (6.6)

where W is the total excitation energy with respect to the energy of the second
excited state in the ionization scheme.

Final error of Rydberg levels: In case the Rydberg state Wi’fj was observed in at least
two Rydberg scans (N > 2), the final statistical uncertainty is given by the standard
deviation o; ; of the DAQ-shift corrected fit values /] ik around the weighted mean
of the Rydberg level W’ '.. If a Rydberg level was only resolved in one peak (N = 1),
the error of the DAQ- shlft corrected value Ay i ;) was taken. In order to treat the
errors conservatively, a lower limit for the statistical uncertainty of the Rydberg level
was estimated by calculating the average standard deviation, & = 0.06 cm™!, of all
Rydberg levels. This can be summarized by:

Oij ifN>2anda¢j>6
AW, = Aﬂ%{,jyk if N =1 and A7/ ik > O (6.7)

&=0.06cm™ ! if o;;, A7 k<0

For the final values W; ; of all observed Rydberg levels (see Table B.1 in Appendix B.1)
the systematic uncertainty of the wavemeter was added.
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6 Precision measurement of the ionization energy of polonium

6.5 Detailed analysis of the ionization energy of polonium

The ionization energy of polonium was calculated by fitting the Rydberg formula (Equa-
tion (2.7)) and Rydberg-Ritz formula (Equation (2.10)) to the final values of the Rydberg
level from Table B.1.
For practical reasons, the ionization energy is calculated with respect to the second excited
state W/ = 50934.89 cm ™~ [31] throughout the rest of the chapter and will be denoted as
W/ . This allows for a simpler correction of the total ionization energy W, in case the
literature value of the second step is measured more precisely in the future. The ionization
energy can then be calculated by:

Win = Wy + Wi

lim

(6.8)

Using the conventions defined in Chapter 2.1.2 for the excitation energy W,, and the energy
E, of an intermediate atomic level, W,, = E,, — Ey, the excitation energies W' of the
Rydberg levels can then be calculated to the first order by using the Rydberg formula
(Equation (2.7)) and setting the charge to ( = 1 for a singly ionized ion:

R R
Wi = Wi = 5 = Wi = —— (6.9)
(n) (= 0n,)

where n* is the effective quantum number, n the principal quantum number and 6,
the quantum defect. The reduced-mass Rydberg constant for 2°®Po is calculated to
Ryr = 109737.0262385 (8) by Equation (2.5) using the values for the Rydberg constant
and electron mass recommended in CODATA [121] and the mass of 2%*Po given in the
AME2012 [173).

If the ionization energy W/

" is known, the effective quantum number n* can be calculated
from Equation (6.9) by

«_ | Ru

In the case of a dependency of the quantum defect on the principal quantum number n as
described in Chapter 2.1.2, the ionization energy is calculated to second order using the
Rydberg-Ritz formula (Equation (2.10)):
Ry
Wy = Wi, — —- (6.11)
(n-4+2)

The ionization energy, W}/ , with respect to the excitation energy of the second excited
state, WY, is obtained by a fit of Equation (6.9) or Equation (6.11) to a series of Rydberg
levels.
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6.5 Detailed analysis of the ionization energy of polonium

6.5.1 Substitution of principal quantum number and quantum defect

In practice it can be difficult to assign the real principle quantum number n to high-
lying Rydberg levels. An unambiguous allocation of a principal quantum number to each
Rydberg level is only possible, if the head* of the Rydberg series, or other members of
the same Rydberg series, are described in the literature. A possible assignment of the
principle quantum numbers to the Rydberg levels will be discussed in Chapter 6.5.5.
However, to keep the following calculation and discussions free from speculations on the
real principal quantum number, the principal quantum number n and the quantum defect
0 are substituted in the following:

n — n’: The principal quantum number n must be larger than the effective quantum
number n* = n — § since § > 0. Hence, n is substituted by the minimum value for
the principal quantum number n’, which can be expressed by:

n’ =int[n*] + 1. (6.12)

Alternatively, n’ can be defined by introducing an integer An, which is the difference
between n’ and the principal quantum number n:

n' =n—An. (6.13)

0 — ¢’ The quantum defect § can be substituted by the remainder of the quantum defect

¢’, which is calculated by:
5, = HlOdl [5]

= mod; [n — n’] (6.14)

= mod; [-n"] .
Similar to n/, ¢’ can be alternatively defined using an integer Ad, which is the
difference between the remainder of the quantum defect ¢’ and the quantum defect
0:

§=0—A§. (6.15)

It can be easily verified that An = Aé:
§=n"-n* |0/ =6 — A5, n =n—An
§—Ad=n—An—-n" |—-n

d—Ad—n=—-An—n" In*=n—29
Ad = An.

(6.16)

Once it is possible to allocate the data unambiguously, this approach allows for a simple
correction to the obtained values of n’ and ¢’ for An and AJ, respectively.

The calculation of the value of the ionization energy by Equation (6.9) and Equation (6.11)
is independent of the choice of the principal quantum number and the quantum defect.

*Low-lying members of a Rydberg series, for which the principal quantum number n is known.
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6 Precision measurement of the ionization energy of polonium

6.5.2 Visualization of the Rydberg series

The different subseries can be visualized by plotting the remainder of the quantum defect
0" as a function of the minimum principal quantum number n/. This allows for first con-
clusions about the relative weight of one subseries in a merged series and the dependency
of the quantum defect on the principal quantum number and simplifies the further discus-
sion.

In order to obtain ¢’ and n/, a first fit of the ionization energy was performed by fitting
the Rydberg formula (Equation (6.9)) to the members of series ¥ (¢ = 1 to g = 21) and
by substituting n with their group number g. The Rydberg fit and the fit residuals are
shown in Figure 6.5a. This approach leads to a first determination of the ionization energy
with respect to the second excited state, W, of polonium of

Wi s = 16961.42(1) .

This first iteration is precise enough to calculate ¢’ and n’ by Equation (6.9), Equa-
tion (6.12) and Equation (6.14) for the visualization of the series. The uncertainties of
0’ are calculated with an error propagation of the uncertainties by taking into account the
fit uncertainties of the centroids AW, the fit uncertainty of the second step ionization
energy AW  and the uncertainty of the reduced Rydberg constant of Polonium ARj;.
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Figure 6.5: a) Top: the excitation energy of the well-resolved peaks of series ¥ as a function
of the group number g. The red solid line is a fit of the Rydberg formula to the data.
Bottom: the residuals of the fit values show no trend and also no distortions. b)
Remainder of the quantum defect §’ as a function of the minimum principle quantum
number n’ calculated from the results of the fit shown in (a).
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6.5 Detailed analysis of the ionization energy of polonium

The corresponding n’-0’ plot for the observed Rydberg levels is shown in Figure 6.5b. Each
subseries and merged series are distinguishable by comparing the corresponding ¢’-values.
The ¢ of the lower n’ do not change significantly, when compared to the §’ of the reso-
nances with higher principal quantum numbers, n.

For some resonances, ¢, differs slightly to the overall trend of the corresponding series.
This mainly occurs for peaks in which the individual subseries are visible, but not clearly
resolved from the neighboring series and thus, these peaks were omitted from the fit.

6.5.3 Determination of the ionization energy with respect to the second
excited state

The final value of the ionization energy with respect to the second excited state at W =
50934.89(1) cm~! was determined by three different methods:

Method 1: Rydberg fit to only the strongest peaks of each group.

Method 2: Individual Rydberg fits for all resolved Rydberg series and merged series.
W was calculated by the weighted average.

lim

Method 3: Global fit to all Rydberg series with the ionization energy as a shared fitting
parameter.

For each method, the Rydberg formula Equation (6.9) and the Rydberg-Ritz formula of
second order in Equation (6.11) were fitted. However, the fits with the Rydberg-Ritz
formula led to an unrealistic value for the parameter B with uncertainties as large or
larger than the value. Additionally, the ionization energy showed a dependency on the
parameter B. Therefore, a further use of the Rydberg-Ritz formula was omitted and only
the Rydberg formula was used for the calculation of the ionization energy in the following.

Method 1: Rydberg fit to strongest peaks

As shown in Figure 6.5b, the strongest observed peaks in each group are the members of
the subseries © and the corresponding merged series II0. The full range of the Rydberg
scan is then covered by ©, IIO and the center of gravity series IIOXQ® for a combined
Rydberg fit with the Rydberg formula as shown in Figure 6.6.

With method 1, the ionization energy with respect to the second excited state is Wyl ;, =
16961.45(1) and the common remainder of the quantum defect is ¢’ = 0.3149(9). This
value differs slightly to the one obtained from the fit of the well-resolved peaks of series
3.

However, the residuals are not uniformly continuous and show jumps of up to 0.2c¢m™
between the individual series. This illustrates the need of an individual fit with a free §
for each subseries, as it was performed for method 2 and method 3.

1
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6 Precision measurement of the ionization energy of polonium
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Figure 6.6: The fit of the Rydberg formula to the combined series of ©, II© and IIOXQ®
from method 1. The symbols used for the individual series are the same as introduced
in Figure 6.5b. Jumps of the residuals are visible where a new series begins.

Method 2: weighted mean of individual fits to all series.

In a second approach, each subseries was analyzed separately and the final value of the
ionization energy was determined by calculating the weighted average of all individually
obtained ionization energies, for which the fit uncertainties were taken as weighting factors.
The results are given in Table 6.5.

It should be noted that not all the peaks of each series were used, since peaks, which were
not fully resolved or for which the residuals were diverging from the fit were not taken
into account. Table6.5 gives the range of the corresponding n'-values for the Rydberg

Table 6.5: Results of the separate Rydberg fits to each individual Rydberg series and
weighted average of the ionization energy.

Series Range n’ 6’ (em™1) W, (cm™1)
I 17-24 0.3544(8) 16961.41(2)
0 17-24 0.3145(17) 16961.47(5)
> 17-37 0.1559(5) 16961.42(1)
Q 18-21,23-25 0.9580(16) 16961.50(4)
) 18,20, 21,23- 25 0.9113(29) 16961.33(5)
ie) 95- 37,39, 40 0.3165(19) 16961.38(2)
0% 26- 37 0.9331(45) 16961.37(4)
exOe 41-65 0.30153(11) 16961.47(2)
Weighted average 16961.415(7)
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6.5 Detailed analysis of the ionization energy of polonium

resonances, which were used. The uncertainty was determined by calculating the standard
deviation of the difference of the individual results of each series to the weighted average.
The obtained ionization energy with respect to the second excited state of W7y, o =
16961.415 (7) cm~! agrees with the value from method 1 within the uncertainties. The
uncertainty however, is significantly higher due to the scattering of the individual values,
but the uncertainty of Method 1 is most likely underestimated.

Method 3: global fit to all individual series.

In a third attempt, the Rydberg formula was globally fitted to the individual Rydberg
series, where the ionization energy with respect to the second excited state, W/ | was a
shared parameter. Only the remainder of the quantum defect ¢’ was an individual fitting
parameter. The ranges of the n’ of the used Rydberg levels correspond to the ranges used
in method 2.
This approach has the advantage that it uses all the available statistics in one fit for the
determination of the ionization energy, while taking into account the different quantum
defects of each individual subseries. Table6.6 lists the fit results for ¢’ and Figure6.7
shows the residuals for each Rydberg series. The residuals are stable for the whole range
of Rydberg levels and the obtained ionization energy with respect to the second excited
state obtained by the global fit is:

W/I

lim,M3

= 16961.420(8) cm ™.

This value agrees well with the result from method 2, but differs from the result obtained
by method 1.

Table 6.6: Quantum defects obtained by the global fit of the Rydberg formula to all series
with a shared ionization energy with respect to the second excited state, W}/

lim,global
Series Range n’ &

I 17-24 0.3548(87)

0 17-24 0.3130(5)

5 17-37 0.1561(5)

Q0 18-21,23-25 0.9548(7)

) 18,20, 21, 23-25 0.9145(7)

e 25-37,39,40 0.3204(15)

Qo 26- 37 0.9384(14)

Ios0d 41-65 0.3204(15)

127



6 Precision measurement of the ionization energy of polonium
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Figure 6.7: Residuals for each Rydberg series obtained by the global fit of method 3: a
global fit to all series for which the ionization energy with respect to the second excited
state was a shared fit parameter.
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6.5 Detailed analysis of the ionization energy of polonium

6.5.4 Final result of the ionization energy of polonium

The total ionization energy of polonium from the ground-state, Wy, is given by the
excitation energy of the second excited state, W”, and the ionization energy with respect
to the second excited state, W/ :

lim*

I/I/lim = W” + M/lllin ‘

(6.17)

The second step, W” = 50934.89(1) cm~!, was taken from [31] and the result of method 3
for the ionization from the second state, Wi, s = 16961.420(8) cm™! was taken for the
final value since it combines the advantage of taking the whole data set in one fit into
account and no shifts of residuals.

Several uncertainties have to be considered in the calculation of the total ionization energy:

Statistical uncertainties: The uncertainty of the literature value of the second ex-
cited step is of the order of AW/ = 0.01cm™! according to [31] an the fit uncer-
tainty of the ionization energy with respect to the second excited state is AW/ =
0.008 cm~!. The overall statistical uncertainty then calculates by error propagation
t0 AWjimatar = 0.012cm ™1

Systematic uncertainty: Systematic uncertainties arise from the wavemeter and the
DAQ system. The systematic uncertainty of the HighFinesse WS7 wavemeter was
estimated to Ay = 0.03cm™! in [143] by comparing the output of wavemeter
WS'7 to the output of wavemeter WS6.

The final result of the ionization energy of polonium is therefore given by:

_ 1" 7
Wim = Wi + Wi

= 50934.89(1) cm ™! + 16961.420(8)(30) cm ™ (6.18)
= 67896.310(13)(30) cm ™' .

In alternative units, the ionization energy of polonium can be written as

Wi = 67896.310(13)(30) cm™*
= 8.418069(2)(4) eV (6.19)
= 147.28341(3)(7) nm .

6.5.5 Assignment of subseries

It is possible to allocate the members of a Rydberg series to a specific principal quantum
number by comparing the quantum defect of similar homologous elements. For this pur-
pose, the quantum defects of the literature values of the known atomic levels of sulphur
(S) [116], selenium (Se) [123] and tellurium (Te) [27, 124, 146] were calculated.

The second intermediate state of the polonium excitation scheme has the configuration
6p>Tp° Py. Excitation from the second intermediate state is therefore only possible to an
s-state (I = 0) or a d-state (I = 2). Therefore, odd-parity s- or d-states of sulphur, sele-
nium or tellurium were taken into account for the comparison of the quantum defects. In
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Figure 6.8: Histograms of the distributions of the quantum defects of the Rydberg levels
of polonium (Po) and the electron levels found in literature for sulphur (S), selenium
(Se) and tellurium (Te). The quantum defects are substituted by § — Ad for a better
comparison and the calculated Ad-values are given in the corresponding histograms.
For Rydberg levels, § — Ad values can be identified with the §’-values: dp, — Adp, = 0y,
. A general trend is observed that 6 — Ad values of the ns-series (green) tend to be ~ 1,
while the 6 — A¢ values of nd-series (red) tend to accumulate between 0.05 and 0.5.
Correspondingly, it can be thus assumed that the Rydberg series €2 and ® of polonium
are ns-series and X, II and © of polonium are nd-series. The Ad values increase by
+1 from sulphur to selenium and to tellurium following the increase of the periods of
the homologous elements. Polonium ns-levels should thus have Ad§ = 4 and polonium
nd-levels should have Aj = 3.
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6.5 Detailed analysis of the ionization energy of polonium

addition, only quantum defects for levels with high n were taken into account for which
the quantum defects don’t show any dependency on the principal quantum number.

In contrast to polonium, the configurations and quantum numbers of the levels of sulphur,
selenium and tellurium were known and therefore, Ad could be extracted for each of the
s- and d-levels individually and subtracted from the total quantum defect: § — A§. These
resulting values where then compared to the remainder of the quantum defect of the polo-
nium isotopes, for which §' = 6 — Ad.

Figure 6.8 shows the histograms of the § — Ad values. The distribution of the quantum
defects of the s-levels (green) and d-levels (red) of sulphur, selenium and tellurium are
clearly separated. The s-states tend to be in the range § — Ad =~ 0.9 — 1.1, while the
d-states scatter between 0.05 and 0.5. Based on these assumptions, the series €2 and ¢
of polonium are identified as transitions to s-states, while X, IT and © are transitions to
d-states.

Following the evolution of the Ad values of sulphur, selenium and tellurium and adding one
additional electron shell for Po, it becomes conclusive that Ads(Po) = 4 and Ad;(Po) = 3.
These results are nicely confirmed by a comparison with the 7 atomic states with odd par-
ity found in [31], of which the listed ns states have quantum defects ranging from 4.9 to 5.05
like the series 2 and ® and the listed np-values have quantum defects scattering around
3.3 like the series II. The latter might also be valid for the series © since the quantum
defects of lower lying members of a Rydberg series have slightly different quantum defects
due to the stronger interaction with the nucleus. No corresponding levels were found for
the series ¥, but this is most likely due to the low number of known levels in literature.
For the ns-states, it is even possible to conclude that the series ¥ corresponds to states
with J = 1 and the series ® corresponds to states with J = 2.

The values of Ad = An can then be added to the n’ and ¢’ values obtained in Chapter 6.5.3
and an estimation for the n and d values for the polonium series can be made. Table B.1 in
Appendix B lists the complete list of the observed transitions to Rydberg states together
with the corresponding excitation energies and the suggested quantum numbers.

6.5.6 Summary and discussion

In this work, the ionization energy of polonium has been determined by fitting the Rydberg
formula (Equation (2.7)) to a set of Rydberg series, which led to final value of:

IEp, = 67896.310(13)(30) cm ™! (6.20)
= 8.418069(2)(4) eV . (6.21)

This value is more than 50 times more precise than the literature value of 67860(30) cm™*

given in [149]. Moreover, the ionization energy determined in this work differs by more
than 10 cm ™! from the value of 67885.3 cm ™!, which was obtained by a Rydberg-Ritz anal-
ysis in [31]. However, in [31], only 3 low-lying levels were allocated to a Rydberg series,
which limits the accuracy of the determination. Additionally, 93 new resonances in the
polonium spectra were observed, of which 57 resonances could be assigned to unambigu-
ously resolved atomic states as listed in Table B.1 in the Appendix B.
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6 Precision measurement of the ionization energy of polonium

At the same time of the measurements of the polonium Rydberg series at ISOLDE in
September 2012, a team at the Tri University Meson Facility (TRIUMF) in Vancouver,
Canada, measured Rydberg series of polonium with the TRILIS setup [134]. Here, an
alternative two-step ionization scheme was used: a frequency-tripled Ti:Sa UV-laser beam
with wavelength of 245.08 nm to the first intermediate step at 39081.19 cm™! (6p>(4S°)7s
5S9) and a frequency-doubled tunable Ti:Sa laser for the scan of the region around the
ionization energy.

These measurements provided a complementary determination of the polonium ionization
energy with different Rydberg series of levels with even parity in contrast to these mea-
surements, for which Rydberg levels with odd parity were measured. The measurements at
TRIUMEF led to a value for the ionization energy of polonium of IE=67896.35(17)(20) cm™*
[136], which is in excellent agreement with the value measured in this work. In addition,
a new theoretical value of 67790(129) cm~! has been calculated by A. Borschevsky [22],
which also agrees well with the new experimental values. The new value for the ionization
energy of polonium obtained by Rydberg spectroscopy at ISOLDE and TRIUMF and the
results from the theoretical calculations by A. Borschevsky will be published in a joint
article [137]. An overview of the values obtained in this work, at TRIUMF and by new
theoretical calculations are given in Table 6.7 and compared to the literature values.

Table 6.7: Comparison of the ionization energy of polonium obtained during the work
on this thesis, at TRIUMF and by recent theoretical calculations with the literature
values. Values indicated with * should be taken as preliminary. The values given in
[31, 32] are implied with significant numbers.

Origin Method Tonization energy
(eV) (cm™1)

This work Rydberg analysis 8.418069(2)(4) 67896.310(13)(30)
S. Raeder etal. [136] Rydberg analysis 8.418074(21)(25)* 67896.35(17)(20)*
A. Borschevsky [22]  Theoretical 8.405(16)* 67790(129)*
Charles etal. [32] Semi-empirical [147] 8.43 67980
Charles etal. [31] Rydberg-Ritz 8.417 67885.3

Semi-empirical [147] 8.411 67840.0
Sansonetti et al. [149] Evaluation of lit. values |8.414(4) 67860 (30)
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7 First experiments with the LIST: laser
spectroscopy of neutron-rich polonium

During the LIST on-line run in 2012 at ISOLDE, the mean square charge radii and
hyperfine-structures of neutron-rich polonium (A > 210) isotopes were studied by in-
source laser resonance spectroscopy using the LIST for the suppression of the strong fran-
cium contamination in this mass region. The goal was to fill the gaps in the isotope chain
visible in Figure 7.1 and to investigate the properties of the odd-A neutron-rich polonium
isotopes. Due to the remaining contamination of 2'?Fr (see Chapter 4.3.4), a measurement
of the polonium isotopes near the shell-closure N = 126 was omitted. However, the iso-
tope shift and the hyperfine-structure of 2'7Po were successfully measured for the first time
together with the neighboring isotopes 216:218Po as reference isotopes. In addition, a first
glimpse into the hyperfine-structure of 2?Po was possible, demonstrating the feasibility
of the LIST for the study of this isotope.

A brief review over the physics around the closed proton shell at Z = 82 and a summary
of the previous experiments on polonium at ISOLDE will put the work described in here
into context, before the experiment and the results will be discussed.

7.1 A brief review of the physics around the closed proton
shell at Z=82

The isotopes of elements close to the magic proton and neutron numbers (see Figure 1.1
in Chapter 1) are of particular interest for nuclear structure studies. Fundamental prop-
erties*, such as the binding energies of the nucleons or the changes in the mean square
charge radii, ¢ <r2> AA, e sensitive to the interactions of few nucleons around an in-
ert core. The region’ around the closed proton shell Z = 82 of lead (Pb) is no stranger
to this and unveils a variety of interesting phenomena. It hosts for example the stable
doubly-magic (Z = 82, N = 126) isotope 2°*Pb, which consequently is the heaviest stable
isotope found in nature (ignoring “virtually” stable nuclei, such as 2°°Bi, which has a
half-live of 1.9(2) - 10 years [46]). Close to the neutron shell closure at N = 126, the
ground-state shapes of lead-isotopes (I™ = 07) are observed as spherical [39]. Further
away from the shell-closure to the neutron-deficient side an effect called shape-coexistence
was observed close to the ground states of mid-shell isotones (nuclei with same number
of neutrons, but different proton numbers) of N = 104. Shape-coexistence occurs when
different quantum configurations give rise to states with distinct nuclear shapes within

*In order to keep this discussion concise, I refer to the dedicated literature and text books. An overview
of nuclear structure can be found in [29, 95]. For the discussion of the charge radii and moments, I refer
to [128].
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Figure 7.1: Changes in mean square radii, § <r2> 4 for even-Z isotopes in the lead-region
(Z = 82): platinum (7sPt) [101], mercury (soHg) [171], lead (g2PDb) [6, 47, 50, 53],
polonium (g4)Po [39, 159], radon (s¢Rn) and radium (sgsRa) [64]. The reference isotopes
are indicated by the large circles.

the same energy range and the same spin and parity. The proximity of those quantum
configurations may result in configuration mixing, whereby the shape of the state becomes
difficult to determine. A remarkable example is '®6Pb, which was found to have the three
lowest states in a I™ = 0" configuration within a range of 700keV and its shape was
interpreted as a mixing of the corresponding spherical-, oblate-, and prolate shapes [5].
Shape-coexistence was also found for the neutron-deficient isotopes of platinum (Pt) [101]
and mercury (Hg) [171]. For the latter, also a specifically large odd-even staggering in
the mean square charge radii was observed, where the odd-N nuclei have a systematically
larger mean square charge radii than the trend set out by the even-NV isotopes. This can
be interpreted by a systematically stronger deformation of the odd-A nuclei. Figure7.1
shows these mean square charge radii.

On the neutron-rich side of the shell closure (N > 126), it is of particular interest to map
the existence of octupolar deformation™ and inverted odd-even staggering as observed for
isotopes of radon (Rn) [20], francium (Fr) [35] and radium (Ra) [67]. The inverted odd-
even staggering refers to the odd-A isotopes being systematically smaller than the trend
for the even-A isotopes and is considered to be a fingerprint for octupolar deformation.
Additionally, a kink in the mean square charge radii was observed departing from the
neutron shell closure for lead, radon and radium [64] as shown in Figure7.1.

*Octupolar deformed nuclei have pear-like shapes. An illustration can be found in [67]
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7.2 Status of the ISOLDE experiment 1S456

During the last years, the systematics in the lead region were studied at ISOLDE by
the means of the in-source resonance ionization spectroscopy. This technique enables to
determine the isotope shift and the hyperfine structure and thus allows the determina-
tion of the changes of the mean square charge radii and the electric dipole and magnetic
quadrupole moments, respectively. So far, lead- [47, 157, 158], bismuth- (Bi) [112], and
polonium-isotopes (Po) [39, 159] were studied. This list was recently extended to isotopes
of thallium (T1), gold (Au) and astatine (At) [114, 143].

7.2 Status of the ISOLDE experiment 1S456: “Study of
polonium ground state properties by simultaneous
atomic- and nuclear-spectroscopy”

The experiment described in here is part of the IS456 experiment [38] aimed at the “Study
of polonium ground state properties by simultaneous atomic- and nuclear-spectroscopy”.
Polonium has Z = 84 protons and is the first even-Z element being above the magic
proton shell-closure with Z = 82 and having no stable isotopes. Prior to experiment
15456, evidence for shape coexistence close to the mid-shell at N = 104 arose from «a-decay
spectroscopy of radon and polonium [10, 175] and from in-beam studies [86]. However,
the extent and onset of the ground-state deformation was still unknown until the neutron-
deficient polonium isotopes were studied during two on-line runs at ISOLDE in 2007 and
2009 [39, 159]. The results are shown in Figure7.1. An astonishing result was the early
deviation from the spherical shape compared to the mercury or the platinum chain [39]. A
comparison of the even isotopes to the odd isotopes did not show any pronounced odd-even
staggering as observed for mercury [159]. On the neutron-rich side, a kink of the mean
charge radii is visible, starting for isotopes heavier than 2'Po with the neutron magic
number N = 126, similar to the neutron-rich lead, radon and radium isotopes [64].
However, the overwhelming contamination of the beam with francium above N > 126
and the very short half-lives made the study of most isotopes on the neutron-rich side
impossible during the first two runs. 2'%213Fr and 220:222Fr are the strongest contaminants
in the polonium chain. The latter leaked into the beams of the lower masses due the
asymmetric shape of the mass peaks after the GPS mass separator [52] and were observed
down to the mass A = 216. Only 2'°Po and ?'®Po could be measured on the neutron-rich
side using the ”"pseudo off-line measurement” method described in [36] and in Chapter 6.1.
The neutron-rich odd-A polonium isotopes remain still unstudied and the measurements
described in here aim at shedding light on the unknown border of octupolar deformation
in this region, colloquially called “the island of octupolar deformation”.
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Figure 7.2: a) Three-step laser ionization scheme for polonium. b) Zoom on the possible
hyperfine levels for nuclear spins I™ = 13/2%, 9/2%, 1/2~ with total angular momen-
tum F' and corresponding transitions (red solid lines) for the studied transition from
the 7s°S5 state to the 7p® P, state. The hyperfine structure is not to scale.

7.3 Experimental setup and data taking

The polonium isotopes with mass A > 210 were produced* at ISOLDE in the spallation re-
action of 238U induced by the impingement of a 1.4 GeV proton of typically 1.1 pA intensity
from the CERN PS-Booster onto a LIST-UC, target (ISOLDE target #488, 50 g/cm?).
The reaction products effused into the tantalum transfer line and the hot cavity, both
kept on a temperature of T' &~ 2300 K and enter the LIST. Surface ionized contaminants,
such as francium isotopes were separated from the neutral atomic beam by the repeller
electrode of the LIST operating on a positive potential of typically 7 V. Polonium was then
element-selectively ionized inside the LIST RFQ structure by a three-step laser ionization
scheme [41]. It consisted of a frequency-tripled dye laser of 255.8nm (P ~ 20mW) for
the transition to the 6p3(45°)7s 553 first state, a tunable 0.8 GHz narrowband (NB) Ti:Sa
laser of ~ 843.37nm (P ~ 3mW) for the scan of the transition to the 6p®(*5°)7p° P, sec-
ond state and the 532nm (P > 10 W) second harmonic output of a Nd:YAG pump laser
for the non-resonant transition over the ionization energy into the continuum. The output
power of the NB-Ti:Sa for the second transition was reduced to avoid power broadening.
Figure 7.2 shows the laser ionization scheme together with possible transitions between
hyperfine levels of the 75555 first state to the 7p®P, second state for different nuclear
spins I = 13/2,9/2,1/2. After leaving the LIST RFQ, the ions were then accelerated to

*For a detailed description of the nuclear reactions, the target specifications, the laser setup and the
technical aspects of the LIST, I refer to the corresponding sections in Chapter 3 and Chapter 4.
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7.3 Experimental setup and data taking

50keV, mass separated by the GPS dipole magnet and sent to the KU Leuven “Wind-
mill” detector setup [55, 160], where the ions were implanted into one of the 10 carbon
foils (10mm diameter, 20 ug/cm?, from the GSI target laboratory) [106]) mounted on a
rotating wheel. The 10 foils are divided into two sets of 5 foils so that different sets were
used for different isotopes. Two passivated implanted planar silicon (PIPS) detectors, C1
and C2 (see Figure 3.12 in Chapter 3.4.1), surround the carbon foil and are placed into the
ion beam axis, whereas C1 is placed in front of the foil and has an 8 mm aperture for beam
transport to the foil and C2 is placed behind the carbon foil. Together, these detectors
cover 51% of the total angular solid angle. After each implantation and data acquisition
(DAQ) cycle, the rotating wheel was turned and a fresh carbon foil was moved between
the detectors into the axis of the ion beam. Once the narrow band scanning laser was set
to a new wavelength, a new measurement cycle could begin.

7.3.1 Measurement cycle

The control systems of the setup and data acquisition of the RILIS (tunable NB-laser and
corresponding wavemeters) and the “Windmill” (Implantation and DAQ) were combined
and synchronized to the proton bunches of the proton supercycle (SC).

A measurement cycle was started once the desired laser frequency was set and stabilized
and the “Windmill” setup was ready. Figure 7.3 shows a simplified logical sequence for the
initialization of a measurement cycle: once, the operational state of the RILIS lasers and
the DAQ of the Windmill were confirmed, the system was waiting for a trigger signal of the
proton supercycle to start the new measurement cycle. An additional clock is introduced
to take into account for the time delay of 535 ms [36] between the trigger signal and the
arrival of the first bunch of the proton supercycle.

The total measurement cycle for one scan over the studied transition is shown in Fig-
ure 7.4a. As soon as, the new laser frequency was set and the “Windmill”-setup was ready
(set-up time of typically a fraction m = 0.3 of proton supercycle) data were taken and
integrated over a fraction n = 0.7 of a proton supercycle. Figure7.4b shows a typical
measurement cycle: The sequence of 9 proton bunches out of the total proton supercycle
(39 proton bunches, spaced by 1.2s) were sent to the ISOLDE target. The overall proton
sequence adds up to an average proton current of ~ 1.02 pA, which was identical for each
measurement presented in this chapter. Of these 9 proton pulses, 7 fall into the time of
the data taking. Figure7.4c illustrates the measurement sequence between each proton
pulse. Elements with a fast release from the target matrix and isotopes with very short
half-lives will see their production peak shortly after the proton impact on the target. This
is the case of the francium contaminants [109], while the polonium beams have a more
gradual release profile [41]. Thus, the beam-gates were closed for 100 ms during and after
the proton pulse.

Laser frequency scans were recorded for the GPS mass separator and set to mass A = 217
and mass A = 218. Due to the relatively broad energy acceptance of the GPS separator
magnet (= 50eV), 21°Po was observed simultaneously in the scans for mass A = 217,
making a specific scan for mass A = 216 unnecessary. A further advantage of having two
isotopes in one mass spectra is that it allows a direct measurement of the isotope shifts
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Figure 7.3: Sequence of logical steps to validate the start of the measurement cycle with
the RILIS lasers and the “Windmill” a-detector setup.

a) Measurement cycle:
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Figure 7.4: a) Total measurement cycles for one isotope. For each frequency step, data is
taken and integrated over m proton supercycles (SC). In between the measurements,
the laser frequency is changed and the “Windmill” wheel moves a fresh carbon foil into
the beam axis. Proton pulses are shown as red bars. b) Proton delivery to ISOLDE.
¢) Measurement sequence for each proton pulse.
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of these two isotopes in one scan under the same conditions. In this case, 2'Po serves
as a reference isotope without possible laser related shifts or systematic uncertainties due
to the DAQ system. One scan was performed for mass A = 219 but time constraints did
not allow to accumulate enough statistics to extract information about the isotope shift
and the hyperfine structure and thus, 2!?Po is not further discussed. However, the decay
energy spectra revealed an unknown a-line, which is assigned to 21?Po. This represents the
first information about the decay properties and the lifetime of 2'9Po and will be subject
of a separate publication [40].

Using these measurement routines, a specific a-decay energy spectrum can now be as-
signed to each set laser wavelength and the laser scan is constructed plotting the integral
of the gated a-spectrum for each scan step.

7.4 The alpha-decay energy spectra

Figure 7.5 shows one representative a-decay energy spectrum obtained by the C2-silicon
detector of the Windmill (see Figure3.12 in Chapter3.4.1) for a) mass A = 217 and for
b) mass A = 218. The insets are zoomed to the peaks of the polonium isotopes and
the corresponding energy ranges (red lines), which represent the gate that is applied for
evaluating the polonium counts for each laser wavelength position. The structure of the a-
decay energy spectra obtained by the Cl-silicon detector is similar but the wide low-energy
tails of the a-decay peaks, which arises from the straggling of the a-particles through the
carbon foil, is less pronounced. This is because the isotopes are implanted in the first
25mm of the 90 mm-thick-foil. The discrepancy between C1 and C2 in this experiment
are greater than in previous studies of the neutron-rich polonium isotopes [49]. C1 and C2
were therefore analyzed separately and their data were combined later during the off-line
analysis.

Despite the selectivity enhancement provided by the LIST, additional a-decay energy lines
were observed in the spectra. These non-laser related contaminants are discussed® in the
following sections for each mass separately. Nevertheless, a significant consequence of the
LIST operation is the absence of 213:220:221Fy q-decay lines in the a-decay energy spectra
at A =217 and A = 218, in contrast to the previous experiments [36].

7.4.1 Alpha-decay energy spectrum for mass A=217

The a-decay energy spectrum for mass A = 217 is shown in Figure 7.5a. The two strongest
lines belong to laser-ionized 2!"Po (E, = 6536(4)keV) and 2'°Po (E, = 6778.2(5) keV).
The next significant peak is 217 At (E, = 7069.9(15) keV), which is produced by 3~ -decay
(5% branch) from 2'7Po. In the same decay-chain, 2'3Po (E, = 8375.9(25)keV) is pro-

duced from 2'7At 5 213Bj £> 213Pg or by 21"Po 5 213Ph ﬂ) 213Bj g 213po,

Traces of 2!"Rn (E, = 7741(2)keV) and 25At (E, = 7802(3) keV) are also visible. In
contrast to 217 At and 2'3Po, which stem from the decay of 2"Po in the carbon foils, 216 At
and 2'"Rn are not daughter products of the ion beam components and their presence
indicates that these isotopes were extracted as low intensity ion beams ( 0.1 counts/s).

*The energies of the a-lines are taken from the WWW table of radioactive isotopes database [34].
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Figure 7.5: a-decay energy spectra (countrate per 1keV bin) for a) mass A = 217 and b)
mass A = 218 obtained by the C2-silicon detector of the Windmill and integrated over
all frequency steps of the laser scan for 216217Po and 2'8Po, respectively. The small
graphs show the alpha-energy gating that was applied for determining the polonium
counts at each scan step.
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7.4 The alpha-decay energy spectra

Given the sub-millisecond lifetime of these, in-target production is an unlikely source due
the typical release time from the target of > 100ms [52]. A possible explanation is the
production by radioactive decay inside the LIST RFQ from precursor nuclei, which passed
the repeller electrode as neutral atoms and condensed to the RF-rods. A similar scenario
was discussed for ?'2Fr in Chapter 4.3.4, where the high intensity in LIST mode was as-
cribed to fB-decay of 22Ra inside the LIST RFQ. Possible processes for the production of
2I"Rn are a-decay of 22!Ra or 3-decay (< 0.01 % 3~ -decay branch) of 2!7At*, originating
from the a-decay of 2?'Fr. The only possible production process for 216At is a-decay of
220Fr, However, the recoil energy of 216At (~ 145keVT) from the a-decay would exceed
the trapping potential of the LIST (~ 10eV) and the acceptance of the mass separator.
The exact nature of this process is therefore not understood and will be studied during
future on-line experiments with the LIST. One should note that prior to this observation,
the shortest lived ion beam that was measured at ISOLDE was Be, with a half-life of
4.35ms [84].

Apart from the rather weak peaks of 213Po, 216217 At and 2!"Rn, no further dominant lines
are visible and the peaks of 216Po and 2'7Po are well isolated.

7.4.2 Alpha-decay energy spectrum for mass A=218

Figure 7.5b shows the a-decay energy spectrum for mass A = 218 recorded by the C2
silicon detector with a well-isolated peak of 28Po (E, = 6002.35(9) keV). The second

strongest peak arises from a-decay of 2'4Po (E, = 7686.82(7) keV), which is produced in

the carbon foils in the direct decay chain of 218Po: 218po % 214pp E) 214B;4 E) 2l4pg,

In contrast, 213Po (E, = 8375.9(25) keV) is left-over contamination from the laser scans
of mass A = 217 and the decay-chains of 2'7At and 2!"Po as described in previous
subsection. Within these decay-chains ?'?Bi serves as a waiting point due to its rela-
tively long half-life of 45.59min. The weaker peaks, 2!"At (E, = 7066.9(1)keV) and
218Rn (E, = 7129.2(12) keV), are most likely produced inside the LIST RFQ by S-decay
from 217Po and 2!8At, respectively. Additionally, traces of 2°Po (E, = 6778.2(5) keV),
2I8At (B, = 6693(3) keV) and 2"Po (E, = 6536(4) keV) are observed between 2!"Po and
217 At

*Tt should be mentioned that this is no indication for 8~ -decay inside the carbon foils as the intensity
ratio between >'7At and >'"Rn is far too small and does not reflect the S~ -decay branch.

fThe recoil energy is calculated by considering the conservation of the momentum. This leads to a
kinetic energy, Fkin,rec., Of the recoiled nucleus with mass mrec of Exinrec. = 72 - Eqo. Using mrec =~ 2161

for 216At and mq, ~ 4 u, this calculates to Exin rec. = 145keV.

Mrec
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7 First experiments with the LIST: laser spectroscopy of neutron-rich polonium

7.5 Laser resonance spectra and fitting

Integrating the counts in the determined energy ranges for every laser frequency step re-
veals the laser spectrum. Figure 7.6 shows the laser resonance spectra for the neutron-rich
polonium isotopes 216:217:218.219pq - 219pg was analyzed by T.E. Cocolios [40] and is only
shown for completeness. The even-even isotopes, 216218Po, show the single resonance for
the ground-state configuration I = 0 and a clear isotope shift with respect to each other,
while the even-odd isotopes, 2'7219Po, show a rich hyperfine structure. Even though the
statistics for 29Po is not sufficient for a further analysis, the visible structure in the spec-
tra of 2!°Po indicates the feasibility of the LIST for laser spectroscopy of 2!°Po in future
experiments provided that more beam time is available.

The frequency of each hyperfine component, 1/5 A (or alternatively the wavenumber,
ﬂg = l/é: o /¢, where ¢, is the speed of light.) is defined relative to the central transition
frequency of the transition 7s°S9 — 7s°Py:

V(I):F/:V0+AVFF/ (7.1)

where 1y is the center of gravity of the hyperfine structure and AvFF = Apf — ApF
the overall shift of the lower level, Avf, and the upper level, Avt”’ with total angu-
lar momentum F = I + J and F/ = I + J’, respectively. Using Equation (2.22) from
Chapter 2.2.2, the centroid can be calculated by:

, A 3C"(C"+1) =T (I+1)J (J +1)
FF" _ e’/ r 4
e 22 — 1) (20 —1)1-J'
A 3C(CH+1)—T1(IT+1)J(J+1
2 2021 —1)(2J —1)I-J

where A and B are the magnetic dipole and electric quadrupole hyperfine constants, re-
spectively and C = F(F+1) — J(J+1) — I (I +1). The primed parameters belong to
the upper level.

The fitting of the spectra was performed by M.D. Seliverstov of the Petersburg Nuclear
Physics Institute in Gatchina, Russia [156]. The fitting routine that was applied is spe-
cially adapted to in-source resonance ionization spectroscopy using the RILIS lasers and
wavemeters and is described in detail in [39, 157, 160, 179]. In summary, each laser scan
was fitted by a superposition of the individual lineshapes of the resonances. In turn, each
individual lineshape consists of a Gaussian Doppler profile and a deformed Lorentzian pro-
file, which takes into account the asymmetry of the laser lineshape. The Doppler width
was calculated for a hot-cavity temperature of 7'~ 2300 K and is fixed during the fitting
(see Equation (2.43)). The degree of saturation of the three transitions of the ionization
scheme (shown in Figure7.2) was taken into account by solving the rate equations fol-
lowing the method discussed in [7]. During the fitting process, 1y, A and B were free
parameters, while the ratios for the hyperfine constants, A’/A and B’/B were fixed [160].
The final fits are shown together with the data in Figure 7.6.

142



7.5 Laser resonance spectra and fitting

[ (219
150 | (PO E
100

OF 3%

800 -
600 —
400 —
200 —

0 ! | 1 - b

Counts

200:— *"Po, 1=9/2"
150

100 -
50 -

300 | [**°Po, 1=0" -
200 .

100 -

0Ok 1 L 1 R 1 L 1 L 1 L 1 L =
11853.0 11853.1 11853.2 11853.3 11853.4 11853.5 11853.6

Wavenumber (cm™)

Figure 7.6: Laser spectra of the neutron-rich 16117.18119Pg jsotopes. Uncertainties are
given by the standard deviation. The red curves are the fits to the data [156]. The
spectrum of 219Po was analyzed by T.E. Cocolios [40].
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7 First experiments with the LIST: laser spectroscopy of neutron-rich polonium

7.6 Results and discussion

7.6.1 Isotope shifts and mean square charge radii

The simultaneous measurement of 2'Po and 2'"Po allows the determination of the iso-
tope shift of 217Po, without any systematic uncertainties from a possible wavemeter drift
or from the DAQ system. The individual results of each scan were averaged to give the
final value: 0vy72:6 = —1.060(150) GHz. For comparison with the data obtained during
previous runs, the isotope shift of 217Po to the reference mass 29Po, the isotope shift
8Vs17,210, Was calculated using the isotope shift of 216Po, 61416510 = —8.820(110) GHz, from
[39]. In the case of 218Pg. the isotope shift was first calculated relative to 2'6Po, 0V218.916,
and then relative to ?'°Po in the same manner as described for 2'"Po. An overview of
the results is given in Table 7.1 together with the corresponding values from [39]. The
slightly higher statistical uncertainties compared to the values from the previous measure-
ments arise from the combined statistical uncertainty of 2!"Po and of the reference isotope
216Pg. The small shift to the previous measurements is within the statistical uncertain-
ties, but could stem from a drift in the wavemeter calibration. The changes in the mean
square charge radii with respect to ?'°Po, § <7’2>A’210, were extracted from the isotope
shifts by the formulae discussed in Chapter 2.2.1 and by using the same parameters used
for the analysis of previous ISOLDE runs on polonium [39, 159]. The electronic factor,
F', for the studied transition and the constant of the specific mass shift, Kgg were cal-
culated by large-scale atomic calculations for polonium to F' = —12.786 (1900) GHz/fm?
and Kgys = —51(13), respectively [33, 39]. The corrections for the higher moments were
0.932 (see Equation (2.19)) [169]. Table 7.1 gives an overview of the changes in the mean
square radii from this experiment and from the previous runs [39].

The left graph in Figure 7.7 shows the changes in the mean square charge radii of 2'"Po
and the polonium isotopes measured during the previous runs at ISOLDE [39, 159]. Here,
the mean square charge radii are compared to the predictions from the droplet model (DM)
[172], calculated by the second parametrization from [8] and the theoretical predictions
of a SKk4 from a Skyrme-Hartree-Fock model with the skl4-parametrization, which was
recently benchmarked for the neutron-rich even lead and polonium isotopes [71, 72]. The

Table 7.1: Isotope shifts and mean square radii of 2'6:217:218Po_ The results for 2'6:218po

from the previous runs are shown for comparison [36]. Statistical uncertainties are
given in parentheses and systematic uncertainties originating from the are given in the
curly brackets.

Previous runs [39] This work
Isotope I™ VA 210 0 <r2>A’210 OV 210 0 <r2>A,210
GHz fm? GHz fm?
216pg 0F -8.820(110)  0.733(10){5} -
-2 9/2% - - -9.880(200)  0.821(17){8}
218pg 0" -11.524(125)  0.958(10){7} | -11.406(150)  0.948(10){7}
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Figure 7.7: Left: changes in mean square charge radii, § <r2> s 2100 fOr polonium isotopes

with respect to the reference isotope, 219Po. 217Po (star) is shown among the other
isotopes (low spin, circle; high spin, triangle) measured during the previous runs at
ISOLDE [39, 159]. The predictions from the droplet model (DM) [8] and the SkI4-
parametrization of the Skyrme-Hartree-Fock model [71, 72] are given by the black line
and the blue squares, respectively. Right: comparison of the relative changes in the
mean square charge radii, 0 <7’2>N!124 /0 <T2>122,124’ of Po (this work and [39, 159]), Rn,

and Ra [64]. The connections between the data are to guide the eyes only.

changes in the mean square charge radii, d <7’2> A0 do only agree with the predictions
of the FRDM for 115 < N < 126. The departure from sphericity for light polonium
isotopes (107 < N < 115) was discussed in detail in [39] and was explained by shape-
coexistence. The reproduction of the kink at the closed neutron shell of N = 126 by the
Skl4-parametrization of the Skyrme-Hartree-Fock model was ascribed to the occupancy
of the 1411 /9 neutron orbital, which invokes a change in the evolution of the charge radii
systematics [72].

The right graph in Figure 7.7 shows the comparison of the relative changes in the mean
square charge radii, ¢ <7“2>N,126 /0 <r2>1227124, of polonium (this work and [39, 159]), radon,

and radium [64]. ¢ <7’2>N 106 /0 <r2>m 1., Was calculated according to the formalism de-

scribed in [26, 80] by and normalizing the & <7"2>N ., in each isotopic chain to & <r2>

122,124 °
217Pg clearly reveals the normal odd-even staggering. This can be quantified with a mod-

26<r2>216,217 _
5(T?) 216218
0.22(10), for which in general, a higher modified odd-even staggering parameter refers to

a stronger staggering. The normal odd-even staggering of 2!7Po is in contrast to the re-
versed odd-even staggering, which was observed for the even-Z elements radon and radium
isotopes of the same N [20, 35] shown in the right graph of Figure 7.7 and for neutron-rich
francium [35]. Thus, polonium marks a lower limit of the end of the region of inverted
odd-even staggering.

ified odd-even staggering parameter, v, [157, 168] for 21"Po of 75, = 1 —
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7.6.2 Electromagnetic moments

From the fits, the hyperfine-structure constants of 2!”Po, were determined to A = —0.437(20) GHz
and B = 0.10(40) GHz. These values enable the extraction of the magnetic dipole moment,
1, and the spectroscopic electrical quadrupole moment, g, using scaling relations to the
reference isotope 2°"Po derived from Equations (2.23) and (2.24) and by disregarding any

hyperfine anomaly:
B Qs
Qs = —=2

AO'IO ’ By

with the corresponding values of 207Po of Iy = 5/2, Ay = 564(1) MHz, By = 367(7) MHz,
o = 0.793(55) n.m. and Qgo = 0.28(3) e-b [31, 93]. The latter needs to be corrected for
!

the Sternheimer effect by Q¥™ = 1?;5;711 with an estimation of the quadrupole shielding
factor of Rg, = 0.20(5) [160].

The spin-assignment of 217Po is controversial. From the a-decay spectroscopy of 22'Rn,
21TPo was first believed to be octupolar deformed as is its mother nuclide with a corre-
sponding nuclear spin assignment of I™ = 11/2% [105]. Later, the same authors refined
their conclusion and suggested a spherical I™ = 9/2% groundstate, based on the study
of the a-decay of 2'7Po to 2!3Pb. The octupolar deformed I™ = 11/2% state is instead
believed to be a low-lying excited state with excitation energy of only 9.5keV or 19.8 keV
[104]. Tt should be noted that the nuclear spin cannot be unambiguously determined in
our experiment from the analysis from the hyperfine-structure due to a low resolution.
However, the magnetic dipole and electric quadrupole moments for the spin-assignment
of 9/2% are p = —1.106(50){40} n.m. and Qg = 0.06(30){2}, respectively. The magnetic
moment p agrees well with the magnetic moment of 21'Po of u(?'1Po) = —1.196(58) n.m.
[49, 160] with a spin-assignment of 9/2%. This shows that 21"Po and 2!'Po have similar
quantum configurations, supporting the spin-assignment of 9/2% made in [104]. In turn,
this leads to the conclusion about the absence of octupole deformation, which is in agree-
ment with the observed “normal” odd-even staggering, contradictory to the expected
inverted odd-even staggering, which would be a fingerprint for octupolar deformation.
Polonium thus marks the end of the “island of octupolar deformation”.

This debate would benefit greatly from future studies on the relative positions of the 9/2%
state with respect to the 11/27 state in the 2'7Po isotope.

_ AT o

p= (7.3)
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8 Summary and outlook

This work comprises various aspects of the Resonance Ionization Laser Ion Source (RILIS)
at the radioactive ion beam facility ISOLDE at CERN, ranging from the development of
new techniques for the improvement of the selectivity, to experiments in atomic and nu-
clear physics by the means of the in-source resonance ionization spectroscopy.

To tackle the problem of unwanted isobaric contamination in RILIS beams, a new device,
the Laser Ion Source and Trap (LIST), was successfully implemented into the ISOLDE
framework, operated on-line and further developed to optimize the performance. This was
achieved due to successfully addressing the many pre-requisites for on-line operation of
the LIST: thorough testing with a realistic off-line laser ion source setup; preparation of
the LIST for compatibility with the harsh conditions at the target frontend of ISOLDE
through the use of radiation-hard and heat-resistant materials; a dedicated transport and
remote control system for the electronic signals (repeller voltage, RF-signal).
Throughout the course of this thesis, two off-line and two on-line runs were conducted.
The latter, conducted in 2012, was the first ISOLDE physics experiment to use the LIST.
The LIST was characterized extensively in terms of suppression of contaminants, laser
ionization efficiency and selectivity. A surface-ion suppression of at least three to four
orders of magnitude was observed. In its final configuration (LIST 2), a loss of the laser
ionization efficiency of LSF' = 20(1) compared to normal RILIS operation was determined;
an improvement of a factor of 2.5 compared to the first tests. A LIST quality factor, i.e.
the improvement of the LIST selectivity over the RILIS selectivity, was conservatively
estimated to be 50, but higher values of up to 500 can be expected.

The feasibility of the LIST as a tool for in-source resonance ionization spectroscopy was
demonstrated. The temporal profile of the LIST ion bunches were measured on-line and
described by a mathematical model that reproduces the main features of the time struc-
ture. Several possibilities for the further improvement of the selectivity of the LIST were
proposed. In conclusion, the LIST is now an established ion-source option at ISOLDE
and further on-line experiments are expected.

The ionization efficiency for calcium was improved by developing a new laser ionization
scheme. Alternative intermediate and ionizing steps were explored and characterized.
Several autoionizing states were observed that were unknown in the literature. Using the
strongest observed transitions, a 20-fold improvement of the laser ionization efficiency was
achieved. During the ISOLDE on-line period in 2012, the increased ionization efficiency
allowed the ISOLTRAP experiment to measure the masses of ?>54Ca for the first time
[177]. These measurements demonstrated the new opportunities enabled by the recent
upgrade of the RILIS laser system [143] to perform ionization scheme developments as an
integrated part of the tuning and maintenance routine of ongoing on-line experiments.
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For polonium, a rich spectrum of Rydberg resonances close to the ionization threshold
were measured in an on-line experiment. These enabled the first precise determination
of the first ionization energy. The resonances were classified and five separate Rydberg
series could be identified. Possible spin assignments of these individual Rydberg series
were discussed by comparing the remainders of the quantum defects to the homologous
elements sulphur, selenium and tellurium. It was shown that these subseries belong to ns
and nd-series, which is supported by the analysis of polonium levels found in literature.
Fitting the Rydberg formula globally to these individual subseries led to a final value of
the ionization energy of IEp, = 67896.310(13)(30)cm~!. This is more than two orders
more precise than the literature value [149] and is shifted by more than 10cm~! from
the value reported in [31]. The new value is in excellent agreement with complementary
measurements that were performed at the TRIUMF facility in Vancouver, Canada [136]
and will be published together with theoretical calculations [22] in a joint publication [137].

Finally, and this is where we return to the first on-line application of the LIST, the
groundstate properties of 216:217:218.219p, were investigated by the means of in-source res-
onance ionization spectroscopy. Due to the strong suppression of francium isotopes by
the LIST, the isotope shift and the hyperfine structure of 2'"Po were measured for the
first time. This enabled the determination of the change in the mean-square charge radii
with respect to 2!°Po and the electromagnetic moments to § <r2>A 10 = 0-821(17) em ™!
, = —1.106(50){40} n.m. and Qg = 0.06(30){2}e-b, respectively. The observation of
normal odd-even staggering and the strongly suggested 9/2"spin assignment leads to the
conclusion of the absence of octupolar deformation, in contrast to the neutron-rich isotopes
of radon, francium and radium. Polonium thus marks the end of the “island of octupolar
deformation”.

Future activities concerning the LIST will focus on a further improvement of the LIST
selectivity as well as a reduction of the LIST loss factor. Several possibilities, such as the
improvement of the laser ionization schemes, the laser/atom overlap and the gating on
the LIST ion pulses were discussed in Chapter4.3.9. The best possible LIST efficiency
requires the minimum possible gap between the LIST RFQ and the hot cavity exit. This
can be realized if the hot cavity itself can act as an ion repeller by operating with an
inverted, but easily switchable, resistive heating polarity. This option is currently under
investigation and would benefit from a successful outcome of the ongoing tests of high
resistance cavity materials and novel heating methods.

Laser ionization scheme development is an ongoing process and a lot of effort is currently
made at off-line laboratories to further extend the list of the elements available for RILIS.
This could be accompanied by complementary on-line laser ionization scheme development
work, as it was demonstrated for calcium in this thesis.

In-source laser resonance spectroscopy and laser-assisted a-spectroscopy will continue to
be an essential part of the atomic and nuclear physics program at ISOLDE. Experiments
in the near future may aim to the study of the electron affinity* of astatine and polonium

*The electron affinity is the energy required to attach an electron to a neutral atom
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[143].

In nuclear physics, the program to map the nuclear properties in the lead region will be
continued. Many ion beams of isotopes in this region are highly contaminated by surface
ionized contaminants such as francium isotopes. In these cases, the Laser Ion Source and
Trap would be the ideal tool to enable the measurements. In the case of polonium, the
debate about the ground state spin-assignment of 2!"Po would benefit greatly of a future
experiment, for which the LIST would be an essential part of the setup. In addition,
the feasibility of the study of 2'?Po and other exotic isotopes with similar experimental
challenges was demonstrated using the LIST.
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A Fit results for the analysis of the systematic shift of the Rydberg scans due to the DAQ delay

Table A.1: List of the fit results for the analysis of the systematic DAQ-shift of the Rydberg scans from Chapter 6.4.1 of the
linear fits to the centroids of members of series ¥ with group numbers ranging from g = 7 to g = 19 as a function of the
scanning speed (Scan 1: -0.56 cm ™! /s, scan 2: 0.28cm™!/s, scan 3: -0.15cm™!/s). The calculated real position of the centroid
is found at scanning speed 0 cm~!/s (intercept). The centroid positions of each scan, the intercept with the abscissa and the
slope of the linear fit are given.

scan 1 scan 2 scan 3
g |Centroid ACentroid | Centroid ACentroid | Centroid ACentroid |Intercept A Intercept Slope A Slope

cm~! cm™! cm ™! cm! cm™! cm™! cm™! cm™! em™!'/s cm7!/s
7 | 16750.80 0.05| 16751.27 0.03| 16751.02 0.03| 16751.11 0.01 0.57 0.02
8 | 16768.10 0.10| 16768.54 0.04| 16768.19 0.14| 16768.38 0.03 0.55 0.11
9 | 16783.18 0.04| 16783.84 0.03| 16783.55 0.03| 16783.63 0.02 0.77 0.07
10| 16796.83 0.04| 16797.26 0.03| 16797.03 0.03| 16797.11 0.01 0.51 0.03
11] 16808.81 0.05| 16809.32 0.04| 16809.05 0.03| 16809.14 0.01 0.60 0.03
12] 16819.69 0.05| 16820.06 0.03| 16819.76 0.03| 16819.89 0.05 0.52 0.18
13] 16829.31 0.05| 16829.61 0.03| 16829.45 0.03| 16829.51 0.01 0.37 0.02
14| 16837.97 0.05| 16838.21 0.02| 16838.10 0.03| 16838.13 0.01 0.28 0.02
15| 16845.82 0.03| 16846.27 0.03| 16845.95 0.03| 16846.08 0.05 0.51 0.14
16| 16852.95 0.07| 16853.37 0.05| 16853.09 0.03| 16853.19 0.03 0.54 0.13
17] 16859.48 0.05| 16859.96 0.05| 16859.58 0.03| 16859.72 0.08 0.54 0.25
18| 16865.33 0.05| 16865.70 0.03| 16865.51 0.03| 16865.57 0.01 0.44 0.01
19] 16870.84 0.16| 16871.19 0.04| 16871.00 0.03| 16871.06 0.01 0.44 0.02
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Table B.1: A table of the parameters of all observed peaks in the spectra obained during
the Rydberg scans discussed in Chapter 6: minimum value of the principal quantum
number n’, series notation used throughout this thesis, energy of the observed transition
W” to the Rydberg states from the second step at 39081.19cm ™! , total excitation en-
ergy of the resonance W and corresponding statistical uncertainty, estimated quantum
defect § and corresponding statistical uncertainty and estimated term configuration for
the unambiguously identified atomic states. The statistical uncertainty of the transition
energies AW" is the same of the statistical uncertainty of the total excitation energy
AW . An additional systematic uncertainty of 0.3cm ™! caused by the wavemeter must
be taken into account for the transition energies and the total excitation energies.

n’  Series w?” w AW 0 Aé  Configuration
[cm™!] [cm™!] [cm™!]
17 1T 16565.36 67500.25 0.06 3.354 0.002  6p*(*S)20d
17 e 16567.24 67502.13 0.06  4.315 0.002  6p*(*S)20d
17 )y 16574.68 67509.57 0.06  4.155 0.003  6p*(*S)20d
18 ) 16583.71 67518.60 0.12  4.955 0.004 6p>(4S)225°85?
18 Q 16585.58 67520.47 0.13  4.913 0.004 6p>(4S)22s39;?
18 1T 16608.99 67543.88 0.07 3.354 0.003  6p*(*S)21d
18 S) 16610.67 67545.56 0.06  4.312 0.003  6p3(*S)21d
18 )y 16616.76 67551.65 0.06  4.156 0.003  6p3(*S)21d
19 P 16624.36 67559.25 0.23  4.957 0.007 6p3(*S)235555?
19 Q 16625.75 67560.64 0.27  4.919 0.008 6p3(19)23s35,7
19 IT 16645.74 67580.63 0.06  3.355 0.003  6p*(*S)22d
19 e 16647.24 67582.13 0.07  4.311 0.004  6p3(*S)22d
19 by 16652.34 67587.23 0.06  4.157 0.004  6p3(*S)22d
20 ) 16658.84 67593.73 0.06  4.956 0.004 6p3(*S)245555?
20 Q 16660.23 67595.12 0.10 4912 0.004 6p3(19)24s35,?
20 1T 16677.06 67611.95 0.06 3.355 0.004  6p*(*S)23d

Continued on next page
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Table B.1 — Continued from previous page

n’  Series w?” w AW ) A  Configuration
[em™] [em™] [em™]

20 e 16678.32 67613.21 0.09 4312 0.005  6p3(*S)23d
20 ) 16682.75 67617.64 0.06  4.156 0.004  6p3(*S)23d
21 ) 16688.31 67623.20 0.06  4.955 0.004 6p3(*S)255°S55?
21 Q 16689.39 67624.28 0.06  4.915 0.004 6p3(*9)25539;7
21 II 16703.99 67638.88 0.08  3.353 0.005  6p3(*S)24d
21 e 16705.00 67639.89 0.06 4313 0.005  6p3(*S)24d
21 ) 16708.85 67643.74 0.06  4.156 0.005  6p3(*S)24d
22 ) 16713.64 67648.53 0.13  4.955 0.007 6p3(*9)265°957?
22 Q 16714.77 67649.66 0.14  4.907 0.007 6p3(*9)26s357
22 II 16727.19 67662.08 0.06  3.355 0.005  6p3(*S)25d
22 e 16728.08 67662.97 0.06 4314 0.005  6p3(*S)25d
22 ) 16731.46 67666.35 0.08 4.155 0.006  6p3(*S)25d
23 ) 16735.64 67670.53 0.06  4.954 0.006 6p3(*S)275°S55?
23 Q 16736.40 67671.29 0.06  4.917 0.006 6p3(*9)2753517
23 II 16747.44 67682.33 0.06  3.354 0.006  6p3(*S)26d
23 e 16748.25 67683.14 0.06 4311 0.006  6p3(*S)26d
23 ) 16751.11 67686.00 0.06  4.157 0.006  6p3(*S)26d
24 ) 16754.86 67689.75 0.06  4.951 0.007 6p3(*S)285°5,?
24 9 16755.52 67690.41 0.06  4.914 0.007 6p3(*9)28s39;7
24 I 16765.12 67700.01 0.06  3.356 0.007  6p3(*S)27d
24 e 16765.84 67700.73 0.06 4313 0.007  6p3(*S)27d
24 )y 16768.38 67703.27 0.08  4.158 0.008  6p3(*S)27d
25 ) 16771.62 67706.51 0.06  4.955 0.007 6p3(*S)295°957?
25 Q 16772.22 67707.11 0.06  4.917 0.007 6p3(*9)29s39;7
25 e 16781.29 67716.18 0.06  4.318 0.008

25 )y 16783.62 67718.51 0.13 4156 0.012  6p3(*S)28d
26 ile) 16786.72 67721.61 0.06  4.937 0.008

26 e 16795.01 67729.90 0.06  4.320 0.009

26 )y 16797.11 67732.00 0.06  4.157 0.009  6p3(*S)29d
27 iJe) 16799.91 67734.80 0.06  4.934 0.009

Continued on next page
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n/

27
27
28
28
28
29
29
29
30
30
30
31
31
31
32
32
32
33
33
33
34
34
34
35
35
35
36
36
36
37

Series

I1e
by
019
I1e
by
019
I1e
by
1))
I1e
Dy
019
I1e
by
019)
I1e
by
o0
I1e
by
019
I1e
by
019
I1e
X
1))
I1e
DY
019

w”
[em™]
16807.26
16809.14
16811.50
16818.18
16819.89
16822.14
16827.99
16829.51
16831.46
16836.84
16838.14
16839.95
16844.84
16846.07
16847.69
16852.05
16853.20
16854.67
16858.64
16859.72
16861.00
16864.68
16865.58
16866.84
16870.19
16871.07
16872.12
16875.17
16876.00
16876.97

w
[em™]
67742.15
67744.03
67746.39
67753.07
67754.78
67757.03
67762.88
67764.40
67766.35
67771.73
67773.03
67774.84
67779.73
67780.96
67782.58
67786.94
67788.09
67789.56
67793.53
67794.61
67795.89
67799.57
67800.47
67801.73
67805.08
67805.96
67807.01
67810.06
67810.89
67811.86

AW

[em™]

0.13
0.06
0.06
0.06
0.07
0.06
0.06
0.06
0.06
0.07
0.09
0.06
0.06
0.06
0.07
0.06
0.06
0.06
0.06
0.09
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.08
0.06
0.13

4.320
4.156
4.945
4.322
4.155
4.931
4.322
4.157
4.942
4.321
4.165
4.943
4.319
4.156
4.937
4.324
4.157
4.938
4.324
4.151
4.942
4.320
4.162
4.937
4.317
4.150
4.946
4.330
4.158
4.952

A6

0.014
0.010
0.011
0.011
0.012
0.012
0.013
0.013
0.013
0.014
0.016
0.015
0.016
0.016
0.017
0.017
0.017
0.018
0.019
0.022
0.019
0.020
0.021
0.021
0.022
0.023
0.023
0.026
0.025
0.035

6p3(*S) 30d

6p3(19) 31d

6p3(19) 32d

6p%(45) 33d

6p3(49) 34d

6p3(49) 35d

6p3(*S) 36d

6p3(*S) 37d

6p%(15) 38d

6p3(19) 39d

Configuration

Continued on next page
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n’  Series w?” w AW ) A  Configuration
[em™] [em™] [em™]

37 1O 16879.87 67814.76 0.06  4.317 0.026

37 ) 16880.60 67815.49 0.06  4.151 0.027  6p3(*S)40d
37 i) 16881.11 67816.00 0.59  5.036 0.138

38 IIOY  16884.15 67819.04 0.06  4.314 0.029

39 o0 16885.43 67820.32 0.48  4.999 0.122

39 e 16888.06 67822.95 0.10  4.324 0.037

39 ) 16888.57 67823.46 0.40  4.188 0.109  6p3(*S)42d
40 o0 16889.58 67824.47 048  4.917 0.133

40 e 16891.64 67826.53 0.08  4.343 0.036

40 by 16892.15 67827.04 0.10  4.198 0.040  6p3(*S)43d
40 i) 16892.77 67827.66 020  5.019 0.065

41 TIOXPQ  16895.17 67830.06 0.06  4.302 0.036

42 TIOL®  16898.40 67833.29 0.06 4273 0.039

43 TIOX®Q  16901.33 67836.22 0.06  4.264 0.042

44 TIOXDQ  16904.02 67838.91 0.07 4274 0.047

45 TIOX®Q  16906.55 67841.44 0.06  4.280 0.048

46 TIOXZ®Q  16908.86 67843.75 0.06  4.308 0.051

47 TIOL®Q  16911.19 67846.08 0.09  4.261 0.063

48 TIOX®N 16913.25 67848.14 0.07  4.272 0.062

49 TIOXP 16915.18 67850.07 0.09 4285 0.070

50 MOXPQ  16917.05 67851.94 0.06  4.266 0.066

51 MOXON  16918.77 67853.66 0.06 4275 0.070

52 MOXPO  16920.39 67855.28 0.06 4282 0.074

53 TIOLPO  16921.91 67856.80 0.06  4.297 0.078

54 TIOLPQ  16923.38 67858.27 0.06  4.286 0.083

55 MOXPQ  16924.80 67859.69 0.06  4.260 0.088

56 MOXLPN  16926.15 67861.04 0.07  4.224 0.097

57 MOXOO  16927.39 67862.28 0.07 4217 0.103

58 IMOXPO  16928.49 67863.38 0.07 4270 0.108

59 MOXPN  16929.61 67864.50 0.07 4269 0.113

Continued on next page
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n/

60
61
62
63

Series

I[1eXe0
[Mexe0
[IeXe0
[IeXe0

W
[em™]
16930.70
16931.71
16932.61
16933.59

w
[em™]
67865.59
67866.60
67867.50
67868.48

AW
[em™]
0.07
0.07
0.07
0.13

4.228
4.223
4.283
4.205

Ad

0.120
0.127
0.133
0.181

Configuration
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