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Abstract

Resonant ionization spectroscopy for laser isotope
separation of zinc isotopes

A. de Bruyn
Department of Physics

University of Stellenbosch
Private Bag X1, Matieland 7602, South Africa

Dissertation: PhD (Physics)
December 2021

The vast zinc (Zn) reserves in South Africa are currently being underutilized, as 
the Zn ore re�nement and isotope enrichment occurs abroad. The enrichment 
process most commonly used thus relies only on mass separation techniques 
and is therefore limited when separating isotopes of similar masses like 68Zn 
and 67Zn. Pure 68Zn and 67Zn are important stable nuclides in the medical 
industry as these isotopes are used for production of gallium-based radiophar-
maceuticals used in positron emission tomography (PET) and single-photon 
emission computerised tomography (SPECT) scans. Additionally, depleted 
64Zn is used in the cooling water of nuclear reactors for the prevention of 
stress corrosion cracking as well as limiting the formation of cobalt radioiso-
topes.

This study aimed to investigate, model and optimize resonant ionization spec-
troscopy (RIS) schemes for the Zn isotopes 68Zn and 67Zn that are suitable for 
laser-based enrichment of these isotopes from natural Zn. This study reports 
on the development and implementation of the �rst experimental RIS system 
combined with a time-of-�ight mass spectrometer at Stellenbosch University. 
This system was used to investigate a resonance ionization scheme that has 
potential for laser-based enrichment of Zn isotopes from a natural Zn sample. 
The ionization scheme was chosen by considering transition wavelengths, the 
hyper�ne splitting of 67Zn, and transition strengths of intermediate levels. The 
e�ect of physical conditions and laser parameters was experimentally investi-
gated.
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ABSTRACT iii

The experimental results were complemented by a rate equation model of the
RIS scheme developed in this study. The experimental measurements included
laser induced �uorescence (LIF) from both the �rst and second intermediate
levels in the RIS scheme. The experimental LIF results contributed to opti-
mization of the experiment and re�ning the rate equation model by con�rming
the laser bandwidth and helping to estimate an unknown transition probabil-
ity. The experimental RIS measurements con�rmed the model results for the
existing experimental conditions, including the e�ects of laser tuning, pulse
timing and laser pulse energy. The limiting factor to the isotope selectivity
of the RIS experiment was the bandwidth of the dye laser used for the �rst
excitation step.

The simulated results of the rate equation model that was developed in this
study was tested against experimental results and was found to be in good
agreement. The model was also applied to conditions which could be found
in industrial scenarios. The results indicated that when using a commercially
available narrow bandwidth Ti:sapphire laser (∼300 MHz) it is possible to
achieve 85% enrichment of 67Zn if the Zn vapour is su�ciently cooled (∼100
K).
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Uittreksel

Resonante ionisasie-spektroskopie vir laser
isotoopskeiding van sink isotope

("Resonant ionization spectroscopy for laser isotope separation of zinc isotopes"

A. de Bruyn
Fisika Departement

Universiteit van Stellenbosch
Privaatsak X1, Matieland 7602, Suid Afrika

Proefskrif: PhD (Physics)
Desember 2021

Die groot sink (Zn) reserwes in Suid-Afrika word tans onderbenut, omdat die 
Zn erts se ra�nering en isotoopverryking in die buiteland gedoen word. Die 
verrykingsproses wat die meeste gebruik word berus slegs op massaskeidings-
tegnieke en het daarom beperkings as soortgelyke massas soos 68Zn en 67Zn 
geskei word. Suiwer 68Zn en 67Zn is belangrike stabiele isotope in die me-
diese industrie omdat hierdie isotope gebruik word vir produksie van gallium-
gebaseerde radiogeneeskundige middels wat gebruik word in positron emissie 
tomogra�e (PET) en enkel-foton emissie rekenaar-tomogra�e (SPECT) skan-
derings. Addisioneel word gesuiwerde 64Zn gebruik in die verkoelingswater van 
kernreaktors om spanningskorosie en kraakvorming te verhoed, en om die vor-
ming van die cobalt-60 radioaktiewe isotoop te beperk.

Hierdie studie het ten doel om resonante ionisasie-spektroskopie (RIS) ske-
mas wat geskik is vir laser-gebaseerde verryking van die Zn isotope 68Zn en 
67Zn te ondersoek, te modelleer en te optimeer. Die studie doen verslag oor die 
ontwikkeling en implementering van die eerste eksperimentele RIS systeem by 
Stellenbosch Universiteit. Hierdie sisteem is gebruik om 'n resonante ionisasie 
skema te ondersoek wat potensiaal het vir die laser-gebaseerde verryking van 
Zn isotope vanaf natuurlike Zn. Die ionisasie skema is gekies met oorweging 
van oorgangsgol�engtes, die hiperfyn splitsing van 67Zn, en oorgangsterktes 
van intermediêre energievlakke. Die e�ek van �siese toestande en laser para-
meters is eksperimenteel ondersoek.
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UITTREKSEL v

Die eksperimentele resultate is aangevul deur 'n tempovergelykingmodel van
die RIS skema wat as deel van die studie ontwikkel is. Die eksperimentele
metings het laser-geïnduseerde �uoressensie (LIF) vanaf beide die eerste en
tweede intermediêre vlakke in die RIS skema ingesluit. Die eksperimentle LIF
resultate het daartoe bygedra om die eksperiment te optimeer en die tempover-
gelykingmodel te verfyn, deurdat die laser bandwydte bevestig is en dit gehelp
het om 'n onbekende oorgangswaarskynlikheid af te skat. Die eksperimentele
RIS metings het die modelresultate bevestig vir die bestaande eksperimentele
kondisies, insluitende die e�ekte van laser afstemming, puls aankomtye en la-
ser puls energie. Die beperkende faktor in die isotoopselektiwiteit van die RIS
eksperiment was die bandwydte van die kleursto�aser wat vir die eerste op-
wekkingstap gebruik is.

Die gesimuleerde resultate van die tempovergelykingmodel wat ontwikkel is
in hierdie studie is gekontroleer deur vergelyking met eksperimentele resultate
en dit was in ooreenstemming. Die model is ook toegepas op toestande wat in
industriële senarios gevind kan word. Die resultate dui aan dat dit moontlik
is om 'n verryking van 67Zn to 85% te kry wanneer daar gebruik gemaak word
van 'n kommersiële smalband Ti:sapphire laser (∼300 MHz) en as die Zn-damp
voldoende afgekoel is (∼100 K).
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De�nition of terms used in the study

AZn is used to indicate speci�c isotopes of Zn with a mass number A (A=64, 66,
67, 68 or 70). Number indicated with abbreviation nr., ground state indicated
with N0 and excited state indicated with NE for the following equation:

� Excitation yield of AZn =
nr. of AZn atoms in NE

Total nr. of Zn atoms in sample
× 100

Gives the relative percentage of AZn in the excited level (indicated in
text and captions). Represents an excitation spectrum measured using
an isotope selective detector.

� Total excitation yield =
nr. of atoms in NE

Total nr. of Zn atoms in sample
× 100

Gives the relative percentage of excited atoms for a given level (indi-
cated in text and captions). Represents an excitation spectrum measured
using an isotope blind detector.

� Total ground state reserve =
nr. of atoms in N0

Total nr. of Zn atoms in sample
× 100

Gives the relative percentage of atoms remaining in the ground state.

� Isotopic yield =
nr. of AZn atoms in NE

Total nr. of AZn atoms in sample
× 100

E�ciency at which AZn is excited.

� Abundances in excited level =
nr. of AZn atoms in NE

Total nr. of Zn atoms in NE

× 100

The abundances gives isotopic composition of the excited sample.
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Chapter 1

Introduction and aims

1.1 Introduction and motivation

South Africa has vast Zinc (Zn) reserves (31st highest in the world) however,
most of the mined Zn is not processed in South Africa and sent overseas for
re�nement. The rough re�nement used to separate Zn from the natural mine
ore can yield a Zn purity of 99.995 %. The re�ned Zn consists of 5 stable iso-
topes each with a di�erent natural abundance (64Zn=48.27%, 66Zn=27.97%,
67Zn=4.10%, 68Zn=19.02% and 70Zn=0.63). Pure Zn isotopes are high value
products as they have important uses in medicine and industry.

Zinc 68 (68Zn) and Zinc 67 (67Zn) are important stable nuclides in medicine
and industry. 68Zn and 67Zn are used to produce Gallium radiopharmaceutical
isotopes by irradiation with energetic protons in cyclotron facilities. Typical
nuclear reactions used in this process are: 67Zn(p,2n)66Ga, 68Zn(p,2n)67Ga and
68Zn(p,n)68Ga. 68Ga and 67Ga are used in medical imaging such as positron
emission tomography (PET) and single-photon emission computerised tomog-
raphy (SPECT) respectively, to detect in�ammation, infection or cancer. A
natural Zn sample can be used for production of radioactive 68Ga [1] and 67Ga
[2] using a proton-beam, however, this requires 67Ga or 68Ga to be separated
chemical from other radioactive isotopes that were produced [1]. To produce
gallium isotopes for any clinical purpose the use of an enriched Zn sample (for
example 68Zn, <99% purity) is advised [1].

The production of medically important isotopes from natural Zn has economic
potential as South Africa has Zn reserves that are currently under-utilized [1].
In South Africa, iThemba LABS produces radioactive isotopes for medical use
within South Africa as well as for export, including 68Ga. It would be bene-
�cial if the pure 68Zn that is used could also be produced locally. The purity
of the 68Zn used as a starting product is extremely important as any other
isotopes present will cause the �nal radiopharmaceutical to contain radioac-

1
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CHAPTER 1. INTRODUCTION AND AIMS 2

tive Ga isotopes other than 68Ga, and these increase the radiation dose of the
patient without contributing to the medical imaging.

High resolution spectroscopic data on Zn isotopes is also important in as-
trophysics and in plasma physics [3]. The absolute wavelengths of the atomic
transitions, the hyper�ne splitting and oscillator strengths of the transitions
are important sets of data. As the emission and absorption spectra of many
astronomical bodies can only be interpreted correctly by comparison with the
measured spectra in the laboratory, accurately measured transition probabili-
ties in the laboratory are required for studying the dynamics of stellar atmo-
sphere and plasma [4]. The data can also be utilized for the determination of
plasma parameters such as electron temperature and electron number density.

An additional application of "pure" Zn isotopes involves the cooling of wa-
ter for nuclear reactors. Depleted 64Zn is used in cooling water in the form
of acetate or oxide to aid in the prevention of stress corrosion cracking. The
depleted 64Zn also forms a thin spinel layer on the Cobalt containing steel sur-
faces, thus reducing the amount of stable Cobalt-59 dissolving in the cooling
water [5]. Under conditions where Cobalt-59 in the cooling water is irradiated
with neutrons it is possible to form Cobalt-60 which is a radioisotope with
a half life of 5.27 years. Cobalt-60 emits high energy gamma radiation and
contributes largely to the dose rate of personnel working in the reactor.

At international cyclotrons and accelerators, laser resonance ionization (LRI)
is used routinely for producing beams of pure isotopes for research purposes
such as the isotope mass separator on-line (ISOL) facilities at CERN. These
type of facilities typically use LRI to selectively ionize a given element out of a
mixed atomic sample, the ionized atoms can then be extracted by applying an
electric �eld, and separated using strong dipole-magnet based instruments [6].
This process however is not feasible for industrial application as the dipole-
magnet systems are very costly and requires signi�cant maintenance.

In an ideal scenario the LRI process can yield ions of a single isotope (iso-
tope selective) or mixed isotope ions where a selected isotope is enriched (par-
tially selective). The ions can then be extracted and collected from the atomic
vapour using a low cost ion extraction mechanism like electric �eld separation.
Ideally, it should be possible to cycle the same atomic vapour through this
system multiple times.

Laser-based isotope separation is a more expensive process than other sep-
aration techniques such as gas centrifuge separation. However, resonant ion-
ization spectroscopy (RIS) can potentially be used as a �nal puri�cation step
to increase the purity to a level acceptable for medical uses. RIS can often
separate isotopes with masses di�ering by one mass unit due to the hyper�ne
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CHAPTER 1. INTRODUCTION AND AIMS 3

splitting of spectral lines of the odd-numbered mass isotopes.

RIS refers to the selective excitation of a particular atomic isotope to an excited
state by means of resonant light, followed by photo-ionisation and extraction
of the resulting ion. It is a technique used for high resolution spectroscopy of
atoms and for selective extraction of atomic isotopes. RIS is used increasingly
in interdisciplinary �elds for the production and study of novel radioactive
isotopes, with applications for both fundamental nuclear science and the pro-
duction of medical radioisotopes for medical imaging and therapy.

This project aims to investigate the use of LRI for the enrichment and pu-
ri�cation of the stable isotopes of Zn.

1.2 Problem statement

Isotope separation of 67Zn using mass-based techniques are di�cult as both
66Zn and 68Zn masses di�er from the mass of 67Zn by one mass unit. In this
study a laboratory setup will be developed to investigate if RIS can be used
for enrichment of Zn isotopes, speci�cally investigating isotope separation of
67Zn from 66Zn and 68Zn. A multi-level rate equation model will be developed
to investigate parameters which could in�uence the enrichment process of Zn
in terms of purity as well as expected yield. The rate equation model will be
used to simulate conditions which can not be realized experimentally in our
laboratory.

There is also a need for high resolution spectroscopic data on some of the
energy levels of Zn, and also of isotope shifts and hyper�ne constants, but due
to the limitations of our laser systems this was not a focus of this project.

1.3 Aims and objectives

The main aim of this project is to investigate, model and optimize RIS schemes
for Zn isotopes 68Zn and 67Zn that are suitable for laser-based separation of
these isotopes from natural Zn in vapour phase. RIS will be used to ob-
tain spectroscopic data on the transition wavelengths, hyper�ne structure,
and transition strengths of relevant energy levels. The e�ects of the physical
conditions of the atomic vapour and laser parameters will be investigated ex-
perimentally. The results will be combined with a rate equation model. The
key objectives of this study are:

� To conduct a literature study in order to understand the atomic energy
structure and evaluate the di�erent potential RIS schemes for Zn isotope
separation.
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CHAPTER 1. INTRODUCTION AND AIMS 4

� To develop a multi-step rate equation model for RIS simulation which
includes all isotopes, hyper�ne states, absorption coe�cients, Doppler
broadening, the time pro�le of the laser pulse and light attenuation in
the sample.

� To make reasonable estimates for the missing Einstein A transition co-
e�cients needed in the rate equation model.

� To develop a user friendly and comprehensive LabVIEW program which
includes control of the Lambda Physik dye laser Fl 3001 and Sirah CSTR-
D-24 dye laser systems in unison with second-harmonic generation (SHG)
systems. The LabView program must also include data acquisition units
as well as oscilloscope units for data extraction.

� To develop programs for post-signal processing.

� To develop an atomic vapour source.

� To conduct atomic laser-induced �uorescence (LIF) measurements, the
�rst to be performed in our laboratory.

� To develop and implement the �rst RIS experimental setup with time-
of-�ight mass spectrometer (TOF-MS) to measure individual isotopes at
Stellenbosch University.

� To implement and characterize TOF-MS system, and use mass spec-
troscopy with RIS to investigate individual isotopes.

� To conduct RIS measurements on Zn and investigate the degree of isotope
separation possible in our laboratory.

� To investigate experimentally and with the rate equation model the im-
pact that the laser energy, temporal overlap and frequency of the �rst,
second, and third step laser pulses has on Zn ion production/yield.

� To compare the results of the rate equation model and the experiment
in order to validate the model so that the model can be used to extrap-
olate our investigation to experimental scenarios di�erent to our current
experimental setup.
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Chapter 2

Resonance ionization of Zn

2.1 Atomic properties of Zn

In this study the nuclear shell model will be used to describe the nucleus as
this model is one of the most successful and simple models to use. Zn has a
total of 30 protons, 35 neutrons and 30 electrons. Electrons �ll the electron
shells by following the Pauli exclusion principle [7].

The electron con�guration of the ground state of Zn is given in Figure 2.1,
where it can be observed that Zn has an electron con�guration of 1s22s22p63d104s2

or an alternative form [Ar]3d104s2. In this study only Zn will be investigated
and only one electron will be excited at any given time thus for convenience

Figure 2.1: Zn shell model and electron con�guration.

5
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CHAPTER 2. RESONANCE IONIZATION OF ZN 6

the electron con�guration will be shortened to 3d104s2 when discussing the
electrons of Zn.

2.1.1 LS-Coupling

In light atoms (atomic number less than 53), the interaction between the or-
bital angular momentum of individual electrons is stronger than the spin-orbit
coupling between the spin and orbital angular momentum. The atomic en-
ergy level structure in light atoms is therefore described by "L-S coupling" or
"Russell-Saunders coupling". However, for heavier elements (atomic number
larger than 54) the energy level structure is described by "j-j coupling" as the
spin-orbit interactions between individual spins and orbital angular momenta
becomes strong, leading to the spin and orbital angular momenta to couple for
individual electrons and form individual electron angular momenta [8].

In this study we will be focusing on the Russell-Saunders scheme as Zn has
an atomic number of 30. The Russell-Saunders scheme was �rst proposed by
Henry Norris Russell, a Princeton Astronomer and Frederick Albert Saunders,
a Harvard Physicist in 1925 [9]. In the case of L-S coupling where the spin-
orbit coupling is weak, the resultant orbital angular momentum (L) is given by
as the vector sum of the orbital angular momenta (l) of individual electrons:

−→
L = Σi

−→
li (2.1.1)

where the value of L is assigned to an orbital where 0,1,2,3=s,p,d,f. Similarly,
the individual spin angular momenta (s) couple to produce a resultant spin
angular momentum (S)

−→
S = Σi

−→si . (2.1.2)

Under L-S coupling the the total electronic angular momentum of the atom is
given by the vector sum of the spin angular momentum and orbital angular
momentum −→

J =
−→
S +

−→
L . (2.1.3)

Each energy level of an atom is described by its own term symbol, as the
energy level also depends on the total angular momentum including spin. The
term symbol is de�ned as:

2S+1LJ (2.1.4)

where L, S and J are the total orbital, spin and angular quantum numbers
and are given by:

L =| l1 − l2 |, ......, l1 + l2 (2.1.5)

S =| s1 − s2 |, ......, s1 + s2 (2.1.6)

J =| L− S |, ......, L+ S. (2.1.7)
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CHAPTER 2. RESONANCE IONIZATION OF ZN 7

Table 2.1: Selection rules for atomic transitions.

Type Rule Excitation

Rigorous
∆J = 0,±1 0→ 0 forbidden
mJ = 0,±1 0→ 0 forbidden when ∆J = 0

LS-Coupling
∆S = 0 N/A

∆L = 0,±1 0→ 0 forbidden

Using these set of equations, the term value for the ground state of Zn is 1S0.
For the �rst excited state 4s4p the term symbols are 1P1,

3P0,
3P1 and

3P2.

When an electromagnetic wave (photon) interacts with an atom the electrons
surrounding the atom can be excited to higher energy levels when the incident
light is absorbed. The probability for absorption is the highest when the pho-
ton energy is equal to the di�erence in energy between the two states and can
be represented by:

hν = E2 − E1 (2.1.8)

where hν is the photon energy, ν is the frequency of the photon, E2 and E1 is
the energy of the upper and lower energy states respectively.

Electron transitions are not possible between arbitrary energy levels and are
governed by selection rules. Selection rules are needed because photons carry
angular momentum, which must be conserved in any emission or absorption
process. The selection rules for electron transitions are given in Table 2.1,
where it can be observed that the selection rules are subdivided into rigorous
and LS-coupling rules.

The rigorous selection rules apply to all multipole transitions independently
of the angular momentum coupling scheme and the LS-coupling rules are ad-
ditional rules applying to the LS-coupling scheme. The magnetic quantum
number is given by mJ and distinguishes the orbitals available within a sub-
shell. In the absence of a magnetic �eld the mJ levels are degenerate and
therefore the J level has a degeneracy of 2J + 1. The degeneracy of a given
level will not be discussed in this section but will be discussed in sections 3.2.1
& 3.2.2.

It should be noted that Zn is not a purely LS-coupled system and therefore
the last two selection rules in Table 2.1 are not strict.

2.1.2 Nuclear spin, nuclear moment and hyper�ne

structure

The protons and neutrons of an atom also occupy orbitals within the nucleus in
a similar manner as electrons. The nucleons have spin angular momentum and

Stellenbosch University https://scholar.sun.ac.za



CHAPTER 2. RESONANCE IONIZATION OF ZN 8

Table 2.2: Selection rules for hyper�ne atomic transitions.

Rule Excitation
∆F = 0,±1 0→ 0 forbidden
mF = 0,±1 0→ 0 forbidden when ∆F = 0

orbital angular momentum that couples to form a total nuclear spin (I) [10].
The total angular momentum (F ) of the atom is as a result of the coupling
between the angular momentum of the electrons J coupling with the nuclear
spin (I) to form the total angular momentum.

−→
F =

−→
I +
−→
J (2.1.9)

The interaction between the nucleus with nuclear spin and the surrounding
electrons results in hyper�ne splitting (splitting of the �ne structure into lev-
els). When considering an electric-quadrupole and magnetic-dipole moment
the eigenvalue energies for these split levels can be given by:

EHF =
1

2
AhfsK +Bhfs

3(K(K + 1)− 4I(I + 1)J(J + 1))

8I(2I − 1)J(2J − 1)
(2.1.10)

where EHF is the energy of a given hyper�ne level, Ahfs is the magnetic dipole
hyper�ne constant, Bhfs is the electric-quadrupole hyper�ne constant andK =
F (F+1)−I(I+1)−J(J+1). Both the magnetic dipole and electric-quadrupole
hyper�ne constants contain terms which are in�uenced by the nuclear moment
and and the electric �eld generated by the nucleus. The hyper�ne constants
Ahfs, Bhfs for a given state is:

Ahfs =
µIBe(0)

IJ
(2.1.11)

Bhfs =eQsVzz(0). (2.1.12)

Where µI is the magnetic moment of the nucleus and Be(0) is the magnetic
�eld of the electrons at the site of the nucleus. The spectroscopic quadrupole
moment is represented by Qs and the electric �eld gradient of the electrons at
the site of the nucleus is given by Vzz(0). For full expansion of these coe�cients
see Nuclear Moments by Neugart, R. and Neyens, G. [11]. It should be noted
that equation (2.1.10) does not give the isotope shift of an atom with nuclear
spin, but only the hyper�ne energy splitting between the di�erent hyper�ne
levels of a given isotope as illustrated in Figure 2.2.
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Figure 2.2: Hyper�ne splitting illustration for 67Zn of the 3d104s4p 3P1 level. In
this study hyper�ne states of 67Zn are labeled (i), (ii) and (iii) for F=3/2, F=5/2
and F=7/2 respectively.

2.2 Isotope shifts

In this study we will be investigating the di�erent Zn isotopes. Isotopes are
atoms of the same element that contain the same number of protons, but a
di�erent number of neutrons. Zn has 5 stable isotopes which will be investi-
gated, four of these isotopes (64Zn,66Zn,68Zn and 70Zn) have a nuclear spin of
0 while 67Zn has a nuclear spin of I = 5

2
. The natural abundance and atomic

mass of stable Zn isotopes is given in Table 2.3. Uni�ed atomic mass unit (u)
or dalton (Da) are units of mass used in physics and chemistry [12]. Dalton
is de�ned as 1/12 of the mass of an unbound neutral atom of carbon-12 in its
nuclear and electronic ground state and at rest.

Table 2.3: Natural abundance and atomic mass of stable Zn isotopes [13; 14].

Zinc Isotope Natural abundance (%) Atomic mass (Da)
64 48.268(321) 63.9291422(7)
66 27.975(77) 65.9260334(10)
67 4.102(21) 66.9271273(10)
68 19.024(123) 67.9248442(10)
70 0.631(9) 69.9253193(21)

The nucleus consists of neutrons and protons thus giving the nucleus a speci�c
mass and size. The mass and size of the nucleus impacts the atomic energy
levels of the electrons. The impact on the energy levels is very small (in the
order of MHz) and can only be observed when conducting high resolution
atomic spectroscopy. When working with isotopes the variation in the nucleus
mass and size results in isotope shifts observed between isotopes of the same
element. Two e�ects contributes to the isotope shift, �rstly the mass shift and
secondly the �eld shift (also know as volume shift). The mass shift as the
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name suggests is the contribution of the mass of the nucleus to the isotope
shift and is given by:

δνA,Bms = M
mB −mA

mAmB

(2.2.1)

where δνA,Bms is the mass shift between isotope A and B, M is the atomic mass
factor which is transition dependent, mA and mB are the masses of isotopes A
and B respectively. The �eld shift occurs as the volume and charge distribution
of the nucleus is di�erent between isotopes. The �eld shift must be determined
experimentally. As the volume and charge distribution of the nucleus changes
from one isotope to another so does the electrostatic potential acting on the
electrons for a given isotope, thus resulting in a shift in the transition energy
of a given transition. The �eld shift is given by:

δνA,BFS = Fδ
〈
r2
〉A,B

(2.2.2)

where δνA,BFS is the �eld shift between isotope A and B, F is the atomic �eld
shift factor (approximately constant electronic factor for a speci�c transition
in a chain of isotopes [3]) and δ 〈r2〉 is the di�erence between the mean square
nuclear charge radius of isotopes A and B. The �nal isotope shift is then given
by:

δνA,BIS = δνA,Bms + δνA,BFS (2.2.3)

It should be noted that for lighter atoms such as Zn, the mass shift tends to
dominate the isotope shift. In general s→ p transitions have the largest �eld
shifts [15].

2.3 Overview of methods for isotope separation

Most methods for isotope separation can be divided into two categories: in the
�rst category, isotope separation is achieved by exploiting the mass di�erence
between isotopes and in the second category, isotope separation is achieved by
exploiting atomic properties of the isotopes.

When exploiting the atomic mass most methods separate the isotope by ap-
plying a force to the isotopes resulting in the isotopes to have di�erent acceler-
ations and momenta, this is exploited by allowing the isotope to be separated
spatially. Examples of these methods are gas centrifugation, liquid thermal
di�usion, gaseous di�usion and electro magnetic separation. Gas centrifuge
for isotope production is one of the most widely used methods in the world as
it is possible to achieve concentrations fo >99% while being cost e�ective [5],
more detailed explanation of this method for Zn isotope separation is given
later in this section. Liquid thermal di�usion, requires a sample to be placed
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in a pressure chamber between two concentric vertical pipes. The outer wall
of the pipes are cold while the inner wall is heated by high-pressure steam,
the lighter isotopes will tend to concentrate near the hot wall while the heav-
ier isotopes concentrate at the colder surface [16; 17]. Gaseous di�usion was
widely used before the development of the gas centrifuge method. The princi-
ple of gaseous di�usion is that, lighter isotopes pass through a porous barrier
more often compared to heavier isotopes. However passing molecules through
one barrier only results in a negligible separation thus, the process must be
repeated multiple times in sequence (cascades) to produce any signi�cant en-
richment of isotopes [18]. Electromagnetic separation, is the process whereby
charged particles are sent through a strong magnetic �eld and lighter isotopes
will be de�ected more compared to heavier isotopes. This process is also known
as mass spectrometry [19]. Is should be noted that this process is only mass
selective, (not element selective) and it is possible to have isobars (elements
which have the same atomic mass) if the initial sample is not pure.

Some methods which make use of the atomic properties of the isotopes are
chromatography, laser isotope separation and photochemical isotope separa-
tion. Chromatography, is the process where by an isotope mixture is dissolved
in a �uid (mobile phase), this �uid is then passed through a system �lled with
a speci�c compound (stationary phase), the di�erent isotopes will take dif-
ferent times to pass through the stationary phase depending on their reaction
with the compound [20]. Laser isotope separation is a process where atoms are
excited by laser light (can be element selective and isotope selective) and only
the excited atoms are ionised and extracted. Using a narrow band laser (band-
width narrow enough to excite individual isotope) it would be possible to ionize
a speci�c isotope in a sample (usually atomic vapour), these ions can then be
extracted from the sample by applying an electric �eld. The photochemical
method also falls under the laser isotope separation method but in this case
the isotope separation is as a result of a photochemical reaction between the
excited atoms and a compound. A paper published by P.A. Bokhan et al. in
2000 successfully used a two photon excitation scheme to selectively excite a
given Zn isotope in a sample, by using a photochemical reaction between the
excited zinc isotope and CO2 molecules to achieve isotope separation [21].

2.3.1 Gas centrifuge isotope separation

Centrifuge systems were the �rst to successfully achieve isotope separation in
1934, where chlorine-35 was separated from chlorine-37. Gas centrifuge enrich-
ment works by placing an atomic gas into the centrifuge cylinder and rotating
it at a high speed. The rotation results in a strong centrifugal force thus sepa-
rating the heavier isotopes from the lighter isotopes [22]. The heavier isotopes
will move to the outside of the cylinder while the lighter isotopes are located
closer to the center of the cylinder. This process can be repeated multiple
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times to obtain higher purity.

Gas centrifuge systems can be used for Zn isotope enrichment however, the
conditions for isotope enrichment using a gas centrifuge in an ideal sample,
should be gaseous at ambient temperature. One of the conditions for isotope
enrichment using gas centrifuge is that the sublimation temperature (transi-
tion of a substance directly from the solid to the gas state) of a compound
in a vacuum must be lower than its decomposition temperature (the temper-
ature at which the substance chemically decomposes). The sample must be
chemically inert to the construction materials used in the gas centrifuge. The
molecular weight of a sample should be in the range between 400-450 g/mol
and lastly, fraction of ballast components in the sample of the substance to
be employed should be minimal [23]. Zn does not contain any volatile �uo-
rides or chlorides which has boiling temperatures of ∼870 K. It was found that
zinc-organic compounds would have saturated vapour pressures high enough
to be used in a gas centrifuge. The two chemicals dimethyl zinc (DMZ) and
diethyl zinc (DEZ) demonstrated the possibility to separate all zinc isotopes
in a gas centrifuge [5]. A study conducted by Tcheltsov et. al [23] indicated
that it is possible to achieve purity of 99% or higher purity, for each isotope
using various methods of the gas centrifuge system.

2.4 Laser resonance ionization of Zn

LRI is the process where an atom or molecule is excited stepwise with the �nal
state above the ionization limit (threshold) [6]. LRI is usually a two or three
photon process as illustrated in Figure 2.3. In general the �nal excitation step
(ionization step) is non-resonant except for the case of auto-ionization. It is
known that complex energy level structures exist above the ionization limit,
states which exist in this region are known as auto-ionizing states. These
states can be accessed by exciting two electrons of a Zn atom to states below
the ionization limit, but the states to which the two electrons are excited must
have a combined energy greater than the ionization limit [24]. De-excitation
via a non-radiative process can then occur, where the excitation energy of the
electron is transferred to the second electron thus liberating the second elec-
tron from the atom. The typical lifetime of these states is between 10−15 and
10−10 s. The absorption cross-section for these transitions are usually several
orders of magnitude higher than for non-resonant transitions [19]. In prac-
tice generating frequency to access the auto-ionization levels comes at the cost
of laser power as tunable laser systems are generally required which produce
laser powers several orders smaller compared to non-resonant ionization laser
systems for example: dye laser compared to Nd:YAG laser systems.

LRI can also be achieved by exciting the electron to Rydberg states as in-
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Figure 2.3: Principles and schemes of resonance ionization. Figure adapted from
[19]

dicated in Figure 2.3. Rydberg states are a series of highly excited states with
a high, and successively increasing, principal quantum number, n [19]. An
atom which has an electron in a Rydberg state can be ionized by external ef-
fects like, external electric �eld (�eld ionization), colliding with another atom
(collisional ionization) and blackbody radiation from the hot cavity atomic
source (blackbody ionization).

The �rst step to develop a LRI scheme is to determine whether the process
must only be element selective or if the process must also be isotope selective.
If a LRI system must be isotope selective the ionization scheme needs to be
carefully selected as well as the laser systems that will be used. If a system
only needs to be element selective then the excitation scheme will only have to
focus on transitions with a high transition rate which will increase the overall
yield. The energy diagram of Zn is given in Figure 2.4 (only s, p, d and f levels
indicated). This diagram will be used to investigate the di�erent ionization
schemes used in the LRI �eld.

In most cases, two or three step excitation schemes are used for RIS. In the
case of Zn three-step excitation schemes are most commonly used since the
ionization energy is above 75 000 cm−1. Using Figure 2.4 the �rst step excita-
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Figure 2.4: Zn energy diagram indicating s, p, d and f orbitals in black, blue,
green and red respectively. This diagram is based on data from NIST atomic spectra
database for Zn [25].

tion will be investigated by considering the selection rules, the photon energy
needed and lastly isotope separation.

2.4.1 First resonant step

There are two important considerations when determining the �rst step exci-
tation. First, the transition must obey the rigorous selection rules set out in
Table 2.1. Second, the photon energy that can be produced with the system
that is available must be considered, in our laboratory we have access to dye
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Table 2.4: First four upper levels of Zn [25].

Ground State Upper State Energy (cm−1) Wavelength (nm) Allowed

3d104s2 1S0

3d104s4p 3P1 32509.75 307.6 Yes & No �

3d104s4p 1P1 46745.41 213.92 Yes
3d104s5s 3S1 53672.28 186.32 No �

3d104s5s 1S0 55789.228 179.25 No �

� Allowed by rigorous selection rules but not by LS coupling selection rule ∆S = 0.
� Forbidden by one electron jumping as well as LS coupling selection rules ∆S = 0 and

∆L = 0.
� Forbidden by rigorous selection rule ∆J = 0 as well as LS coupling selection rule ∆S = 0.

laser systems which can produce wavelengths between 373-722 nm as well as
SHG systems which will allow access to a wavelengths region between 180-373
nm (180 nm is the limit where light is strongly absorbed by air). From Table 2.4
it can be observed that there are only two possible levels which can be excited
to (with a single photon process) with the available laser wavelengths. The
possible �rst step excitations are 4s2 1S0 → 4s4p 3P1 and 4s2 1S0 → 4s4p 1P1.
In the next sections each of these excitations will be discussed as well as some
examples where they are implemented.

4s2 1S0 → 4s4p 3P1 excitation

The 3d104s2 1S0 → 3d104s4p 3P1 (singlet-triplet) excitation is a spin forbidden
transition, however, due to Zn being weakly LS-coupled this transition does
occur but at a signi�cantly lower probability compared to that of the singlet-
singlet transition. Even though the triplet level (3d104s4p) has multiple J
levels it is only possible to excite directly to the J=1 level from the ground
state as the other levels are forbidden by rigorous selection rules of ∆J = 0,
±1, but J =0 6↔ J ′ = 0 [26]. Since this transition is forbidden the excitation
probability (B01 = 1.24× 1018 m3s−2J−1) is lower compared to allowed transi-
tions. The main advantage of this transition is that the isotope separation is
the largest compared to all the other possible transitions, thus making it pos-
sible for this excitation step to not only be element selective but also isotope
selective under the right conditions. The isotope shift for the 4d104s4p 3P1

transition has been measured with various degrees of accuracy over the past
50 years. The measured isotope shifts given by literature is shown in Table 2.5.

As a result of the lower excitation rate the 4s2 1S0 → 4s4p 3P1 transition is
rarely used industrial systems where isotope separation is achieved after ioniza-
tion. However, in this study we are interested in maximum isotope separation
speci�cally for 67Zn and 68Zn. The large isotope shift and hyper�ne splitting
of 67Zn for the 4s2 1S0 → 4s4p 3P1 transition is bene�cial for selectivity.

Stellenbosch University https://scholar.sun.ac.za



CHAPTER 2. RESONANCE IONIZATION OF ZN 16

Table 2.5: Zn isotope shift values for the 4s2 1S0 → 4s4p 3P1 excitation and relative
hyper�ne splitting of 67Zn. The hyper�ne states of 67Zn are labeled (i), (ii) and (iii)
for F=3/2, F=5/2 and F=7/2 respectively.

Zn isotope shifts given relative to 64Zn (MHz)
P. Campbell et al.
[3],1997

G. F. Hately et al.
[27], 1958

A. Landman et al.
[28], 1964

δν64,64IS 0 0 0

δν64,66IS 688.6(1.2) 660(20)

δν64,67IS (center) 1085.7(2.3)

δν
64,67(i)
IS -1053(20)�

δν
64,67(ii)
IS 499(20)�

δν
64,67(iii)
IS 2610(20)�

δν64,68IS 1365.2(1.8) 1320(28)

δν64,70IS 1962.2(2.6)
� Values calculated using equation (2.1.10) and constants from [28].

4s2 1S0 → 4s4p 1P1 excitation

The 4s2 1S0 → 4s4p 1P1 excitation is an allowed excitation and therefore it
has a larger excitation probability (B01 = 7.92× 1021 m3s−2J−1) than the for-
bidden transition. For this reason this excitation is commonly used in ISOL
ion source production where element-selective ionisation is done, followed by
magnetic or electric �eld mass separation [6]. The 4s2 1S0 → 4s4p 1P1 excita-
tion scheme can be used as an isotope selective method. The isotope shifts for
the 4s2 1S0 → 4s4p 1P1 excitation are given in Table 2.6. The isotope shift for
δν64,66IS is comparable with that of the forbidden transition, but the isotope shift
for δν64,68IS is ∼ 360 MHz smaller than that of the forbidden transition. The
important di�erence between the allowed (4s4p 1P1) and forbidden (4s4p 3P1)
transitions is the magnitude of the 67Zn hyper�ne splitting, which is signi�-
cantly larger (three times larger) for the forbidden transition. The result is
that for the forbidden transition two of the hyper�ne split lines of 67Zn are
well separated from the lines of the other isotopes as illustrated in Figure 2.5.
For the allowed transition the lines of 66Zn, 67Zn and 68Zn are all in a spectral
range of 420 MHz.

In this study the excitation to the triplet state will be considered for the
following reasons:

1. The excitation wavelength for 3d104s4p 1P1 is 214 nm whereas the ex-
citation wavelength for 3d104s4p 3P1 is 307 nm. Both the 307 nm and
214 nm light have to be generated using SHG, and the 307 nm light is
generated more e�ciently than 214 nm light. Additionally the optical
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Table 2.6: Zn isotope shift values for the 4s2 1S0 → 4s4p 1P1

excitation. The hyper�ne states of 67Zn are labeled (i), (ii) and
(iii) for F=3/2, F=5/2 and F=7/2 respectively.

Zn isotope shifts given relative to 64Zn (MHz)
G. F. Hately et al.
[27], 1958

A. Landman et al.
[28], 1964

δν64,64IS 0 0

δν64,66IS 540(20)

δν64,67IS (center) 750(20) �

δν
64,67(i)
IS 793(20)�

δν
64,67(ii)
IS 731(20)�

δν
64,67(iii)
IS 687(20)�

δν64,68IS 960(28)
� Values calculated using equation (2.1.10) and constants from [28].
� Value not given by literature, and was calculated by taking the
average between δν64,66IS and δν64,68IS .

components required are less expensive for the 307 nm light.

2. The deciding factor on whether to excite to the singlet or triplet level
is the isotope shifts of these levels. The isotope shifts on average for
the triplet level are 20% larger than those of the singlet level [27]. See
Tables 2.5 & 2.6 for the isotope shifts.

3. Lastly and most importantly, the hyper�ne splitting for the triplet level
(3d104s4p 3P1) of

67Zn is on average two orders of magnitude larger than
that of the singlet levels [27; 3] and could be used to selectively excite
67Zn.

4. In high resolution spectroscopy there is an advantage to the long lifetime
of the 3d104s4p 3P1 state is 21 µs which is 4 orders of magnitude larger
than the lifetime of the 3d104s4p 1P1 state. The long lifetime would
allow for a time delay to be introduced between the �rst and second
excitation. A time delay between the two excitation steps could be of a
great advantage as demonstrated by Groote et. al [29], where an increase
in spectral resolution was observed. This will however not be investigated
in this study as our laser bandwidths do not allow it.

2.4.2 Second and third step

In this study the third step is a non-resonant ionization step, the laser which
will be used for this step is the second-harmonic (SH) of an Nd:YAG laser 532
nm (18797.0 cm−1). As indicated the �rst step excitation is to the 3d104s4p 3P1
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Figure 2.5: Zn isotopes for the 4s2 1S0 → 4s4p 1P1 and 4s2 1S0 → 4s4p 3P1

transitions given relative to 64Zn. Data from Tables 2.5 & 2.6

triplet state, therefore the only unknown excitation is the second step. Since
the �rst step is the isotope selective step and the third step is �xed, the second
step should be selected to optimize the overall ion production. From the Zn
data on NIST [25] it was determined from the data available that the transition
which has the highest excitation probability is the 4s4p 3P1 → 4s4d 3D2 ex-
citation with a excitation probability of B12 = 2.71× 1021 m3s−2J−1. Isotope
shifts for the 4s4p 3P1 → 4s4d 3D2 transition [27], are signi�cantly smaller
(δν64,66IS = 120(20) MHz and δν64,68IS = 210 MHz) for this transition than for
the �rst step excitation and smaller than the typical laser bandwidths consid-
ered in this study. Therefore the second step excitation can be treated as a
non-isotope selective step.

The di�erent excitation schemes used in various studies are indicated in a
Grotrian diagram (Figure 2.6). It should be noted that not all of the transi-
tions indicated are ionization systems and that some of the excitation schemes
have not been discussed here but can be found in E.B. Saloman [30] and G.J.
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Figure 2.6: Grotrian diagram of RIS for Zn, in blue transitions given by E.B.
Saloman [30], in purple RIS scheme used by ISOL [19], in green LIF scheme for
Doppler free excitation given by H.F. Arlinghaus et al. [32], in pink single photon
ionization given G.V. Marr and J.M. Austin [33] and in red RIS scheme used in this
study.

Havrilla et al. [31].

2.4.3 Unconventional Zn ionization schemes

In some rare cases a single photon excitation has been used for Zn ioniza-
tion to investigate the auto-ionization levels above the ionization limit. An
auto-ionization level is a bound state of an atom where the discrete energy
level is above the ionization limit (continuous spectrum) [34], in the case of
Zn this occurs when an electron from the inner shell (not a valence electron)
in the 3d orbital is excited to the 4p orbital. A study conducted by G.V.
Marr and J.M. Austin in 1969 [33], investigated the following excitation path
3d104s2 1S0 → 3d94s24p 1P1,

3P1,
3D1. Photon energies from 80 000 cm−1 (125

nm) to 128 000 cm−1 (79 nm) was required to investigate these levels, making
this scheme impractical to use.
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Table 2.7: Zn isotope shift values for the 3d104s2 1S0 → 3d104s4p 1D2 excitation
from H.F. Arlinghaus et al., 1990 [32].

Zn isotope shifts given relative to 64Zn (MHz)

δν64,64IS 0

δν64,66IS 976(39)

δν64,68IS 1864(31)

Another rare excitation scheme for Zn is reported by H.F. Arlinghaus et al.
[32], where Doppler free excitation is used. In the study the 3d104s2 1S0 →
3d104s4p 1D2 excitation is investigated by using a single laser beam which
passes through a sample and is re�ected directly back to the sample thus cre-
ating counter propagating beams. By using counter propagating beams the
sum of the frequencies of one photon from each beam will be on resonance
for all atoms in the sample, irrespective of their velocity, only if the laser
frequency is exactly half of the unshifted resonance frequency. This elimi-
nates Doppler broadening and an increase in the spectral resolution. The
3d104s2 1S0 → 3d104s4p 1D2 transition requires an energy corresponding to
160 nm laser wavelength to be excited, but due to the two-photon excitation
the wavelength required is 320 nm. H.F. Arlinghaus did not investigate Zn
ionization but only the LIF of this transition. The results reported in his
study indicated signi�cant isotope shifts for this transition which is captured
in Table 2.7.

The Doppler free excitation scheme to the 3d104s4p 1D2 level was not inves-
tigated in this study for two reasons. Firstly, combining counter propagating
beams for excitation with the ionization laser beam is technically di�cult as
the one excitation beam has to come from the same direction as the ioniza-
tion beam and the optics needed for the high intensity of the ionization beam
and that needed for the tunable excitation beam are di�erent so that the 2
beam paths cannot be combined. Secondly, the isotope shift for 67Zn and the
hyper�ne coe�cients for 67Zn for the 3d104s4p 1D2 level could not be found
in literature, therefore it is not possible to determine if this scheme could be
used for isotope selective RIS.

2.5 Numerical modelling of resonance

ionisation.

There are multiple methods used to model atomic excitation from very simple
models to extremely complex models. An example of a more simplistic model
is by taking a convolution between the excitation/pump laser spectral pro�le
and the line-shape functions of the atomic transition lines in frequency to gen-
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erate predicted excitation spectra. An example of a semi-quantum approach
to the atomic system is the rate equation model. The rate equation model is
well known in the physics community and is often used in laser physics to pre-
dict temporal evolution of the populations of the electronic levels in laser gain
mediums [35]. The rate equation model describes the statistical time evolution
of the populations of a given atom. The rate equation model assumes that all
atoms essentially function in the same way, therefore this model can not be
used to investigate clustering. The rate equation model also does not describe
coherent phenomena like Rabi oscillations, however Rabi oscillations can only
occur under speci�c conditions (section 3.1). As the rate equation model gen-
erally requires less computational time than fully quantum mechanical models
it is possible to model multi-step excitation systems which can contain several
electronic states, additionally this model allows the inclusion of hyper�ne split
levels which are coupled (section 3.2.2). To investigate phenomena related to
coherence a full quantum mechanical approach is needed, such as the Optical
Bloch equations. An example of this is the model developed by R.P. de Groote
et al. [29] where they used Rabi oscillations whilst introducing Stark shifts.

In Chapter 3 the rate equation model used in this study will be explained.

2.6 Broadening e�ects

In this section the e�ects which contribute to spectral broadening will be
discussed: power broadening, natural linewidth, collisional broadening and
Doppler broadening.

2.6.1 Power broadening

Power broadening refers to the broadening of the measured spectral line shape
when the power by which the transition is pumped increases. It is important
to keep in mind that the excitation rate is not only energy and frequency
dependent but also depends on the number of atoms in the level from which
excitation occurs as well as the number of atoms in the excited state. When
strong pumping causes depletion of the lower state and population of the
excited state the net rate of excitation decreases. The closer the pumping
wavelength to the resonance the stronger the e�ect. Power broadening is in-
trinsically part of the rate equation model where the populations of all states
are calculated simultaneously as a function of time under the in�uence of the
relevant pumping �elds.

Stellenbosch University https://scholar.sun.ac.za



CHAPTER 2. RESONANCE IONIZATION OF ZN 22

2.6.2 Natural linewidth

The energy of an atomic energy level has a �nite width as the uncertainty in the
energy state of a given system has to obey the Heisenberg's Uncertainty Prin-
ciple [36]. This uncertainty principle leads to a relation between the natural
linewidth of the spectral line and the lifetime of the excited state. There-
fore a transition which has a long lifetime (∼ 20 µs) like the 3d104s4p 3P1 →
3d104s2 1S0 will have a smaller energy uncertainty compared to transitions with
short lifetimes. The energy uncertainty is given by:

∆ν =
∆E

h
=

1

2πτ
(2.6.1)

where ∆ν is the uncertainty in frequency, ∆E is the energy uncertainty, h
is Planck's constant and τ is the lifetime of the excited state [36]. Using
equation 2.6.1 it was determined that the uncertainty in frequency of the
3d104s4p 3P1 state is ∼8 rad/s or 0.0013 MHz. In most cases the contribution
of the natural linewidth to the spectral linewidth is ignored as the e�ects of
collisional broadening and Doppler broadening are orders of magnitude larger.
The natural linewidth has a Lorentzian shape.

2.6.3 Collisional broadening

Collisional broadening is also known as pressure broadening, and becomes
signi�cant at pressures where the average time between collisions in the gas
sample is equal to or smaller than the lifetime of the excited state. Under these
conditions an atom could emit spontaneously while involved in a collision,
thus emitting a photon with a slightly di�erent photon energy as a result of
the interaction with the collisional partner. In this study the atomic vapour
is produced in a vacuum and allowed to expand freely, therefore collisional
broadening will not play a signi�cant role in the �nal line-shape function.

2.6.4 Doppler broadening

In this study the Zn vapour will be simulated at multiple temperatures be-
tween 10 K to 700 K. When working with atoms or molecules in a vapour at
these temperatures the e�ect of Doppler broadening must be taken into ac-
count. Doppler broadening arises from atoms moving in multiple directions at
various speeds relative to the incident radiation. Atoms which have a velocity
component in the same direction as the incoming radiation, observes the light
to be red shifted and will require a higher photon energy to be excited. Atoms
which have a velocity component in the opposite direction as the incoming
radiation, observes the light to be blue shifted and these atoms will require a
lower photon energy to be excited.
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The Doppler shift for atoms moving much slower than the speed of light is
given by:

ν = ν0(1− vs/c) (2.6.2)

where ν is the Doppler shift frequency, ν0 central frequency (frequency for an
atom at rest), vs is the velocity component of the atom along the direction
of the light and c is the speed of light. Equation (2.6.2) shows that the line
shape will be governed by the probability that an atom has a velocity vs. The
random velocity distribution of atoms at thermal equilibrium is described by
the Maxwell-Boltzmann distribution [37]. The Maxwell-Boltzmann distribu-
tion describes the velocity distribution of particles which can move freely with
limited interaction (very brief collisions) between particles and is given by:

p (vs) =
1

v0π
e−(vs/v0)

2

. (2.6.3)

where p (vs) is the probability of �nding an atom with velocity vs and v0 is
the central velocity (mean speed of the velocity). The central velocity of the
atoms with a given temperature is given by:

1

2
mv20 = kbT (2.6.4)

v0 =

√
2
kBT

m

where kB is the Boltzmann's constant, m is the mass of the atom and T is
the temperature of the vapour. By combining equations (2.6.3) & (2.6.2) the
Doppler broadening function can be derived:

s(ν − ν0) =
1

σν
√
π
e−(ν−ν0/σν)

2

(2.6.5)

where

σν = ν0

√
2kBT

mc2
(2.6.6)

the full width at half maximum (FWHM) is then given by:

νFWHM = ν0

√
8kBT ln(2)

mc2
. (2.6.7)

Using equation (2.6.7) the expected Doppler broadening for Zn in vapour at
a temperature of 50 K was calculated to be 611 MHz for the 3d104s4p 3P1 →
3d104s2 1S0 transition. It should be noted that Doppler broadening dominates
the line-shape function and is Gaussian.
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Chapter 3

Rate equation model

3.1 Principles of rate equation modeling

Validity of the rate equation limit

To truly represent an atomic system and include the e�ects of quantum coher-
ence the optical Bloch equations should be used [8]. However, under certain
conditions, the optical Bloch equations simplify to the rate equation model.
These conditions are: under strong collisional dampening where the coher-
ences will be dampened very quickly or under broadband excitation where the
dipole is driven by many frequencies and the dephasing of the di�erent fre-
quency components mimics fast dampening [36; 8].

In this study a di�usive atomic source will be used and collisions are expected,
additionally the laser bandwidths used in this study are signi�cantly larger
than the natural line width of the atomic transitions that will be considered.
Since no quantum coherences between di�erent atomic states nor second order
processes will be included in this study, e�ects like the AC stark e�ect which
de Groote et al. [29] used in their model will not be observed.

Energy density and line-shape functions

Later when discussing the rate equation models the overlap between the energy
density function (the energy density in the laser pulse as function of frequency)
and the line-shape function (probability for absorption or stimulated emission
per frequency interval) needs to be calculated and is represented by the fol-
lowing integral: ∫ ∞

0

s (ω) ρ (ω) dω (3.1.1)

where ρ (ω) is the energy density function and s (ω) is the line-shape func-
tion [38; 36]. It should be noted that in this study the light source used is a
pulsed laser light, therefore the energy density will not only vary by frequency

24
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but also in time and must be represented by ρ′ (ω, t). The laser bandwidth
and the pulse duration will be considered to be separable (not related by the
Fourier relation, because of the characteristics of the dye lasers used) such
that ρ′ (ω, t) = EDρ (ω) ρ (t), where both ρ (ω) and ρ (t) are area-normalized
Gaussian functions, meaning that

∫∞
0
ρ (t) dt = 1 and

∫∞
0
ρ (ω) dω = 1. The

standard deviation for ρ (ω) is given by the laser bandwidth σω and the stan-
dard deviation for ρ (t) is given by the pulse duration σt. ED is the total energy
density of the laser (J.m−3) such that:∫ ∞

0

∫ ∞
0

ρ′ (ω, t) dωdt =

∫ ∞
0

∫ ∞
0

EDρ (ω) ρ (t) dωdt = ED. (3.1.2)

The line-shape function (s (ω)) represents a probability density in frequency
and therefore the function which is used must be normalized:∫ ∞

0

s (ω) dω = 1. (3.1.3)

In this study s (ω) will be represented by a Gaussian function, as Doppler
broadening will contribute a signi�cant amount to the line-shape. The area-
normalized Gaussian functions used in this study are the line-shape function:

s(ω) =
1

σs
√

2π
e
−

(ω − ωnm)2

2σs2 (3.1.4)

where σs is the line width and ωnm is the resonance frequency of the line. The
spectral (ρ(ω)) and temporal pro�le (ρ(t)) of the laser pulse are given by:

ρ(ω) =
1

σω
√

2π
e
−

(ω − ωL)2

2σω2 (3.1.5)

ρ(t) =
1

σt
√

2π
e
−

(t− tL)2

2σt2 (3.1.6)

where ωL is the center frequency of the laser and tL is the temporal center of
the laser pulse.

Under the conditions of broadband light or nearly monochromatic light re-
spectively, equation (3.1.1) can be approximated by simpli�ed expressions as
discussed by Steck in Capter 3 [36]. However, in our study we will not be using
the broadband or narrow band approximations, since we plan on using the rate
equation model at various laser bandwidths and therefore we will employ the
general case given by equation (3.1.1) but with ρ (ω) replaced by ρ′ (ω, t):∫ ∞

0

ρ′ (ω, t) s(ω)dω. (3.1.7)
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Figure 3.1: Illustration of (A) atomic absorption, (B) stimulated emission and (C)
spontaneous emission.

As this integral will be used frequently in the rate equations we will denote
the integral by a single symbol:

Γnm(t) =

∫ ∞
0

ρ′ (ω, t) snm(ω)dω = EDρ(t)

∫ ∞
0

ρ(ω)snm(ω)dω (3.1.8)

where nm indicates the transition to which the symbols pertains.

Einstein coe�cients

In 1916, Albert Einstein proposed the three fundamental interactions between
light and atoms: absorption, stimulated emission and spontaneous emission.
In each case the probability of interactions occurring is given by the Einstein
coe�cients. Consider an atom in its electronic ground state (with energy E0)
with an excited state (with energy E1) and a photon which has a resonant
frequency such that ω01 = E1−E0

~ .

The rate equation for a system which only undergoes absorption (Figure 3.1
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(A)) is given by:

dN0

dt
=−B01N0 (t) ρ (ω01)

dN1

dt
=B01N0 (t) ρ (ω01) (3.1.9)

where N0 and N1 are the populations in the ground state and excited state, B01

is the Einstein B coe�cient which gives the probability of absorption occurring
if a photon was at the correct resonant frequency (ω01). From equation (3.1.9)
it can be observed that the population in the N0 will decrease since atoms are
excited increasing the population in N1. Atoms which are in the excited state
are unstable and will de-excite out of the excited state to the ground state by
stimulated emission or spontaneous emission.

The rate equation for a system which only undergoes stimulated emission
(Figure 3.1 (B)) is given by:

dN0

dt
=B10N1 (t) ρ (ω01)

dN1

dt
=−B10N1 (t) ρ (ω01) (3.1.10)

where B10 is the Einstein B coe�cient which gives the probability of stim-
ulated emission occurring if a photon was at the correct resonant frequency
(ω01). It should be noted that the excitation (ω01) and stimulated emission
(ω10) frequencies are the same thus leading to ωij = ωji, this will be true for
all of the rate equation models.

The rate equation for a system which only undergoes spontaneous emission
(Figure 3.1 (C)) is given by:

dN0

dt
=A10N1 (t)

dN1

dt
=− A10N1 (t) (3.1.11)

where A10 is the Einstein A coe�cient which gives the probability of spon-
taneous emission occurring. It can be observed from equation (3.1.11) that
spontaneous emission is the only case where the line-shape function and en-
ergy density function do not play a role.

When an electromagnetic wave interacts with an atom, all three processes
mentioned above needs to be taken into account and will be discussed in the
following sections. Relationships between the di�erent Einstein coe�cients ex-
ist.
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The Einstein A coe�cient is determined from the lifetime of a given state
and is equal to 1

τ
where τ is the lifetime of an atomic transition. The lifetime

of an atomic transition is not the same as the lifetime of an atomic state. In
the case where an atom is in an excited state it is possible (see section 3.4) that
the atom can decay to various lower energy states (Figure 3.2). Each of these
transitions will have its own transition probability (Einstein A coe�cient) and
lifetime, the combination of these transitions will be equal to the lifetime of
the excited state.

Figure 3.2: Illustration of spontaneous emission for multiple states.

In the case illustrated in Figure 3.2 it can be observed that multiple tran-
sition pathways exists for the atom in the E3 state, additionally the lifetime
of the E3 state is indicated with τ3. The subscript in the coe�cient A32 indi-
cates which transition this coe�cient belongs to, in this case the transition is
between E3 and E2 state. The lifetime of the E3 state can be calculated by
1
τ3

= A32 +A31 +A30, which is useful when calculating transition probabilities
when an atom has multiple transition pathways.

In the rate equation model it is convention to treat degenerate mJ states
belonging to the same term (de�ned by quantum numbers L, S and J) not
separately, but as a single state with a degeneracy equal to the number of
mJ values. The degeneracy is thus equal to 2J + 1. This convention will be
followed, therefore in this discussion a state is de�ned by quantum numbers
S, L and J and has a degeneracy 2J + 1, or in the case of hyper�ne splitting
a state is de�ned by quantum numbers S, L, J and F and has a degeneracy
2JF + 1.

A relationship between the Einstein A coe�cient and the Einstein B coef-
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�cient exists as given by [39]:

A10 = B10
8π~
λ3

(3.1.12)

where λ is the wavelength within the atomic medium.

The relationship between the absorption and the stimulated emission Ein-
stein B coe�cient (B10 and B01) is governed by the degeneracies (g) of the
atomic states. When g0 and g1 are the degeneracies of the ground and excited
states respectively the relationships between Einstein B coe�cients is given
by g1B10 = g0B01 ⇒ g1

g0
B10 = B01. In a case where no degeneracy exists

(g0 = g1 = 1) or where two states have the same degeneracy (g0 = g1) the
relationship between Einstein B coe�cients are B10 = B01.

In the following sections the rate equation for Zn will be discussed, the �rst
step excitation 4s2 1S0 → 4s4p 3P1 (N0 → N1) rate equation will be discussed
before discussing the full ionization scheme.

3.2 First step excitation of Zn

In this section the rate equation models for atoms without and with nuclear
spin will be discussed. The selection of the �rst step excitation for Zn is
discussed in section 2.4.1.

3.2.1 The �rst step rate equation for isotopes without

nuclear spin

The rate equation for the 4s2 1S0 → 4s4p 3P1 (N0 → N1) transition is given
below:

dN0

dt
= −dN1

dt
=A1 0N1 (t) +B10N1 (t)

∫ ∞
0

ρ′ (ω, t) s(ω)dω

−B01N0 (t)

∫ ∞
0

ρ′ (ω, t) s(ω)dω (3.2.1)

where N0 and N1 are the populations of 3d104s2 1S0 and 3d104s4p 3P1 states,
A and B are the Einstein A and B coe�cients, s (ω) is the line-shape func-
tion and ρ′ (ω, t) is the energy density of the electromagnetic �eld. From
equation (3.2.1) it can be seen that the absorption, stimulated emission and
spontaneous emission are taken into account.
From this point onwards Γnm (t) will be used to denote∫∞
0
ρ′ (ω, t) s(ω)dω, where the nm footscript indicate the transition to which
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it pertains, as indicted in equation (3.1.8). Using this substitution, equa-
tion (3.2.1) can be rewritten in the following form:

dN0

dt
=A1 0N1 (t) +B10N1 (t) Γ10 (t)−B01N0 (t) Γ01 (t)

dN1

dt
=− A1 0N1 (t)−B10N1 (t) Γ10 (t) +B01N0 (t) Γ01 (t) (3.2.2)

Note that Γ01 (t) and Γ10 (t) have the same value. The degeneracy of the N0

sate has the quantum numbers S = 0, L = 0 and J = 0, and degeneracy g0 = 1.
For the N1 state the quantum numbers are S = 1, L = 1 and J = 1 and its
degeneracy is g1 = 3. This is true for all isotopes of Zn with no nuclear spin
(I = 0). Therefore B01 can be replaced by 3B10 in equation (3.2.2) giving:

dN0

dt
= A10N1 (t) +B10Γ01 (t)N1 (t)− 3B10Γ01 (t)N0 (t)

dN1

dt
= −A10N1 (t)−B10Γ01 (t)N1 (t) + 3B10Γ01 (t)N0 (t) (3.2.3)

3.2.2 The �rst step rate equation for isotopes with

nuclear spin

When considering hyper�ne splitting of 67Zn isotope the degeneracy is no
longer determined by the number of values for mJ but rather by the num-
ber of values for mF as angular momentum of the electrons J couples with
the nuclear spin to form the total angular momentum F = I + J . Each hy-
per�ne state, characterised by a value of the F quantum number, has its own
rate equation which is coupled to the ground state. The rate equation given
by equation 3.2.1 can not be used to model the populations for hyper�ne states.

The hyper�ne splitting of the 3d104s2 1S0 (N0) term is given by the quan-
tum numbers S = 0, L = 0, J = 0 and I = 5

2
leading to F = 5

2
, where

mF = −5
2
, −3

2
, −1

2
, 1
2
, 3
2
, 5
2
thus, a degeneracy g0 = 6. The 3d104s4p 3P1 term has

hyper�ne splitting characterized by F quantum number Fi = 3
2
, Fii = 5

2
and

Fiii = 7
2
and has a degeneracy gi = 4, gii = 6 and giii = 8. The rate equations
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Figure 3.3: Hyper�ne splitting of the 4s4p 3P1 (N1) and 3d104s2 1S0 (N0) states
for 67Zn with I = 5

2 .

for the N0 → N1 transition of 67Zn isotope is therefore given by:

dN0

dt
=A10N1i + A10N1ii + A10N1iii+

B10N1iΓ01i (t) +B10N1iiΓ01ii (t) +B10N1iiiΓ01iii (t)−
Bi

01N0Γ01i (t)−Bii
01N0Γ01ii (t)−Biii

01N0Γ01iii (t) (3.2.4)

dN1i

dt
=− A10N1i −B10N1iΓ01i (t) +Bi

01N0Γ01i (t) (3.2.5)

dN1ii

dt
=− A10N1ii −B10N1iiΓ01ii (t) +Bii

01N0Γ01ii (t) (3.2.6)

dN1iii

dt
=− A10N1iii −B10Γ01iii (t)N1iii +Biii

01N0Γ01iii (t) (3.2.7)

with Γnmi as de�ned before (section 3.2.1) and the i, ii, iii identi�es the hy-
per�ne states. In equations (3.2.4) & (3.2.5) & (3.2.6) & (3.2.7) the Einstein
A10 and B10 coe�cients are the same in each case, however the Einstein B01

coe�cients (absorption) are di�erent for the hyper�ne states as a result of the
di�erent degeneracies for the di�erent states (g1i

g0
B10 = Bi

01) and are denoted
by superscripts. The population N1 is now represented by the sum of the pop-
ulations in the di�erent hyper�ne states (N1 = N1i +N1ii +N1iii).

Under the broadband light approximation (discussed by Steck in Capter 3
[36]) equation (3.2.4) will simplify to give equation (3.2.2), thus keeping the
1 to 3 ratio between the ground and upper stat. In this case the laser band-
width would have to be large enough to excite all of the hyper�ne states at
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the same time with approximately the same energy density. If we implement
the broadband light approximation Γ01i (t) = Γ01ii (t) = Γ01iii (t) = Γ01 (t)
and substitute g1i

g0
B10 = Bi

01 with their corresponding degeneracy values (g0 =

6, g1i = 4, g1ii = 6, g1iii = 8) this will lead to equations (3.2.4) & (3.2.5) &
(3.2.6) & (3.2.7) to simplify:

dN0

dt
=A10N1i + A10N1ii + A10N1iii+

B10N1iΓ01 (t) +B10N1iiΓ01 (t) +B10N1iiiΓ01 (t)−
4

6
B10N0Γ01 (t)− 6

6
B10N0Γ01 (t)− 8

6
B10N0Γ01 (t) (3.2.8)

dN1i

dt
=− A10N1i −B10Γ01 (t)N1i +

4

6
B10Γ01 (t)N0 (3.2.9)

dN1ii

dt
=− A10N1ii −B10Γ01 (t)N1ii +

6

6
B10Γ01 (t)N0 (3.2.10)

dN1iii

dt
=− A10N1iii −B10Γ01 (t)N1iii +

8

6
B10Γ01 (t)N0 (3.2.11)

If we now apply the fact that N1 = N1i +N1ii +N1iii and
dN1

dt
= dN1i

dt
+ dN1ii

dt
+

dN1iii

dt
then equations (3.2.8) & (3.2.9) & (3.2.10) & (3.2.11) will fully simplify

to the rate equation model for atoms without nuclear spin (equation (3.2.2)).

It can be observed from equations (3.2.4) & (3.2.5) & (3.2.6) & (3.2.7)
that if the narrow band approximation (discussed by Steck in Capter 3 [36])
is applied, such that only one of the hyper�ne line-shape functions will have
a signi�cant spectral overlap with the laser bandwidth, only one line will be
excited. If the laser bandwidth is narrow enough to only excite atoms between
N0 → N1i states and we assume no initial populations in the N1 state such that
A10N1ii = A10N1iii = 0 then the rate equations (3.2.4) & (3.2.5) & (3.2.6) &
(3.2.7) can be simpli�ed to:

dN0

dt
=A10N1i +B10N1iΓ01i (t)−Bi

01N0Γ01i (t) (3.2.12)

dN1i

dt
=− A10N1i −B10Γ01 (t)N1i +Bi

01N0Γ01i (t) . (3.2.13)

3.3 Transition saturation

In the case where the energy density is large, the rate of spontaneous emis-
sion is much smaller than the rates of absorption and stimulated emission.
Under these conditions the excitation rate (dN1/dt) becomes equal to the de-
excitation rate (dN0/dt) a steady state can be reached i.e. dN1/dt = 0. In the
steady state limit equation (3.2.2) for dN0/dt can be rewritten as:

N1

N0

=
B01Γ01 (t)

A10 +B10 (t) Γ01 (t)
. (3.3.1)
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Assuming spontaneous emission is much less frequent than stimulated emission
and absorption (A10 � B01Γ01 (t) and A10 � B10Γ01 (t)) then equation (3.3.1)
can further be simpli�ed:

N1

N0

=
B01

B10

. (3.3.2)

Using the relationship between the Einstein B coe�cients (g1B10 = g0B01 ⇒
g1
g0
B10 = B01) the population ratio at steady state in equation (3.3.2) is given

by the degenerate of the two states:

N1

N0

=
g0
g1
⇒ N1 = N0

g0
g1
. (3.3.3)

From equation (3.3.3) it can be observed that if there is no degeneracy between
the lower and upper states that the same population is expected in N0 and
N1. The total number of atoms in the closed two level system can be given by
N = N0 + N1, therefore the maximum population in the upper state is given
by:

N1 = N
g1

g0 + g1
. (3.3.4)

The ground state (3d104s2 1S0 (N0)) has a degeneracy of g0 = 1 and the triplet
state (3d104s4p 3P1 (N1)) has a degeneracy of g1 = 3. Therefore the maximum
population that can be exited to the N1 state is 3/4N or 75%. This is as a
result of the degeneracy ratio (1:3) between these states and should not be
mistaken for a population inversion.

The saturation limit (maximum population which can be excited) for an iso-
tope with nuclear spin (67Zn) will be the same as an isotope without nuclear
spin if all three hyper�ne states are excited simultaneously i.e. if the laser
bandwidth is large enough to excite each hyper�ne transition. In the case
where the bandwidth of a laser only excites one or two hyper�ne transitions
of 67Zn, the maximum population which can be excited will depend on which
transitions are excited. In the case where 67Zn(ii) transition is the only transi-
tion excited then maximum population could be excited to the N1 state is 50
%, since g0 = 6 and g1 = g1ii = 6. Table 3.1 gives all the saturation limits for
all the possible combinations for 67Zn atoms.

3.4 Modeling the complete ionization scheme

In this study a three-step excitation was selected to achieve ionization, the
�rst excitation step is 3d104s2 1S0 → 3d104s4p 3P1 (N0 → N1), the second
excitation step is 3d104s4p 3P1 → 3d104s4d 3D2 (N1 → N2), the third excita-
tion step is a non-resonant step and will be represented by 3d104s4d 3D2 →
ion (N2 → Nion). Both the �rst step process and the second step are resonant
processes which means that an atom can only be excited if it interacts with
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Table 3.1: Relation between degeneracy and maximum populations for hyper�ne
transitions.

Degeneracy
of the
ground state.

Hyper�ne transition
Total degeneracy of
excited state(s)

Maximum excited
state population
(%)

g0=6 N0 → N1i gi = 4 40
N0 → N1ii gii = 6 50
N0 → N1iii giii = 8 57.14
N0 → N1i &N1ii gi + gii = 10 62.5
N0 → N1i &N1ii &N1iii gi + gii + giii = 18 75
N0 → N1ii &N1iii gii + giii = 14 70
N0 → N1i &N1iii gi + giii = 12 66.67

a photon which has a frequency corresponding to a transition (ω01 is the fre-
quency corresponding to the N0 → N1 transition and ω12 for the N1 → N2

transition). The third step process is a non-resonant step which means that
it is possible to ionize atoms if the atom is in the N2 state and if the atom
interacts with a photon which has a high enough energy (>12 997.30 cm−1) to
excite the electron into the ionization continuum. The rate equation scheme
in Figure 3.4 shows all the states and transitions that were included in the full
rate equation model for a three step three photon ionization process. Gener-
ally only electric dipole-allowed transitions are included in the rate equation
model. The only exception is the N0 → N1 transition that is spin-forbidden
(section 2.1.1) and is pumped. All the other transitions are between triplet
states. The complete rate equation model for the three-step resonance ion-
ization of Zn (for all isotopes except for 67Zn) is described by the following
equations:
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Figure 3.4: Rate equation scheme. The red arrows are transitions produced by the
laser light. Green arrows are spontaneous decay paths. Bold blue lines represent
atomic states that are part of the RIS scheme. Thin blue lines are intermediate
states for spontaneous decay. Thin red lines are states where atoms may be trapped.
Black lines indicate states that are not used in the rate equation model. Please note
that N∗2 was not considered as part of the ionization scheme, but will be mentioned
in di�erent contexts in the text.

dN0

dt
=A10N1 (t) +B10N1 (t) Γ01 (t)−B01N0 (t) Γ01 (t) (3.4.1)

dN1

dt
=A21N2 (t) + A51N5 (t)− A10N1 (t) +B21N2 (t) Γ12 (t)

−B12N1 (t) Γ12 (t)−B10N1 (t) Γ01 (t) +B01N0 (t) Γ01 (t) (3.4.2)

dN2

dt
=− A21N2 (t)− A23N2 (t)− A24N2 (t)− A26N2 (t)−

B21N2 (t) Γ12 (t) +B12N1 (t) Γ12 (t)−BionN2 (t) Γion (t) (3.4.3)

dN3

dt
=A23N2 (t)− A35N3 (t) (3.4.4)

dN4

dt
=A24N2 (t)− A45N4 (t) (3.4.5)

dN5

dt
=A35N3 (t) + A45N4 (t)− A56N5 (t)− A51N5 (t)− A57N5 (t) (3.4.6)

dN6

dt
=A56N5 (t) + A26N2 (t) (3.4.7)

dN7

dt
=A57N5 (t) (3.4.8)

dNion

dt
=BionN2 (t) Γion (t) (3.4.9)
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All of the Einstein A and B coe�cients for the rate equations given above
could not be found in the literature and some values had to be estimated in
order to complete the simulations in this study. It is important to note that
literature only provides the Einstein A coe�cients and that the Einstein B co-
e�cients are calculated from the Einstein A coe�cients, using relations given
in section 3.1.

1. The Einstein A coe�cients A10, A21 and A26 are known from the litera-
ture [4].

2. The lifetime for the 3d104s5s (N5) state is given by [40]. The sum of the
Einstein A coe�cients must equal to the lifetime of the N5 state (τ5)
such that τ−15 = A51 + A56 + A57, in this study we will use the relative
intensities given by [41] to determine a ratio between the Einstein A
coe�cients. From the relative intensity it is possible to estimate that
A56 = 1.1A51, A57 = 0.54A51 leading to τ

−1
5 = 2.64A51.

3. The Einstein A coe�cients A23 and A24 for the N2 → N3 and N2 → N4

transitions are unknown, however the lifetime (τ2) of the N2 state is given
by [40; 42]. Using this lifetime (τ2) and known Einstein A coe�cients A21,
A26 it is possible to approximate the unknown Einstein A coe�cient for
the N2 → N3 and N2 → N4 transitions. Since τ

−1
2 = A21+A26+A23+A24

must be true it can be rewritten in the following formA? = τ−12 −A21−A26

where A? = A23 +A24. In this study the degeneracy between N3 and N4

were used to determine a ratio between A23 and A24, since the N3 state
has a degeneracy of 5 and the N4 has a degeneracy of 3, thus leading to
ratio of A24 = 3

5
A23. Using the A24 = 3

5
A23 and A? = A23 + A24 it can

be calculated that A23 = 5
8
A?.

4. Information for the N3 → N5 transition (A35) is unknown, the transition
is an allowed transition between S and P terms with ∆J = 1. The
Einstein A coe�cient A35 was set equal to the Einstein A for a similar
allowed transition N5 → N6 (A56).

5. Einstein A coe�cient A45 is not given, however the relative intensities
for the transitions for N4 → N5 are given by [41]. From the relative
intensities it is possible to estimate that A45 = 0.71A35.

A summary of all the Einstein A coe�cients used in the rate equation model
is given in Table 3.2.
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Table 3.2: Table containing all allowed spontaneous emission transitions when atoms
are excited to 4s4d 3D2 state. A combination of literature values ([4; 25; 40; 42]) and
estimations were used in this table.

Transition
i→ j

Wavelength
(nm)

Einstein Aij
(s−1)

Transition
i→ j

Wavelength
(nm)

Einstein Aij
(s−1)

N1 → N0 307.59 3.8× 104 N2 → N1 330.26 1.2× 108

N2 → N6 334.56 4.0× 107 N2 → N3 6939� 1.5× 107 �

N2 → N4 6677� 9.4× 106 � N5 → N1 472.22 5.1× 107 �

N5 → N6 481.05 5.7× 107 � N5 → N7 468.01 2.8× 107 �

N3 → N5 1305 � N4 → N5 1315 �

Transition
i→ j

Wavelength
(nm)

Einstein Bij

(m3s−2J−1)
Transition
i→ j

Wavelength
(nm)

Einstein Bij

(m3s−2J−1)
N0 → N1 307.59 1.24× 1018 N1 → N2 330.26 2.71× 1021

N2 → Nion 532 4.16× 1013

� Calculated using the lifetime of the upper state and known Einstein A coe�cients as described
in this section.

� No known values have been measured for these transitions nor the lifetime of the upper state,
therefore not making it possible to estimate the Einstein A coe�cients.

� Wavelength values not available in literature. Values calculated from known energy level data
as described in text [25].

3.5 Modi�cation of the laser beam by

absorption and stimulated emission

In an industrial setup, optimization of the production of Zn may require a
sample with relatively large optical thickness in order to use the available
laser light optimally. In an optically thick medium it is crucial to model the
attenuation of the light accurately. The rate equation model is used to keep
a record of the atoms in a speci�c system but does not keep a record of the
amount of light that was absorbed by a system nor the amount of light which
remains after light has passed through a system. In order to make an accurate
estimate of the number of atoms that could be excited in a laboratory setting
it will be necessary to keep a record of the light absorbed and transmitted.
Under normal conditions when light passes through a sample the absorption
cross section of the sample for the light is a function of time (modelled by the
rate equations) and frequency. In order to keep the computational time within
reasonable limits the frequency dependence of the absorption cross section had
to be approximated by a simple model. In the model the frequency pro�le of
the energy density will remain unchanged as the laser passes through a sample.
The laser frequency pro�le is scaled by a constant absorption cross section that
is valid for the frequency position of the center of the laser frequency pro�le.
This approximation is given by Steck in Capter 3 [36] as the narrow band
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approximation, which states that our energy density (ρ(ω)) is much small
than the line-shape function (s(ω)). The absorption cross section under these
conditions per unit length is given by [36]:

dI(z)

dz
= σ (ω) I (z)

[
N1 −

g2
g1
N0

]
. (3.5.1)

Where the absorption cross section is σ(ω) = A10λ2

4
s(ω). I(z) is the total inten-

sity and z is the position along the direction of the laser beam. Spontaneous
emission does not contribute to the absorption equation as it neither removes
nor likely add photons to the laser beam.

In our simpli�ed model I(ω, t, z) = cEDρ(ω)ρ(t), where ρ(ω) is a nor-
malized Gaussian centered at ωL, the center frequency of the laser's spectral
band. The absorption cross section for the laser light is taken to be constant
and equal to σ(ωL). As the absorption cross section is taken as constant for
the full laser band, the attenuation will simply cause a change in ED and not
in the Gaussian shape of the laser spectral band. Therefore equation (3.5.1)
can be expressed as:

dED
dz

= −σ (ωL)ED

[
N1 −

g1
g0
N1

]
. (3.5.2)

This approximation is useful when the laser's spectral bandwidth is signi�-
cantly smaller than the spectral features of the atomic absorption spectrum.
For example when using a commercial tunable narrow bandwidth laser such
as, a Ti:sapphire laser (SH bandwidth of ∼283 MHz) interacting with the
atoms at sample temperature of 50 K (∼ 611 MHz atomic distribution given
by Doppler broadening) or higher. In the case where the laser's spectral band-
width is larger than the absorption features of the sample such as the Sirah
Cobra-Stretch laser (SH bandwidth of ∼1.6 GHz) interacting with the atomic
sample at most temperatures, the approximation is not accurate and will over-
estimate the attenuation.

To explain how the numerical calculation is done, consider a laser pulse for
which the time pro�le is approximated by dividing the pulse into 3 equal time
intervals (dt) and assigning a constant energy density to each time interval as
illustrated in Figure 3.5. In the real numerical model the pulse is divided into
more than 10 000 time intervals for an accurate approximation. For this exam-
ple we will treat each time interval individually. The �rst time interval of the
laser pulse (t0 → t1, indicated in green in Figure 3.5) passes through a sample
with length dz. As the laser pulse passes through the sample, the populations
in the N0 and N1 states (indicated in purple and pink respectively) change
and the energy density of the �rst time interval is also altered. Initially, all the
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Figure 3.5: Illustrates the systematic absorption process for a single spatial slice
of the sample where the laser pulse is divided into time intervals. (A) The initial
and �nal laser pulse (in time) which are divided into 3 equal time intervals. (B)
Systematic absorption sequence in a sample for each laser pulse time interval. (C)
Illustrating population change (N0 and N1) for the sample in (B) as the di�erent
laser time intervals were introduced.
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atoms are in the atomic ground state N0 when the laser energy of the �rst time
interval enters. The rate equation model is used to calculate the population
in N0(t1) and N1(t1) at time t1 after the �rst time interval of the laser pulse
has passed through the sample segment (Figure 3.5 population graph). Using
equation 3.5.1 it is possible to calculate the altered energy density of the �rst
time interval of the laser pulse (indicated with an asterisk in Figure 3.5).

The second time interval of the laser pulse (t1 → t2 indicated in blue in Fig-
ure 3.5) will pass through the same sample as the �rst time interval, however,
since the �rst time interval of the laser pulse has already passed through the
sample at this time (t1), the population in the ground state (N0) and excited
state (N1) is that of N0(t1) and N1(t1). The rate equation model is used to
calculate the population of N0(t2) and N1(t2) at time t2 after the second time
interval of the laser pulse has passed through the sample (Figure 3.5 popula-
tion graph). Using equation 3.5.1, it is possible to calculate the altered energy
density of the laser pulse for the time interval (indicated with an asterisk in
Figure 3.5). This process is repeated for the third time interval (t2 → t3 indi-
cated in green in Figure 3.5) with the initial populations of N0(t2) and N1(t2).
All the new energy density values of the di�erent time intervals of the laser
pulse are recombined and a new laser pulse after absorption is given. For
computational convenience the sample length dz in Figure 3.5 is set equal to
dz = cdt, therefore a sample with length z can be divided into multiple slices
each with a length of dz.

In the numerical model each sample slice is treated as an independent sam-
ple and all the sample slices are identical. The change in the energy density
from ρn(t) to ρn+1(t) illustrated in Figure 3.6 is calculated using the process
described above and was repeated throughout the sample to calculate ρfinal(t).

To compare the model to experiment the relation between the energy density
required by the rate equation model and the experimental measured values of
the laser pulse energy is needed. The energy density is given by:

ρ′(ω, t) = ED ρ(ω) ρ(t) (3.5.3)

where ρ′(ω, t) is the energy density, ED is the total energy density, ρ(ω) is a
normalized Gaussian function in frequency and ρ(t) is a normalized Gaussian
function in time. The energy meter in our laboratory does not distinguish
between di�erent frequencies therefore the energy density measured can be
given by:

ρ′(ω, t) = ED

∫ ∞
0

ρ(ω) ρ(t)dω = ED ρ(t) =
ED

σ
√

2π
e
−

(t− tm)2

2σ2 . (3.5.4)

Where tm is the center of the laser pulse in time. In our study we will approxi-
mate the laser pulse to have a top hat spatial pro�le in the plane perpendicular
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Figure 3.6: Illustrates the sample divided into multiple slices and the change in
the energy density as the laser pulse passes from one sample slice to another. The
initial energy density is given by ρinitial (t) and the �nal energy density is given by
ρfinal (t).

to the propagation direction. This has been chosen as a more complex trans-
verse pro�le would have pushed the computation time beyond the limits of our
resources. In the direction of propagation a Gaussian pro�le is used as illus-
trated in Figure 3.7 as this is the spatial distribution of the energy density at
a particular moment in time, for a Gaussian time pulse propagating at speed
c. The expression for the Gaussian spatial pro�le is obtained by substituting
z = c t resulting in:

ρ′(z) =
ED

σ
√

2π
e
−

(z/c− zm/c)2

2σ2 =
ED

σ
√

2π
e
−

(t− tm)2

2c2σ2 . (3.5.5)

Using the above expression it is now possible to calculate the total energy
of the laser pulse by multiplying with the area of the top hat pro�le (A) and
integrating over the Gaussian spatial pro�le in the z direction:

ELaser =

∫ 0

inf

Aρ′(z) dz = AED
1

σ
√

2π

∫ 0

inf

e
−

(z − zm)2

2c2σ2 dz (3.5.6)

=AED
1

σ
√

2π

√
π 2 c2 σ2 = AED c (3.5.7)

where ELaser is the measured laser pulse energy, A is the cross section area
of the top hat pro�le (A = πr2) where r is the laser beam radius. Therefore,
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Figure 3.7: Laser pulse pro�le in 3D.

to simulate the e�ect of a laser beam that we measured to have an energy
ELaser, the value of ED=ELaser/(Ac) must be used. In this study, a beam
radius of 1 cm was selected for the rate equation model, for all laser pulse
and simulations conducted. This beam radius is fairly large, but comparison
between the model and experiment was based on energy density and relative
yields (not on absolute values for atomic yield or ion yield) so that the choice
of beam radius does not a�ect the comparisons.

3.6 The temporal numerical model

The rate equation models for the complete ionization scheme given in equa-
tions (3.4.1)-(3.4.9) could not be calculated analytically and a simple numerical
approximation was used to calculate the various di�erential equations. Numer-
ical di�erentiation is the process of �nding the numerical value of a derivative
equation at a given point in time and can be represented by:

N ′(t) = lim
dt→0

N(t+ dt)−N(t)

dt
. (3.6.1)

Where N ′(t) is the derivative equation in question, N(t) is population of a
given state at time t, N(t+dt) is the population of a given state at time t+dt.
The approximation is only valid under the condition that dt << 1. The energy
density is the factor which will determine how fast/much N(t) and N(t + dt)
will di�er from one another, and the change in the populations is directly
linked to the change in the energy density (the di�erence between the values
of ρ(t) and ρ(t+ dt)). Therefore the ρ(t) will be used to continuously evaluate
that the value of dt is su�ciently small. In our study a recursive algorithm is
used to calculate dt to ensure that the change in the energy density between
ρ(t) and ρ(t+ dt) will never be larger than 0.1%.
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Chapter 4

Experimental setup

This chapter discusses the experimental setups as well as technical challenges
that were faced during this study. First the di�erent experimental setups used
for the investigation of the �rst, second and third step lasers will be discussed
followed by the development of the atomic vapour source. The experimental
setup and methods for LIF measurements is discussed. Lastly, the design and
operation of the TOF-MS system is discussed.

4.1 Light source

The laser system available in the laboratory consists of three dye lasers and a
Nd:YAG laser as shown in Figure 4.1. The three dye lasers used in this study
are a Sirah CSTR-D-24 dye laser from Spectra-Physics (Dye laser I) and two
Lambda Physik Fl 3001 dye lasers manufactured by Lasertechnik (Dye lasers
II and III). The dye lasers are pumped by a neodymium-doped yttrium alu-
minium garnet solid state laser, model Pro-270-10 developed by Quanta-ray
Spectra-Physics Laser inc (Nd:YAG laser). The Nd:YAG laser produces pulses
of ∼10 ns duration at a repetition rate of 10 Hz, maximum pulse energy of
∼500 mJ in its third harmonic output (355 nm). The third harmonic output
from the Nd:YAG laser (355 nm, typically 200 mJ/pulse are used) is split
with a 50/50 beam splitter, and used to pump dye lasers I and II as shown in
Figure 4.1. The wavelength range of a dye laser system pumped with 355 nm
light is 373-722 nm (depending on the dye used) and the wavelengths required
for the �rst two excitation steps in Zn are ∼307 nm and ∼330 nm.

Dye laser I (Rhodamin B/110 at 0.35 g/L in ethanol) produced 614 nm (∼1.5
mJ with a 100 mJ pump) that was frequency doubled in a beta barium bo-
rate (BBO) crystal to 307 nm (∼14 µJ). Dye laser II (Rhodamin 101/640 at
0.50 g/L in ethanol) produced 660 nm (∼1 mJ with a 100 mJ pump) that
was frequency doubled in BBO to 330 nm (∼3 µJ). Both frequency doubling
units makes use of angular phase matching, with an additional walk-o� com-
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Figure 4.1: Experimental design for RIS. Components: Beam splitter (BS), Mirror
(M1,M2,M3), Second-harmonic generation (SHG), planar convex lens (L) and Time
of �ight mass spectrometer (TOF-MS). Please see Table 4.1 for details about optics.

pensating crystal that allows adjustment of the phase matching angle without
in�uencing the optical path. The di�erence in the SHG e�ciency between
Dye laser I and Dye laser II could be as a result of the age of the BBO (beta
barium borate) crystals used, the BBO crystal used in the SHG I system was
purchased in 2019 while the BBO crystal in the SHG II was purchased in
∼2000 and could have been degraded by long term exposure to the moisture
in the air.

Dye laser I was selected for the �rst step excitation of Zn as this laser has
a narrower bandwidth (0.04 cm−1) and a smaller minimum frequency step size
(0.5 pm) than Dye Laser II (with bandwidth 0.4 cm−1, minimum step of 1
pm). Both the SHG I and SHG II systems make use of BBO type I crystals
and uses angular phase matching. From this point on when referring to the
"�rst step laser" it will be the light generated by the SH of dye laser I and
when referring to the "second step laser" it will be the light generated by the
SH of dye laser II.

The SH of the Nd:YAG laser is used for the �nal step excitation (also re-
ferred to as the ionizing laser). Usually the Nd:YAG SH was used directly for
non-resonant ionization, but for investigation of ionization near the ionization
limit of Zn the Nd:YAG SH was used to pump dye laser III (with dye Styryl
8, at 0.15 g/L in ethanol) to produce tunable light at 770 nm (maximum
output 180 µJ with 120 mJ pump). From this point on when referring to the
"third step laser" it will be the SH of the Nd:YAG laser unless stated otherwise.
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Table 4.1: List of optical components used in Figures 4.1 & 4.3 & 4.4

Label Name Speci�cation
M1 Mirror NB1-K12 (Nd:YAG Mirror: 524-532 nm, 0°& 45°) �

M2 Mirror NB1-K08 (Nd:YAG Mirror: 349-355 nm, 0°& 45°) �

M3 Mirror
PFSQ05-03-F01 (Enhanced Aluminum Coated
Metallic Mirror: 250-450 nm)�

M4 Mirror
ME1S-M01 (Square Protected Gold Mirrors:
800 nm-20 µm)�

BS Beam splitter
BS1-355-50-1012-45UNP (High Energy Plate
Beamsplitter 50%/50%) �

L Lens LA1461 N-BK7 (Plano-Convex Lens, 1", f = 250 mm)�

� Manufactured by Thorlabs.
� Manufactured by CVI laser optics.

The light generated by the SH stages for the �rst step and second step lasers
have mixed polarization (combinations between vertical and horizontal) and it
is for this reason that we have selected to spatially overlap our laser pulses in
free space, rather than using polarizing beam combiner crystals which would
result in signi�cant energy loss as only one polarization could be used. The
�rst and second step laser beams were overlapped (crossed) in the center of
the TOF-MS system, each beam at an angle of ∼2.75 degrees to the primary
optical path. The third step laser was aligned along the primary optical path.

4.1.1 Pulse timing and optical delays

The temporal overlap between second and third step pulses is essential for ion-
ization of Zn (see full discussion in section 5.2.2). Therefore, an optical delay
was introduced to the optical path of the third step laser pulse (SH of the
Nd:YAG) to ensure temporal overlap of the second and third step laser pulses.
An optical delay path of 3 m was introduced as indicated on Figure 4.3. This
resulted in a signi�cant increase in the beam diameter (∼2.5 cm). A planar
convex lens was used to focus the light of the ionization laser into the TOF-MS.
Figure 4.2 shows the laser pulses measured by a fast photodiode without and
with the optical delay. The optical delay successfully delayed the third step
laser enough (Figure 4.2 (B)) to ensure temporal overlap between the third
step laser and the second step laser.

The �rst step excitation has a long lifetime (∼20 µs) and the overlap be-
tween the �rst and second step lasers are not as crucial as the overlap between
the second and third step laser pulses. In section 5.3.2 the impact on Zn ion
production due to the temporal overlap between the �rst, second and third
step pulses is investigated. In order to investigate this an adjustable optical
delay was introduced to the optical path of the �rst step laser as observed in
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Figure 4.2: Measured temporal overlap between �rst, second and third step pulses
(A) without optical delay and (B) with optical delay.

Figure 4.3. The adjustable optical delay was created by mounting two mirrors
at a 45° angle to one another on a slider that can move freely on a 1.5 meter
long railing. A total optical delay of -0.5 to 6.5 ns (negative time indicating
second and third step pulses arriving before �rst step pulse) between the �rst
step pulse and the second and third pulses was achieved.

4.1.2 Rydberg setup

In section 5.3.2 the ionization limit and Rydberg levels will be investigated.
The ionization limit can not be investigated using the SH of the Nd:Yag laser
as the ionization laser (third step laser) since it is not possible to tune the
frequency of the Nd:Yag laser, therefore it was necessary to introduce a third
dye laser (dye laser III) into the setup (Figure 4.4). The third dye laser was
pumped with the SH of the Nd:Yag laser (532 nm) allowing us to generate
wavelengths between the 541-900 nm region depending on the dye used. The
dye used in dye laser III was Styryl 8 with a concentration of 0.15 g/L using
ethanol as a solvent. At this concentration the peak wavelength of the dye
laser III will be at 744 nm with a wavelength range between 712-782 nm. It
should be noted that 782 nm is the longest wavelength that we could produce
in our laboratory at this time, as we did not have access to dyes and solvents
which are necessary to generate longer wavelengths. Dye laser III has a band-
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Figure 4.3: Experimental design for RIS. Components: Beam splitter (BS), Mirror
(M), Second-harmonic generation (SHG), planar convex lens (L) and Time of �ight
mass spectrometer (TOF-MS). Please see Table 4.1 for details about optics.

Figure 4.4: Experimental design for RIS. Components: Beam splitter (BS), Mirror
(M1,M2,M3,M4), Second-harmonic generation (SHG), planar convex lens (L) and
Time of �ight mass spectrometer (TOF-MS). Please see Table 4.1 for details about
optics.

width of 0.4 cm−1 according to speci�cations and a frequency step size of 1
pm (∼1 GHz).

The third step laser was tuned over 712-782 nm to investigate how the ion-
ization e�ciency is a�ected by the photon energy. It should be noted that
the e�ciency of a dye laser is coupled to the dye used. For Styryl 8 the peak
wavelength is expected to be at 744 nm with an e�ciency of 16%, but the
laser e�ciency will decrease when tuning the laser to longer and shorter fre-
quencies. It was therefore necessary to take the dye e�ciency into account
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when evaluating the ionization e�ciency. In our study the energy of dye laser
III was monitored using two methods: �rst the energy of dye laser III was
measured periodically with an energy meter and secondly the intensity of dye
laser III was measured continuously using a photodiode (Thorlabs DET10A).
The energy meter was placed in the optical path of dye laser III at speci�c
wavelengths as dye laser III was tuned. When the energy meter is placed in
the optical path, no light is transmitted after that point thus it is necessary
to pause the measurement. The photodiode was used to continuously measure
the re�ection of the third step laser from the magnesium �uoride entrance
window (section 4.4) of the vacuum system as illustrated in Figure 4.4.

Using the energy meter values to calibrate the relative measurements of the
photodiode it was possible to monitor the change in the laser energy of dye
laser III as the experiment is conducted. Additionally, since the photodiode
will be continuously measuring the laser intensity of dye laser III (as a mea-
surement is conducted) it will allow energy �uctuations (�uctuations in the
pump beam or depletion of dye in circulator) of dye laser III to be taken into
account. Dye laser III was successfully installed and calibrated with assistance
from the CSIR technical support team. Dye laser III was also successfully
integrated into the LabVIEW program.

4.2 LabVIEW control

As a part of my PhD study I was tasked in developing a comprehensive Lab-
VIEW program for controlling all aspects of the experiments. The four main
objectives of this program were:

1. Control of dye laser systems (Sirah and Lambda Physik dye lasers).

2. Control and calibration of SHG systems.

3. Data collection via data acquisition system (DAQ) and oscilloscope.

4. Storage of data.

The Sirah dye laser is supplied with example LabVIEW programs as well as
subVI (libraries) �les which can be used to control the laser system. However,
older laser systems like the Lambda Physik Fl 3001 dye lasers do not have
standardized LabVIEW programs and subVI �les. The Lambda Physik dye
lasers had to be programmed using ASCII codes, and this did not only require
knowledge of the ASCII coding system but also a comprehensive understand-
ing of the mechanical properties of the dye laser system (calibration processes,
limit switches, grating motor voltages, etc.) and the operation of the dye laser
system in its entirety. An example is the grating which selects the central
frequency transmitted by the dye laser system which works in multiple grating
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orders and the correct grating orders must be selected when the laser system
is tuned over a given region. When controlling the Sirah laser these aspects
were already included into the supplied subVI �les.

Two SHG systems also needed to be controlled with the main LabVIEW pro-
gram. These systems make use of rotational mounts driven by stepper motors
to maintain angular phase matching as the laser wavelength is tuned. One
of the SHG system's came with a LabVIEW compatible controller and subVI
(libraries) �les and could be integrated into the system with some e�ort. The
other SHG system did not have a controller and a LabVIEW control system
had to be developed, once again this required understanding of the mechanical
properties of the SHG system as well as the system as a whole. Each SHG
system had to work in unison with their assigned dye laser system. Therefore
each system was calibrated experimentally by measuring the optimal phase
matching angle at di�erent wavelengths and using the data to relate the step-
per motor position to the wavelength, thus making it possible to provide the
optimal phase matching angle as the dye laser system is tuned of a frequency.

Data collection was done by using a analogue to digital converter (DAQ unit)
or retrieving oscilloscope traces or both. The DAQ systems used in this study
(National Instruments model NI USB-6211) came with subVI �les which were
used to successfully retrieve data from the unit. The oscilloscope used in this
study (Tektronix TDS 2024C) came with subVI �les. However this system is
not designed for continuous data exporting, and a custom program was de-
veloped which allowed oscilloscope traces to be averaged (for a set number of
laser pulses) and then retrieved. The averaging allowed for the system to not
be overwhelmed with retrieval requests. The DAQ unit and oscilloscope trace
methods could be conducted at the same time.

For each laser frequency, data is collected (DAQ unit or oscilloscope trace),
and this data is systematically stored with the corresponding laser frequency
on the laboratory computer. The data storage system developed in this study
ensures that no data is overwritten by the LabVIEW program and that all
data is saved in �les containing the date and time when the experiment con-
cludes. Additionally, the data is saved after each frequency step and not all at
once at the end, giving an extra layer of protection in case of power failure or
any other situation that makes it necessary to stop the experiment.

4.3 Atomic sample/beam

In this study an atomic beam was generated using a thermal source of Zn
atoms. To create a thermal source, a stainless steel needle is �lled with Zn
shavings, this needle is then crimped at both ends to ensure that no Zn leaks
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out when heated. The needle is bent through a 90 degree angle, at the bend
the needle is �led down till the Zn in the inner tube of the needle is exposed
as observed in Figure 4.5 (A). When a current is applied over the needle the
point of highest resistance (at the 90 degree bend) heats up signi�cantly and if
a large enough current is applied to the needle, Zn atoms are evaporated from
the needle at the 90 degree bend. Zn has a melting point of 692 K and a boil-
ing point of 1180 K. It should be noted that stainless steel has a signi�cantly
higher melting point compared to Zn (1510 ◦C for stainless steel vs. 419◦C
for Zn), therefore we do not need to be concerned about melting the needle
during measurements.

The vapour pressure formula for Zn metal is:

P (T ) = 760× 10A+B/T+Clog(T )+D/T 3

(4.3.1)

where P (T ) pressure given in torr for a given temperature T , A, B, C and D
are coe�cients which is given by Alcock et al. [43]. A graph of the vapour
curve for Zn is shown in Figure 4.5 (C). This vapour curve can be used to
calculate the atomic density of Zn for a given temperature.

It was observed from the LIF and ion measurements that when current is
applied to a new needle (�lled with Zn) it will transmit a higher amount of
Zn atoms for a short period of time (∼1 hour) after which the amount of Zn
atoms produced is lower, but stable. When investigating the needle used for
LIF and ion measurements afterwards it was observed that the visible Zn lo-
cated inside the needle (Figure 4.5 (A)) has been melted/evapourated away
after measurements (Figure 4.5 (B)). Not all the Zn has been evapourated out
of the needle but only the Zn that was closest to the 90 degree bend where the
needle would heat up the most.

An array of 4 needles which can be used independently from one another were
prepared (Figure 4.6) and placed inside the TOF-MS vacuum system. All the
needles were connected by a copper base plate while the top of the needles
were independently connected to a vacuum feed-through connector using in-
sulated copper wire. The copper base plate was mounted on top of a nylon
stand thus insulating the system from the vacuum chamber, a current could
now be applied to a needle using a DC power supply (Instek DF1731SB). The
current to a needle was adjusted as needed, on average 4.5 V and 0.06 A where
supplied to a needle.

An insulating nylon sca�old was designed to mechanically support the stainless-
steel needles (�lled with Zn shavings) from which an atomic beam of Zn atoms
was allowed to vaporize. The Zn vapour passed through two 2 mm apertures
resulting in a conical beam of Zn atomic vapour with the �ux density being
highest along the conical axis and decreasing radially outwards. The second
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Figure 4.5: Zn needle (A) before experiments and (B) after experiments. Vapour
pressure of Zn (C) calculated using equation (4.3.1).
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Figure 4.6: Atomic sample/beam design.

purpose of the nylon housing was to help limit the amount of Zn atoms which
get distributed in the vacuum TOF-MS system. Most of the atomic vapour
will be deposited on to the housing itself, the rest on cold surfaces near the
top of the vacuum chamber, and only a small amount of the vapour will reach
the vacuum pumps positioned below the vapour source.

The vapour source assembly is placed with the top of the bent needles 10
cm below the laser beams. The metallic vapour pressure curve given in Fig-
ure 4.5 (C) only indicates the pressure that is expected close to the needle,
therefore it is necessary to make an approximation of the density of the atomic
vapour at the position of the laser beams.

First lets assume that a homogeneous cloud of atoms are formed around the
needle (for the sake of visualisation we consider a sphere with 1 cm radius).
Using the metallic pressure vapour curve given in Figure 4.5 (C) the density
of atoms in this region and the total number of atoms in the 1 cm radius
sphere is calculated. Assuming that the Zn is at its melting temperature (692
K) the sphere contains 6.99×1012 atoms. Next we assume that this cloud of
atoms is allowed to freely expand into the vacuum system in all directions un-
til adsorbing to a cold surface. We assume that the skimming by the housing
apertures do not signi�cantly disturb the free expansion of the atoms passing
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Figure 4.7: Illustration of atomic density expansion.

through the apertures. Under the assumption of free expansion, as illustrated
in Figure 4.7, the atoms that were originally in the spherical volume A will
expand as spherical shell and after some time �ll the volume labeled B with
outer radius of 10 cm. Therefore it was calculated that the atomic density in
area B is ∼6.15×109 atoms/cm3. It should be noted that this is only a rough
estimate since no collisions, initial atomic velocities or the two apertures with
a diameter of 0.5 mm in Figure 4.6 were taken into account. It is very pos-
sible that the atomic density could be higher as a result of the initial atomic
velocities of the atoms being somewhat directional as they are emitted by the
opening of the needle, however it is also possible that the atomic density could
be lower than our estimate as using two apertures with a diameter of 0.5 mm
and the housing could cause collisions which will limit the amount of atoms
which will be emitted through the apertures.

4.4 Laser-induced �uorescence

Before ionization measurements can be conducted the LIF of the �rst and sec-
ond step excitation was measured in order to �nd and �ne-tune the resonant
frequencies for the excitation steps. The LIF measurements were conducted in
a vacuum system as this allows for the atoms from the atomic source to freely
expand into the system with minimal collisions. Figure 4.8 shows a diagram of
the vacuum system used for LIF measurements. It forms part of the TOF-MS
system which will be described in more detail in later sections.
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Figure 4.8: Experimental setup of LIF measurements.

The atomic source was placed 10 cm below the optical path as the extrac-
tor plates from the TOF-MS (not visible in Figure 4.8) do not allow a closer
position. To measure the LIF a Hamamatsu R106 photomultiplier tube (PMT)
was selected as this detector has an e�ective wavelength range of 160 - 650 nm.
The PMT was speci�cally placed in line with the atomic source, since the �rst
excited state (3d104s4p 3P1 (N1)) is a long lived state (∼ 20 µs). If the detector
was placed in line or perpendicular with the optical path it is highly possible
that atoms which are excited will de-excite outside of the detection window as
they move in an upward direction.

The frequency of the �rst step laser was tuned stepwise over a selected fre-
quency range (both the second and third step lasers are not used), at each
frequency step the signal from the PMT was sent to a Stanford Boxcar in-
tegrator (Stanford Research Systems, SR200 Series) or a multi channel oscil-
loscope. For the �rst step excitation a multi channel oscilloscope was used
to collect the PMT signal data. Since the excited state (N1) has a long life-
time it was possible to use the oscilloscope traces to measure this long lifetime.

The oscilloscope trace resolution in time and voltage (signal strength) is de-
pendent �rst on the model of the oscilloscope and secondly on the parameters
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set for the measuring channel. The oscilloscope used in this study allowed
for a total of 2500 data points along the x-axis (time) and y-axis (intensity).
The number of data points can not be altered however the time and voltage
interval can be altered to a certain limit. If the change in the input voltage is
not larger than the smallest voltage scale unit then the change in the signal is
not recorded, but when the signal voltage is larger than the maximum of the
oscilloscope voltage range the signal is distorted (an example in section 5.3.2).
This is why it is important to use a multi channel oscilloscope as it allows the
same signal to be measured at the same time for di�erent voltage scales.

To measure the LIF of the second step excitation, the frequency of the �rst
step laser was �xed on the N0 → N1 transition. The third step laser is not used
when measuring the LIF. The frequency of the second step laser was tuned
stepwise over a selected frequency range, at each frequency step the signal
from the PMT was sent to a boxcar integrator. The second step excitation
has a short lifetime meaning, that the LIF is emitted during the second step
laser pulse and had to be measured as a small change in a large signal due to
scattering from the laser. The boxcar integrator is more sensitive for changes
in intensity compared to a multi channel oscilloscope which is limited by the
resolution of the oscilloscope model and channel parameters as discussed pre-
viously. The integrated signal from the Stanford Boxcar integrator was sent
to a DAQ which allows the integrated signal to be stored on the PC.

To investigate properties related to the EinsteinA35 coe�cient (see section 5.2.3)
the �uorescence from the 4s4d 3D2 (N2) state at wavelengths longer than 420
nm needed to be measured independent of the �uorescent light at ∼330 nm
emitted by the N2 → N1 transition. Using a commercial UV-VIS spectrom-
eter system (Cintra 101) it was veri�ed perspex could indeed be used as an
edge �lter with a cuto� wavelength of ∼390 and a transmission rate of ∼90%
at longer wavelengths as observed in Figure 4.9. A circular perspex disk was
machined by our workshop with a radius of 3.6 cm and thickness of 0.5 cm.
This circular disk was then placed before the detection window of the PMT
as shown in Figure 4.10.

4.5 TOF-MS system

In this study a "TOF Mass spectrometer and analysis chamber" supplied by
Kore Technology Ltd. (2010 model) that was provided to our lab by the CSIR
in 2017. The Zn investigation reported here was the �rst application of the
TOF-MS in our laboratory. PhD student Frederick Waso was responsible for
setting up and commissioning the TOF-MS in our lab, and I was responsible
for the rest of the setup in order to conduct measurements on Zn ions.
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Figure 4.9: Optical properties of the edge �lter.

Figure 4.10: Experimental setup of LIF measurement with edge �lter.

Stellenbosch University https://scholar.sun.ac.za



CHAPTER 4. EXPERIMENTAL SETUP 57

Figure 4.11: TOF-MS 3D model.

First an overview will be given of the components and their positions in the
TOF-MS system followed by a discussion on how the TOF-MS system with
a re�ectron works and lastly how ionization measurements were conducted.
A 3D model (not to scale) of the TOF-MS system used in this study can be
observed in Figure 4.11. The atomic source is not indicated in the 3D model
however, the atomic source is centered in the vacuum pipe above the turbo
pump and 10 cm below the laser beams.

Two turbo pumps (Pfei�er Turbo Pump TL 011 and Agilent Varian TV301
NAV) are used to generate a su�cient vacuum (below 10−6 mBar) in the TOF-
MS system, the pressure in the system is monitored using a Alcatel ACC 2009
pressure gauge. Two turbo pumps are required as the TOF-MS is divided
into a source chamber where ionization takes place, and an analysis chamber
housing the detector, with a small aperture between the chambers to facilitate
di�erential pumping (the division is not visible in Figure 4.11 but is visible
in Figure 4.12). In this study a dual micro channel plate detector (DMCP)
model Photonis APD 2 MA 18/12/10/12 D 60:1 was used for ion detection.
The TOF-MS system can be broken up into the following four steps:

1. Acceleration of the ions using extractor plates.

2. Steering of the ions using steering plates.
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3. Increasing ion path using re�ectron plates.

4. Detection of ions using microchannel plate (MCP).

A scale drawing of the TOF-MS system adapted from the manufacturer's doc-
umentation [44] is shown in Figure 4.12.

Ions are created at di�erent positions within the overlap volume of the three
lasers (approximately 785 mm3), and with di�erent velocity components par-
allel and perpendicular to the direction of the acceleration. The variation in
the initial ion velocity, components and position play a role in the �nal spa-
tial focus of the TOF-MS system. The spatial focus of a TOF-MS system is
the spatial position on the �ight path where all the ions of the same species
(isotope) converge in �ight time because ions that have been accelerated from
di�erent initial positions have caught up with one another [45].

Acceleration of the ions

When Zn is ionized, an electron is removed from the Zn atom resulting in a
positively charged Zn+ ion. When an electric �eld (potential) is applied to this
ion it will experience a force, the ion will either be pushed (repelling force)
or pulled (attracting force) depending on the orientation of the electric �eld.
The ions are created in a region between the backplate and extractor plate,
the voltage supply to the backplate is 2 kV and the voltage supply to extractor
plate is 1.6 kV, thus resulting in a potential gradient and an electric �eld in
the region between the plates. This potential gradient can be thought of as a
slope, where ions on the top of the slope will have a higher potential energy
compared to the ions at the bottom of the slope. The ions will be generated
in a certain volume in space between the backplate and extractor plate, the
ions closer to the backplate will be accelerated more as they remain longer in
the electric �eld. The TOF-MS system that is used in this study has an ad-
ditional potential (intermediate plate with a voltage of ∼0.9 kV) added to the
system thus resulting in the Wiley-McLaren two stage ion source con�guration
[46]. The Wiley-McLaren two stage ion source con�guration was developed by
Wiley and McLaren in 1955 and allows for adjustment of the position of the
spatial focus. It is important to detect the ions at the spatial focus as all the
ions for a given species will arrive at the same time therefore increasing the
resolution of the TOF-MS system.

Thus far we only described what happens to ions of a given species (ions
which all have the same mass and charge). When ions of di�erent mass are
created in the electric �eld they all experience the same force generated by
the electric �eld/potential F=ma=qE. Since the di�erent ions experience the
same force but have di�erent masses they will experience di�erent accelera-
tions within the electric �eld (between the backplate and intermediate plate),
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Figure 4.12: Scale drawing of TOF-MS system adjusted from [44] drawing.
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lighter ions will be accelerated more than the heavier ions. Once the ions leave
the electric �eld they travel in a region known as the �eld free drift region (no
electric �elds). The kinetic energy of the ions is then given by:

EK =
1

2
mv2 = qUx. (4.5.1)

Where EK is the kinetic energy, m is the mass of the ion, v is the velocity of
the ion, q is the charge of the ion and Ux is the electric potential di�erence
between the di�erent plates and where the ion was created. The time that it
will take an ion to travel a distance X after leaving the electric potential is
given by:

tX =
X

v
= X

√
m

2qUx
. (4.5.2)

From equation (4.5.2) it can be observed that the lighter ions will reach a dis-
tance X before the heavier ions as their velocity is greater. The time and the
ion mass have a quadratic relationship and when the distance the ions travel is
increased, the mass separation will (the di�erence in �ight-time between two
masses) also increase.

In this study we will not be investigating the TOF-MS system in detail as
the system was only used to measure the Zn isotopes. A PhD student in our
laboratory (F.H. Waso) will be investigating the TOF-MS system in detail by
simulation and experiment.

Ion steering

The steering plates are located in the second step region indicated in Fig-
ure 4.12, after the "pumping can". The "pumping can" allows for di�erential
pumping. Di�erential pumping is implemented to ensure that the pressure in
the section which houses the re�ectron (third step) and detector (four-step)
does not increase to levels during experiments which could damage the re�ec-
tron or detector. The "pumping can" does limit the fraction of ions which will
reach the de�ection/steering plates as the "pumping can" only has a 3 mm
aperture where ions can pass through as illustrated in Figure 4.13.

The pair of x,y de�ectors in Figure 4.13 are separate dipoles, and not a
quadrupole lens, as this permits a larger beam of ions to be transmitted with-
out distortion or losses [44]. The de�ectors allow for steering of the ion beam
into the re�ectron (see next section), where after the ions are re�ected to a
detector (MCP). The x de�ector plates allow steering towards the detector in
the horizontal plane, and the Y de�ector plates steering orthogonal to this.
The degree of de�ection required is dependent in part upon the starting ve-
locities of the ions. In the case of the di�usive atom source it was determined
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Figure 4.13: Illustration of Wiley-McLaren two stage ion source with "pumping
can", all ions indicated are the same species e.i. same mass and charge.

that no voltage (0 V) had to be applied to the y de�ectors and ∼ 80 V had to
be applied to the x de�ector plate for optimal ion detection.

Re�ectron

A re�ectron also known as an ion mirror was �rst introduced by Mamyrin et
al. in 1973 as a method to create a second spatial focus by compensating for
the kinetic energy distribution of the ions as they reach the re�ectron [47].
The concept of a re�ectron is very similar to the Wiley-McLaren two stage
system, an electric gradient �eld/potential is generated, as the ions interact
with this �eld they will be slowed down and eventually the ion propagation
direction changes as illustrated in Figure 4.14. A re�ectron consists of a set
of grids. Similar to a Wiley-McLaren two stage system a voltage is applied
to the intermediate grids as well as the backplate of the re�ectron. In Fig-
ure 4.14 it is illustrated that the higher energetic ion (the ions which were
initially closer to the backplate) will take longer to be slowed in the re�ectron
thus travel deeper into the re�ectron, the lower energetic ions (the ions which
were initially furthest away from the backplate) will not travel as deep into
the re�ectron before turning around.

It is illustrated in Figure 4.14 that the re�ectron creates a secondary spatial
focus and ideally the detector is placed at this spot. One of the biggest advan-
tages of using a TOF-MS system which contains a re�ectron is that the ions
travel a signi�cantly longer path to reach the secondary spatial focus, thus
allowing for greater resolving power (ability of separating two narrow mass
spectral peaks). It should be noted that the primary/�rst-spatial focus occurs
in the ns time region after the ions have been created while the second-spatial
focus occurs in the µs time region after the ions have been created.
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Figure 4.14: Illustration of Wiley-McLaren two stage ion source with re�ectron,
all ions indicated are the same species i.e. same mass and charge.

Microchannel plate

The ion detector is placed where the second-spatial focus occurs. In the TOF-
MS system used in this study (Figure 4.12) it was designed to be just after the
steering ion optics therefore maximizing the ion path. A dual micro channel
plate detector (DMCP) model Photonis APD 2 MA 18/12/10/12 D 60:1 was
used.

When a single ion interacts with the MCP plate it will produce multiple sec-
ondary electrons, if these electrons once again interact with the inner side of
the MCP channel even more electrons will be generated. This cycle can con-
tinue several times and the resulting electron avalanche can generate many
thousands of output electrons. The electrons exit the channels and collect on
an anode thus generating the signal. Each of the many channels can act as an
independent electron ampli�er [48; 49].

The resulting sensitivity depends not only on the ampli�cation factor, but
also on noise. Ideally, every incident ion would cause an avalanche of the same
intensity, however, MCP exhibits a non-perfect quantum e�ciency (greatly
depending on the device design, for example, the open area ratio), and there
are also considerable �uctuations in the multiplication process [51].

The signal from the MCP detector is sent to a multi channel oscilloscope and,
a scope trace, representing the �ight time spectrum of the ions, is recorded.
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Figure 4.15: Illustration of MCP operation adapted from [50].

Table 4.2: List of voltages used in TOF-MS system.

Component Plate name Applied voltage (V)

Extractor
Extractor -1600 �

Intermediate -900 �

Backplate -2000 �

De�ector
Steering X -80 �

Steering Y 0 �

Re�ectron
Re�ector -2000 �

Retarder -1000 �

Detector MCP -2500 �

� Given by manufacturer.
� Determined by investigating ion signal strength and reso-
lution.

Operating voltages for the TOF-MS

A list of voltages used for the TOF-MS system is given in Table 4.2, some
voltages are given by the manufacturer for optimal ion signal and some voltages
had to be optimized for our speci�c ion source.
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Results and discussion

5.1 First step excitation

In this section we will be investigating the 4s2 1S0 → 4s4p 3P1 (N0 → N1)
excitation that is the step that has the potential to be isotope selective. The
e�ect that sample temperature has on the linewidth of the di�erent Zn iso-
tope lines was investigated (section 5.1.1). We investigated the impact of laser
bandwidth and laser frequency detuning of λ1 (�rst step laser), and the e�ect
that this has on isotope selective excitation (section 5.1.2). Investigation was
conducted into the role of the laser pulse energy and saturation, and imple-
mentation of a multi-layer sample in the rate equation model (section 5.1.3).
Experimental results for laser-induced �uorescence (LIF) measurements of the
N1 → N0 transition are compared to the results of the rate equation model.

5.1.1 Simulation of the e�ect of temperature

The e�ect which the sample temperature has on the line-shape function (s(ω))
of the di�erent isotopes of Zn by means of the Doppler e�ect (for all broad-
ening e�ects please see section 2.6) can be seen in Figure 5.1, where a total
line-shape function is created by taking the sum of the line-shape function
between the di�erent Zn isotopes. The frequency dependent energy density
functions (ρ(ω)) for the frequency doubled Sirah Cobra-Stretch pulsed dye laser
which was used in this study and a Ti:sapphire laser (a commercial tunable
narrow bandwidth laser) are shown in Figure 5.1 to illustrate the relative scale
in spectral width between the laser bandwidth and the Doppler broadened
linewidth of the Zn isotopes. The bandwidths of the fundamental frequencies
of the lasers are speci�ed as 1.2 GHz for the Sirah Cobra-Stretch dye laser and
200 MHz for the Ti:sapphire laser. SHG was required in order to achieve the
desired frequency for excitation of the N0 → N1 line. To determine the new
bandwidth of the SH a convolution of two fundamental laser pulses was taken
and it was determined that the SH bandwidth of the Sirah Cobra-Stretch laser
is 1.6 GHz and the SH bandwidth of the Ti:sapphire laser is 283 MHz.

64
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The natural linewidth of the N1 → N0 transition was calculated to be 5 orders
of magnitude smaller (0.0013 MHz vs. 611 MHz) than the Doppler broad-
ened linewidth at 50 K and therefore will not play any signi�cant role in the
spectral resolution. It can further be observed from Figure 5.1 that even with
an in�nitely narrow bandwidth laser it would not be possible to selectively
excite individual isotopes when working at high temperatures (T>50 K). It
should be noted that in this study the temperature of the sample could not be
measured nor could the temperature of the sample be control, therefore the
following simulations where conducted at various temperatures to investigate
the impact which theses temperatures will have on our system. The four tem-
peratures used for the Doppler broadening spectra were speci�cally selected to
illustrate:

1. At 10 K it is possible to resolve the individual isotope peaks and selec-
tively excite individual isotopes using a su�ciently narrow band laser.

2. At 50 K the isotope peaks are partially overlapping and excitation of
isotopes will only be partially selective, even when using a laser with an
in�nitely narrow bandwidth.

3. At 297 K the Doppler broadening at room temperature is illustrated.
The isotope lines are overlapping so much that they can not be resolved.

4. At 692 K the Doppler broadening at the melting temperature of Zn is
illustrated. This is taken as an estimate of the temperature of Zn vapour
produced by heating a metal sample.

From Figure 5.1 it can be observed that it should be possible to selectively
excite 67Zn by detuning the frequency of the excitation laser to the short-
wavelength side of line (iii) of 67Zn or to the long wavelength side of line (i) of
67Zn. This will be investigated in the next section.

5.1.2 Simulation of laser detuning

The rate equation model was used to investigate the impact that the laser
bandwidth has on isotope selective excitation. Additionally, laser detuning
was investigated as a method for isotope selective excitation. First we illus-
trated the simulated results when the laser bands are resonant with 64Zn and
67Zn(i) respectively.

Figure 5.2 (A) illustrates the Doppler broadened line-shape function of the Zn
isotopes at 10 K, as well as both the Ti:sapphire and Sirah Cobra-Stretch laser
energy density functions on resonance with the 64Zn isotope resonance. Fig-
ure 5.2 (A) shows that the bandwidth of the Ti:sapphire laser predominantly
covers the 64Zn isotope, while the bandwidth of the Sirah laser stretches over
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Figure 5.1: Line-shape function for the �rst excitation (N0 → N1) calculated at
di�erent temperatures showing the Doppler broadening e�ect on the lines of the Zn
isotopes. Frequency dependent energy density functions for the frequency doubled
Sirah Cobra-Stretch dye laser (blue) used in this study, and a typical narrow and
frequency doubled Ti:sapphire laser (grey). All functions normalized to peak of 64Zn.

64Zn,66Zn, 67Zn, 68Zn and 70Zn isotopes. The time evolution of the popula-
tions in the ground and excited states for the isotopes as calculated by the rate
equation model are shown in Figure 5.2 (B) & (C) for the Sirah Cobra-Stretch
and Ti:sapphire lasers, respectively at a given frequency. In both �gures the
laser pulse in time is also indicated. The percentage of atoms given on the
y-axis in Figures 5.2 (B) & (C) is taken relative to the total number density
of atoms available in the ground state and calculated using equation (5.1.1).
The excitation yield gives the relative percentage of AZn in the excited state
(N1) and is given by:*

Excitation yield of AZn =
nr. of AZn atoms in NE

NT

× 100 (5.1.1)

where NE is the population in the excited state (N1) and NT is the total
number of atoms in the sample (for two state system NT = N1 + N0). The

*For a list of de�nitions of the terms used in this chapter please see page xi.
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total ground state reserve gives the relative percentage of atoms remaining in
the ground state and is given by:

Total ground state reserve =
nr. of atoms in N0

NT

× 100. (5.1.2)

In Figures 5.2 (B) & (C) the population in the N1 state for 64Zn is initially
zero (between 0-10 ns) as the laser pulse has not interacted with the sample.
As the laser pulse is introduced (∼15-45 ns with the peak of the pulse at 30
ns) the population in the N1 increase. It can be observed in Figures 5.2 (B)
& (C) that the population in the N1 state stops to increase (plateaus) before
the laser pulse has reached maximum therefore indicating that saturation is
present (see section 3.3). Additionally, it can be observed that the population
in the N1 state does not seem to decrease even when the laser pulse is no longer
present, this is as a result of the long lifetime (∼ 20 µs) of the N1 state. The
population in the N1 state does decrease but over a longer duration in time
compared to what is observed in Figures 5.2 (B) & (C).

Figures 5.2 (B) & (C) show that the Ti:sapphire laser predominantly excites
the 64Zn isotope, while the Sirah Cobra-Stretch laser excites multiple isotopes
at once due to its large bandwidth. The Sirah Cobra-Stretch laser excites more
atoms out of the ground state compared to the Ti:sapphire laser as the Sirah
Cobra-Stretch laser excites multiple isotopes at once (66Zn, 67Zn and 68Zn)
and it is possible for the excitation some of these isotopes to saturate too.

Using the population in the excited state in Figures 5.2 (B) & (C) it is pos-
sible to calculate the isotopic yield of AZn of each isotope that was excited
(Figure 5.3), the isotopic yield is given by:

Isotopic yield =
nr. of AZn atoms in NE

Total nr. of AZn atoms in sample
× 100. (5.1.3)

Equation (5.1.3) gives the e�ciency at which AZn is excited. The population
in the excited state for Figures 5.3 is recorded at a set time after the laser pulse
has passed, the set time is not crucial as the 3P1 state has a very long lifetime
(∼20 µs) compared to the laser pulse (10 ns). For the �rst step excitation, the
population using the rate equation model will be measured 30 ns from �rst
step pulse.

Figure 5.3 shows that when using the Sirah Cobra-Stretch laser (Figure 5.2
(B)) 68Zn and 70Zn do not fully reach saturation and that only 67.76 % and
19.30% of the population of 68Zn and 70Zn are excited out of the ground state.
Furthermore, Figure 5.3 shows that both 64Zn and 66Zn do approach satura-
tion and are close to the saturation limit of 75% (section 3.3). The bandwidth
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Figure 5.2: (A) Doppler broadened Zn isotope line-shape function (N0 → N1

transition) at 10 K with frequency doubled Ti:sapphire (shaded grey) and Sirah
Cobra-Stretch dye laser energy density functions (shaded blue) tuned to the 64Zn
resonance. Rate equation results: population of the ground state (all isotopes in-
cluded) and the N1 excitation yields of individual isotopes as a function of time when
excited by the Sirah Cobra-Stretch (B) and when excited by the Ti:sapphire (C).
The laser pulse as a function of time is also shown. Laser pulse energy 10 mJ and
pulse duration of 10 ns used for both Sirah Cobra-Stretch and Ti:sapphire. For rate
equation parameters see Table B.1 in appendix.

of the Sirah Cobra-Stretch laser can excite both the 67Zn (line(i)) and 67Zn
(line(ii)) transitions simultaneously therefore the the maximum isotopic yield
of 67Zn isotope is 62.5 %. From Figure 5.3 it can be observed that 67Zn also
approaches its saturation limit.

The Ti:sapphire laser (Figure 5.2 (C)) only excites 64Zn such that it approaches
saturation as indicated in Figure 5.3. The bandwidth of the Ti:sapphire laser
only partially excites 67Zn (line(ii)) and therefore the maximum isotopic yield
of 67Zn isotope which could be excited to the N1 state is 50 % as expected
when only (ii) line is pumped (section 3.3). Both 66Zn and 67Zn isotopes are
excited by the Ti:sapphire laser but do not approach saturation. The laser
detuning and laser energy is investigated in more detail in section 5.1.4.

Figure 5.4 (A) illustrates the Doppler broadened line-shape function of the
Zn isotopes at 10 K, as well as both the Ti:sapphire and Sirah Cobra-Stretch
energy density functions on resonance with one of the hyper�ne lines of 67Zn
(line(i)). Figure 5.4 (A) shows that the bandwidth of the Ti:sapphire laser
predominantly covers the 67Zn isotope, while the bandwidth of the Sirah laser
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Figure 5.3: Comparing the isotopic yield (see equation (5.1.3)) for individual iso-
topes, when exciting with Sirah Cobra-Stretch laser and Ti:sapphire laser while tuned
to 64Zn resonance. Saturation limits for isotopes without and with nuclear spin are
indicated (see section 3.3).

stretches over 64Zn,66Zn and 67Zn isotopes. The time evolution populations as
calculated by the rate equation model is shown in Figure 5.4 (B) & (C) for
the Sirah Cobra-Stretch and Ti:sapphire lasers respectively. In both Figures
the laser pulse in time is also indicated. From Figures 5.4.B and C it can be
observed that the Ti:sapphire laser predominantly excites the 67Zn isotope,
while the Sirah Cobra-Stretch laser excites multiple isotopes at once due to its
large bandwidth.

The e�ect of saturation can once again be observed in Figure 5.4 (B) where
the population in the N1 state for

64Zn isotope reaches a maximum (plateaus)
before the laser pulse has reached a maximum therefore indicating that the N1

state is approaching saturation. The Sirah Cobra-Stretch laser excites mul-
tiple isotopes at once (64Zn, 66Zn, 67Zn and 68Zn), it is possible for some of
theses isotopes to saturate N1 state. Figure 5.5 shows the isotopic yield of
each isotope as de�ned in equation (5.1.3).

The Sirah Cobra-Stretch laser only partially excites 66Zn, 67Zn and 68Zn and
therefore not all of these isotopes will reach saturation as indicated in Fig-
ure 5.5. Figure 5.5 shows that the isotopic yield for 67Zn is 10.55 % more than
the expected saturation limit for the 67Zn (line(i)) transition when using the
Sirah Cobra-Stretch laser. The reason why more atoms are excited when using
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Figure 5.4: (A) Doppler broadened Zn isotope line-shape function (N0 → N1

transition) at 10 K with frequency doubled Ti:sapphire (shaded grey) and Sirah
Cobra-Stretch dye laser energy density functions (shaded blue) tuned to line (i) of
67Zn resonance. Rate equation results: population of the ground state (all isotopes
included) and the excitation yields of individual isotopes as a function of time, when
excited by the Sirah Cobra-Stretch (B) and when excited by the Ti:sapphire (C). The
laser as a function of time is also shown. Laser pulse energy 10 mJ and pulse duration
of 10 ns used for both Sirah Cobra-Stretch and Ti:sapphire. For rate equation
parameters see Table B.2.

the Sirah Cobra-Stretch laser is that the large bandwidth of the laser does not
only excite atoms to the 67Zn (line(i)) but also the 67Zn (line(ii)), therefore
the saturation limit for N1 state is no longer 40 % but rather 62.25 % as the
degeneracy ratio between the N0 and N1 is 6:(4+6).

In the case of Figure 5.4 (C) where the Ti:sapphire laser only excites the
67Zn line(i) the isotopic yield of 67Zn which could be excited to the N1 state
is 40 % as expected when only line (i) is pumped (see section 3.3). Figure 5.5
shows that when using the Ti:sapphire laser the expected saturation limit is
reached and as a result of the narrow bandwidth of the Ti:sapphire laser no
other isotopes are excited. The laser detuning and laser energy are investi-
gated in more detail in section 5.1.4.

From Figure 5.2 and Figure 5.4 it can be concluded that it it is possible to selec-
tively excite certain isotopes with a laser which has a bandwidth larger than
the isotope shifts. By detuning the laser it was possible to semi-selectively
excite the 67Zn isotope. This results indicates that it is possible to change
the isotopic composition of the excited sample, even when using the Sirah
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Figure 5.5: Comparing the isotopic yield for individual isotopes, when exciting
with Sirah Cobra-Stretch laser and Ti:sapphire laser while tuned to line i of 67Zn
resonance. Saturation limits for isotopes without and with nuclear spin are indicated
(see section 3.3).

Cobra-Stretch laser which excites multiple isotopes it was possible to almost
completely suppress 68Zn and 70Zn. If the laser would be further detuned to
the short or longer wavelength regions of the 67Zn line (iii) and 67Zn line (i)
it would be possible to improve the selectivity for the 67Zn isotope but at a
considerably lower e�ciency due to the detuning from resonance.

The laser energy used in the rate equation model for both Figures 5.2 & 5.4
were selected to approach saturation of the N1 state, however in our laboratory
the energy will not exceed 2 mJ and therefore the impact that the laser energy
has on the excitation e�ciency for the individual isotopes when the laser is
both on resonance and detuned will need to be investigated. Please note that
all simulation from this point onward will only be using the spectral band of
the SHG Sirah Cobra-Stretch laser unless stated otherwise. Results are still
calculated for the stable isotopes of Zn in natural abundance, but the isotopic
lines may not be resolved in the results.

To study the compromise between selectivity and e�ciency further for the
laser system which will be used in this study (Sirah Cobra-Stretch) the de-
tuning of the �rst step laser can further be investigated by simulation. The
excited state populations are recorded after the laser pulse has passed at vari-
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ous wavelengths of the �rst step laser. The excitation yield of a given isotope
at a given wavelength was calculated in the same manner as before by using
equation (5.1.1). The total excitation yield is given by:

Total excitation yield =
total nr. of atoms in NE

NT

× 100. (5.1.4)

By plotting the excited state populations as a function of the laser wavelength
the excitation spectrum can be generated (Figure 5.6). It should be noted that
the excitation yield of the individual isotopes in Figure 5.6 illustrates what an
excitation spectrum would look like when using a isotope-speci�c technique
(TOF-MS) for detection. The total excitation yield in Figure 5.6 illustrates
what an excitation spectrum would look like when using a isotope-blind tech-
nique (LIF) for detection. The simulation was conducted with a temperature
of 50K which is closer to the temperatures that can be achieved when using a
supersonic gas jet in a vacuum and using a laser bandwidth of 1.6 GHz (SH
bandwidth of Cobra-Stretch dye laser). A laser pulse energy of 0.1 mJ was
used (ensure that the N0 → N1 transition does not approach saturation) to
correspond closer to laser pulse energies used in our laboratory. In section 5.1.3
higher laser pulse energies are studied.

Figure 5.6 shows when considering all isotope lines that it would not be pos-
sible to resolve the di�erent isotopes lines if the measurement technique is
not isotope selective, for example in a �uorescent measurement where the fre-
quency of the �rst step laser is tuned over the N0 → N1 resonance and the
�uorescence is recorded (section 5.1.5). If it is possible to measure the indi-
vidual isotopes (for example using mass spectra) the spectrum that would be
recorded when the frequency of the �rst step laser is tuned over the N0 → N1

resonance could be represented by the individual isotope lines in Figure 5.6.

To investigate the isotopic composition of the excited sample (the N1 pop-
ulation) for a given laser frequency, a percentage was calculated by dividing
the number of excited atoms for a given isotope by the total number of atoms
excited:

Isotope abundance =
nr. of AZn atoms in NE

nr. of Zn atoms in NE

× 100. (5.1.5)

This data is represented by a stacked area plot (Figure 5.7 (A)). Figure 5.7
(A) only indicates the composition of the excited population at a given fre-
quency but does not indicate how e�ciently the isotopes were excited to the
N1 state. The isotopic yield given by equation (5.1.3) which indicates how
e�cient a given isotope was excited, is shown for the individual isotopes at
various frequencies in Figure 5.7 (B). It can be observed that all the isotopes
without nuclear spin reach the same maximum isotopic yield, this is expected
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Figure 5.6: A simulated Zn excitation spectrum depicting the individual and total
Zn isotopes yield (equation (5.1.1)) versus wavelength when tuning the �rst step
laser (SH of the Sirah laser) over the N0 → N1 excitation. Laser pulse energy of 0.1
mJ and sample temperature 50 K. For rate equation parameters see Table B.4.

as all these isotopes have the same excitation probability (B01) at their given
resonance. For 67Zn (atom with nuclear spin) the maximum isotopic yield is
lower compared to the other isotopes, since each hyper�ne state has a di�erent
excitation probability determined by the degeneracy of the hyper�ne line (also
see section 5.1.3).

Figure 5.7 (A) shows that it is possible to excite 67Zn independently from
the other isotopes if the frequency of the �rst step laser is tuned far enough
away from the resonances of the other isotopes. However, Figure 5.7 (B) shows
that the percentage of atoms which are excited at these points are very low,
for example if the frequency of the �rst step laser would be tuned to 307.5877
nm (λa in Figure 5.7) then only 10×10−4% of the available 67Zn atoms would
be excited.

If the frequency of the �rst step laser would be tuned to 4.16 GHz relative
to resonance of 64Zn (λb in Figure 5.7) then the isotopic composition for the
excited state N1 as given by Figure 5.7 (A) 91% for 67Zn, but only 0.6% of
the available 67Zn will be excited. If the frequency of the �rst step laser would
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Figure 5.7: The �rst step laser (SH of the Sirah laser) tuning over the N0 → N1

excitation. (A) A stacked area plot of the abundance of individual isotopes in N1

(equation (5.1.5)). (B) A plot of the isotopic yields (equation (5.1.3)) of the di�erent
isotopes. Laser pulse energy of 0.1 mJ and sample temperature of 50 K. For rate
equation parameters see Table B.4.
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be tuned to 1.94 GHz relative to resonance of 64Zn (λc in Figure 5.7) then the
isotopic yield is 3.9% for 67Zn. This is a signi�cant increase in the amount of
67Zn atoms but other Zn isotopes are also excited and in some case at higher
percentages. The isotopic composition at λc for the excited state N1 as given
by Figure 5.7 (A) is 6.0% for 64Zn, 27% for 66Zn, 6.2% for 67Zn, 58% for 68Zn
and 2.6% for 70Zn.

From Figure 5.7 (B) it can be observed that 67Zn is most e�ciently excited
between 4.16 GHz (λb) and 1.94 GHz (λc) relative to resonance of 64Zn, this
was expected since the 67Zn (iii) line has the highest order of degeneracy (8
compared to 6 and 4) thus increasing the excitation rate. It can additionally
be observed that there are three peaks visible for the isotopic yield of 67Zn
as a result of the hyper�ne state. A visible dip in the isotopic yield of 67Zn
between the (ii) and (iii) lines can be observed in Figure 5.7 (B), this occurs
as the laser bandwidth (SH of the Sirah laser) is too narrow to excite both the
(ii) and (iii) lines e�ciently at this frequency.

Figures 5.2 & 5.4 demonstrated that it is possible to selectively excite 67Zn
when using the SH of the Ti:sapphire laser (283 MHz), however, this was done
with a sample temperature of 10 K to emphasize the impact which di�erent
bandwidths have on selective excitation. In an industrial system the sample
temperatures between 50 to 100 K can be achieved when using a supersonic
gas jet system. A laser pulse energy of 0.1 mJ was used to ensure that the
N0 → N1 transition does not approach saturation. Figures 5.8 (A) & (B)
indicates the isotopic composition (equation (5.1.5)) of the excited population
(N1) at a given frequency for a sample temperature of 50 K and 100 K respec-
tively, while Figures 5.8 (C) & (D) indicates the corresponding isotopic yield
(equation (5.1.1)).

When comparing the isotopic yield in Figures 5.8 (C) & (D) it can be ob-
served that when using a sample temperature of 50 K the isotopic yield is on
average higher (∼5 %). When using a lower sample temperature the atomic
distribution is narrower (in frequency) thus increasing the number of atoms
which the laser can excite at a given frequency. When the frequency of the
SH of Ti:sapphire laser is tuned to -1.05 GHz (relative to resonance of 64Zn,
indicated with fα) the isotopic yield for 67Zn is 6.0 % and 4.6 % for sample
temperature at 50 K and 100 K respectively. The purity of 67Zn which can be
achieved at fα is 94% and 42% (58% for 64Zn) for a sample temperature at 50
K and 100 K respectively. For the SH of Ti:sapphire laser at 2.6 GHz (relative
to resonance of 64Zn, indicated with fβ) the isotopic yield for 67Zn is 12 % and
9.0 % for a sample temperature at 50 K and 100 K respectively. The purity of
67Zn which can be achieved at fβ is 96% and 85% for a sample temperature at
50 K and 100 K respectively. From these results it is clear that it is possible
to achieve high purity 67Zn when using a laser bandwidth of 283 MHz.
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Figure 5.8: SH of Ti:sapphire laser tuning over the N0 → N1 excitation. Stacked
area plot of the abundance of individual isotopes in N1, for a sample temperature
at (A) 50 K and (B) 100 K. Plot of the isotopic yields (equation (5.1.1)) of the
di�erent isotopes, for a sample temperature at (C) 50 K and (D) 100 K. A laser
pulse energy of 0.1 mJ was used to ensure that the N0 → N1 transition does not
approach saturation. For rate equation parameters see Table B.5.

5.1.3 Simulation of the e�ect of laser energy

To investigate the impact the laser energy will have on the individual isotopes
when the laser is on resonance with 64Zn and 67Zn, the rate equation model
was simulated at multiple laser pulse energies for both. When the laser is on
resonance with 64Zn and 67Zn respectively the percentage of atoms excited for
each isotope was recorded and used to create Figure 5.9. Saturation of the
transitions can be seen in the decrease of the slopes of the curves towards
larger energies. From Figure 5.9 (A) it can be observed that both 64Zn and
66Zn saturation energy is far lower than the other isotopes since the laser is
resonant with 64Zn.
It can further be observed from Figure 5.9 (A) that for 67Zn the percentage
of atoms excited sharply rises and then �attens out similarly to that of 64Zn
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Figure 5.9: Isotopic yield (N1 state) plotted against the pulse energy of the �rst
step laser. The simulation conducted at 10 K to compare with simulations done in
section 5.1.2 when �rst step laser is on resonance with (A) 64Zn and (B) 67Zn line
(i). For rate equation parameters see Table B.3.

and 66Zn but at a lower percentage of atoms excited. This is as a result of
the hyper�ne splitting of 67Zn as the central frequency of the laser was set to
64Zn (Figure 5.2) and two of the three hyper�ne transitions ((i) and (ii)) are
pumped by the laser which results in a lower saturation limit (see section 3.3).
Considering Figure 5.9 (B) where the central frequency of the laser was set
to one of the hyper�ne states of 67Zn (i) line (Figure 5.4), it can be observed
that the percentage of 70Zn and 68Zn atoms excited is ∼0% . When comparing
Figures 5.9 (A) & (B) it can be observed that when the central frequency of
the �rst step laser is resonant with 64Zn, and therefore pumps both (i) and (ii)
of the hyper�ne 67Zn lines a larger percentage of the 67Zn atoms are excited
than when the central frequency of the laser is resonant with 67Zn (i) line.
Each of the hyper�ne states of 67Zn has a di�erent degeneracy, therefore the
percentage of 67Zn atoms excited at saturation depends on the hyper�ne lines
that are pumped.

Three experimental conditions contribute to the spectral resolution. Firstly
the laser bandwidth, which in our study will be that of a Cobra-Stretch pulsed
dye laser (fundamental 1.2 GHz and after SHG 1.6 GHz). The second factor
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Figure 5.10: Total excitation yield for the N0 → N1 excitation for all Zn isotopes
at multiple laser pulse energies. For rate equation parameters see Table B.6.

which impacts the spectral resolution is the temperature of the sample, as the
sample temperature impacts the Doppler broadening. The last experimental
condition which impacts spectral resolution is the laser peak power which leads
to an increase in the spectral width as a result of power broadening. The con-
tribution from the natural linewidth to the spectral resolution is negligible as
the Doppler broadening alone is orders of magnitude larger.

To investigate the power broadening in our system the laser frequency was
scanned over the �rst step resonances while recording the total excitation yield,
and by repeating this simulation at various laser pulse energies (Figure 5.10).
At low pulse energy the excited state population density at the central fre-
quency increases with the pulse energy but as the N1 state is saturated the
rate of increase tends to zero. At higher pulse energies the FWHM of the
simulated spectrum increases with the pulse energy thus resulting in power
broadening. In Figure 5.11 the maximum value of the peak and the FWHM
was plotted against the laser pulse energy. It can be observed that the excited
population density reaches a maximum at approximately 5.1 mJ and that by
increasing the energy of the laser pulses further the number of atoms in the
excited state does not increase. The FWHM increases with the pulse energy
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Figure 5.11: In black, peak height of the excitation yield graph in Figure 5.10 vs.
pulse energy. In blue, the FWHM of the graph in Figure 5.10 vs. pulse energy.

as a result of power broadening but does not reach a limit value.

The impact that a change in intensity has on the individual isotopes was also
investigated. It was found that all of the isotopes undergo power broadening
in the same manner except for 67Zn, since 67Zn has three hyper�ne states for
N1. The impact of tuning the laser over the resonances of 67Zn at di�erent
intensities can be observed in Figure 5.12. At low energy (E<0.6 mJ) three
peaks occur in the spectrum where the resonances for the hyper�ne transitions
are. It should be noted that the excited state population reached in the limit
of saturation for the three states are di�erent as the degeneracy ratio between
the ground state and the upper states are di�erent. However, peaks form at
positions between lines (i) and (ii), and between (ii) and (iii) when the energy
of the laser is increased above 3.6 mJ. These peaks occur as a result of the
laser bandwidth allowing the laser to excite atoms e�ciently to two hyper-
�ne states when the laser band is centered at a wavelength between the two
lines thus allowing for more atoms to be excited. This allows for the number
of atoms for 67Zn to surpass the saturation limit given by a singular state in
N1 (see table 3.3 for degeneracies when multiple hyper�ne states are pumped).
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Figure 5.12: Isotopic yield of the 67Zn isotope for the N0 → N1 transition at
various laser pulse energies. The F quantum numbers in the excited states are (i)
F = 3

2 , (ii) F = 5
2 and (iii) F = 7

2 . For rate equation parameters see Table B.6.

5.1.4 Simulations of a multi-layer sample

Thus far all simulated data only considered a medium with an atomic density
of 1 × 1016 atoms/m3. This atomic density was initially selected as it is the
highest concentration of ions which can still be separated by an electric �eld
[37]. It was assumed that all atoms in the sample were exposed to the same
laser power with laser attenuation neglected. It should be noted that all simu-
lations in this section were conducted using the SH of the Ti:sapphire laser as
the multi-layer sample approach can only be implemented when using a nar-
row bandwidth laser (relative to the line-shape function width, as discussed in
section 3.5).

To investigate the e�ect that a multi-layer sample will have on the laser power
a 1 meter long sample with a total atomic density of 6.15×1020 atoms/m3 was
selected. Under normal conditions dt is in the order of 10−13 s and this results
in a dz being equal to ∼0.03 mm and therefore we divide the sample into 33356
slices, but this results in signi�cant computational time. For the purpose of
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Figure 5.13: Change in the temporal pro�le of the laser pulse as it propagates
through a multi-layer sample. Two cases are illustrated with (A) initial laser energy
0.1 mJ and below the onset of saturation and (B) initial laser energy 5.1 mJ and
causing signi�cant saturation of N1 state. The total number of atoms (all isotopes)
excited (N1) for slice number 1 after the laser passes though was (A) 71.84×1012

and (B) 302.81×1012 in both cases the initial number of atoms in N0 state was
580.20×1012. The slice thickness used in both case was 2.9 mm. For rate equation
parameters see Table B.7.

this section dt has been manually selected to be 10−11 s (which should still be
a su�ciently accurate approximation of the laser pulse time pro�le as the laser
pulse is 10 ns long) which results in dz = 2.9 mm and reducing the number
of slices to 333. Figure 5.13 shows simulations of the change of the temporal
pro�le of the laser pulse as it propagates through the slices of the sample. The
simulation was done for two di�erent scenarios, �rst where the laser power is
low (0.1 mJ) enough to not cause saturation of the N0 → N1 transition and
secondly where the laser power is high (5.1 mJ) enough to cause saturation
in the upper state (N1). From Figure 5.13 the impact that absorption has on
the laser power can be observed. In Figure 5.13 (A), the laser power decreases
rapidly as the entire laser pulse is absorbed while exciting atoms and the laser
power is depleted after ∼120 slices. This result illustrated that when a sample
is dense or very long, all the laser energy will be absorbed in the �rst section of
the sample. In the case where the laser power is high (5.1 mJ) enough to cause
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Figure 5.14: (A) Pulse energy vs. slice number for a high initial energy of 5.1
mJ (black) and low initial energy of 0.1 mJ. (B) Change in pulse energy vs. initial
pulse energy for the high initial energy of 5.1 mJ. For rate equation parameters see
Table B.7.

saturation (Figure 5.13 (B)) the change in laser power is mostly restricted to
the leading edge of the pulse, since the energy required to reach saturation of
the upper state was achieved in the �rst couple of ns, in Figure 5.13 (B). It
can be observed that the peak power of the laser pulse decreases and the peak
power position in time shifts to later time due to the laser passing through the
sample slices. This shift of the peak power towards the trailing edge of the
pulse is a result of signi�cant attenuation of the leading side of the pulse. As
the leading part of the pulse saturates the transition, the trailing part of the
pulse passes with minimal absorption.

To investigate the change in the pulse energy as the laser pulse propagates
through the sample, the pulse energy was calculated after each slice shown in
Figure 5.14 (A). For the low energy laser pulse (below onset of saturation) the
change in pulse energy follows the typical absorption curve. For the high en-
ergy laser pulse, a linear decrease exists. This linear region can be attributed
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to photo bleaching/saturation of the N0 → N1 transition, as mentioned pre-
viously. A constant amount of energy is used to saturate the sample in a
single slice and therefore the amount of energy absorbed from the laser pulse
per slice is constant. To further investigate this linear e�ect that occurred in
Figure 5.14 (A), the change in pulse energy (the pulse energy after 1 sample
slice subtracted from the pulse energy incident on the slice) was calculated at
various incident pulse energies. The fact that the change in the pulse energy
given in Figure 5.14 (B) slows down at higher initial energies con�rms that
the pulse energy is high enough so that the entire pulse is not used to excite
the atoms from the ground state (N1) to the upper state (N1) but rather only
a small portion of the laser pulse is su�cient to saturate the slice whereas the
rest of the pulse passes unattenuated.

Figure 5.13 (A) further illustrates that when using a multi-layer sample at
low energies (below saturation energy) that each of the layers can be treated
independently as the layers do not in�uence the form of the laser pulse but
only the pulse energy. In this study laser bandwidths in the order of GHz will
be used and therefore the multi-layer sample approach can not be implemented
as only narrow bandwidth (relative to the line-shape function width) may be
used in this approach (section 3.5).

5.1.5 Experimental laser-induced �uorescence

In this section the LIF measurements will be discussed, for the N0 → N1 ex-
citation. The frequency of the dye laser I is tuned over the resonance of the
N0 → N1 transition. When resonant light excites Zn atoms to the N1 state,
the excited atoms will de-excite back to the N0 state as this is the only state
available, emitting spontaneous emission. A PMT (R106 with a wavelength
range between 160 to 650 nm) was selected to measure the LIF. The signal
from the PMT goes to a multi channel oscilloscope and to a boxcar integrator.
The signal from the multi channel oscilloscope and the boxcar integrator is
recorded as the �rst step laser is tuned. At each frequency step, an average of
16 pulses was recorded for both the multi channel oscilloscope and the boxcar
integrator system. The laser energy of the Sirah Cobra-Stretch dye laser (at
615 nm) was 1.3 mJ and the laser energy of the SH (307.5 nm) was 12 µJ.
The pressure in the vacuum system was recorded as 3.6×10−6 mbar. The full
experimental step-up is described in section 4.4.

Figure 5.15 shows the oscilloscope traces of the LIF for N1 → N0 transi-
tion when the laser is on and o� resonance. Using the data in Figure 5.15
(when the laser is on resonance) the lifetime for the N1 state was determind
to be 23.23 µs using an exponential decay �t. The lifetime of 23.23µs for the
N1 state agrees with lifetimes given by F.W. Byron et al. [52] (20 µs) and A.
Kramida et al. [25] (26 µs). It can further be observed from Figure 5.15 that
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Figure 5.15: Oscilloscope traces of the LIF for the N1 → N0 transition of Zn,
when the laser is on resonance (black) and of the scattered light when the laser is
o� resonance (blue).

when the laser is o� resonance that there is still a signi�cant signal present for
∼200 ns. This peak is as a result of the signi�cant amount of scattered light
in our system. The scattered light should only be present as long as the laser
pulse (8-12 ns) is present however, the high intensity scattering may cause
space charge e�ects in the PMT, creating signals which last for a longer time
after the laser pulse has passed. The PMT can not distinguish between the
LIF and the scatter light in our system, however since the N1 state has a long
lifetime (∼20µs) it is possible to set an integration gate at a delay where the
impact of the scattered light would be minimal in order to measure changes in
the �uorescence.

The data in Figure 5.16 (A) was measured by tuning the laser over the N0 →
N1 resonance and recording the �uorescence signal at each step using a PMT
and oscilloscope. A 2D density plot can be created by plotting oscilloscope
traces along the y-axis with the corresponding frequency step along the x-axis,
as shown in Figure 5.16 (A). The scattered light can once again be observed
in Figure 5.16 (A), where a high density is observed over all frequencies with
in the �rst 1 µs of the oscilloscope trace.
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Figure 5.16: Graph A shows the oscilloscope traces (plotted along the y-axis) of
the LIF for the N1 → N0 transition at each frequency step of the �rst step laser
(plotted along the x-axis). Graph B shows the rate equation model calculated at
each frequency step of the �rst step laser (plotted along the x-axis) for the N0 → N1

excitation, where the time evolution of the N1 state is plotted along the y-axis. For
rate equation parameters see Table B.8.
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Measuring the change in �uorescence over time is equivalent to measuring
the change in the population of the N1 state over time. By calculating the
rate equation model at various frequency and recording the change in the N1

state after N0 → N1 excitation it is possible to generate a 2D density plot,
where the y-axis is the time evaluation of the N1 state, the x-axis is the fre-
quency of the �rst step laser and the density scale represents the percentage
of all atoms in the N1 (Figure 5.16 (B)). Figures 5.16 (A) & (B) shows that
both the measured data (Figures 5.16 (A)) and rate equation simulations (Fig-
ures 5.16 (B)) follow similar trends, where most of atoms are excited when the
laser is on resonance with the N0 → N1 excitation and that the signal strength
decreases in both �gures over time as the population in the N1 state decreases.

To extract the spectral information from oscilloscope traces in Figure 5.16
(A) each oscilloscope trace was integrated (integration gate starts at 5 µs and
ends at 50 µs) and the integrated signal is recorded with the corresponding
frequency. By setting an integration gate after the scattered light and the
signal created by space charge e�ects in the PMT, it is possible to measure
only the LIF of the N0 → N1 excitation as observed in Figure 5.17.

Two di�erent bandwidths where used in the rate equation simulations as shown
in Figure 5.17. The bandwidth of 3.4 GHz was determined by systematically
changing the bandwidth used in the rate equation model (with sample temper-
ature at 692 K) and comparing rate equation model spectra with the measured
spectrum. The second bandwidth of 4.9 GHz is the estimated bandwidth (from
measurements) of the SH of the Sirah Cobra-Stretch dye laser. The fundamen-
tal bandwidth of the Sirah Cobra-Stretch dye laser was measured using a cavity
Fabry-Perot interferometer by a MSc student as part of their study, and was
reported to be 3.3±0.2 GHz [53]. The bandwidth of the SH was then calculated
by taking the convolution of two Gaussian functions (FWHM of 3.3 GHz), re-
sulting in the estimated bandwidth of 4.9 GHz for the SH. From Figure 5.17
it can be observed that when using a bandwidth of 4.9 GHz for the �rst step
laser in the rate equation model that the spectral width of the simulation is
larger than the spectral width of the LIF signal. A possible reasons for this
could be due to the Doppler broadening. It should be noted that the LIF
measurements and the bandwidth measurements were conducted on di�erent
days (LIF measured on 10/10/2019 and bandwidth measured on 20/03/2021)
and therefore, it is possible that the bandwidth of the fundamental laser could
have changed over this period of time.

To investigate the impact that the Doppler broadening will have when us-
ing a laser bandwidth of 4.9 GHz, multiple rate equation simulations were
conducted at various temperatures (50 K, 297 K, 692 K, 1200 K). The FWHM
of each generated spectrum was compared to the FWHM of the Gaussian �t
for the LIF (Figure 5.18). If the Zn vapour is at a temperature of 50 K the
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Figure 5.17: Measured LIF (black points) for the N1 → N0 transition with Gaus-
sian �t in blue. Rate equation simulated at temperature 692 K (melting point of Zn)
and for a �rst step laser bandwidth of 4.91 GHz (green triangle line) and for a �rst
step laser bandwidth of 3.4 GHz (pink star line). For rate equation parameters see
Table B.8.

Doppler broadening will only contribute 5.8% to the total spectral broadening.
At room temperature (297 K) the Doppler broadening will contribute 9% to
the total spectral broadening, at the melting point of Zn (692 K) the Doppler
broadening will contribute 14.8% to the total spectral broadening and at the
boiling point of Zn (1200 K) the Doppler broadening will contribute 21.3% to
the total spectral broadening. From these results we can conclude that a laser
bandwidth of 4.9 GHz would contribute the most to the spectral resolution.
Additionally it will not be possible to determine the temperature of the Zn
vapour from the LIF measurements in Figure 5.17 as the measured laser band-
width is larger than the spectral bandwidth of the LIF. As a result of the laser
bandwidth dominating the linewidth it was not possible to retrieve any signif-
icant information regarding the individual Zn isotopes or the temperature of
the Zn sample.

In sections 5.3.2 the individual isotopes were measured using the TOF-MS
system, which will allow for mass separation of the individual isotopes while
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Figure 5.18: Rate equation model simulated with a SH laser bandwidth 4.9 GHz
at 50 K, 297 K, 692 K, 1200 K. Gaussian �t of measured LIF plotted in purple.

tuning the �rst step laser. In the following section the excitation to the N2

state will be discussed.

5.2 Second step excitation

The second step excitation occurs between the 4s4p 3P1 N1 and 4s4d 3D2 N2

states, but unlike the �rst step excitation the atoms in the N2 state have mul-
tiple decay paths back to the N1 state. As mentioned in section 3.4 some of the
Einstein coe�cients are unknown for the higher states of Zn, a summary of all
the Einstein A coe�cients used in the rate equation model is given in Table 3.2.
In most cases, an estimation of the missing coe�cients can be made using life-
time or the information of nearby states (see section 3.4). However, there is too
little information given by literature to estimate the Einstein A35 (N3 → N5

transition) and A45 (N4 → N5 transition) coe�cients (see Figure 3.4). In
section 5.2.1 three di�erent scenarios for the Einstein A35 coe�cient and the
impact each of these cases has on the rate equations model are explored.

The time e�ect of the temporal overlap of the �rst and second excitation
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Figure 5.19: Two step rate equation for 64Zn (A) indicates all transition with
A35 = A56. Only states that are directly impacted by selection of A35 are shown
when (B) A35 = 0.1 × A56 and (C) A35 = A56. For rate equation parameters see
Table B.9.

pulses was investigated (section 5.2.2). The simulation results are compared
to the LIF measurement (section 5.2.3).

5.2.1 Investigating Einstein A35 coe�cient by simulation

Einstein A35 and A45 coe�cients are unknown (see Table 3.2). However, the
relative intensities for the N3 → N5 transition and N4 → N5 transition given
by [41], it is possible to estimate that A45 = 0.71A35. To investigate the impact
that the Einstein A35 coe�cient has on the overall rate equation we consider
three di�erent scenarios. In the �rst scenario the A35 coe�cient is selected
to be 10 times slower transition than the N5 → N6 transition (A56). In the
second scenario the A35 coe�cient is selected to be equal to the A56 coe�cient.
The two step excitation rate equation in Figure 5.19 (A) was simulated using
an optical thin medium for 64Zn.

All the states of the rate equation that are impacted by the 2 step excita-
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tion are shown in Figure 5.19 (A). Comparing Figure 5.19 (A) with Figure 5.2
(B) it is observed that, using similar �rst step laser parameters, the population
in the ground state is signi�cantly lower under two-step excitation compared
to single step excitation. This occurs since the second step excitation is pump-
ing atoms out of the N1 state to the N2 state thus decreasing the population
of the N1 state which allows more atoms to be pumped to this state from the
ground state.

The populations of the N1 and N2 states rapidly increase between 17 ns -
27 ns. As the �rst step laser initially pumps atoms to the N1 state while the
second step laser is pumping the excited atoms to the N2 state thus leading to
an increase in population in both states. For the next 10 ns the population of
the N1 and N2 states slowly decreases. The decrease in population for the next
10 ns is as a result of two key factors, �rstly, the population of the ground state
gets depleted thus lowering the excitation rate to the N1 state and, secondly, as
atoms are pumped to the N2 state they follow various de-excitation pathways
one of which is to the N6 state, where signi�cant population buildup can be
observed. This buildup in population results in less atoms being available to
be pumped to the N2 state during the trailing part of the laser pulse (27-45
ns). It can be observed that the population in the N1 state increases even after
the laser pulses is no longer present (after 45 ns). This is as a results of the
atoms in the N2 state decaying via various paths with various lifetimes back
to N1.

The N6 and N7 states are metastable states, since atoms which �nd them-
selves in these states can not decay to any other states as a result of the
selection rules. The transition N6 → N0 is not only forbidden by the total
electronic angular momentum (∆J = 0,±1 rigorous rule) selection rule but
also the total spin angular momentum (∆S = 0) selection rule. Both are also
dark states as we are not exciting atoms out of these states. However, this
result could look very di�erent when introducing the ionization lasers, if the
ionization rate is high enough it could be possible that there is no buildup of
atoms in the N6 state (this will be discussed in more detail in section 5.3.1).

To investigate the impact that the Einstein A35 coe�cient will have on the
rate equation model, we will consider the N3, N4, N5 and N7 states since the
populations of these states are directly in�uenced by the selected value of the
A35 coe�cient. Atoms can only decay to the N7 state via the N5 state and
atoms can only decay to the N5 state via the N3 and N4 states, therefore by
investigating this de-excitation pathway we could determine important infor-
mation regarding the Einstein A35 coe�cient. The N6 and N1 states is also
in�uenced by the selection of the A35 coe�cient however, atoms from the N2

state can decay to the N6 and N1 states thus making these states not only
reliant on the selection of the A35 coe�cient.
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The number of atoms which follows the de-excitation path via the N3 and
N4 states are independent of the selection of the Einstein A35 as the division
of the atoms from the N2 state into the di�erent decay paths depends only
on the relative values of A21, A26, A23 and A24 as given by Table 3.2. The
fraction of the atoms decaying via the N3 and N4 states pathways are 0.13, it
should be noted that this is only true for spontaneous decay when the lasers
are no longer present. Simulations with di�erent Einstein A35 coe�cient values
(A35 = 0.1 × A56, A35 = A56) are shown in Figures 5.19 (B) and (C). In the
case where A35 = 0.1 × A56 the population in the N3 and N4 states are the
highest because the spontaneous decay rates into N3 and N4 (from N2) are
larger than the decay rates out of these states.

In the case where A35 = A56 the populations in the N3, N4 and N5 states are
almost equal. This is expected as the transition rate between these states are
also almost equal. It can be observed in Figure 5.19 (C) that the populations
in the N6 and N7 state is higher compared to the population in Figure 5.19
(B), due to less buildup in population in the N3 and N4 states allowing atoms
to decay to the 4s4p orbital (N1 N6 and N7).

In section 5.2.3 the experimental measurement �uorescence emitted by the
atoms decaying from the N5 to the 4s4p orbital (N1, N6, N7) is reported and
compared to the simulations in order to estimate which of the above mentioned
case is the best approximation for the Einstein A35 coe�cient.

5.2.2 Time overlap

The rate equation model was used to investigate the e�ect of the temporal
overlap of the two laser pulses pumping the �rst and second excitation steps.
Two cases were considered. Firstly, where the two lasers are not temporally
overlapped (Figure 5.20 (A)) and secondly, when the laser pulses are par-
tially temporally overlapped with the peak of the second pulse delayed by the
FWHM of the temporal pro�le of the pulses (Figure 5.20 (B)). The N1 state
has a long lifetime (26 µs) compared to the laser pulse (∼10 ns) and therefore
it is possible to introduce the second step pulse at a time where the �rst step
pulse is no longer present (Figure 5.20 (A)) and still have e�ective excitation
of the N2 state. When the second laser pulse arrives 40 ns after the �rst laser
(Figure 5.20 (A)) it allows for the population to build up in the N1 state with-
out interference from the second step pulse.

When comparing Figures 5.20 (A) & (B) it can be observed that the num-
ber of atoms excited (not only the peak value but also the area of the peak)
to the N2 state is larger for the case where the two lasers are not temporally
overlapped (Figure 5.20 (A)). This is as a result of the large population ini-
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Figure 5.20: Two step excitation of Zn, when (A) laser pulses are not temporally
overlapped (peak-to-peak delay = 40 ns) and (B) laser pulses are temporally over-
lapped at FWHM (delay equal to the FWHM of the pulse time pro�le). The �rst
step laser energy does not saturate the N0 → N1 transition in the absence of the
second step laser. For rate equation parameters see Table B.10.

tially available in the N1 state by the time that the second step pulse arrives.
During the period 54-62 ns (see Figure 5.20 (A)) an initially large population
in N1 state is exposed to the second step laser pumping giving a higher pump-
ing rate to N2 state.
When the lasers are temporally overlapped, atoms are still being pumped to
the N1 state. At the same time atoms are also being pumped to the N2 state,
but at a signi�cantly higher rate since the transition probability of N1 → N2

is 3 orders of magnitude larger than N0 → N1. This leads to a low N1 popu-
lation exposed to be pumped by the second step laser in the period 28-36 ns
(see Figure 5.20 (B)) resulting in a lower pumping rate to N2 state and a lower
N2 population maximum. After the N2 state population has peaked (62-82 ns
and 36-56 ns respectively in Figures 5.20 (A) & (B)) the N1 populations are
similar and the N2 populations follow similar trends.

The di�erence in transition probabilities B01 and B12 can be observed Fig-
ures 5.20. For the N1 state the population only starts to increase once the
laser energy has increased signi�cantly, however for the N2 state the popula-
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Figure 5.21: Comparison between the percentage of atoms which are excited to
the N2 state from the atoms available in the N1 state when the laser pulses are and
are not temporally overlapped.

tion increases signi�cantly when the second pulse energy is still very low due
to the higher transition probability of the N1 → N2 transition.

The dependence of the N2 population on the N1 population was investigated
further by plotting the ratio of N2

N1+N2
as a function of time in Figure 5.21. In

Figure 5.21 it can be observed that the ratio of N2

N1+N2
follows the same time

pro�le during the time evolution of the second step pulse. The �at topped
peak at 62.5% indicates that near the pulse peak the N1 → N2 transition
reaches saturation. Therefore the di�erence in the temporal pro�les of the N2

population between Figures 5.20 (A) & (B) is caused by the di�erence in the
N1 population at the di�erent delays. The population available in the N1 state
is the limiting factor for excitation to N2.

When comparing the total amount of atoms excited out of the ground state
(N0) the lasers which were temporally overlapped excited 0.02% more atoms
out of the ground state compared to when the lasers were not temporally
overlapped. This is expected since the lasers that are temporally overlapped
decrease the population in N1, which in-turn increase the excitation rate from
N0 to N1. However a smaller fraction of these atoms end up in the N2 state
with a larger fraction remaining in the N1 state when the lasers are temporally
overlapped.
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Figure 5.22: Two step excitation of Zn with the �rst step laser energy su�ciently
high to saturate the �rst step (N1 state) in the absence of the second step laser.
(A) laser pulses are not temporally overlapped and (B) laser pulses are temporal
overlapped at FWHM. For rate equation parameters see Table B.11.

If the energy of the �rst excitation step laser would be increased to a level
where saturation of the N1 state could be reached then it is possible that the
population of the N2 state when lasers are temporally overlapped could be
higher compared to when the lasers are not temporally overlapped and this is
investigated next.

The simulation for Figure 5.20 was repeated but with higher energy for the
�rst step excitation, the energy selected approaches saturation of the N1 state.
The results of this simulation is shown in Figure 5.22 where the saturation of
the N1 state is seen in Figure 5.22 (A) in the 75% isotopic yield of the N1

state if the second laser pulse is not present during the �rst step excitation.
Considering the N2 population the peak of the N2 population is higher when
the two lasers are temporally overlapped than when the two lasers are not
temporally overlapped as hypothesized. When comparing the total number of
atoms excited out of the ground state (N0) it was found that when the lasers
are temporally overlapped 12.8% more atoms were excited out of the ground
state than when the lasers were not temporally overlapped. This information
indicates that the �rst step excitation requires a greater amount of energy (50
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times) than the second step excitation and if the N1 state is approaching sat-
uration it would be more e�cient to have a temporal overlap between the �rst
and second excitation.

To investigate the optimal time overlap between the �rst and second step exci-
tation lasers, the second excitation laser was introduced into the rate equation
model at various delay times relative to the �rst step excitation. At each de-
lay, a full rate equation simulation was conducted and this data was used to
generate density plots in Figures 5.23 (A) & (B). At each point the maximum
population in N2 state was recorded and was plotted in Figure 5.23 (C).

Note that in Figure 5.23 the colour scales of �gures (A) and (B) di�er signif-
icantly, re�ecting that the N1 state is saturated, signi�cantly more atoms are
being excited to the N2 state compared to when the N1 state is not being sat-
urated irrespective of the temporal overlap of the �rst and second step pulses.
When the N1 state is saturated it can observed from Figures 5.23 (A) & (C)
that the optimal temporal overlap occurs at ∼10 ns after the �rst step pulse.
The N0 → N1 transition is a weak transition and therefore it is necessary to
build up the population in the N1 state, before allowing the second step laser
to excite a signi�cant portion of atoms when introduced at a delay of ∼10
ns. At ∼10 ns, the two laser pulses are still partially temporally overlapped
and this allows for more atoms to be excited out of the ground state, as the
population in the N1 state is kept lower by the second step excitation. Even
when the second step pulse is introduced before the �rst step pulse (at ∼-5 ns),
the number of atoms excited to the N2 state is more than when the two laser
pulses are not temporally overlapped (at delay ∼20 ns). This indicates that
it would almost always be bene�cial to have the �rst and second step pulses
temporally overlapped to a certain degree when the N1 state is saturated.

When the N0 → N1 is not being saturated it can be observed from Figures 5.23
(B) & (C) that the optimal temporal overlap occurs ∼20 ns after the �rst step
pulse and after ∼20 ns the number of atoms being excited to the N2 state
remains constant. Since there is only a �nite number of atoms which were ex-
cited to the N1 state when the �rst step laser is present and since the N1 state
has a long lifetime, the number of atoms in this state can be considered to be
constant after ∼20 ns. After ∼20 ns the two lasers are no longer considered
to have signi�cant temporal overlap. The e�ect of temporal overlap on yield
is discussed again in section 5.3 when the ionization laser is included in the
model.

5.2.3 Experimental laser-induced �uorescence

To measure the LIF for the 4s4p 3P1 → 4s4d 3D2 (N1 → N2) excitation,
both the �rst and second step lasers are required. The �rst step pulse will
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Figure 5.23: Temporal overlap between �rst and second step excitation where the
�rst step pulse is �xed at time zero and the second step pulse is introduced at various
delay times relative to the �rst step pulse (x-axis), for each time delay a rate equation
is simulated and the time evolution of the population in the N2 state is plotted along
the y-axis. This was conducted for (A) when the �rst step laser energy is high so
that the N1 state approaches saturation and (B) when the �rst step laser energy is
low so that the N1 state does not approach saturation. (C) is the maximum isotopic
yield in N2 for each time delay. For rate equation parameters see Table B.12.
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be taken as time zero for this measurement, the second step pulse is intro-
duced ∼10 ns after the �rst step pulse. As concluded in the previous section
the second step pulse should be introduced after the �rst step pulse. The
frequency of �rst step laser was �xed to the 4s2 1S0 → 4s4p 3P1 (N0 → N1)
excitation. The frequency of the second step laser was tuned over the reso-
nances of the 4s4p 3P1 → 4s4d 3D2 (N1 → N2) excitation and the 4s4p 3P1 →
4s4d 3D1 (N1 → N∗2 ) excitation. The rate equation model was not designed
for the 4s4p 3P1 → 4s4d 3D1 (N1 → N∗2 ) excitation since this excitation is ex-
pected to be 1.79 times smaller (calculated from the Einstein B coe�cients for
excitation where B12 = 2.27× 1021 and B∗12 = 1.52× 1021) than that N1 → N2

excitation. The experimental setup used for LIF measurement is described in
section 4.4.

The LIF of the �rst excited state was recorded while the second step laser
is tuned. This is done both to investigate if there is any change in the LIF
when exciting atoms out of the N1 state and also to ensure that the �rst step
laser frequency remained on resonance during the experiment.

To record the LIF generated by the �rst step laser an additional semi-solar
blind Hamamatsu model R 6836 PMT was used. This PMT has an e�ective
wavelength range of 115-320 nm therefore suppressing all the LIF generated
by the second step laser. The lifetime of the N1 state is considerably longer
(∼20 µs) than that of the N2 and N

∗
2 states (8.3 ns and 14.4 ns), therefore the

integration gate can be set between 1 µs to 5 µs (as explained in section 5.1.5)
to measure the LIF of the N1 state.

The UV/visible PMT (R106 with an e�ective wavelength rage of 160-650 nm)
used to measure the LIF generated by the second step laser can not distin-
guish between �uorescence and laser light. The N2 and N

∗
2 states have short

lifetimes, therefore the optimal integration gate had to be found to measure
the �uorescence from the N2 and N

∗
2 states in the presence of scattering.

The integration gate was optimized by measuring the UV/vis PMT signal
with the second step laser on and o� resonance as seen in Figure 5.24. When
comparing the oscilloscope trace when the laser is on and o� resonance (Fig-
ure 5.24) a clear signal increase between 10-40 ns can be observed when the
second step laser is on resonance. To measure the N1 → N2 resonance curve,
boxcar integrators were used to integrate the PMT signal between 20 ns - 35
ns, as this region indicated the greatest change in LIF signal. In Figure 5.24
the peaks at 0 ns and 10 ns are due to scattering of the �rst and second step
laser pulses. The feature at 50-70 ns is probably a measurement artifact, but
does not change signi�cantly with the second step laser on resonance and o�
resonance, meaning that it does not contain �uorescence.
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Figure 5.24: Oscilloscope traces of the LIF measured by the UV/vis PMT for the
N0 → N1 → N2 excitation of Zn, when the laser is on resonance (red) and of the
scattered light when the laser is o� resonance (black).

Figure 5.25 (A) shows the LIF measured by the UV/vis PMT 20-35 ns af-
ter the second step pulse, and it is interpreted as the N2 → N1 or N

∗
2 → N1

�uorescence. Figure 5.25 (B) shows the LIF measured by the semi-solarblind
PMT 1-20 microseconds after the second step pulse and it is interpreted as
the N1 → N0 �uorescence. There were no noticeable changes (no increase or
decrease in the signal was observed) in the LIF for the N1 → N0 transition
Figure 5.25 (B) during the measurement. It should be noted that the energy
of the SH of the �rst step laser was recorded to be 11 µJ before and after
the measurement. This however does not mean that there was no change in
the �uorescence of N1 → N0 transition since this signal is recorded at a later
point (1 µs after the peak of the �rst laser pulse) in time (as explained in
section 5.1.5), therefore atoms which where excited out of the N1 state could
have de-excited back to the N1 state resulting in no noticeable change in the
�uorescent signal. However, the simulation in section 5.2.2 indicated that if a
large amount of atoms (enough atoms to lower the �uorescent signal measured
by the PMT) were excited to the N2 state that a portion of these atoms will
decay back to dark states (N7 and N6) and will not contribute to the �uo-
rescent signal of the �rst step excitation. Since no noticeable changes in the
LIF for the N1 → N0 transition is indicated it is possible that only a small
percentage of atoms are excited out of the N1 state.
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Figure 5.25: LIF measurements of (A) N2 → N1 and N∗2 → N1 transitions and (B)
N0 → N1 transition. Laser energy of the �rst step laser before and after measurement
was 11 µJ. The energy of the second step laser before and after measurement was
3.5 µJ.

The LIF for the N2 → N1 and N∗2 → N1 transitions can be observed in
Figure 5.25 (A). It should be noted that the energy of the SH of the sec-
ond step laser was recorded to be 3.5 µJ before and after the measurement.
From Gullberg and Litzen [4] we know that N2 → N1 excitation will have
a shorter wavelength compared to the N∗2 → N1 excitation (∆λ=35.26 pm),
therefore the �rst peak (at λ = 330.258 nm) in Figure 5.25 (A) corresponds to
N2 → N1 excitation and the second peak (at λ = 330.294 nm) will correspond
to N∗2 → N1 excitation. The measured peak separation is 35.4±0.4 pm with
the error taken from the laser step size.

The Einstein A coe�cients can be used to determine an expected ratio be-
tween the LIF of N2 → N1 and N

∗
2 → N1. When atoms are excited to the N2

state or N∗2 states, the atoms can de-excite to multiple di�erent states (Fig-
ure 5.26). Each of the states in the de-excitation pathways has its lifetime
determined by the spontaneous emission decays that are possible from that
state. The lifetime of the N2 state is 5.4 ns and this state can be de-excited to
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Figure 5.26: De-excitation diagram indicating the possible transition pathways for
atoms excited to N2 and N∗2 state. Red arrows indicate the �rst step LIF system.
Green arrows indicate transition pathways which can only be achieved when atoms
are excited to the N2 state. Blue arrows indicate transition pathways which can
only be achieved when atoms are excited to the N∗2 state. Purple arrows indicate
transition pathways which can be achieved when atoms are excited to either N2 or
N∗2 state.

N6, N1, N3 or N4. The combination of these transitions determines the lifetime
of the N2 state. From literature [40; 54; 55] we know that the N2 → N1 tran-
sition has a lifetime of 8.3 ns while the N2 → N6 transition has a lifetime of 25
ns. Since a UV/vis PMT (R106) was used to measure the LIF, not all allowed
transitions would have been recorded as this PMT has an e�ective wavelength
range of 160-650 nm. From Table 5.1 it can be determined that only atoms
de-exciting between the 4s4d → 4s4p and 4s5s → 4s4p con�gurations (only
triplet states) will contribute to the LIF measured in Figure 5.25 (A). All the
�uorescence from of N5 state will be recorded by the PMT but only a fraction
of the �uorescence from the N2 and N

∗
2 states will be recorded by the PMT.

The fraction of the �uorescence from the N2 and N∗2 states can be calcu-
lated using spontaneous transition probabilities. The total decay rate from N2
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Table 5.1: Table containing all allowed spontaneous emission transitions when atoms are
excited to N2 and N∗2 states. A combination of literature values ([4], [25], [40], [42]) were
used in this table.

4s4d 3D2 (N2) 4s4d 3D1 (N∗2 )
Transition
i→ j

Wavelength
(nm)

Einstein Aij
(s−1)

Transition
i→ j

Wavelength
(nm)

Einstein Aij
(s−1)

N2 → N6 334.56 4.0× 107 N∗2 → N6 334.59 4.5× 106

N2 → N1 330.26 1.2× 108 N∗2 → N1 330.29 6.7× 107

N2 → N3 6939� 1.5× 107 � N∗2 → N7 328.23 9× 107

N2 → N4 6677� 9.4× 106 � N∗2 → N3 6954 � 2.8× 106 �

- - - N∗2 → N4 6691� 1.72× 106 �

- - - N∗2 → N8 6575� 5.7× 106 �

- - - N8 → N5 1320� �

Transition which occurs when exciting to either N2 or N
∗
2 state

N3 → N5 1305 � N5 → N6 481.05 5.7× 107 �

N4 → N5 1315 � N5 → N1 472.22 5.1× 107 �

- - - N5 → N7 468.01 2.8× 107 �

� Calculated using the lifetime of the upper state and known Einstein A coe�cients as described
in section 3.4.

� No values available in literature for these transitions nor the lifetime of the upper state therefore
not making it possible to estimate the Einstein A coe�cients.

� Wavelength values were calculated from energy level data from literature.

and N∗2 states are given by:

dN2

dt
=− (A21 + A26 + A23 + A24)N2 = −(18.44× 107)N2 (5.2.1)

dN∗2
dt

=− (A∗21 + A∗26 + A∗27 + A∗23 + A∗24 + A∗28)N
∗
2 = −(17.17× 107)N∗2 .

(5.2.2)

The transitions which can be measured using the UV/vis PMT are the N2 →
N1,6 and N

∗
2 → N∗1,6,7 and therefore the fraction of the �uorescence from the

N2 and N
∗
2 states is given by:

N2 measured �uorescence rate

Total decay rate
=
A21 + A26

18.44× 107
=

16× 107

18.44× 107
= 0.87 (5.2.3)

N∗2 measured �uorescence rate

Total decay rate
=
A∗21 + A∗26 + A∗27

17.17× 107
=

16.15× 107

17.17× 107
= 0.94.

(5.2.4)

If we assume no signi�cant pumping in the region (20-35 ns) where the LIF is
measured then the �uorescence emitted can be approximated by the change
in the population of the N2 or N∗2 and N5 states during the measurement
period (20-35 ns): ∆N5=N5(20 ns)-N5(35 ns), ∆N2=N2(20 ns)-N2(35 ns) and
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Figure 5.27: Two step excitation of Zn, (A) N1 → N2 and (B) N1 → N∗2 . For rate
equation parameters see Table B.13.

∆N∗2=N
∗
2 (20 ns)-N∗2 (35 ns). Therefore the total �uorescence recorded by the

UV/vis PMT is approximated by:

Total recorded �uorescence when exciting to N2 =∆N5 + 0.87∆N2 (5.2.5)

Total recorded �uorescence when exciting to N∗2 =∆N5 + 0.94∆N∗2 (5.2.6)

The rate equation model can be used to calculate the populations in N2 and
N5, however, the rate equation model in this study was only designed to be
used for the N0 → N1 → N2 excitation and not for the N0 → N1 → N∗2 exci-
tation. When exciting atoms to the N∗2 state there are additional transitions
that need to be taken into account. The rate equation model can be adjusted
to model excitation via the N∗2 state to a good approximation by combining
the roles that states N4 and N8, and states N6 and N7 play in the model and
by appropriate adjustment of the transition rate constants. Using this approx-
imation and the values in Table 5.1, rate equations could be simulated for N∗2
excitation as shown in Figure 5.27.

Using the data from the rate equation model and equations (5.2.5) & (5.2.6)
the total number of transitions recorded by the PMT when exciting to N2
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is 1.12 × 1013 and 0.73 × 1013 when exciting to N∗2 . Therefore the expected
ratio between the areas of the �uorescence peaks when exciting to N2 and N

∗
2

respectively is 1:0.65. The peak ratio measured in Figure 5.25 between N2 and
N∗2 excitation is 1:0.19. The di�erence between the expected peak ratio and
the measured peak ratio could be a result of the frequency of �rst step laser
drift during the the course of the measurement (also see section 5.3.2).

As mentioned in section 5.2.1 and section 3.4 there are no known literature
values available for the N3 → N5 and N4 → N5 transitions (Einstein A35

and A45 coe�cients) or lifetime information for N3 and N4 states. Since the
R106 PMT only has an e�ective wavelength range between 160 nm - 650 nm
it will not be possible to measure the �uorescence of these transitions directly.
However from Figure 5.26 it can be observed that atoms which are excited to
the N2 state can decay to the 4s4p electron con�guration or to 4s5p electron
con�guration (only triplet states). The atoms which decay to the latter will
have to decay to the 4s5s electron con�guration (only triplet states) before
decaying to the 4s4p electron con�guration (only triplet states). The �uores-
cent wavelengths that would be transmitted by the atoms decaying for the
4s5s orbital will be 468 nm, 472nm and 481 nm (N5 → N7, N5 → N1 and
N5 → N6), these wavelengths can be detected by the PMT. Therefore if it is
possible to measure the �uorescent signal between the 4s5s → 4s4p orbital
(only triplet states) it could be possible to estimate if the Einstein A coe�-
cient for the N3 → N5 transition (A35) should be A35 = A56 or A35 < A56 (see
section 5.2.1 for full explanation of selection). In order to only measure the
�uorescent signal between the 4s5s→ 4s4p orbital (only triplet states) a edge
�lter with a 400 nm cut of wavelength is placed in front of the PMT therefore,
e�ectively changing the wavelength range of the PMT to 400 nm - 650 nm,
thus only the �uorescent signal between the 4s5s→ 4s4p orbital (only triplet
states) will be detected. The edge �lter used was a circular disk (radius of
3.6 cm and thickness of 0.5 cm) of perspex, the transmission spectra of the
perspex �lter used is given in section 4.4.

The same method and experimental setup used to measured the LIF of N2 →
N1 and N∗2 → N1 was implemented (with the addition of the edge �lter see
section 4.4) to investigate the atoms decaying from the 4s5s orbital to the 4s4p
orbital (only triplet states). The frequency of the �rst step laser was �xed to
the N0 → N1 excitation, the energy of the �rst step laser was recorded to be
10.5 µJ (SH energy) before and after the measurement. The frequency of the
second step laser was tuned over the resonance of the N1 → N2 line. Boxcar
integrators were used to integrate the PMT signal of each frequency step with
an integration gate 20-30 ns after the �rst step pulse. The delay between the
�rst step pulse and the second step pulse was 10 ns. The energy of the �rst step
laser was recorded to be 10.1 µJ (SH energy) and energy of the second step
laser was recorded to be 3.1 µJ (SH energy), before and after the measurement.
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When tuning the frequency of second step laser over the resonance of N2 → N1

transition no noticeable change in the integrated �uorescent signal was ob-
served. Since no noticeable change in �uorescent signal was recorded we can
conclude that the amount of �uorescence arising from the decay of the N5 state
is low during the measurement gate. From the simulations in section 5.2.1 we
know that population of N5 state is directly impacted by the value of the (un-
known) transition rate from N3 and N4 states to the N5 state.

The simulations in section 5.2.1 indicate that if A35 > A56 some LIF must
be measured, as there is no very slow transition limiting the �ow of population
along this N3,4 → N5 → N1,6,7 path. As 13% of the total population of the
N2 state is decaying via the N3,4 → N5 → N1,6,7 decay path in comparison to
87% of the population decaying via the N2 → N1 path and the �uorescence
along the N2 → N1 path is easily measured. It is expected that the �uores-
cence along the N3,4 → N5 → N1,6,7 decay path would also be detectable. The
Einstein A35 coe�cient must be A35 6 A56.

If the Einstein A35 coe�cient is smaller than the A56 coe�cient the popu-
lations decaying from the N2 state builds up in the N3 and N4 states due to
the slow N3 → N5 and N4 → N5 decays. The population of the N5 state
and subsequently the �uorescence from the N5 → N1,6,7 transition is therefore
very reduced during the measurement period and may be too small to be de-
tected. The �uorescence is essentially spread over a long period due to the low
transition probabilities A35 and A45, making it di�cult to measure.

5.3 Ionization step

In this section the full ionization scheme, including the the 3rd and �nal ion-
ization step for Zn ionization, will be investigated. Similar to previous sections
the rate equation model will be used to investigate the optimal temporal over-
lap between the three laser pulses and the impact that laser detuning has on
the atomic yield of the individual isotopes.

5.3.1 Time overlap

Similar to the two-step excitation the optimal temporal overlap between the
three laser pulses needs to be investigated in order to maximize atomic yield.
From the simulation for the two step excitation system it was determined that
the �rst and second step pulses need to be partially overlapped for optimal
excitation. Additionally, it was established that the N2 state saturates before
the second step laser pulse has reached its peak power (see Figure 5.20 and
Figure 5.22). All of this information indicates that the third step pulse (ion-
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Figure 5.28: Rate equation model when the third step pulse is introduced (A) at
the same time as second step pulse and (B) before the second step pulse. Energy
of �rst step laser for 0.1 mJ, energy of second step laser 0.1 mJ and energy of third
step laser 100 J. For rate equation parameters see Table B.14.

ization laser) and second step pulse will have to be introduced within 10 ns
from one another to have e�ective ionization of Zn. Note that the ionization
probability Bion =4.16 × 1013 m3s−2J−1 per unit time per unit spectral radi-
ance of the radiation �eld, is signi�cantly lower than the N1 → N2 excitation
probability of B12 = 2.71× 1021 m3s−2J−1 (see Table 3.2).

Two cases will �rst be investigated, in the �rst case the third pulse was in-
troduced at the same time as the second step pulse (Figure 5.28 (A) and in
the second case the third step pulse was introduced before the second step
pulse (Figure 5.28 (B). It should be noted that the laser pulse energy of the
�rst step laser in Figure 5.28 was 0.1 mJ, at this energy the N1 state will not
approach saturation. The laser pulse energy of the second step laser was also
0.1 mJ, this laser pulse energy would be su�cient to allow the N2 state to
approach saturation if no other lasers are present. The laser pulse energy of
100 J was selected for the third step laser to emphasize the impact that a high
energy third step laser could have on a system, in our study the third step
laser energy will not be greater than 150 mJ (simulation using this energy will
also be discussed later).
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When comparing Figures 5.28 (A) & 5.28 (B) it can observed that when
the peak of the third step pulse is introduced 5 ns before the second step pulse
more Zn atoms are ionized. This is expected since the N2 state saturated
before the second step laser pulse has reached its peak power. When the tran-
sition to an intermediate state (N2 in this case) approaches saturation it means
that the excitation rate of population to that intermediate state is limited. By
introducing the third step pulse 5 ns before the second step pulse saturation
of the N2 state is avoided by su�ciently fast ionization of the atoms in the N2

state.

Overlapping the third step pulse with the time when the second step pulse
would have saturated the N2 state results in atoms being pumped out of the
N2 state at a high enough rate that the N2 state does not saturate any more.
However, some atoms which decay from N2 state still decay to dark states
(N6 and N7) and can not be pumped back to the N2 state. The number of
atoms decaying to the N6 state is signi�cantly lower (∼3 times less) for both
cases in Figure 5.28 compared to when only two lasers were used (Figure 5.20).

It can be observed that the maximum population in the N2 state is higher
when the second and third step pulses are completely overlapped compared to
when third step pulse is introduced before the second step pulse. This is as a
results of the ionization rate being lower than the excitation rate for N1 → N2

transition, therefore allowing for the population to buildup in the N2 state.
Since the second and third step pulses are completely overlapped in this case
atoms are ionized as soon as the second step pulse starts.

When the third step pulse is introduced before the second step pulse some
of the third step pulse energy will be lost since there will be few atoms in the
N2 state that can be ionized during the onset of the third step pulse. How-
ever, by the time the population of N2 starts to increase, the third step laser
energy density is su�ciently high to cause e�cient ionization. The high initial
ionization rate, decreases the population buildup in the N2 state.

From the above result it is clear that the question of "what is the optimal
temporal overlap between all three laser pulses to maximize ionic yield?" does
not have a straightforward answer. To fully investigate this question a rate
equation model will be used where the �rst step pulse will be taken as t=0 s
(although the rate equation is calculated from 30 ns earlier) while the second
and third step pulses will be introduced at various delay times: ∆t2 is the
delay of the second step pulse peak and ∆t3 is the delay of the third step pulse
peak relative to the �rst step pulse. For each pair of ∆t2 and ∆t3 values used,
a full rate equation simulation is conducted and the number of atoms (in all
the states) and ions are recorded. The �nal populations of the N0, N7, N1 and
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Nion were measured t=100 ns relative to the �rst step pulse.

In section 5.2.2 it was observed that the optimal time overlap between the
�rst and second step pulses are not only dependent on the time but also on
the energy of the �rst step laser and second step laser pulses. To �nd the
optimal time overlap when using a three step excitation process, we will inves-
tigate four di�erent cases using the 64Zn rate equations (for each case a total
of 80 000 rate equations were calculated):

1. Plots A1-A4, Figure 5.29 - Weak �rst step pulse, weak third

step pulse: Laser energy of 0.1 mJ for the �rst step laser ensuring
that the N1 state does not approach saturation. Laser energy of 0.1 mJ
for the second step laser allowing the N2 state to approach saturation if
no other lasers are present. Laser energy of 100 mJ for the third step
laser, which is close to the laser energies used in this study (Figure 5.29
group A).

2. Plots B1-B4, Figure 5.29 - Weak �rst step pulse, strong third

step pulse: Laser energy of 0.1 mJ for the �rst step laser ensuring that
the N1 state does not approach saturation. Laser energy of 0.1 mJ for
the second step laser allowing the N2 state to approach saturation if no
other lasers are present. Laser energy of 100 J for the third step laser
is used to show the impact of high energy laser and temporal overlap
(Figure 5.29 group B).

3. Plots C1-C4, Figure 5.30 - strong �rst step pulse, weak third

step pulse: Laser energy of 5.1 mJ for the �rst step laser ensuring
that the N1 state does approach saturation. Laser energy of 0.1 mJ for
the second step laser allowing the N2 state to approach saturation if no
other lasers are present. Laser energy of 100 mJ for the third step laser,
which is close to the laser energy used in this study (Figure 5.30 group
A).

4. Plots D1-D4, Figure 5.30 - strong �rst step pulse, strong third

step pulse: Laser energy of 5.1 mJ for the �rst step laser ensuring
that the N1 state does approach saturation. Laser energy of 0.1 mJ for
the second step laser allowing the N2 state to approach saturation if no
other lasers are present. Laser energy of 100 J for the third step laser
is used to show the impact of high energy laser and temporal overlap
(Figure 5.30 group B).

For each case the laser energy of the second step laser was selected so that the
N2 state approaches saturation, this was done since the N2 state has a short
lifetime and will saturate at low energies. The frequency of the �rst step laser
is �xed to the N0 → N1 excitation resonant to 64Zn. The frequency of the sec-
ond step laser is �xed to the N1 → N2 excitation and is non-isotope selective.
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The frequency of the third step laser is �xed to the N2 → Nion excitation and
is non-isotope selective.

The following observations and conclusions can be made for Figures 5.29 &
5.30:

1. It is important to keep in mind that the populations in the di�erent
states were all measured at 100 ns after the laser pulses were introduced.
This is why the yield in the N0 state is not at 100% even when the
second and third step pulses are introduced before the �rst step pulse so
that only N0 → N1 excitation can occur. The lifetime of the N1 state is
considerably longer (20 µs) than the time scale considered in Figures 5.29
& 5.30 and therefore a minimal number of atoms which are excited out
of the N0 state will decay back to N0 state in this time scale.

2. If the �rst step laser is 0.1 mJ the e�ect of the excitation on the ground
state N0 population is too small to be of signi�cance irrespective of how
strong the ionization pulse is (plots A1 & B1). However, when the en-
ergy of the �rst step laser is high enough so that N1 state to approach
saturation (when no other lasers are present) and when the energy of
the third step pulse is 100 J it can observed from plot D1, that 19%
more atoms are excited out of the N0 state when all three laser pulses
are overlapped in time (∆t2= ∼0 s and ∆t3= ∼0 s).

3. If the third step laser energy is as low as 100 mJ, then ionization occurs
(plots A3 and C3) but the amount of ionization is too little to make an
observable di�erence to the populations of the N0 state (plots A1 & C1),
the N1 state (plots A2 & C2) or the N7 dark state (plots A4 & C4).That
is the reason why these plots only shows dependence on ∆t2 and not on
∆t3. If the pulse energy of the third step laser is 100 J, the excitation
rate for N2 → Nion excitation could be higher than the excitation rate
of N1 → N2, thus resulting in the N1 → N2 transition not to approach
saturation anymore. This results in more atoms to be excited out of N1

(plots B2 & D2) and even out of the ground state N0 (plot D1). The �nal
population of the dark state N7 is also decreased by the strong ionization
(plots B4 & D4). Therefore these plots show dependence on both ∆t2
and ∆t3.

4. In the cases where the energy of the third step laser is 100 mJ the max-
imum yield, in the N7 state (plots A4 & C4) is an order of magnitude
more than the maximum ion yield, indicating that the ionization rate is
lower than the spontaneous emission rate between N2 and N7.

5. When considering the change in the percentage of ions excited in all the
cases it can be observed that plots A3 & B3 exhibit the same behavior
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Figure 5.29: Populations of 64Zn atomic states and ion population at 100 ns after
the 1st step pulse peak as function of the delays of the second step pulse (∆t2) and
the third step pulse (∆t3) relative to the �rst step pulse peak. The colour scale
indicates the population in the state as percentage of the total initial sample of
natural Zn (equation 5.1.1) and are independently scaled for each plot. The pulse
energy of the �rst step laser was 0.1 mJ (not saturating the N0 → N1 transition)
and the pulse energy of the second step laser was 0.1 mJ. For group A, the pulse
energy of the third step laser was 100 mJ and for group B, the pulse energy of the
third step laser was 100 J. For rate equation parameters see Table B.15.
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Figure 5.30: Populations of 64Zn atomic states and ion population at 100 ns after
the 1st step pulse peak as function of the delays of the second step pulse (∆t2) and
the third step pulse (∆t3) relative to the �rst step pulse peak. The colour scale
indicates the population in the state as percentage of the total initial sample of
natural Zn (equation 5.1.1) and are independently scaled for each plot. The pulse
energy of the �rst step laser was 5.1 mJ (saturating the N0 → N1 transition) and
the pulse energy of the second step laser was 0.1 mJ. For group C, the pulse energy
of the third step laser was 100 mJ and for group D, the pulse energy of the third
step laser was 100 J. For rate equation parameters see Table B.16.
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and that plots C3 & D3 have the same behavior. In both plots A3 &
B3 it can be observed that the optimal ion yield does not occur at a
single point (a speci�c value for ∆t2 and ∆t3), but rather that a linear
region exists where the optimal ion yield can be produced. This region
can be de�ned by ∆t2 > 15 ns with ∆t3 = ∆t2 − 6 ns. The reason why
the optimal ion yield does not occur at a single point in time is because
the N0 → N1 transition is not saturated and therefore the number of
atoms excited to N1 is not in�uenced by the addition of the second step
laser. Once N1 has been populated by the �rst step laser (after ∼10 ns,
see section 5.2.2) the population does not change on these time scales
and it does not matter at what time the second step pulse arrives. The
reason why the third step pulse needs to be introduced before the second
step pulse is that the second step laser saturates the N1 → N2 transition
before the second step pulse has reached its peak energy (see Figure 5.28
for full explanation). When comparing plots A3 & B3, the area (along
both ∆t2 and ∆t3) where ions are created is larger for plot B3 compared
to plot (A3) and is shifted to a slightly shorter ∆t3 time. This is as a
result of the high energy used for the third step pulse in the plot B3, that
allows for a larger range of delays between the second step pulse and the
third step pulse. When comparing the percentage of atoms ionized in
plots A3 & B3 it can be observed that signi�cantly higher percentage
(2 orders of magnitude) of atoms are ionized when the energy of the
third step laser is 100 J compared to 100 mJ. It should be noted that
the energy of the �rst step laser limits the percentage of ions which can
be produced in both plots B3 and D3, thus not allowing three orders of
magnitude increase in ionization with a 3 orders increase in third step
pulse energy.

6. It can be observed from plots C3 & D3 that there is one speci�c combi-
nation of delay times where the maximum ion yield is generated unlike
plots A3 & B3 where there was a linear region. In plots C3 & D3 the
energy of the �rst step laser is high enough to cause the N1 state to ap-
proach saturation (if no other lasers are present). In section 5.2.2 it was
shown that under these conditions the introduction of the second step
pulse at ∆t2 =∼ 10 ns reduces the saturation of the N0 → N1 transition
and increases the number of atoms excited from N0 to N1. From plot C3
the optimal region to excite the highest percentage of ion occurs when
∆t2 =∼ 9 ns and ∆t3 =∼ 7 ns. Since the N1 → N2 excitation rate is still
larger than the N0 → N1 excitation rate it is necessary for the �rst step
laser to excite some atoms to the N1 state before the second step pulse is
introduced. When introducing the third step laser it will allow for some
of the atoms which are excited to the N2 state to be ionized therefore
lowering the population in this state (N2), it is even possible that the
N2 state no longer approaches saturation if the ionization rate is high
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enough. Since the third step laser decreases the population in the N2

state it allows more atoms to be excited out of the N1 state (if the second
and third step pulses are temporally overlapped), in return if the pop-
ulation in the N1 state decreases, the excitation rate between N0 state
and N1 state will increase. In the case of plot C3 there remains a lin-
ear region where ions are created at a slightly lower percentage (0.85%
compared to 0.87 %). In this region the additional of the second and
third step pulses do not reduce the saturation of the N0 → N1 transi-
tion, but since the ionization laser is weak the population in N1 is not
the most important limiting factor and therefore the e�ect of saturation
of the N0 → N1 transition is small. This means as long as the third step
pulse is introduced ∼5 ns before the second step pulse ionization occurs,
irrespective of the delay relative to the �rst step pulse.

7. The same arguments used to explain plot C3 can also be applied to plot
D3. However, in the case of plot D3 the third step pulse energy is large so
that the population in the N1 state is a more important limiting factor.
Therefore the correct overlap of the second and third step pulses with
the �rst step pulse in order to reduce the saturation of the N0 → N1

transition and pump more atoms to the N1 state is important and up to
80% ionization yield can be reached where ∆t2=0-5 ns and ∆t3=0-1 ns.
There is still a linear region of reduced ionization yield (60-70%) where
the second and third step pulses ionize the long-lived N1 population
without having overlap with the �rst step pulse, but the yield is limited
by the saturation of the N0 → N1 transition.

From the results in Figures 5.29 & 5.30 it can be concluded that in general
the third step pulse needs to be introduced before the second step pulse but
still within 5 ns to ensure temporal overlap between these two lasers. Under
the condition where the �rst step laser does not allow for the N1 state to
approach saturation it was determined that the second step pulse should also
be introduced after the �rst step pulse. The exact time when the second
step pulse needs to be introduced does not have a signi�cant impact on the
percentage of ions created. In the case where the �rst step laser does allow for
the N1 state to approach saturation it was determined that the second step
pulse needs to be introduced just after (∆t2 =∼ 5 ns) the second step pulse
for optimal ionization.

5.3.2 Experimental results

Ionization measurements were conducted using the experimental setup de-
scribed in section 4.5. It should be noted that any ions which are created
by the atomic source will not in�uence our measurement as the electric �eld
generated by the extractor plats will re�ect the ions out of the atomic path.
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Additionally, any double ionized Zn atoms will reach the ion detector outside
of our detection window.

Time-of-�ight mass spectroscopy

In this section the TOF-MS of Zn will be discussed. When the atoms are
ionized they are accelerated in vacuum using an electric �eld. The ions of the
di�erent isotopes experience the same force in the electric �eld (generated by
the extractor plates see Figure4.11), but since di�erent isotopes have di�erent
mass, each isotope will have a di�erent acceleration and will reach the mi-
crochannel plate detector (MCP) at di�erent times as observed in Figure 5.31.
As expected the lighter isotopes will reach the detector �rst as they experience
a larger acceleration.

Ions were created by three step ionization of atomic Zn vapour, as described in
section 2.4.2. The energy of the �rst, second and third step lasers was 10.5 µJ,
3.5 µJ and 110 mJ respectively. This signal was recorded using a multi-channel
oscilloscope as shown in Figure 5.31. It should be noted that the �ight time of
the Zn ions recorded by the MCP was ∼16 µs after �rst step laser pulse, and
for Figure 5.31 the peak of 64Zn was taken as time zero.

The signal from the MCP detector is sent to three channels of the oscillo-
scope. Each channel of the oscilloscope has the exact same time scale and
start time, but each channel has a di�erent voltage scale (y-scale). The dif-
ferent voltage scales were selected to measure particular isotope peaks with
optimal voltage resolutions for signals of this size. Channel 1 was set up to
measure the most abundant isotopes 64Zn , 66Zn and 68Zn. While channel 2 was
set up to measure 67Zn and 70Zn and channel 3 was set up to get an ampli�ed
signal of 70Zn. The measurement in Figure 5.31 was conducted by averaging
each trace over 16 laser pulses. It was determined that the TOF-MS system
is considerably more sensitive compared to �uorescent measurements. When
using the TOF-MS system it was noticed that a lower electric heating current
could be supplied to the atomic source to successfully measure ions meaning
that a lower atomic vapour density was required for ion measurements than
for �uorescent measurements.

From Figure 5.31 it can be observed that the Zn isotopes are completely tem-
porally/mass resolved (no overlapping peaks) and therefore it is possible to
investigate the isotopes independently from each other by integrating over the
mass peak of a particular ion. Additionally, 64Zn, 66Zn and 68Zn are com-
pletely saturated when considering channel 2 and 3 however, 67Zn and 70Zn
are not. It was necessary to use a multi-channel setup as the isotopes with a
low abundance have very weak signals compared to isotopes with high abun-
dance. Using a channel with a large voltage scale results in a voltage resolution
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Figure 5.31: Mass spectra of Zn recorded with TOF-MS system.

that is too low to distinguish between signals of low abundance isotopes and
background noise. This behavior can be observed in Figure 5.31 for 70Zn when
comparing channels 1 & 2, for channel 1 there is no visible signal located for
70Zn however, for channel 2 there is. For the abundant isotopes it is impor-
tant to also have a channel with a large voltage scale to avoid saturation of
the signals. When saturation occurs the relative intensity and peak area can
not be used since some of the peaks will have the same intensities as seen in
channel 2 for 64Zn, 66Zn and 68Zn.

The relative area of the peaks measured were compared to that of the nat-
ural abundance (Table 5.2), to verify that the isotopes that were assigned to
the peaks measured in Figure 5.31 were done correctly. The measured abun-
dance was calculated by dividing the peak area of a given isotope by the sum
of the areas of all the isotopes. From Table 5.2 it can be observed that the nat-
ural abundance of the isotopes given by [13; 14] does not match the abundance
measured in Figure 5.31 exactly. The book by T. Renner [14] uses the values
given by the commission on atomic weights and isotopic abundances (CIAAW)
the international scienti�c committee of the international union of pure and
applied chemistry. The reason for this mismatch in natural abundance is that,
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Table 5.2: Comparing natural abundances and measured results.

Isotope
Natural abundance

[13; 14] (%)
Measured abundance�

(%)
Di�erence (%)

64Zn 48.268(321) 44.81(13) -3.46(35)
66Zn 27.975(77) 28.52(11) 0.54(13)
67Zn 4.102(21) 4.17(9) 0.06(9)
68Zn 19.024(123) 21.92(10) 2.90(16)
70Zn 0.631(9) 0.59(9) -0.04(9)
� Uncertainty determined from area �t data. Error propagation used to calculate
�nal uncertainty.

Table 5.3: Time to atomic mass calibration data.

Isotope
Position�

(ns)
Atomic mass
[13; 14] (Da)

y = A + Bx + Cx2

64Zn 0 63.9291422(7)
A=63.93002(614)
B=0.008230(37)
C=3.17(49)×10−7

66Zn 240.22(3) 65.9260334(10)
67Zn 358.56(12) 66.9271273(10)
68Zn 477.46(4) 67.9248442(10)
70Zn 708.91(8) 69.9253193(21)
� Uncertainty determined from �t data.

when ions are created using laser ionization, not all isotopes are excited with
the same quantum e�ciency as a result of the central frequency and frequency
bandwidth of the laser responsible for the �rst excitation step. When consid-
ering the last column in Table 5.2 it can be concluded that the frequency of
the �rst step laser was set closer to the resonance of 68Zn as this isotope was
excited more e�ciently compared to the other isotopes. Later in this section
the e�ect that laser frequency has on the isotope excitation e�ciency will be
investigated. To truly compare the natural abundance of the isotopes between
the literature and measured results, it will be necessary to tune the frequency
of the �rst step laser and record the amount of ions created at each point,
and thereafter integrate the area of the peaks measured, this area can then be
compared to the natural abundance.

Now that the peaks and isotopes have been identi�ed, it is possible to calibrate
the time axis in Figure 5.31 to an atomic mass scale by using the atomic masses
of the Zn isotopes as given by [13; 14]. It is expected from literature [46] and
section 4.5 that the relationship between the �ight time of ions and their mass
should be quadratic. The 2nd order polynomial �t (Figure C.1 in Appendix)
given in Table 5.3 was used to calibrate the time axis (bottom x-axis) in Fig-
ure 5.31 to the atomic mass scale given by the top x-axis in Figure 5.31.
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The resolution in the TOF-MS system is de�ned as the minimum separation
between two spectra peaks with equal width and height that will still allow
the two peaks to be resolved [56] and typically the full width at half maximum
(FWHM) of a peak is taken as the resolution. In the case of the TOF-MS the
average FWHM of the isotopes measured was 0.16 Da therefore the mass res-
olution is 0.16 Da. The mass resolving power (TOF-MS ability to distinguish
two adjacent ions of equal intensity) of a TOF-MS is de�ned as:

R =
m

∆m
=

t

2∆t
(5.3.1)

Where R is the mass resolving power, m is the observed mass, ∆m smallest
mass di�erence that can be resolved (FWHM in mass), t is the total �ight
time, ∆t is the smallest time di�erence that can be resolved (FWHM in time).
Using the experimental results a resolving power of 399.56 was calculated for
our TOF-MS system.

Spectra

In this section the impact that the frequencies of the �rst step laser and sec-
ond step laser has on the Zn ion production will be investigated. Only these
two frequencies will be considered for now as the SH of the Nd:YAG laser will
be used as the third step laser. The measurements will be conducted in the
same manner as described in sections 5.1.5 & 5.2.3, however unlike the LIF it
is now possible to measure the impact that the frequency tuning has on the
individual isotopes independently from one another using the TOF-MS system.

The frequency of the �rst step laser was tuned stepwise, at each frequency
step the mass spectrum was recorded. An average of 16 mass spectra was
recorded by the oscilloscope (Figure 5.31) before the data is sent to a PC to be
saved with the corresponding frequency step. This process is repeated over the
tuning range. By combining the individual mass spectra at all the frequency
steps it is possible to generate the 2D density plot given by Figure 5.32 which
represents the change in the relative number of ions for the individual isotopes
as the frequency is tuned. At the top of Figure 5.32 frequency spectra for the
individual isotopes are shown. These spectra are recorded by integrating the
signal of an individual isotope at each frequency step to obtain the area of the
peak on the mass spectra. Four di�erent cases were investigated using these
methods:

1. The frequency of the �rst step laser was tuned over the N0 → N1 res-
onance whilst the frequency of the second step laser was �xed on the
N1 → N2 excitation. The SH of the Nd:YAG was used as the third step
laser.

2. The frequency of the �rst step laser was tuned over the N0 → N1 res-
onance whilst the frequency of the second step laser was �xed on the
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Figure 5.32: 2D plot of Zn isotope ion signal (colour bar) as a function on the �rst
step laser frequency detuning relative to resonance of 64Zn (x-axis), and the atomic
mass scale (y-axis). Energy of the �rst step laser 12 µJ, energy of second step laser
4 µJ and energy of third step laser 105 mJ.

N1 → N∗2 excitation. The SH of the Nd:YAG was used as the third step
laser.

3. The frequency of the second step laser was tuned over N1 → N2 and
N1 → N∗2 transitions whilst keeping the frequency of the �rst step laser
�xed on the N0 → N1 resonance. The SH of the Nd:YAG was used as
the third step laser.

4. The SH of the Nd:YAG was replaced by a third dye laser for ionization.
Using a dye laser it was be possible to scan from below the ionization
limit to above the ionization limit. In this case both the �rst step and
second step lasers were �xed on their respective resonances (N0 → N1

and N1 → N2) for optimal ion production.
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It should be noted that cases 1 and 2 give identical spectroscopic results with
the only di�erences being the amount of ions produced as a result of the dif-
ferent excitation rates for states N2 and N

∗
2 .

First case: Tuning the �rst step laser with N1 → N2 as second step

transition

The measured data for the �rst case is given in Figure 5.33 (A). Three im-
portant observations can be made from Figure 5.33 (A). Firstly, the laser
bandwidth is too large (4.9 GHz) to be able to excite individual isotopes sep-
arately, however when tuning the frequency of the �rst step laser to shorter
wavelength it is possible to increase the production of 67Zn ions relative to
the production of 64Zn (also see Figures 5.36 (A) & (B)). The lasers band-
width makes it impossible to measure the hyper�ne structure of 67Zn, which
was simulated in Figure 5.33 (B) with the corresponding broad laser band-
width and also not resolved in the simulation. Secondly, it can be observed
when comparing the measured results (Figure 5.33 (A)) with the simulated
results (Figure 5.33 (B)) that the isotopes follow the correct trend in terms
of frequency distribution where, 64Zn is at a higher wavelength and 66Zn &
68Zn are at lower wavelengths. In Figure 5.35, as example, the measured and
simulated data for 64Zn are overlapped to illustrate the correspondence. A
Gaussian �t to the measured data is also shown. Lastly, the peak width of
67Zn is considerably larger (∼ 35%) than the other isotopes. This is as a result
of the hyper�ne splitting of 67Zn and that the laser bandwidth is too broad
to resolve the hyper�ne splitting thus creating a singular broader peak (also
see Figure 5.35 for 67Zn). Note that the ion yields in these experiments and
simulations were low because low laser pulse energy was used for the �rst step
laser. The aim was to optimise for selectivity, not yield.

This experiment was repeated multiple times over multiple days (see Ap-
pendix C for spectra and �ts). To compare the di�erent measurements of
a given isotope the relative intensities would have to be normalized �rst. In
this study the measured peaks were normalized in such a way that the area
under the Gaussian function that was �tted to the peak of the isotopes will be
equal to 1:

Normalized signal of AZn =
Ion signal of AZn

Area of Gaussian �tted to AZn ion signal
.

(5.3.2)
Additionally, the frequencies recorded for the �rst step laser of the individual
spectra will be given relative to the measured peak position of 64Zn isotope for
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Figure 5.33: TOF-MS for ionized Zn when tuning the frequency of the �rst step
laser over N0 → N1 resonance (�rst step laser energy=12 µJ) whilst the frequency
of the second step laser was �xed on the N1 → N2 excitation (second step laser
energy=4.1 µJ). The SH of the Nd:YAG was used as the third step laser with laser
energy of 105 mJ. Graph A shows measured results and Graph B simulated results.
Literature values from [3; 57] for the expected frequencies of the isotope lines are
indicated in the �gure. For rate equation parameters see Table B.17
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Figure 5.34: In black squares TOF-MS for ionized Zn when tuning the frequency
of the �rst step laser over N0 → N1 resonance (�rst step laser energy=12 µJ) whilst
the frequency of the second step laser was �xed on the N1 → N2 excitation (second
step laser energy=4.1 µJ). The SH of the Nd:YAG was used as the third step laser
with laser energy of 105 mJ. Blue line is Gaussian �tted to measured results and
red line simulated data using rate equation model. For rate equation parameters see
Table B.17

the N0 → N1 resonance. These measurements were also compared to that of
the rate equation simulations as observed in Figure 5.35.

From Figure 5.35 it can be observed that the multiple scans of a given isotope
follow the same trends in terms of frequency distribution among the di�erent
isotopes. The measured data is also compared to the simulated data from
the rate equation model, and it can be observed that the simulated data is
comparable to the measured data in Figure 5.35. As mentioned the larger
laser bandwidth (4.9 GHz) of the �rst step laser makes it impossible to mea-
sure the hyper�ne structure, the largest frequency shift between the hyper�ne
states is 2111 MHz and occurs between 67Zn (ii) and 67Zn (iii) states. From
Figure 5.35 it can be observed from the simulation data that it will not be
possible to distinguish between the di�erent hyper�ne states. Multiple Gaus-
sian �ts were also attempted on the measured data in order to try and extract
spectral information regarding the hyper�ne states however, these attempts
where unsuccessful and only a singular peak was �tted to the 67Zn isotope
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Figure 5.35: Comparing multiple scans (area-normalized as described in the text)
of TOF-MS of ionized Zn with rate equation simulation for individual isotopes when
tuning the frequency of the �rst step laser over N0 → N1 resonance. For rate
equation parameters see Table B.17.
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Table 5.4: Comparing measured isotope shift with literature values and simulated
results for the N0 → N1 → N2 → Nion excitation when tuning the �rst step laser.

Isotope
Isotope shift (MHz) FWHM (GHz)

Meas.� Lit.[3] Sim.� Di�.* Meas. Sim.�
64Zn 0 0 0 0 5.21(16) 4.94(0)
66Zn 794(40) 688.6(1.2) 688.6(1.2) 106(41) 4.78(17) 4.94(0)
67Zn� 1375(63) 1085.7(2.3) 1128.0(3.8) N/A 6.71(28) 6.20(1)
68Zn 1492(41) 1365.2(1.8) 1365.2(1.8) 127(41) 4.64(16) 4.94(0)
70Zn 1853(49) 1962.2(2.6) 1962.2(2.6) -108(49) 5.14(20) 4.94(0)
� Meas.= measured data. Uncertainty determined from �t. Error propagation used to
calculate �nal uncertainty. It should be noted that the step size of the �rst step laser is
456.84 MHz.

� The isotope shift for 67Zn reported by [3] the centroid of the hyper�ne structure. The value
measured can not be compared to this value as the measured value is the combination of
the hyper�ne states with their corresponding degeneracy taken into account.

* Di�erence taken between the measured and literature results.
� Data simulated using rate equation model. For rate equation parameters see Table B.17.

data.

Multiple spectra (4 spectra) were recorded and the accumulated results are
given in Tables 5.4 & 5.5, the frequencies of the isotopes of a given measure-
ment was calculated relative to the peak position of 64Zn given by the Gaus-
sian �t for that measurement. The �nal frequencies reported in Table 5.4 were
calculated by taking the average frequency shift for a given isotope over all
measurements. The uncertainty reported for the frequencies were taken from
the Gaussian �t uncertainty, it should be noted that this would be a lower
limit for the uncertainty since the step size of the �rst step laser is 457 MHz
and should be considered the upper limit of the uncertainty for the frequency
shifts reported.

The measured frequency for 67Zn in Table 5.4 can not be compared to the liter-
ature value given by Campbell et al. [3] since the value reported by Campbell
et al. is the centroid of the hyper�ne structure or in other words the isotope
shift for 67Zn if there was no hyper�ne splitting. The measured isotope shift of
67Zn can be compared to the rate equation simulation since the rate equation
simulation takes into account the individual hyper�ne states and their cor-
responding degeneracy (in section 5.1.2 and section 3.2.2 it is explained how
the degeneracy between the N0 and N1 states in�uences the excitation rate).
A Gaussian function was �t to the simulated data of 67Zn isotope, the peak
position given by the �t 1128.05(3.85) MHz. When this value is compared to
the measured value in Table 5.4 the di�erence in 67Zn shift is 247(63) MHz.
The FWHM of 67Zn is ∼35% larger compared to the other isotopes this is
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Table 5.5: Comparing measured natural abundance with literature values for the
N0 → N1 → N2 → Nion excitation when tuning the �rst step laser.

Isotope
Natural abundance (%)

Measured� Lit. [13; 14] Di�.
64Zn 48.43(1.16) 48.268(321) 0.16(1.21)
66Zn 27.44(71) 27.975(77) -0.54(71)
67Zn 4.98(15) 4.102(21) 0.88(15)
68Zn 18.57(51) 19.024(123) -0.45(52)
70Zn 0.565(17) 0.631(9) -0.065(20)
� Uncertainty determined from area �t data. Error prop-
agation used to calculate �nal uncertainty.

expected since the bandwidth of the �rst step laser is too broad to resolve
the hyper�ne splitting thus creating a broad peak. From Table 5.4 it can be
observed that the FWHM of the simulated data (�rst step laser bandwidth of
4.9 GHz) for the 67Zn isotope is also considerably larger (∼25%) compared to
the other isotopes, the di�erence in FWHM between the measured data and
the simulated data is 0.49 GHz.

The natural abundance can be calculated by using the area information (from
the Gaussian �ts) of the individual isotopes. Using the area of a given iso-
tope will account for all ions created over all frequencies when the �rst step
laser is tuned. The uncertainty reported in Table 5.5 for the measured natural
abundance was calculated using error propagation and the area uncertainty
reported by the Gaussian �t coe�cients.

From the results in Table 5.5 it can observed that the the di�erence between
the measured abundance and that from literature is smaller than the uncer-
tainty in the di�erence for all isotopes except for 67Zn. This indicates within
the uncertainty limits the areas under the experimental peaks when the �rst
step laser is tuned correspond to the expected natural abundance. This con-
�rms that the deviation from the natural abundance that was seen in Table 5.2
was due to isotope selective excitation by the �xed frequency �rst step laser
that was used.

It is possible to calculate how e�cient a given isotope was excited at a speci�c
frequency for the �rst step laser, this calculation can be done in the following
way:

Isotopic ion yield AZn at frequencyf =
nr. of AZn ions

total nr. of AZn atoms
× 100 (5.3.3)

where A denotes the isotope number (64, 66, 67, 68 and 70). For measured re-
sults only a relative value of the yield can be calculated, therefore the ion signal
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was used instead of the absolute number of ions and the natural abundance of
AZn was used instead of the absolute number of AZn atoms. Additionally is it
also possible to calculate the abundance of each isotope in the ions produced
for a given frequency f of the �rst step laser, this calculation was done in the
following manner:

Abundance of AZn ion at frequencyf =
nr. of AZn ions

Total nr. of ions
× 100. (5.3.4)

For measured results the abundance is calculated using the ion signal instead
of absolute ion numbers.

The abundance per frequency can be observed in Figures 5.36 (A) & (B),
where Figure 5.36 (A) was calculated using the measured data (combination
of measurements) and Figure 5.36 (B) was calculated using the simulated data.
White lines in Figure 5.36 (A) correspond to a running average for each iso-
tope and is used to indicate the trend lines more clearly. Figures 5.36 (A) &
(B) can also be thought of as an indication of how much particular isotopes
are enriched in the produced ion sample. However, Figures 5.36 (A) & (B)
do not give an indication of what the isotopic ion yield is (how e�cient the
ionization is) at that frequency. Figures 5.36 (C) & (D) indicate the relative
isotopic ion yield of the di�erent isotopes per frequency, where Figure 5.36 (C)
was calculated using the measured data and Figure 5.36 (D) was calculated
using the simulated data. It can be observed that the measured results in Fig-
ure 5.36 (A) diverges from the simulated results in Figure 5.36 (B) at the low
(∆f<-8 GHz) and high (∆f>8 GHz) frequency regions. From Figure 5.36 (C)
it can be observed that in these regions the excitation e�ciency is extremely
low (<0.1 relative isotopic ion yields) and therefore increases the uncertainty
(noise) leading to artifacts in Figure 5.36 (A) for example the increase in the
abundance for 64Zn and 66Zn at 10 GHz.

When comparing Figures 5.36 (A) & (B) it can be observed that the mea-
sured results do agree with the simulated results. It can be observed in both
the measured and simulated results that when the relative frequency of the
�rst step laser is on resonance with 64Zn (f = 0 GHz) that the abundance
of 67Zn is at its lowest 2.53 % for measured results and 3.23 % for simulated
results. In both Figures 5.36 (A) & (B) the abundance of 67Zn increases as
the frequency of the �rst step laser is tuned o� 64Zn resonance (to both longer
and shorter frequencies), as a result of 67Zn having hyper�ne states and these
states are on the either side of 64Zn resonance therefore the further the laser
is tuned o� resonance the less e�cient other isotopes are ionized relative to
67Zn (Figures 5.36 (C) & (D)) increasing the isotopic ion abundance of 67Zn.
It can additionally be observed that the abundance of 67Zn is larger when the
peak of the �rst step laser is at 6 GHz compared to when the peak of the �rst
step laser is -6 GHz, as a result of 67Zn (iii) state having a degeneracy of 8
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Figure 5.36: Stacked area plots for relative abundance of isotopes (relative to
other isotopes) per frequency of �rst step laser relative to 64Zn resonance (N0 → N1

transition) from the (A) measured data (running average of 10 plotted in white
for each isotope) and (B) simulated data. Relative isotopic ion yield (relative to
other isotopes) per frequency of �rst step laser from the (C) measured data and (D)
simulated data. For rate equation parameters see Table B.17
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compared to the 67Zn (i) state only having a degeneracy of 4 (see section 5.1.2
and section 3.2.2 for the impact that degeneracy has on the excitation rate).

The abundance of 66Zn remains fairly constant in both Figures 5.36 (A) &
(B) over the tuning range. This is expected since the isotope shift 66Zn places
in between the other isotopes (Figure 5.1) therefore as the �rst step laser is
tuned from short frequency (-6 GHz) to longer frequency (6 GHz) the abun-
dance of 64Zn decreases but at the same time the abundance of 68Zn increases
by approximately the same amount (the �rst step laser tuned over the reso-
nance of 64Zn to 68Zn) therefore the relative abundance 66Zn does not change.
In both Figures 5.36 (A) & (B) it can be observed that 68Zn reaches a maxi-
mum abundance at a higher frequency (at 4 GHz for measured results and 8
GHz for simulation), the reason why the 68Zn reaches a maximum abundance
at a higher frequency is the same as 67Zn. At a higher frequency 64Zn and 66Zn
are ionized less e�ciently compared to 68Zn (Figures 5.36 (C) & (D)), therefore
increasing the relative abundance of 68Zn. Lastly, in Figures 5.36 (A) & (B)
and Figures 5.36 (C) & (D) it can be observed that 70Zn is excited the most
e�ciently at ∼1 GHz however almost no abundance is observed in Figures 5.36
(A) & (B) at the same frequency, this is because at that same frequency all the
other isotopes (64Zn, 66Zn, 67Zn and 68Zn) are also ionized e�ciently (not at
maximum e�ciency but still high compared to 70Zn e�ciency) and the natural
abundance of the other isotopes are considerable larger (1 to 2 orders larger
see Table 5.5), thus at this frequency more 70Zn ions are produced but at a
low abundance compared to the other isotopes. The maximum abundance of
70Zn occurs at the positive frequency shift edge of the plots in Figures 5.36
(A) & (B). This is a result of the �rst step laser being detuned far away from
the other isotope resonances therefore decreasing the isotopic ion yield for the
other isotopes. However since the natural abundance of 70Zn is 1 to 2 orders
smaller than the other isotopes the relative abundance 70Zn does not increase
as much as the other isotopes when detuning the �rst step laser frequency.

From the results above it can be determined that both the abundance (Fig-
ures 5.36 (A) & (B)) and isotopic ion yield (Figures 5.36 (C) & (D)) have to
be taken into account when determining the optimal production (in terms of
number of ions and enrichment) of a given isotope. A better indication of this
relationship can be observed when plotting the abundance of a given isotope
on the same graph as the excitation e�ciency (Figures 5.37 & Figures 5.38).

The measured and simulated results for the abundance and excitation e�-
ciency for 68Zn are given in Figures 5.37 (A) & (B), where it can be observed
that the measured results agree well with the simulated results. In both �g-
ures the maximum isotopic ion yield occurs close to 2 GHz and the abundance
of 68Zn increases as the frequency increases (between 4 to 8 GHz). For the
measured results (Figures 5.37 (A)) it can be observed that at the maximum
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Figure 5.37: Abundance and isotopic ion yield of 68Zn per frequency of �rst step
laser for (A) measured ion signal and (B) simulated results. For rate equation pa-
rameters see Table B.17

Stellenbosch University https://scholar.sun.ac.za



CHAPTER 5. RESULTS AND DISCUSSION 128

isotopic ion yield it is only possible to have an abundance of 23% while at ∼3
GHz it is possible to have an abundance of 33% with an excitation e�ciency of
0.45%. It is possible to increase the abundance of 68Zn but at the cost of the
excitation e�ciency. At ∼4.5 GHz the abundance of 68Zn increases to 35% but
the excitation e�ciency decreases to 0.12%. For the simulated results (Fig-
ures 5.37 (B)) an abundance of 24% was recorded at ∼2 GHz, an abundance of
27% was recorded at ∼3 GHz and an abundance of 33% was recorded at ∼4.5
GHz. A two percent increase in 68Zn abundance does not seem to be much
however, the change in abundance is distributed among the other isotopes as
well, the two percent increase in 68Zn abundance leads to a 5.3% decrease in
abundance of 64Zn and 2.2% increase in abundance of 67Zn.

The measured and simulated results for the abundance and isotopic ion yield
for 67Zn are given in Figures 5.38 (A) & (B). Where it can be observed that
the measured results agree well with the simulated results. In both �gures
the maximum isotopic ion yield occurs close to 2 GHz and the abundance of
67Zn reaches a minimum (3.5%) at ∼0 GHz. The abundance of 67Zn increases
in Figures 5.38 (A) & (B) to both the longer and shorter frequencies from of
0 GHz, for both the simulated and measured data. It can be observed that
the abundance of 67Zn increases more on the longer frequency (∆f>0) side
compared to the shorter frequency side, this is as a result of the positions of
the hyper�ne states (in frequency). Since the 67Zn (iii) line for the N1 state
is the furthest separated from all of the isotope shifts it is possible to excite
this hyper�ne line more selectively compared to the other hyper�ne states of
N1. Additionally, the degeneracy ratio between the ground state (N0) and the
N1 state for the 67Zn (iii) line (6:8) is the largest of all the hyper�ne states
thus resulting in this transition to have the highest isotopic ion yield (see sec-
tions 5.1.2 & 3.2.2 for full explanation of hyper�ne states). When comparing
Figures 5.38 (A) & (B) it can be observed that the abundance of 67Zn is con-
siderably larger for the simulated results at 12 GHz, but the measured isotopic
ion yield is extremely low (ion yield < 0.02%) between -12 GHz to -8 GHZ and
8 GHz to 12 GHZ therefore making it di�cult to distinguish between noise
and the real ion signal. From Figures 5.38 (A) & (B) the abundance of 67Zn
can be increased to 11% by tuning the �rst step laser to ∼4 GHz, this however
will reduce the excitation e�ciency by ∼45%.

Second case: Tuning the �rst step laser with N1 → N∗2 as second
step transition

The frequency of the �rst step laser was tuned over the N0 → N1 resonance
whilst the frequency of the second step laser was �xed on the N1 → N∗2 exci-
tation. The SH of the Nd:YAG was used as the third step laser. It is expected
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Figure 5.38: Abundance and isotopic ion yield of 67Zn per frequency of �rst step
laser for (A) measured ion signal and (B) simulated results. For rate equation pa-
rameters see Table B.17
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Table 5.6: Comparing measured isotope shifts with literature values and simulated
results for the N0 → N1 → N∗2 → Nion excitation when tuning the �rst step laser.

Isotope
Isotope shift (MHz) FWHM (GHz)

Measured� Lit.[3] Di�.* Measured
64Zn 0 0 0 4.90(17)
66Zn 584(53) 688.6(1.2) -103(52) 5.07(19)
67Zn� 1117(106) 1085.7(2.3) N/A 6.83 (23)
68Zn 1457(57) 1365.2(1.8) 92(57) 5.08(21)
70Zn 1967(69) 1962.2(2.6) 5(69) 5.45(22)
� Uncertainty determined from the �t. Error propagation used to calcu-
late �nal uncertainty. It should be noted that the step size of the �rst
step laser is 456.84 MHz.

� The isotope shift for 67Zn reported by [3] the centroid of the hyper�ne
structure. The value measured can not be compared to this value as
the measured value is the combination of the hyper�ne states with their
corresponding degeneracy taken into account.

* Di�erence taken between the measured and literature results.

that the spectral information for this case should be the same as the �rst step
laser is tuned over the N0 → N1 transition, the only di�erence should be the
number of atoms being ionized. Unfortunately the absolute number of ions
between the �rst and second case can not be compared directly as it is not
possible to know if the peak second step laser was completely on resonance
with N2 state for the �rst case and completely on resonance with N∗2 state for
the second case. Additionally, the Zn in the atomic source does get depleted
over time therefore it is also not possible to state that the same amount of
atoms where available for both cases.

This experiment was repeated multiple times over multiple days (see Ap-
pendix C for spectra). The accumulated results are given in Tables 5.6 & 5.7.
The frequencies of the isotopes of a given measurement was calculated relative
to the peak position of 64Zn given by the Gaussian �t for that measurement.
The �nal frequencies reported in Table 5.6 was calculated by taking the aver-
age frequency shift for a given isotope over all measurements. The uncertainty
reported for the frequencies were taken from the Gaussian �t uncertainty, it
should be noted that this would be a lower limit for the uncertainty since the
step size of the �rst step laser is 457 MHz and should be considered the upper
limit of the uncertainty for the frequency shifts reported. It is important to
note that the measured frequency for 67Zn in Table 5.4 can not be compared
to the literature value given by Campbell et al. [3] since the value reported by
Campbell et al. is the centroid of the hyper�ne structure.

It can be observed that the measured frequencies in Table 5.6 agree with that
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Table 5.7: Comparing measured natural abundance with literature values for the
N0 → N1 → N∗2 → Nion excitation when tuning the �rst step laser.

Isotope
Natural abundance (%)

Measured� Lit. [13; 14] Di�.
64Zn 49.54(1.41) 48.268(321) 1.27(1.45)
66Zn 27.99(83) 27.975(77) 0.01(83)
67Zn 4.29(0.15) 4.102(21) 0.19(14)
68Zn 18.14(0.57) 19.024(123) -0.88(58)
70Zn 0.66(02) 0.631(9) 0.03(3)
� Uncertainty determined from the area �t data. Error
propagation used to calculate �nal uncertainty.

from the literature and the measured frequencies reported in Table 5.4. It can
be observed that the di�erence in the measured frequencies in Table 5.6 and
Table 5.4 for the individual isotopes are of the same order as the error reported.
The measured FWHM in Table 5.6 is also comparable to the measured FWHM
in Table 5.4 as the the di�erences in the FWHM generally smaller than the
errors reported for the individual isotopes.

The rate equation model was not designed for the N0 → N1 → N∗2 → Nion

excitation however, the results for the simulation in Table 5.4 can still be com-
pared to the measured results in Table 5.6. The measured peak of 67Zn can
be compared to simulated data for the 67Zn isotope, where the peak position
was determined to be 1128.05(3.85) MHz, the di�erence between the measured
and simulated data is 11(106) MHz. The FWHM values in Table 5.6 of 64Zn,
66Zn, 68Zn and 70Zn are all similar in size and that the FWHM of 67Zn is 33%
larger. The FWHM of 67Zn is expected to be larger as the bandwidth of the
�rst step laser (4.9 GHz) is too large to resolve the hyper�ne structure of 67Zn
therefore creating a single broad peak. From Table 5.7 it can be observed that
the measured natural abundance agrees well with the natural abundance given
by the literature [13; 14].

From Table 5.7 it can be observed that the di�erence between the measured
natural abundance and the natural abundance given by the literature [13;
14] is generally smaller than the errors, indicating that the measured results
agree with literature values. The uncertainty reported in Table 5.7 for the
measured natural abundance was calculated using error propagation and the
area uncertainty reported from the Gaussian �t coe�cients.

Third case: Tuning the second step laser

In the third case, the frequency of the second step laser was tuned over
N1 → N2 and N1 → N∗2 transitions whilst keeping the frequency of the �rst
step laser �xed on the N0 → N1 resonance. The SH of the Nd:YAG was used
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Figure 5.39: TOF-MS for ionized Zn when tuning the frequency of the second step
laser over N1 → N2 and N1 → N∗2 resonances (second step laser energy=3.1 µJ)
whilst the frequency of the �rst step laser was �xed on the N0 → N1 excitation (�rst
step laser energy=10 µJ). The SH of the Nd:YAG was used as the third step laser
with laser energy of 100 mJ.

as the third step laser. It should �rst be noted that the bandwidth of the
second step laser is ∼10 GHz. The frequency of the �rst step laser will not
be exciting all isotopes with equal e�ciency (also see section 5.3.2) and as
the frequency of the �rst step laser may drift during long measurements the
relative �rst step excitation e�ciency of the di�erent isotopes is not known
and may change during measurements.

The measured spectra for the third case is given in Figure 5.39. In section 5.2.3
it was measured that the N1 → N2 excitation has a shorter wavelength (higher
energy) compared to N1 → N∗2 excitation. The frequency of the second step
laser in Figure 5.39 is given relative to the resonance of N1 → N∗2 transition,
the y-axis on the left gives the relative measured intensity while the y-axis on
the right a percentage scale between 0 to 100 percent. The maximum peak
height for the N1 → N2 excitation was ∼ 35% larger (100:65 ratio) compared
to the maximum peak height of the N1 → N∗2 excitation. In section 5.2.3 the
peak ratio between the N1 → N2 and N1 → N∗2 excitation was measured to be
100:19 and from the Einstein B coe�cients in Table 5.1 it was determined that
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Table 5.8: Comparing measured isotope shift with literature values for the N0 →
N1 → N∗2 → Nion and N0 → N1 → N2 → Nion excitation when tuning the frequency
of second step laser.

Isotope
Isotope shift (MHz) for the N1 → N2 or N1 → N∗2 transtion

N∗2 Lit.� N∗2 Meas.� N∗2 Di�.� N2 Lit.
� N2 Meas.� N2 Di�.

�

64Zn 0 0 0 0 0 0
66Zn 149(20) 436(237) 297(238) 119(20) 81(210) -38(221)
67Zn - 380(278) - - 129(213) -
68Zn 269(20) 622(230) 353(231) 209(20) 0(225) -210(226)
70Zn - -125(705) - - -170(332) -
� Meas.=Measured. Uncertainty determined from the �t data. Error propagation used
to calculate �nal uncertainty. It should be noted that the step size of the second step
laser is 1083.2 MHz.

� Di�=Di�erence taken between the measured and literature results.
� Lit.=Literature. Literature values from [27], it should be noted that literature values
for 67Zn, 68Zn and 70Zn could not be found.

the expected peak ratio should be 100:33 between N1 → N2 and N1 → N∗2
excitation. A possible reason why the peak ratio measured di�ers from the ex-
pected peak ratio is that the number of atoms released by the atomic sample
is not constant and could lead to a di�erent ion signal strength being recorded
for the two measurements.

A summary of the peak positions relative to 64Zn is given in Table 5.8, where it
can be observed that there is no noticeable trend between the di�erent isotopes
for a given transition, the measured values do not show the expected order of
isotope shifts with mass, and the errors are of the same order or larger than the
frequency shift values. This is expected, �rstly, because the laser bandwidth
(∼10 GHz) is two orders larger than the isotope shifts given by the literature
(f64-f66=149 MHz) and secondly, the step size of the second step laser is 1083.2
MHz almost a full order larger than the isotope shifts given by the literature.
It can further be observed that the uncertainty of the peak position of 70Zn
for the N0 → N1 → N∗2 → Nion excitation is considerably larger compared to
the uncertainty of the other isotopes for the same transition, this is as a result
of the low natural abundance of 70Zn (0.631(9) %) resulting in a low signal to
noise ratio for 70Zn.

In the �rst and second case an increase in the FWHM for 67Zn was recorded
as a result of the �rst step laser not being able to resolve the individual hy-
per�ne lines of 67Zn. With regards to the third case it should be noted that
the N2 and N

∗
2 states also contain hyper�ne states for 67Zn, but unfortunately

the hyper�ne coe�cients for the N2 and N
∗
2 states could not be found in lit-

erature. From Table 5.9 it can be observed that all of the isotopes for both
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Table 5.9: Comparing measured FWHM for the N0 → N1 → N∗2 → Nion and
N0 → N1 → N2 → Nion excitation when tuning the frequency of second step laser.

Isotope
FWHM (GHz)

N∗2 Meas. � N2 Meas. �

64Zn 9.9(0.36) 10.77(35)
66Zn 10.27(43) 9.54(34)
67Zn 10.17(55) 9.84(35)
68Zn 10.01(40) 9.74(39)
70Zn 8.77(1.56) 7.30(1.64)
� Uncertainty determined from the �t
data. It should be noted that the step
size of the second step laser is 1083.2
MHz.

Table 5.10: Comparing measured natural abundance with literature values for the
N0 → N1 → N∗2 → Nion and N0 → N1 → N2 → Nion excitation when tuning
frequency of the second step laser.

Isotope
Abundance (%)

N2 Lit.
� N2 Meas. � N2 Di�.

* N∗2 Meas. � N∗2 Di�. *

64Zn 48.268(321) 53.59(2.77) 5.33(2.80) 47.96(2.24) -0.31(2.26)
66Zn 27.975(77) 28.28(1.62) 0.30(1.62) 29.93(1.46) 1.95(1.46)
67Zn 4.102(21) 3.11(22) -0.98(22) 3.611(18) -0.49(18)
68Zn 19.024(123) 14.72(82) -4.30(83) 18.12(97) -0.90(97)
70Zn 0.631(9) 0.29(15) -0.34(15) 0.37(20) -0.26(20)
� Meas.=Measured. Uncertainty determined from the �t data. It should be noted that
the step size of the second step laser is 1083.2 MHz.

* Di�=Di�erence taken between the measured and literature results.
� Lit.=Literature. Literature values used from [13; 14].

the N0 → N1 → N∗2 → Nion excitation and N0 → N1 → N2 → Nion excita-
tion have approximately the same FWHM and no noticeable increase in the
FWHM was observed for the 67Zn isotope. The reason is that the FWHM
of the measured lines are dominated by the large frequency bandwidth of the
second step laser making it impossible to see the broadening e�ect of the un-
resolved hyper�ne splitting.

As there was no noticeable trend in the peak positions for the di�erent iso-
topes in Table 5.8 and there was no noticeable increase or decrease in the
FWHM for the individual isotopes it can be concluded that the second step
process in our study is a non-isotope selective process unlike the �rst step. In
the �rst and second case it was possible to measure the natural abundance
of Zn since in these case the �rst step laser was tuned over all of the isotope
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resonances, in the third case (this case) the �rst step laser is �xed to the
N0 → N1 transition. The precise frequency of the �rst step laser is unknown
therefore it is possible that the frequency of the �rst step laser could be closer
to a speci�c isotope resonance (also see section 5.3.2), therefore when calcu-
lating the abundance when tuning the frequency of the second step laser it
will not be the natural abundance but rather the abundance of the isotopes
excited by the �rst step laser. In Table 5.10 the natural abundance given by
literature is compared to the abundance measured when tuning the second
step laser over the N0 → N1 → N∗2 → Nion and N0 → N1 → N2 → Nion

excitation. From Table 5.10 for the N0 → N1 → N2 → Nion excitation it
can be observed that the di�erence between the natural abundance and mea-
sured abundance is the largest for 64Zn and decreases as the isotope number
increases, this indicates that the frequency of the �rst step laser was closer to
the 64Zn resonance and further away from the other isotope resonances. For
the N0 → N1 → N∗2 → Nion excitation it can be observed that the di�erence
between the natural abundance and measured abundance is the largest for
66Zn which indicates that the �rst step laser was close to the 66Zn isotope,
but not tuned far away from the other isotope resonances as the di�erence in
abundance between the measured isotopes and the natural abundance is not
larger (on average less than 1%). The fact that the resonance of the �rst step
laser is not precisely the same between the two measurements is not surprising
as these measurements take more than an hour to complete and some laser
drift can be expected during this time.

Fourth case: Using a tunable third step laser

In the fourth case a third dye laser (dye laser III see section 4.1) is used for
third step laser in place of the SH of the Nd:YAG laser. In this case excita-
tion is via state N2 and both the �rst step and second step lasers are set to
their respective optimal resonance frequencies (where the maximum ion sig-
nal strength is observed on average between the isotopes) and the third step
laser is tuned over the ionization limit. Using a dye laser for ionization has
its advantages and disadvantages. The advantage is that the frequency can be
tuned from below the ionization limit till above, this data can be used to study
the Rydberg states as well as investigate if there is any auto ionization states
in this region. Another advantages is that since the dye laser will excite the
atoms to just above the ionization limit (where the non-resonant ionization
rate is the highest), it is possible that the ionization process is more e�cient.
The disadvantage of using a dye laser above the SH of the Nd:YAG laser is
that the pulse energy of the dye laser is 3 orders of magnitude smaller which
leads to the production of fewer ions. Another disadvantage of using a dye
laser is that the e�ciency of the dye laser changes as the lasers frequency is
tuned. If the frequency is only tuned over a small part of the dye emission
range (a few nanometers) this is not a problem however, when the frequency
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Figure 5.40: Comparing the laser energy and photodiode signal.

is tuned over tens of nm the e�ciency of the dye laser changes signi�cantly.
It should be noted that only the ions of 64Zn will be discussed as this process
is a non-isotope selective process and all the isotopes measured will and do
provide the same spectral information and structure.

In order to distinguish between the changes in the ion signal as a result of
ionization rate changing and as result of the change in laser energy the exper-
imental setup in section 4.1.2 was used. A photodiode was used to measure a
relative laser intensity of dye laser III during the measurements. At the same
time an energy meter was also used and placed in the beam path at selected
times in order to measure the energy of the laser, and this data was used to
calibrate the photodiode signal (measured in volts). The calibrated photodi-
ode signal and the measured laser energy is compared in Figure 5.40, where
it can be observed that the photodiode and the measured laser energy follow
the same trends over this wavelength region as expected.

The measured ion signal and the corresponding photodiode signal are shown
in Figure 5.41 (A). From the literature results given by G.V. Marr and J.M.
Austin [33] (shown in Figure 5.41 (B)) the ionization e�ciency is expected
to increase rapidly as the laser wavelength approaches the ionization limit
(769.19799 nm) from the longer wavelength region (lower photon energy). The
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ionization limit is the theoretical minimum amount of energy required to re-
move an electron from an atom. From the literature results in Figure 5.41 (B)
it can be observed that ions were still produced below the ionization limit.
The region just below the ionization limit contains the Rydberg states, when
atoms are excited just below the ionization limit they are highly unstable and
can eject an electron if disturbed, for example if the atom collides with another
atom or experienced an electric �eld. It should be noted that our atoms are
ionized in the presence of an electric �eld created by the extractor plates of
the TOF-MS system (section 4.5). This electric �eld could also lead to the
atoms which are in a Rydberg state to become ionized.

From Figure 5.41 (A) it can be observed that there is an ion signal present
below the ionization limit and that the ion signal does not increase as rapidly
as the ionization e�ciency given in Figure 5.41 (B), but rather systematically
increases as the laser energy increases. The ion signal by itself does not give
a true indication of the ionization e�ciency as the ionization e�ciency is de-
�ned as the number of ions formed relative to the number of photons used. In
order to determine the relative ionization e�ciency the photodiode signal was
calibrated to the laser energy measured by the energy meter, thereafter the
number of photons for a given frequency was calculated using

Np =
Total energy

Energy of one photon
. (5.3.5)

where Np is the number of photons. The total energy of our laser pulse is mea-
sured by the energy meter and the energy of one photon is given by E=hc/λ
(λ= wavelength).

By dividing the ion signal at a given frequency by the number of photons at
the same frequency it is possible to calculate the relative ionization e�ciency.
By repeating this process for all the data Figure 5.41 (B) was generated. Fig-
ure 5.41 (B) shows that the relative ionization e�ciency seems to be constant
over the wavelength range that was investigated with the exception of the
edges of the region where large �uctuations can be observed. The �uctuations
are the result of the low laser energy (∼0) recorded at these points, resulting
in a low signal to noise ratio. In the region of interest (775 nm -725 nm) the
relative ionization e�ciency remains constant. It should be noted that 790
nm is the longest wavelength that can be produced in our current setup. It is
possible for Lambda Physik Fl 3001 dye lasers to produce longer wavelengths
up to 900 nm but we did not have access to the correct dye and solvents.

From the results displayed in Figure 5.41 we conclude that at wavelengths
longer than the ionization limit the dye laser's energy was insu�cient to give
reliable ionization e�ciency values, and therefore we do not see the expected
increase in ionization e�ciency leading up to the ionization limit. In the re-
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Figure 5.41: (A) The ion signal and photodiode signal as the frequency of the
third step laser is tuned over the ionization limit. (B) Ion signal per photon from
measurement and ionization cross section from literature [33] and the third step laser
energy vs. frequency of third step laser.
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Table 5.11: Comparing measured relative ionization e�ciency with absorption cross
section given by literature at various wavelengths.

Measured Literature values [33]

Wavelength
(nm)

Relative
ionization
e�ciency (a.u)�

Wavelength
(nm)

Ionization cross
section (Mbn)

532 0.09 537.7 0.22
765 0.9 762.8 1.07
769 1 769.6 1.09
775 0.4 776.4 0.33
� Relative ionization e�ciency normalized to ionization e�ciency calcu-
lated at 769 nm.

gion where the dye laser's energy is reasonable (730-765 nm) the measured
ion signal per photon is low and relatively constant as expected from the slow
decrease in ionization cross section seen in this region in literature values [33].

The ionization e�ciency when using the SH of the Nd:YAG and dye laser
III respectively has been investigated. However, it was important that these
measurements for the ionization e�ciency (ion signal) are taken at approx-
imately the same time (with in a couple of seconds from one another). By
measuring the ions signal created when using the SH of the Nd:YAG as the
third step laser, a couple of seconds apart from the ion signal created when
using dye laser III as the third step laser, will minimize external factors which
could in�uence the ion signal. Examples of external factors are the amount of
atoms released by the atomic source, laser drift and energy �uctuations of the
�rst and second step lasers. The SH energy of the Nd:YAG laser was attenu-
ated from 110 mJ till 120 µJ using a Glan-Taylor prism, to make it comparable
to the energy given by dye laser III that is in the order of 100 µJ. The pulse
of the Nd:YAG laser pulse and the pulse of dye laser III were introduced at
the same time (with the pulse peak ∼10 ns after the �rst step laser and at
the same time as the second step laser). The measurement was conducted
by blocking the light of laser "x" and measuring the Zn mass spectrum us-
ing an oscilloscope, after measuring one mass spectrum the laser light of "y"
was blocked and the laser light of "x" was used to generate ions, this process
was repeated 10 times and at various frequencies of dye laser III. The oscil-
loscope uses a running average of 16, meaning that a total of 16 laser pulses
was used to generate a single mass spectrum. The energy of dye laser III at
770nm was 20 µJ, at 765nm was 30 µJ and at 775nm was 6 µJ, the energy
of �rst step laser was 9.2µJ and the energy of the second step laser was 2.4 µJ.

The relative ionization e�ciency was calculated by dividing the measured ion
signal by the number of photons (equation (5.3.5)) and is given in Table 5.11.
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The relative ionization e�ciency is optimal close to the ionization limit (∼ 769
nm) as expected since at the ionization limit the ionization cross-section is at
a maximum for non-resonant ionization. It can further be observed that the
relative ionization e�ciency is slightly lower (0.1 di�erence in e�ciency) at 765
nm compared to the ionization e�ciency at the ionization limit and is consid-
erably lower (0.4 di�erence in e�ciency) at 775 nm compared to the ionization
e�ciency at the ionization limit. This is expected since at lower wavelengths
(energies above the ionization limit) atoms are excited to above the ionization
limit. With longer wavelengths, however, atoms are excited to the Rydberg
states and external forces are required for an atom to eject an electron. The
literature values given by G.V. Marr and J.M. Austin [33] follow the same
trend where the ionization e�ciency is optimal close to the ionization limit,
and that the ionization e�ciency at 762.8 nm is approximately three times as
large as the ionization e�ciency at 776.4 nm. When comparing the measured
ionization e�ciency at 532 nm with the literature value for ionization e�ciency
at 537.7 nm it can be observed that measured ionization e�ciency is a factor
of ∼2.5 smaller than that of the literature value.

Energy scan

As mentioned in section 5.1.3 the laser energy of the �rst step laser a�ects
the excitation rate of the di�erent isotopes di�erently for the N0 → N1 ex-
citation. To investigate the impact that the �rst step laser energy will have
on the ion production of the Zn isotopes, the laser energy of the �rst step
laser was attenuated whilst recording the ion signal. The oscilloscope used to
acquire the mass spectra was set up to take a running average of 16 pulses
and the data was only collected after the oscilloscope was triggered at least
16 times to ensure no overlap with previous measurements. The frequency of
the �rst step laser was �xed on the N0 → N1 excitation for the 64Zn isotope,
the frequency of the second step laser was �xed on the N1 → N2 (non-isotope
selective excitation) with an energy of 3.1 µJ. The SH of the Nd:YAG laser
was used for the third step laser and the energy recorded for the third step
laser was 110 mJ during the measurements.

The change in the ion signal as the energy of the �rst step laser is attenu-
ated is given in Figure 5.42 (A). Using the rate equation model it was possible
to simulate data using the experimental conditions and this can be observed
in Figure 5.42 (B). It should be noted that the ion signal of 70Zn was too low
to measure accurately and is not shown in Figure 5.42 (A). It can be observed
that the measured ion signals for the di�erent isotopes follow the same trend,
as the energy increases so does the measured ion signal. It can be observed
that the ion signal of 67Zn �uctuates more than the other isotope ion signals,
since 67Zn has a natural abundance which is an order of magnitude smaller
compared to the other isotopes (with the exception of 70Zn) this leads to a
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Figure 5.42: Ion signal vs. change in �rst step laser energy (A) measured results
and (B) simulated data. Central frequency of �rst step laser set to resonance of 64Zn
isotope. For rate equation parameters see Table B.18
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smaller ion signal making it more di�cult to distinguish the ion signal from
background noise. From the simulated results in Figure 5.42 (B) it can be
observed that a linear relationship is expected between the energy of the �rst
step laser and the number of ions created, additionally the simulated results
indicate that all the isotopes follow the same trend/relationship with the laser
energy.

As mentioned in section 5.3.2 the ion signal does not give a true indication of
the ionization e�ciency, to get a better understanding of the ionization e�-
ciency the ion signal (number of ions) for a given isotope can be divided by the
number of atoms for that speci�c isotope (total number of atoms × natural
abundance of a given isotope). The relative isotopic ion yield, calculated this
way from the measured and simulated data, is show in Figure 5.43.

From the simulated results in Figure 5.43 (B) it can be observed that it is
expected that 64Zn atoms should be the most e�ciently ionized. This is ex-
pected since for the simulation the peak of the �rst step laser was resonant
with 64Zn atoms, the least e�ciently excited atoms where 70Zn as expected
since the resonant frequency of the 70Zn atoms is the furthest from the reso-
nant frequency of 64Zn atoms.

No clear trend between the di�erent isotopes could be determined for the
measured data given in Figure 5.43 (A). The noise in the measured data is too
large to be able to see the small di�erence in the ionization e�ciency of the
di�erent isotopes. It can be observed from Figure 5.42 (A) and Figure 5.43
(A) that almost the same ion signal was recorded between 0 µJ to 4 µJ. It was
found that the energy meter used to measure the energy of the �rst step laser
could not accurately measure energies below 3 µJ and therefore this region
should not be taken into account. Additionally it can be observed that the ion
signal will not intersect the y-axis (ion signal) at an energy of 0 but rather at
a negative ion signal, we know that it is not possible to have a negative ion
signal. The data sheet from the manufacturer indicated that the MCP has a
digital threshold of 60 mV.

Unfortunately it was not possible to conduct this experiment for the second
step laser as the laser energy of this laser will be too low to measure accu-
rately with the laser energy meter when attenuated. As mentioned the SH of
the Nd:YAG laser was used for the third step laser, the energy of third step
laser was attenuated using a Glan-Taylor prism. The same measurement that
was conducted for the �rst step laser was conducted for the third step laser.
The frequency of the �rst step laser was �xed on the N0 → N1 excitation with
a laser energy of 11µJ, the frequency of the second step laser was �xed on
the N1 → N2 (non isotope selective excitation) with an energy of 3.1 µJ. The
frequency of the third step laser is �xed at 532 nm and the energy of the third
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Figure 5.43: Isotopic ion yield of individual isotopes vs. change in �rst step laser
energy (A) measured results and (B) simulated data. For rate equation parameters
see Table B.18
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step laser could be adjusted from between 0.5 mJ till 80 mJ.

The change in the ion signal as the energy of the �rst step laser is attenu-
ated is given in Figure 5.44 (A). It can be observed that the ion signals of
64Zn, 66Zn and 68Zn display non-linear behavior (also see Figure 5.46) at high
laser energies (higher than 40 mJ). This non-linear behavior displayed by 64Zn,
66Zn and 68Zn is as a result of the signal from the MCP saturating the oscillo-
scope voltage range. The voltage range on the oscilloscope is set up to capture
the maximum expected voltage range given by the MCP, this is done by set-
ting all of the lasers to their respective resonances for optimal ionization, the
voltage range on the oscilloscope is then adjusted such that the peak of the
64Zn ion signal does not go over the voltage range. However in this case it
can be observed that the ion signals of 64Zn, 66Zn and 68Zn (the two most
abundant isotopes) did go over the voltage range. This was con�rmed when
investigating the mass spectra recorded by the oscilloscope (Figure 5.45).

From Figure 5.45 it can be observed that the mass spectrum recorded when
the laser energy of the third step laser is 40 mJ is the expected mass spec-
trum of Zn where the peak ratios follow that of the natural abundance of Zn.
However, when the laser energy of the third step laser is increased to 68 mJ
it can be observed that the peak of the ion signal of 64Zn, 66Zn and 68Zn are
almost the same and that the peaks of the ion signals start to �atten, while
the peak ratio between 67Zn and 70Zn is maintained. It should be noted that
the oscilloscope can measure a maximum voltage of 300 V if the channel is set
to that voltage range/scale. When the laser energy of the third step laser is in-
creased to 75 mJ, approximately the same peak height is measured once again
for both 64Zn, 66Zn and 68Zn however, the peak width has increased indicating
saturation of the oscilloscope, additionally the peak ratio between 67Zn and
70Zn is maintained. This non-linear behavior is more clear in Figure 5.46 (A)
where the isotopic ion yield of the isotopes is plotted. It can be observed that
64Zn is the �rst isotope to �atten out indicating that the ions signal is being
saturated on the oscilloscope. The 67Zn and 70Zn signals do not �atten out as
these isotopes are the least abundant and therefore create the smaller signals
which did not saturate the oscilloscope.

It can now be observed in Figure 5.46 (A) that if we only consider the ions
created when the laser energy of the third step laser is lower than 40 mJ that
all of the isotopes follow the same linear trend as predicted by the simulated
results in Figure 5.46 (B). From the simulated results in Figure 5.46 (B) it
can be observed that a linear relationship is expected between the energy of
the third step laser and the number of ions created, additionally the simulated
results indicate that all the isotopes follow the same trend/relationship with
the laser energy. Since the simulation was conducted with the �rst step laser
resonant to 64Zn it is expected that the e�ciency of 64Zn to be the highest and
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Figure 5.44: Ion signal vs. change in third step laser energy (A) measured results
and (B) simulated data. Central frequency of �rst step laser set to resonance of 64Zn
isotope .For rate equation parameters see Table B.19
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Figure 5.45: TOF-MS measured at various energies for the third step laser.

70Zn to be the lowest as the isotope shift (in frequency) of 70Zn is the furthest
away from 64Zn.

Because the ion signals of 64Zn, 66Zn and 68Zn saturate the oscilloscope at high
energies (higher than 40 mJ), these isotopes were not included when doing the
linear �t in Figure 5.46 (A). All of the isotopes are excited with approximately
the same e�ciency (below 40 mJ) similar to what was observed when attenu-
ating the energy of the �rst step laser. It can be observed from Figure 5.44 (A)
and Figure 5.46 (A) that almost the same ion signal was recorded between 0
mJ to 5 mJ. However, the energy meter used to measure the energy of the third
step laser could not accurately measure energies below 5 mJ and therefore this
region should not be taken into account.

Time delay

In section 5.3.1 the relationship between ion production and the temporal over-
lap between the �rst, second and third step pulses (for this measurement the
SH of the Nd:YAG laser was used for the third step laser) were investigated,
and it was concluded that the optimal temporal overlap between all three lasers
for maximum ion production does not occur when the peak (in time) of the
�rst, second and third step pulses are completely overlapped (introduced at the
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Figure 5.46: Isotopic ion yield of individual isotopes vs. change in third step laser
energy (A) measured results and (B) simulated data with �rst step laser resonant to
64Zn. For rate equation parameters see Table B.19
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same time) but rather that the �rst step pulse must be introduced before the
second and third step pulses. In this section the temporal overlap between the
�rst, second and third step pulses will be investigated experimentally, where
the �rst step pulse will be introduced at various times relative to the second
and third step pulses. It should be noted that second and third step pulses
are fully temporally overlapped (see Figure 4.2).

The optical time delay was introduced by delaying the pulse of the pump
beam of the �rst step laser. The pump beam pulse of the �rst step laser was
delayed using an optical delay described in section 4.1.1, the maximum delay
that could be implemented between the �rst and second/third step pulses was
6.3 ns. The pump beam pulse could not be delayed any further as this would
degrade the quality of the pump beam pulse too much and there was limited
space in our laboratory to delay the pump beam pulse.

The pump beam pulse of the �rst step laser was delayed stepwise, the mirror
mount used for the optical delay was placed at position x0, at this position the
energy of the �rst, second and third step lasers were recorded to ensure that
the laser energy has not changed between two optical delay steps, thus making
it possible to compare the measured results directly. While the mirror mount
is still at position "x" a photo-diode was used to measure the peak positions of
the �rst, second and third step pulses. Finally the ion mass spectrum at this
delay position (see section 5.3.2) was recorded. The ion signals are integrated
in the same manner as described in section 5.3.2 and saved with the time delay
value between the �rst, second and third step pulses. For this measurement
only 64Zn will be investigated as the e�ect which the temporal overlap between
the di�erent laser pulses will have on the ion production will be the same for
all the isotopes. The mirror mount was then shifted to position x1 and the
measurements were repeated. The laser pulse energy of the �rst step laser
was 15 µJ, the laser pulse energy of the second step laser was 4.2µJ and the
laser pulse energy of the third step laser was 110 mJ. The average of 64 mass
spectra were calculated for one ion signal measurement.

The photo diode measurements of the �rst step laser is given in Figure 5.47
(A). The second and third step pulses arrive at the same time at the sample
position and is presented as the grey coloured peak. The time delay of the
�rst step pulse in Figure 5.47 (A) is given relative to the time that the second
and third step pulses arrive at the sample. The measured ion signal at each
time delay is shown in Figure 5.47 (B). In both these graphs the values on
the time-axis represent the arrival time of the �rst step pulse relative to the
arrival time of the second and third step pulses, therefore a negative time in
Figure 5.47 indicates that the �rst step pulse was introduced before the second
and third step pulses and a positive time indicates that the �rst step pulse was
introduced after the second and third step pulses. The rate equation model
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Figure 5.47: (A) Temporal measurement of �rst, second and third step pulses when
delaying �rst step pulse. (B) 64Zn ion signal and simulated results when delaying
�rst step pulse relative to second and third step pulses.
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was also simulated for this scenario as shown in Figure 5.47 (B). The simulated
results show that a slight change (∼0.01 %) in the number of ions is expected
as the delay of the �rst step pulse changes from 7 ns before to 0.5 ns after the
second and third step pulses. However, the ion signal for the measured results
�uctuates around 28 V. The �uctuation in the ion signal could be the result of
the laser energy �uctuating (pulse to pulse �uctuations were observed during
the measurement) during the measurement. The �uctuation in the ion signal
could also be created by �uctuations in the amount of atoms released by our
atomic source. From the results in Figure 5.47 (B) it can be concluded that a
slight time delay between the �rst, second and third step lasers will not impact
the ion yield drastically (∼0.01 % value taken from simulated results for ion
yield between times -0.65 ns and 6.5 ns).
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Summary and Conclusions

The optimized RIS schemes for Zn isotopes, that could potentially be used for
laser-based enrichment of 68Zn and 67Zn, was determined via a literature study.
The 4s2 1S0 → 4s4p 3P1 transition was chosen as �rst selective excitation due
to the large isotope shifts and hyper�ne splitting of 67Zn in this transition.

The rate equation model that was developed in this study, was successfully
used to demonstrate that it is possible to individually excite Zn isotopes un-
der speci�c conditions (Zn vapour at ∼100 K) and with a su�ciently narrow
bandwidth laser (smaller than 300 MHz). The rate equation model was ad-
ditionally used to demonstrate that it could be possible to semi-selectively
excite Zn isotopes with the lasers available in our laboratory. The rate equa-
tion model aided in the understanding of the e�ect that hyper�ne splitting
could have on the saturation limit as well as saturation intensities.

Experimental setups for both laser LIF and RIS measurements were devel-
oped as part of the study. A user-friendly LabView program was successfully
developed for the control of all aspects required for LIF and RIS measurements.
It should be noted that this is the �rst time in 10 years that the old Lambda
Physik Fl 3001 dye laser was successfully controlled by a modern computer.
The LabView program allowed for tuning of the dye laser systems without the
SHG system going out of phase matching. Optimal data acquisition techniques
were investigated for the LIF and RIS systems, data acquisition units and os-
cilloscope systems were successfully integrated for data extraction. Post-signal
processing programs were successfully developed.

The �rst ever successful atomic LIF measurements in our laboratory were
conducted in this study. The LIF measurements provided calibration wave-
lengths needed for the RIS scheme as the wavelength readout given by the dye
laser systems were not accurately calibrated. Additionally, LIF measurements
proved that the atomic source developed in this study was working as desired.
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The LIF measurements for the second step excitation was successfully used
to calibrate the second step laser, as well as used to experimentally investigate
the Einstein A35 coe�cient for 4s5p 3P2 → 4s5s 3S1 required for the using
the rate equation model. The value of the Einstein A35 coe�cient could not
exactly be determined from experimental measurements as it was not possi-
ble to measure the spectroscopic data required to determine the Einstein A35

coe�cient. However, Einstein A35 coe�cient was also investigated using the
rate equation model. Combining the experimental and model results an order
of magnitude for the coe�cient was established and it was also found that the
precise value of Einstein A35 does not play a signi�cant role in the e�ciency
of ion production.

The rate equation model was successfully used to investigate the optimal tem-
poral overlap for ion production between the �rst, second and third step pulses.
It was determined that the optimal temporal overlap between these lasers has
an energy dependence and should be calculated for a given system. However,
in general the second and third step pulses should be temporally overlapped
and be introduced after the �rst step pulse for the Zn scheme used in this study.

The successful development and implementation of the �rst RIS system at
Stellenbosch University was achieved. The TOF-MS system was implemented,
and used to measure the individual isotopes of Zn created by the RIS system.
The isotope mass spectra indicated that even with larger laser bandwidths of
∼ 4.9 GHz it is still possible to enhance the ionization process for a given
isotope relative to the other isotopes if the central frequency of the laser is
resonant with that isotope. The combined RIS and TOF-MS systems were
successfully used to measure the isotope shifts for the 4s2 1S0 → 4s4p 3P1 ex-
citation of Zn as well as the relative abundance of the di�erent Zn isotopes in
the original sample. Both the isotope shifts data and abundance results agreed
well with that found in the literature. The measured resonant ionization spec-
tra were used to calculate the relative isotope abundance and relative isotopic
ion yield when tuning the frequency of the �rst step laser, these results were
compared to simulated results generated with the rate equation model under
the same conditions and found that the simulated results agreed well with the
experimental results. Additionally, these results (simulated and experimental)
indicated the relationship between the abundance and the ion yield for the
di�erent isotopes. Using this information it was possible to identify frequency
regions where the abundance of 68Zn and 67Zn could be optimized.

The relative isotopic ion yield when ionizing atoms far above the ionization
limit compared to ionizing atoms just below and just above the ionization limit
was investigated. Results where compared to literature measurements of the
ionization cross section and the trends in the values were found to agree qual-
itatively. The impact of the laser pulse energy on individual isotopes for the
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�rst step laser and third step laser was investigated experimentally and using
the rate equation model. From the results obtained it was determined that the
isotopic ion yields of all the isotopes were a�ected in the same manner when
tuning the energy of the �rst step laser (2µJ - 17µJ) and third step laser (10
mJ - 75 mJ).

The temporal overlap between the �rst, second and third step pulses were in-
vestigated experimentally. No signi�cant changes in ionization e�ciency were
found, which agrees well with the simulated results which predicted a 0.01 %
change in ionization yield. It was determined that in general the third step
pulse needs to be introduced before the second step pulse but still within 5
ns to ensure temporal overlap between these two lasers, the second and third
pulses additionally need to be introduced at the same time or after the �rst
pulse for optimal ion production.

Throughout this investigation the results of the rate equation model and our
experiment were compared to each other. Comparison of absolute numbers
of atoms and ions was not possible as we do not have absolute numbers in
the experiment, but relative values show good agreement between the simula-
tions and experimental measurements. It was concluded that the rate equa-
tion model developed in this study models the RIS of Zn su�ciently accurate
and that it can be used to make at least semi-quantitative predictions about
scenarios with sample conditions and laser parameters that di�er from our
experiment, for example scenarios relevant for industrial applications.

From the results and simulations in this study it can be concluded that the
isotopic composition of a Zn sample can be altered by optimizing the �rst step
laser frequency. Although a high degree of enrichment could not be achieved
in our experimental setup due to the limitation of the laser system, the rate
equation model can be used to predict the outcomes for experimental scenar-
ios with di�erent laser parameters. Simulations indicated that if the current
�rst step laser system was replaced with a laser system that has a narrower
bandwidth (∼300 MHz) and if the Zn vapour is su�ciently cooled (∼100 K) it
could be possible to conduct isotope selective ionization and potential isotopic
enrichment.

6.1 Future work

In Chapter 5 it was shown that when �xing the frequency of the �rst step laser
to the N0 → N1 transition that some laser drift did occur. Future work can be
conducted to determine the degree of the frequency drift that occurs by mon-
itoring the isotopic composition over time, as the frequency of the �rst step
laser drifts it will in�uence the isotopic composition of the di�erent isotopes.
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In this study one laser was used to pump two dye lasers and was used for
the ionization laser, this greatly reduced the energy that could be used for the
ionization step and from the experimental results it was shown that currently
we are not approaching saturation of the ionization step. This could lead to
atomic build up in dark states (N6 and N7). The addition of a high energy
ionization laser which could allow the ionization step to approach saturation
could greatly increase the number of ions produced.

The rate equation model could only be quantitatively compared to the exper-
imental results in terms of frequency and abundance as both these quantities
did not include the number of ions produced. To be able to compare the rate
equation model quantitatively to the experimental results in terms of ion pro-
duction, an ion counter or calibration of the MCP detector will be necessary.

An improvement to the current rate equation model used in this study would
be to incorporate a frequency dependent absorption cross section, this how-
ever would signi�cantly increase the computational time. The current rate
equation program allows for calculation for up to 9 di�erent states with three
pump lasers, if the core of the program (data arrays, number of isotopes, stor-
age systems) is expanded to allow for more states to be calculated and more
pump lasers are included, the program could be applied to di�erent elements
with very little e�ort or programming knowledge.

The simulations in this study were tested against experimental results and
were found to be in good agreement. The model can be used to investigate
conditions which could lead to greater enrichment of 68Zn and 67Zn isotopes.
Parameters like the starting abundance of the sample can be altered to more
closely resemble conditions applicable in industrial applications. It should be
noted that although the current model allows for simulations and results that
would be more relevant to industry, such results are not presented in this dis-
sertation as publication may hinder future collaboration with industry on the
topic.
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Appendix A

Minor mass peak in TOF mass

spectra

It was observed that when only using the third step laser (for this measurement
the SH of the Nd:YAG laser was used for the third step laser) while the ion
source was switched on, that an ion signals were present on the oscilloscope.
The mass spectrum of the unidenti�ed ions can be observed in Figure A.2, how-
ever before examining this mass spectrum the calibration from the time scale
given by the oscilloscope will be discussed. It was observed that unidenti�ed
ions reached the detector before (in time) the Zn ions therefore indicating that
these ions have a lighter mass or that these atoms have been doubly ionized
(increasing the force experience). As discussed in section 5.3.2 it is possible to
calibrate the time scale given by the oscilloscope into an atomic mass scale,
however it was observed that some of the unidenti�ed ions arrived at the de-
tector 10 µs before the Zn ions and that using the calibration in section 5.3.2
could be misleading as this calibration was only done for the Zn ions over a
range of 1 µs. A colleague (F.J. Waso cite [58] currently a PhD. candidate) in
our laboratory has successfully developed a simulation using the parameter of
our TOF-MS system to predict the time at which ions with a speci�c atomic
mass will reach the detector.

I provided my colleague with a set of atomic masses and he subsequently
used these atomic masses to calculate the time at which they will arrive at the
ion detector. In Figure A.1 the simulated data (black square) and measured
Zn isotope data (red circles) with their corresponding �t lines (simulated data
indicated with black dash and for measured Zn isotope data indicated in red
dash). From Figure A.1 it can be observed that the simulated data agrees
well with the measured Zn isotope data, additionally it can be observed that
the calibration curve when only using the Zn isotope data agrees reasonably
well with the simulated data curve till ∼40 Da, at this point the di�erences
between the simulated data curve and Zn isotope curve is ∼1 Da. After ∼40
Da is can be observed that the simulated data curve starts to signi�cantly
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Figure A.1: Calibration curve data for TOF-MS system between 6 µs to 16µs using
simulated data (black square) and measured Zn isotope data (red circles). Addition-
ally indicated calibration �t using simulated data (black dash) and extrapolated
calibration �t for measured Zn isotope data (red dash).

deviate from the measured Zn isotope curve. Using the calibration �t given
by the simulated data it was possible to calibrate the time scale given by the
oscilloscope to an atomic mass scale in Da as observed in Figure A.2. Multiple
ion signals can be observed in Figure A.2, the largest ion signal is measured at
11.5742(18) Da, it should be noted that the peak of this ion signal is still an
order of magnitude smaller than the Zn isotopes ion signal (not indicated in
Figure A.2). In general isotope/atomic mass of elements are within ±0.1 Da
of a whole number for example 13.0034 Da or 15.9949 Da. In a TOF-MS it is
possible to measure a mass which is not within ±0.1 Da of a whole number, in
most of these cases it will be an atom which has been doubly ionized. When
an atom has been doubly ionized it will have +2 changer since it has lost two
electrons, from the potential energy (Ep) equation

Ep = qU (A.0.1)

where q is charge of the ion and U is the electric potential di�erence it can
be determined that atoms which are doubly ionized will have double the po-
tential energy. Since the potential energy equals the kinetic energy a doubly
ionized atom should reach the detector twice as fast (or in half the time) as a
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Figure A.2: TOF-MS of unknown elements when only using third step laser.

single ionized atom of the same element, when this occurs it will be possible to
measure a mass which is not within ±0.1 Da of a whole number. Additionally,
the mass of ionized molecules will also not necessarily be within ±0.1 Da of a
whole number.

Gaussian functions were �tted to the data in Figure A.2 to not only de-
termine the peak positions but also to determine the peak areas as these could
be used to identify potential isotopes of a given element. The peak positions
with there corresponding areas are reported in Table A, using the measured
mass some of the ion signals could be identi�ed (best estimates). From Table A
it can be observed that not only atoms were detected but some molecules (like
CO+

2 ) as well. One of the more di�cult masses to identify was 41.3185(49) Da
and 42.9461(36) Da since no atoms have a mass close to these masses however,
a study done by [59] indicated that it is possible to measure doubly ionized
krypton gas in the atmosphere. In Table A the possible origins/source of the
background elements are reported.
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Table A.1: Identifying background elements in the TOF-MS system.

Measured Potential isobaric species
Atomic mass

(Da)
Area
(V/10)

Mass (Da)
Natural

abundance (%)
Element

11.5742(18) 0.2410(7) 11.0093054(4) 80.1(7) 11B+

12.5614(20) 0.0132(6) 12 (by de�nition) 98.93(8) 12C+

14.6061(20) 0.0155(5) 14.0030740048(6) 99.636(20) 14N+

16.6445(24) 0.0063(5) 15.99491461956(16) 99.757(16) 16O+

17.6713(22) 0.0300(7) 17.02654910101(16) NH+
3

23.6639(25) 0.0662(8) 22.9897692809(29) 100 23Na+

24.6774(26) 0.0121(6) 23.985041700(14) 78.99(4) 24Mg+

25.6767(26) 0.0616(8) 26.98153863(12) 100 27Al+

26.7169(27) 0.0514(9) 26.01565006414(21) C2H
+
2

28.7355(27) 0.0440(5) 28.0061480096(12) 99.636(20) N+
2

40.9552(42) 0.0127(6) 40.955900964(20) ArH+

41.3185(49) 0.0068(6) 82.914136(3) 11.500(19) 83Kr++

42.9461(36) 0.0132(5) 83.911507(3) 56.987(15) 84Kr++

43.9612(49) 0.0050(5) 44.014110(10) CO+
2

44.9515(46) 0.0109(6) 44.9559119(9) 100 45Sc+

52.0217(39) 0.0022(1) 51.9405075(8) 83.789(18) 52Cr+

63.4601(46) 0.1170(25) 62.9295975(6) 69.15(15) 63Cu+

64.9277895(7) 30.85(15) 65Cu+ �

� Not measured, possible overlapping with Zn isotopes.
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Table A.2: Identi�ed background elements in the TOF-MS system possible origins.

Element Name Possible origin

11B+ Boron
Most of the windows used in the TOF-MS is BK7
which contain about 10% boric oxide (B2O3).

12C+ Carbon
The copper wire used TOF has a thin �lm of insulation, if
the insulation heats up it could release carbon atoms.

14N+ Nitrogen
The TOF-MS system is stored under an inverted
vacuum using nitrogen gas.

16O+ Oxygen Oxygen makes up 21% of the atmosphere [54].

NH+
3 Ammonia

Gaseous ammonia (NH3) is the most abundant
alkaline gas in the atmosphere [60].

23Na+ Sodium Has been measured in the atmosphere by [59]

24Mg+ Magnesium
Magnesium alloys are mixtures of magnesium
with other metals, often aluminium, zinc, manganese, etc.

27Al+ Aluminium TOF-MS vacuum system is made out of Aluminium.
C2H

+
2 Acetylene Has been measured in the atmosphere by [59]

N+
2 Dinitrogen

At standard temperature and pressure,
two atoms of the element bind to form dinitrogen. [59]

ArH+ Argonium
It can be made in an electric discharge, and was the �rst
noble gas molecular ion to be found in interstellar space.

83Kr++

Krypton
Krypton gas is found in various minerals, the most
important source of krypton is Earth's atmosphere.[61]84Kr++

CO+
2 Carbon dioxide Carbon dioxide makes up 0.03% of the atmosphere [54].

45Sc+ Scandium
Scandium is added in small amounts to aluminium,
to produce an alloy that is very light, yet very strong. [62]

52Cr+ Chromium Stainless steel contains at least 10.5% chromium. [63]
63Cu+

Copper
Inside the TOF-MS system, the atomic source is
connected to the power supply using copper wire.65Cu+
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Appendix B

Simulation Info

This section contains the values in the rate equation model for the various
simulations in this study. In the table cation the corresponding Figure can be
found where the simulation parameters were used.

Table B.1: Information used in rate equation program to simulate data for Fig-
ure 5.2.

Wavelength
of SH

Bandwidth
(GHz)

Energy of SH
(mJ)

First step
laser (ω01)

CobraStretch
dye laser I

307.6 1.6 10

First step
laser (ω01)

Ti:sapphire
laser I

307.6 0.283 10

Pulse duration
(ns)

Delay between time-zero and
the peak of the pulse
(ns)

First step
laser (ω01)

CobraStretch
dye laser I

10 30

First step
laser (ω01)

Ti:sapphire
laser I

10 30

Temperature of atoms = 10 K
Initial atomic density in
4s2 1S0 (N0) = 1× 1016 atoms/m3

Sample length and diameter = N/A Sample slice thickness = N/A
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Table B.2: Information used in rate equation program to simulate data for Fig-
ure 5.4.

Wavelength
of SH

Bandwidth
(GHz)

Energy of SH
(mJ)

First step
laser (ω01)

CobraStretch
dye laser I

307.599 1.6 10

First step
laser (ω01)

Ti:sapphire
laser I

307.599 0.283 10

Pulse duration
(ns)

Delay between time-zero and
the peak of the pulse
(ns)

First step
laser (ω01)

CobraStretch
dye laser I

10 30

First step
laser (ω01)

Ti:sapphire
laser I

10 30

Temperature of atoms = 10 K
Initial atomic density in
4s2 1S0 (N0) = 1× 1016 atoms/m3

Sample length and diameter = N/A Sample slice thickness = N/A

Table B.3: Information used in rate equation program to simulate data for Fig-
ure 5.9.A & .B.

Wavelength
of SH

Bandwidth
(GHz)

Energy of SH
(mJ)

First step
laser A (ω01)

CobraStretch
dye laser I

307.6 1.6 0 - 10.1

First step
laser B (ω01)

CobraStretch
dye laser I

307.599 1.6 0 - 10.1

Pulse duration
(ns)

Delay between time-zero and
the peak of the pulse
(ns)

First step
laser A (ω01)

CobraStretch
dye laser I

10 30

First step
laser B (ω01)

CobraStretch
dye laser I

10 30

Temperature of atoms = 10 K
Initial atomic density in
4s2 1S0 (N0) = 1× 1016 atoms/m3

Sample length and diameter = N/A Sample slice thickness = N/A
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Table B.4: Information used in rate equation program to simulate data for Fig-
ures 5.6 & 5.7.

Wavelength
of SH

Bandwidth
(GHz)

Energy of SH
(mJ)

First step
laser (ω01)

CobraStretch
dye laser I

Tuned 1.6 0.1

Pulse duration
(ns)

Delay between time-zero and
the peak of the pulse
(ns)

First step
laser (ω01)

CobraStretch
dye laser I

10 0

Temperature of atoms = 50 K
Initial atomic density in
4s2 1S0 (N0) = 1× 1016 atoms/m3

Sample length and diameter = N/A Sample slice thickness = N/A

Table B.5: Information used in rate equation program to simulate data for Fig-
ure 5.8.

Wavelength
of SH

Bandwidth
(GHz)

Energy of SH
(mJ)

First step
laser (ω01)

Ti:sapphire
dye laser I

Tuned 0.283 0.1

Pulse duration
(ns)

Delay between time-zero and
the peak of the pulse
(ns)

First step
laser (ω01)

Ti:sapphire
dye laser I

10 0

Temperature of atoms = 50 K and 100 K
Initial atomic density in
4s2 1S0 (N0) = 1× 1016 atoms/m3

Sample length and diameter = N/A Sample slice thickness = N/A
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Table B.6: Information used in rate equation program to simulate data for Fig-
ures 5.10 & 5.12.

Wavelength
of SH

Bandwidth
(GHz)

Energy of SH
(mJ)

First step
laser (ω01)

CobraStretch
dye laser I

307.5875-307.5910 1.6 0.1-10.1

Pulse duration
(ns)

Delay between time-zero and
the peak of the pulse
(ns)

First step
laser (ω01)

CobraStretch
dye laser I

10 0

Temperature of atoms = 50 K
Initial atomic density in
4s2 1S0 (N0) = 1× 1016 atoms/m3

Sample length and diameter = N/A Sample slice thickness = N/A

Table B.7: Information used in rate equation program to simulate data for Fig-
ure 5.13.A & .B and Figure 5.14.

Wavelength
of SH

Bandwidth
(GHz)

Energy of SH
(mJ)

First step
laser A (ω01)

CobraStretch
dye laser I

307.599 0.283 0.1

First step
laser B (ω01)

CobraStretch
dye laser I

307.599 0.283 5.1

Pulse duration
(ns)

Delay between time-zero and
the peak of the pulse
(ns)

First step
laser A (ω01)

CobraStretch
dye laser I

10 30

First step
laser B (ω01)

CobraStretch
dye laser I

10 30

Temperature of atoms = 50 K
Initial atomic density in
4s2 1S0 (N0) = 6.15× 1020atoms/m3

Sample length and diameter = 0.5 m × 0.02 m Sample slice thickness = 2.9 mm
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Table B.8: Information used in rate equation program to simulate data for Fig-
ure 5.16.

Wavelength
of SH

Bandwidth
(GHz)

Energy of SH
(µJ)

First step
laser (ω01)

CobraStretch
dye laser I

Tuned 3.4 12

Pulse duration
(ns)

Delay between time-zero and
the peak of the pulse
(ns)

First step
laser (ω01)

CobraStretch
dye laser I

10 0

Temperature of atoms = 692 K
Initial atomic density in
4s2 1S0 (N0) = 1× 1016 atoms/m3

Sample length and diameter = N/A Sample slice thickness = N/A

Table B.9: Information used in rate equation program to simulate data for Fig-
ure 5.19.

Wavelength
of SH

Bandwidth
(GHz)

Energy of SH
(mJ)

First step
laser (ω01)

CobraStretch
dye laser I

307.6 1.6 10

Second step
laser (ω12)

Lambda Physik
dye laser II

330.26 1.6 10

Pulse duration
(ns)

Delay between time-zero and
the peak of the pulse
(ns)

First step
laser (ω01)

CobraStretch
dye laser I

10 30

Second step
laser (ω12)

Lambda Physik
dye laser II

10 29

Temperature of atoms = 50 K
Initial atomic density in
4s2 1S0 (N0) = 1× 1016 atoms/m3

Sample length and diameter =N/A Sample slice thickness = N/A
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Table B.10: Information used in rate equation program to simulate data for Fig-
ures 5.20 A & B.

Wavelength
of SH

Bandwidth
(GHz)

Energy of SH
(mJ)

First step
laser (ω01)

CobraStretch
dye laser I

307.6 1.6 0.1

Second step
laser (ω12)

Lambda Physik
dye laser II

330.26 10 0.1

Pulse duration
(ns)

Delay between time-zero and
the peak of the pulse
(ns)

First step
laser (ω01)

CobraStretch
dye laser I

10 30

Second step
laser (ω12)

Lambda Physik
dye laser II (A; B)

10 50; 40

Temperature of atoms = 50 K
Initial atomic density in
4s2 1S0 (N0) = 1× 1016 atoms/m3

Sample length and diameter =N/A Sample slice thickness = N/A

Table B.11: Information used in rate equation program to simulate data for Fig-
ures 5.22 A & B.

Wavelength
of SH

Bandwidth
(GHz)

Energy of SH
(mJ)

First step
laser (ω01)

CobraStretch
dye laser I

307.6 1.6 5.1

Second step
laser (ω12)

Lambda Physik
dye laser II

330.26 10 0.1

Pulse duration
(ns)

Delay between time-zero and
the peak of the pulse
(ns)

First step
laser (ω01)

CobraStretch
dye laser I

10 30

Second step
laser (ω12)

Lambda Physik
dye laser II (A; B)

10 50; 40

Temperature of atoms = 50 K
Initial atomic density in
4s2 1S0 (N0) = 1× 1016 atoms/m3

Sample length and diameter =N/A Sample slice thickness = N/A
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Table B.12: Information used in rate equation program to simulate data for Fig-
ures 5.23 A & B.

Wavelength
of SH

Bandwidth
(GHz)

Energy of SH
(mJ)

First step
laser (ω01)

CobraStretch
dye laser I (A; B)

307.6 4.9 5.1; 0.1

Second step
laser (ω12)

Lambda Physik
dye laser II

330.26 10 0.1

Pulse duration
(ns)

Delay between time-zero and
the peak of the pulse
(ns)

First step
laser (ω01)

CobraStretch
dye laser I

10 30

Second step
laser (ω12)

Lambda Physik
dye laser II

10 20-70

Temperature of atoms = 50 K
Initial atomic density in
4s2 1S0 (N0) = 1× 1016 atoms/m3

Sample length and diameter =N/A Sample slice thickness = N/A

Table B.13: Information used in rate equation program to simulate data for Fig-
ures 5.27 A & B.

Wavelength
of SH

Bandwidth
(GHz)

Energy of SH
(µJ)

First step
laser (ω01)

CobraStretch
dye laser I (A)

307.6 4.9 11

Second step
laser (ω12)

Lambda Physik
dye laser II

330.26 10 3.5

Pulse duration
(ns)

Delay between time-zero and
the peak of the pulse
(ns)

First step
laser (ω01)

CobraStretch
dye laser I

10 0

Second step
laser (ω12)

Lambda Physik
dye laser II

10 10

Temperature of atoms = 50 K
Initial atomic density in
4s2 1S0 (N0) = 1× 1016 atoms/m3

Sample length and diameter =N/A Sample slice thickness = N/A
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Table B.14: Information used in rate equation program to simulate data for Fig-
ure 5.28 A & B.

Wavelength
of SH

Bandwidth
(GHz)

Energy of SH

First step
laser (ω01)

CobraStretch
dye laser I

307.6 4.9 0.1 mJ

Second step
laser (ω12)

Lambda Physik
dye laser II

330.26 10 0.1 mJ

Third step
laser (ω23)

Nd:YAG 532 10 100 J

Pulse duration
(ns)

Delay between time-zero and
the peak of the pulse
(ns)

First step
laser (ω01)

CobraStretch
dye laser I

10 30

Second step
laser (ω12)

Lambda Physik
dye laser II

10 40

Third step
laser (ω23)

Nd:YAG (A; B) 10 40; 35

Temperature of atoms = 50 K
Initial atomic density in
4s2 1S0 (N0) = 1× 1016 atoms/m3

Sample length and diameter =N/A Sample slice thickness = N/A

Stellenbosch University https://scholar.sun.ac.za



APPENDIX B. SIMULATION INFO 169

Table B.15: Information used in rate equation program to simulate data for Fig-
ure 5.29 A & B.

Wavelength
of SH

Bandwidth
(GHz)

Energy of SH

First step
laser (ω01)

CobraStretch
dye laser I

307.6 4.9 0.1 mJ

Second step
laser (ω12)

Lambda Physik
dye laser II

330.26 10 0.1 mJ

Third step
laser (ω23)

Nd:YAG (A; B) 532 10 100 mJ; 100 J

Pulse duration
(ns)

Delay between time-zero and
the peak of the pulse
(ns)

First step
laser (ω01)

CobraStretch
dye laser I

10 30

Second step
laser (ω12)

Lambda Physik
dye laser II

10 Tuned

Third step
laser (ω23)

Nd:YAG 10 Tuned

Temperature of atoms = 50 K
Initial atomic density in
4s2 1S0 (N0) = 1× 1016 atoms/m3

Sample length and diameter =N/A Sample slice thickness = N/A
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Table B.16: Information used in rate equation program to simulate data for Fig-
ure 5.30 A & B.

Wavelength
of SH

Bandwidth
(GHz)

Energy of SH

First step
laser (ω01)

CobraStretch
dye laser I

307.6 4.9 5.1 mJ

Second step
laser (ω12)

Lambda Physik
dye laser II

330.26 10 0.1 mJ

Third step
laser (ω23)

Nd:YAG (A; B) 532 10 100 mJ; 100 J

Pulse duration
(ns)

Delay between time-zero and
the peak of the pulse
(ns)

First step
laser (ω01)

CobraStretch
dye laser I

10 30

Second step
laser (ω12)

Lambda Physik
dye laser II

10 Tuned

Third step
laser (ω23)

Nd:YAG 10 Tuned

Temperature of atoms = 50 K
Initial atomic density in
4s2 1S0 (N0) = 1× 1016 atoms/m3

Sample length and diameter =N/A Sample slice thickness = N/A
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Table B.17: Information used in rate equation program to simulate data for Fig-
ure 5.33 B.

Wavelength
of SH

Bandwidth
(GHz)

Energy of SH

First step
laser (ω01)

CobraStretch
dye laser I

Tuned 4.9 12 µJ

Second step
laser (ω12)

Lambda Physik
dye laser II

330.26 10 4.1 µJ

Third step
laser (ω23)

Nd:YAG 532 10 105 mJ

Pulse duration
(ns)

Delay between time-zero and
the peak of the pulse
(ns)

First step
laser (ω01)

CobraStretch
dye laser I

10 30

Second step
laser (ω12)

Lambda Physik
dye laser II

10 40

Third step
laser (ω23)

Nd:YAG 10 40

Temperature of atoms = 50 K
Initial atomic density in
4s2 1S0 (N0) = 1× 1016 atoms/m3

Sample length and diameter =N/A Sample slice thickness = N/A
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Table B.18: Information used in rate equation program to simulate data for Fig-
ure 5.42 B.

Wavelength
of SH

Bandwidth
(GHz)

Energy of SH

First step
laser (ω01)

CobraStretch
dye laser I

307.6 4.9 Tuned

Second step
laser (ω12)

Lambda Physik
dye laser II

330.26 10 3.1 µJ

Third step
laser (ω23)

Nd:YAG 532 10 110 mJ

Pulse duration
(ns)

Delay between time-zero and
the peak of the pulse
(ns)

First step
laser (ω01)

CobraStretch
dye laser I

10 30

Second step
laser (ω12)

Lambda Physik
dye laser II

10 40

Third step
laser (ω23)

Nd:YAG 10 40

Temperature of atoms = 50 K
Initial atomic density in
4s2 1S0 (N0) = 1× 1016 atoms/m3

Sample length and diameter =N/A Sample slice thickness = N/A
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Table B.19: Information used in rate equation program to simulate data for Fig-
ure 5.44 B.

Wavelength
of SH

Bandwidth
(GHz)

Energy of SH

First step
laser (ω01)

CobraStretch
dye laser I

307.6 4.9 11 µJ

Second step
laser (ω12)

Lambda Physik
dye laser II

330.26 10 3.1 µJ

Third step
laser (ω23)

Nd:YAG 532 10 Tuned

Pulse duration
(ns)

Delay between time-zero and
the peak of the pulse
(ns)

First step
laser (ω01)

CobraStretch
dye laser I

10 30

Second step
laser (ω12)

Lambda Physik
dye laser II

10 40

Third step
laser (ω23)

Nd:YAG 10 40

Temperature of atoms = 50 K
Initial atomic density in
4s2 1S0 (N0) = 1× 1016 atoms/m3

Sample length and diameter =N/A Sample slice thickness = N/A
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Appendix C

Results

This section contains spectra and �ts which are discussed in Chapter 5. The
results given in this section include calibration curve (time to mass for TOF-
MS system) Figure C.1, multiple measurements of ion signals when tuning �rst
step laser with �tted Gaussian functions (Figures C.2, C.3, C.4, C.5 & C.6)
and ion signals of N0 → N1 → N∗2 → Nion excitation when tuning the �rst
step laser (multiple measurements) Figure C.7.

Figure C.1: TOF-MS time to mass calibration curve for N0 → N1 → N2 → Nion

excitation. Discussed on page 115.

174

Stellenbosch University https://scholar.sun.ac.za



APPENDIX C. RESULTS 175

Figure C.2: TOF-MS for N0 → N1 → N2 → Nion excitation when tuning the �rst
step laser (four measurements conducted). Discussed on page 122.

Figure C.3: TOF-MS for N0 → N1 → N2 → Nion excitation when tuning the �rst
step laser (four measurements conducted). Discussed on page 122.
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Figure C.4: TOF-MS for N0 → N1 → N2 → Nion excitation when tuning the �rst
step laser (four measurements conducted). Discussed on page 122.

Figure C.5: TOF-MS for 68Zn for N0 → N1 → N2 → Nion excitation when tuning
the �rst step laser (four measurements conducted). Discussed on page 122.

Stellenbosch University https://scholar.sun.ac.za



APPENDIX C. RESULTS 177

Figure C.6: TOF-MS for 67Zn for N0 → N1 → N2 → Nion excitation when tuning
the �rst step laser (four measurements conducted). Discussed on page 122.

Figure C.7: TOF-MS of all isotopes for N0 → N1 → N∗2 → Nion excitation when
tuning the �rst step laser. Three measurements conducted. Discussed on page 130.
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