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Abstract

Laser spectroscopy is a versatile tool to unveil fundamental atomic properties of an element

and the ground state information of the atomic nucleus. The heaviest elements are of particu-

lar interest as the ordering of their shell electrons is strongly influenced by electron-electron

correlations, quantum electrodynamics and relativistic effects leading to distinct chemical

behaviour. The elements beyond fermium (Z > 100) are accessible in fusion evaporation

reactions at minute quantities and at high energies, hampering their optical spectroscopy.

Recently, the RAdiation Detected Resonance Ionization Spectroscopy (RADRIS) technique

was employed to explore the electronic structure of the element nobelium (No, Z = 102).

The 1S0→1P1 ground state transition of this element was identified.

In this work, the pioneering experiment on laser spectroscopy of nobelium was extended to

the isotopes of nobelium (252−254No). These were produced in fusion-evaporation reactions

by bombarding lead targets (206−208Pb) with 48Ca projectiles. After separation from the

primary beam by the velocity filter SHIP (Separator for Heavy Ion reaction Products), at GSI,

the fusion products were stopped in 95 mbar high-purity argon gas and collected onto a thin

tantalum filament. After a sufficient collection time, which depended on the half-life (T1/2) of

the isotope under consideration, the primary beam was blocked in order to have a background

free signal. During the beam-off period, the collected nobelium ions were re-evaporated as

neutral atoms from the filament and were probed by two laser beams for ionization. The

created photo-ions were detected by their characteristic alpha decay. With this technique the

isotope shift of the transition was measured for the isotopes 252−254No. A hyperfine splitting

of the 1P1 level was resolved in 253No. These measurements in combination with state-of-

the-art atomic calculations provided a deep insight into the evolution of nuclear deformation

of the investigated nobelium isotopes in the vicinity of the deformed shell closure at neutron

number N = 152 along with an assesment of the magnetic moment, µ , and the spectroscopic

quadrupole moment, Qs, for 253No.

Moreover, several high-lying Rydberg states were measured for the first time in 254No.

These Rydberg states, populated in different ways enabled establishing different Rydberg

series and the extraction of the first ionization potential of the element plus an additional

low-lying atomic state in 254No that is optically inaccessible from the ground state.
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Zusammenfassung

Laserspektrosopie ist ein universelles Werzeug für die Bestimmung fundamentaler Eigen-

schaften der Elektronenstruktur in der Atomhülle aber auch von Eigenschaften des Atom-

kerns speziell die Laserspektroskopie an den schwersten Elementen ist durch ihre hohe

Kernladungszahl von großem Interesse und zusätzlich durch die geringe Verfügbarkeit ex-

trem herausfordernd. Da die Elektronenhülle stark durch Elektron-Elektron-Korrelationen

sowie QED- und relativistische Effekte beeinflusst wird, beeinflusst die hohe Ladung und

die Vielzahl der Elektronen in den schweren Elementen die Elektronenkonfigurationen und

somit auch ihre chemischen Eigenschaften. Die Erzeugung von Elementen schwerer als Fer-

mium (Z > 100) ist lediglich in geringsten Mengen durch Schwerionen-Fusions-Reaktionen

möglich und stellt daher eine große Herausforderung für laserspektroskopische Verfahren

dar. Erst kürzlich wurde die RADRIS (von engl. RAdiation Detected Resonance Ioniza-

tion Spectroscopy) Methode erfolgreich verwendet, um die Elektronenstruktur des Elements

Nobelium (No, Z = 102) zu untersuchen, bei der unter anderem der 1S0 →1P1 Grundzus-

tandsübergang identifiziert werden konnte.

Im Rahmen dieser Arbeit wurde diese Technik auf weitere Nobelium-Isotope aus-

geweitet, die über die Fusions Reaktion eines 48Ca-Strahls mit einer Bleifolie (206−208Pb)

an der GSI Darmstadt erzeugt wurden. Nach ihrer Separation vom Primärstrahl durch das

Geschwindigkeitsfilter SHIP (Separator for Heavy Ion reaction Products) werden die Ionen

in 95 mbar hochreinem Argongas gestoppt und auf einem Tantal-Filament gesammelt und

dadurch neutralisiert. Nach einer geeigneten Akkumulationszeit, die der Halbwertszeit des

jeweiligen Isotops angepasst ist, wird der Primärstrahl geblockt, um hintergrundfreie Mes-

sungen zu ermöglichen. Während dieser Zeit werden die neutralisierten Nobelium-Atome

über ein Aufheizen des Filaments abgedampft, anschließend durch zwei Laserpulse ion-

isiert und über ihren charakteristischen Alpha-Zerfall nachgewiesen. Mit dieser Methode

wurd ein Grundzustandsübergang in den Isotopen 252−254No detailiert vermessen und die

Hyperfeinstruktur von 253No bestimmt. Die experimentellen Befunde in Kombination mit

modernsten atomaren Berechnungen ermöglichen den Zugang zu Kerneigenschaften und

geben somit Aufschluss über die Entwicklung der Deformation der Nobelium-Isotope in der

Region des deformierten Schalenabschlusses bei N = 152, dem magnetischen Moment µ

und dem spektroskopischen Quadrupolmoment Qs von 253No.
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Zusätzlich konnten verschiedene hochliegende Rydberg-Zustände in 254No vermessen

werden, die von zwei verschiedenen angeregten Zuständen angeregt werden. Über die Kon-

vergenz dieser Zustände konnte das Ionisationspotantial von 254No bestimmt werden.
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Elif Şahin, Dr. Stephane Pietri and Daria Kostyleva for making these five years fun with all

those gossips, drama and the insane amount of parties.

Lastly I would like to thank my parents, my sister and Tamanna Nembang Subba for their

continued support and encouragement throughout my PhD.

v





Contents

1 Introduction 5

2 Theoretical background 9

2.1 Theoretical considerations for Atomic Physics . . . . . . . . . . . . . . . . 9

2.1.1 One electron system . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.1.2 Multi-electron systems . . . . . . . . . . . . . . . . . . . . . . . . 10

2.1.3 Configuration interactions (CI) . . . . . . . . . . . . . . . . . . . . 13

2.1.4 Light matter interaction–two level system . . . . . . . . . . . . . . 15

2.1.5 Rydberg states and ionization potential . . . . . . . . . . . . . . . 17

2.1.6 Hyperfine structure . . . . . . . . . . . . . . . . . . . . . . . . . . 19

2.1.7 Isotope shift . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

2.2 Theoretical consideration for nuclear physics . . . . . . . . . . . . . . . . 22

2.2.1 Liquid drop model . . . . . . . . . . . . . . . . . . . . . . . . . . 22

2.2.2 The shell model . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

2.2.3 The Nilsson model . . . . . . . . . . . . . . . . . . . . . . . . . . 24

3 Experimental Set-up 29

3.1 On-line set-up . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

3.2 Off-line set-up . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

3.3 Data Acquisition and measurement control system . . . . . . . . . . . . . . 34

4 Investigation of bu�er-gas quenching of the �rst excited state in nobelium

atoms 41

4.1 Quenching in a buffer gas environment . . . . . . . . . . . . . . . . . . . . 41

4.2 Multi-level rate equation model . . . . . . . . . . . . . . . . . . . . . . . . 44

4.3 Experiments on ytterbium . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

4.4 Characterization of the ground-state atomic transition in 254No . . . . . . . 51

5 Rydberg states and the �rst ionization potential of nobelium 55

5.1 The search for Rydberg states . . . . . . . . . . . . . . . . . . . . . . . . . 55

5.1.1 Lifetime of the intermediate states . . . . . . . . . . . . . . . . . . 57

vii



5.2 Pressure shift of the Rydberg states . . . . . . . . . . . . . . . . . . . . . . 59

5.3 Extraction of ionization potential of nobelium . . . . . . . . . . . . . . . . 61

5.4 The 3D3 state . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

5.4.1 Quantum defect analysis . . . . . . . . . . . . . . . . . . . . . . . 63

6 Hyper�ne structure and isotope shift of nobelium isotopes 67

6.1 Hyperfine structure of 253No . . . . . . . . . . . . . . . . . . . . . . . . . 67

6.2 Isotope shift of nobelium isotopes . . . . . . . . . . . . . . . . . . . . . . 74

7 Summary and outlook 81

Appendix 85

Bibliography 97

viii Contents



List of Figures

1.1 Relativistic effect on atomic orbitals. . . . . . . . . . . . . . . . . . . . . . 6

2.1 Nuclear energy levels of the shell model . . . . . . . . . . . . . . . . . . . 24

2.2 Nilsson diagram for protons Z ≥ 82 . . . . . . . . . . . . . . . . . . . . . 26

2.3 Nilsson diagram for protons N ≥ 126 . . . . . . . . . . . . . . . . . . . . . 27

3.1 The experimental set-up. . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

3.2 Block diagram of the laser systems. . . . . . . . . . . . . . . . . . . . . . 32

3.3 Off-line measurement set-up. . . . . . . . . . . . . . . . . . . . . . . . . . 34

3.4 Block diagram of the data acquisition the measurement control system. . . . 36

3.5 Block diagram of the data acquisition (DAQ). . . . . . . . . . . . . . . . . 38

4.1 Saturation and delayed ionization of 1S0→ 1P1 transition of No. . . . . . . 42

4.2 Two-step ionization scheme for Yb. . . . . . . . . . . . . . . . . . . . . . 43

4.3 Delayed ionization signal with a non-resonant second step for Yb. . . . . . 44

4.4 Rydberg states in Yb. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

4.5 Delayed ionization signal with a resonant second step for Yb. . . . . . . . . 46

4.6 Level scheme for rate-equation model. . . . . . . . . . . . . . . . . . . . . 47

4.7 Resonance and saturation character of the 1S0→1P1 transition in Yb . . . . 50

4.8 Delayed ionization signal for 254No. . . . . . . . . . . . . . . . . . . . . . 51

4.9 Laser pulse shapes considered for evaluation of the data. . . . . . . . . . . 52

4.10 Resonance and Saturation character for the 1S0→1P1 transition in 254No. . 53

4.11 χ2 values for the fits. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

5.1 Rydberg excitation scheme. . . . . . . . . . . . . . . . . . . . . . . . . . . 56

5.2 Observed Rydberg states of 254No. . . . . . . . . . . . . . . . . . . . . . . 57

5.3 High resolution laser scans of some Rydberg states in 254No. . . . . . . . . 58

5.4 Delayed ionization signal of 254No with Rydberg excitaion. . . . . . . . . . 59

5.5 Measured Rydberg states in Yb. . . . . . . . . . . . . . . . . . . . . . . . 60

5.6 Pressure shift of the IP of Yb. . . . . . . . . . . . . . . . . . . . . . . . . . 60

5.7 Rydberg-Ritz fit of the Rydberg series in 254No. . . . . . . . . . . . . . . . 61

5.8 Quantum defect(δ (n)) of Yb and No. . . . . . . . . . . . . . . . . . . . . . 63

1



5.9 Ionization potential of actinides. . . . . . . . . . . . . . . . . . . . . . . . 64

6.1 Schematic illustration of the hyperfine structure in 253No which shows a hy-

perfine splitting of the upper energy level. . . . . . . . . . . . . . . . . . . 68

6.2 Hyperfine structure of 253No. . . . . . . . . . . . . . . . . . . . . . . . . . 68

6.3 χ2 map of the fit. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

6.4 g-factor of 253No. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

6.5 Extracted nuclear properties of 253No. . . . . . . . . . . . . . . . . . . . . 73

6.6 Isotope shift of the 1S0→1P1 transition in 252−254No. . . . . . . . . . . . . 75

6.7 Change in deformation in nobelium isotopes calculated using droplet model. 77

6.8 Deformation parameter β2 and central depletion factor calculated using DFT. 78

6.9 Mean squared charge radii of nobelium isotopes. . . . . . . . . . . . . . . 80

7.1 α−decay spectrum of Lr. . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

7.2 Dead time losses of the data acquisition. . . . . . . . . . . . . . . . . . . . 85

7.3 Laser control program. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

7.4 LabVIEW based DAQ software. . . . . . . . . . . . . . . . . . . . . . . . 87

7.5 Broadband spectrum of 1P1 level of 253No. . . . . . . . . . . . . . . . . . . 90

2 List of Figures



List of Tables

2.1 Properties of Rydberg atoms. . . . . . . . . . . . . . . . . . . . . . . . . . 18

3.1 Electric potentials applied on the individual electrodes for two different con-

figurations for: collection onto the filament and for guiding to the detector. . 31

3.2 Features of the FPGA-based data acquisition system with reconfigurable

I/O’s (NI 7833R). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

4.1 Parameters taken as constants, that were used to fit the data . . . . . . . . . 50

5.1 Experimental and calculated values of the first IP of nobelium. . . . . . . . 62

6.1 The calculated and experimental values of the hyperfine structure constants

A and B and the extracted nuclear moments µ and Qs. . . . . . . . . . . . . 71

6.2 The calculated and experiment values of the field shift Fs and mass shift M

constant and the extracted changes of the mean square charge radius δ 〈r2〉. 76

7.1 Atomic calculations using MCDF. . . . . . . . . . . . . . . . . . . . . . . 92

7.2 Atomic calculations using RCC. . . . . . . . . . . . . . . . . . . . . . . . 94

7.3 Atomic calculations using CI. . . . . . . . . . . . . . . . . . . . . . . . . . 95

3





1 Introduction

The determination of the atomic, nuclear and chemical properties of elements beyond fer-

mium (Fm, Z = 100) is one of the most interesting and challenging fields of study [1, 2, 3, 4].

Such elements do not exist in nature and can be produced only in minute quantities, some-

times at the rate of one atom per week, via fusion evaporation reactions at accelerator facili-

ties. The liquid drop model predicts these elements to instantaneously undergo spontaneous

fission. The repulsive Coulomb force of the positively charged protons is high enough to

overcome the attractive short range interaction of the strong nuclear force. However, the

existence of heavier elements suggests enhanced stability not covered by this simple model.

Thus, the heaviest elements owe their existence to nuclear shell effects, which can be con-

sidered analogous to the electron shells. The proton and neutron shell formation counteracts

the repulsive Coulomb interaction between the protons, thus preventing the immediate fis-

sioning of the nuclei. This stabilization effect in very- and super-heavy nuclei allows probing

the underlying forces in the nucleus at the extremes of nuclear existence. This general interest

in this region of the nuclear chart has triggered investigations of the production of elements

up to oganesson (Og, Z = 118) [5], decay and in-beam spectroscopy probing the underlying

nuclear structure [6, 7], mass measurements determining the binding energy of the nuclear

ground state [8, 9, 10, 11] and also investigations to study the atomic and chemical behaviour

of the heaviest elements [1, 4].

To date, the most advanced method to study the atomic and chemical properties of these

heaviest elements is the chemistry of individual atoms in the gas and liquid phase [12, 13].

Using these techniques, it has already been possible to deduce the chemistry of elements

105−108, 112 and 114 [14, 15, 16, 17, 18, 19]. These experiments aimed at investigating

relativistic effects that can lead to deviations from the periodicity in atomic shells in the heav-

iest of elements. These relativistic effects are caused by a contraction of the wave functions

of the inner s1/2 and p1/2 shell electrons. This contraction indirectly influences the binding

energy of the valence electrons and thus, the chemical properties via the screening of the

nuclear Coulomb potential [1]. Figure 1.1 shows how the relativistic effects influence the

atomic orbitals for heavy elements.

Theoretical models implemented to calculate the atomic properties of the heaviest ele-

ments routinely consider electron-electron correlations, relativistic and quantum electro-

dynamics (QED) effects. Currently, several state-of-the-art many-body methods such as

5



Figure 1.1: Left panel: Radial wave functions for plutonium. In the upper part, the

radial probability distribution P(r) of all electrons of the radon core is shown. Lower

part, shows how the e�ective charge Z∗ on the outer electron is in�uenced by relativistic
e�ects. Right panel: Relativistic destabilization of the upper d and f orbitals and

stabilization of the lower s1/2 and p1/2 orbitals for uranium. Adopted from [1].

multi-configuration Dirac-Fock (MCDF), relativistic coupled cluster (RCC), and configura-

tion interaction (CI) are employed to study the atomic properties [20, 21]. However, these

complex calculations have limited accuracy. A precise measurement of the atomic energy

levels and the ionization potential (IP) by laser spectroscopic techniques may provide valu-

able benchmarks for the treatment of relativistic, QED and electron correlation effects and

aid in the predictions from model calculations. However, the lack of experimental measure-

ments of the atomic spectra for the heaviest elements make it impossible to independently

validate these models.

Until recently, fermium was the heaviest element for which laser spectroscopic informa-

tion was available. The spectroscopy experiments were performed using the IGRIS (Ion

Guide Resonance Ionization Spectroscopy) technique, suitable for long-lived isotopes, and a

total of seven atomic transitions have been observed. An upper limit of the IP of the element

was also reported [22, 23]. In 2015, the 1S0→1P1 ground state transition in atomic nobelium

was observed for the first time [24, 25] using the RAdiation Detected Resonance Ionization

Spectroscopy (RADRIS) technique [26]. The observation of the 1S0 →1P1 transition was

a prerequisite for many other experiments that were performed within this work. Several

Rydberg series comprising of 29 states were observed and this gave the possibility for the

extraction of the IP along with another atomic level in nobelium, which was populated by

buffer gas quenching of the 1P1 state.

6 1 Introduction



Laser spectroscopy additionally enabled the extraction of nuclear ground state properties

via hyperfine structure (HFS) and isotope shift studies. The isotope 253No features a nuclear

spin of I = 9/2 which causes a splitting of the 1P1 state. From the splitting of the HFS,

nuclear properties such as the magnetic dipole moment µ and spectroscopic quadrupole mo-

ment Qs can be inferred, from which the single-particle g−factor and nuclear deformation

can be determined. Information on nuclear deformation for even-mass nuclei can be ex-

tracted from the isotope shift (IS) measurements as the IS between two isotopes is related to

the change in the mean square charge radii δ 〈r2〉.
This thesis is divided into 7 chapters. Firstly, the theoretical framework necessary to un-

derstand the results is elaborated in chapter 2. Chapter 3 explains the experimental set-ups

in use (off-line and on-line). Additionally, the developed data acquisition system will be

presented. Chapter 4 discusses the experimental identification of buffer gas quenching of the
1P1 state in nobelium along with off-line measurements on the chemical homologue ytter-

bium (Yb, Z = 70). These investigations on Yb lead to the development of a rate equation

model to understand the experimental observations and enabled the extraction of the Ein-

stein A coefficient of the 1S0 →1P1 transition in No. Chapter 5 details measurements of

the Rydberg states in nobelium and the extraction of the IP and the identification of an ad-

ditional low-lying atomic state in nobelium. The measured HFS of 253No and the isotope

shift of 252−254No is presented in chapter 6 along with a discussion on the impact of the in-

ferred nuclear observables. In chapter 7, a summary of the results and an outlook for further

spectroscopic investigations on heavy elements is given.

Key results of this work have been published in the following articles [24, 27, 28, 29, 30]
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2 Theoretical background

This chapter presents the basics for understanding the experiment. In section 2.1 I will dis-

cuss the atomic physics aspects of this work and in section 2.2 some aspects related to nuclear

physics.

2.1 Theoretical considerations for Atomic Physics

In this section a brief overview on basic atomic physics necessary for the understanding of the

experiments is given. Starting from the most basic atomic system with one electron, which

can be solved analytically, the approaches to address many-electron systems are discussed.

Furthermore, the underlying principles of the interaction of light with single atom is detailed,

which is important for the technique of resonant laser ionization used in this thesis. With

respect to the extraction of nuclear parameters from the atomic spectra, the influence of the

size of the nucleus and from nuclear spin on atomic excitation energy are introduced.

2.1.1 One electron system

The most simple atomic system consists of one electron and a nucleus with one proton, the

hydrogen atom. The Hamilton operator for the hydrogen atom, which consists of a proton of

mass mp and charge +e and an electron with mass me and charge −e, is given by [31]

H =− h̄2

2mp
∆p−

h̄2

2me
∆e−

e2

4πε0r
. (2.1)

Here the Laplace operators∆p,e act on to the position r1,2 of the proton and electron, respec-

tively. The motion can be reduced using the centre of mass formalism and a particle with a

reduced mass µ = me+mp/(me+mp) at a position r relative to the centre of mass at r0 = 0.

In a quantum mechanical description, the electron wavefunctions for this system fulfil the

Schrödinger equation given by

− h̄2

2µ
∆ψ− e2

4πε0r
ψ = Eψ. (2.2)

9



Due to the spherical symmetry of the Coulomb potential, this equation can be solved by

using the separation ansatz in spherical coordinates. The wavefunction

ψ(r,θ ,φ) = R(r)Y m
l (θ ,φ). (2.3)

is separated in a radial function R(r) and angular spherical harmonics Y m
l (θ ,φ), l and m are

the angular momentum and magnetic angular momentum quantum numbers, respectively.

The energy eigenvalues, which correspond to the excitation energy of the atomic levels, can

be determined by solving the Coulomb potential for the radial equation, which depends on r

and the quantum number n [31]. The level energies En are given by

En =−µ
e4

8ε2
0 h2

1
n2

=−R∗

n2

(2.4)

with the Rydberg constant

R∗ =
µe4

8ε2
0 h2 . (2.5)

h is the Planck constant and n is the principal quantum number.

2.1.2 Multi-electron systems

One electron systems as described in the previous section can be solved analytically. In

atomic systems with many electrons, the electron-electron correlations allow only for com-

putational approaches involving the basic equations. This section will give a short introduc-

tion on the description of the calculation of level energies in multi-electron systems using

different approximation methods.

Hartree-Fock method

A detailed description of a multi-electron system is achieved using the Hartree-Fock method,

which is based on the central field approximation and allows calculation of the wave func-

tions and orbital energies of a multi-electron system. In accordance with the independent par-
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ticle approximation and the Pauli exclusion principle, the wave function for an N−electron

system is given by a Slater determinant [32, 33],

Ψ(1,2, ...,N) =
1√
N!

∣∣∣∣∣∣∣∣∣∣
ψ1(1) ψ1(2) . . . ψ1(N)

ψ2(1) ψ2(2) . . . ψ2(N)
...

...
...

ψN(1) ψN(2) . . . ψN(N)

∣∣∣∣∣∣∣∣∣∣
. (2.6)

where ψ1, ....,ψN are the one particle states. The total wave function of the system can be

separated as ψi(r) =ϕi(r)ζi(η), where ϕi(r) is the radial part and ζi(η) is the spin dependent

part. The Hartree-Fock equation can be written as

−1
2

∇
2
ϕi(r)+Vextϕi(r)+

(
N

∑
j 6=i

∫
ϕ∗j (r

′)ϕ j(r′)

|r− r′|
dr′
)

ϕi(r)

−
N

∑
j 6=i

(∫
ϕ∗j (r

′)ϕi(r′)

|r− r′|
dr′
)

ϕ j(r) = εiϕi(r).

(2.7)

The first term in the equation 2.7 describes the kinetic energy of the i−th electron and Vext

is the Coulomb potential of the nucleus. The third term is the correction to the Coulomb

potential due to the centrally symmetric average of the electrostatic repulsion between the

electrons. The forth term is the effective exchange potential due to Pauli principle which

influences only electrons with parallel spins. The Hartree-Fock equation can be simplified

by writing it as [34]

− h̄2

2m
d2unl

dr2 +

(
l(l +1)h̄2

2mr2 − e2

4πε0r
[Z−Ynl(r)]+ εnl,nl

)
unl

=
e2

4πε0r
Xnl(r)+∑

n′
εn′l,nlunl.

(2.8)

where Z is the atomic number, l the angular momentum quantum number and m the mass.

The functions Ynl(r) and Xnl(r) are the corrections to the Coulomb potential and the exchange

function, respectively and depend on the radial eigenfunction. unl and εn′l,nl are the energy

matrix elements. Equation 2.8 can be iteratively solved by choosing a suitable unl , Ynl(r)

and Xnl(r) until self-consistency is achieved. A more detailed discussion can be found in

references [31, 32, 33, 34].
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Multicon�guration Dirac-Fock (MCDF)

The Multiconfiguration Dirac-Fock method is a relativistic and quantum electrodynamic

(QED) extension of the Hartree-Fock method to predict the atomic properties of a multi-

electron system. The total wave-function is calculated using the variation principle and the

total energy of the atomic system is the eigenvalue of the equation [35, 36]

H no pairΨΠ,J,M(r1,r2, ....,ri, ...) = EΠ,J,MΨΠ,J,M(r1,r2, ....,ri, ...) (2.9)

where Π is the parity, J is the total angular momentum and M is the eigenvalue of Jz which

is the projection of J on the z-axis . Here the HamiltonianH no pair can be written as

H no pair =
N

∑
i=1
HD(ri)+

N

∑
i< j

1
ri j

+
N

∑
i< j

Bi j (2.10)

where the first term is the one electron Dirac operator, the second term is the Coulomb

interaction and the third term is the Breit correction. The Breit correction takes into account

the electron-electron interactions [36]

Bi j =
αi ·α j

2ri j
−

(αi · ri j)(α j · ri j)

2r3
i j

(2.11)

where αi are the Dirac matrices. In the MCDF approach the bound state atomic wave-

function is described as a linear combination of configuration state function (CSF) as

|ΨΠ,J,M〉=
o

∑
ν=1

cν |ν ,Π,J,M〉 (2.12)

where o is the number of configuration functions and cν are the mixing coefficients of the

respective basis [35, 36]. In the MCDF approach, an initial wave-function is chosen, then the

coefficients cν are determined by diagonalization of the Hamiltonian matrix. The optimiza-

tion of the solution takes place by calculating the influence of the atomic nucleus and its N-1

electrons on each individual electron.The improvement of the wave-functions are obtained

by self consistency. This process of diagonalization and self-consistency is repeated until

complete self-consistency is obtained [35, 36].
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Coupled cluster method

A more precise description of a multi-electron system is the consideration of the dynamic

electron correlations [37]. One approach that takes these effects into account is the coupled-

cluster (CC) method, also known as exp(S) formalism [39, 40, 38]. The starting point for

this method is also the Dirac-Coulomb-Breit Hamiltonian, equation 2.10. In the Fock-space

coupled cluster (FSCC) approach, the function space is divided into two parts, a relatively

small model space P, which includes all determinants important to the system of interest,

and an orthogonal space Q = 1−P. The energy eigenvalues are obtained by diagonalizing

the effective Hamiltonian (Heff) in the P space. Even though the FSCC is a very powerful

tool for atomic calculations, the accuracy and convergence of this method depends on the

partitioning of the function space P and Q.

This can be overcome by using the Intermediate Hamiltonian Fock-space coupled cluster

method (IHFSCC) [41], where the P space is partitioned into the main Pm and the interme-

diate Pi with the corresponding projection operators Q satisfying

Pm +Pi = P, P+Q = 1. (2.13)

An intermediate Hamiltonian HI in P is constructed, the eigenvalues of which give a good

approximation to the eigenvalues of the exact Hamiltonian H acting on the entire function

space. The intermediate Hamiltonian HI is of the form HI = PHRP which gives upon diag-

onalization the eigenvalues Em, the orbital energies, of |ψm〉,

HIP |ψm〉= EmP |ψm〉 (2.14)

where |ψm〉 denotes the eigenstates of H with the largest component in Pm, R is a wave

operator operating in P.

2.1.3 Con�guration interactions (CI)

The starting point of the configuration interaction linearised single-double coupled cluster

(CI+all orders) method is the frozen core Dirac-Fock (DF) V N−M potential [42]. Here, N

is the total and M is the number of valence electrons. The effective Hamiltonian (Ĥeff) for
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the valence electrons is the sum of the single-electron Hamiltonian (ĥ1(ri)) and an operator

representing interaction between valence electrons (ĥ2(ri,r j)) given by [43]

Ĥeff =
M

∑
i=1

ĥ1(ri)+∑
i< j

ĥ2(ri,r j). (2.15)

The single-electron Hamiltonian for a valence electron is of the form

ĥ1 = cαp+(β −1)mc2− Ze2

r
+V N−M + Σ̂1 (2.16)

where Σ̂1 is the single-electron correlation operator responsible for the correlation interaction

of a valence electron with the core with the matrix elements [44]

Σmv = ρmv (ε̃v − εm). (2.17)

Here, ρmv is the excitation coefficient of the atomic wave function from the valence state

v to another excited state m and εm are Dirac-Fock energies of the corresponding single-

electron basis states[43]. The ε̃v is taken as the Dirac-Fock energy of the lowest orbital for

the particular partial wave. The interactions between the valence electrons is given by

ĥ2(ri,r j) =
e2

|ri− r j|
+ Σ̂2(ri,r j). (2.18)

Σ̂2(ri,r j) is the screening of the Coulomb interaction between valence electrons by core

electrons. The wave function for the valence electrons can be represented as

Ψ = ∑
i

ciΦi(r1, ...,rM). (2.19)

The coefficients ci and electron energies are extracted by solving the matrix eigen value

problem

(Heff
i j −E)X = 0 (2.20)
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where Heff
i j = 〈Φi| Ĥeff |Φ j〉 and X = c1,c2, ....,cn. The B-spline technique [46] is used to

construct the single-electron basis for the calculation of Σ̂1,2 and for building many-electron

basis state Φi for CI calculations [43].

Using the above mentioned methods, MCDF, CC and CI, it is possible to obtain the energy

of the atomic states, their lifetime and the element-specific ionization potential.

2.1.4 Light matter interaction�two level system

The interaction of an atom with a monochromatic light field can be described in a semiclas-

sical view. In this case, the atom is treated quantum mechanically with a Hamilton operator

Ĥatom with eigenstates |1〉 and |2〉 while the classical incident monochromatic light field is

assumed to be a plane wave with an electric field E(z, t) = eE0cos(ωLt). Here e represents

the unit vector along the polarization of the field and ωL the frequency of the light. The in-

teraction of a polarizable electric charge distribution with an electric field E(t) is determined

by the electric dipole moment d = −er [47]. The Schrödinger equation for the light-atom

interaction can be written as

ih̄
∂

∂ t
|φ〉= Ĥ |φ〉= (Ĥatom +V̂ ) |φ〉= (Ĥatom−dE(t)) |φ〉 . (2.21)

The solution of the Schrödinger equation can be achieved by assuming [47]

|φ(r, t)〉= c1(t)eiω1t |1〉+ c2(t)eiω2t |2〉 . (2.22)

h̄ωi is the eigenvalue of the eigenstate |i〉, corresponding to the excitation energy. By insert-

ing 2.22 into the Schrödinger equation 2.21 and taking into account the time propagation of

the light wave and the projection of individual eigenstates |i〉 of the atom, the differential

equations for the coefficient c1(t) and c2(t) are derived as [48]

ċ1(t) = iΩ0eiω12t 1
2
(eiωLt− e−iωLt)c2(t)

ċ2(t) = iΩ0eiω21t 1
2
(eiωLt− e−iωLt)c1(t).

(2.23)

Here h̄ωi f = h̄|ωi−ω f | is the energy difference between the states |i〉 and | f 〉. Ω0 =
dE0

h̄ is

the resonant Rabi frequency, with d = d12 = eε 〈1|d |2〉 is the strength of the transition dipole

2.1 Theoretical considerations for Atomic Physics 15



moment. The electric dipole operator, d, couples atomic states of different parity and with a

difference in angular momentum of ∆J = 0,±1. For d the relation [47]

d2 =
3A12πε0h̄c3

ω3
12

(2.24)

applies. Here ε0 is the dielectric field constant, c the speed of light and A12 = γ12 the Einstein

coefficient for the transition. Since the frequency of the light field ωL is close to resonant to

the transition frequency ω12, the term ωL+ω12 oscillates very fast compared to the difference

frequency δ = ωL−ω12 and can be neglected according to the rotating wave approximation

[47]. With definition of the coefficients c̃1(t) = c1(t)e−iδ t/2 and c̃2(t) = c2(t)e−iδ t/2, equa-

tion 2.23 results to [48]

d
dt

(
c̃1(t)

c̃1(t)

)
=

i
2

(
−δ Ω0

Ω0 δ

)(
c̃1(t)

c̃2(t)

)
. (2.25)

The solution is given by [48]

c̃1(t) = i
Ω0

Ω
sin(Ωt/2)c̃2(0)+

{
cos(Ωt/2)− i

δ

Ω
sin(Ωt/2)

}
c̃1(0)

c̃2(t) = i
Ω0

Ω
sin(Ωt/2)c̃1(0)+

{
cos(Ωt/2)+ i

δ

Ω
sin(Ωt/2)

}
c̃2(0).

(2.26)

These equations describe the oscillation between two atomic states |1〉 and |2〉 with the Rabi

frequency Ω =
√

δ 2 +Ω2
0 which depends on both, transition properties and laser intensity.

This holds for periods (T ) shorter than the lifetime of the states T � τ = 1/γi, not taking

into account the damping processes like ionization from the upper state or buffer gas-induced

population transfer. In order to include the incoherent or dissipative process in the quantum

mechanical modelling of the excitation dynamics, it is useful to use the statistical description

using the density matrix operator. For pure states the density operator can be written as

ρ̂ = |ψ〉〈ψ| . (2.27)

The diagonal elements ρmm = 〈ψm| ρ̂ |ψm〉, correspond to the probability of the residence in

the corresponding state ψm. They are real numbers and can take values between 0 and 1. The

off-diagonal elements are termed as coherences and are generally complex quantities. For a
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two-level system the diagonal elements satisfy the relation ρ11+ρ22 = 1. The four elements

of the atomic density matrix ρmn are defined as [47]

ρ11 = |c1|2 , ρ22 = |c2|2

ρ12 = c1c∗2 , ρ21 = c2c∗1
(2.28)

The density matrix elements equation can be derived from equation 2.25 as [47]

d
dt

ρmn =
d
dt
(c̃m(t)c̃∗n(t)) = ˙̃cm(t)c̃∗n(t)+ c̃m(t) ˙̃c∗n(t). (2.29)

With γ = γ21 the spontaneous decay from |2〉 to |1〉, it results in

ρ̇11 = i
Ω0

2
(ρ21−ρ12)+ γρ22

ρ̇22 = i
Ω0

2
(ρ12−ρ21)− γρ22

ρ̇12 = i
Ω0

2
(ρ22−ρ11)− (iδ +

1
2

γ)ρ12

ρ̇21 = i
Ω0

2
(ρ11−ρ22)+(iδ − 1

2
γ)ρ21.

(2.30)

These are the so-called optical Bloch equations for a 2-level system [47, 48]. Apart from the

spontaneous decay, stochastic processes such as collisions and ionization, which influence

the occupation probabilities and coherences, can be incorporated into the Bloch equations

2.30. In chapter 4 this will be extended to a 5-level rate equation model to describe the

properties of the optical transition in nobelium.

2.1.5 Rydberg states and ionization potential

Rydberg atoms are highly excited atoms where one (or more) electron are excited to atomic

levels with a very high principal quantum number n [49, 50]. These atoms have several

peculiar properties including a strong response to electric and magnetic fields, long decay

periods and electron wavefunctions that approximate, under some conditions, classical or-

bits of electrons about the nuclei [51]. The core electrons shield the electric charge of the

nucleus, such that the effective electric potential basically looks like that of a hydrogen atom.

As discussed in the section on the hydrogen atom, the level spacing decreases with n−3 con-

verging to the ionization potential, being the energy required to remove the electron from the

2.1 Theoretical considerations for Atomic Physics 17



Table 2.1: Properties of Rydberg atoms.

Property n dependence
Binding energy n−2

Energy between adjacent n states n−3

Orbital radius n2

Geometric cross-section n4

Dipole moment n2

Polarizability n7

Relative lifetime n3

Fine-structure interval n−3

singly charged ion. Therefore, the measurement of such a Rydberg series enables a precise

determination of the ionization potential (EIP), which is one of the most fundamental prop-

erties of an element. The energy levels, En, of the Rydberg states for hydrogen-like atoms

can be characterised as [49, 50]

En = EIP−
RMZ2

n2 (2.31)

where EIP is the ionization energy, Z the nuclear charge and RM the reduced Rydberg constant

for an atom of mass M. RM is related to the Rydberg constant R∞ = 109737.31568076(96)

cm−1 by

RM =
M

me +M
R∞. (2.32)

Some important properties of Rydberg atoms and their dependence on the principal quantum

number, n, are listed in table 2.1. Equation 2.31 strictly applies only to hydrogen-like atoms

and some modifications need to be made for heavier atoms because highly excited Rydberg

states have a non-vanishing probability near the nucleus, which decreases with increasing

angular momentum l. In addition, the Rydberg electron also causes a polarization in the

inner electron shell. This effect can be described by the quantum defect theory [52, 53],

which states that the potential near the core differs from a pure Coulomb potential. Thus, for

a heavy atom equation 2.31 can be generalised to the Rydberg-Ritz equation as

En = EIP−
RMZ2

(n−δnl j)2 = EIP−
RMZ2

(n∗)2 (2.33)
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with the quantum defect, δnl j, which depends on the angular momentum quantum number

l and principal quantum number n. n∗ = n− δnl j is the effective quantum number. The

quantum defect δnl j of an nl j state can be expressed in Ritz expansion as [53]

δnl j = δ0 +
δ2

(n−δ0)2 +
δ4

(n−δ0)4 +
δ6

(n−δ0)6 + ..... (2.34)

where δ0,δ2,δ4, ... are constants, where in most cases only an extension to second order is

required. Using the combination of equation 2.33 and 2.34 the ionization potential of an

element can be extracted [34].

2.1.6 Hyper�ne structure

For a nucleus with a non-vanishing nuclear spin I, the I couples to the electronic angular

momentum J and results in a total angular momentum F [54, 55, 56, 57, 58]

F = J+ I. (2.35)

If I ≥ J then there are 2J + 1 hyperfine components or if J > I then there are 2I + 1 com-

ponents to the hyperfine splitting. Nuclear properties can be extracted from analysis of the

hyperfine splitting of the atomic energy levels.

The electronic levels are influenced by this coupling due to an interaction of the nuclear

magnetic dipole moment µ with the magnetic field and of the nuclear electric quadrupole

moment Q with the field gradient of the electron wavefuntions. This coupling lifts the de-

generacy of the quantum number F and the energy shift for each atomic hyperfine level with

respect to the unperturbed fine structure level is given by [56, 58]

∆E =
A
2

C+
B
4

3
2C(C+1)−2I(I +1)J(J+1)

I(2I−1)J(2J−1)
(2.36)

where C = F(F +1)− I(I +1)− J(J+1). The hyperfine constants A and B are defined as

A =
µIBe(0)

IJ
(2.37)
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and

B = eQs

〈
∂ 2Ve

∂ z2

〉
z=0

(2.38)

with µI denoting the magnetic dipole moment of the nucleus, Be(0) denoting the magnetic

field generated by the electron at the nucleus, Qs the spectroscopic quadrupole moment and

〈∂ 2Ve/∂ z2〉z=0 the electric field gradient generated by the electrons at the nucleus [58].

For atomic transitions in which both levels are subject to hyperfine splitting the frequen-

cies, ν̄ , at which the resonant excitation between initial |i〉 and upper states | f 〉 occur is given

by [57]

ν̄ = ν̄cen +α f A f +β f B f −αiAi−βiBi (2.39)

where ν̄cen is the centroid, and α and β are given by

α =
C
2

and β =
1
4

3
2C(C+1)−2I(I +1)J(J+1)

I(2I−1)J(2J−1)
(2.40)

The strength of each transition depends on the nuclear spin I, as well as the F and J values

of the upper and lower atomic states. The intensities can be expressed in terms of a Wigner

6− j symbol of the coupling of the angular momenta involved in the transition to give [55]

Intensity ∝
(2Ff +1)(2Fi +1)

2I +1

{
J f Ff I

Ji Ji 1

}2

. (2.41)

Fitting the hyperfine spectrum with numerical routines such as χ2-minimisation, the centroid

frequency, and the hyperfine constants A and B can be evaluated. Also, the nuclear spin I and

the angular momentum J are probed. From a comparison of these values with measurements

on reference isotopes where the nuclear properties are known, the properties of exotic, short-

lived isotopes can be deduced with high precision. For elements which have no reference

isotope, the extraction of the nuclear magnetic moment µI and the spectroscopic quadrupole

moment Qs requires knowledge on the atomic properties as the magnetic field, Be, and the

electric field gradient, 〈∂ 2Ve/∂ z2〉z=0. These can be calculated using atomic theories as

discussed in previous sections.
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2.1.7 Isotope shift

The isotope shift denotes the change in the centroid frequency of a spectral line between two

isotopes and is caused by the change in mass and size of the nucleus. The isotope shift of an

isotope with mass number A′ compared to an isotope with mass number A, is defined as

δ ν̄
AA′
IS = ν̄

A′− ν̄
A (2.42)

where ν̄A′ and ν̄A are transition frequencies for the isotopes A′ and A, respectively. The

isotope shift can be approximated as a composition of two independent components, the

mass shift δ ν̄AA′
mass and the field shift δ ν̄AA′

field as [59]

δ ν̄
AA′
IS = δ ν̄

AA′
mass +δ ν̄

AA′
field (2.43)

which will be discussed separately in the following.

Mass shift

The mass shift, δ ν̄AA′
mass shift, is separated into two components, the normal mass shift and

specific mass shift. The normal mass shift arises when taking the finite mass of the nucleus

into account. The energy levels of the atom, in this case, will be raised compared to an

atom with an infinitely heavy nucleus. The specific mass shift arises due to the influence of

the changed reduced mass in the electron-electron correlations within a multi-electron atom.

Therefore, the mass shift can be written as

δ ν̄
AA′
mass shift = (N +S)

A′−A
AA′

(2.44)

where N and S are constants for normal and specific mass shift, respectively. The normal

mass shift constant, N, can be exactly calculated, whereas the specific mass shift constant, S,

must either be theoretically evaluated or calibrated [58, 59].

Field shift

In the case of heavy atoms, the isotope shift is dominated by the field shift. This shift is due to

the change in the nuclear charge distribution as a result of the change in the neutron number,
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which modifies the Coulomb interaction with the electrons. The charge density is assumed

to be constant over the nuclear volume, thus the perturbation in the electronic energy levels

can be shown to be equal to the mean-square charge radius [57], given by

〈r2〉=
∫

∞

0 ρ(r)r2dV∫
∞

0 ρ(r)dV
(2.45)

where ρ(r) is the nuclear density. The field shift is sensitive to changes in the mean-square

charge radii δ 〈r2〉AA′ and rather insensitive to details of the nuclear charge distribution itself

[60]. Thus, the field shift is given by

δ ν̄
AA′
field shift =

πa3
0

Z
∆|ψ(0)|2 f (Z)δ 〈r2〉AA′ (2.46)

where a0 is the Bohr radius, ∆|ψ(0)|2 is the change in the electron probability density func-

tion at the nucleus and f (Z) is the relativistic correction factor [61].

Total isotope shift

The total isotope shift can therefore be expressed as [57]

δ ν̄
AA′
IS = (N +S)

A′−A
AA′

+Fδ 〈r2〉AA′ (2.47)

The atomic factors N, S and F purely depend on the atomic transitions and (A′−A)/AA′

and δ 〈r2〉AA′ contain only nuclear properties. For isotopes of the same element, the atomic

transition between s and p states produces the largest field shifts and are thus more sensitive

to the change in the mean-square charge radius, δ 〈r2〉AA′ .

2.2 Theoretical consideration for nuclear physics

2.2.1 Liquid drop model

The liquid drop model (LDM) [62] considers a macroscopic approach to describe the prop-

erties of the nucleus. It treats the nucleus as an incompressible fluid to describe properties of

a nucleus such as size, binding energy, mass and fission barrier. Von Weizsäcker developed
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a semi empirical approach to describe the binding energy of the nucleus as the sum of five

energy terms accounting for different interactions:

B.E.= av A−asA2/3−acZ(Z−1)A−1/3−aa(N−Z)2A−1±δ (2.48)

The volume term accounts for the binding energy per nucleon, the surface term accounts

for the surface nucleons interaction, the repulsive Coulomb energy to account for the elec-

trostatic interaction between protons, an asymmetry term to account for the Pauli exclusion

principle and the pairing term to account for the pairing of valence protons and neutrons.

An extension of the liquid drop model is the droplet model, which introduces the proton

and neutron distributions by minimizing the total energy of the system. This variation in

nuclear charge distribution allows for surface diffuseness, in comparison to the sharp cut-off

assumed in the liquid drop model and also for a charge redistribution inside the nucleus. In

addition to the binding energy, the droplet model can predict the isotope shift and the charge

radii of the nucleus [63].

2.2.2 The shell model

The shell model describes the nuclear shell structure, which explains the increased nuclear

stability at certain proton and neutron numbers, known as the magic numbers [64]. The basic

assumption of the shell model is that a single nucleon’s motion is determined by the potential

created by all other nucleons in the nucleus. The most realistic potential that describes this

potential is the Wood-Saxon potential of the form [65, 66]

V (r) =− V0

1+ exp( r−R
a )

(2.49)

where R = 1.25 A1/3 fm, a = 0.524 fm and V0 is the depth of the potential well, which is

around 50 MeV [66]. The energy levels are obtained by solving the Schrödinger equation.

This can reproduce only the very low-lying shell closures or magic numbers [65]. The result-

ing energy levels are shown in figure 2.1 (left). Inclusion of the nuclear spin-orbit interaction

in the nuclear potential, VSO(r)l.s, re-orders the energy levels and the experimentally ob-

served magic numbers are reproduced [65, 67]. The inclusion of the spin-orbit coupling lifts

the degeneracy of the l > 0 levels and splits the energy levels in accordance with the value

of l. The resulting energy levels are shown in figure 2.1 (right). The shell model postulates

that only a single, unpaired nucleon governs the properties of the nucleus. This results in the
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Figure 2.1: The energy levels of the shell model. Left side: Calculated from the Wood-

Saxon potential. Right side: Including the spin-orbit coupling. [65]

spin of j and a parity (−1)l for the nucleus whose valence nucleon occupies the energy level

nl j.

2.2.3 The Nilsson model

Despite the shell model being very versatile in predicting the microscopic behaviour of the

nucleons, it is limited only up to nuclei around the lead (Pb) region. For heavier systems there

are many valence nucleons and the nucleus may become deformed. This makes calculations

challenging and the Nilsson model describes the structure for deformed nuclei [68, 69]. The

Nilsson potential is expressed as
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VNil =
m
2
[ω2

x (x
2 + y2)+ω

2
z z2]−κ h̄ω0[2l.s+µ(l2−〈l2〉N)]. (2.50)

ωx,y,z are related to the deformation by

ω
2
x = ω

2
y = ω

2
0 (1+

2
3

δ ) (2.51)

and

ω
2
z = ω

2
0 (1−

4
3

δ ) (2.52)

where ω0 is the spherical oscillator frequency (h̄ω0 =41 A1/3 MeV) and δ ≈ 3
2

√
5

4π
β2 is

the nuclear quadrupole deformation term. Thus, the first term in equation 2.50 gives the

deformation in terms of the oscillation frequency (ω0) along a given deformation axis. For

a prolate deformed nucleus δ , β2>0 whereas for an oblate deformed nucleus δ , β2<0. The

Nilsson model predicts the energy levels and the shell gaps of nuclear orbitals as a function

of the deformation. More information on the Nilsson model can be found in e.g. ref. [69].

A Nilsson diagram showing the single-particle energy levels for proton with Z ≥ 82 as a

function of deformation parameter ε2 is shown in figure 2.2. Another Nilsson diagram for

single-particle neutron levels with N ≥ 126 is shown in figure 2.3.
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Figure 2.2: Nilsson diagram for protons Z ≥ 82. Adopted from [70].
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Figure 2.3: Nilsson diagram for neutrons N ≥ 126. Adopted from [70].
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3 Experimental Set-up

Laser spectroscopy on nobelium was performed using the RAdiation Detected Resonance

Ionization Spectroscopy (RADRIS) technique. This technique is highly efficient and se-

lective for radionuclides featuring an alpha- or fission-decay branch. This technique was

originally developed for laser spectroscopy on americium fission isomers [71, 72] and later

on was adopted and optimized for the search of atomic levels in No [27, 73]. The RADRIS

method exploits a two-step photoionization technique, whereby one laser excites an electron

to an excited state and another laser ionizes the atom. In this chapter, the production and

isolation of nobelium isotopes will be discussed before an introduction to the details of the

RADRIS set-up and the laser system in use will be given. In addition, the data acquisition

and control system developed for the level search including primary-beam control, gas cell

operation, laser system, signal measurements as well as a continuous monitoring of all rele-

vant parameters will be discussed in detail. The establishment of this system allowed for a

reliable and efficient operation of the set-up crucial for this kind of experiments with minute

quantities of sample atoms. The data acquisition system allows different measurement modes

and has been tested and used in three different beamtimes.

3.1 On-line set-up

The RADRIS set-up consists of an on-line optical gas cell and multiple laser systems that

will be described later on in this chapter. The on-line optical gas cell is placed behind the

velocity filter SHIP (Separator for Heavy Ion reaction Products) at the GSI Helmholtzzen-

trum für Schwerionenforschung in Darmstadt [74, 75, 76]. A schematic diagram of SHIP

is shown in figure 3.1 (a). The nobelium isotopes 252,253,254No, are produced in the two-

neutron evaporation channel of the complete-fusion of 48Ca with 206,207,208Pb in the reac-

tions 206Pb(48Ca,2n)252No, 207Pb(48Ca,2n)253No and 208Pb(48Ca,2n)254No at 48Ca beam

energies of about 217 MeV with cross-sections 515+80
−47 nb, 1310+430

−410 nb and 2050+460
−340 nb

respectively [77]. For our experiments, a 48Ca10+ beam from the universal linear acceler-

ator (UNILAC) was used, which exhibits a macro-pulse structure of 5 ms beam-on and 15

ms beam-off. The target consists of 8 segments of PbS, with an average thickness of about

500 µg cm−2, mounted on a wheel. Typical beam intensities of 0.7 particle microamperes

29



(a) 

(b) 

Figure 3.1: Schematic view of the experimental set-up. (a) velocity �lter SHIP with

production target and the bu�er-gas stopping cell. (b) Interior of the bu�er gas cell.

Figures adopted from [27, 78].
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Table 3.1: Electric potentials applied on the individual electrodes for two di�erent

con�gurations for: collection onto the �lament and for guiding to the detector.

Configuration To filament To detector
Filament 300 V 1015 V
Cross-piece 746 V 1025V
Opposing electrode 746 V 1025 V
Electrode 1 749 V 1000 V
Electrode 2 800 V
Electrode 3 605 V
Electrode 4 580 V
Cage 245 V
Detector cage 0 V

(about 4.4×1012 particles per second) were provided by the UNILAC. The beam was further

chopped in accordance with user defined measurement cycles [73].

The fusion products recoil with a mean kinetic energy of about 41 MeV [27], and are sepa-

rated from the 48Ca primary beam before they are implanted into a buffer-gas filled stopping

cell which is installed at the focal plane of SHIP. The implantation rate of the fusion products

was checked by a retractable position-sensitive 16-strip silicon detector placed in front of the

cell. The buffer-gas filled stopping cell consists of a catcher filament, eight disk shaped

electrodes and two Passivated Implanted Planar Silicon (PIPS) semiconductor detectors. A

schematic diagram of the on-line set-up is shown in figure 3.1 (b). The high pressure in-

side the gas-cell is separated from vacuum of the velocity filter SHIP by a 3.5 µm-thick

aluminium-coated mylar foil. The foil is supported by a 1 mm thick stainless steel support

grid made out of 0.5 mm thick wires with a spacing of 9 mm, which results in geometrical

efficiency of 90%. The entrance window has an inner diameter of 56 mm, matching the in-

coming recoil beam size of about 50×22 mm2 (FWHM). The catcher filament is made out

of 125 µm thick tantalum (Ta) wire, crimped onto current leads made of silver-plated copper

wires. As the detector is placed on ground potential, the electrodes, as well as the central

piece of the optical cell and the filament itself have to be biased to high electrical voltages

to allow for an efficient guidance of the ions to this detector. Two operation modes were

applied: 1. collecting on the filament and 2. guidance to the detector. The power supply for

the filament (Elektro-Automatik, EA-PSI 8032-10 DT [79]) is galvanically isolated and can

be biased up to 2 kV. The filament is mounted onto a retractable feedthrough, which is at

the same electric potential as the central cross-piece. The configuration of electric potentials

applied on the electrodes are summarized in table 3.1.
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Figure 3.2: Block diagram of the laser systems. PD: fast photodiodes and HR: High

re�ective mirror.

The gas-cell is filled with about 50-100 mbar of high purity (99.9999%) argon gas to

stop the high energetic fusion evaporation products. The high purity of the buffer gas is

crucial for the experiment, since impurities in the buffer gas can lead to loss in efficiency

due to neutralization from charge exchange processes or due to molecule formation with

oxygen and/or hydrogen. Preceding to on-line experiments the gas-cell is heated up to 100 ◦C

at vacuum conditions. Pressures as low as 2× 10−8 mbar can be reached using a turbo-

molecular pump and an ion-getter pump (C-100 MK5, SAES). To reduce the impurities to

ppb level during normal operation, the argon gas is passed through a getter-based purifier

(MonoTorr: heated getter purifier) before injecting it into the gas-cell. In order to exchange

the gas inside the cell, a constant gas flow is maintained, by the use of a needle valve. This

helps to maintain the purity of the argon gas inside the cell. The pressure is regulated by a

mass-flow controller in conjunction with a capacitor-based pressure gauge. The purity of the

gas is monitored by a residual gas analyser (RGA) (Pfeiffer Vacuum Prisma Plus) equipped

with a turbo-molecular pump and connected to the gas-cell via a needle valve to limit the

pressure inside the RGA to below 10−5 mbar. The partial pressure of the residual impurities

are monitored during the on-line measurements.

The laser system consists of three tunable dye lasers (Lambda Physik FL and LPD series)

which are pumped by two excimer lasers (Lambda Physik, LPX2xxi series). The schematic

layout of the laser system is shown in figure 3.2. In order to access a wide range of possible
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wavelengths, one excimer laser (LPX210i) is operated with a Kr:F gas mixture resulting in

an emission wavelength of 248 nm. This enables a dye laser operation in the ultraviolet

(UV) regime between 311-352 nm. The second excimer laser (LPX240i) is operated with a

Xe:Cl gas mixture with an emission wavelength of 308 nm. This enables the dye laser light

emission starting from 350 nm upwards. Each dye laser can provide pulse energies of at least

200 µJ with a pulse duration of about 18 ns. These dye lasers provide tunable laser radiation

for the level search. The third excimer laser (LPX220) is operated with a Xe:F gas mixture

with a laser radiation of 351 nm and can deliver pulse energies up to 150 mJ. This laser is

used for the second, non-resonant ionization step during level search. All lasers are operated

at a repetition rate of 100 Hz [27].

The wavelengths of the dye laser beams are measured in parallel using a wavemeter (High-

Finesse WS7) in combination with a four-channel fibre switch. The laser light from the dye

lasers is transported to the experimental place using multi-mode quartz fibres with a core

diameter of 600 µm (LEONI Fiber Optics GMBH). An overall transmission of 30-50% was

achieved for wavelengths in the range 300-430 nm. For maximum spatial overlap of the laser

beams, a dedicated multi-fiber coupler was designed and up to 90% geometrical overlap was

achieved [25]. Here, the laser beams are collimated using a 2-inch lens with a focal length

of 75 mm to obtain parallel beams of 20 mm in diameter. The laser radiation for the ionizing

laser was collimated using a 10 m focal length lens and transported to the experimental set-

up using high reflective (HR) mirrors. A laser beam transport efficiency of about 45% and a

beam profile of 25×35 mm2 at the cell was obtained [27, 73].

In order to guarantee a proper timing of the individual dye lasers relative to the second,

ionizing step, a pulse generator (Model 555, Berkeley Nucleonics Corporation) is used to

trigger all excimer lasers individually. The trigger signals for each excimer lasers are fed

to an active synchronization unit (LPA92, Lambda Physik), which stabilizes the light output

timing to a fixed delay using a feedback signal from a fast photodiode. The timing as well

as the laser power of each laser is monitored continuously using dedicated photodiodes. To

determine the lifetime of an excited state by delayed ionization, the time difference from the

photodiode signal was measured using a multi-channel analyser (MCA) in conjunction with

a time-to-analog-converter (TAC). The reader is referred to [25, 27] for more information

about the on-line gas cell.

3.2 O�-line set-up

Besides the on-line set-up, a dedicated off-line set-up is used for resonance ionization mea-

surements on ytterbium (Yb, Z = 70), the chemical homologue of nobelium. A schematic

3.2 O�-line set-up 33



CSA:   Charge sensitive amplifier
ADC: Analog-digital converter
DAQ:   Data acquisition
PD:      Fast photodiode
MMF:   Multi mode fiber
SMF:    Single mode fiber

PD

Excimer laser

Dye laser

PD

Excimer laser

Dye laser

t

V

Pulse generator

Filament

Laser system Off-line cell

CSA

ADCDAQ

collection wire

Gas
inlet

Wavemeter

MMF

SMF

Figure 3.3: Schematic overview of the o�-line measurement set-up comprising of the

o�-line bu�er gas cell along with the laser systems and the data acquisition system.

diagram of the off-line set-up is shown in figure 3.3. As a buffer gas cell, a standard CF-

63 cross-piece equipped with two quartz windows for laser access is used. The filament

is composed of a 12.5 µm thick tantalum foil onto which a 25 µm thick ytterbium foil is

clamped. The ytterbium atoms are evaporated by resistive heating of the tantalum foil. The

method leads to a long-term stable production of Yb. The gas cell is filled with argon gas of

99.9999% purity. Two tunable dye lasers pumped by an excimer laser operating at 308 nm

in combination with an excimer laser at 351 nm, for non-resonant ionization, are typically

used for off-line measurements. All the lasers operate at a repetition rate of 100 Hz with

a pulse energy of around 1 mJ for the dye lasers and around 10 mJ for the excimer laser.

Laser light is transported to the experimental set-up using UV optical fibres and collimated

using a 2-inch lens of 75 mm focal length. The created photo-ions are transported by electric

fields to a detector, which is a biased wire, connected to a charge-sensitive preamplifier. The

accumulated charge is detected in coincidence with the laser pulse. The amplitude of this

signal is proportional to the number of collected photo-ions and is recorded in conjunction

with the set wavenumber and the time delay [28, 80].

3.3 Data Acquisition and measurement control system

In this section the data acquisition and the measurement control system developed for the

laser spectroscopy of the heavy elements will be discussed. During the laser spectroscopy

measurements, several digital and analog signals need to be managed and processed simulta-

neously, thus a listmode data acquisition (DAQ) system is necessary. Also the synchroniza-
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Table 3.2: Features of the FPGA-based data acquisition system with recon�gurable

I/O's (NI 7833R).

Bus type PXI
Clock frequency 40 MHz
Digital I/O’s 96
Analog inputs 8 (±10 V)
Analog outputs 8 (±10 V)
I/O resolution 16 bit
Sampling rate 200 kHz/channel
DAQ software LabVIEW based

tion of the trigger signals and proper assignment of the time stamps for each registered event

has to be considered. In order to accomplish this a field-programmable gate array (FPGA)

based multi-function DAQ, NI PXI 7833R [81], controlled by a computer is used. All the

analog and digital inputs/outputs (I/O’s) of the DAQ system are reconfigurable with the Na-

tional Instruments Labview FPGA module. This module allows a flexible modification and

adjustment in the signal processing structure. The DAQ provides the following features or

capabilities:

• Complete control of the synchronization and timing of all signals and operations with

a 25 ns time resolution.

• Assignment of proper time stamp for all the registered events.

• Ability to communicate with other I/O devices with user-defined communication pro-

tocols.

• Simultaneous analog input up to 200 kHz and simultaneous analog output up to 1 MHz

sampling rate.

Features of the DAQ system are tabulated in table 3.2. A NI-VISA server is used for

the communication between the remote PXI 7833R and the host computer, which interprets

the DAQ system as a locally installed VISA device. The DAQ system is connected to the

measurement computer via a PCI-Express interface. The DAQ system is controlled and read

out by a LabVIEW-based software.

During the on-line measurement the control and DAQ system needs to handle a multitude

of functions. These include the controlling and monitoring of the primary beam current,

laser system parameters, filament temperature and electric potentials of the electrodes and

the pressure inside the gas cell. These tasks are distributed among several personal com-

puters (PC) communicating with each other via TCP protocols in a local area network as
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Figure 3.4: Block diagram of the data acquisition the measurement control system.

shown in figure 3.4. After a successful ionization process, the radioactive decays of the ions

collected on the thin mylar-foil, placed over the detectors, are registered using the PIPS de-

tector. The energy equivalent charge at the anode of the detector is converted into a voltage

signal featuring a steep rise time in the region of 20-30 ns and a longer decay time of about

50 µs with the aid of a charge-sensitive preamplifier (Canberra 20046) [83]. The main am-

plifier (Ortec model number 471 [84]) generates a bipolar signal with a duration of up to

5 µs. The signal amplitude obtained is proportional to the energy of the emitted α−particle

or fission products, in the case of on-line experiments, or to the number of the accumulated

ions in off-line experiments. This amplified signal is fed into a peak detector and hold unit

(built by LMU Munich), which gives a signal of constant voltage of the same amplitude that

lasts for a user defined period < 100 µs. The peak detector also generates a fast gate signal

which is detected on a digital port of the DAQ system (PXI 7833R), determining the time

stamp of the signal and triggering the ADC. The information on the registered signal are then

transmitted to a PC for storage and analysis. Another DAQ system (PXI 7833R), controlled

by another dedicated PC, is used for triggering and controlling the other set-up components.

For instance, this is used to trigger the filament current and the HV modules and to chop the

primary beam according to a user-defined cycle time.
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The pressure inside the gas cell is a crucial parameter which needs to be monitored con-

tinuously. It is monitored using a capacitor type pressure gauge connected to a controller

(Maxigauge, Pfeiffer Vaccum) [85]. The argon gas inside the cell is continuously evacu-

ated via a needle valve placed near the upper detector (see figure 3.1). In order to keep

the pressure inside the cell constant, argon gas needs to be injected at a continuous rate.

This is achieved by a regulated mass-flow controller (Pfeiffer Vacuum RVC 300) [86]. Both

units are connected to a control PC via serial RS232 interfaces. The pressure is registered

every second each time the data acquisition is started and the data is transferred via TCP

protocol to the data acquisition PC. The electric potentials of the filament as well as the ion

optics electrodes are provided by seven HV modules (HCE 7-3500, up to +3.5 kV, and HCE

7-6500, up to +6.5 kV) [87]. The HV modules work in stand-alone or in external control

mode. They also provide analog outputs of 0-10 V for monitoring purposes. Seven analog

outputs of the PXI 7833R DAQ system are used to control the voltages of these modules.

The monitor outputs of the HV models are fed into a NI PCI 6014 DAQ system [88] which

reads the potentials every 5 s and displays them in a graphical representation in a LabVIEW

based acquisition software.

To control the wavelength of the laser radiation, each dye laser is equipped with a stepper

motor and a motor controller. The motor controllers of two lasers are connected to a PC

via GPIB (General Purpose Interface Bus), while for the third dye laser a serial interface

(RS-232) is used. The dye laser control software is developed using LabVIEW and can

run in a stand alone version or can be externally triggered by the DAQ software during on-

line measurements. The power of the dye lasers is also continuously monitored using fast

photodiodes (PD, see figure 3.2) and acquired using the NI PCI 6014 DAQ system.

The developed data acquisition software allows for an efficient readout of the remote PXI

7833R DAQ system. A schematic block diagram of the LabVIEW-based DAQ software

is shown in figure 3.5. On starting the LabVIEW DAQ program names log and data files

according to the date followed by an integer, in a user-defined directory. The data are saved

in ASCII format. Different measurement possibilities are available:

• The default mode (Time): In order to optimize the cell-pressure or any other cell pa-

rameter, the user can choose the time measurement mode, which is the default mode of

the program. In this mode the user can define a measurement time for the program to

run in which the signal is recorded against the elapsed time. This is in particular useful

for optimization routines.

• The laser-scan mode: In this mode the user can scan all activated dye lasers simultane-

ously. Here, a measurement time for each scan step has to be defined, after which the
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program triggers a wavelength change to the initialized lasers. The size of frequency

steps is defined in the respective dye laser control programs independent of the con-

trol software. Only one dye laser scan is shown on the user interface for monitoring

purposes in this mode.

• The electric potential scan mode: In this mode the user can scan the potentials of the

ion optics while keeping all the other cell parameters constant.

The heart of the DAQ software is the data acquisition loop. Each event registered with the

PXI 7833R DAQ system is assigned a proper time stamp and stored in a temporary storage

(1) along with the recorded wavenumbers. The parameters of the set-up, for example, the

cell pressure, the laser wavenumber and the primary beam current, are acquired at different

PCs and are communicated via the TCP protocol for saving in a temporary storage (2). Every

second the data from the temporary storages (1 and 2) are transferred in a FIFO (first in, first

out) logic to the data saving loop where it is written to a file. At present the DAQ system has

the possibility to acquire 3 signals from up to three detectors simultaneously and a number

of measurements were performed to test the speed and reliability of the DAQ system using

signals from a pulse generator. The dead time losses of the detection system were well

below 0.5% until the signal rate approached 8 kHz after which the losses started to increase

reaching about 2% at a signal rate of about 10 kHz. The results for the dead time loss of the

DAQ is shown in the Appendix 8.1.
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4 Investigation of bu�er-gas quenching of

the �rst excited state in nobelium

atoms

During the on-line experiments on nobelium, 254No, the first optical transition of nobelium

was observed [24]. A spectral range ranging from 25,000−33,000 cm−1 was searched for

this atomic transition. In his work, Lautenschläger (ref. [25]) analysed the saturation be-

haviour of the observed 1S0→ 1P1 ground state transition using a simple two-level scheme

(see figure 4.1 (a)) with the fit resulting in an Einstein coefficient Aki ≥ 6.3× 107 s−1. The

delayed ionization measurement, which gives access to the lifetime of the 1P1 state, however

showed a long tail indicating the presence of a long-lived state in addition to the short lived
1P1 state. Fits using two exponential curves, one with a large decay-constant for the short-

lived state, the other with a small decay-constant in order to compensate for the long decay

tail, extracted lifetimes of τ1 = 16 ns and τ2 = 106 ns (see figure 4.1(b)). This lifetime value

of the 1P1 state is not in agreement with the theoretical calculation of τ = 2 ns [36, 39, 89].

This discrepancy led to a detailed investigation of the effect of gas-induced quenching of

atomic states in the chemical homologue, ytterbium (Z = 70, Yb), a stable element with a

similar atomic level structure as No, and for which the atomic structure is very well studied

[90, 91, 92, 93, 94]. Furthermore, a multi-level rate equation model was developed to de-

scribe all the experimental data. This chapter presents the off-line measurements on natYb

and the validation of the developed rate equation model on Yb after which it was applied to

No.

4.1 Quenching in a bu�er gas environment

The off-line set-up as discussed in chapter 3.2, was used for performing two-step resonance

ionization spectroscopy (RIS) on natYb. The first, resonant step was tuned to excite the 1S0→
1P1 ground state transition at a vacuum wavelength of 398.9 nm. The second non-resonant

step was provided by an excimer laser at 351 nm. Figure 4.2 shows a simplified ionization

scheme. The lifetime of an excited atomic state can be measured by delaying the second

laser pulse relative to the first excitation step. Figure 4.3 (a) shows the delayed ionization
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Figure 4.1: (a) Saturation and (b) delayed ionization curve of 254No. The solid lines

represent a �t from a two level scheme. The curves have been measured at 95 mbar

pressure. Adopted from [25].

signal as a function of the delay time (td). At an argon gas pressure of 5 mbar the delayed

ionization signal showed a fast decaying trend. The extracted lifetime of 5 ns is in agreement

with the reported lifetime of the optically populated 1P1 state [92, 93, 94].

When the buffer gas pressure inside the optical-cell was increased to 100 mbar, as re-

quired for the RADRIS experiments, it was observed that the delayed ionization decreases

rapidly for about the first 25 ns and then decreases slowly with increasing delay time (td).

Figure 4.3 (b) shows the observed signal for delayed ionization in this case. The persistence

of the RIS signal at delay time as large as 1 µs suggests that the optically excited 1P1 state

undergoes a fast quenching, due to collisions with the buffer gas, to low-lying long-lived

excited states. This implies that a simple 2-level system cannot fully describe the delayed

ionization behaviour and a multi-level system is necessary for accurate determination of the

parameters of the optical transition.

Quenching of atomic levels in noble gas environment has also been reported in atomic

barium by Burst and Gallagher [95] and for calcium by Pence and Leone [96]. With the laser

pulse length of about 18 ns applied in our experiment, a lower limit for the de-excitation rate

of the singlet P state in Yb at 100 mbar argon on the order of 108 s−1 can be estimated. This

rate is rather large for collisions with a noble gas compared to the one for barium where the

energy difference to lower-lying metastable states are in the order of 1000 cm−1 [95]. Since

the collisional cross-section is inversely proportional to the energy difference between the

atomic levels, as discussed by Krause for the fine-structure levels of alkali elements [97], the

optically excited 1P1 state should relax to states which are close in energy such as the 3D2

state in Yb, which is energetically located 316 cm−1 below the 1P1 state [90, 91].
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Figure 4.2: Schematic illustration of the two-step ionization scheme for Yb with a non-

resonant second step, which can temporally be delayed by the delay time td with respect
to the �rst step.

In order to determine the levels which are involved in the quenching process, RIS mea-

surements were performed involving Rydberg states excited from the intermediate states in
natYb. A dye laser with excalite-398 dye, was operated at 398.9 nm exciting the 1P1 state.

A second tunable dye laser was used to scan for Rydberg states. The measurements were

performed at an argon buffer gas pressure of 100 mbar. Figure 4.4 (a) shows the obtained

spectrum when both laser pulses are synchronized to arrive simultaneously at the optical

gas cell. Members of at least two Rydberg series were observed along with some states,

marked in red in figure 4.4 (a), which proceeded from another state populated by gas in-

duced quenching of the 1P1 state. The most prominent series observed agrees with reported

Rydberg series belonging to s- and d-series [98], which can be directly excited from the 1P1

level, populated by the first excitation step. When the second step laser pulse was delayed

by 60 ns, the first series vanishes as expected from the short lifetime of this state. Never-

theless, another Rydberg series proceeding from an intermediate state becomes prominent

as seen in figure 4.4 (b). The convergence of the Rydberg states can be extracted using the

Rydberg-Ritz formula (equation 2.33).

The convergence of the two series differ by 316 cm−1 which leads to the conclusion that

the latter Rydberg series proceed from the 3D2 state. Further Rydberg states proceeding

from the lower-lying 3D1 state, which is 579 cm−1 below the 1P1 state, were also observed,

but were at least a factor 100 lower in intensity. Investigations on the lifetimes of these

intermediate states were performed at a gas pressure of 100 mbar. For this the first step was

operated at ν̄1 = 25068.22 cm−1. The second step was set to excite specific Rydberg peaks

at ν̄2 = 25188.4 cm−1, excited from the 1P1 and ν̄2 = 25198.4 cm−1, which is excited from

the 3D2. Figure 4.5a and 4.5b show the observed ion signal from the delayed ionization
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Figure 4.3: Ion signal for a two-step ionization scheme of natYb with a non-resonant

second step as a function of di�erent laser pulse delays at (a) 5mbar and at (b) 100mbar

argon gas pressures. The solid lines represent best �ts to the data using the 5-level

rate equation model.

of the 1P1 and 3D2, respectively. The lifetime of τ = 5.8± 0.7 ns was extracted from an

exponential fit to the data for the 1P1 and is in good agreement with the literature value of

5 ns [92, 93, 94]. However, for the 3D2 level the extracted lifetime of 154 ns is significantly

shorter than the reported value of 460 ns [92, 93, 94], indicating that a subsequent quenching

of the population of this state to energetically lower states is present. The long tail seen in

figure 4.3 (b) for a delayed non-resonant second ionization step is traced back to indirectly

(via collisional quenching) populated and long-lived intermediate states that are energetically

close to the 1P1 state and thus still contributing to the RIS signal.

4.2 Multi-level rate equation model

In order to extract the optical properties of the observed transition in nobelium, a multi-level

rate model was developed. This model was first validated using the ground state transition

on the homologue element ytterbium before extending it to nobelium using suitable fit pa-

rameters. Besides the short-lived 1P1 state, additional atomic states featuring long lifetimes,

such as 3D2, the 3P2 state or the 4 f 135d3/26s2 J = 2−5 states in Yb, which serves as collect-

ing states for the population from gas induced collisional de-excitation of higher lying levels

need to be considered. From the arguments presented in the previous section, an effective

5-level-scheme, consisting of the ground state (|1〉), three intermediate states(|2〉, |3〉, |4〉)
and an ionic state (|5〉), would be sufficient to describe the experimental observations, see

figure 4.6.
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Figure 4.4: Rydberg states in Yb (a) for prompt ionization, i.e. td = 0 ns (b) with

td = 60 ns delay between the two laser steps. The measurements were performed at

100 mbar argon pressure with the laser power of about 300 µJ for both lasers. For

the prompt ionization, members of two Rydberg series were observed (marked in two

di�erent colours).
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Figure 4.5: Ion signal for a two-step ionization scheme of natYb with a resonant second

step as a function of di�erent laser pulse delays at (a) 5mbar and (b) 100mbar argon

pressure. The solid line indicates an exponential �t to the data.

Considering the broadband laser pulse, with a bandwidth of 5.5 GHz (FWHM), and large

collisional broadening due to the high buffer gas pressure in our experiment, the off-diagonal

elements or coherences, in the optical Bloch equation, equation 2.30, can be neglected [47],

and an effective rate equation model can be formulated as

dρ11

dt
+

1
2
(ρ11−ρ22)AkiS(ωL,ω12) f1(t) = Akiρ22

dρ22

dt
+
[
Aki +R2 +P2 f2(t− td)

]
ρ22 =

1
2
(ρ11−ρ22)AkiS(ωL,ω12) f1(t)+R4ρ44

dρ33

dt
= (P2ρ22 +P4ρ44 +P5ρ55) f2(t− td)

dρ44

dt
+
[
R′+R4 +P4 f2(t− td)

]
ρ44 = R2ρ22

dρ55

dt
+P5 f2(t− td)ρ55 = R′ρ44

(4.1)

with the normalization

∑
i

ρii = 1 (4.2)
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Figure 4.6: A level scheme with radiative and non-radiative processes used in the 5-level

rate equation model developed to describe the experimental data.

and the initial conditions

ρ11(t = 0) = 1 and ρii(t = 0) = 0 for 1 < i. (4.3)

Here ρii, with i=1-5, corresponds to the population of individual states |i〉, Aki is the Einstein

coefficient for spontaneous emission for the 1P1→1S0 transition. The Einstein coefficient is

related to the radiative lifetime τki of the excited state by Aki =
1

τki
. R2,4 are the gas induced

transfer rate from the optically excited state to the lower-lying intermediate state and back to

the optically excited state, respectively. R′ is the effective transfer rate from state |4〉 to the

long-lived state |5〉, where the population transfer is composed of optical decay as well as

from gas collisions. f1(t) and f2(t− td) are functions describing laser pulse shapes for the

first- and second-excitation step, respectively. td is the delay time of the ionizing laser pulse

with respect to the first-excitation step. The ionizing rates Pj from the intermediate states to

the continuum are defined as [99]

Pj =
E2/A2

t2h̄ω2
σ j with j = 2,4,5 (4.4)
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where E2/A2 is the laser pulse energy of the second-step per unit area, t2 the corresponding

laser pulse duration, h̄ the reduced Planck constant, ω2 the angular frequency of the ionizing

laser and σ j the ionization cross-section which is in the order of 10−16 cm2. The frequency

dependent saturation parameter S(ωL,ω12) is given by [47]

S(ωL,ω12) =
λ 2

1
2

E1/A1

t1h̄ω12

∫ 1√
2πσω

exp
[
− (ω−ωL)

2

2σ2
ω

]
γ
′
ω/2π

(ω−ω12)2 +(γ
′
ω)

2/4
dω. (4.5)

E1/A1 is the first excitation step laser pulse energy per unit area with the corresponding

wavelength λ1. t1 is the laser pulse duration and ω12 is the resonance frequency of the first

excitation step. The spectral distribution is described as a convolution of a Gaussian profile

with a Lorentz profile. The spectral laser profile (σL) and the Doppler broadening (σD)

contribute to the Gaussian part according to

σ
2
w = σ

2
L +σ

2
D (4.6)

centred around the laser frequency ωL. The Einstein coefficient Aki of the optical transition,

the dephasing (τcoll) due to collision and the dephasing due to the phase fluctuations of

different laser modes (τmode) contribute to the Lorentz part of the width γ
′
ω according to

γ
′
ω =

1
2π

(
Aki +

1
τcoll

+
1

τmode

)
. (4.7)

These rate equations were solved by integrating over the duration of the laser pulses while

varying the first step laser frequency or photon fluxes. The data for the resonance spectrum

and the saturation of the ground state optical transition were fitted using a χ2 minimization

algorithm, implemented in the minuit package of the root evaluation software [100].

4.3 Experiments on ytterbium

The model described in the previous section (Eq. 4.1) was tested for validation with natYb

data. Besides the signal of the delayed ionization, shown in figure 4.3, the resonance of the

first excited level was measured as a function of the excitation wavelength. In addition, the

signal strength as a function of the photon flux in the first excitation step was tested with

this model as well. The excited atom was assumed to undergo nonresonant ionization. The

fit parameters were extracted using the delayed ionization measurement of the 1S0 →1P1
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ground state transition. Figure 4.3 shows the delayed ionization signal with the solid lines

representing the best fit of the data according to the rate equation model. The Doppler

broadening (σD) can be calculated from the gas temperature [101]

σD = cν̄

√
kBT
Mc2 = 9.118×103

ν̄(cm−1)

√
T (K)

A
GHz (4.8)

with ν̄1 = 25068.22 cm−1 and A = 173, the Doppler broadening is deduced to be σD =

0.297 GHz at room temperature, and is similar for both, nobelium and ytterbium. The laser

bandwidth was measured to be σL = 2.5 GHz resulting in a Gaussian width of σω = 2.5 GHz.

The dephasing due to collisions (τcoll) can be calculated from the collision rate in 100 mbar

argon gas by [47]

1
τcoll

= σcollN v̄ = σcollNc

√
8kT

πmArc2 GHz (4.9)

The collisional cross-section σcoll is taken as 1× 10−13 cm2, N is the density of gas at

100 mbar, mAr is the mass of argon atoms, v̄ is the mean velocity of the argon atoms and c is

the speed of light. N can be calculated using the ideal gas law where at standard temperature

and pressure, one mol (6.022× 1023 atoms) occupies a volume of 22400 cm3. Thus, N can

be scaled to 100 mbar by

N =
6.022×1023

22400 cm3 ×
100 mbar

1014 mbar
. (4.10)

The time scale for fluctuations of the laser modes (τmode =
1

9×109 GHz ) is taken similar to

that for fermium [102]. The gas induced quenching rate (R2) from the optically excited 1P1

state to the closest 3D2 state is deduced from the best fit of the rate equation model on the

delayed ionization data of Yb shown in figure 4.3b to be R2 = 0.08× 109 s−1. The back

pumping rate (R4) is assumed to be negligibly small. The combined quenching and optical

decay rate of the 3D2 level to the lower lying long-lived state (R′) is more than one order of

magnitude weaker. This is also reflected in the extended lifetime measurements, observed

in the Rydberg level excitation, figure 4.5b. Thus, R′ is taken as R′ = 0.006× 109 s−1. The

ionization rates from the 1P1 and the 3D2 (P2 and P4) state are assumed to be identical as

these states are close in energy and since the ionization process is non-resonant. These rates

amount to P2 = P4 = 0.05× 109 s−1. The ionization rate of the longest-lived state (P5) is

assumed to be one order of magnitude smaller P5 = 0.003× 109 s−1. Since the ionizing

laser radiation (λ2) is much closer to the ionization potential, it seems unexpected that P5 is
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Table 4.1: Parameters taken as constants, that were used to �t the data

Parameter No Yb Unit
σω 2.5 2.5 GHz
τcoll

−1 11 11 GHz
τmode

−1 9 9 GHz
R′ 0.01×109 0.006×109 s−1

P2 0.05×109 0.05×109 s−1

P4 0.05×109 0.05×109 s−1

P5 0.003×109 0.003×109 s−1

R2 0.3×109 0.08×109 s−1

R4 0 0 s−1

smaller and hints to additional decays into dark, invisible states, from which no ionization

with the second step is possible. In addition, small deviation at long delay time as seen in

figure 4.3b suggests the influence of additional low-lying states.
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Figure 4.7: Resonance (a) and saturation character (b) of the 1S0→1P1 transition in

Yb. The measurements were performed at 100 mbar argon pressure. See text for more

details. The solid lines indicate �ts using the rate equation model to the data.

The fit parameters that were taken as constants are summarized in table 4.1. Using these

parameters a fit was performed on the resonance and the saturation character of the 1S0→1P1

transition in Yb in order to deduce the transition strength. Figure 4.7a shows the spectral

profile of the resonance located at ν̄1 = 25068.22 cm−1. The resonance was measured at a

photon flux of 7×1012 photons/pulse/cm2 for the first excitation step while the photon flux

of the ionizing laser was 4.1×1014 photons/pulse/cm2. The solid line is the fit from the rate

equation model. For the measurement of the saturation character, the first excitation step

was tuned to the resonance and the RIS signal was measured as a function of the laser power
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of the excitation step. Figure 4.7b shows the saturation curve along with the best fit using

the 5-level rate equation model. The obtained Einstein coefficient, Aki = 2.6±0.6×108 s−1

is in a good agreement with the literature value of Aki
lit = 1.9×108 s−1 [92]. Considering

an additional level below the state |5〉 in figure 4.6 did not have a significant impact on the

fit results. Thus, a 5-level model is sufficient to describe all observations and enabled the

extraction of relevant parameters for the optical transition of interest in ytterbium and in its

heavier homologue nobelium.
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Figure 4.8: Normalized α−decay rate as a function of the delay time td between the

�rst- and the second-step excitations in 254No. The solid line indicates the best �t to

the data from the rate equation model.

4.4 Characterization of the ground-state atomic transition in 254No

During the 2015 beamtime campaign, the 1S0→1P1 ground state transition in 254No was ob-

served for the first time at GSI Helmholtzzentrum für Schwerionenforschung and has been

reported in [24] and [25]. The production mechanism and the on-line experiment has been

described in detail in chapter 3.1. The influence of the buffer gas quenching of the optically

excited state became clear while measuring the RIS signal for a delayed non-resonant ion-

ization as shown in figure 4.8. In this experiment the first excitation laser was tuned to the
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Figure 4.9: Laser pulse shapes considered for evaluation of the data.

resonance at ν̄1 = 29961.5 cm−1 while the ionizing step was provided by the excimer laser at

351 nm. The 254No count rate was recorded as a function of the ionizing laser delay time (td),

while keeping the laser power of both the excitation step as well as the ionizing step constant.

A RIS signal component that exponentially decreases with a lifetime on the order of 100 ns

is visible, which was much larger than the predicted lifetime of 2-3 ns [35, 39, 89] for the 1P1

state and is in disagreement with the saturation characteristics discussed in [25]. Similar to

the case of Yb, there are also contributions from levels with much longer lifetimes. The ab-

sence of a component with a short decay time indicates a much stronger quenching compared

to Yb, and one may infer that the corresponding level where the population is transferred is

closer in energy. This is supported by atomic calculations predicting a 3D3 state to be en-

ergetically slightly below the 1P1 state in No [39, 43]. In order to mimic the temporal laser

pulse shape in our experiment, various shapes like rectangular as well as trapezoidal as seen

in figure 4.9, were used to get a best fit of the delayed ionization signal. While both shapes

give similar results for the Einstein coefficient, the trapezoidal shape mimicked the delayed

ionization signal better. The solid line in figure 4.8 represents the best fit of the rate equation

model to the data with the parameters listed in table 4.1.

The observed resonance for the first excited step centred at ν̄1 = 29961.457+01041
−0.007 cm−1

can be seen in figure 4.10a. The number of resonant ions per second detected by the

α−detector is given as a function of laser frequency. The count rate has been normalized

to a beam current of one particle microampere, equivalent to 6.2×1012 48Ca projectiles per

second. The best fit to the data is indicated by the solid line. The measurements were per-

formed with an intra cavity etalon inserted into the resonator of the dye laser in order to

reduce the bandwidth of the laser light to 1.2 GHz (FWHM). This gives the laser bandwidth
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Figure 4.10: (a) Spectral pro�le of the 1P1 state in 254No. The full-width at half-

maximum (FWHM) of the �tted pro�le is about 0.13 cm−1, photon �ux, 5.2× 1012

photons per pulse per square centimetre; laser bandwidth, 0.04 cm−1. (b) Saturation

character of the 1S0→1P1 transition in 254No with the best �t from the rate equation

model. In this case the laser bandwidth was about 0.18 cm−1. The solid lines indicate

the best �t of the rate equation model to the data. In both cases the measurements

were performed at 95 mbar argon pressure.
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Figure 4.11: χ2 values obtained by solving Eq. 4.1 for di�erent values of the Einstein

coe�cient, Aki, while �tting the saturation curve.

contribution to the linewidth of, σL =1.2 GHz/2.355=0.51 GHz. With a Doppler broadening

of σD = 0.297 GHz from table 4.1, the Gaussian width amounts to

σω =
√

σ2
D +σ2

L =
√

0.512 +0.2972 = 0.6 GHz.
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The contribution to the Lorentz width due to the dephasing of the different laser modes is

taken as τmode = 0 as we assume the laser to be single mode during a narrow band operation.

According to the best fit to the data the Einstein coefficient (Aki) and the collisional dephasing

(τcoll) result in a Lorentz width of

γ
′
ω =

1
2π

(Aki +
1

τcoll
) = 1.8 GHz.

For the saturation curve measurement, the first excitation step was kept at resonance at

ν̄1 = 29961.5 cm−1 and the α−decay count rate was measured as a function of the laser

power of this step. During all the measurements, the photon flux of the ionizing step was

around 7.3× 1015 photons/pulse/cm2, which was well above the saturation for the ionizing

step [25]. Since the measurements of the laser power and the laser spot size determination are

prone to errors, so in order to account for systematic uncertainties, the saturation behaviour

data was also evaluated with a conservative estimate of a 20% increase/decrease in the pho-

ton flux. Different laser temporal pulse shapes as shown in figure 4.9 were also considered.

The fit was performed for the Einstein coefficient, Aki leading to an Aki = 4.2+2.6
−2.8×108 s−1.

The rate equation model, equation 4.1, was fitted with different values of Aki, and the re-

sulting χ2 values shows an asymmetric confidence band for the fit. Figure 4.11 shows the

χ2 values plotted against the Einstein coefficient, Aki. This leads to the conclusion that the

large uncertainty results from a lower sensitivity of the model for values Aki > 2× 108 s−1

expressed in a moderate increase of the χ2 value for larger Einstein coefficients. Neverthe-

less the steep increase of the χ2 value for Aki ≤ 1×108 s−1 clearly shows that the observed

transition in nobelium is strong, which supports the assignment of the observed transition as
1S0→ 1P1 ground state transition in nobelium.
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5 Rydberg states and the �rst ionization

potential of nobelium

The first ionization potential (IP) of a chemical element, defined as the energy required to

remove the most weakly bound electron from the valence shell, is a fundamental quantity

that determines the chemical properties of an element. An accurate determination of the IP

therefore provides a crucial test for our understanding of the electron configuration and the

chemical properties of an element. In the region of the actinide elements [103], different

methods such as resonance ionization mass spectroscopy, Rydberg convergence and surface

ionization techniques have been used to determine the IP [104, 105, 106, 107, 108, 109, 110,

22]. For the actinides from actinium (Ac, Z = 89) to einsteinium (Es, Z = 99) the IP was

measured with laser spectroscopic techniques with a precision in the µeV-regime. In the

case of fermium (Fm, Z = 100), only an upper limit of the IP has been reported [22]. The

IP of the heaviest actinide lawrencium (Lr, Z = 103) was measured with a surface ionization

technique. An uncertainty of about 100 meV, which is susceptible to unknown systematic

effects was reported in [104]. In contrast, laser spectroscopy provides the most accurate

method of determining the IP of an element with a precision in the µeV-regime. However,

any atomic spectroscopy of the heaviest elements is hampered by a lack of known atomic

transitions and drastically decreasing production rates from nuclear fusion reactions. During

a beamtime in 2015, the 1S0 →1P1 optical transition in nobelium was observed and has

been reported in references [24, 25]. This enabled the search for Rydberg states near the

ionization threshold and the extraction of the first ionization potential of nobelium via the

Rydberg series convergence. This chapter presents the measurements on the Rydberg states

and the precise extraction of the IP of nobelium.

5.1 The search for Rydberg states

A two-step photoionization technique was used to search for Rydberg states in 254No. The

first step was fixed to excite the 1P1 state at ν̄1 = 29961.457 cm−1 in nobelium [24]. A

second synchronised tunable dye laser was used to search for Rydberg states proceeding

from the 1P1 state. A simple excitation scheme is presented in figure 5.1. The atoms that

were successfully excited to a Rydberg state were subsequently ionized either by residual
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1P1

1S0

IP

ν1=29,961.5 cm-1

ν2

Figure 5.1: Two-step excitation scheme for the search for Rydberg states in nobelium.

laser light, infrared radiation or collisional processes. The second step was scanned in a

spectral range of 23,000− 23,700 cm−1 using the laser dyes Coumarin 120 and Stilbene

3 pumped by excimer laser light at 308 nm wavelength. These dyes provide a conversion

efficiency of about 15% [112, 113]. The dye lasers had an average pulse intensity of 50 µJ

and 300 µJ for the first and second excitation step, respectively. The scans for Rydberg states

were performed with a spectral step size of 0.2 cm−1, with a measurement time of 600 s per

scan step and a waiting time of 120 s (2 half-lives) between every step. At a buffer gas

pressure of 95 mbar argon 22 levels were observed, which were assigned to two different

Rydberg series (series 1 and 2). See figure 5.2 top panel. Some of these states have been

reported in [24] together with a first evaluation for the first ionization potential. Nevertheless

some indications on buffer gas-induced population transfer limited the precision for the IP

value [24]. In order to reduce the buffer gas quenching of the optically excited 1P1 state,

the buffer gas pressure inside the gas cell was reduced to 65 mbar. With these settings an

additional series (series 3) was observed with a substantially reduced count-rate (figure 5.2

lower panel). This reduction in the count-rate is attributed to competing processes such as

quenching and optical de-excitation of the population of the 1P1 state in addition to signal

losses due to temporal mismatch between laser pulses of 18 ns duration and 11 ns jitter, as

the lifetime of the 1P1 state is only about 2 ns. The low-lying Rydberg states of this series

showed a resolved multiplet structure (figure 5.3b). This splitting is attributed to different

fine structure components. The splitting of the multiplets decreased with increasing principal

quantum number (n).
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Figure 5.2: Observed Rydberg states of 254No. Series 1 and 2 were measured at an

argon gas pressure of 95 mbar while series 3 at a reduced pressure of 65 mbar, in order

to reduce the bu�er gas induced quenching. The �rst excitation step was �xed at

ν̄1 = 29961.5 cm−1 to excite the 1P1 state in No [24]. Adapted form [30].

5.1.1 Lifetime of the intermediate states

In order to characterize the intermediate states, measurements with a delayed ionization were

performed. The measurements allow probing the lifetimes of individual intermediate states.

For this purpose, one laser excitation step was set to the resonance frequency of the 1P1

state at ν̄1 = 29961.5 cm−1. The second laser step was tuned to excite a specific Rydberg

state with a user-defined delay with respect to the first step. The delay time between the

laser pulses was measured with a precision of 1 ns using signals from fast photodiodes in

conjunction with a multi-channel analyser (MCA) and a time-to-amplitude converter (TAC).

Figure 5.4 shows the observed RIS signal as a function of the delay time. To measure the

lifetime of the intermediate state from which series 1 proceeded, the Rydberg level with an

excitation energy of ν̄2 = 23472 cm−1 was selected. This measurement revealed a lifetime
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Figure 5.3: Two selected Rydberg states in 254No proceeding from di�erent intermediate

states. The measurements were performed at 95 mbar argon pressure for (a) and at

65 mbar for (b). The solid lines are Gaussian �ts to the peaks. The laser power was

about 50 µJ per pulse for the �rst step and around 750 µJ per pulse for the second

step.

of about (117± 18) ns (figure 5.4a) substantially longer than the expected life time of the
1P1 state [36, 39, 89, 24]. In order to extract the lifetime of the state, a fit was performed

using the rate equation model, described in chapter 4. The parameters used in the fit are

given in table 4.1. The parameters P2 and P5 were used only for a non-resonant ionization

scheme, and can be taken to be 0 as the ionization proceeds only from a Rydberg state. A

similar measurement performed with series 2 also showed a comparable long lifetime for

the intermediate state. This implies that both series 1 and 2, proceeded from intermediate

state/states with similar lifetime.

For series 3, a Rydberg state located at ν̄2 = 23114.5 cm−1 was selected for the delayed

ionization measurements. The intermediate state features a short life time of about (8.5±
2.2) ns (figure 5.4b). Here, the fit was performed using an exponential decay function as the

rate equation model did not give a good fit due to the large laser jitter of more than 20 ns.

This was caused by the malfunction of the thyratron of the pump excimer laser. This jitter

of the laser also causes the RIS signal to be reduced as the population of the state can decay

down to the ground state via spontaneous emission or can be transferred to a nearby excited

state via collisions with the buffer gas. The intermediate level with such a short lifetime is

assigned to the 1P1 state for which a lifetime of (2±1) ns was extracted from the saturation

characteristics of this transition [24, 28]. The fact that a slightly longer lifetime of 8.5 ns

was extracted is attributed to the pulse width of the laser pulses of 18 ns and a large jitter of

the laser pulses. This supports that two series (1 and 2) proceed from an intermediate state,
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Figure 5.4: Measured RIS signal for delayed Rydberg excitation proceeding via the (a)
3D3 and (b) 1P1 intermediate state. The decay rate has been normalized to a beam

current of 1 particle microampere. The measurements were performed at 95 mbar Ag

for (a) and at 65 mbar for (b). The solid lines indicate �ts using the rate equation

model for (a) and an exponential decay function for(b) to the data. Considering the

laser pulse width and the laser jitter, the exponential �t was only performed in the

region where the count rate starts falling.

populated by buffer gas induced quenching from the 1P1 state while the series 3 proceed

from the 1P1 state.

5.2 Pressure shift of the Rydberg states

The buffer gas environment influences the measured energy of the Rydberg states leading

to a systematic error in the extracted IP. To quantify this shift detailed spectroscopic studies

on the Rydberg states have been performed on ytterbium with natural isotopic composition

(natYb). Rydberg states with similar quantum numbers as those for No were excited at differ-

ent pressures. The off-line set-up used for this purpose is described in detail in chapter 3.2.

One dye laser was used to excite the 1P1 state at ν̄1 = 25,068.22 cm−1 while a second laser

scanned for the Rydberg states in a spectral range of 25,000-25,205 cm−1. The measure-

ments were performed at 6 different pressures ranging from 5 to 200 mbar. Figure 5.5 shows

the observed Rydberg states as a function of the second-step wavenumber (ν̄2) for two dif-

ferent pressures. The Rydberg states broaden and shift to lower energies with increasing gas

pressure. The IPs were extracted for each pressure using the Rydberg-Ritz formula, equa-

tion 2.33. Plotting the extracted IP values as a of different pressure reveals a systematic shift

to lower values of the ionization potential at higher gas pressures (see figure 5.6). The shift

can be quantified by applying a linear fit to the data. The slope of the fit gives a pressure
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Figure 5.5: The measured Rydberg states in natYb at 5mbar (red line) and 200mbar

(blue line). The laser power was 30 µJ per pulse for the �rst step and 300 µJ per pulse

for the second step. Adapted form [80].

shift of the IP of -0.0060(7) cm−1 per mbar. The linear fit also allows the determination of

the IP in vacuum (0 mbar) to be EIPvac = 50,443.35(10) cm−1. This value agrees well with

the literature value of 50,443.2(1) cm−1 [90]. These findings have been published in [80].

This result was used to estimate the systematic uncertainty for the on-line measurements

for No where the measurements were performed at 95 mbar (series 1 and 3) and 65 mbar

(series 3).
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Figure 5.6: Extracted IP of Yb plotted as a function of argon pressure along with a

linear �t to the data (solid line). Dotted line represents the literature value [90] for the

IP with the error (shaded area). Adapted form [80].
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Figure 5.7: (a) Top panel: the position of Rydberg states proceeding from the 1P1 state

as a function of the principal quantum number n and a corresponding best �t (solid

line) of the Rydberg-Ritz formula, equation 2.33. Lower panel: residuals of the �t. (b)

Same, but for Rydberg states proceeding from the 3D3 state.

5.3 Extraction of ionization potential of nobelium

It has been established in the previous section that the Rydberg states constituting of series 3

proceed from the 1P1 state. The energetic position of these states can now be used to deter-

mine the ionization potential of nobelium. Single or multiple Gaussian fits were performed

on every resolved and unresolved multiplet of this series to determine the excitation energies

of the Rydberg states. Since in our experiment the band-head of the Rydberg series could

be assigned, the principle quantum number n was assigned to each Rydberg state such that

the quantum defect δ (n) ranges between 0 and 1. However, this choice of δ (n) does not

affect the resulting convergence limits. Figure 5.3a shows the data as well as a best fit of the

Rydberg-Ritz formula, equation 2.33, to the data resulting in a convergence limit

ν̄
lim
2 = (23482.14±0.27) cm−1.

This energy added to the excitation energy of the 1P1 state, ν̄1 = 29961.457 cm−1, and cor-

recting for the pressure shift, a value of the first ionization potential of IPNo = (53444.0±
0.4) cm−1 is derived, which corresponds to (6.62621±0.00005) eV. The predicted value of

the IP of nobelium using different theoretical models [39, 43, 114, 89, 115] along with the

experimental value obtained in this work is given in table 5.1.
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Table 5.1: Experimental and calculated values of the �rst IP of nobelium.

Method IP (cm−1) 3D3 (cm−1)
Experiment (this work) [30] 53444.0±0.4 29652+8

−1
IHFSCC[39] 53489±800 29897±800
CI + all orders[114] 53738±500 30183±1100
MCDF[89] 53701±1100
Extrapolation[115] 53600±600

5.4 The 3D3 state

The energy of the Rydberg states from series 1 and 2 were determined by fitting Gaus-

sian profiles to the peaks. The series convergence was extracted using the Rydberg-Ritz fit,

equation 2.33. The quantum defect, δ (n), can be characterized by the Ritz expansion, equa-

tion 2.34. In general, an expansion in first order is sufficient to describe the behaviour, the

higher order corrections are only used to describe the polarization effects close to the core.

Nevertheless, only for series 1 an expansion up to 3rd order had to be considered to obtain

a reasonable fit to the data. In a combined fit of series 1 and 2 using equation 2.33 with a

shared convergence limit, this limits amounts to:

ν̄
lim
2 = 23792.21+1

−8 cm−1.

The large uncertainty of -8 cm−1 reflects the change in the convergence limit depending on

the number of higher order corrections of equation 2.34. The convergence limit of these

series is about 310 cm−1 higher compared to the result obtained for the series 3. This leads

to the conclusion that the series 1 and 2 proceed from an atomic state which is 310 cm−1

below the 1P1 state. Theoretical calculations predict a 3D3 state 159 cm−1 [39] or 20 cm−1

[114] below the 1P1 state. Thus, this newly identified level at an energy of 29651.5+8
−1 cm−1

is assigned a 3D3 term as this is the only level predicted to be close in energy to the 1P1 state.

Other low-lying states are expected to be more than 1000 cm−1 below the 1P1 state. This

state is inaccessible by laser spectroscopy as the optical transition from the 1S0 ground state

to the 3D3 state is forbidden. A comparison of the experimental value with the theoretical

predictions is presented in table 5.1.
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Figure 5.8: Left panel: Quantum defect (δ (n)) for the Rydberg states in ytterbium

as a function of the principal quantum number n. Right panel shows the δ (n) of the
Rydberg states in No as a function of n. Adapted from [30].

5.4.1 Quantum defect analysis

To further characterize the individual Rydberg series, the quantum defect [116] of individual

series was investigated. Figure 5.8 shows the values of the measured quantum defect (δ (n))

in Yb and No as a function of their principal quantum number (n). The quantum defect values

for Yb were extracted from the position of the Rydberg levels cited in [98, 117]. Series 1 and

2 in No have been assigned to a np and n f series as they have a similar l−dependent quantum

defect constant δ0 of 0.9 and 0.1 as in Yb, respectively. The quantum defect of series 1 shows

a unique trend. This is probably due to the presence of high-lying perturbing orbitals which

interfere with the Rydberg series. A similar behaviour was observed for the np series in Yb

[117]. This trend can be treated perturbatively by using higher order corrections to the Ritz

expansion, equation 2.34. Series 3 has a quantum defect δ0 ≈ 0.7 similar to the nd series in

Yb. Based on these values of δ0, an assignment of nd is proposed for the series 3. These

conclusions are in agreement with the findings from the lifetime measurements. Series 1

and 2 proceed via the long-lived D-state, which agrees with the selection rule for the angular

momentum ∆L =±1, substantiating the assignment of the intermediate state.

In a more comprehensive picture, the optically excited 1P1 state undergoes a gas-induced

quenching to a lower intermediate state, 3D3 state, located 310 cm−1 below the 1P1 state at
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Figure 5.9: Experimental value of the ionization potential (IP) of actinides starting

from americium (Am, Z = 95) up to lawrencium (Lr, Z = 103). The IP of nobelium

measured in this work (red circle) is the highest for all the elements in the actinide

series. All measurements were performed using laser spectroscopic techniques, except

for lawrencium, hence the larger uncertainty.

29652+8
−1 cm−1. Rydberg excitation from both 1P1 as well as 3D3 state are possible, as was

seen for the case of Yb, see chapter 4. The series 1 and 2 originate from the 3D3 state while

the series 3 originates from the 1P1 state.

Figure 5.9 shows the measured ionization potentials of few actinides. The measured value

of the IP of nobelium continues the trend of increasing IP for the heaviest actinides. This

value is significantly larger than the measured IP value of lawrencium. Thus, it validates the

hypothesis of a closed 5 f and 7s atomic shell in nobelium. The uncertainty in the case of

lawrencium is significantly larger as a consequence of a different measurement technique.

The uncertainty in the IP value of Lr could be reduced by using laser spectroscopic tech-

niques which in turn will provide the precision required for unambiguous determination of

its electronic configuration.

In general, a good agreement was found between predictions and the experimental val-

ues. Predicted IP values from the intermediate Hamiltonian Fock-space coupled-cluster

(IHFSCC) and the configuration interaction method combined with linearized single-double

coupled-cluster (CI + all order) calculations deviate by less than 1% from the experimental

value. For the 3D3-level energy, theory predictions deviate relatively larger (2%) from the
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experimental value compared to other levels (the IP and the 1P1). This is potentially caused

by underestimation of the electron-electron correlation effects, the QED effects or both.
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6 Hyper�ne structure and isotope shift of

nobelium isotopes

As described in the second chapter, nuclear ground state properties are accessible through

laser spectroscopy, independent of nuclear models. Therefore, laser spectroscopy was ex-

tended to different nobelium isotopes. The hyperfine splitting (HFS) of 253No and the isotope

shift (IS) measurements for 252−254No were performed. This chapter describes the analysis

of the atomic spectra obtained for the three isotopes of nobelium, which in combination with

results from state-of-the-art atomic and nuclear-model calculations, give a unique insight on

the nuclear structure in the region of deformed nuclide around neutron number N = 152.

6.1 Hyper�ne structure of 253No

The isotope 253No (T1/2 = 97 s) was produced in the two-neutron evaporation channels of the

complete-fusion reaction 207Pb(48Ca,2n)253No with a cross section of 1.3 µb [77], which is

about a factor of two lower compared to the production of 254No. Using the RADRIS tech-

nique the 1S1→1P1 ground state transition at an excitation energy of ν̄1 = 29,961.457 cm−1

was investigated in more detail employing the highest possible resolution. The dye laser

used for scanning the first excitation step was equipped with an intra-cavity etalon, to reduce

the laser bandwidth to about 1.2 GHz. The isotope 253No has a tentative nuclear spin of

I(253No) = (9/2) [118]. Taking this spin in conjunction with the angular momentum J = 0

for the (1S0) atomic ground state results in a total angular momentum of F = 9/2 according to

Eq. 2.35. The excited atomic state (1P1) has an angular momentum J′ = 1, which results in a

hyperfine splitting with three total angular momentum quantum numbers F ′= 7/2,9/2,11/2

(see figure 6.1) which can all be optically excited from the atomic ground state. Figure 6.2

shows the observed hyperfine spectrum for 253No. From a total of three hyperfine compo-

nents only two were resolved, limited by the pressure broadening in the gas cell and by the

laser bandwidth.

In order to extract the hyperfine parameters of 253No, figure 6.2, the rate equation model,

developed in chapter 4 was adopted, in analogy to the model used in the case of fermium

[23]. The resulting set of equations is
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Figure 6.1: Schematic illustration of the hyper�ne structure in 253No which shows a

hyper�ne splitting of the upper energy level.
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Figure 6.2: Measured spectrum of 253No relative to the resonance of 254No (shown as

0 GHz in the X-axis). The energetic positions of the HFS components are shown by

the vertical lines, marked as F ′1, F ′2 and F ′3, where the lengths of the lines indicate the
expected Raccah intensities. The measurements were taken performed at 95 mbar Ag

with a laser bandwidth of 1.2 GHz. The laser power was about 10 µJ per pulse for the

�rst step and about 35 mJ per pulse for the second step.
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where the saturation parameter SFF ′ is given by [23]

SFF ′(t,ωL,ω
F ′
12) =

λ 2
1

2
E1(t)/A1

t1h̄ωF ′
12

(2F +1)(2F ′+1)
2J+1

{
J′ F ′ I

J F 1

}2

∫ 1√
2πσω

exp
[
− (ω−ωL)

2

2σ2
ω

]
γ
′
ω/2π

(ω−ωF ′
12)

2 +(γ ′ω)
2/4

dω.

(6.2)

Aki = 4.2+2.6
−2.8×108 s−1 is the Einstein coefficient for spontaneous emission for the 1S0→1P1

transition reported in [24, 28]. ωF ′
12 is the excitation energy of the HFS level with total

angular momentum F ′. A1 = 3.1 cm2 is the area illuminated, t1 is the pulse length of the

first step laser pulse and E1(t)/A1 is the energy flux of the scanning laser pulse and E1 is

the pulse energy. ωL is the angular frequency of the first step laser. σω =
√

σ2
D +σ2

L is the

Gaussian linewidth, comprising of the Doppler width σD = 0.3 GHz and the laser bandwidth

σL = 1.2 GHz. γ ′ω = 1.8 GHz is the Lorentzian linewidth arising from the gas collisions and

phase fluctuations. Rconst. is the ionizing rate induced by the second laser [47]

Rconst. =
E2(t)/A2

t2h̄ω2
σ2 .

Here, E2(t)/A2 = 2 mJ/cm2 is the energy flux of the second step laser pulse with a pulse

duration t2 = 25 ns and an angular frequency ω2, h̄ is the Planck constant and σ2 is the

photoionization cross-section for the second step, which is in the order of 10−16 cm2. The

photoionization cross-section was assumed to be independent from the total angular momen-

tum F and thus, the statistical weights wF ′ for the different transitions into the continuum

were assumed to be equal to 1/3. The MINUIT package of the root evaluation software [100]

was used as a χ2minimization tool.
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Figure 6.3: χ2 map of the �t showing the correlation of the A and B hyper�ne structure

parameters. The white cross marks the value of A and B HFS parameters with the

lowest χ2 and thus the values taken for analysis purpose.

The frequencies for atomic transitions between the lower and the upper states are given by

equation 2.39. The HFS constants A and B are related to the nuclear ground state properties-

of the magnetic moment µ and spectroscopic quadrupole moment Qs by the relation A =

µIBe(0)
IJ and B = eQs

〈
∂ 2Ve
∂ z2

〉
(see chapter 2.1.6). We derived the hyperfine coupling constants

A = 0.734(46) GHz and B = 2.82(67) GHz for 253No using a χ2 minimization fit of the

rate equation model, equation 6.1 to the experimental data. A significant correlation was

observed between the hyperfine structure A and B-parameters when the rate equation model

was fitted to the spectrum shown in figure 6.2 with different values of A and B. The resulting

χ2 map is shown in figure 6.3.

In order to extract the nuclear properties from the experimental observables, atomic cal-

culations of the A and B-parameters are essential as no previous information and no stable

(or long-live) reference isotopes are available. The atomic parameters Be(0) and

〈
∂ 2Ve
∂ z2

〉
,
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Table 6.1: The calculated and experimental values of the hyper�ne structure constants

A and B and the extracted nuclear moments µ and Qs.

Atomic calculations A.I/µN B
Units (GHz.I/µN) (Ghz)
CI+All orders -6.27(90) 0.486(70)
CI+MBPT -7.10(100) 0.503(75)
CIPT -7.39(120) 0.624(90)
RCC 0.465(70)
MCDF -4.09(180) 0.444(75)

A (GHz) B (GHz)
This work [29] 0.734(46) 2.82(69)

µ (µN) Qs (eb)
This work [29] -0.527(33)(75) 5.9(14)(9)

which are isotope-independent and connect atomic observables to nuclear properties were

extracted from state-of-the-art atomic calculations. Different theoretical approaches were

applied to calculate these parameters for nobelium: configuration interaction (CI) with the

single-double coupled cluster method (CI+All-order), CI combined with many-body per-

turbation theory (MBPT) and relativistic Fock space coupled cluster (FSCC) techniques in

different combinations [45, 44, 119, 20] as well as multi configuration Dirac-Fock (MCDF)

calculations [120, 121]. The results of these individual calculations are given in table 6.1.

All, the different methods in general agree within 20% with each other for these calculations.

Using another method, which is based on the CI technique but additionally treats high-energy

states perturbatively (CIPT method) [119], the influence of configuration mixing on the in-

vestigated 1P1 level was evaluated. This allowed the exclusion of a strong mixing with core

excitations, albeit with an increased uncertainty in the calculated value. From the inves-

tigation of chemical elements featuring a similar electronic configurations as nobelium, the

most accurate values for the hyperfine A parameter is expected for CI+All order calculations.

Thus, this value was taken for extracting the nuclear magnetic moment. For the case of the

hyperfine parameter B, CI+All order and FSCC calculations provided a similar uncertainty

and an average value of 0.476(70) GHz/eb was used in the evaluation procedure. More about

the theoretical calculations can be found in Appendix 8.4.

Using these atomic calculations and the experimental value of the hyperfine A−parameter,

the magnetic moment extracted amounts to µ(253No)= −0.527(33)(75)µN. Here, µN de-

notes the nuclear magneton. The value in the first bracket represents the statistical uncer-

tainty (1σ ) and the value in the second bracket represents the uncertainty arising from the
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Figure 6.4: Relation between the g-factors gR and gK from the measured magnetic

moment µ(253No). Model 1 and 2 refers to results from [123] and [124], respectively.

The grey shaded area is the uncertainty in the extracted magnetic moment µ in our

experiment. The solid blue lines are the di�erent values of gR used to extract the gK
and blue dashed lines are the gK values taken from Model 1 and 2.

theoretical calculations (1σ ). For 253No, which features an even number of protons and an

odd number of neutrons, the nuclear magnetic properties arise mainly from the unpaired

neutron. The determination of the magnetic dipole moment µ therefore enables probing nu-

clear shell model predictions of the underlying nuclear single-neutron wave function. For

the band-head of a rotational band the magnetic nuclear moment is linked to the µN by

µ/µN = gRI +(gK−gR)
K2

I +1
. (6.3)

K is the projection of I onto the symmetry axis. The rotational g-factor is approximated as

gR ≈ Z
A and gR ≈ 0.7 · Z

A for an unquenched and quenched system, respectively [125]. The

single-particle g−factor gK can be predicted by nuclear models. For 253No there have been

two distinct values reported where Model 1 gives gK = −0.25 [123, 125] while Model 2

72 6 Hyper�ne structure and isotope shift of nobelium isotopes



(a) 
𝜇

 (
𝜇

𝑁
) 

𝑄
𝑠 

(e
b

) 
𝜒

2
 

𝐼 = 9/2 

-0.5

0.0

0.5

-10

0

10

0

25

50

75

Model 1

Model 2

 

 
 

F1=9/2F1=7/2

 

F1=11/2

-1.0

-0.5

0.0

0.5

1.0

-15

-10

-5

0

5

0

25

50

75

Model 1
Model 2

 

 
 

F1=7/2F1=5/2

 

F1=9/2

(b) 

𝜇
 (

𝜇
𝑁

) 
𝑄

𝑠 
(e

b
) 

𝜒
2

 

𝐼 = 7/2 

Figure 6.5: Extracted nuclear magnetic dipole (brown bullets) and electric quadrupole

(green bullets) moments and χ2 values expressing the �t quality (blue bullets) for

di�erent assignments of the HFS peaks (marked by F1,2,3 values) and for nuclear spins

I(253No)=9/2 (a), and I(253No)=7/2 (b), together with corresponding literature values

(triangles) according to ref. [123] (Model 1) and ref. [124] (Model 2).

reports gK = −0.12 [124] for the 9/2−[734] neutron configuration. Using equation 6.3 in

combination of our experimental results on the magnetic moments these predictions can be

evaluated as graphically represented in figure 6.4. From the magnetic moment of µ(253No)=

−0.527(33)(75)µN obtained in our experiment, a g-factor of gexp
K =−0.22(5) was extracted,

which agrees well with the results from Model 1 but disagrees with Model 2.

The spectroscopic quadrupole moment Qexp
s = 5.8(14)(9) eb is extracted from the HFS

B−parameter. This indicates a strong prolate deformation for 253No nucleus. A value of the

deformation parameter β2 = 0.27±0.03 has been reported from the in-beam spectroscopy of
254No [126]. Using this value of the deformation parameter, the intrinsic quadrupole moment

of Q0 = 13.1 eb [123, 124] was calculated according to [57, 58]

Q0 =
3√
5π

ZeR2
β2(1+0.36β2), (6.4)
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where R is the radius of a homogeneous sphere of mass A [58]. The experimental spectro-

scopic quadrupole moment (Qs) is related to the intrinsic quadrupole moment (Q0) with the

assumption of a well-defined deformation axis by

Qs =
3K2− I(I +1)
(I +1)(2I +3)

Q0 (6.5)

where K is the projection of I on the deformation axis. This leads to a quadrupole moment

value of Qs = 7.1 eb. Comparing our experiment results to this shell model-dependent value,

obtained from the moment of inertia in the rotational band of 254No [124, 127, 128], indicates

a stable deformation in the isotope chain of nobelium.

The HFS splitting for 253No is not fully resolved and in general the three expected hyper-

fine peaks can be assigned in different arrangements to the F(I)→ F ′(I−1, I, I +1) transi-

tions. Figure 6.5 shows the three possible assignments for two different spins (I = 9/2; 7/2)

which have been suggested for the nuclear ground state configuration in 253No [123, 125].

The extracted nuclear parameters and the χ2 value of the best fit are given for each case. The

peak assignment of F ′1 = I (see figure 6.2) can be excluded for both cases as the spectroscopic

quadrupole deformation Qs results in an oblate deformation, which contradicts a strong pro-

late deformation obtained from in-beam spectroscopy of the neighbouring isotope 254No

[123, 124]. In addition, the assignment F ′1 = I− 1 can be excluded for both nuclear spins

from the fit quality. For the assignment F ′1 = I +1 and spin I = 7/2 the sign of the deduced

magnetic moment µ does not match with the expectation for a 7/2+ [624] configuration

[123, 124]. Therefore, a spin I(253No) = 9/2, corresponding to a ground state configura-

tion 9/2− [734], is favoured and is in full agreement with model-dependent evaluation of the

coupling strength of the ground state rotational bands in 253No [123, 125].

6.2 Isotope shift of nobelium isotopes

For even mass nuclei with zero nuclear spin, the information on the nuclear size and defor-

mation is available from the isotope shift of an atomic transition δ ν̄A,A′ = ν̄A− ν̄A′ between

two isotopes of mass mA and mA′ , as explained in chapter 2.1.7. The isotope shift of the
1S0→1P1 ground state transition measured for the nobelium isotopes 252−254No is given in

figure 6.6. Isotope shift values of δ ν̄253,254 = 6.72(18) GHz and δ ν̄252,254 = 10.08(69) GHz

have been measured in this work. The isotope shift is related to the change in the mean square

charge radius δ 〈r2〉A,A′ by equation 2.47.

74 6 Hyper�ne structure and isotope shift of nobelium isotopes



0 . 0 0

0 . 1 5

0 . 3 0

0 . 4 5

0 . 0 0 0

0 . 0 5 3

0 . 1 0 6

0 . 1 5 9

- 2 0 - 1 5 - 1 0 - 5 0 5 1 0 1 5 2 0 2 5 3 0 3 5 4 00 . 0 0

0 . 0 2

0 . 0 4

0 . 0 6

 

 

 2 5 4 N o

 

No
rm

aliz
ed

 co
un

t ra
te 

(s-1 )  2 5 3 N o

 

L a s e r  d e t u n i n g  ( G H z )

 2 5 2 N o

Figure 6.6: The measured resonances to the 1P1 state in 252−254No with the best �t

(solid line) to the data using the rate equation model described in chapter 2 and chapter

6. The vertical dashed lines are the centre of gravity of the resonance for each isotope.

All the measurements were performed at 95 mbar Ar pressure. The laser frequency

was 1.2 GHz for 253,254No and 5.5 GHz for 252No. Adapted from [29].
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Table 6.2: The calculated and experiment values of the �eld shift Fs and mass shift M
constant and the extracted changes of the mean square charge radius δ 〈r2〉.

Atomic calculations Fs M
Units (GHz/fm2) (GHz·amu)
CI+All -95.8(70)
CI+MBPT -104.0(100)
CIPT -93.6(250)
RCC -98.8(150)
MCDF -113.0(250) 1044(400)

δ ν̄253,254 (GHz) δ ν̄252,254 (GHz)
This work [29] 6.72(18) 10.08(69)

δ 〈r2〉253,254 (fm2) δ 〈r2〉252,254 (fm2)
This work [29] -0.070(2)(5) -0.105(7)(7)

As in the case of the HFS of 253No, different theoretical methods were used for the cal-

culation of the field shift Fs and mass shift M constants and the results are tabulated in table

6.2. Assuming a constant nuclear surface diffuseness, the mean square charge radius be-

tween two isotopes A and A′ is related to the quadrupole deformation parameter 〈β2〉 in the

second order by [58]

δ 〈r2〉A,A
′
= δ 〈r2〉A,A

′

0 + 〈r2〉0.
5

4π
δ 〈β 2

2 〉A,A
′
. (6.6)

In order to infer the deformation of investigated nobelium isotopes, the expected change

in the mean square charge radii of spherical nuclei δ 〈r2〉A,A
′

0 in equation 6.6 predicted from

the droplet model (DM) is subtracted [63, 130]. This results in the change in deformation be-

tween isotopes. Figure 6.7 shows the change in the deformation of nobelium isotopes along

with the even−Z actinides and radium. The lighter actinides, for which charge radii infor-

mation has been extracted [129], show an increase in deformation with increasing neutron

number from N = 122 to N = 152. In contrast, the investigated nobelium isotopes feature

a stable deformation, which is expected in the proximity to a shell closure, as can also be

seen, e.g., in the case of Ra (Z = 88) at N = 126. This evidence of a stable deformation is in

agreement with theoretical predictions [131, 132] and substantiates model-dependent results

from in-beam spectroscopy in 252−254No [123, 125, 133].

The droplet model mentioned above is typically used for laser spectroscopic investigations

up to the lead region [58] and is apparently not suitable for heavier isotopes. Another way
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Figure 6.7: The change in deformation related changes in charge radius for 252−254No

and even Z nuclei starting from radium (Z = 88) are plotted relative to the reference

isotopes 226Ra, 232Th, 238U, 239Pu, 244Cm and 254No (open symbols). Data for the

lighter elements taken from [129].
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Figure 6.8: Upper panel: deformation parameter β2 for di�erent even-even isotopes of

Th, U, Pu, Cm, and No obtained from DFT calculations with UNEDF1 functional.

The inset �gure shows the calculated proton distribution of 254No from high density

(red) to low density (blue). Lower panel: depth of the central depression. Adapted

from [29].
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to interpret the data is to use nuclear calculations based on self-consistent nuclear density

functional theory (DFT) without any symmetry restrictions [134]. For the heavier isotopes

DFT predicts a central depression of the proton density, i.e., a reduction of the density in

the nuclear interior [135]. This central depression in the charge distribution is a result of the

strong Coulomb repulsion among the protons [131, 135, 136]. The central depression can be

quantified by the depletion factor as [137, 138]

F =
ρmax−ρc

ρmax
(6.7)

where ρc and ρmax denotes the central and maximum (point-nucleon or charge) density. The

central depression can be accessed by employing density functional theory with the glob-

ally optimized Skyrme energy density functionals SV-min [139], SLy6 [140] and UNEDF1

[141]. An alternative to the Skyrme functionals for the calculation of the charge radii are the

Fayans functionals [142]. However, those functionals overestimate the pairing correlations

especially in the actinide region, which could have a significant influence on the results.

Using the DFT calculations with UNEDF1, the quadrupole deformation parameters β2

were extracted for even-even isotopes of some even−Z actinides [143]. This is shown in

the upper panel of figure 6.8. It can be seen that the deformation parameter β2 increases

with N and reaches a maximum around N = 148, which agrees with other DFT predictions

while microscopic-macroscopic models typically predict the maximum deformation around

N = 152 [131, 132]. Nevertheless, for the investigated nobelium isotopes β2 values come

close to a constant indicating a stable deformation around N = 152. The calculated proton

density distribution for 254No from the DFT calculations is shown in the figure 6.8 upper-

panel (inset), indicating both a pronounced deformation of the nucleus as well as a central

depression of more than 12% in the proton distribution.

Figure 6.9 shows the changes in the mean square charge radii of the nobelium isotopes

measured in this work in comparision to the experimental values for other actinides, taken

from references [129, 144]. Our measurements are in good agreement with the results from

state-of-the-art nuclear density functional theory. The droplet model separates the contri-

bution of the change in size of a spherical nucleus depending on the number of constituent

nucleons, from the deformation. The grey line in figure 6.9 gives the trend for a stable de-

formation and an increase in the radii solely according to the droplet model. An increase is

expected from the droplet model with constant deformation nonetheless, the deviation from

this trend for many nuclei in the actinide region, indicates that the charge radii increases.

This is potentially due to nuclear deformation and central depression of the charge distribu-
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Figure 6.9: δ 〈r2〉 for 252−254No and even Z nuclei starting from thorium are plotted. For

each element the DFT calculations with two di�erent Skyrme energy density function-

als, SV-min (solid line) [139] and UNEDF1 (dashed line) [141], are shown. The grey

line indicates the behaviour of a constant deformation for elements with Z = 90−102
using a droplet model [63, 130]. Adapted from [29].

tion which is not taken into consideration in the droplet model in the region of high Z with

strongly deformed nuclei. Our values for the mean square charge radii are in good agreement

with the DFT calculations and supports the theoretical presiction of a stable deformation for

the isotopes of nobelium.
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7 Summary and outlook

This thesis presents the laser spectroscopic studies of three nobelium isotopes performed us-

ing the RADRIS technique at SHIP, GSI. 29 Rydberg states excited from two states (1P1 and
3D3) were observed, which led to the extraction of the first ionization potential of nobelium.

In addition, the buffer gas induced quenching of the 1P1 state to the 3D3 state, allowed the

extraction of the energetic position of the 3D3 state. The 1S0 →1P1 transition was probed,

and the hyperfine structure of 253No was measured for the first time, leading to the extrac-

tion of the nuclear magnetic moment µ and spectroscopic quadrupole moment Qs, thereby

giving access to the single particle g−factor and nuclear deformation. Isotope shifts were

measured for 252−254No, and the changes in the mean square charge radii were extracted.

These measurements will now pave the road for laser spectroscopic investigation of other

nobelium isotopes and heavier elements in the future.

Spectroscopy of nobelium

As shown in the work the RADRIS technique is well suited for the experiment of nobelium

isotopes. Following are a few suggestions for further measurement campaigns on nobelium.

Search for further atomic states

In addition to the transitions observed in nobelium, atomic energy states can be excited in

nobelium, for example the [Rn] 5 f 14 7s7p 3P1 triplet state in 254No, for which accurate

predictions are available [39, 43]. This can then be used to extract the hyperfine A and B

parameters for odd-mass isotopes. To date, the hyperfine spectroscopy can be performed

solely on the 1P1 state in No. The A obtained for this state has only a moderate accuracy due

to the uncertainty of more than 15% in theoretical calculations [162]. In contrast to this, the

A factor for 3P1 state is predicted with higher accuracy of about 5%. This state would also

enable the extraction of the B parameter with a higher precision.
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Extend the isotope chain in nobelium.

Further laser spectroscopic investigation on other nobelium isotopes, namely 251,255No will

give insight into the evolution of the mean square charge radii while crossing the N = 152

deformed shell closure. The isotope 251No (T1/2 = 0.8 s, I = 7/2+) can be produced in the

3n-channel of the reaction 48Ca+206Pb with a cross-section of about 30 nb [163]. With the

efficiency of the RADRIS set-up, about 2% expected for this isotope of nobelium, a RIS rate

of 0.06 counts/min can be achieved at a beam current of 1 particle microampere (µAp).

The isotope 255No (T1/2 = 3.1 min, I = 1/2+) can be produced in the 1n-channel of the

reaction 48Ca+208Pb with a cross-section of 140 nb [164]. The α−energy of this isotope

is 8.096 MeV, that is very close to that of 254No. The isotope 255No also can be produced

via the electron-capture (EC) of 255Lr (T1/2 = 31.1 s) and can be successively ionized using

resonance ionization. A proof-of-principle experiment has already been performed during

the last beamtime. Figure 7.1 shows the observed α−decay spectrum.

Figure 7.1: α−decay spectrum of (solid lines) of Lr registered over a period of about

4 hrs by the PIPS detector at an average beam current of 0.5 µAp. The red �lled are

is the α−decay spectrum of 255No, ionized using laser radiation and produced via the

EC-of 255No. Due to the lack of time the conditions were not optimized.
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Search for the atomic transitions in lawrencium

The RADRIS technique can also be incorporated for the search of the atomic transi-

tions in lawrencium (Lr, Z = 103). The isotope 255Lr can be produced in the reaction
209Bi(48Ca,2n)255Lr with a production cross-section of 400 nb [165]. After being sepa-

rated from the projectiles by SHIP, the fusion products are expected to arrive at the optical

cell at a rate of about 0.5 ions/s. Due to this very low production rate, the evaporation of

Lr atoms from the filament needs to be optimized in order to suppress the background due

to surface ionization. Thus different filaments, such as hafnium-coated tungsten or yttrium

coated tungsten filaments could be used. Since hafnium exhibits a smaller work function

compared to tantalum, it could be used for on-line measurements for Lr.

Many different ground state transitions have been predicted for Lr, but the most promising

one would be 2S1/2 state predicted at 20,131 cm−1 with a transition amplitude of 2.7×
107 s−1 or the 2D3/2 state at 28,096 cm−1 [166]. A two-step excitation scheme with the dye

lasers used for the first step while the second step will be a non-resonant excitation into the

continuum using an excimer laser. Taking into consideration a 1σ uncertainty of 600 cm−1

in the theoretical predictions a wavelength range of 19,700 cm−1 ≤ ν̄1 ≤21,000 cm−1 and

27,500 cm−1 ≤ ν̄1 ≤28,700 cm−1 should be covered by the dye lasers. Assuming an overall

efficiency of about 3% for 255Lr, a RIS rate at the detector of 0.03 events/s at 1 µAp the

scan for the 2S1/2 state can be achieved in about 15 days. The observation of a ground state

transition opens up possibilities for the search of Rydberg states from which a precise value

of the ionization potential of lawrencium can be extracted. These measurements would for

the first time provide experimental access to the ground state configuration of lawrencium.
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Appendix

Data Acquisition e�ciency

In order to test the performance of the data acquisition (DAQ), a number of measurements

were performed to test the acquisition speed and the reliability of the data acquisition system.

For this purpose a pulse generator supplied a signal and a trigger for the DAQ to acquire the

signal. As reported in chapter 3.3 the DAQ has the ability to acquire eight analog inputs

simultaneously. For our experiment only three of these eight channels were activated. In

order to test the DAQ a signal from the pulse generator was fed into the three input channels.

The signal frequency was mapped starting from 25 Hz to 100 kHz. The dead time losses

of the detection system were below 0.5% up to a signal frequency of about 8 kHz. The

dead time losses increases to about 2% at a signal rate of about 10 kHz. In comparison, the

α−decay rates for nobelium is less than one event per second.
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Figure 7.2: Dead time losses of the data acquisition.
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Control software for DAQ system

Figure 7.3: Laser control program.

As mentioned in chapter 3 the LabVIEW based data acquisition (DAQ) software has three

measurement modes. The most important among them is the wavelength scan mode. The

steps for starting up the scan mode are given below:

• First the wavelength scan and the step size should be fixed. Figure 7.3 shows the dye

laser control program.

– In order for the DAQ to trigger the wavelength change, the program version toggle

switch should be at TCP-version.

– To scan a given wavelength, the measurement mode toggle switch should be in

scan mode.

– Next is to determine the start position (wavenumber), the stop position (wavenum-

ber) and the scan steps. Be aware, these positions are calculated from the motor

position and may have some offset to the actual wavenumber. This program will

then change the laser wavelength according to the user-defined measurement time

for each step, which will be provided by the DAQ.
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• The user now should provide the measurement time per step, marked as (a), in the DAQ

software shown in figure 7.4.

• Once this is done, the user should run the DAQ software, and press "Start DAQ" (green

button). Following this, a pop up (blue arrow) will appear where the user can select the

measurement mode, which in this case would be "wavelength". Doing this will activate

all the dye lasers, but the user should choose one for monitoring purpose.

• The DAQ software has four graphical windows

– Plot (1): shows the observed spectrum with reference to the wavenumber of the

selected laser. Only events in between Cursor 0 (blue) and 1 (red) are taken into

consideration for this.

– Plot (2): the α−spectrum of the isotope of interest. In the scan mode one has to

define the region of interest (ROI) by the two cursors.

– Plot (3): plots the total ROI events registered at the detector per scan step of the

laser.

– Plot (4): is the cycle time histogram. Here, the number of ROI events are plotted

with respect to the measurement cycle. If the isotope has a short half-life (T1/2),

with the help of this plot one can determine the T1/2 of the isotope as was shown

for 155Yb in the reference [27].

Even though, the user chooses only one dye laser during the scan process, the corresponding

wavenumber of each dye laser is written to the file, thus giving the possibility to refer the

wavenumber during analysis proceduree.
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E�ciency measurements for 252No and 253No

The overall efficiency of resonance ionization spectroscopy (RIS) measurements is defined

as the ratio of the nobelium decay counts measured by the PIPS detector, Aion, to the implan-

tation rate of the nobelium ions delivered to the gas cell, Aion. The Aion is measured using

a retractable silicon strip detector. The overall RIS efficiency of 254No is about 6.4± 1%

and has been reported in [24, 27]. Since the cycle time has to be adapted depending on the

half-life of the nuclide of interest, the efficiencies for 254No and 253No differ from the one

for 254No.

E�ciency of 252No

The RIS signal for 252No is shown in figure 6.6. An average count rate of Aion = 0.048 per

second per particle microampere was obtained at the PIPS detector for 252No. In the case of
254No an average count rate of 0.39 per second per particle microampere was obtained which

corresponds to an overall efficiency of ε254No = 6.4± 1%. Thus, the overall RIS efficiency

for 252No is extracted by scaling it to ε254No by

ε252No = ε254No×
A252No
A254No

×4

= 6.4× 0.048
0.39

×4

= (3.2±1) %

(7.1)

The factor of 4 is to compensate for the production cross-section.

E�ciency of 253No

A broadband RIS signal for 253No is shown in figure 7.5. In this case the measurement

time for each step is 600 s. At the resonance maximum, 124 events were recorded on the

PIPS detector in 600 s at a beam current (I) of 35.3 µA. For similar measurements in 254No,

62 events were recorded in 300 s at a beam current (I) of 22.67 µA. This gives an overall

efficiency for 253No
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Figure 7.5: Laser scan of the 5 f 14 7s7p 1P1 level in 253No using an increased laser

bandwidth of 5.5 GHz.

ε253No = ε254No×
A253No
A254No

× I253No
I253No

= 6.4× 0.21
0.21

× 22.67
35.3

= (8.2±1) %

(7.2)

The factor of 2 is to compensate for the production cross-section.
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Atomic calculations

In the heaviest elements (Z>100) no stable of long-lived reference isotopes are available.

Thus, to extract nuclear properties from the experimental observables, atomic calculations

are needed and have been calculated by our collaborators using different theoretical models.

The calculation of the electronic structure of the heaviest elements is especially difficult

due to large electron correlations as well as increasing relativistic and QED effects [20,

21]. The excitation energy of the [Rn]5 f 147s7p 1P1 level in neutral nobelium was predicted

by different theoretical approaches such as configuration interaction (CI), coupled cluster

techniques and Multi-configuration Dirac-Fock (MCDF) calculations [24]. For this work,

the wave functions extracted by different methods have been evaluated to obtain the nuclear

coupling parameters.

Multi-con�guration Dirac-Fock (MCDF)

The MCDF method [121] as implemented in the GRASP2K code [120] was used to compute

the isotope shift parameters and the hyperfine coupling constants for the 7s2 (1S0)→7s7p

(1P1) transition in nobelium. The field shift constant Fs was estimated based on a series

of configuration interaction calculations [145] with varying nuclear mass and radius as de-

tailed in [146, 147]. For the computation of the mass shift constants, the expectation value

of the relativistic recoil Hamiltonian in the approximate wave functions was computed as

implemented in the RIS3 [148] program.

In the MCDF method, the approximate wave functions are represented as a superposition

of j j-coupled configuration state functions (CSFs) with the same total angular momentum

and parity. In lowest-order approximation (Layer 0), the configuration space is given by

the three CSFs with J = 0, 1 that arise from the two reference configurations 7s2 and 7s7p.

Starting from these two reference configurations, the configuration space was systematically

enlarged by performing virtual excitations from some core and valence orbitals into virtual

orbitals to effectively capture corrections due to the electron-electron correlation. In this

manner, the next layer (Layer 1) adds single, double and triple excitations from the 5 f , 7s

and 7p orbitals to the 5 f , 6d, 7s and 7p orbitals. Successively, five more correlation layers

are added by including single and double excitations from the 5 f , 6p, 7s, 7p orbitals into nl

orbitals, where nl = s...g and n = 8−12.

Table 7.1 presents results for six correlation layers on top of the Dirac-Fock calculation

are shown. It shows the transition energy, the mass shift constants and the field shift constant

of the 1S0→1P1 transition for each correlation layer. In case of the mass shift,the values for
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Table 7.1: Transition energy, mass shift and �eld shift constants for the 1S0 →1P1
transition in nobelium from the MCDF calculations. The results for di�erent sizes of

the con�guration space (layers) are shown, as described in the text.

Layer ∆E (cm−1) MNMS (GHz u) MSMS (GHz u) M (GHz u) Fs (GHz/fm2)
0 26,215 -3567 3720 153 -123.6
1 28,311 -3242 3300 58 -117.8
2 28,694 -1094 2242 1148 -112.7
3 29,605 -1897 2765 868 -118.9
4 29,764 -1264 2379 1114 -111.2
5 29,787 -1612 2653 1041 -115.8
6 29,776 -1380 2424 1044 -113.2

the normal and specific mass shift (MNMS, MSMS) as well as the sum of both, denoted by (M)

are separately tabulated. When the basis set is extended, large discrepancies for both MNMS

and MSMS arise. This leads to the total mass shift constant to oscillate for the first few layers

and then to converge to a consistent value for the last three layers. Similarly, the field shift

constant Fs shows significant oscillations, that damp down rather slowly with an extended

configuration space. Due to computational restrictions it was not possible to obtain a fully

converged value for Fs.

Calculation of the hyperfine constants from the magnetic field and electric field gradient of

the 1P1 level in neutral nobelium, core-polarization (CP) effects were targeted by including

single excitations from core orbitals into the wave function expansion, in addition to the

above mentioned double and triple excitations.

Relativistic Fock space coupled cluster

The Fock space coupled cluster (FSCC) calculations of the hyperfine structure constants B

and the field shifts Fs of the lowest excited states of No and of its lighter homologue Yb were

carried out in the framework of the relativistic Dirac-Coulomb Hamiltonian [149]. The finite

size of the nucleus was taken into account by implementing a Gaussian charge distribution

[150]. Current implementation of the relativistic FSCC method [20] is limited to single and

double electron excitations, which in practice means that we are able to treat systems with

up to two valence electrons or holes (or a single hole and a single electron).

Yb and No have [Xe]4 f 146s2 and [Rn]5 f 147s2 ground state configurations respectively;

we thus start our calculations from the [Xe]4 f 14 and [Rn]5 f 14 closed shell reference states,

corresponding to the double charged ions of these elements. After solving the relativistic

Dirac-Fock equations and correlating the closed shell reference state, two electrons are added
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one at a time to reach the neutral atoms. At each stage the coupled cluster equations are

solved to obtain the correlated ground and excited state energies. The model space for Yb

consisted of 5d5 f 6s− f 7s−d8s−d9sp, and for No of 5g6d6 f 7s−d8s−d9sp10s11s. Due

to the use of the large model spaces, the convergence of the coupled cluster iterations became

problematic, and we thus employed the intermediate Hamiltonian (IH) scheme in order to

facilitate convergence [151]. For both elements the relativistic Faegri basis set was used

[152], consisting of 25s23p16d12 f 6g2h function for Yb and 27s25p18d13 f 6g3h2i for No.

The number of correlated electrons was 38 in Yb and 42 in No. We calculated the B constants

using the finite field approach, as described in [153, 154]. The field shifts were also obtained

by the finite field approach, by performing a number of calculations with different nuclear

radii and extracting the derivatives of the transition energies with respect to the radii. Table

7.2 contains the calculated transition energies and the B and Fs parameters for Yb and No.

For Yb, the transition energies are in excellent agreement with the experiment, as is the

energy of the recently measured 4 f 147s7p 1P1 level in No. The successful performance for

the FSCC approach also extends to the hyperfine structure applications: the average error

of the calculated b constants of Yb is about 8% and we expect similar accuracy for our

predictions for No.

Con�guration interaction (CI)

Different combinations of the configuration interaction (CI), many-body perturbation theory

(MBPT) and coupled-cluster techniques [45, 44, 119] provide accurate and reliable results

from group II and group XII atoms and similar ions. They work very well when mixing with

states involving citations from the core can be neglected or treated perturbatively. However,

this has to be carefully examined in the case of the 5 f 147s7p 1P1 state of nobelium. A similar

state of ytterbium (4 f 146s6p 1P1), the iso-electronic homologue nobelium, is strongly mixed

with the 4 f 136s25d 1P1 state [159]. This leads to very poor accuracy when Yb is treated

as a two-valence-electrons system. To check whether this is also the case for nobelium we

performed calculations with two different methods. First we use the combination of the

CI technique and the single-double coupled cluster method (CI+All-order method [45, 44])

which gives very accurate results for two to four valence electrons systems. Second, we

employed the recently developed method [122] which is based on the CI technique but treats

high-energy states perturbatively (the CIPT method). CIPT is not as accurate as the CI+All-

order method for simple systems, but it can deal with complicated systems. The results

of the calculations of the energy levels and hyperfine structure of Yb, Hg, and No by both

methods are presented in Table 3. Yb is a chemical homologue of No and Hg has more
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Table 7.2: Calculated energy levels, hyper�ne structure constants B, and Fs for di�erent

atomic levels in neutral Yb and No, compared to experimental values where available.

The electric quadrupole moment Qs is taken to be 2.8 eb for 173Yb [155], and 1 eb for

No isotopes. The experimental data for Yb are taken from references [156, 157, 158].

Level Transition energies (cm−1) HFS constant B (GHz/eb) Fs∼(GHz/fm2)
FSCC Exp. FSCC Exp FSCC

Yb 4 f 146s6p 3P0 17,089 17,288 -9.59
4 f 146s6p 3P1 17,806 17,992 -0.838 -0.827 -9.66
4 f 146s6p 3P2 19,541 19,710 1.347 1.312 -9.84
4 f 146s6p 1P1 26,118 25,068 0.744 0.609 -8.67
4 f 146s5d 3D1 25,132 24,489 0.303 0.335 -11.14
4 f 146s5d 3D2 25,342 24,751 0.436 0.482 -11.08
4 f 146s5d 3D3 25,784 25,271 0.771 0.909 -10.82
4 f 146s5d 1D2 27,932 27,678 1.153 1.115 -12.87

No 4 f 146s6p 3P0 19,046 -105.5
4 f 146s6p 3P1 20,636 -0.708 -107.8
4 f 146s6p 3P2 25,667 0.878 -114.6
4 f 146s6p 1P1 30,365 29,961 0.465 -98.79
4 f 146s5d 3D1 28,568 0.246 -12.46
4 f 146s5d 3D2 29,019 0.374 -12.38
4 f 146s5d 3D3 30,203 0.546 -11.85
4 f 146s5d 1D2 33,233 0.679 -13.55

similarity with No than Yb in terms of mixing with core-excited states. The comparison of

the Yb, Hg and No energy level spacings illustrate that the mixing of the 5 f 147s7p 1P1 and

5 f 137s26d 1P1 states of nobelium is small and can be neglected. With the CIPT method the

energy interval between states 4 f 146s6p 1P1 and 4 f 136s25d 1P1 in Yb is around 4,000 cm−1

in both, calculations and experiment. The energy interval between similar states in No is

much larger, around 18,000 cm−1, indicating a small mixing. This is supported by the CI

calculations with full matrix diagonalization but limited basis.

The HFS structure constant a is calculated in different steps to evaluate the accuracy of

theory values. Initially, two-particle CI is considered, which does not include any core cor-

rections to the wave function. The next stage is CI+MBPT, which includes core correlations

in second order, which are very large, over 50% for the 1P1 states. The CI+All-order results

include third and higher-order correlations of the valence electrons with the core as well as

corrections to the HFS expectation values beyond the correlation corrections to wave func-

tions, including random-phase-approximation (RPA), core Brueckner, structure radiation,

and normalization. The result of the CI+All-order calculations for the singlet state of Yb is
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Table 7.3: Energy levels and magnetic dipole HFS constant a for low lying odd states

of Yb, Hg and No. Hyper�ne structure constants for Yb and Hg are presented for

the isotopes 171Yb (I = 1/2, µ = 0.4937 µN) and 201Hg (I = 3/2, µ = −0.5602 µN).

For nobelium we assume µ/I = 1. The experiment values are taken from references

[24, 160, 161].

State Energies (cm−1) Hyperfine structure constant A∼(GHz)
CI+All CIPT Expt. CI CI+All CIPT Expt.

Yb 4 f 146s6p 3P1 18,261 17,8305 17,992 2.59 4.13 4.29 3.95797(47)
4 f 146s6p 1P1 25,816 25,597 25,068 -0.34 -0.75 -0.27 -0.214173(53)
4 f 136s25d 1P1 34,946 30,071 28,857 1.46

Hg 5d106s6p 3P1 40,029 43,822 39,412 -3.92 -5.54 -6.09 -5.454569(3)
5d106s6p 1P1 54,478 55,975 54,069 0.77 1.45 1.64 1.316
5d96s26p 1P1 86,035 78,813 -0.03

No 5 f 147s7p 3P1 21,042 21,454 11.97 17.69 20.66
5 f 147s7p 1P1 30,203 29,864 29,961 -3.69 -6.27 -7.38
5 f 137s27p 1P1 55,763 47,781 1.76

almost four times larger than the experimental value. On the other hand, the CIPT method

gives a value which is very close to the experiment. This is due to the mixing of the singlet

state with the 4 f 136s25d 1P1 state which is not included in the CI+All-order calculations

but included in the CIPT calculations. In contrast, the calculations of both methods for the

singlet state in No and Hg give very close results. This is another indication of small mixing.

For simple two-electron states (including the 5 f 147s7p 1P1 state in No) the CI+All-order

calculations gives the most accurate results. In Hg, CI+all-order value agrees with experi-

ment to 10%. Assuming additional uncertainty in the values for nobelium in comparison to

Hg due to larger core-Brueckner correction, we estimate an accuracy of the a(7s7p 1P1) to

be on the order of 15%. We note that the accuracy of the 3P1 hyperfine a-constant is much

better, 1.5% in Hg. Correspondingly, we estimate the accuracy in the case of nobelium to

about 5%, making the 3P1 level a good case for benchmark comparison. The calculation of

the isotope shift has many similarities with the HFS calculations and, in particular, the shift

is strongly affected by mixing. We calculated the IS for Hg using the CI+All-order method

as a test of the method accuracy. As discussed above, Hg is a good testing case for No due

to similar mixing of the core-excited states of the odd configurations with J = 1. Comparing

the Hg isotope shift with experiment for eight low odd states, the difference between theory

and experiment is smaller than 4% for most of the states. Two last studied states 5d106s7p
3P2 and 5d106s7p 1P1 are strongly mixed with the states of the5d96s26p configuration and

the accuracy for them is poor. In the case of the isotope shift, the main uncertainty originates

from the correlation corrections to the wave functions, so the difference of the CI+All-order
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and CI+MBPT results, 7%, gives an estimate of the uncertainty, as omitted higher-order cor-

rections are expected to be smaller than the dominant corrections that are already included

in the CI+All-order calculations.

In general, the most accurate results are given by CI+All-order due to the most complete

inclusion of correlations. The CI+MBPT results help to understand the role of higher-order

correlations and the CIPT calculations are useful to reveal (or dismiss) the role of mixing

with states which contain excitations from the 5 f subshell.
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