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Abstract

The following work has been carried out at the radioactive ion beam facility ISOLDE
at CERN. A compact atomic beam unit named PISA (Photo lonization Spectroscopy
Apparatus) has been implemented as a recent addition to the laboratory of the Resonance
lonization Laser lon Source (RILIS). The scope of this thesis work was to demonstrate
different applications of the PISA, using the existing and highly developed laser setup of
the RILIS installation.

In a demonstration of the suitability of PISA for ionization scheme development, a new
ionization scheme for Europium has been developed. This resulted in the observation of
several new autoionizing states and Rydberg series. Through the analysis of the observed
Rydberg resonances a refined value of 45734.33(3)(3) cm~—! for the ionization potential of
the europium atom has been determined. In addition this thesis reports on the feasibility
of the use of the PISA as a RILIS performance monitoring device during laser ion source
operations.

Finally the present work outlines future applications and upgrades of the PISA. Several
modifications are recommended which will help to further improve the performance,
practicality and versatility of the PISA.
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1 Introduction

In the scope of this work a new device, the Photo-lonization Spectroscopy Apparatus
(PISA) was added to the laboratory of the Resonance lonization Laser lon Source (RILIS)
at the radioactive ion beam facility ISOLDE (Isotope Separator On-Line DEvice) at
CERN!. The main goal was to enhance the productivity and scope for the development
of new multi-step laser resonance ionization schemes and to provide additional means of
laser performance monitoring during the setup and operation of the RILIS.

There are several different types of radioactive ion beam (RIB) facilities worldwide. One
of them is the ISOL (Isotope Separator On-Line) approach. The goal to provide access to
a wide range of radioisotopes, even those with lifetimes as short as several ms, is achieved
through the coupling of the isotope production process with an immediate extraction and
delivery to an experiment in the form of an accelerated ion beam. There are two main
types of such ISOL facilities: Thick-target facilities, like ISOLDE, where a driver beam of
typically 1 GeV protons is incident on the target, producing radioactive species via fission,
fragmentation or spallation reactions. The products are predominantly formed as neutral
atoms and are ionized separately in an attached ion source for subsequent extraction. A
somewhat alternative method is the thin-target/gas-catcher facility, called IGISOL (lon
Guide Isotope Separator On-Line). In these facilities the usually less energetic driver
beam is incident on a thin target, the reaction products are emitted due to the reaction
recoil and are stopped in a gas cell filled with helium or argon. Here the ionic charge
decreases to +1, so that an extraction becomes possible.

At ISOLDE, the principal ionization method in use is step-wise resonance photo-ionization.
As such, the Resonance lonization Laser lon Source (RILIS) has become the most in-
tensively used and versatile ion source of its type, producing e.g. more than 70% of the
ion beams in 2015. The resonance ionization technique makes use of the uniqueness
of ionization schemes for different elements, exploiting the specific atomic structure of
each chemical element and selectively ionizing the one of interest. So far, radioactive
isotopes of 36 different elements have been ionized with the RILIS. In some cases, if the
spectral linewidth of the used laser radiation is sufficiently narrow, it is possible for the
RILIS to resolve the hyperfine structure or isotope shifts of an atomic transition in the
jonization scheme. This provides the opportunity to directly measure nuclear properties
such as spins and moments and even permits for isomer separation. The laser system
of the RILIS has been developed over many years, starting 1992 [SFK92]. Since then
many new optical excitation schemes have been developed, not only at CERN but also
in other groups, e.g. the LARISSA-group (LAser Resonance lonization for Spectroscopy

! Conseil Européen pour la Recherche Nucléaire (English: European Organization for Nuclear Research)



1 Introduction

and Selective Applications) in Mainz or at ISAC, TRIUMF, Vancouver ([RDH"13]).

In order to keep up with the demands of the physics users for different beams, ionization
scheme development is continuously required to ensure optimal performance of the RILIS
for each specific experiment. Typically this begins with an extensive literature search
and study concerning any available information on atomic spectroscopy. Despite the
availability of conclusive information, the development of an ionization scheme always
requires an experimental investigation for identification and comparison of possible ioniza-
tion schemes by means of dedicated resonance ionization spectroscopy studies. Scheme
development can either take place off-line, for example at the LARIS (LAser Resonance
lonization Spectroscopy) laboratory ([MBF10]) or the off-line mass separator at CERN,
with the disadvantage that the lasers used for these experiments are not the same ones as
in the RILIS laboratory. Another possibility for scheme development is therefore to do it
on-line. A current disadvantage is that during on-line operation when protons are readily
available at CERN, it can be hard to find the time for extensive scheme development, as
ISOLDE is working to capacity. The introduction of the PISA gives the possibility to use
the RILIS laser setup for initial scheme development, either during the ISOLDE shut down
period or even parasitically during/in-between different experiments over the year. The
first steps of scheme development can help to determine new energy levels and identify
autoionizing states. The final scheme development will have to take place using one of
the ISOLDE targets. Extensive laser scans will no longer be necessary due to the prior
scheme development, shortening the time needed to finalize the new scheme considerably.

Chemical elements which belong to the group of the lanthanides have been the first
to introduce the RILIS technique but still today have not been fully explored concerning
their precise ionization potential and most useful ionization schemes. Their atomic struc-
ture is very complex, as a multitude of open shells offer many possibilities for complicated
coupling. One interest lies in the heavy ions in the Z = 64 region. Lanthanides with
these masses have been extensively studied in order to precisely determine their isotope
shifts, mean square charge radii and the shape transition of the nucleus in this region
([Neu85, BNN88, Ott89]).

As all lanthanides have very low ionization potentials (IP) they are easily surface ionized,
so that the development for resonance ionization was initially not pursued. Neverthe-
less, just during the last years, lanthanides have come again into focus, as there are
many applications requiring ultimate elemental selectivity as provided only by the RILIS.
One example for their use is the ECHo-project. Its name stands for Electron Capture in
Holmium. This experiment aims to measure the mass of the electron neutrino from the
energy spectrum following electron capture of the isotope '%*Ho using metallic magnetic
calorimeters [GBD14]. The field of quantum computing also makes use of crystals,
doped with different lanthanides. These are used for quantum memory or quantum com-
puting ([SKZ"T16, LTG"12]). The lifetimes of the investigated levels in some of these
elements are ideal for using them as memory for qubits. These applications require very
pure beams in order to generate the best possible results. For this reason the surface
ionized beams are no longer sufficient and the scheme development for resonance ioniza-
tion has become very important.



Another field of Resonance lonization Spectroscopy (RIS) studies in lanthanides is a
very fundamental one required as basis for application at RIB facilities. Determining the
most basic atomic property, i.e. the ionization potential, is needed and made possible
using RIS. For this purpose Rydberg levels can be excited using an appropriate scheme
which offers the best chance to precisely determine the IP. They posses a highly excited
valence electron with high principal quantum number and large orbit. Correspondingly
their structure is quite similar to the atomic system of hydrogen as best understood
and quantitatively accessible atomic structure. Assuming that the Rydberg atom obeys
similar rules, investigating the IP with theoretical and numerical tools derived from the
description of the hydrogen becomes possible.






2 The ISOLDE isotope separator
facility

This chapter outlines the two main experimental facilities where the measurements for
this work were performed. It will give an overview over the general setup and sketch the
different uses. Section 2.1 is mainly based on the PhD theses by B.A. Marsh [MBF07]
and U. Késter [KR99]. Further information about ISOLDE and a more thorough descrip-
tion of the RILIS can be found in [Mar13] and [RGF'16].

2.1 Overview
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Figure 2.1: Overview of the accelerator complex at CERN [DM16]. ISOLDE (green) is
situated at the Booster (pink).



2 The ISOLDE isotope separator facility

Figure 2.2: The general layout of the ISOLDE separators (circled in red) and the beam
lines leading to various fixed experiments. Towards the left the beam lines go
further into the HIE-ISOLDE setup, where post acceleration of the beam takes
place in order to get higher beam quality. The drawing has been downloaded
from the ISOLDE web page and slightly modified [iso]

The radioactive beam facility ISOLDE! at CERN, Geneva (Switzerland) is situated at the
PS Booster (PSB). The PSB has a diameter of 50 m. Protons with an initial energy of
50 MeV are accelerated to energies of 1.0 or 1.4 GeV. They are released in pulses of 2.4 ps
length with a repetition rate of 1.2s and an intensity of up to 3 x 10'? protons/pulse.
Exotic radioisotopes are produced at ISOLDE either by fission, fragmentation or spallation
processes in a thick target which is irradiated by the proton beam. The production rate
is proportional to the beam flux of the proton beam and also to the number of atoms
in the target that are being hit by it. The ISOLDE target unit consists mainly of the
target container, filled with the target material which depends on the desired production
of elements and their isotopes. Connected to this is a transfer line and the ion source. If
needed a mass marker with either a non calibrated sample (for example for beam tuning)
or a calibrated sample of a well-defined amount of stable isotopes can be attached to the
back of the transfer line. All elements are resistively heated in order to release atoms in
vapor form. Once the atoms have been ionized in the ion source (either by surface, laser
or plasma ionization), the ions are extracted with an extraction electrode and guided
through mass separator systems after which the ion beam is further directed to one of
the many experimental setups in the ISOLDE hall.

ISOLDE can offer several different beams at the same time. This is made possible by

Isotope Separator On-Line DEvice



2.2 RILIS

two separator setups which both have their own target. One of the separators is called
GPS (General Purpose Separator) and involves only one magnet with a bending angle
of 70°. An electrostatic switch yard is situated behind the separation magnet, allowing
for the simultaneous extraction of three mass separated beams. The other so called HRS
(High Resolution Separator) consists of a 90° bending magnet and a 60° magnet. It
offers a mass resolution of more than 5000.

There are 'stationary’ and ’traveling’ installations, meaning that some experiments have
fixed beam lines and positions in the hall while others are only attached to a beamline for
the period of the experiment and have to be taken away afterwards. There are installations
for nuclear and laser spectroscopy, mass measurements, solid state and surface studies.
There are also some biophysics experiments where sample collections for further e.g.
medical applications are taken. An overview of the ISOLDE separators and some of the
fixed installations can be seen in Figure 2.2.

2.2 RILIS

The Resonance lonization Laser lon Source (RILIS) is the preferred ion source used at
ISOLDE. It is based on the principle of laser resonance ionization (see section 3.3) and
is typically used in combination with the hot cavity surface ion source of the ISOLDE
target/ion-source assembly. The main advantages are that elements with high ionization
potentials as well as elements with low volatility that are hard to ionize with other ion
sources are ionized efficiently and, crucially, with an unparalleled degree of element se-
lectivity. Correspondingly it offers a reduction of isobaric contamination, combined with
the possibility of beam diagnostics (laser on/off tests e.g. for yield checks). Striking
advantage is the fact, that the main set up components, i.e. the lasers, are located
several meters away from the target and the hostile (radioactive) environment where it
is situated.

The RILIS laser laboratory is located in a closed laser protection area, realized by a Fara-
day cage above the junction of the beam lines emerging from the HRS and GPS in the
ISOLDE hall. There are two optical paths for the laser light from the RILIS into the ion
sources located 18 m (GPS) and 23 m (HRS) away.

The laser setup (see Figure 2.3) consists of three tunable dye lasers, two CREDO from
Sirah Lasertechnik GmbH and one MSS from DMK Laser Microsystems, three solid state
Ti:Sa lasers, designed in Mainz in the LARISSA group, two Photonics Industries DM-
60 pump lasers, one pump laser from Edgewave GmbH and a Coherent/Lumera Blaze
laser for non resonant ionization. The high power pump lasers are all frequency doubled
Nd:YAG lasers with a wavelength of 532 nm, with the Edgewave laser offering an addi-
tional beam with 355 nm light, the third harmonic of the fundamental laser wavelength.
The repetition rate of all lasers is 10 kHz as required for efficient laser-atom interaction
in the source as well as for providing the best trade of between the pulse energy and
the average power. The pulse duration for the Edgewave is around 10ns and for the
Photonics around 150 ns. Both lasers have been specially chosen to match the specific
requirements of the tunable lasers which they pump. The pulse length of the Lumera
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Blaze is 17 ns.

The dye lasers have a linewidth of around 9 GHz with the MSS offering the option of a
reduced linewidth of 0.7 GHz. The high standard linewidth offers good efficiency of exci-
taion of atoms with broad hyperfine structures and also a reduced sensitivity to isotope
shifts. This leads to an improved ion current stability should small drifts or wavelength
fluctuations occur. The dye lasers can be pumped either with the 532 nm light or with
the 355 nm UV light. In combination with second and third harmonic generation a wave-
length range of 210 to 950 nm can be achieved. A list with the most commonly used
dyes and their wavelength ranges can be found in Table 5.2.
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Figure 2.3: The drawing shows all the lasers that are currently available in RILIS. The
beam paths to the separators and their launch areas are schematically shown
as well as the reference plates and the setup of the reference area with the
PISA (section 4.1). Image taken from [RGF'16] and adjusted

The three Ti:Sa lasers have a Z-cavity design, two of them were developed at CERN by
S. Rothe [RWN12] based on the Mainz design. A scheme of this cavity design is depicted
in Figure 2.4 aside the grating Ti:Sa design. The possibility to insert a second etalon
into the Z-cavities exists so that the linewidth can be reduced from the usual 5 GHz to
around 0.8 GHz. This can be used for in-source laser spectroscopy where a high resolu-
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tion is needed or in case of need of higher selectivity (e.g. isomer separation). The third
Ti:Sa is tunable via a grating which acts as the end mirror/high-reflector of the cavity.
The design is similar to the Z-cavities and was made in Mainz by P. Naubereit [Naul4].
The fundamental wavelength range offered by the Ti:Sa crystal lasers is ~ 690 — 950 nm
(depending on the optics used). It may be frequency doubled, tripled or quadrupled,
generating wavelengths as low as 210 nm.

PM

PM

FPE
PL

LF
CM

Ti:Sa

T oC T ocC

Figure 2.4: The two different Ti:Sa designs are depicted schematically. On the left one
can see the Z-cavity design, consisting of the pump mirrors (PM), a lens
(PL) for focussing the pump beam (green) into the Ti:Sa crystal through the
back of the concave mirror (CM) building the cavity together with the end
mirror (EM) and the outcoupler (OC). Additionally the frequency selective
elements are depicted, namely the Lyot filter (LF) and the Fabry-Perot etalon
(FPE). The grating Ti:Sa cavity shows a similar design but the FPE and LF
are replaced by a prism beam expander (PBE) and the EM is replaced by a
turnable grating (G). (Drawings from [Naul4], slightly adjusted)

This dual-RILIS system (a complete set of dye and Ti:Sa lasers) is worldwide unique and
offers several advantages compared to a single dye or Ti:Sa system:

e spectral coverage with wavelengths from 210 — 950 nm

e possibility to choose the laser which is suited best to a desired setup
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e operation of dye and Ti:Sa in parallel to compare broadband and narrow linewidth
operation

e possibility to perform laser setup and operation simultaneously to enable fast
switching between different ionization schemes

The synchronization of the pulses of the individual lasers can be adjusted by changing the
timing of the pump lasers. For this purpose they are connected to a Quantum Composers
9530 pulse generator. As the dye lasers are all pumped by the same laser sometimes delay
lines for the laser beams are required in order to correct for minor timing differences in
the ns range. The wavelengths can be stabilized using the software developed by R.E.
Rossel [RRWR11].

The RILIS laser beam reference area

The PISA was first installed in the RILIS in October 2015. At that time the reference
area was redesigned to allow space for the installation of the PISA [RGFT16]. The layout
of the tables for the lasers (see Figure 2.3) allowed for the beam unit to be installed right
next to the reference area.

When the laser beams are sent down to the laser ion source, they are intercepted half
way down-stream by wedged fused silica plates at approximately normal incidence. Two
reflections of around 4 % of the original power are sent back into the laser room, giving
a reference which is essential as access to the target or separator areas during the on-line
period is impossible because of the high radiation doses. There are two reflected beams
generated by each laser beam coming back. One of these two beams is sent onto two
broadband mirrors, reflecting the light and guiding it onto an iris. This iris acts as a
specific reference point, indicating where overlap and size of the reference beams ideally
mimic the beams going into the ion source. The position of the iris is set up roughly
by overlapping the light emitted by the hot cavity and the laser beams on the launch
mirrors. Once the overlap is given, a theodolite is used in order to get a visible beam
into the ion source. Other beams are then overlapped with the first visible beam and the
ion signal is optimized. Once the optimal ion signal is produced, the iris position is fixed
to its final position.

A right-angle prism intercepts the second of the two reference beams and sends it to
a further adjustment setup which consists of a wedged fused silica plate, a grating,
two mirrors, a camera and a PSD (Position Sensitive Device). The plate once again
generates two reflections (from the back and the front), which are directed towards the
grating. The orders n of the grating and the angles ¢,, with which they are reflected are
depending on the wavelength )\, the grating constant d and the angle i) with which the
light is incident on the grating:

n-A=d- (sin¢, +siny) (2.1)

This means that the 0" order is reflected under the same angle independent of the wave-
length of the light in contrast to the higher orders for which different wavelengths are

10
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reflected under different angles. Using the first or second order reflection of the beam
of interest the individual laser beams can be guided onto a mirror which reflects them
onto a mirror, cut in half. One of the beams is directed onto a PSD, while the other
one is reflected on the lower part of the mirror into a camera (see Figure 2.5). The PSD
is connected to a stabilization unit which controls a mirror mount with piezo motors.
These mounts are used in the so called 'launch area’ where the full power beams are sent
down to the ion source. This stabilization system, which is a commercial unit made by
MRC Systems GmBH, provides 2-D stabilization of the reference beams at the reference
area, ensuring that the laser beam position at the ion source remains fixed at the pre-
defined optimum location. The camera is used to monitor the size and shape of the beam.

:x

A
| | ‘
PISA S

@l
<

Figure 2.5: The left side shows the general outline of the reference area with the PISA
close up. The right side shows a sketch of the most commonly used layout
of the reference area for the beam monitoring as described in the text above.
(Image created with files provided by S. Rothe)
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3 Theoretical background for
laser-atom interaction and laser
resonance ionization

This chapter gives an overview over the basic theoretical concepts that are relevant for this
thesis. Starting with the hydrogen atom, i.e. the most simple one electron atomic system,
more complicated atomic systems and their interaction with light will be explained. An
introduction into resonance ionization spectroscopy will also be given. A more detailed
discussion is given in the deployed literature, please see: [Dem05], [Dem07], [Let87],
[Con98], [Mes10].

3.1 Atomic structure

3.1.1 Hydrogen atom

In order to calculate the discrete energy levels of the hydrogen atom it is necessary to
solve the time independent Schrédinger equation

H|U) = E|T) (3.1)

for a single electron in the Coulomb-potential of the proton. The Schrédinger equation
yields

K2 K2 Ze?
Agth — ——Agth — =—ap = Eip(re, 1) (32)

2me 2my,  dmegr

with: m., m, mass of the electron/proton, charge ¢ = Ze, r. ), radius vector of elec-
tron/proton, A., Laplace operator with respect to 7. ,. One can choose polar coordi-
nates (r, 0, ¢) to solve this radially symmetric problem. The use of the reduced mass p
sets the center of gravity to the point of origin of the system and the Hamilton operator
becomes:

h? e ’
H=—A+Vo(r) where p=—""2 and Vo(r)=—1—
I

Me + My dmegr

(3.3)

Introducing the Laplace operator in the polar coordinates one obtains the Schrédinger
equation in the following form:
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3 Theoretical background for laser-atom interaction and laser resonance ionization

119 /(.0 a9 AR SR AN
{T2[8r<} ar>*'$neae($n939>‘*8m298¢2}} (.0, 9)

=—"S{E - Vo(r)}¥(r,0,0)

(3.4)

As the potential is spherically symmetric, the wavefunction can be separated into a radial
part Ry, and an angular part Yy,

Voim (Tv 97 ¢) = Rln(r)iflm (07 ¢) (35)

n € Nis the principal quantum number, [ is the orbital angular momentum (0 < I < n—1)
and m is the magnetic quantum number (—I < m < 1). [ and m can take on a number
of different values for a definite n but still lead to the same energy (see Equation 3.7),
corresponding to a n? degeneracy of the energy levels. The spherical harmonics Y}, (r)
can be solved with the help of the associated Legendre polynomials. Substituting Ry, (r)
with wu,;(r)/r one gains the expression

d2un(r)  2p e? R2L(1+ 1)
dr2 + n2 En+ Amegr  2ur? tn(r) =0 (3.6)

This gives the energy eigenvalues for u,(r)

2 2
e we 1
En —_ - e —_ - -7
2h2(4meg)?n? 8e2h? By n? (37)

where R, is the (mass reduced) Rydberg constant. If one defines the ground state of
an atom as its point of zero energy, then the ionization potential can be defined as the
convergence of the states of the principal quantum number for n — oo, so that

R
Eip=E, +—L£. .
IP + 2 (3.8)

3.1.2 Fine structure splitting

The fine structure describes the removal of the energy level degeneracy for same n. Due
to relativistic effects and the coupling of electron spin and orbital momentum a splitting
in the energy levels is observed, so that discrete levels can be spectroscopically resolved.
The correction terms can be obtained using perturbation theory, leading to additional
terms in the Hamiltonian:

H = Hy+ Hyo + His + Hp (3.9)

H,.; takes into account the relativistic treatment of the electron inside the proton’s
Coulomb potential. With E = /p2c2 + m2c* (pe: electron momentum, c¢: speed of
light), the electron gains in mass and therefore in kinetic energy.

14



3.1 Atomic structure

Hp is called the Darwin-term. It only affects the s-orbit and changes the effective
potential at the nucleus. It takes into account quantum fluctuations, which make it
impossible to determine the electron position more precisely than Acompton = it/ (mec).
Hj, corrects for the spin-orbit coupling. It takes into account the magnetic moments of
the electron due to the coupling of the spin s with the orbital angular momentum [. The
magnetic spin moment of the electron has two discrete spatial orientations. This causes
an additional energy, where spin and orbital angular momentum are coupled, giving the
total angular momentum j =1+ s (with |l —s| <j <[+ s):

2

62
%(l-s)oc%[j(jﬂ)—zuﬂ)—s(sﬂ)] (3.10)

AFE ~

drm2r3

With some further calculations which take into account the time-averaged value of r
related to the probability of finding the electron at the location r and including the
hydrogen wave functions, one finally obtains the total energy

AR 1 3
E,,=F,|1 - — 3.11
" ”[+ n <j+1/2 4n>] (311
with Sommerfeld’s fine structure constant o = ﬁzhc ~ %

3.1.3 Hyperfine structure and isotope shift

The hyperfine structure takes into account the specific nucleus and its resulting interac-
tion with the electrons. The nucleus with spin I has a nuclear magnetic moment pug,
which interacts with the magnetic field B; which is produced by the electrons at the nu-
cleus . This leads to a splitting of the energy levels into (2F + 1) hyperfine components.
F is the total angular momentum which is the sum of the total angular momentum j
and the nuclear spin I. The additional energy of this hyperfine structure component is

ABips = SIP(F+1)— (G +1) ~ 1(I + 1) (312)
with the hyperfine structure constant A = gnpux B;j/+/j(j + 1) and the nuclear g-factor
gn. The selection rule is |I — J| < F > I + J where a transition is only possible if AF
is +1 or 0.

The magnitude of the hyperfine structure splitting is strongly dependent on the atomic
configurations and is typically several orders-of-magnitude smaller than the fine structure
splitting, as demonstrated by Table 3.1.
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3 Theoretical background for laser-atom interaction and laser resonance ionization

cm™! eV GHz
Fine structure 1—1000 | 1074 —10"' | 10 — 10000
Hyperfine structure || 1073 —1 | 10~7 —10~* | 0.01 — 10

Table 3.1: Scale of the fine and the hyperfine structure

Figure 3.1 shows the level scheme of the hydrogen atom in order to give a better under-
standing of the complete atomic structure in general. The structure gets more compli-
cated for heavier atoms. When considering those atoms the ground state properties of
the nucleus change between two isotopes of the same element. Aside of variations in spin
and moments, this is due to mass and volume effects, that influence the energy difference
of the atomic levels by changing the reduced mass of the nucleus-electron system and

the size or shape of the nucleus.

Finestructure
(electron spin)

Bohrmodel

AE
n
5
4 3D5/2
3 L 3P3/2 3D3/2
3S1/2’ 3P1/2
e 2Py,

<5> 2S,, 2P,

2P3/2 e
281/2 T

—
N
2P1/2 AN

Lamb-shift
(quantum el.
dynamics)

1]
-
=N =N

\
/

mimm mmm T

==IN OO

— // Energy scale
\ 100 times
\ expanded
" F=0
F=1
\ F=0

-~

Hyperfine structure
(nuclear spin)

Figure 3.1: The level scheme of the H atom is schematically shown with all interaction
effects. The fine, hyperfine structure and the Lamb-shift are not drawn to
scale as the splittings and shifts would be too small to depict [Dem05].
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3.1 Atomic structure

3.1.4 Atoms with more than one electron

If an atom has more than one electron mutual electrostatic and magnetic interactions
between the electrons arise. Additionally there is a new symmetry, which arises from
two electrons being exchanged but indistinguishable. The simplest of such systems is
the helium atom, in which two electrons interact. Many of the principles that can be
deducted from this system also apply to more complex systems. One of these is the
Pauli-principle, which states that the total wavefunction of a system with more than one
electron is always antisymmetric with regard to the exchange of two electrons. Each state
can only be described with a complete set of quantum numbers (n, [, m;, ms) and can
only be occupied by one single electron. The orbital angular momenta and spins of the
N electrons can couple to a total angular momentum J. For most atoms LS-coupling
occurs, where the orbital angular momenta I; and the spins §; of the single electrons
couple to a total orbital angular momentum L = "N 7; and a total spin § = SN | 5,
sothat J=L+§.

Alternatively the so called jj-coupling is observed in some atomic systems, where the
orbital angular momentum l; and spin §; of one single electron couple to the total angular
momentum j; of that electron. These then couple to the total angular momentum
J = Zfiljz of the atom. This form of coupling predominantly appears in heavy atoms
and for higher excited states, as the coupling between different electrons gets suppressed.

3.1.5 Rydberg atoms

This section is summarizing the more extensive chapter on Rydberg atoms and Rydberg
spectroscopy by V.S. Letokhov [Let87] (p. 65 ff).

Highly excited atoms often have one electron moving in an enlarged orbit far away from
the nucleus and from the other electrons’ orbits. Most atomic characteristics exhibit a
strong and increasing dependency on the principal quantum number n. Their atomic
collision cross section for example grows with n?, their radiative lifetime with n? while
the binding energy is reduced with 1/n? and the finestructure splitting with 1/n3. These
Rydberg atoms can reach very large diameters in the range of pm. Due to the reduction
in electron binding energy and the increase in collision cross section it becomes quite easy
to ionize the atom, either via collisional processes, via application of external electrical
fields or just by black body radiation. This makes a spectroscopic study of these states
rather easy through their identification via registration of the resulting positive ion or free
electron. If ionization is achieved through the use of external electrical fields, the linear
Stark coefficient, which can lead to a split in the energy spectrum, scales with a factor
of n? and may have to be taken into account in the analysis in the Rydberg spectrum.
In a Rydberg atom the outer electron experiences the nucleus with the charge Z screened
by Z —1 other electrons. This scenario is analogous to that of the hydrogen atom, where
only a charge of +e¢ is present. A distinction between the Rydberg atom and the hydrogen
atom is made by introducing the effective principal quantum number n*. n* comprises
the quantum defect 6(n) and the energy can therefore be written as follows:
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3 Theoretical background for laser-atom interaction and laser resonance ionization

Ry

R
B G T T

(3.13)

3.1.6 Quantum defect and perturbed Rydberg series

The quantum defect d(n) as introduced in Equation 3.13 takes into account that the
Z —1 electrons do not entirely screen the nucleus. The dependence of n is obvious, as for
small n the distance to the nucleus is smaller and therefore the screening less complete.
Correspondingly the quantum defect is not constant and therefore it is described by some
orders of perturbation. W. Ritz proposed two possible expansions of the quantum defect
[Rit03], one of which is as follows:

_ sn p 8]

o(n) =9d(n) + (= o(n))? + (o)’ + .. 61
~ B g '
~ 0o + (=02 + AL + ...

In the approximation §(n) has been substituted by a constant dy. The significance of
this substitution is discussed in detail in [DS91]. It helps fitting experimental data, but
undermines the significance of the theoretical values while decreasing the accuracy of
the quantum defect method. A more accurate description, derived from quantum defect
theory, is given in the paper by M.J. Seaton [Sea66] which has been taken up by J.-P.
Connerade in [Con98] (p. 41).

Seaton claims in his paper, that the procedure which is usually used for determining
Erp (choose an initial estimate E?P, calculate dy and adjust E?P until §p shows a
linear dependence on n) is in so far unsatisfactory, as it does not take into account the
rapid increase of the error in §(n) with growing n. He therefore proposes an alternative,
iterative procedure which involves least-squares fitting of the experimental data resulting
from a detailed quantum defect formalism. He derives the quantum defect to be as
follows:

N i—2 N i—2
En - Es ar En - E L
5(”)22@' <t t) ZZCZ‘ < + B Cl) (3.15)
i=2 Ry i=2 Ry

Here Egiqrt is the initially assumed value for the energy of the IP. For the final series
limit one then gets:

R
Eip=F, S S E,
=St sy~ T

Ry
s (Bgrec)]

It is easy to see, that Equation 3.16 cannot be simply solved for E,,. This would need to
be done if ones wanted to implement a fitting function which can be used for the analysis
of a data set. It would become necessary to first apply a fit to §(n) and afterwards use

(3.16)
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3.2 Light-atom interaction

the obtained data to calculate E;p. A propagation of errors would have to be taken into
account, further complicating the procedure.

For the data evaluation in this work therefore only the simple Rydberg-Ritz formalism,
as described in Equation 3.14, will be used. This gives the energy dependence on the
principal quantum number n:

Ry
(n —d(n))?

Ry

E,=FEip— ~ Erp —

. (3.17)

= b0~ lim

There are further possibilities to correct for more effects, for example considering the
Stark-effect. The linear Stark-effect is induced by an external electric field, such as an
extraction electrode. The splitting grows proportional with n?, but the electric field
gradient in the special case of this work is too small to be significant. Additionally the
laser light provides an electric (AC) field, so that for sufficiently high laser power the
quadratic Stark-effect could take hold. Its splitting grows proportional with n7, but it is
not observed for the lasers in use.

If a Rydberg series shows perturbations, further corrections have to be taken into ac-
count. One of these is the correction described by U. Fano in [Fan61]. He considers a
discrete perturbation level with energy E, to which the Rydberg states couple with a
strength of |V (E)|%. The quantum defect then becomes

A 1 7|V (E)|?
d d(n) — — =0(n) — —arct 3.18
(n) = d(n) - (n) ﬂarcan<E_E¢_F(E) (3.18)
with the phase shift A. F represents a shift of the resonance position with respect to
E,. If one defines the width of the coupling state with I' = 27|V (E)|? and further
substitutes 'p = E;, — I" one can insert the obtained expressions into the Rydberg-Ritz
formula (3.13):

—2
1) 1 T/2
E,~FEpp—R, |n— 50—1—712—— }é (3.19)
(n - 50) ™\ Eip— 7@_:;0)2 —Ep

3.2 Light-atom interaction

In order to build the foundation for the following section about resonance ionization
spectroscopy, this section will give an overview of how atoms interact with photons.
3.2.1 Atomic transitions

The most fundamental theorem of physics, namely the conservation of energy, implies
that the total energy of a system (here: atom-photon) must remain constant. The
state of an atom can change either via emission or absorption of a photon. Due to the
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3 Theoretical background for laser-atom interaction and laser resonance ionization

conservation of energy this process can be easily described. In a two-level system with
the states |1) and |2) with the according energies F; < Ej, this leads to the following
three possibilities:

e Absorption: A photon with energy hv is being absorbed by the atom, so that the
electron goes from |1) into |2), where Ey = E) + hv.

e Spontaneous emission: An atom spontaneously goes from |2) into |1) whereby
it emits a photon of energy F5 — Eq. The emission can occur in any direction.

e Stimulated emission: An external light field stimulates the emission of a photon,
so that |2) — |1). The photon from the external field and the photon resulting
from the emission have the same energy of hv = FEs — Ep and additionally the
same direction of propagation.

The probability for the above mentioned processes are given by the Einstein coefficients
Asq for the spontaneous and Ba; for the stimulated emission. A1 does not depend on the
radiation field w,,, whereas B does. The absorption must be equal to the total emission
while under stationary conditions the number densities Nj » are time independent and
therefore

Bisw, N1 = (Bmw,, + AQl)NQ. (320)

Assuming a thermal equilibrium the ratio of Ny/N; follows the Boltzmann distribution

No _ 92 (Bi—B)/kT _ 92 ((~hv)/kT (3.21)

N g a1

where g 2 is the statistical weight of a state with energy E and total angular momentum
quantum number J. Using Planck’s formula of the spectral energy density of the thermal
radiation field

8why? 1
e (Y (3.22)
and inserting Equation 3.21 into 3.20 leads to
Boy = ?Blz
2
3.23
8why? ( )
and A21 = 3 Bgl
c

For a transition E; — E; the wave functions 11 o of both states have to be taken into
account. Therefore the transition dipole moment My is introduced and defined by

M21 = 6/17[);’!'1/11(17'. (324)
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3.2 Light-atom interaction

The My, are also known as Matrix elements. If some of them are zero, the corresponding
transitions cannot occur, they are forbidden. This helps to define selection rules for
allowed transitions. In general the following apply:

AJ =0,%1 J=0— J =0 is forbidden

. . : (3.25)
Amy=0,=£1 my =0 — my =0 is forbidden if AJ =0

For the LS coupling AS =0, AL = 0,£1 and Al = %1 (for the transition electron)
apply. The jj coupling obeys to Aj = 0,41 for one of the electrons and Aj = 0 for all
the other electrons.
The parity m of the atomic system is preserved. This means that as one photon (negative
parity) is absorbed, the parity of the final state needs to change in regard to the initial
state, so m; = —7y.

3.2.2 Line shape and width
There are four main effects that affect the line shape and width?:

e Natural linewidth: It is called the natural linewidth, because it is not induced
by any external effects and solely dependent on the lifetimes of the atomic states.
It can be derived from Heisenberg's uncertainty principle for the energy, AE =
h/(2mT), provided that the decay of the state follows a simple exponential. The
corresponding broadening of the transition frequency is given by the spread of the
transition frequency, so that

=g (E4). (3.26)

2r \m1 T

The lineshape has a Lorentzian profile and is centered around the frequency 1y =
(E2 — El)/h
(v) = Av/2m
Fw) = (v —1p)? + (Av/2)?

(3.27)

¢ Collision broadening: Inelastic collisions result in transitions between atomic en-
ergy levels. Collision broadening is assumed to be negligible in the laser ion source
at ISOLDE due to the insufficient vapor density. In gas cell laser ion sources it is
often dominant though [RMK™12]. The energy shift is expanded simply by adding
a term f.,; which is the collision rate:

o T Ty

Av ! (1 + i + 2fcol) (328)

e Saturation broadening: Once the saturation limit of populating a state is reached
a homogeneous broadening takes place, building up a flat top profile on the line

!This section is mainly based on [ST07] and [Dem07].
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3 Theoretical background for laser-atom interaction and laser resonance ionization

shape. A detailed formalism which takes into account the energy density matrices
of the different states is given in [KS48]. A slightly more simplified explanation is
given in [Dem07], where the saturation broadening is specifically derived for a two
level system. A more 'hands-on’ explanation is given in [Rael0]:

I/(I/)_ SI(V>

= 15510 (3.29)

I(v) is the spectral distribution without saturation broadening. S denotes the
saturation parameter and is given with S(v) = P(v)/R, with the pump rate P(v)
and the mean relaxation rate of the energetically higher state R. The spectral
resolution is therefore reduced if the laser power exceeds the saturation power for

the transition. For determining the region in which saturation starts, the formula

P/P,

(3.30)
can be applied for fitting. W, denotes the background (surface ionization, non
resonant ionization) and m the growth of the ionization volume because of the
Gaussian mode profile of the laser. Py gives the saturation power, at which half of
the maximal transition rate A via resonant ionization is reached.

The three above mentioned effects are called homogeneous broadening effects. The
following one is called inhomogeneous, as different atoms posses differing line shape
functions or center frequencies.

22

e Doppler broadening: An atom which is moving with a certain velocity v along a

certain direction exhibits a spectrum that is shifted by 4+(v/c)vp in regard to the
central frequency vy due to the Doppler effect. The sign depends on the viewing
point of the observer (+ towards, - away from observer). In a thermal equilibrium
atoms follow a Boltzmann distribution, so that the number of absorbed or emitted
atoms in a frequency interval [v,v + 0v] is

n(l/)dV — CON e*[CD(V*VO)/(VO\/2kBT/mO)] (331)

vor/2mkpT /my

The intensity distribution follows a Gaussian profile with a FWHM of:

2 2kpT In 2
Avp = 20, [2EB2 02 (3.32)
Co mo
Taking into account the fact that the distribution of the emitted and absorbed
atoms follows a Lorentzian line shape due to their finite lifetime a convolution of a
Gaussian and Lorentzian line shape has to be made, which gives a Voigt (intensity)



3.3 Stepwise photo-ionization

profile
AvIgNcg 00 o—[cg(v—2")?/(v"*2kpT/mo)]

- om3/2u\/2kgT [mo Jo (v — V2 4+ (Av/2)2)

with v/ = 19(1 + vz /co) where vy is the velocity along the axis of observation.

I(v)

(3.33)

3.3 Stepwise photo-ionization

In 1971 R. V. Ambartsumian, V. P. Kalinin and V. S. Letokhov published an article on
the two-step selective photo-ionization of rubidium atoms by laser radiation ([AKL71]).
It was one of the first experiments using the resonance ionization technique. With
two or more lasers one successively excites dipole transitions in an atom so that finally
the total applied energy is higher than the ionization potential. This method exploits
the uniqueness of the ionization scheme required for a chosen element due to its atomic
structure ‘fingerprint’, resulting in an element selective (and some cases isomer or isotope
selective) ionization process.

There are different processes that may contribute to the ionization of a (highly excited)
atom.

3.3.1 Surface ionization

One mechanism, which can lead to unwanted isobaric contamination at ISOL facilities,
is surface ionization. Based on the work by J. Eggert [Eggl9] M.N. Saha derived the
ionization state of an element in a gas after evaporation from a surface with a certain
temperature [D.520]. This formula is e.g. used in astrophysics to classify the spectra
of stars. Applying it inside a cavity with a surface which has a work function W the
Saha-Langmuir equation results [Dre68] 2:

N _ Ot o <W—EIP>

3.34
ng 9o kT (3:34)

It describes the 'degree of ionization’, namely the ratio from surface ions ny to neutral
atoms ng. g4 are statistical weights for the ionic and atomic states. The equation
shows that the surface ionization depends on the work function W and the ionization
potential Frp. If the ionization potential is low the surface ionization is high, therefore
alkalies and also lanthanides are easily surface ionized.

The Saha-Langmuir equation can only be used as an estimation of the ionization probabil-
ity in a single atom/surface interaction. The actual surface ionization efficiency does also
depend on the ion survival after the wall collision and the average number of atom-wall
collisions per atom, so that experimental data is needed for better assessment.

2as mentioned in the paper by M. Dresser there is a paper by |. Langmuir & K. Kingdon [KL23] that
is often cited for the Saha-Langmuir equation but does not truly give it in the form in which it is
generally known today
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3 Theoretical background for laser-atom interaction and laser resonance ionization
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Figure 3.2: In this sketch the different possibilities of laser ionization are shown. Depend-
ing on the ionization scheme two or three lasers are needed for the ionization

process.

3.3.2 Laser-light induced ionization

The three possibilities for laser-light induced ionization are the following ( schematically

depicted in Figure 3.2):

e Resonant ionization via autoionizing states: An AlS is an electron configuration
with a total excitation energy that exceeds the ionization energy of the atom.
lonization occurs as a prompt non-radiative decay of this state. The typically short
lifetime of an AIS is responsible for its characteristically broad linewidth. The cross
section for this process can be up to three orders of magnitude higher than for non

resonant ionization, therefore needing less laser power to achieve saturation.

Usually autoionizing states show a very typical line shape, namely the one described
by U. Fano in [Fan61]. The cross section results from the coupling of a discrete
state with the underlying continuum and the cross section can be described with

2 E—E

o) =0 r/2

(3.35)

The parameter q is the so called skewness of the line and can have either a positive
or negative sign. For ¢ < 0 the abscissa in Figure 3.3 has to be reversed. The
reduced energy € gives the energy difference to the position of the resonance in

units of the half width T'/2.

¢ Non-resonant ionization: For non resonant ionization the last step is provided by
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3.3 Stepwise photo-ionization

Figure 3.3: Typical Fano lineshapes for different values of q [Fan61]

a laser operating at a wavelength that corresponds to a photon energy that exceeds
the difference between the IP and the upper state energy of the excitation scheme.
Usually high power frequency doubled Nd:YAG (532 nm) lasers with Gaussian beam
profile are used. The fluence condition

oni®im > 1 (3.36)

must be met [Marl3]. As the cross section o, is usually low for this process
(1071 — 10717 cm?) the photon flux ®; must be high. With utilization of pulsed
lasers with pulse length 7; in the nanosecond range an average power of the order of
around 100 W at 10 kHz repetition rate would have to be met. This is not achieved
in the current RILIS setup (see [RGF"16]), so that those transitions are normally
not saturated and the ion current dependency on power is linear.

lonization via Rydberg states: The concept of Rydberg atoms has been discussed
in detail in subsection 3.1.5. As stated there the binding energy reduces with 1/n?
so that once the electron is in the excited Rydberg state it becomes easy to ionize
either by applying an electric field, collision with other atoms/ions or just simply
via the absorption of black body radiation inside the hot cavity.

3.3.3 Applications of resonance photo-ionization

One of the experimental applications for the photo-ionization is resonance ionization
mass spectrometry (RIMS). Mass selectivity can be achieved using a mass filter dispersive
element, realized e.g. by a sector field magnet, a quadrupole mass filter or a time of
flight apparatus. The RIMS technique is for example used for the ultra trace analysis of
rare isotopes in environmental samples. This is done in the working group LARISSA in
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3 Theoretical background for laser-atom interaction and laser resonance ionization

Mainz. The preparation of clean samples for the ECHo project is another recent usage
[Sch16]. There is no scanning of the mass, but a chemically produced sample with long
lived isotopes which can be purified using resonance ionization in combination with a
mass separator.

The combination of using a mass separator with a resonance ionization laser ion source is
also used at ISOLDE. At ISOLDE it is possible to extract samples of short lived isotopes
as extraction of isotopes occurs immediately after production, with a target/ion-source
and ion beam delivery system combined in a single machine (see section 2.1). Using
the aforementioned combination of separator for mass selectivity and laser ionization
another application, the resonance ionization spectroscopy (RIS) is possible. For RIS the
wavelength of the lasers is scanned in order to determine nuclear or atomic properties
of different elements or across an isotope chain for a single element. Nowadays, thanks
to the development of very narrow linewidth lasers and geometries that make Doppler
free ionization possible, a sub-Doppler resolution can be achieved in experiments where
RIS is applied. With the special case of in-source spectroscopy where the ionization is
happening directly in the ion source, isotope shifts can be measured with enough precision
to give insight into the variation of the nuclear structure with varying number of neutrons
(see e.g. [MAAT13]).
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4 The compact Photo-lonization
Spectroscopy Apparatus (PISA)

This chapter provides a technical description of the PISA along with details of its perfor-
mance characterization after installation in the ISOLDE RILIS laboratory. A summary of
the first tests of the device and an overview of its intended applications are also given.

4.1 PISA: Setup

The PISA has been designed by T. Kron during his diploma thesis [Krol1]. The basic
setup can be seen in Figure 4.1. The PISA is a vacuum chamber in T-shape and contains
an oven (vaporization of sample), ion optics and an ion detector. There are three optical
windows, through which laser beams can be directed into the cell either in parallel to the
atomic beam or perpendicular to it. As a laser linewidth dependent resolution can be
achieved in the perpendicular setup, it is the preferred mode of operation. The compact
volume and small footprint of the PISA facilitate its implementation in existing labora-
tories where available space for new equipment may be limited. The ion optics are kept
minimalistic, so that only three power supplies are needed for operation.

Figure 4.2 shows the results of a ion trajectory simulation. The complete ion optics
consist of three electrodes:

e Surface ion repeller: This improves the laser-ion signal to background ratio by
repelling surface ions generated from the hot oven before they can reach the ex-
traction region. It is a positively charged electrode typically held at a potential of
9V.

e Plate: The Plate creates a potential which bends the ions that are produced just
behind the repeller away from the back of the PISA. It is situated opposite the
repeller. It also has a positive voltage of 66 V. During the optimization process of
the ion optics no significant influence of this electrode could be seen.

e Lens: The Lens helps to extract the ions from the chamber and focuses the ion
beam into the SEM. It is on a negative potential between 300 — 400V depending
slightly on the potential of the secondary electron multiplier (SEM).

The detector is a secondary electron multiplier (SEM) of the model MC-217 from the
company MasCom Technologies GmbH. A negative voltage of 1.75 — 1.90kV is applied,
depending on the desired detector gain. An exact number for the multiplication factor
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Holder SEM

Plate

Surfaceion  Oven
repeller

Figure 4.1: Simplified drawing of the PISA. The device is very compact (footprint around
30 cm x 17 cm) and the interior minimalistic, composed of only three elec-
trodes, a detector and a small oven assembly. A description of the compo-
nents can be found in the text below. The drawing was created with Autodesk
Inventor by T. Kron [Kroll].

cannot be given but according to the data sheet provided by the company the gain at
1.8kV is > 105 (see appendix Figure 8.1). The power supplies that were used for the
setup are CEAN N1471A. They have a current limit of 310 pA and can supply a voltage
of up to 10kV. A short description of how to operate the PISA can be found in the
appendix in section 8.3.
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SEM -1.8kV

Lens -350V

Surface ion
repeller +9V
Plate +66V

Oven

Ingoing laser beam

Figure 4.2: lon trajectory simulation of the PISA, created by T. Kron, using Simlon. The
different electrode potential lines (red) are shown with the resulting path the
ions would take (black) to get into the detector [Kroll].

4.2 General requirements for the PISA

In order to fully integrate the PISA into the RILIS setup and to achieve convenient and
reliable operation some general requirements will have to be met:

e Sample switching: For the PISA to become a viable tool for RILIS performance
monitoring during standard RILIS operation, the time required to obtain a suitable
ion signal (including sample change, pumping, ion signal optimization) should not
exceed 1 hour.

e Temperature: ldeally, the PISA oven should be able to generate an atomic beam
of any element that can be released as an atomic vapor from the ISOLDE tar-
get. The achievable temperature will have to be high (e.g. > 1400°C for Cr),
enabling scheme development for non-volatile elements as well as for volatile ones.
This requires a cooling system which makes sure that less heat resistive parts are
not damaged (cables, vacuum seals or others) and which ensures that the room
temperature is not affected by a high oven temperature.

e Selectivity: In order to further improve the capabilities for ionization scheme
development a mass selective element, e.g. a rest gas analyzer, should be included
in the design. It would be able to suppress background that is either ionized by
high-energy first/second ionization steps or by collisional ionization. In addition
the isotope shift of multiple stable isotopes could be measured as well as possible
differences in the hyperfine structure. This would provide a viable tool during the
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application of the PISA as a reference cell for in-source spectroscopy, as single mass
resolution is needed for elements with more than one stable isotope.

e Detection efficiency and dynamic range: The SEM needs to be able to operate
in two different modes, namely single ion counting and current (analogue) mode.
In single ion counting mode a detection threshold can be set, increasing the signal-
to-noise ratio. Using an oscilloscope with the possibility of storing this information
into histograms, the signal can be accumulated over several laser shots. A gate
can be set for the ion arrival time, further increasing the signal-to-noise ratio. The
signal can also be measured in current mode if it is well above the background.
Here a continuous readout of the ion current takes place. An easy switch should be
possible, with a possibility of data collection for both modes. For a more specific
description of the working principle of an SEM see section 8.2.

4.3 Overview over possible applications

The PISA can be mainly used for three different applications (as suggested first in
[Rot11]). These will be described in the following section along with details of the
specific performance requirements that each application demands.

4.3.1 Optimization and tests during setup for RILIS on-line
applications

During the on-line period at ISOLDE both mass separators are used to capacity with
typically more than two experiments scheduled per week. In order to use the given time
to optimum, fast setup of the lasers and of the target is required.

The PISA provides an opportunity to test and optimize several aspects of the RILIS setup
for application to particular chemical elements prior to the availability of the ISOLDE
infrastructure:

e optimization of the laser wavelength
e optimization of the pulse timing

e possibility of laser linewidth assessments (e.g. test if hyperfine structure is resolved
or not)

4.3.2 lonization scheme development

Another application for the PISA is ionization scheme development. The primary ad-
vantage of PISA for this application is that, since it is located in the RILIS room, the
array of RILIS lasers can be used for this purpose. Since the same lasers are used for
scheme development and for eventual ion beam production at ISOLDE, the suitability of
the resulting ionization scheme in terms of the achievable laser performance is not under
question. An example for scheme development on the element europium can be found
in chapter 5.
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4.3.3 Reference cell

One major application foreseen for the PISA is its use during in-source spectroscopy.
During the in-source experiment, scans of the stable isotope need to be carried out regu-
larly in order to have a reference for potential drifts of the wavemeter or changes in laser
performance. Recording the ion current measured in the PISA and the ion signature on
one of the detectors used for the in-source spectroscopy experiments will provide a refer-
ence scan of the stable isotope for each radiogenic one. In addition the orthogonal laser
and atom beam geometry results in an experimental spectral line which is dominated by
the laser linewidth.

4.4 Commissioning and current status of the PISA

The PISA was installed in the RILIS laboratory in October 2015. The results of the initial
testing and characterization of this device are provided here, along with an assessment of
the degree of suitability of the PISA for the various applications that have been described
in section 4.2.

4.4.1 Characterizing the PISA
4.4.1.1 Temperature calibration

After the installation in the RILIS laboratory a temperature calibration of the oven was
made. The oven temperature was gradually increased by applying more electrical current
to the heating coil. During this process the temperature was monitored using an optical
pyrometer (IS 8 pro from LumaSense Technologies), which had line-of-sight to the oven
surface through a fused silica vacuum window.

The uncertainty in the temperature measurements was determined by the range of the
values obtained from the pyrometer at a constant heating current value. This is reflected
in the error bars in Figure 4.3. The temperature calibration was performed twice to assess
the reproducibility of subsequent heating cycles. The two curves are shown in Figure 4.3.
From the linear fits two curves resulted. from which the following curve was calculated
using the mean values for the slope and the intercept:

y[°C] = 52[*C/A] - z[A] + 236 [°C] (4.1)

This curve should not be considered as a reliable temperature calibration. Its purpose is
to enable a rough temperature estimation during PISA operation.

It should be noted at this point that heat shields were added to the oven after the
temperature calibration took place. As the heat shields prevented a direct line-of-sight of
the oven, it was not possible to use the pyrometer for a new calibration. The temperature
should be higher for the same current settings now, as much of the heat is reflected by
the heatshields and therefore contained. For more accuracy it is therefore necessary to
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redo the calibration using a thermo couple. Due to changes that have to be made in the
design of the PISA to allow for the insertion of such a thermo couple, this remains as a
future task.
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Figure 4.3: Measurements taken with the pyrometer and the fitted data. The calibration
curve resulting from the mean of the two data sets is also displayed.

4.4.1.2 SEM behavior

The SEM that is being used as detector in the PISA has so far been used in current
(analogue) mode!. It shows only slight fluctuations in the ion signal, due to dark cur-
rent caused mainly by temperature effects (spontaneous emissions of electrons at high
temperatures can lead to dark counts of around 1/s that are registered by the detector).
When no laser ion signal is generated the ion signal fluctuates around 0 A. The readout
is done with a Keithley 6487 picoammeter. This is read out remotely by a computer via
a RS232 connection. The current can then be plotted over time or other parameters of
interest, e.g. the wavenumber during a wavelength scan.

The SEM, although specified for working in ion counting mode, initially did not show
a signal, when connected to an oscilloscope. In ion counting mode, with the detector
output connected directly to an oscilloscope (50 €2 impedance), each ion generates a 8 ns
wide negative pulse. The pulse height depends, amongst other factors, on the detector
gain, which can be increased by increasing the voltage applied to the front of the detector.
The detector gain should be adjusted to maximize the proportion of ion pulses that have

for a more detailed description of the working principle of a SEM, see section 8.2
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a pulse height higher than the signal noise. This way, a discriminator threshold can be set
that eliminates the background, without losing the registration of real ion events. If this
is not possible then a fast pre-amplifier should be attached, (as close as possible to the
detector output), to preferentially amplify the ion signal and facilitate the discrimination
of the detector noise.

During the tests the voltage of the lens was increased from the usual value around
—300V up to —1.4kV. The ion current detected by the picoammeter scaled linearly
with the applied voltage. While a low voltage is applied on the lens, the ions are slow
and might therefore be attracted to the positively charged lens, without getting to the
detector. The higher the voltage on the lens, the faster the ions become, escaping the
positive potential and hitting the SEM. It needs to be tested, if the same behavior can
be observed with laser ionized particles.

It can be concluded from the tests, that high currents on the picoammeter need to be
observed (nA- to pA-range) in order to obtain a significant signal with the oscilloscope.
If a current this high can be observed though, there is no need for the single ion counting
mode of the SEM. Further investigations into the matter will have to be made, as the
typical currents that have so far been detected lie in the pA-range. Increasing the oven
temperature and releasing more atoms can increase the current. At this moment though,
high temperatures lead to a background in the pA- to nA-range, because of a temperature
dependent charging effect of the surface ion repeller (for more details see section 4.5).

4.4.2 Suitability tests for the different applications

In order to determine the suitability of the PISA for all aforementioned applications,
different tests were performed. They include scheme development and the use of the
PISA as reference cell for different cases.

4.4.2.1 Scheme development for europium

A wide range of wavelength scans (ca. 544 to 910 nm, vacuum wavelength) has been
made with the PISA for europium scheme development in order to find new autoionizing
states. The details can be found in chapter 5. Additionally these scans showed a wide
array of Rydberg states which were used to determine the first ionization potential of
europium (see chapter 6). The scans were performed using the full power laser beams.
The secondary electron multiplier was used in current mode and read out remotely using
the RILIS laser scan recorder. The background during the measurements was negligible,
as all surface ions were suppressed by the repeller.

The measurements for the europium scheme development showed, that there is the need
for different oven materials: According to [RS95] europium should need a temperature of
about 620 °C for a vapor pressure of 1.3 x 10~2 mBar, graphite, tungsten and molybde-
num are specified as suitable crucible materials for the oven/hot cavity. Nevertheless, no
signal could be observed at low temperatures using a graphite oven. The heating current
needed to obtain a first signal was 18 A which, according to the temperature calibration
in Figure 4.3, corresponds to a temperature of > 1160 °C. Since the rare-earth elements
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are known to readily form carbides the graphite oven was identified to inhibit the release
of atomic Eu. Correspondingly the test was repeated with a tantalum foil liner-tube
placed in the graphite oven. This way the europium could be evaporated without getting
into direct contact with the graphite. Using this configuration, an Eu ion signal was
obtained once the heating current reached 10 A (= 750 °C). Based on this validation of
the Eu/carbon incompatibility, an all-Ta oven was constructed, and should be used for
any future rare-earth scheme development.

4.4.2.2 Reference cell during standard RILIS operation

64Zn

IP=75769.3 cm™

3d'%4s4d D,

636.4 nm

3d'%4s4p 3p°,

213.9nm

3d%%4s% s,

Figure 4.4: lonization scheme for Zn with a non resonant last step, the wavelengths are
given for vacuum.

During the first HIE-ISOLDE run in November 2015 a quick test has been carried out
using stable zinc in the PISA. A sample of zinc (solution on titanium foil) was inserted
into the oven (made of graphite), which was then heated with a current of 7A (= 590°C).
The laser reference beams were directed into the cell, using two different mirror sets in
order to divide the UV first step from the second and last step. This method ensured a
better overlap in the cell, as the UV beam had the smallest spot size and was otherwise
no longer overlapping with the other two steps. It took about 3h to set up the beam
path and the readout of the detector, as this was the first time this was done for the
PISA after its integration into the RILIS infrastructure. For the case of Zn it was possible
to use the reference beams after the reference iris, as they were not needed. It must be
noted though, that some ionization schemes with either very weak reference beams or

34



4.4 Commissioning and current status of the PISA

two steps with nearly identical wavelength cannot be monitored and stabilized in the way
described in section 2.2. For these schemes the reference beams behind the iris are used
either for the x/y-stabilization or for monitoring them on the camera.

After a first (laser dependent) signal was observed an optimization of the electrodes was
performed. The best voltage of the surface ion repeller was determined to be +9V. In
accordance with [Kroll] the voltage of the plate was kept at +66V. The lens and the
SEM were also kept at the voltages found in the thesis [Kroll].

Once the signal was optimized, a wavelength scan of the first step, as depicted in Fig-
ure 4.5, was made. The fit which was applied in oder to determine the exact peak position
gave a value of 11686.40(3)cm~!. This corresponds to the value of the fundamental
laser wavelength and therefore needs to be multiplied by 4 in order to get the real value
for the transition. The transition energy therefore is 46745.60(12) cm~! which corre-
sponds reasonably well to the value of 46745.413cm™! obtained from previous works
([KYRal5]). The wavelength scan of the second step was recorded in parallel measuring
the current of the electron multiplier in the PISA, as well as the current of the Faraday
cup FC490, situated in the focal plane of the GPS beamline. Both scans are shown in
Figure 4.6. The fits of the peaks give 15713.13(3)cm™~! for the scan on the SEM and
15713.12(3) cm~! for the scan on FC490. The values perfectly agree with each other
within their errors and also agree with the value of 15713.15cm ™" given by former mea-
surements. As the third step is non resonant there was no scan performed for it.

This first test showed, that it is possible to use the reference laser beams for ionization if
their power is high enough to induce a measurable ion current. In addition the flexibility
of the data acquisition system to enable simultaneous acquisition of a Faraday cup and
the PISA SEM data during a laser scan has been demonstrated.
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Figure 4.5: Wavelength scan in the first step. The fundamental wavenumber is given as
the abscissa while the wavelength for the transition was produced by frequency
quadrupling. The peak center lies at 11686.40(3) cm™1.
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Figure 4.6: The graph shows the simultaneously taken data during the wavelength scan
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of the second step. As can be seen the peak forms and positions agree
well with each other. The center of the peaks are at 15713.13(3) cm™! and
15713.12(3) cm™! respectively.
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4.4.2.3 Reference cell during in-source spectroscopy with RILIS

The first tests that were performed with the PISA using bismuth had the purpose of ver-
ifying the feasibility of using it as reference cell for in-source spectroscopy in June 2016.
For this reason the PISA was loaded with bismuth, which was initially ionized using the
full power of the laser beams. In Figure 4.7 the ionization scheme of bismuth is depicted.
One can see the splitting of the hyperfine structure (F'). There are six transitions in total
from the ground state into the first excited state. Only the splitting of the excited state,
which is around 24 GHz, can be observed (see Figure 4.8) due to the resolution which
depends on the laser linewidth. This means that both peaks in Figure 4.8 include three
peaks that are not resolved.
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Figure 4.7: Bi ionization scheme, including the hyperfine splitting of the first step, the
wavelengths are given for air.

The wavelength scans of the first step in Figure 4.8 showed that the first tests on bismuth
in the PISA were able to verify some key aspects. A clear difference in the scans of the
first ionization step in broadband and narrow linewidth mode was observed. This was an
expected effect that could be observed using the PISA2. The asymmetry of the peaks
which can be seen in the scan resulted from the fact that the automatic timing stabi-
lization had not yet been set up. This shows how crucial timing stabilization is during

2Note: In Figure 4.8 the peak widths are around 23 GHz for the dye laser and around 3 — 4 GHz for the
NB Ti:Sa. As the Ti:Sa is narrower than the linewidth of the transition (which is around 4 GHz), it
is not possible to deduct the laser linewidth from the measurement. As the full power laser beams
were used, the dye laser scan is broadened not only due to the laser linewidth (> 8 GHz) but also by
saturation.
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scans, in particular as an asymmetry could shift the centroid of the peaks, altering the
measurements while also distorting the peak shape which makes a proper fit impossible.
The above mentioned measurements were recorded in current mode. When switching
from the full power laser beams to the reference beams, the signal was too weak to be
detected in current mode. Tests were deducted during which the power of the first step
was slowly decreased. While in broadband mode a power of at least 1 mW is needed in
order to still get a distinct signal in current mode.
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Figure 4.8: Scans of two different first step excitations using the broadband dye laser
with DCM (black) or the narrow band Ti:Sa (blue). For a better overview
the x-axis represents the absolute wavenumber of the atomic transition.

4.5 Conclusion

As outlined in section 4.2 some general demands were imposed upon the PISA. Some of
them cannot yet be met. The reasons for this and some possible improvements are given
below.

Achievable temperatures

Presently the temperature requirements for non-volatile elements cannot be met. During
various tests with the PISA it was noted that there is a charging/electron emission ef-
fect on the surface ion repeller with electron currents in the pA-range (measured on the
power supply). This effect is temperature dependent and was reproducible over several
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measurements. It renders the PISA unusable for too high temperatures, as this effect is
coupled to an increasing background detected with the SEM. As it was not possible to
clearly determine the source for this effect, two different approaches were attempted to
solve the problem.

The first attempt was to install a second repeller on a negative potential. This should
suppress those electrons that are ejected by surface ionization and were possibly accel-
erated towards the surface ion repeller by its positive potential. The introduction of the
second repeller on negative potential should hinder the electrons from getting into the
main part of the chamber where they can ionize rest gas via collisions. Unfortunately
tests with this second repeller were not successful. Temperature dependent effects that
could not be specified led to a short circuit between the two repellers, so that the tem-
perature dependent background could not be suppressed.

Another approach to tackle the cause for this temperature dependent effect was to de-
crease the diameter of the surface ion repeller. The diameter of the repeller was nearly
equal to the diameter of the vacuum chamber in which it is situated. The vacuum pump
sits about 20 cm behind it. When the oven is heated, many atoms and/or ions are re-
leased which could lead to space charge effects. The outer diameter of the repeller was
therefore decreased by 2cm, leaving a wider gap between the vacuum chamber and the
repeller, allowing better evacuation of the volume. Tests showed that an initial charging
effect can still be detected. In comparison to former measurements though, the increase
in current is not as fast and starts settling after 5 — 10 minutes. After that it starts
decreasing, although a value of 0 A cannot be reached anymore. The decrease in diam-
eter and therefore increase in gas flow seems to dampen the charging effect. It might
be advisable to try to decrease the diameter as much as possible, while still being able
to repel the surface ions. Introducing a grid or mesh instead of the solid repeller might
also lead to a further decrease in the charging effect. Further investigations are needed
in order to completely solve this problem.

New oven design

With the current design of the oven, the housing and the power feed throughs of the
PISA are reaching high temperatures (90°C or more) once it is operated for either a long
time or at very high temperatures. The addition of a few simple heatshields had already
proven that higher temperatures are in reach without the necessity of external cooling.
In order to further expand possibilities of heating, a new heatscreen and water cooling
shall be installed soon. This would decrease the heat dissipation and make the room
temperature of the RILIS laboratory more stable.

The water cooling could be connected to the power feed throughs (see Figure 4.10). Pic-
tures were taken with a thermal imager (see Figure 4.9), showing that the feed throughs
are one of the hottest parts of the PISA. The new heatscreen will consist of a copper
block enclosing the oven. The connection to the flange, which is connected to the cell
and therefore to the table, ensures a temperature conduction which takes off most of the
heat. Additionally the heatscreens which are currently used will be kept, as there is still
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Figure 4.9: Photo taken with a thermal imager (Optris Pl). One can see clearly the power
feed throughs, radiating a lot of heat which leads to heating of the flange.
Additionally the area where the oven is situated can be seen, as it also has
quite a white glow.

enough space available.

Another feature included in the new design is the mechanism for sample switching. In-
stead of opening up the whole flange (see section 8.3), only the sample holder will need
to be taken out. The tip of the sample holder will be screwed onto an insulating mate-
rial. Different materials for the actual container of the sample can be used and switched
whenever the need arises. This feature has been included, because the tests with the Eu
showed that, depending on the element of interest, a switch in oven material is needed.
There will be two extra feed throughs on the flange, which can be used in order to insert
for example a thermo couple. As long as the feed throughs are not needed, they can
remain closed for possible future applications. The feed throughs for the power will no
longer be welded into the flange, but attached with CF16 connectors. This gives the
possibility of an easy exchange of the power feed throughs.

All of these features make the oven more versatile for future applications, giving also
the perspective of re-using the design for other experimental setups should this be neces-
sary. The current design study for the new oven-flange assembly is depicted in Figure 4.10
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Figure 4.10: The graphic shows the current status of the oven design. On the left the
outside can be seen, in the center of the flange a compression port is situated,
which can be screwed open or closed by hand. Once it is open the oven
sample holder construction can be removed. This construction can be better
seen in the figure on the right. The tip can be unscrewed and changed,so
that a switch in oven material is possible, while the rest of the structure
remains the same. The tip screws into an insulating material, so that a
maximal heating effect can be achieved. A heatsink is added on the inside,
attached to flange for thermal conduction to the outside. The power feed
throughs use up two of the four holes in the flange. The remaining two
holes can be closed with CF16 flanges or used e.g. for thermo couples.
CAD drawings for the compression port and the feed throughs downloaded
from http://www.pchemlabs.com & http://www.mdcvacuum.eu/
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5 Europium scheme development

The following chapter will give an overview over the scheme development that has been
made using the PISA. A short introduction will deduce the necessity of this scheme devel-
opment, followed by a detailed analysis of the measurements and the new spectroscopic
data.

5.1 Motivation

The first resonance ionization schemes for europium were developed in 1982 as de-
scribed in [ABB"84]. Using a three step scheme leading to an autoionizing state these
schemes have been successfully used to study isotopic variations in the charge radii of
europium isotopes [ABB83] as well as to determine many other nuclear characteristics
such as nuclear spins |, magnetic dipole moments 1 and electric quadrupole moments Qg
[ABD "84, LMST92, BFI*04] .

In the following years further atomic spectroscopy has been carried out in order to find
more autoionizing states [ZLMF87]. Many autoionizing transitions leading to even par-
ity states have been found in the total energy between 45738.3 and 53270.8cm~!. In
addition new schemes using only two steps with a high lying first intermediate excited
level have been developed. This can be achieved for example by using a pump laser with
308 nm which enables the use of laser dyes that emit light in the blue to green spectral
range. Different first steps with \; = 459.4nm, \o = 462.7nm and \3 = 466.2 nm have
been used by [NRBA96]. Scans have been made in a wavelength range of 459 —522.5nm
in order to find new odd parity levels, where the second step also serves as non resonant
last step for ionization. In addition scans in the wavelength range of 408 — 461 nm have
been made in order to find further Rydberg and autoionizing states (see [AN99] and
[NRCA00]).

Like all the rare earths europium is easily surface ionized. lts ionization potential lies at
= 45734.74(4)cm™1 (5.67eV) [NRCA00]. Therefore it has initially been produced at
ISOLDE with yields in the range of 108 atoms/s from a tantalum foil target with a tung-
sten surface ion source [KIu86]. The yields are highly dependent on the target material;
e.g. '°2Eu with a half-life of 13.3y has yields varying from 8.3 x 10* (uranium carbide
target & tungsten surface ion source) to 3.2 x 10% atoms/s (gadolinium-lanthanum alloy
target & tungsten surface ion source). The RILIS has so far not been used to produce
europium beams since the expected surface-ionization efficiency of Eu in a Ta cavity
at 2000°C is in the order of 0.38% . For indium, which has a similar IP of 5.79eV,
the surface-ionization efficiency is around 0.05% and the enhancement from surface to

!calculated using the analytical model of the Saha-Langmuir equation as described in [SABT15]
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resonance laser ionization that has been observed is in the order of > 500 ([log]). This
leads to the conclusion that an enhancement of a factor > 50 might be expected for Eu
under the same conditions. It is therefore reasonable to expect that the application of an
efficient RILIS scheme for Eu would enhance the overall ionization efficiency, whilst also
providing a convenient laser on/off signal identification tool. In addition, once available,
a RILIS scheme for Eu can then be used in combination with the existing or soon to be de-
veloped surface ion suppression methods such as LIST ([FRB'15]), VADLIS ([GBC'16]),
ToFlis ([MMMO09]), low work function cavities and fast beam gating ([RGF716]).
Radioisotopes of europium are of interest in the solid state physics experiments for Moess-
bauer spectroscopy as they are used as a semi conductor material in silicon (here at
ISOLDE Eu would be of interest 2). It can also be used to measure the topical proper-
ties of doped materials, which is important as some properties might change if the Eu is no
longer present in its pure form. It is also used as specific doping material in crystals that
can be used for quantum memory or quantum computing (see e.g. [LTG"12, SKZ"16]).
These beam requests have motivated the scheme development RIS of europium in order
to efficiently produce these beams in pure form.

The existing two step schemes need UV (308 nm, as in [AN99]) pumped dyes for the
two steps, while the three step schemes need three dye lasers. The existing two step
schemes could be realized with the current RILIS setup using 355 nm instead of 308 nm
for pumping the dye. This approach is impractical for routine and round-the-clock RILIS
operation since it is known that the UV pumped dyes typically have a significantly shorter
lifespan and lower efficiency than commonly used 532 nm pumped dyes. A scheme better
suited to RILIS and its available lasers would make the setup time faster and enhance
the usefulness of the scheme. An alternative and convenient first step that has enough
energy to reach the IP with a second step of 532 nm or more was determined. Convenient
in this context means that the wavelength is easy to reach by frequency multiplications
with either a Ti:Sa or a commonly used 532 nm pumped dye and a good A-value (order of
107 1/s or more), which is proportional to the transition strength. For more information
see Table 8.4

2Private discussion with Karl Johnston, ISOLDE physics coordinator
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Figure 5.1: First step as chosen for the scheme development, the wavelength is given for
vacuum. Scans of six overlapping dye and Ti:Sa laser ranges, spanning from
544 to 918 nm were carried out.

Using the NIST database of energy levels ([KYRal5]), a new first step was chosen. In or-
der to make a two step scheme possible, a high lying level with a good transition rate was
chosen. This first step is a transition from the ground state (Ocm™1) 47652 a85$/2 to

the 4f5d6s% 8Py ), excited state with an energy of 32130.25cm™! and a transition rate
A of 3.2 x1071/s . This corresponds to a wavelength of about 311.23nm (in vacuum?)
which can be reached by frequency doubling a dye laser, using DCM dye. In order to get
above the ionization potential an additional energy of 13604.49cm™! is needed. This
corresponds to a wavelength of 735nm or less. Scans beneath this wavelength should
reveal autoionizing states whereas scans just above this wavelength (so below the IP)
should show some Rydberg states. Finding an optimal AlS transition as second resonant
step would complete the scheme development, yielding a scheme which is well adapted
to the RILIS capabilities. The scheme (first step transition and scans) is shown in Fig-
ure 5.1.

Figure 5.2 shows scans of the first step. They were done with either a ND (neutral
density) 1.3 (5% transmission), a 0.3 (50 % transmission) or no filter, where the power

3Note: Wavelengths given in nm were calculated for vacuum and should only be used as an estimate
for determination of the appropriate optics and/or laser dye.
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5 Europium scheme development

Filter ‘ Peak position [cm™1] ‘ Width [em™1]

ND 0.3 16065.146(3) 0.319(4)
ND 1.3 16065.137(2) 0.319(3)
no filter 16065.127(3) 0.444(5)

Table 5.1: Eu first step scans, peak position and width

without filter was around 100 mW. The resulting peak positions are listed in Table 5.1,
giving a weighted mean value of 16065.137(2)cm~!. This corresponds to a transition
wavenumber of 32130.274(3) cm~1. As can be seen in the graphs the linewidth for the
peak with full power is about 30 % broader. This effect is ascribed to power broadening,
which is removed once the ND 0.3 filter is inserted. There is nearly no difference in
linewidth between the two different power reduced peaks, leading to the conclusion that
they are both no longer saturation broadened.

The difference in the height of the peaks stems from the fact that they were not per-
formed in the same set of measurements. The scan with the ND 0.3 filter inserted took
place during the first set of measurements with the Ta-foil lined oven at a much higher
oven temperature while the scans with the ND 1.3 and no filter were performed one
after another after a decrease in temperature and the change to the full Ta oven (see
subsubsection 4.4.2.1 for further information).

5.2.1 Lasers used for the scans

Using a commercial Credo Dye laser from Sirah with different dyes a wavelength range
from 544 to 730 nm could be covered in the spectroscopy of the second step excitation.
In addition a grating Ti:Sa was used for a wavelength range of 714 to 918 nm making
scans above and below the IP possible. This corresponds to a total energy range from
approximately 43023 to 50512cm~!. The spot size (diameter) of the laser beams in the
interaction region was ~ 3 — 4 mm.

The dyes that were used in particular are listed in Table 5.2 together with the wavelengths
which can be generated and the approximate peak powers. The wavelength overlap for
all the used dyes was big enough to ensure that there were no gaps in the spectrum,
so that after each dye change the same experimental conditions could be regained. In
addition the wavelength overlap gives the possibility to compare the positions of the AlS,
which can be found in more than one spectrum.
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Figure 5.2: Scans of the first step for Eu for different laser powers are displayed together
with the corresponding Gaussian fits. The laser wavelength used for the
second step was 13655.25 cm™!. The positions and widths can be found in
Table 5.1
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5 Europium scheme development

Dye name Wavelength range [nm] | Peak power [W]
Pyridin 1 660 — 730 2.7
DCM 610 — 670 3.7
Rhodamine B 586 — 627 3.5
Rhodamine 6G 557 — 588 6.1
Fluorescein 548 544 — 559 4.8

Table 5.2: Dyes used for second step scans in europium

5.2.2 Peak fitting considerations and error analysis for atomic
resonances and Al states

The estimated error of the WS7 wavemeter that was used is Ay = 0.03cm ™. The
first step scans were fitted with normal Gaussian curves using the data analysis program
OriginPro 2015. The centroids of the fits were then compared to the literature value
of 32130.25cm~!. Assuming that the biggest deviation from the literature value is
also the maximal error of the wavemeter, the error of Aypr = 0.03cm™! resulted (see
Figure 5.2).
Ay s was then added to the error of each peak resulting from the fits, where the energy
was fitted without adding the first step. The final peak position Z was calculated using
the weighted arithmetic mean of the two peaks resulting from the two scans of each
spectrum.
Z?:lxi'fm _ Am T A
Yiian  smtan
7 1 2
Here x; is the value of one peak weighted with its error Az;. As the errors differ between
the spectra the peak with the smaller error weighs more than the peak with the bigger
one. The final error was calculated using the propagation of uncertainty:

(5.1)

xr =

n

Az = ; (jfi)? Ad? = - (g :@)1 (5.2)

Onto the values derived for the peaks by calculation of the weighted mean value, the en-
ergy of the first step was added together with the wavemeter error. In total the wavemeter
error is accounted for twice: its size is assumed to be the biggest deviation from the mea-
sured wavenumber of the first step to the literature value. Every peak gets assigned this
error as systematic error in addition to its fit error. When calculating the final position
of energy, the energy of the first step needs to be added, which also contains the error
of 0.03cm~1. Finally this gives Eyoral = (32130.25 £ 0.03)cm ™! + (z £ AZ)cm™L.

As mentioned before each range was scanned in two directions. This method ensures
that if there is a 'lacking behind’ of the data acquisition (DAQ) compared to the speed
of the scan this shift can later on be cleared from the data. In order to take this acqui-
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5.2 Scans with the PISA

sition error into account both scans were evaluated. The peak positions were tabulated
and the differences between the peak positions of the two scan directions calculated. If
there is a shift of the peak positions caused by the DAQ this difference should be either
always negative or always positive. For all scans the sign of the difference was changing
constantly. Therefore a correction was deemed unnecessary.

In addition each spectrum was adjusted as follows: All points giving 0cm~! as wavenum-
ber were eliminated. Those points are clearly wavemeter readout errors. To account
further for wavemeter readout errors the scanned wavenumber was plotted over time. If
there are no errors in the acquisition a line should emerge with the gradient corresponding
to the scan speed. Points not lying on that line must therefore be wrong readouts of the
wavemeter and can be taken out of the data.

In contrast to the wrong wavemeter readouts stand values stemming from secondary
modes in the resonator. A very good example for this case is given in the scan with the
Fluorescine dye. Here the MSS was used for the scan. As can be seen in Figure 5.3 there
are two parallel lines when one plots the scanned wavenumber over time. This is a result
of the laser jumping between two different modes with an offset of ~ 2cm™! between
the main and the secondary mode. It is evident that only one of the two modes should
be taken into account as otherwise perturbations in the actual spectrum will result. The
data of the secondary mode was therefore not used for plotting and evaluating the final
spectrum. Some small fluctuations where a second mode appeared were seen in other
scans as well and treated the same way as the scan with the MSS.
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Figure 5.3: The wavenumber is plotted over time (represented by the number of the
measurement). Only a part of the scan is depicted, as the two lines of the
different modes lie near to each other (offset ~ 2cm~') and can otherwise
not be resolved. The lower of the two lines visible in the plot has been

neglected for the scan, as it was the weaker mode.

Because of time restrictions it was not possible to make saturation measurements during
the scanning phase. For each new dye range the laser needed to be re-optimized and
the circulators cleaned and refilled. Therefore no normalization of the spectra can be

performed.
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5.2.3 Autoionizing states

1200 1P 1% excited ionic state
! T T T T T T T T T T T
| [}
' ! —— Grating TiSa
| \ —— Pyridine1
1000 | | ! —— DCM ]
: \ ——— Rhodamine B
| I —— Rhodamine 6G
| ! —— Fluorescein 548
800 | _
3
S '
g 600 |- . i
5 |
[&] |
s |
w |
9 400 F ! i
200 + u i
\ | WL)
of ! , i
1 1

45500 46000 46500 47000 47500 48000 48500 49000 49500 50000 50500

Total Wavenumber (cm™)

Figure 5.4: Full spectrum for the second excitation step of europium. The different colors indicate the differing scan ranges taken
with either varying dyes or the solid state Ti:Sa laser.



5 Europium scheme development

Figure 5.4 shows an overview over all the AIS that have been found. The height of the
peaks has been scaled for the different measurement sets in order to be able to show them
in a single plot. For a better scaling of the x-axis the scan taken with the grating Ti:Sa
is not fully displayed as it will be discussed in greater detail in chapter 6. The ionization
potential is indicated in the plot in order to get a better estimate of the scanned range.
The more detailed graphs for all the other scans can be found in figures 8.3 to 8.9 in the
appendix. Table 8.2 lists all the AIS that have been found. For the estimation of the
errors please see subsection 5.2.2.

During the scans many new autoionizing states were observed. They show the typical
Fano profile one would expect for the autoionizing states (see Figure 3.3). The sign
of the skewness of the states changes along the scan range. This effect arises due to
(broad) interlopers which can weakly couple to a channel of autoionizing resonances.
The symmetry reversal occurs near the energy of the interloper, if several channels of
autoionizing resonances are strongly coupled to each other but only weakly coupled to
the interloper [J.-92]. The paper by J.-P. Connerade and A.M. Lane [CL88] discusses
the g-reversal effect in more detail, using a formalism derived from K-matrix theory for a
Rydberg manifold perturbed by a broad intruder as basis for their discussion. They try to
answer the question how many g-reversals one might expect in a spectrum and if they all
arise from the same intruder or from different ones throughout the spectrum. They come
to the conclusion that in the general case in photo-ionization "as many as six ¢ reversals
can occur" ([CL88], p.1465) but they do not give any specifications about the width of
the spectra, which makes this prediction not very useful for practical applications. The
number of g-reversals is not easy to determine for most of the europium spectrum, which
is due to overlapping resonances that render it impossible to tell if there was a 'real’
g-reversal or if the neighboring AlS peaks extend into each other, changing the skewness
due to interference effects between them. Wherever the peaks were well separated but
changed the sign in ¢, it was assumed that the coupling to the continuum gave the reason
for this change.

As can be observed in the spectrum from the scan of the grating Ti:Sa there is even an
AlS rising up right where the ionization potential is located. A closer look at the profile
reveals that the side towards lower energies is the lower dipping side of the Fano-profile.
The theory of the coupling between the continuum and the autoionizing state would
suggest that there might be more factors that would need to be considered for a proper
analysis. A conclusive discussion cannot be given, as the theory does not specify a case
exactly like the one observed here. Due to the fact that the spectrum is not independent
and the distance between the Rydberg states and the AIS is rather small, it cannot be
ignored, that there might be interferences, too. The coupling effects are hard to describe
even for isolated, single AlS, so that a proper analysis of these states at locations where
the continuum, an AIS and a member of a Rydberg series interfere with one another is
at this moment not possible.
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5.3 Finalization of the scheme development

To validate the PISA scheme development, a comparison of the schemes from the PISA
with the same schemes at the standard hot-cavity RILIS system should be made. Such
a validation ideally requires the following tests to be performed:

Saturation curves for the first step and different AIS will have to be measured. A com-
parison between the available non resonant last step and different autoionizing states
through relative efficiency measurements will be made as not only the achievable overall
ion current determines the decision which scheme to use: A scheme with a resonant last
step might yield a lower ion current but might still be preferred. This is due to the ionizing
effect that the powerful non resonant laser can have on e.g. interfering molecules with
the same mass as the desired element, therefore contaminating the ion beam. In addition
the surface to laser ionized particles ratio will have to be investigated. Once these steps
have been taken and the best possible scheme has been determined, an efficiency test
using a calibrated mass marker should be done, as well as yield checks of radiogenic Eu
beam production.

On-line tests are foreseen to be made with an tantalum foil target with a tantalum-cavity,
as the tests with the PISA have shown that tantalum seems to work well for extracting
the europium.
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5 Europium scheme development

Proposed ionization schemes

For each scanned range the two strongest AIS have been chosen for a possible ionization
scheme. They will need to be compared regarding their ionization efficiencies and the
laser to surface ionization enhancement. Even in case of little time and no comparison
though, the RILIS will be able to provide an Eu beam, no matter the setup. As all
scanned wavelength ranges will yield at least two possible schemes, the setup time will
be fast and can be realized with each of the available lasers. The following ionization
schemes are therefore proposed, with an indication of which laser (dye) would provide
the desired wavelength. The first step can be either realized using doubled DCM dye
or tripling a Ti:Sa laser. If there are time restrictions the doubling provides the faster

method.
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Figure 5.5: Proposed ionization schemes for europium
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6 Determination of the first ionization
potential of europium

The first ionization potential of europium has been determined to be 45734.74(4) cm™!
by Nakhate et al. (see [NRCAO0Q]), following up on earlier works by Smith and Tomkins
([ST75, ST76]), who published 45734.92cm™!. As can be seen in the spectra of the
scans with the grating Ti:Sa and the DCM dye (Figures 8.3 to 8.6) a large number of
Rydberg states converging to the first ionization potential as well as to an ionic excited
state were observed in this work.

An analysis has been made of the Rydberg series leading to the first ionization potential
in order to compare the recorded data from this work with the literature. The analysis
can be found in section 6.1 In addition an analysis of the Rydberg series converging to
the ionic excited state has been done. The detailed analysis can be found in section 6.3.

6.1 Rydberg analysis

In order to verify the literature value of the IP for Eu a complete Rydberg analysis was
performed on the data depicted in Figure 5.4. The peaks in the Rydberg spectra were
fitted using the analysis program OriginPro 2015. For the peaks a Gaussian fit was cho-
sen, as this reproduces the observed peak shape sufficiently well. Two different scans
with slightly differing scan speeds were made, the first one during the measurements for
the scheme development and the second one in order to get a better resolution and more
precise values for the Rydberg states. The direction of the second scan was reversed in
order to be able to account for potential shifts caused by the data acquisition. Both spec-
tra were fitted but due to the scanning speed, the second scan has a better resolution,
exhibiting a number of peaks that were not observed in the first scan. The found levels
were tabulated and compared. Wherever the same levels were found in both spectra the
weighted mean value (see subsection 5.2.2) was calculated. The final values that are
given in Table 8.3 are a mixture between peaks that were only found in one of the two
spectra (here the error is the fit error + the wavemeter error) and values that resulted
from calculating the weighted mean between two peaks from the different spectra (here
the error is the error of the weighted mean value + the wavemeter error).

For an overview of all the formulas that have been used for the Rydberg analysis see sub-
section 3.1.5. The mass corrected Rydberg constant for Eu is R, = 109736.9195cm L.
The values for the quantum defect § and the effective principal quantum number n* were
calculated according to Equation 3.13. Then the significant figures of § were plotted over
n* for different values of Ejp. These plots gave a first graphical starting point for the
analysis. Once a value had been determined for which a good trend towards linear values
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6 Determination of the first ionization potential of europium

for 0 was obtained, the values for the quantum defect and the ion signal were plotted
over n*. This plot is given in Figure 6.1, with the data from the second recorded dataset.
The purpose of this plot is to graphically determine which series might belong together
by looking at the shape as well as their position in the spectrum. This makes it easier to
determine some of the patterns. For example a triplet of peaks that gets more and more
separated the further one goes down in energy, can be distinguished. Patterns like these
help in the series identification.
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6 Determination of the first ionization potential of europium

U. Fano et al. calculated the quantum defect for different series (f, d, p, and s) for all
elements up to the atomic number Z = 102. The result of these calculations is depicted

in Figure 6.2. For europium with Z = 63 the following quantum defects were extracted
from this plot:

Table 6.1: Theoretically calculated quantum defects for europium [FTD76]

Series ‘ Quantum defect ¢

f-wave 1.00

d-wave 2.78

p-wave 3.75

s-wave 4.24
7 T T T T T T T T T T
e energy=0 5

)

8{ (radians)
©0

~ @
quantum defect P’t

phase shift
(]

O 10 20 30 40 50 60 70O 80 90 I00
atomic number Z

Figure 6.2: Quantum defects for different series depending on the atomic number Z. The
data points for Eu are marked with red dots, the data for § was extracted
using OriginPro 2015 [FTD76]
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6.1 Rydberg analysis
It can be assumed that s- and d-series, as listed in Table 6.1, might be observed, as the
possible configurations accessible from the excited state (4/%5d6s*® Py 5) are:
4f765(°S¢) ns with J = 7/2 or 9/2
4£76s(7S9) nd with J =7/2, 9/2 or 11/2

Other possible series might stem from transitions, where the f-electron stays in an excited
state, e.g. 4f96s?nf. These possible series would most likely lead to a final state which
lies above the IP.
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Figure 6.3: The quantum defect is plotted over the principal quantum number n for an
assumed series limit of Erp = 45734.00 cm™!. The different series that have
been chosen for fitting are marked in different colors. The black point belong
to levels that have bot been assigned to either of the series.

Figure 6.3 shows the quantum defect over the principal quantum number n for an assumed
series limit of Erp = 45734.00cm~!. This limit was chosen as a starting point from
which to do the fitting, as the values for the quantum defect showed good convergences
towards constant values. Individual series that were identified in a certain range of the
plot and were chosen for fitting are marked in different colors, indicated on the color scale
on the right hand side of the plot. The fit was done according to Equation 3.17. The
two most prominent of the fitted series are depicted in Figure 6.5 and 6.4 while the rest
of the series can be found in the appendix (section 8.6). An overview over the fitting
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6 Determination of the first ionization potential of europium

parameters and the derived ionization potential can be seen in Table 6.2. For series 6 3
was in the order of 1071, so that it was negligible for the fit.

Series No. No. of peaks 5o 3 IP [em™1]
1 12 0.33 £0.01 —2.88 £1.40 45734.24 £0.14
2 9 0.41 £0.01 —7.17+£1.36 45734.51 £0.16
3 14 0.35£+0.01 —2.134+£0.59 45734.05 £0.12
4 14 0.26 £ 0.01 —4.09 £ 145 45734.01 £0.11
5 15 1.05£0.01 —4.09 + 2.33 45734.62 £0.14
6 12 0.23 4+ 0.02 45734.19 £ 0.10
7 16 0.806 £+ 0.005 —0.96 £0.92 45734.77 £ 0.07
8 16 0.88 £0.03 | —140.93 +21.81 | 45734.19 + 0.05
Weighted mean 45734.33 £ 0.03

Table 6.2: Values for the fit parameters of the chosen series. For series 6 the first or-
der expansion was not used, as the errors for [ were larger than the values
themselves.

Series 1, 2, 3 and 4

The value for the IP is IP7;; = 45734.24(14) cm~! and the fractional part of the quantum
defect for series 1 is dp = 0.33(1). Looking at the theoretical values for the quantum
defect, the nearest one would be the one of the s-series at 0, = 4.24. It could therefore
be assumed that the members of this series belong to an s-series.

The value for the IP is IP¢;; = 45734.51(16) cm~! and the fractional part of the quantum
defect for series 2 is d9 = 0.41(1). Looking at the theoretical values for the quantum
defect, the nearest one would be the one of the s-series at 0, = 4.24. It could therefore
be assumed that the members of this series belong to an s-series but the deviation is
rather large.

The value for the IP is IP ;; = 45734.05(12) cm™" and the fractional part of the quantum
defect for series 3 is dp = 0.35(1). Looking at the theoretical values for the quantum
defect, the nearest one would be the one of the s-series at s = 4.24. Once again a
concrete assignment cannot be made as the deviation from the theoretical value is too
big.

The value for the IP is IP ;; = 45734.01(11) cm™" and the fractional part of the quantum
defect for series 4 is o = 0.26(1). Looking at the theoretical values for the quantum
defect, the nearest one would be the one of the s-series at d;, = 4.24. Series 4 exhibits
a very small deviation from the theoretical value for the s-series, making it a likely can-
didate for this assignment.

The determination of the series members was difficult in the case of these series, as it is a

dense region with at least four overlapping series. It cannot be conclusively determined,
if the Rydberg levels belong to the same series but are split or if they are different series
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6.1 Rydberg analysis

that are just closely spaced. All of theses series therefore show gaps, where it was not
possible to unambiguously assign the observed levels as members to one of either series.

Series 5

The value for the IP is IPf;; = 45734.62(14) cm™! and the value of the quantum defect
for series 5 is dp = 1.05(1). Looking at the theoretical values for the quantum defect,
the nearest one would be the one of the f-series at 6; = 1.00. The deviation is small
enough to assume that the series at hand is indeed a f-series.

For series 5 not the fractional part of § is given, because plotting the fractional part of
0 over n* revealed, that a shift of +1 was necessary for values of § near zero. For these
energy levels the difference between the n* was around An* = 0.9, so that the resulting
values for the fractional part are either slightly bigger than 0 or slightly smaller than 1.
Due to the way that these values were calculated no value § < 0 could be reached, but
as the continuity in the n* is given, it can be assumed that the energy levels belong to
the same series. When shifting the values near 0 up by +1, this continuity is preserved
and therefore the applied shift is justified.

Series 6

The value for the IP is IPf;; = 45734.19(10) cm ™! and the fractional part of the quantum
defect for series 6 is d9p = 0.23(2). Looking at the theoretical values for the quantum
defect, the nearest one would be the one of the s-series at §; = 4.24. This is the smallest
deviation from the theoretical value, hinting that the series is an s-series.

Series 6 is missing the most members of all series. It has high numbers for n and is
therefore in the region of the energy spectrum , where different series members are hard
to distinguish. In addition there seems to be a global perturbation around all the quantum
numbers > 40. Even the apparently strong series 8 is affected by this, which leads to
the exclusion of the level with n = 46. It is doubtful that all existing members of series
6 have been determined, making the derived value for the series unreliable.

Series 7

The value for the the IP is IPy; = 45734.77(7)cm™! and the fractional part of the
quantum defect for series 7 is 09 = 0.806(5). Looking at the theoretical values for the
quantum defect, the nearest one would be the one of the d-series at 65 = 2.78. Compared
to the other series (as displayed in Figure 6.3) it can be seen that the tail of this series is
indeed not converging into a constant value but bending down towards higher members
of n. Like all the other values in this work it has been considered for the weighted mean
value.
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Figure 6.4: Series 7, IPp;y = 45734.77(7) cm™!
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Figure 6.5: Series 8, IPs;; = 45734.19(5) cm™!

The value for the IP is IP sz = 45734.19(5) cm~! and the fractional part of the quantum
defect for series 8 is dp = 0.88(3). Looking at the theoretical values for the quantum
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6.1 Rydberg analysis

defect, the nearest one would be the one of the d-series at 64 = 2.78. The value for
n = 46 has been left out of the fit. The value for ¢ deviates from the other levels, as
it was not possible to properly fit it. It is part of a triplet of peaks that could not be
resolved well enough in this case, so a reliable value could not be given.

There have been no fits performed using the formula derived for a perturbed series as there
was no clear signature of a perturbing interloper state that should have been treated with
the method described in subsection 3.1.6. It was problematic to properly assign some of
the peaks to a series, as in particular peaks near the IP could not be resolved well enough
to distinguish positions precisely. From the overall trends there are clear indications that
some series disappear/merge into other ones so that the extracted values for the peak
positions are shifted for some series or even missing completely. For low series members
it became equally hard to assign peaks, as the intensity was shrinking too rapidly well
below the IP.

Table 6.3: Possible bandheads for the Rydberg series ([KYRa15])

Configuration Term J Energy [cm™!] | quantum defect §

417(85°)65(°5°)7s | e'08° | 9/2 28763.82 4.46
e88° | 7/2 29517.86 4.40

417(85°)65(°S°)6d | eOD° | 7/2 34440.50 2.88
9/2 34466.80 2.88

11/2 34505.55 2.87

417(85°)65(°5°)8s | ¢8S° | 7/2 36659.31 4.52
f108° 1 9/2 37195.76 4.42

417(88°)6s(°S°)7d | f1°D° | 7/2 39284.73 2.88
9/2 39306.13 2.87

11/2 39332.68 2.86

h8D° | 11/2 39486.20 2.81

9/2 39491.49 2.81

7/2 39496.56 2.81

Due to the not fully conclusive assignment of the series (mainly no assignment of j-
values), it was not possible to unambiguously assign so called bandheads for extrapolation
to small principal quantum numbers that might belong to one of the fitted series. These
bandheads are energy levels listed in the NIST database ([KYRal5]) that have known
configurations and posses the lowest possible values of n. Due to the selection rules
a possible state would need to be odd and have J = 7/2, 9/2 or 11/2. The states
fitting the selection rules that are converging to one of the states with a configuration as
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6 Determination of the first ionization potential of europium

described in the previous text, are listed in Table 6.3. The values for the quantum defect
have been calculated using Erp = 45734.74. A further investigation into these low lying
series members will need to be done in order to better evaluate the identified series.
Figure 6.6 shows a two dimensional contour plot of the experimental data (as introduced
in [RWN12]) in which the color code is determined by the ion current. It is a further
valuable tool for the interpretation of the data, exhibiting the intensity of the individual
peaks and visualizing any limitations induced by the limited resolution of the spectra.
In addition is serves as tool for graphical indication for the proper extraction of the IP.
Figure 6.6 therefore gives a comparison between the trends of the quantum defect for the
literature value and the weighted mean value derived in this work. It is clear from these
plots that some of the series seem to be converging towards the literature value while
others show a trend towards a lower value of the ionization potential. Towards higher
principal quantum numbers the quantum defects are expected to converge towards a
constant value. In 6.6 this can be well observed in the lower plot, where the intensities
clearly indicate a horizontal trend. The two most dominant structures in the region of
0 ~ 0.8 are the two series depicted in Figure 6.5 and 6.4.
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Figure 6.6: The contour plot shows the fractional values for 6 over n* for the literature
value of the IP with E;p = 45734.74(4) cm~! and the value determined in
this work Ejp = 45734.33(3) cm~!. The convergence of the series towards
constant values for § can be better observed for the lower value, indicating
that a correction of the current value for the IP might be needed.
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6.2 lonization potential
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Figure 6.7: Fitted IP values from this work, from left to right series 1 to 8 are given.
The weighted mean value is indicated with the red line. The dotted red line
gives the error of the mean value together with the wavemeter error, so that
Erp = 45734.33(3)(3) cm™t. All values for the IP derived in [NRCAOO] are
indicated in the plot for a better overview.

Using the data given in the work by Nakhate et al. in [NRCAQOQ] a comparison between
the current literature value and the value for the ionization potential derived in this work
was made. Displayed in Figure 6.7 are the values of the series which have been determined
from the data in this thesis and the values that were determined in [NRCAQ0]. It includes
the data points that were dismissed by Nakhate et al. as they seem more perturbed. The
comparison of these values show that in both works the value leading to the current
literature value can be found. On the other hand nearly all other points that are shown
deviate from the literature value towards a lower limit. Figure 6.7 includes the weighted
mean value derived in this work with the corresponding error of the weighted mean and
the wavemeter error (E;p = 45734.33(3)(3)cm~1). Clearly the values of series 3 and
7 count most into the resulting value as they exhibit the smallest errors. Series 7 shows
the biggest deviation from the weighted mean and lies far away from the confidence
band, while all other series deviate less than 0.1cm~! from the weighted mean value.
The reason for the big deviation of series 7, which agrees well with the current literature
value, cannot be determined. It appears that the value for the ionization potential is
dependent on the chosen Rydberg series and its exact limit. This is apparently not
constant for the given data.

According to Nakhate et al. six strong Rydberg series should have been observed in their
studies. As they used different first steps, J-values of 3/2, 5/2, 7/2,9/2 and 11/2 were
possible according to the selection rules. Considering the ionization scheme applied for
this work, only configurations with J = 7/2,9/2 or 11/2 were possible. In contrast to
this earlier work no comparison between different states was possible in the present work
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6.2 lonization potential

as only one ionization scheme was explored, so that the assignment was not possible
by assigning the J-values. The evaluation of the data in [NRCAOQO] shows that it is
advantageous to assign the J-values, which is why additional measurements should be
made to complement the current status of this thesis. Not only would this method yield
additional data points but the already obtained ones could be re-evaluated according to
their J-value, which should lead to a more thorough analysis.

Figure 6.8 and Figure 6.9 show the data from the paper from Nakhate et al. The values
for the quantum defect are plotted over the effective quantum numbers for the IP value
determined in the previous work and for the IP determined in this work (see Table 6.2).
In the older data there are clearly two trends that lead to two different values for the IP.
The thesis at hand shows that there is a need for a clarification for the value of the first
ionization potential of europium. A future task will therefore be to choose an adequate,
different first step for additional Rydberg series measurements that could complement
the current data.
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Figure 6.8: The plotted data was extracted from [NRCAOO]. It has been plotted here
using the IP determined in the same paper. A clear trend can be seen for the
J = 5/2-series.
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Figure 6.9: The plotted data is the same as in Figure 6.8. It has been plotted for the
newly determined value for the europium IP (see Table 6.2). The long 5/2-
series is dropping down here, indicating that it is not converging, whilst the
other series (light blue J = 9/2 or 7/2) show a trend towards a constant
quantum defect.
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6.3 Rydberg series to a higher lying state of Eu Il
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Figure 6.10: Rydberg series to high lying state of EU Il. The peaks that have been fitted
are indicated by the letters a to n.

As mentioned in the beginning of chapter 6 a second structure which resembles a Rydberg
series (see Figure 6.10) was observed in the spectrum at about 1700 cm~! above the IP. In
NIST ([KYRal15]) a higher lying member of the ground state configuration, i.e. 4f75p%6s
7S8° with J = 3, is tabulated at 1669.21 cm~! together with the members 43 < n < 68
of the Rydberg series 4765 np leading to it. Because of the parity restriction, the series
observed in this thesis cannot belong to the np-series tabulated in the NIST database.
In the paper [BDRRO03] by S. Bhattachryya et al. some of the same energy levels as
observed in this thesis were found. According to the evaluation of S. Bhattachryya et
al. this leads to the conclusion that the levels observed here belong to a J = 9/2-series.
Additionally many more levels were identified in [BDRRO03]. The structure in [BDRRO03]
as well as the structures observed in this thesis look strongly perturbed. The quantum
defect which has been calculated for a limit of Ejmi; = 47404.1cm™! (as observed e.g.
in [ST76]) does not give a constant value but changes by Ad > 1 between the different
energy levels (see Figure 6.11). A slight convergence towards a value with the fractional
part of Ofactional = 0.2 can be observed, so that it might be assumed that the series
at hand is a s-series (with 05 ~ 4.24). This would then mean that the series members
observed here have values of n lying in between n = 28 to 41. A fit was not attempted as
the limited number of data points together with the strong perturbations would not lead
to a conclusive result. The value of the first excited state of the Eu ion could therefore
not be confirmed.

68



SEM current (pA)

6.3 Rydberg series to a higher lying state of Eu Il

2
N
N

T

1

Fractional part of

; \\l

SEM current (pA)
N
o
T

10 ; A ]
0 e »w«.,J’x...J \_...../\k.a--f R T
25 30 35 40
n*

Figure 6.11: Fractional part of 6, §+1 and §+2 over n* for excited state of Eu | together
with the ion current.

47404.1

- | s I.,\ -
[ [\_ A a i /‘\[\A \{\\_/\ \1\[\4‘
gt /-J \ /,j _\/v \_\J,-’VX Ju \’V'-\/A!\{'v n f ]X\/’\/\r\j\f\ |\ oy W‘/ J\\{[

of T Y .

0
47300 47350 47400

total energy (cm™)

Figure 6.12: Rydberg series to high lying state of EU Il in more detail.

In Figure 6.12 one can see that not only one but two series have been observed. There is
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6 Determination of the first ionization potential of europium

a doublet with one series being a lot stronger than the other one. A perturbation seems
to invert/shift the strong series while going upwards in energy, so that it starts out as the
left peak of the doublet and then changes to being the right peak in the doublet. This
second interfering Rydberg series might be one of the reasons for the perturbations.
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7 Conclusion and outlook

Overall the project was successful. The PISA was installed and fully integrated into
the RILIS setup. Its future use will mainly include scheme development and monitor-
ing during runs. As a long shut down is scheduled for the accelerators and therefore
also ISOLDE in 2019, the RILIS lasers will be used for extensive scheme development.
The PISA should be indispensable during this period. Developments towards two-photon
spectroscopy (a high resolution, Doppler-free spectroscopy method) will be attempted,
therefore new schemes for this method will have to be prepared and tested. The PISA
offers the unique possibility of being transported easily, so that the tests might also be
carried out using the lasers of other groups at ISOLDE with slightly different properties
for additional tests.

The europium scheme development was fruitful. Many new autoionizing states were
found, providing an ideal basis for finalizing the scheme development. Time for this fi-
nalization has been requested and will ideally take place during the beginning of 2017.
Once the scheme development will be finalized, a very efficient scheme will be at hand,
should the need arise. Tests together with ISOLTRAP (Penning trap setup at ISOLDE)
will be carried out in order to fully determine the best scheme possible, regarding the
efficiency as well as the contamination of the ion beam. Comparisons between resonant
and non-resonant last steps will be made, leading to the best possible scheme not only
for the RILIS set up but also for the users that will be provided with clean beams.

The Rydberg analysis of europium revealed some discrepancies between the literature
value of the ionization potential (45734.74(4) cm™1!) and the value of 45734.33(3)(3) cm ™1
derived in this work. As discussed in section 6.1 the characterization of the observed Ry-
dberg series was difficult due to the lack of J-assignments. In order to resolve this
difficulty, a further measurement, using an alternative ionization scheme, is anticipated.
A comparison of the data obtained with each ionization scheme will enable J-assignments
according to the selection rules for electric dipole transitions.

The use of the PISA as a reference cell for in-source spectroscopy experiments will remain
as a future task. A more detailed analysis will have to be made regarding the detector
performance and the low ion signal that was observed. The temperature restrictions will
have to be eliminated for this cause, so that higher vapor pressures and accordingly higher
ion signals will become feasible.

Further developments of the PISA are going to take place. The re-design of the oven has
already started and will be build as soon as it is finalized. A new design of the ion optics
is foreseen, making use of the Kimbal system, which provides easy tools for building such
optics. The new design will be more versatile and adaptable, giving more possibilities on
including different detectors and more refined optics.
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8 Appendix

8.1 SEM data sheet

Data Sheet - Multiplier 217, P/N: 0221271S

Pulse Count Mode

Technical Data (measured on modified MAT95XP)

Manufacturer: MasCom Technologies, Bremen, Germany

lon Source Pressure: <5 x 107 mbar, pumped for more than 12 hours)
Dynode Material: Cu-Be

Number of Dynodes: 17

Insulating Material: Al, O,

Voltage Divider total Resistance: 8.5 x 10° Ohm

Gain (@ 1.8 kV): > 10°

Dead Time: <5ns

Dark Pulse Rate: <1limp./s @ 10e® Gain
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Figure 8.1: The data sheet for the MC-217 from MasCom, from a private correspondence
with Dr. H. Miiller (executive director MasCom).

8.2 Working principle of a secondary electron multiplier

A secondary electron multiplier is a detector with which single ions can be detected®.
The front of the SEM sits on a high negative potential while the back is grounded. A
singly charged particle is accelerated towards the front of the detector. When the first
plate of the detector is hit, electrons are released. Those are accelerated by the high
potential of the SEM towards more dynodes sitting between the front and end plate of
the SEM. Each dynode acts as one amplification stage as every electron hitting it releases

!This section is based on [Leo94].
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another multitude of electrons. This leads to an increase in current for each dynode, with
electrons cascading towards the end plate comparable to an avalanche. Depending on
the voltage applied to the SEM the gain differs. The higher the potential, the more the
electrons are accelerated. This increase in kinetic energy leads to a higher release of
electrons each time one of the electrons hits a dynode.

The equivalent circuit for an SEM is an ideal current source as depicted in Figure 8.2.

anode

8 R, 2G|y R I5C

O

ground

Figure 8.2: Model of an ideal current source, representing the circuit for a secondary
electron multiplier.

The output voltage or current depends on the load resistance Rj and capacitance Cf,
in combination with the parallel output resistance Ry and capacitance Cy. The time
constance 7 of the circuit is equal to R x C' where

RyR
o fli

== d = 1
Ro f Ry an C=Cy+Cr (8.1)

Assuming that the number of ions is N, the electronic charge e and the electron multiplier
gain G, then the output current is defined by

_ NeG

I(t) - exp(—t/7s) (8.2)
and the output voltage by
V(D) = L fexp(—t/7) — exp(—t/7) (©:3)

For current mode operation 7 < 75 is required, while voltage (single ion) mode requires
T > 75. The time constant 7 needs to be adjusted according to the desired mode of the
detector. This can normally be done externally via the resistance which can be adjusted
in order to change the timing constant.
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8.3 How to operate the PISA

How to operate the PISA

As discussed in section 4.1 the setup of the PISA is a simple one which is more or less
intuitive to use. Some basic steps for operating it are described here:
Sample switching

turn off vacuum pump and let it spin down completely
open the pressure valve (opposite to vacuum pump)

open up the flange on which the oven assembly is mounted
extract old sample and put in the new one

if the oven material is supposed to be changed: remove thin metal plate holding
oven tip, take out oven and replace; screw the metal plate back on, the oven should
be fixed by the hole in the center of the plate

put flange back on
close vacuum valve

start the pump and wait for pressure to go down to at least 1076 mBar before
operating the PISA

Finding the right settings

check pressure, if not in order of 10~ mBar wait for it to go down
switch on the power supplies for the electrodes and the SEM

start the readout program for the Keithley from the RILIS shortcuts (gives ion
current over time)

check if the vacuum gauge is on: there should be a negative current read out by
the Keithley as soon as all electrodes have reached their setpoints

heat the oven by slowly ramping up the current on the power supply (first esti-
mation about the required temperature should be made using the data on vapor
pressures provided in [RS95]; the temperature calibration for the oven can be found
in subsubsection 4.4.1.1)

switch off vacuum gauge once desired temperature has been reached: If there is
no laser ionization yet, the signal of the SEM should go down to 0 A

heat the oven in small steps (0.5 — 1 A steps); after each step the system should
be given approx 5 — 10 minutes to settle

scan laser beam positions until first signal is seen
first signal detected: optimize laser beam position

then optimize the electrodes (steps of 10V), leave repeller at 9V (optimal setting
for all tests), do not go above 2kV with SEM (unless pressure is < 10~° mBar)
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8.4 Possible first step transitions for Eu ionization
scheme

The table shown here includes all possible first step transitions found in literature for
an Eu ionization scheme. The first horizontal line indicates that for all first steps above
it, no scans for AIS could have been performed with the available lasers. The second
horizontal line indicates that for all steps below it scans would have been very difficult,
as the available lasers would have to be frequency doubled, making a wavelength scan
very complicated. All steps in the middle section are possible first steps where scans for
AIS can be performed with the available lasers. Steps where the A-value (proportional
to the transition strength) was below 107 1/s were not considered, as well as steps that
have a transition of J-1, as those are considered to be less efficient ([FY84]). From the
remaining first steps the only transition with a J4+1 was chosen.

WI (nm) | A-value (1/s) | Jiower | Eupper (cm™) | Jupper comments to IP (cm™!) | to IP (nm)
237.28 2.07E 407 3.5 42130.72 2.5 J-1 3603.28 2775.24
237.53 2.24FE 4+ 07 3.5 42087.02 3.5 3646.98 2741.99
237.74 5.64E + 06 3.5 42048.40 4.5 A-value< E 4 07 3685.6 2713.26
237.96 2.14E 4 07 3.5 42010.25 4.5 3723.75 2685.46
238.92 3.00FE + 06 3.5 41841.47 4.5 A-value< E + 07 3892.53 2569.02
241.84 5.13E + 06 3.5 41335.67 3.5 A-value< E + 07 4398.33 2273.59
242.50 2.96E + 06 3.5 41223.58 3.5 A-value< E 4 07 4510.42 2217.08
244.05 1.77E + 06 3.5 40962.39 4.5 A-value< E + 07 4771.61 2095.72
244.64 7.83E + 05 3.5 40862.41 3.5 A-value< E 4 07 4871.59 2052.71
246.05 5.72E + 06 3.5 40629.82 2.5 A-value< E + 07 5104.18 1959.17
246.17 5.28E 4 06 3.5 40609.30 3.5 A-value< E + 07 5124.7 1951.33
247.11 1.04FE + 07 3.5 40455.51 4.5 5278.49 1894.48
256.49 1.22E 4 06 3.5 38975.14 4.5 A-value< E 4 07 6758.86 1479.53
256.87 8.156E 405 3.5 38917.74 3.5 A-value< E + 07 6816.26 1467.08
258.06 7.99E + 05 3.5 38738.78 2.5 A-value< E 4 07 6995.22 1429.54
260.25 5.89E + 05 3.5 38411.83 3.5 A-value< E + 07 7322.17 1365.71
260.60 3.14E 405 3.5 38360.67 4.5 A-value< E + 07 7373.33 1356.23
261.92 T.TTE + 05 3.5 38167.16 4.5 A-value< E 4 07 7566.84 1321.55
262.57 5.78E + 05 3.5 38072.67 3.5 A-value< E + 07 7661.33 1305.25
263.16 5.39E 4 05 3.5 37988.09 4.5 A-value< E 4+ 07 7745.91 1291.00
263.71 5.37E + 05 3.5 37908.94 4.5 A-value< E 4 07 7825.06 1277.94
264.10 4.76E + 05 3.5 37851.77 3.5 A-value< E 4 07 7882.23 1268.67
264.38 6.67E 4 05 3.5 37812.80 3.5 A-value< E 4+ 07 7921.2 1262.43
265.94 1.28F 4 06 3.5 37591.21 4.5 A-value< E + 07 8142.79 1228.08
268.25 1.36E + 06 3.5 37266.36 2.5 A-value< E + 07 8467.64 1180.96
269.27 4.40E 405 3.5 37126.08 4.5 A-value< E + 07 8607.92 1161.72
269.50 6.09E + 05 3.5 37093.81 2.5 A-value< E 4 07 8640.19 1157.38
270.99 1.45E + 07 3.5 36889.62 4.5 8844.38 1130.66
272.39 1.26E + 07 3.5 36700.39 3.5 9033.61 1106.97
273.13 3.40E + 06 3.5 36600.83 3.5 A-value< E + 07 9133.17 1094.91
273.26 4.05E + 06 3.5 36584.31 2.5 A-value< E + 07 9149.69 1092.93
273.52 5.13E 4 06 3.5 36548.88 4.5 A-value< E + 07 9185.11 1088.71
273.85 1.35E + 06 3.5 36504.61 4.5 A-value< E 4 07 9229.39 1083.49
274.32 1.13E 4+ 07 3.5 36441.77 2.5 J-1 9292.23 1076.16
274.56 5.43E + 06 3.5 36410.96 2.5 A-value< E + 07 9323.04 1072.61
274.78 5.65E + 06 3.5 36381.51 3.5 A-value< E 4 07 9352.49 1069.23
277.29 1.15E + 06 3.5 36052.65 2.5 A-value< E + 07 9681.35 1032.91
277.65 7.7T8E + 05 3.5 36005.73 3.5 A-value< E 407 9728.27 1027.93
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287.77 8.37E 405 3.5 34738.82 4.5 A-value< E 4+ 07 10995.18 909.48
287.88 3.02E + 06 3.5 34725.81 4.5 A-value< E 407 11008.19 908.41
289.25 1.12E + 07 3.5 34561.87 3.5 11172.13 895.08
289.30 1.05E + 07 3.5 34555.82 2.5 J-1 11178.18 894.60
289.38 1.59F + 06 3.5 34546.06 4.5 A-value< E 407 11187.94 893.81
290.89 7.52F + 06 3.5 34366.13 4.5 A-value< E 407 11367.87 879.67
295.08 6.08E 4 05 3.5 33879.16 4.5 A-value< E 4+ 07 11854.84 843.53
295.88 1.73E + 06 3.5 33786.55 2.5 A-value< E 407 11947.45 836.99
305.89 4.14F + 06 3.5 32681.13 3.5 A-value< E 407 13052.87 766.11
306.69 9.65F 4 05 3.5 32596.31 4.5 A-value< E 407 13137.69 761.16
308.56 1.39EF + 05 3.5 32398.25 3.5 A-value< E 407 13335.75 749.86
310.61 6.07E 4 06 3.5 32184.65 4.5 A-value< E + 07 13549.35 738.04
311.14 | 3.20E + 07 | 3.5 32130.25 4.5 J+1 13603.75 735.09
316.82 797E 4 05 3.5 31553.76 4.5 A-value< E 407 14180.24 705.20
318.55 6.27E 4 05 3.5 31382.61 4.5 A-value< E + 07 14351.39 696.79
321.05 1.23E + 07 3.5 31138.11 3.5 14595.89 685.12
321.28 3.16E + 07 3.5 31116.38 3.5 14617.62 684.10
321.37 1.98E + 07 3.5 31107.28 2.5 J-1 14626.72 683.68
323.51 1.12E + 06 3.5 30901.84 4.5 A-value< E 407 14832.16 674.21
324.13 2.47E + 06 3.5 30841.99 3.5 A-value< E 407 14892.01 671.50
324.60 1.60E + 06 3.5 30798.06 2.5 A-value< E 407 14935.94 669.52
324.75 2.56EF + 06 3.5 30783.64 3.5 A-value< E 407 14950.36 668.88
326.24 3.00E + 05 3.5 30642.61 4.5 A-value< E 407 15091.39 662.62
332.22 3.78E 4 06 3.5 30091.34 2.5 A-value< E 407 15642.66 639.27
333.43 3.76E 4 07 3.5 29982.50 2.5 J-1 15751.5 634.86
335.04 1.56 E + 06 3.5 29838.59 4.5 A-value< E 407 15895.41 629.11
335.37 5.89E + 05 3.5 29809.23 3.5 A-value< E 407 15924.77 627.95
343.25 4.51F 405 3.5 29124.78 2.5 A-value< E + 07 16609.22 602.07
345.70 8.98E + 05 3.5 28918.17 3.5 A-value< E 407 16815.83 594.67
346.78 1.10E + 06 3.5 28827.83 3.5 A-value< E + 07 16906.17 591.50
358.92 7.69E + 05 3.5 27852.90 2.5 A-value< E 407 17881.1 559.24
459.40 1.52E + 08 3.5 21761.26 4.5 2nd steps exist 23972.74 417.14
462.72 1.49F + 08 3.5 21605.17 3.5 2nd steps exist 24128.83 414.44
466.18 1.43E + 08 3.5 21444.58 2.5 2nd steps exist 24289.42 411.70
564.57 7.80E + 05 3.5 17707.42 2.5 A-value< E 407 28026.58 356.80
576.51 1.17E + 06 3.5 17340.65 3.5 A-value< E 407 28393.35 352.19
601.81 9.42F 405 3.5 16611.79 4.5 A-value< E 4+ 07 29122.21 343.38
626.69 6.71F 4 04 3.5 15952.31 3.5 A-value< E 407 29781.69 335.77
629.13 2.03E + 05 3.5 15890.53 2.5 A-value< E 407 29843.47 335.08
686.45 7.99E + 05 3.5 14563.57 4.5 A-value< E 4+ 07 31170.43 320.81
710.64 2.91F 405 3.5 14067.86 3.5 A-value< E + 07 31666.14 315.79

Table 8.1: Possible first steps for Eu ionization scheme from literature (Kuruzc database

[kur]).
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8.5 Wavelength scans for Eu AIS
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Figure 8.3: Ti:Sa scan with a scan range of 733 — 750 nm, the scan has been parted in
two graphs for better depiction
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Figure 8.4: Ti:Sa scan with a scan range of 747 — 800 nm
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8.5 Wavelength scans for Eu AlS

Pyridin Scan
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Figure 8.5: Pyridin 1 scan with a scan range of 660 — 730 nm
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Figure 8.6: DCM scan with a scan range of 610 — 670 nm
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Figure 8.7: Rhodamine B scan with a scan range of 586 — 627 nm
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Figure 8.8: Rhodamine 6G scan with a scan range of 557 — 588 nm



8.5 Wavelength scans for Eu AlS

Fluoresceine Scan
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Figure 8.9: Fluoresceine 548 scan with a scan range of 544 — 559 nm

Table 8.2: Autoionizing states of europium. The bold characters indicate that the AIS
were found in two different spectra.

Total energy [cm™!] | Error [cm™!]
45738.64 0.08
4574497 0.09
45750.38 0.07
45786.10 0.15
45788.17 0.11
45789.56 0.11
45870.47 0.37
45926.76 0.31
46017.26 0.31
46037.23 0.54
46041.45 1.01
45867.84 0.85
45924.11 0.30
46017.30 0.21
46038.78 0.21
46102.01 0.06
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46170.83 0.23
46220.14 0.30
46227.75 0.20
46290.72 0.07
46298.87 0.05
46311.52 0.06
46348.62 0.05
46351.24 0.06
46357.66 0.05
46371.43 0.23
46453.20 0.11
46492.17 0.08
46512.17 0.04
46532.63 0.13
46539.20 0.07
46580.78 0.11
46585.57 0.19
46621.96 0.11
46631.93 0.07
46638.69 0.06
46667.48 0.06
46680.78 0.05
46751.81 0.32
46750.80 0.76
46776.98 0.06
46790.66 0.10
46841.21 0.07
46860.40 0.07
46865.19 0.06
46913.81 0.06
46987.08 0.05
47007.38 0.07
47030.96 0.12
47064.66 0.06
47080.20 0.08
47133.47 0.06
47064.64 0.08
47080.12 0.11
47128.78 0.06
47133.46 0.12
47142.79 0.32
47154.16 0.10




8.5 Wavelength scans for Eu AlS

47184.27 0.07
47191.67 0.14
47196.78 0.10
47253.65 0.08
47263.63 0.07
47272.47 0.06
47280.68 0.07
47287.80 0.08
47293.56 0.08
47298.08 0.10
47303.38 0.09
47308.90 0.09
47313.91 0.09
47318.90 0.15
47323.78 0.14
47400.86 0.08
47437.39 0.16
47485.28 0.24
47588.44 0.23
47649.53 0.10
47727.03 0.14
47828.02 0.14
47874.77 0.15
47906.28 0.12
47942.89 0.07
47955.48 0.13
48158.51 0.11
48232.61 0.12
48385.72 0.14
48159.19 0.34
48232.77 0.40
48357.74 0.22
48375.09 0.10
48386.38 0.23
48518.74 0.89
48890.40 0.08
48961.62 0.12
43985.61 0.34
49024.06 0.08
49035.70 0.14
49085.44 0.32
49103.50 0.21
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49379.32 0.10
49404.55 0.07
49437.88 0.22
49465.86 0.09
49539.51 0.08
49600.31 0.18
49611.97 0.08
49642.45 0.36
49671.94 0.09
49691.98 0.08
49724.45 0.96
49734.51 0.22
49760.92 0.17
49835.60 0.14
49859.53 0.08
49871.43 0.09
49895.05 0.21
49913.49 0.35
50048.16 0.11
50049.23 0.10
50088.40 0.11
50139.35 0.25
50175.26 0.21
50203.37 0.12
50240.71 0.11
50320.45 0.17
18222.99 0.03
50375.86 0.16
50406.94 0.10
50438.91 0.09
50481.33 0.11




8.6 Rydberg states and series fits

8.6 Rydberg states and series fits

Total energy [cm™!] || Total energy [cm™!] || Total energy [cm™!]

44548.29 £ 0.04
44561.79 £ 0.08
44565.06 £ 0.11
44677.09 £ 0.24
44678.44 £ 0.09
44709.24 £ 0.05
44729.00 £ 0.04
44760.43 £ 0.05
44793.70 £ 0.04
44809.78 £ 0.04
44811.98 £ 0.05
44813.11 £ 0.06
44845.77 £ 0.04
44851.53 £ 0.06
44855.91 £ 0.06
44865.91 £ 0.05
44916.87 £ 0.06
44941.20 £ 0.06
44945.51 £0.03
44959.29 £ 0.04
44984.76 £ 0.06
44986.54 £ 0.06
44994.25 £+ 0.05
45005.21 £ 0.04
45043.91 £0.11
45044.51 £ 0.16
45050.39 £ 0.06
45063.74 £ 0.03
45081.75 £ 0.06
45082.87 £ 0.06
45085.11 £ 0.06
45105.06 £+ 0.07
45106.25 £ 0.04
45113.91 £ 0.04
45116.96 £ 1.39
45120.92 £ 0.03
45140.41 £ 0.04
45144.01 £ 0.06
45148.79 £ 0.03
45154.38 £ 0.06

45417.78 £0.04
45418.54 £ 63407.32
45419.91 £0.04
45420.38 £ 0.06
45429.47 £ 0.06
45429.96 £ 0.19
45431.20 £ 0.07
45432.22 £ 0.04
45437.01 £ 0.03
45437.48 £ 0.07
45438.47 £ 0.06
45446.07 £ 0.04
45449.28 £ 0.04
45449.74 £ 0.05
45451.02 £ 0.06
45452.19 £0.11
45459.03 £ 0.06
45465.77 £ 0.07
45466.14 £ 0.04
45466.83 £ 0.05
45476.13 £ 0.05
45476.49 £ 0.18
45477.29 £ 0.07
45477.49 £ 0.07
45481.67 £ 0.06
45482.64 £ 0.06
45483.48 £ 0.07
45484.83 £ 0.05
45485.45 £ 0.10
45490.45 £ 0.06
45499.50 £ 0.04
45500.39 £ 0.06
45500.90 £ 0.04
45501.86 = 0.10
45503.33 £ 0.06
45504.71 £ 0.12
45507.13 £ 0.05
45512.03 £ 0.06
45519.70 £ 0.10
45520.48 £ 0.04

45594.27 £ 0.07
45596.76 £ 0.05
45597.30 £ 0.08
45597.72 £ 2.26
45600.40 £ 0.04
45601.15 £ 0.04
45603.06 £ 0.05
45603.87 £ 0.08
45605.82 £ 0.05
45606.31 £ 0.06
45609.86 £ 0.04
45610.98 £ 0.03
45614.52 £ 0.06
45614.97 £ 0.07
45618.43 £ 0.07
45621.91 £ 0.06
45624.70 £ 0.04
45625.34 £ 0.05
45625.92 £ 0.10
45626.97 £ 0.06
45628.79 £ 0.07
45631.01 £ 0.04
45631.89 £ 0.06
45634.97 £ 0.06
45636.71 £ 0.04
45637.41 £ 0.09
45637.93 £ 0.08
45640.64 £ 0.06
45642.05 £ 0.04
45642.83 £ 0.23
45643.13 £ 0.07
45643.55 £ 0.06
45645.81 £ 0.06
45647.08 £ 0.04
45648.33 £ 0.07
45648.49 £ 0.05
45650.59 £ 0.06
45651.72 £ 0.04
45652.72 £ 0.07
45653.09 £ 0.09
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45188.38 £ 0.06
45190.39 £ 0.04
45192.50 £ 0.06
45192.71 £ 0.05
45202.70 £ 0.05
45206.16 £ 0.03
45207.47 £ 1.71
45208.18 £ 0.06
45223.34 £ 0.06
45225.52 £ 0.03
45226.84 £ 0.06
45244.78 £ 0.05
45258.95 £ 0.05
45259.51 £ 0.04
45260.06 £ 0.04
45262.13 £ 0.04
45263.60 £ 0.04
45264.03 £ 0.06
45273.33 £0.05
45274.78 £ 0.04
45275.10 £ 0.06
45284.96 £ 0.03
45285.11 £0.10
45288.13 £ 0.06
45304.12 £ 0.05
45305.23 £ 0.06
45315.25 £ 0.04
45315.89 £ 0.07
45316.61 £ 0.05
45322.26 £ 0.06
45337.12 £ 0.03
45340.08 £ 0.03
45353.35 £ 0.04
45359.18 £ 0.04
45361.17 £ 0.03
45362.67 = 0.04
45363.85 £ 0.04
45380.96 £ 0.04
45382.80 £ 0.53
45383.41 £ 0.06
45394.61 £ 0.04
45398.99 £ 0.04
45399.54 £ 0.07
45403.34 £ 0.04

45520.91 £ 0.04
45521.49 £+ 0.06
45526.45 £ 0.07
45527.98 £ 0.04
45530.78 £ 0.06
45531.07 £ 0.07
45536.26 £+ 0.04
45537.93 £ 0.06
45540.00 £ 0.06
45540.43 £ 0.03
45543.46 £+ 0.06
45547.33 £ 0.06
45550.82 £ 0.04
45552.51 £ 0.04
45553.39 £ 0.06
45554.60 £ 0.04
45554.97 £ 0.06
45558.50 £ 0.07
45561.87 £ 0.06
45564.22 £+ 0.06
45565.89 £ 0.06
45567.30 £ 0.07
45567.74 £ 0.04
45568.41 £ 0.06
45568.92 £ 0.06
45571.79 £ 0.04
45574.86 = 0.06
45575.11 £ 0.08
45576.22 £+ 0.06
45576.41 £0.11
45577.84 £ 0.04
45579.67 £ 0.08
45580.05 £ 0.05
45580.71 £ 0.06
45583.35 £ 0.05
45584.27 £ 0.04
45586.13 £ 0.04
45586.35 £ 0.06
45586.47 £ 0.05
45587.46 £ 0.06
45587.95 £ 0.04
45588.68 £+ 0.04
45589.09 £ 0.12
45590.59 £ 0.05

45654.99 £ 0.06
45656.05 £ 0.05
45656.95 = 0.04
45657.39 £ 0.07
45659.06 &= 0.06
45660.05 £ 0.06
45661.20 £ 0.03
45662.27 £ 0.43
45662.84 £+ 0.06
45663.69 £+ 0.07
45665.16 £+ 0.08
45665.59 £ 0.55
45666.33 £+ 0.06
45667.10 = 0.09
45668.51 £ 0.11
45669.57 = 0.06
45670.36 = 0.06
45671.45 £ 0.06
45672.59 £ 0.06
45673.47 £ 0.00
45675.28 £ 0.06
45677.21 £ 0.08
45678.00 £ 0.06
45679.65 £ 0.05
45680.47 £ 0.06
45681.95 £ 0.05
45682.76 = 0.07
45684.18 £+ 0.06
45684.96 £+ 0.07
45686.99 £ 0.06
45688.02 £ 0.05
45688.65 £+ 0.06
45689.01 £+ 0.06
45689.78 £ 0.08
45690.52 £+ 0.08
45690.90 £ 0.06
45691.58 £+ 0.08
45692.42 £+ 0.09
45692.87 £ 0.25
45693.55 £ 0.10
45694.07 £ 0.07
45694.49 £+ 0.12
45695.83 £ 0.07
45697.18 £ 0.04



8.6 Rydberg states and series fits

45403.76 £ 0.06 45591.31 £ 0.07 45698.49 £ 0.05
45404.09 £ 0.06 45591.60 £+ 0.04 45699.42 £ 0.17
45414.41 £ 0.06 45591.87 £ 0.04

Table 8.3: The table shows all Rydberg states that were found and used for the analysis.
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Figure 8.10: Series 1, IPp;; = 45734.24(14) cm™!
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Figure 8.11: Series 2, IPs;; = 45734.51(16) cm™!
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8.6 Rydberg states and series fits
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Figure 8.13: Series 4, IPf; = 45734.01(11) cm™!
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Figure 8.14: Series 5, IPy;; = 45734.62(14) cm™!
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Series 6
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