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ABSTRACT

Geochemical behavior and transport mechanisms of anthropogenic radionuclides in natural
systems are of major importance to evaluate their distribution at contaminated areas and
storage sites and for reliable estimation and reduction of radiation hazards for affected,
inhabited areas. The research project SIRIUS focuses on the influence of the formation of
radionuclide containing nanoparticles and sorption processes of radionuclides in different
geological formations. The analysis of composition, spatial distribution and localization of
hot particles, sorption and migration processes of trace amounts of radionuclides requires an
excellent suppression of organic matrix material and isobaric contamination in combination
with high spatial resolution while maintaining the natural structure of the sample. The new
resonant Laser-SNMS system at the Institute for Radioecology and Radiation Protection (IRS)
in Hannover was developed to meet those demands by an extension of the non-destructive
spatially resolved analysis of a static TOF-SIMS with the high element selectivity of resonant
laser ionization. This system was planned based on a test installation at the Institute for
Nuclear Chemistry of the University Mainz.

The herein presented PhD project comprises the development and installation of a dedicated
Ti:sapphire laser system and the adaption, optimization and full characterization of the
Laser-SNMS system as well as the first analytical measurements.

The Ti:sapphire laser system was modified in collaboration with the LARISSA group at the
Institute of Physics in Mainz to fulfill all requirements for laser post-ionization of a sputtered
neutral particle cloud. Besides mechanical modifications of the conventional TOESIMS 5 by
IONTOF to provide access for the focused laser beams, the operational parameters of the TOF
mass analyzer required an optimization for Laser-SNMS application. The complexity of the
strongly correlated operational parameters necessitated a simulation-based approach, that
included the simulation of the sputtered neutral particle cloud, the complete mass analyzer
geometry and the resulting ion trajectories of the laser ions through the mass spectrometer.
The results of this optimization lead to a gain of Laser-SNMS ion signal and improve the
measurement conditions as demonstrated during several tests with uranium, plutonium
and technetium samples. The characterization measurements of synthetic samples create
a solid basis for future radioanalytical tasks and enabled determination of the influence
of laser ionization and of the sensitivity achievable for ultra-trace analysis. The Laser-
SNMS mass spectra of synthetic uranium, plutonium and technetium samples demonstrated
the expected gain for the signal-to-background ratio in comparison to conventional SIMS.
First analytical measurements verify the sufficient suppression of interfering elements and
molecular constituents in the sample and prove the applicability of resonant Laser-SNMS
on environmental samples. Furthermore, with the ability to record the starting location of
every detected resonant laser ion, it was possible to create isotope selective images of hot
particles in environmental sample material.






ZUSAMMENFASSUNG

Geochemische Eigenschaften und Transportmechanismen anthropogener Radionuklide in
natiirlichen Systemen sind von hoher Bedeutung, um deren Verteilung auf kontaminierten
Gebieten und Lagerstitten zu ermitteln und um die Strahlungsgefdhrdung fiir betroffene,
bewohnte Regionen abzuschitzen und zu reduzieren. Das Forschungsprojekt SIRIUS konzen-
triert sich dabei auf den Einfluss der Entstehung von radionuklidbelasteten Nanopartikeln
und auf Sorptionsprozesse von Radionukliden in verschiedenen geologischen Strukturen.
Fiir die Analyse von Zusammensetzung, rdumlicher Verteilung und Lokalisierung solcher
Nanopartikel, sowie von Sorptions- und Migrationsprozessen geringster Mengen der Ra-
dionuklide wird eine herausragende Unterdriickung des organischen Matrixmaterials und
isobarer Kontaminationen in Kombination mit hoher Ortsauflosung benétigt, wobei der na-
tlirliche Aufbau der Probe erhalten bleiben soll. Das neue System fiir resonante Laser-SNMS
wurde am Institut fiir Radiodkologie und Strahlenschutz (IRS) in Hannover entwickelt um
diese Anforderungen zu erfiillen. Daflir wurde die zerstérungsfreie, ortsaufgeldste Analyse
einer statischen TOF-SIMS um die hohe Elementselektivitit der resonanten Laserionisation
erginzt. Die Entwicklung dieses Systems basiert auf einem Testaufbau am Institut fiir Kern-
chemie der Universitdt Mainz.

Das hierin prasentierte Promotionsprojekt umfasst die Entwicklung und den Aufbau eines
spezialisierten Ti:Sa-Lasersystems, die Anpassung, Optimierung und komplette Charakteri-
sierung des Laser-SNMS-Systems sowie erste analytische Messungen.

Das Ti:Sa-Lasersystem wurde in Zusammenarbeit mit der LARISSA-Gruppe des Instituts fiir
Physik in Mainz modifiziert, um alle Anforderung der Lasernachionisation einer abgesput-
terten Neutralteilchenwolke zu erfiillen. Neben mechanischen Umbauten an der konventio-
nellen TOESIMS 5 der Firma IONTOF zur Einkopplung der fokussierten Laser mussten die
Betriebsparameter des Flugzeitmassenspektrometers fiir den Laser-SNMS-Betrieb optimiert
werden. Die Komplexitét der stark korrelierten Betriebsparameter erforderte ein simulations-
basiertes Vorgehen, welches die Simulation der abgesputterten Neutralteilchenwolke, der
kompletten Geometrie des Flugzeitmassenspektrometers und der resultierenden Trajektori-
en der Laserionen durch das Spektrometer beinhaltet. Die Ergebnisse dieser Optimierung
fiihren zur Steigerung des Laser-SNMS-Ionensignals und verbessern die Messbedingungen
was anhand mehrerer Tests an Uran-, Plutonium- und Technetiumproben gezeigt wurde. Die
Charakterisierungsmessungen an kiinstlichen Proben stellen eine solide Basis fiir zukiinftige,
radioanalytische Anwendungen dar und ermoéglichten es den Einfluss der Laserionisati-
on und die erreichbare Sensitivitét fiir die Ultraspurenanalyse zu bestimmen. Die mittels
Laser-SNMS aufgenommenen Massenspektren von kiinstlichen Uran-, Plutonium- und Tech-
netiumproben zeigten die erwartete Steigerung des Signal-zu-Untergrund-Verhéltnisses
gegeniiber der konventionellen SIMS-Analyse. Erste analytische Messungen belegen die
ausreichende Unterdriickung storender Elemente und molekularer Bestandteile der Proben
und bestétigen die Eignung von Laser-SNMS zur Ultraspurenanalyse an Umweltproben.
Die zugeordnete Startposition jedes detektierten, resonant angeregten Laserion ermog-
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licht es dariiber hinaus isotopenselektive Bilder von Partikeln mit Radionuklidgehalten in
Umweltproben zu erstellen.
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Chapter
INTRODUCTION

Radioactivity is present on earth since its formation 4.5 billion years ago. The discovery of
radioactive processes and the resulting radiation was made by Henri Becquerel in 1896 and
confirmed by Marie and Pierre Curie in 1898 [1, 2]. Different modes of radioactive decay
and the participating particles were identified in the following years and led to advanced
theories about specific nuclear reactions and certain peculiarities. In 1939 the work of Hahn,
Strassmann, Meitner and Frisch resulted in the discovery of nuclear fission [3, 4], a unique
process of radioactive decay, that soon turned out to offer a broad range of applications in
various fields. The understanding of neutron induced nuclear fission and the control of the
neutrons emitted during the fission process of 22°U and 2*°Pu led to the development of
nuclear chain reactions, which are the basis of both, the peaceful use in nuclear reactors as
well as the thread of nuclear weapons.

In most nuclear reactors a sustained, stabilized and controlled fission chain reaction of 23°U
or 23°Pu produces a high amount of thermal energy, that is converted into electrical energy
by an intense flux of a cooling medium, turbines and generators. In addition to the fission
processes, the high neutron flux in nuclear reactors initiates further nuclear reactions, which
cause the production of several radionuclides, that are non-existent in nature. Therefore,
nuclear reactors are also applied for targeted production of specific radionuclides, which
are required in scientific experiments or for medical therapies and diagnostics. A nuclear
weapon instead uses a rapidly, under optimum conditions exponentially growing nuclear
process chain of fission reactions for instantaneous creation of a huge amount of energy.
The nuclear fuel of reactors as well as the material for nuclear weapons requires previous
treatment and enrichment of fissionable isotopes. The purification and processing of large
amounts of radioactive material to usable fuel as well as the reprocessing of spent nuclear
fuel is performed in specialized facilities by different physical and chemical processes. All
these individual processes and applications in the nuclear fuel cycle are subject to leakages
and accidents and thus sources to release radionuclides in very low up to tremendously high
concentrations into the environment.

More than 2000 nuclear weapon tests were conducted by seven countries from 1945 to
1998 and released huge amounts of radionuclides into the atmosphere, into the oceans and
into different geological compartments and structures at and around the test sites [5]. Some
of the nuclear test sites were analyzed afterwards for quantification and consequences of the
released radioactive material [6, 7], others are still today classified and barely even known.
Besides these weapon test remainders, large amounts of radionuclides were released into
rivers and seas as nuclear waste from the production of weapon-grade nuclear material
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during a variety of nuclear weapon development programs of the participating countries
[8]. Further strong sources of radionuclides in the environment with anthropogenic origin
are releases during several minor incidents as well as a few major catastrophes at nuclear fa-
cilities. The reactor accidents that occurred at Chernobyl 1986 and at Fukushima 2011 were
the worst scenarios of nuclear power reactor disasters, due to the combination of nuclear
meltdowns, hydrogen explosions and failures or even bursts of the reactor containment, that
released high amounts of various radionuclides [9, 10]. On the other hand, releases from
regular processes of nuclear industry like uranium mining, reprocessing of spent nuclear
fuel and the long-term storage of nuclear waste are also major sources of hazardous and
well detectable amounts of radionuclides in the environment.

The evaluation of radiation hazards from nuclear materials, that are released into the
environment is complex. Risks of radionuclide exposition for human health are based on
multiple influences on the human body distinguished by type, energy and absorbed dose of
radiation as well as duration and way of the exposition, especially concerning either external
contact or ingestion. If radionuclides are incorporated into the human body and possibly
even embedded into organs, the health hazard of incidents for cancerous diseases increases
drastically. Main candidates for this burden of human health are the radiotoxic isotopes ®°Co,
208y, 99T, 1311, 134Cs, 137Cs, 238Pu and 23?Pu, due to their half-life, prevalent occurrence and
physiological behavior in the human body. The content of these isotopes in the breathing
air is therefore constantly monitored all over the world, while lowest level concentrations
in drinking water and in the food chain can only be analyzed for known contaminated
sources or areas. This surveillance is limited by incomplete understanding of the transport
mechanisms and geochemical behavior of the different radionuclides. The large diversity of
geological and organic systems in the environment leads to multiple influencing processes
that determine the speciation and migration, i.e. the binding or mobility of radionuclides.
Besides decades of scientific investigation on these different transport mechanisms, there
are still many not yet studied physical and chemical processes with major influence on the
mobility of radionuclides.

The herein presented work focuses on the analysis of radionuclide nanoparticles. These
colloidal systems result in highly different transport behavior and bioavailability of the
radionuclides in comparison to molecular, ionic or complex species [11-13]. Therefore, the
distribution and mobility of radionuclide nanoparticles in environmental ground water sys-
tems and the health effects caused by their ingestion are not covered by established standard
models and require further research and fundamental data to extend models and improve
predictions. Different radioecological analyses of known contaminated sites showed the
major influence of colloid-based transport of plutonium, but also the complexity of tracking,
identification and analysis of radionuclide nanoparticles [14, 15]. Due to several different
formation processes including a variety of matrix materials, also information about size,
physical shape and chemical composition of the nanoparticles is required. This prevents the
application of conventional chemical separation techniques, that dissolve the sample mate-
rial before separation as necessary preparation for the majority of standard analysis methods.

The renunciation of chemical separation led to the combined application of different tech-
niques for separation from the surrounding bulk material, nanoparticle sampling, spatially
resolved analysis, identification of elemental composition and chemical speciation as well as
determination of isotope ratios. Localization of the radionuclide nanoparticle inside a large
amount of sample material can be accomplished with different radiometric approaches de-
pending on the sample material and the radioisotope of interest. Simple fixation and cut out



of identified sample areas as well as more complex techniques of micromanipulation allow
the handling, separation and relocation of the radioactive particle for analysis. Alternative
approaches use electron microscopy techniques like SEM and TEM for the spatial resolved
analysis, X-ray spectrometry methods like EDX, u-XRF and EXAFS for determination of the
elemental composition and radiometric techniques for characterization of the radionuclides.
The work presented in this thesis, is based on a mass spectrometric approach with the aim of
a non-destructive analysis of radioisotope content in particles including chemical, elemental
and isotopic composition with high spatial resolution in a single analytical instrument. The
chosen technique, which allows the determination of the detailed characteristics of radionu-
clide nanoparticles, is a combination of secondary ion mass spectrometry and resonant laser
ionization, known as resonant Laser-SNMS (secondary neutral mass spectrometry).

The standard technique of SIMS (secondary ion mass spectrometry) provides the required
high spatial resolution for nanoparticle analysis of below 1 um and is able to identify the
major components including their chemical configuration. Nevertheless, the high amount
of organic background, which can be expected from environmental samples, prevents the
application of a conventional SIMS setup for highly sensitive ultra-trace determination of
radionuclides. Different instruments based on dynamic SIMS are applied for the purpose of
nuclear forensics at a limited number of specialized institutes [16]. The intense primary ion
beam of dynamic SIMS consumes the radionuclide nanoparticle completely, which results in
suitable sensitivity for detection and quantification of some predefined radioisotopes, but
makes further application of other techniques and analyses of the elemental composition
and matrix material interaction impossible. In addition, strong isobaric interferences by
molecular constituents or neighboring elements are inevitable. Therefore, the focus of the
herein presented PhD project was the upgrade of a static TOF-SIMS apparatus by the im-
plementation of element selective resonant laser ionization. The goal of this development
is the provision of highest sensitivity, complete suppression of isobaric interferences and
an adaptability on different radioecological tasks and possible combination with further
analytical techniques.

Following chapter 2, which gives the theoretical foundations on particle sputtering, laser
ionization and mass spectrometry, the experimental setup and its development is described
in detail in chapter 3. That includes all relevant components of the commercial TOF-SIMS,
the adaption of the pulsed high power Ti:sapphire laser system, which was developed by
the LARISSA group at the Johannes Gutenberg-Universitdt Mainz, and the merging of both
systems at the Institute for Radioecology and Radiation Protection (IRS) at the Leibniz
Universitdt Hannover. Parallel to the setup, the processes of particle sputtering and ion
optical transport through the time-of-flight mass analyzer were simulated in detail for an
optimization of the experimental parameters towards enhanced overall efficiency. Chapter
4 comprises these simulations with all applied models and programs, the results of the
simulations and the comparison to the first characterizing Laser-SNMS measurements.

An experimental setup for reliable analytical studies requires precise characterization of
instrumental performance under real measurement conditions. The characterization of the
IRS Laser-SNMS system on the three elements of primary interest uranium, plutonium and
technetium involves the properties of the different spectra, the decision thresholds as scale
for the sensitivity as well as the study of various influences of the Ti:sapphire laser settings.
Further parts of chapter 5 describe the direct comparison of conventional SIMS and resonant
Laser-SNMS measurements and discuss the reduction of oxidized surfaces via argon cluster
sputtering. The performance during first analytical applications of the new Laser-SNMS
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system and their results are presented in chapter 6. The final chapter 7 summarizes all
achievements of the development, optimization and characterization procedures of this new
tool for radioecology and depicts its future applications while room is also given to further
possible extensions of the technique.



Chapter
THEORETICAL BACKGROUND

The analytical technique of resonant Laser-SNMS (secondary neutral mass spectrometry)
consists of three consecutive processes. The first step is the sputtering by ion bombardment
which detaches a small fraction of material from the sample surface. After suppression of
initially sputtered ions, the neutral fraction of the sputtered sample material is element
selectively ionized in the second process step which is the resonant laser ionization. The mass
distribution of the generated ions is thereupon analyzed by a conventional mass spectrometer
as third and final process of a resonant Laser-SNMS measurement. The following sections
summarize the theoretical background of these three individual processes to create a base
for the herein presented work.

2.1 Sputtering by Ion Bombardment

Sputtering describes the ablation of material from a solid surface by bombardment with
energetic ions. Although this process is known for more than 100 years [17], the fundamen-
tal theory is still subject to new technical and scientific findings especially for high energy
sputtering and complex sample compositions like organic material [18]. The ablation of
atoms, molecules and clusters is only one of the apparent effects which are induced by ion
bombardment. The collision of the impacting ions with a solid surface and the transfered
kinetic energy causes several processes like backscattering or implantation, structural de-
formation of the surface layer, emission of electrons and photons and phononic or atomic
excitation of both, the bulk as well as the sputtered material.

This sputter excitation, the resulting secondary ionization and the distributions of the sput-
tered material are of high relevance for the presented work and are therefore described in
detail in the following section. A comprehensive description of the theory of sputtering is
given in specialized literature [ 19-21] on which the following overview is based on.

2.1.1 Interaction of ions with condensed matter

The kinetic energy of an ion dissipates during impact and penetration through the surface
layers of a solid target by collisions. These collisions between the impacting ion and atoms
of the solid surface can initiate secondary and higher order collisions with further atoms and
in this way create a collision cascade, as shown in Fig. 2.1. The resulting processes depend
on the kinetic energy and mass of the impacting ion and can be distinguished accordingly
into three regimes [22].

1. The single knock-on regime covers the impact of light ions or low energy heavy ions
(<keV), where no secondary collisions appear and thus no collision cascade is created.
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2. In the linear cascade regime collision cascades are produced due to a higher kinetic
energy of the impacting ion of up to a few hundred keV. The dominant amount of
collisions in this regime occurs to atoms of the solid bulk material at rest, because of
the low density of moving atoms in the cascade volume.

3. In the spike regime this density is very high instead. As a result collisions occur
predominantly between moving atoms which leads to significant non-linear effects.
This applies for heavy and highly energetic ions, molecules or large atom clusters,
where an impact produces several cascades in a small volume.
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Figure 2.1: Scheme of a linear collision cascade in a solid sample induced by the impact of an
accelerated primary ion. Atoms, molecules and clusters are sputtered by the recoil cascades of
the impact.

Sputtering is possible in all three regimes if moving atoms in the bulk material reach its
surface and their kinetic energy is higher than the surface binding energy Eg. The energy
and angular distributions of the sputtered atoms are characteristic for the different collision
regimes. The average number of atoms which are removed per incident particle defines
the sputtering yield Y. This yield varies widely depending on the kinetic energy, element
and mass of the impacting ion, on the incident angle and on the elemental composition,
chemical speciation and surface structure of the target. Therefore the determination of
the sputtering yield is based on analytic theory, comprehensive computer calculations and
specialized experimental setups for sputtering analysis. Nevertheless, it is almost exclusively
applicable only for crystalline or complete homogeneous sample surfaces.

Sputtered atoms are ejected via elastic atomic interactions, but additional inelastic pro-
cesses can cause transitions into atomic excited states. Most of these excited states decay
radiatively after a short lifetime and can therefore be identified by the energy of the emitted
photon. Longer lived metastable states can be analyzed by laser induced fluorescence or
resonance ionization spectroscopy. These experimental studies are currently the only option
for determination of the final electronic state population of the sputtering process due to
incomplete understanding of the involved processes.

The sputtering process is also directly affecting the electrons of the sputtered atoms. Before
the impact of a primary ion, the valence electrons of an atom bound in a solid state structure
are located spatially as well as energetically somewhere in the overlapping orbital structures.
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During sputtering the electrons of an ejected atom have to rearrange and need to fill the
eigenstates of this free atom. In this process a certain fraction of the ejected species are
produced as positively or even negatively charged ions due to the short time scale for this
electron transition.

2.1.2 Distributions of sputtered particles

The energy and angular distributions of the sputtered atoms are well described for the linear
collision cascade by Sigmund and Thompson [23-26]. Their theoretical model was developed
for an amorphous, mono-elemental target and forms the basis for refined descriptions. The
linear cascade theory separates the sputtering process into three parts:

1. The energy dissipation of the impacting ion
2. The formation of the collision cascade
3. The ejection of atoms from the cascade out of the target

The energy E; of the cascade atoms inside the target needs to exceed the surface binding
energy Ep at the surface for sputtering. The stopping cross section of the target material
and the planar energy barrier at the surface transforms the internal energy distribution of
the atoms, which is proportional to El._Z. The resulting differential yield of sputtered atoms
23Y as function of kinetic emission energy Ey;, and solid angle Q,
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m: energy dependent interatomic cross section parameter, 0<m <

n: energy dependent polar distribution parameter, 1<n<2

was derived by Sigmund and Thompson based on statistical assumptions for the cross section
and a cosine-like prediction for the angular distribution. Unlike the monotonously falling
internal energy distribution, the sputtered energy distribution shows a maximum of:

Ep

Enax = 21 — m) 2.2)

The approximation of m=0 and n=1 matches the majority of the experimental results for
sputter energies of a few keV [20, 27]. Simplified distributions for the kinetic emission
energy E;;, and the polar angle 0 of the sputtered atoms demonstrate the independence
from the kinetic impact energy and the impact angle of the primary ion as:

Y o Fin - (2.3)
aEkin (EB + Ekin)
2
—Zzg o< cos 6 (2.4)

As shown in Fig. 2.2, the only parameter with major influence on the energy distribution of
the sputtered atoms is the surface binding energy Ez. An appropriate value for Ey is often
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determined by the cohesive (or sublimation) energy. Experimental studies indicate that
this value for Ep is underestimated for quiet some configurations [27] as this assumption
neglects specific local interactions for sputtered atoms, which are embedded in different
matrix materials [28].
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Figure 2.2: Theoretical Sigmund-Thompson energy distributions of sputtered uranium and strontium
atoms.
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2.2 Laser Ionization

An atom or molecule is ionized if it either losses or gains at least one additional electron
and consequently acquires positive or negative charge. The ionization can be initiated by
several processes that provide energy transfer to the atom or molecule. The two ionization
methods with specific relevance for the herein presented work are sputter ionization, which
was described before in section 2.1, and laser ionization, which is explained in detail in
this section. The main advantage of laser ionization against most other techniques is the
use of well tuned laser radiation, representing a discrete and precisely selected amount of
energy. As a consequence, this process is highly selective and laser ionization has become an
essential tool for spectroscopic and analytical measurements. The fundamental interaction
of atoms and light, the particular properties of laser radiation and different methods of
laser ionization are summarized in the following section based on comprehensive literature
[29-33].

2.2.1 Atom-light interaction

Every atom is composed of a positively charged nucleus and a surrounding negatively
charged electron shell. Energetic position and spatial location of the electrons is not explain-
able by a classical approach, as the electrons populate specific discrete levels only. Jointly,
the quantized energy levels of the individual electrons define the quantum mechanic state,
i.e. the configuration, of the atom. They are characterized by the principle, angular and
projection quantum numbers n, 1 and m which describe the quantized interactions between
electron and nucleus. The energy of the states for a simple atomic system with only one
electron is independent of 1 and m:

uZ2e? Z?
E,=———— = —Ry= 2.5
" 86(2)h2n2 n2 2.5)

Ry = 13.61 €V: the Rydberg unit of energy

This basic model excludes effects, like the fine structure and the hyper-fine structure of this
energy levels, which are caused by The consideration of the electron spin s and nuclear spin
I. The structure of electronic states of an atom with more than one electron shows higher
complexity involving also the electromagnetic interactions between the individual electrons.
These states are described by the total quantum numbers of the complete atomic system,
abbreviated by a term symbol notation:

25+, (example for LS-coupling) (2.6)

S is the total spin quantum number, L is the total orbital quantum number in spectroscopic
notation and J is the total angular momentum quantum number. Descriptions of coupling
schemes and term symbols for systems with higher complexity can be found in comprehen-
sive literature [34].

A transition of an atom between its electronic states can be effected by a radiation field with
the frequency v, if it is resonant to the energy difference of the states:

AE =|E; —Eol=h-v=Epporon (2.7)
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The three possible processes of atom-light interaction are absorption, stimulated emission
and spontaneous emission, which are illustrated in Fig. 2.3. An incoming photon, that fulfills
condition (2.7), is either absorbed for a transition from the initial state of the atom E, to
the energetically higher lying excited state E; or, alternatively, it induces emission of an
identical photon, whereby the excited state E; decays into the energetically lower lying
state Ey. The emitted photon matches the frequency, phase and direction of the incoming
photon. In addition, photons are emitted also spontaneously in this decay process without
stimulation of an incoming photon. The phase and direction of spontaneous emitted photons
is randomly distributed, while the energy is also set by condition (2.7) for the transition of
an excited state E; to the energetically lower state E,.
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Figure 2.3: Schematic representation of the possible optical transitions between two discrete elec-
tronic states of an atom. In the first two cases, the transitions between state E, and E; are
stimulated by an incoming photon (red wavy arrow). The third case shows the spontaneous
emission of a photon without any stimulation.

2.2.2 Laser

LASER is the abbreviation for "Light amplification by stimulated emission of radiation
". The laser process uses a chain of stimulated emission processes for the production of
intense coherent light. The initial radiation is efficiently amplified if the stimulated emission
processes overcome the losses by absorption of photons. This requires a larger amount of
atoms in the energetically higher state than the lower state. In thermal equilibrium, it is
impossible to fulfill this condition, which is known as population inversion, in a 2-level system.
All existing lasers are therefore based on 3-level or 4-level systems. Those systems use a
parallel process, called pumping, for an excitation of atoms from an energetically lower state
to an higher state. In 3-level systems the higher or the lower state of the pumping process is
identical to the higher or the lower state of the stimulated emission. In 4-level systems, as
shown in Fig. 2.4, the processes of pumping and stimulated emission are decoupled and
therefore most efficient. A transition is driven with highest efficiency, if the initial state in
a medium is fully populated and the final state is empty. That is almost realizable in the
illustrated 4-level system for pumping and stimulated emission, if the states |1) and |3)
are highly populated and the states |2) and |4) are continuously depopulated by fast decay
transitions.
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Figure 2.4: Schematic representation of a four-level laser system including a pumping process to
enable efficient stimulated emission. The doted arrows depict fast non-radiative decay transitions.

Besides a laser medium exhibiting a 3-level or 4-level system and an applicable pumping
mechanism, efficient amplification of stimulated emission requires multiple pathways of the
emitted radiation through the medium, which is realized by an optical resonator. The latter
is set up by at least two mirrors and might include further optical elements. As consequence
for a positive amplification, the stimulated emission needs to compensate unintentional
occurring reflection losses as well as the decoupled laser light. This defines the threshold
value condition for laser operation as:

AN = Nu(&) — N,

8u

Y

200 ANihyreshold (2.8)

N,,N;: population density of the upper and lower state
gu, g1 statitical weight of the upper and lower state
y: overall loss coefficient per pass through the resonator
o(v): cross section of the stimulated emission

L: resonator length

The steady state population inversion AN matches exactly the threshold inversion AN eshoid
as soon as the laser operation reaches an equilibrium between pumping gain and losses due
to stimulated emission. A second requirement for laser operation of a standing wave system
is set by the resonator cavity witch only allows buildup of a stable mode of oscillation of a
light wave, if the full round trip resonator length matches a multiple of its wavelength. This
condition limits laser emission to a finite number of discrete longitudinal modes. Further
limitations and shifts by the shape of the cavity mirror, the refraction index of the laser
medium, further optical elements in the laser cavity and the frequency and number of
participating resonant transitions determine the final mode structure of a laser cavity.

Ti:sapphire laser

Despite a large variety of different laser media, only a limited number of these offer a wide
range of tunability of the emission wavelength, which is necessary for laser spectroscopy
in general as well as the specified application of resonance ionization. A perfectly suit-
able laser medium for widely tunable solid-state lasers has been created by formation of
titanium-doped sapphire crystals (Ti>*:Al,03). The strong coupling of the Ti*" ions to the
crystal lattice causes a broadening of the electronic states by vibronic degrees of freedom.

11
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Additionally, the single d electron in the outermost shell of the titanium ion is influenced
by the electrostatic field of the neighboring oxygen. This interaction removes the fivefold
degeneracy of the ground state of the free ion to a triplet ground state 2T, and a doublet
excited state 2E. The combination of both effects leads to two electronic band structures,
witch provide the basis for a 4-level laser scheme, as schematically shown in Fig. 2.5. The
electronic band structure enables fast relaxations to the lowest levels of both vibrational
bands, which is the reason for the broad wavelength ranges of 420 nm - 600 nm for pumping
and 650 nm - 1100 nm for stimulated emission. Both transitions address a continuous band
as final state, which is rapidly depopulated. The pump transition commonly is generated
by frequency-doubled Nd:YAG (532 nm) or Nd:YLF (527 nm) lasers. The corundum host
crystal offers high transparency and thermal conductivity and is therefore suitable for high
pump power. The first Ti:sapphire laser was developed by Moulten 1982 and was completely
characterized in respective literature [35-38].

3)
Pumping Stimulated emission
420 - 600 nm 650 — 1100 nm
2T, |4)

1) -

Figure 2.5: Four-level scheme of a Ti:sapphire laser: The red and the green parable represent the
vibrationally broadened doublet and triplet band structure of the Ti** ion in an Al,O5 crystal.

2.2.3 Non-resonant laser ionization

In resonance ionization different types of laser ionization processes are possible depending
on the number of lasers and the transitions. All of them provide sufficient energy to an atom
or molecule to excite an electron above the ionization potential (IP). Single photon ionization
(SPI) uses only one high energetic photon for a direct excitation from the ground state
above the IB as shown in Fig. 2.6. This technique requires lasers in the vacuum ultraviolet
(VUV) range. SPI offers only a limited selectivity for the analyte, because every sample
material with lower ionization energy than the photon energy will be ionized. The selectivity
of a SPI analysis is correspondingly provided by subsequent mass spectrometry. A better
suited laser ionization technique implies stepwise excitation with more than one photon by
using intermediate excited states of the atom or molecule of interest. This process, which is
called resonance-enhanced multiphoton ionization (REMPI), always involves a resonant
or partially resonant excitation via m photons and a non-resonant ionization step via n
photons. The classification for different combinations of excitation and ionization is (m+n)-
REMPI. For example, the (1+1)-REMPI uses one photon for resonant excitation and a second
photon of the same wavelength for ionization. Further combinations use additional virtual
states in between or use supplementary lasers for inducing other transitions. An example
of combinations and their designation is shown in Fig. 2.6. The use of intermediate states
increases the selectivity of the ionization process tremendously, because the energy of these
states is characteristic for the ionized atom or molecule. Remaining parallel laser ionized
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background is easily separated by additional mass spectrometry. However, the application
of the REMPI technique requires extensive laser spectroscopy on the excited states of the
species of interest to identify the intermediate states. The term REMPI is mostly used for
laser ionization of molecules. The same technique is applied to atoms simply as non-resonant
laser ionization or resonant laser ionization with a non-resonant ionization step.
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Figure 2.6: Comparative scheme of single photon ionization and different possibilities of resonance-
enhanced multiphoton ionization.

2.2.4 Resonant laser ionization on atoms

The resonant laser ionization of atoms similarly relies on stepwise excitation via characteris-
tic intermediate states like REMPI. This technique was developed in the 1970s for atomic
laser spectroscopy [39-42]. Due to the high ionization efficiency and unsurpassed isobaric
selectivity, it is nowadays used as a unique tool for selective and sensitive ultra-trace analysis
[43, 44] and for efficient production of rare isotope beams at on-line facilities [45, 46].
Resonant laser ionization uses 2 - 4 powerful lasers, operating on strong atomic transitions,
which allows for an ionization efficiency of more than 50 % [47] and by application of
narrow-band lasers even isotopic selectivities of more than 107! [48]. The highest effi-
ciency is only achievable with dedicated lasers and optimized excitation schemes. The most
suitable lasers must be precisely tunable to the resonant transitions, must offer a high photon
density to saturate the transitions and support a well adapted spatial and temporal behavior
and control to optimize the overlap with the atom source. The efficiency of an ionization
scheme is most often governed by the final ionization transition. The non-resonant excitation
of an electron into the continuum above the IB as for REMPI, provides in most cases rather
low ionization efficiency, as the cross section for non-resonant ionization is typically in the
order of 10717 cm2. Another option is the resonant ionization via excitation into Rydberg
states. For increasing principle quantum number n these excited states converges to the IP
Therefore, they are located closely below the IP The required energy for ionization of an
Rydberg atom is very low and can be provided by different processes, i.e. collisions with
other particles, black body radiation or strong electric fields. These non-radiative ionization
mechanisms certainly result in an device-related dependence of the ionization efficiency,
which varies strongly for different conditions in the ionization volume. However, the use
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of a fully resonant excitation, the combination of various ionization mechanisms and the
long lifetime of Rydberg states lead to a significantly enhanced overall ionization efficiency.
The third possibility for resonant ionization uses a resonant last transition into a so called
autoionizing state located above the IP This state represents an excitation of two or more
electrons, which results in an excitation energy of the atom located well above the IP In
case the total energy of all excited electrons is transfered to the weakest bound valence
electron by internal coupling mechanisms, this leads to an detachment of this electron and
therefore to autoionization of the atom. Autoionizing states have short lifetime due to a
strong internal coupling. The resonant excitation to a spectrally broad autoionizing state
with its high ionization probability consequently results in an ionization cross section that is
about 10° to 10* times larger than for a non-resonant transition into the continuum.

As a drawback, the process of highly efficient resonant ionization is often accompanied
by non-resonant effects induced by the laser light. As schematically shown in Fig. 2.7, the
applied laser wavelengths for resonant ionization can also drive non-resonant transitions of
the same species and furthermore, lead to non-resonant laser ionization of other atoms and
molecules. Most of these unintentionally ionized species are separated in the subsequent
mass spectrometry, while efficient suppression of isobaric contaminating ions might require
a thorough choice and adaption of the resonant ionization scheme in use.
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Figure 2.7: Scheme of resonant laser ionization by three excitation steps using an autoionizing state
together with potential non-resonant processes for the same species.



2.3. MASS SPECTROMETRY

2.3 Mass Spectrometry

The experimental procedure of mass spectrometry in general implies three specific parts.
The substance, which is analyzed, needs to be ionized by an appropriate process. After that,
the ions are separated by their mass-to-charge ratio and finally detected for qualitative and
quantitative analysis. Since the development of first mass spectrometry instruments in the
1910s [49, 50] a permanent development and optimization of ionization, separation and
detection techniques enlarged the field of application tremendously. The herein presented
work also focuses on the development of a very specific application of mass spectrometry. The
commercial TOF-SIMS instrument, involving different primary ion guns (described in detail
in section 3.2) combines several methods for ionization and separation. Basic understanding
of the various processes is essential to prevent possible disturbing interferences in the primary
mass spectrometric operation. Therefore, besides an application-oriented description of
SIMS, RIMS and Laser-SNMS, the following section also elucidates different basic processes
of ionization and separation. A comprehensive description of mass spectrometry appears in
the specialized literature [51, 52] on which this overview is based upon.

2.3.1 Ion sources and methods for mass separation

The former sections already described the theoretical basis of sputter and laser ionization,
on top of which the conventional techniques of thermal, electron impact and field ionization
are also applied in the experimental setup.

Thermal ionization

For thermal or surface ionization the analyte is brought into contact to a hot filament, which
consists of a material with a high work function W. This contact leads to possible ionization
of the sample material. The probability and therefore the efficiency for ionization depends
on the ionization energy E; of the species according to the Saha-Langmuir equation (2.9).
Consequently, thermal ionization is only efficient for alkali and some alkaline earth metals.
A modified geometry with multiple surface contacts increases the efficiency for providing
reasonable ionization of further elements at highest temperatures.

n g W — E;
n, gn kT

2.9
n;,n,: number of ions and neutrals
gi, &, statitical weight of ions and neutrals

k: Boltzmann constant

T: suface temperature

Electron impact ionization

The ionization by collision with energetic electrons is called electron impact ionization. The
electrons are produced by a hot cathode via thermionic emission. A static electric field is
applied to accelerate the electrons to a defined kinetic energy. The atoms or molecules, which
are analyzed, have to be transfered into the gaseous phase. The collision of an energetic
electron with a free neutral particle results in an energy transfer AE from the electron. The
neutral particle is ionized, if this transfered energy exceeds the specific ionization energy
(mechanism shown in (2.10)). The ionization efficiency as well as fragmentation processes

15
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of ionized molecules are strongly dependent on the kinetic energy of the electrons and the
spatial overlap between the electron beam and the neutral particle gas volume.

M+e — MT + 2 (2.10)

Field ionization and field desorption

Field ionization is an autoionizing process, which is enhanced by a strong electric field. This
electric field distorts the potential of the neutral particle, shrinks the potential barrier and
intensifies the probability for quantum mechanical electron tunneling. Efficient ionization
from low lying atomic levels requires strong electric fields (101° %), which are formed at
metallic tips and edges on high electric potential. The small radii present in the acceleration
geometries cause an increased field strength according to:

Q

=— 2.11
4megr? (2.11)

= g for small radius r (2.12)
An analyte present in the gaseous phase, which experiences an sufficient high field is ionized
and accelerated to the closest lower potential. In contrary, field desorption deals with liquid
or solid sample material. It is an advancement of field ionization, because the ionization
technique is identical. The difference is a direct absorption of the sample material on the
tip or edge. As a result the neutral analyte species are positioned at the strongest region of
the field and are desorped directly after ionization. Field ionization and field desorption
are both "soft" ionization methods, because the fragmentation rate is much lower than for
alternative processes like electron impact ionization.

Sector field mass separation

Mass separation within a magnetic sector fields was already used for the first mass spectro-
metric instruments [53]. The trajectory of an accelerated ion moving perpendicular to a
magnetic field is given by the equilibrium between Lorentz force F; and centripetal force F
(2.13).

F,=qvB=""Y —F, (2.13)
r
my
_mv 2.14
r 4B (2.14)

As consequence, the radius r of the ions resulting circular path depends on the velocity v,
charge q and mass m of the ion and on the magnetic field B. The insertion of monoenergetic,
equally charged ions in a constant magnetic field reduces the dependency of the radius
and the exit point only to the mass of the ion. Adjustable slits and a variable magnetic field
complete the basis for a magnetic mass spectrometer using one ion detector placed at a
fixed location. The modern magnetic sector field mass spectrometers use advanced magnet
geometries and an additional electrostatic sector field to reduce the energy distribution
of the ion source. This allows for a mass resolution R of 2000 - 15000 depending on the
application.
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Quadrupole mass filter

An alternative technique of mass analysis is the quadrupole mass filter, which was developed
by Paul 1953 [54], who was awarded a Nobel prize in 1989 for this task [55]. The linear
quadrupole mass filter consists of four hyperbolically or cylindrically shaped rod electrodes.
Two opposing electrodes are supplied with the same voltage, which comprises a DC compo-
nent U and an AC component V. The quadrupole potential perpendicular to the quadrupole
axis z is oscillating between attraction and repulsion in x- and y-direction. Certain voltages
U and V and a specific oscillation frequency w results in a stable trajectory for ions with a

defined Z-value or within a defined Z-range. All other ions follow an unstable trajectory,

that at s<z)me point leads to a collisiozn with one of the electrodes. Therefore, the linear
quadrupole is a mass filter and not a separator like the magnetic sector field. The advantages
of a quadrupole mass spectrometer (QMS) are the small dimensions of the setup, the high
transmission at low kinetic energy of the ions and the possibility of faster mass scans. The
mass resolution R of a QMS in the region of 200 - 2000 is significantly lower than that of a

sector field MS.

Time-of-flight mass spectrometry

The basic principle of a time-of-flight mass spectrometer (TOF-MS) is very simple. Ions
with different 7 -ratios are accelerated in an electrical field, which results in a 7 dependent

velocity (2.16). During a flight through a field free drift path, the ions experience a temporal
dispersion. This results in a 7 dependent time of detection (2.17).
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The mass resolution of a TOF-MS is therefore limited by the measured flight time and its
achievable precision (2.18). This flight time includes the time for the ionization process t;,
the time for acceleration t,, the actual drift time in the field free region t, and the response
time of the detector t;, which all got their own uncertainties.
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The contribution of the ionization process can be minimized by a two-step extraction, where
the ions are produced in a field-free region and the accelerating electric field is applied
after the ionization. It is not possible to accelerate the ions instantaneously to reduce
the uncertainty of the acceleration time t,. Some of the major effects, which increase the
uncertainty, can be compensated. In theory, all produced ions start at the same position
with no kinetic energy. But in reality the ions are distributed in a volume and with varying
kinetic energies and directions. One optional improvement is the reduction of volume by a
modified ionization mechanism or geometry. A further improvement can be achieved, if the
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ions are accelerated perpendicular to the axis with broadest energy distribution. An active
energy focusing to compensate the dispersion or different start positions can be realized by
a reflectron. This device, as shown in Fig. 2.8, reflects the ions towards the detector by an
electric field by almost 180 °C. The penetration depth into the reflection field and therefore
the reflection time depends on the kinetic energy of the ion. The energy dispersion can be
compensated by precise adjustment of the reflectron position and voltage. The drift time t;
is longer than any of the other contributions mentioned above, but for achieving increased
resolution it can be extended further. This is the approach of a multi-reflectron time-of-flight
mass spectrometer (MR-TOF-MS). A MR-TOEF-MS traps the ions between two electrostatic
mirrors, which fold the ion trajectory into a small volume and enables longest drift paths. The
limitation for MR-TOF-MS is caused by the same effect, that is responsible for the uncertainty
of t. Collisions with the residual gas molecules lead to further energy dissipation and are
only reduced by improved vacuum conditions. The last part of the total flight time, which
is constantly improved, is defined by the detection system. High-speed analog-to-digital
converter (ADC) of even faster time-to-digital converter (TDC) for single-ion counting are
applied to ensure the mass resolution of a TOF-MS at this part. All these enhancements for
different applications lead to achievable mass resolutions of up to 4000 for linear systems,
>10* for reflectron TOF-MS and >10° for MR-TOF-MS.
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Figure 2.8: Scheme and ion trajectories of a Time-of-Flight mass spectrometer, including detectors
for linear or reflectron operation

2.3.2 RIMS, SIMS and Laser-SNMS

As mentioned before, the combination of ionization process and mass spectrometric tech-
nique has to match the envisaged application. Different arrangements and special adjust-
ments of ion sources and mass spectrometers can enhance or reduce the divers characteristics
of the complete mass spectrometric system. That is the reason why this application-oriented
specifications are of major importance and are described hereinafter for the techniques of
RIMS, SIMS and Laser-SNMS, which were applied in this work.

Resonance ionization mass spectrometry

Resonance ionization mass spectrometry is a combination of resonant laser ionization and
conventional mass spectrometry. The element selective ionization process together with the
mass selective properties of mass spectrometry lead to a high isotopic selectivity, as shown
in Fig. 2.9. This particular feature is used for production of isotopic pure ion beams for
spectroscopic or analytical applications applied e.g. at on-line isotope separators for the
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study of short-lived exotic nuclides with lowest production rates. Depending on the final
application, the systems can be optimized for highest efficiency, highest selectivity or highest
ion beam quality and density. For example, the best isotopic selectivity is achieved by narrow
band laser ionization, which uses the isotope shift of the electronic structure for isotope
selective ionization. Narrowest laser bandwidth is provided by cw-lasers with low power to
prevent saturation broadening of the transitions. This ionization could be complemented by
a dedicated TOF mass analyzer, which is optimized for high mass selectivity. Unfortunately,
the combination of these two processes would be severely limited in efficiency and would
required large amounts of sample material and measurement time. On the other hand, high
efficient systems applying pulsed, broad band, high power lasers and a high transmission
sector field MS deliver only reduced selectivity. In addition there are also continuous technical
improvements to overcome those limitations [56-58].
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Figure 2.9: Exemplary presentation of the combined elemental and mass selectivity of RIMS on a
section of the chart of nuclei. In this case, the resonant laser ionization of plutonium is combined
with the separation of mass 238, which results in the isotopic selection of *®Pu.

Secondary ion mass spectrometry

As briefly described in section 2.1, the sputtering of particles by impact of accelerated ions
also ionizes a certain fraction of those particles. The combination of this sputter ionization
and conventional mass spectrometry is the basis of secondary ion mass spectrometry (SIMS).
The unique features of this technique are mainly determined by the characteristic of the
primary ion beam applied for sputtering. Besides the mass resolution, SIMS offers the
possibility of a spatially resolved analysis of the sample surface. For this purpose a primary
ion beam for SIMS application is focused onto the sample surface and can be scanned two-
dimensionally over a certain area of the surface layer. In this way, SIMS enables a structural
analysis of the sample and not only a bulk analysis like most other mass spectrometric
techniques. Additionally, the application of different primary ion species with different
sputter energies allows an outstanding adaption of the SIMS technique to specific analytical
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requirements. The selected primary ion species and its kinetic energy influence the polarity ,
the energy and spatial distribution, the sputter yield and the level of fragmentation of the
secondary ions. As a result, SIMS is split into two distinguished methods, the static and the
dynamic SIMS.

e Static SIMS uses very low ion dose to analyze the top surface layer without modifying
it. Therefore, less than 1 % of the target area constituents receive an ion impact. It is
applied for atomic and molecular analysis of the undisturbed top monolayer. Typically,
static SIMS uses a pulsed primary ion beam and a TOF mass analyzer.

e Dynamic SIMS, conversely, uses a high primary ion dose and is mainly applied for bulk
analysis and depth profiling. The high sputter rates of dynamic SIMS results in high
sensitivity for atomic analysis, but the increased fragmentation prevents conclusive
chemical speciation. Dynamic SIMS uses continuous primary ion beams and is usually
equipped with a magnetic sector field or a quadrupole mass analyzer.

Secondary neutral mass spectrometry

Secondary neutral mass spectrometry (SNMS) is an advancement of the former described
SIMS technique. In SIMS only 0.001 % - 1 % of the sputtered particles are ionized by the
sputtering process. This low ionization efficiency strongly limits the overall efficiency and
thus the sensitivity of SIMS analysis. The approach of SNMS is to improve this efficiency by
specific post-ionization of the sputtered neutral particles. The most applicable techniques
for post-ionization are resonant or non-resonant laser ionization (Laser-SNMS) [59] and
plasma-induced electron impact ionization [60]. Those ionization methods are applied to
the sputtered neutral particle cloud shortly after it is emitted from the sample surface, as
schematically shown for Laser-SNMS in Fig. 2.10. The non-resonant Laser-SNMS by single
photon ionization and the SNMS by an electron cyclotron wave resonance (ECWR) plasma
are both non-selective techniques. They increase the ionization efficiency for every sputtered
particle species by intensive bombardment with energetic photons or electrons. Nevertheless,
this processes lead to fragmentation of different molecules and add further complexity to
the speciation analysis of surface layers. In contrary, resonant Laser-SNMS ionizes element
selective and can therefore increase the ionization efficiency and the signal-to-background
ratio for one specific element of interest. For reduction of background, complete suppression
of initially sputtered ions must be achieved. Still, all post-ionization methods lead to an
increased ionization volume and a more complex instrumentation, which has to be accepted.
The sensitivity enhancement by Laser-SNMS relies on several other important parameters
of this advanced analysis technique. Besides the spectral and power conditions of the laser
system itself, the spatial and temporal overlap between lasers and the neutral particle cloud
has to be sufficiently adjusted.
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Figure 2.10: Schematic representation of the post-ionization process by resonant Laser-SNMS.
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Primary aspect and major part of the herein presented work was the development, instal-
lation and commissioning of the new system for resonant Laser-SNMS at the Institute for
Radioecology and Radiation Protection (IRS) of the Leibniz Universitit Hannover. This
system combines a commercial TOF-SIMS instrument (TOESIMS 5 by IONTOF GmbH) with
a dedicated, high repetition rate and high-power Ti:sapphire laser system. The TOF-SIMS
instrument is a complex system optimized for surface analysis and incorporates several
primary ion guns and further tools with a broad range of configuration options to fit different
applications. The adaption of this instrument for resonant Laser-SNMS implies the thorough
understanding of all technical and physical interactions as well as a general familiarity with
the control software. The Ti:sapphire lasers itself and the complete laser system was designed
to meet the special requirements of ultra-trace analysis with resonant laser ionization. There-
fore, a complete description of the modifications and the individual characteristics of the
laser system is given. The following chapter explains construction, important modifications
and technical details of the specialized Ti:sapphire laser system, the conventional TOF-SIMS
instrument and their coupling to a dedicated Laser-SNMS setup for ultra-trace analysis on
environmental samples.

3.1 Ti:sapphire Laser System

The design of the Ti:sapphire laser for the IRS Hannover was entirely developed in the
LARISSA group at the Institute of Physics of the Johannes Gutenberg-Universitit Mainz.
The first version of this compact design type with the characteristic z-shaped cavity was
developed 2003 especially for ultra-trace analysis and atomic spectroscopy via resonance
ionization mass spectrometry by R. Horn [61]. In the following years, the design was revised
and advanced in several iterations, whereby further highly specialized designs for various
applications were set up. On one side injection-locked narrow band operation for high
resolution spectroscopy has been driven to maturity. Alternatively, grating-based versions for
wide range scanning were developed [62-64]. The recent version of the standard Ti:sapphire
laser design in use at the start of this work was developed explicitly for on-line production
of isotopic pure ion beams at the Resonance Ionization Laser Ion Source (RILIS) for the
radioactive ion beam facility ISOLDE at CERN in Geneva, Switzerland [65].

Besides the specialized versions, all iterations of the LARISSA standard Ti:sapphire laser are
based upon of the same main components in a widely similar arrangement, as schematically
shown in Fig. 3.1. A middle section, with high focusing of the laser radiation for efficient
operation of the Ti:sapphire crystal, is enclosed quasi-symmetrical by sections of parallel
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beam trajectory, for installation of frequency selective elements. Generally, the LARISSA
Ti:sapphire lasers are pumped by frequency-doubled Nd:YAG or Nd:YLF lasers (532 nm or
527 nm) with a repetition rate of 7kHz - 10 kHz. The end faces of the Ti:sapphire crystal
are cut in Brewster’s angle for the reduction of reflection losses of the p-polarized radiation
of the laser mode and the pump laser. The Brewster geometry causes an astigmatism of the
tangential and sagittal plane, which would influence the formation of stable resonator modes
negatively. This astigmatism is compensated by a suitable tilt of the curved mirrors (CM)
whereby also the characteristic z-shaped cavity is defined. Application of different mirror sets
with specific coatings, together covering the whole Ti:sapphire emission wavelength range,
provides high reflectivity for the Ti:sapphire laser wavelengths and high transmittance for
the focused beam of the pump laser. Focusing of the pump laser at the rear of the crystal
rod reduces the power density at the front possibly causing damage to the entrance facet.
For prevention of heating effects in the crystal it is installed into a water cooled copper
mount. The basic laser cavity is completed by a high reflective mirror (HR) at one end and
a partially reflective outcoupling mirror (OC)at the other end.
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Figure 3.1: This schematic design of the z-shaped Ti:sapphire cavity shows the main components
and their arrangement. For further explanations see text. (figure taken from [64])

The accessible range of emission wavelengths of the Ti:sapphire laser is determined by the
broad emission range of the Ti:sapphire crystal. Further selection of the emission range by
the mirror sets reduces the possible laser wavelength range and is necessary to ensure highest
reflectivity over the emission range due to manufacturing limitations. The required precise
wavelength is achieved by further frequency selective elements. The first such element
is a Lyot filter (LF), which consists of three birefringent crystal plates. The three plates
are mounted precisely parallel and with successive doubled thickness, which leads to an
spectral filter system with spectral width of the thickest plate and free spectral range of
the thinnest plate. Orientation of the Lyot filter in Brewster’s angle results additionally in
a linear polarization of the laser beam. All s-polarized fractions of emitted laser radiation
suffer huge reflective losses in the Lyot filter. The spectral width of the range of possible
longitudinal laser modes is determined by the Lyot filter to several hundred GHz and requires
further reduction, which is achieved by a Fabry Perot etalon. The applied etalon consists of
a glass substrate of width of 0.3 mm with a partially reflective coating (R = 40 %) on both
surfaces. The tunable mounting of the Lyot filter and the etalon for compatible adjustment
enables the laser operation on the whole Ti:sapphire emission range with a spectral width
of 4 GHz - 10 GHz.
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3.1.1 IRS Ti:sapphire laser

The IRS Ti:sapphire laser, shown in Fig. 3.2, was developed to fulfill all state-of-the-art
and specialized requirements for the resonant Laser-SNMS system. The layout was based
on the before mentioned laser cavity design for ISOLDE/RILIS at CERN. However, there
were a few reasons for modifications of this already well-established concept. Most of the
former Ti:sapphire lasers were used in combination with hot cavities or other atom sources
delivering a steady atom flux. The combination with a pulsed atom source like the applied
system for sputtering by accelerated ions required an advanced timing control with low
jitter. All laser pulses must temporally overlap each other and the occurrence of the sput-
tered neutral particle cloud. The temporal adjustment of formerly developed systems with
multiple Ti:sapphire lasers was controlled by Pockels cells as fast Q-switches inside the
cavity. The application of Pockels cells includes some disadvantages like a reduced laser
power due to reflection losses at the additional surfaces. Furthermore, the compensation of
temporal delays with Pockels cells is limited and might not work well especially regarding
the synchronization of Ti:sapphire lasers tuned to the center and edge of the available
Ti:sapphire emission range. Hence, the Q-switch-based timing control was replaced in the
new system by individual pump lasers for every Ti:sapphire laser, which can very easily be
externally triggered (further description in section 3.1.2). The space-consuming recess for
the Q-switch mount was excluded from the design and replaced by four threaded holes
besides the beam axis. They are aligned in the necessary angle for a Q-switch, if future
changes in the laser configuration would again require such a device. The accompanying
beam displacement was also considered in the laser design.
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Figure 3.2: Photo of the IRS Ti:sapphire laser cavity during operation. The main components and
modifications are marked. For further explanations see text.

The support of additional mounting options for mounts of different manufacturers provides
a high flexibility for additional laser advancements. Therefore, all mounting positions
offer different combinations of threaded and through holes according to the designs of
the preferred optomechanics manufacturers. Primarily these additional mounting options
consider two preceding developments for specialized laser operation:
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1. A supplementary etalon with higher thickness could provide further reduction of the
Ti:sapphire laser band width. This can be used to reduce the influence of unintended
laser excitations.

2. Another recent development, which influenced the design, was the application of
intra-cavity frequency doubling [66].

The possible utilization of both of these options as well as future ones is ensured by an
optional cavity extension for gaining further space in the Ti:sapphire laser cavity. The final
modification of the laser design concerns the mounting of the focusing lens for the incoming
pump laser. An increased recess for the lens mount allows the installation of different lenses
for further variation and optimization of the pump laser focus.

Characterization of the new Ti:sapphire laser

The modifications of the design as well as the variations between different batches of the
main optical elements led to the necessity of a full characterization of the new Ti:sapphire
laser. After installation and commissioning, the laser output power, the temporal pulse width
and the beam profile was measured and evaluated for the whole spectral emission range.
This was achieved by testing of every mirror set and also all reasonable combinations of
one mirror set with the outcoupling mirror of another mirror set. The Ti:sapphire laser was
constantly pumped with 15 W of pump laser power at a repetition rate of 10 kHz and only
minor resonator adjustments were made to assure comparable results.

The Ti:sapphire laser need to fulfill several specification limits, which were set by the
Laser-SNMS process and the TOF-SIMS instrument. The volume for interaction of the sput-
tered neutral particle cloud and the overlapped laser foci is limited by the distance between
the sample surface and the extraction electrode of only 1.5 mm. An extension of this distance
would negatively affect the analytical specifications of the SIMS instrument. Therefore and
because an extended ionization volume would reduce the mass resolution (see section 2.3.1),
the limit for the focused laser beam diameter was set below 300 um at the end of the beam
transport. The necessary temporal overlap between laser pulse and sputtered neutral particle
cloud determined another specification limit for the laser pulse distribution. The width of the
primary ion pulse can be varied between 1 ns - 50 ns depending on the specific settings of the
ion gun. A laser pulse width above 50 ns would result in an increased temporal distribution
of the ionization process. Correspondingly, the mass resolution of the applied TOF-MS would
be further reduced, what should be prevented. The third specification limit concerns the
wavelength range of the Ti:sapphire laser. A sufficient laser output power of more than 2W
should be supplied for the range of 730 nm - 920 nm to ensure the application of known
excitation schemes for the elements of main interest.

The laser output power, pulse width and wavelength was measured directly at the Ti:sapphire
laser exit, whereas the measurement of the focused beam profile required the 6.5 m long
reference beam path as analogue of the later used beam transport path. The spatial lim-
itation and the vacuum conditions in the SIMS instrument prevented the application of
a beam profiler at the end of the main setup. The measured laser output power showed
the expected dependence from the Ti:sapphire emission range, but stayed above 2W for
at least one mirror set in the range of 710 nm - 930 nm. As a result, it was also possible to
identify the best mirror set combinations for every part of the emitted wavelength range
(shown in the appendix as Fig. B.1). The laser pulse width was determined by the FWHM of
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the measured pulse distribution via a fast photo diode to remain well below 50 ns. Besides
the laser pulse width, also the response time between trigger signal at the pump laser and
Ti:sapphire laser pulse was evaluated from the laser pulse data. The laser pulse width and
the response time showed the expected correlation with the laser output power. A more
efficient laser operation in the gain maximum results in higher laser power with shorter
pulses, which appear earlier and vice versa at the edges. The measured beam diameter did
also fulfill the requested specification and a best value even below 250 um was observed
(shown in the appendix as Fig. B.3). The diameter was determined by the D4o-method
from the measured beam profile. All required specifications including their reasons and the
measured parameters of the Ti:sapphire laser are listed in Table 3.1.

Requirements Reason Measured
pulse length matching of sputter pulse and 951 - 50 ns
< 50mns laser pulse length

wavelength range direct access of excitation schemes 710 nm - 930 nm with
730nm - 920 nm for U, Pu, Np, Tc, S, Gd and others 2W-3.5W @ 10kHz
focus (D40) efficient overlap with sputtered 262+ 62 m
< 300 um particles

Table 3.1: Required and tested specifications of the IRS Ti:sapphire laser for Laser-SNMS application

3.1.2 Complete laser system for resonance ionization

The complete laser system consists of three Ti:sapphire lasers and several support, control
and measurement systems, that are necessary for stable and adjustable operation. All those
devices were installed on, below and above a 3 mx 1.5 m optical table to generate a compact
and easy accessible setup (picture in the appendix as Fig. A.1). This systems as well as the
installation on the table can be separated into three sections, as shown in Fig. 3.3.

External frequency doubling Ti:sapphire Pump laser
and beam overlap laser section section

Figure 3.3: CAD scheme of the laser setup with three different sections of instrumentation. For
further explanations see text.
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Pump laser system

The first section involves the complete pump laser system, which provides the Ti:sapphire
lasers with precisely timed and properly focused laser beams of appropriate power. The
main part of this section are three commercial Nd:YAG lasers (DM60-532 by Photonics
Industries). They produce intense pulsed laser radiation with a wavelength of 532 nm by
internal frequency doubling. The repetition rate of the pump lasers is in principle variable
between 1kHz - 30 kHz, but was set to 10 kHz for all herein presented applications. Each
laser can deliver up to 60 W output power with a pulse width of below 200 ns at full power.
Although, one of the applied Ti:sapphire lasers requires only 12W - 20 W for operation,
each pump laser addresses only one Ti:sapphire laser for ensuring the individual timing
control. The respective control units and water chillers were installed below the optical
table. The optical setup in front of the pump lasers is identical for all three devices (picture
in the appendix as Fig. A.2). The slightly divergent pump laser beam is at first shaped and
focused by a telescope to achieve a beam diameter of 10 mm - 15 mm near the entrance of
the Ti:sapphire laser cavity. Afterwards, the surplus pump laser power is separated by the
combination of a rotatable A/2-plate and polarizing beam splitter cube, which additionally
leads to the required p-polarized pump laser beam.

Ti:sapphire laser system and control

Three Ti:sapphire lasers and the supplementary control and measurement systems form the
second section of the laser setup (picture in the appendix as Fig. A.3). The already described
Ti:sapphire lasers (see section 3.1.1) require only sufficient pump laser radiation and active
water cooling for operation. Generation of a precise temporal overlap between the three
lasers and a longtime wavelength stability made further instrumentation necessary. Every
laser cavity includes a beam sampler, which reflects 0.5 % - 1.5 % of the emitted laser light
into a fiber coupling unit. The attached optical fibers transport the laser radiation to two
different laser measurement systems.

The first system is a commercial wavemeter (HighFinesse WS6-600), which measures the
wavelength of all three Ti:sapphire lasers using a 4-to-1 fiber optics switch. Besides the visual
presentation of the spectral mode structure with the commercial software, the measured
data is further evaluated by a dedicated LabVIEW program (picture in the appendix as Fig.
A.5). This program uses PID controls for active wavelength stabilization via piezo motors,
which are attached to the etalon mounts inside the Ti:sapphire laser cavity. Further options
of the LabVIEW program enable continuous wavelength scans and indicate major deviations
from preselected transition wavelengths for resonance ionization. The schematic setup for
this wavelength control is shown in Fig. 3.4.
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Figure 3.4: Schematic representation of the main components of the Ti:sapphire laser wavelength
stabilization system
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The second system, which is attached to the optical fiber, measures the temporal distribution
of the Ti:sapphire pulses with fast photo diodes and a 350 MHz 4-channel oscilloscope.
The oscilloscope is attached to a computer and permanently read out by a dedicated Lab-
VIEW program (picture in the appendix as Fig. A.4). This program evaluates peak height,
area, width and center of the laser pulses. Temporal shifts between the three Ti:sapphire
lasers are therefore identified, measured and can be corrected by an appropriate shift in
the trigger delay at the pulse generator for the affected pump laser. The pulse generator
controls the trigger pulses for all three controllers of the pump lasers, which are set indi-
vidually for a perfect temporal overlap of the Ti:sapphire lasers. The whole laser timing
measurement and control system is shown schematically in Fig. 3.5. The automated shift
correction by a software control of the pulse generator was prepared, but was not put
into operation during this work as a major pulse drifting throughout operation was never
observed. The connection between control PC and pulse generator is therefore only manually.
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Figure 3.5: Scheme of the laser timing control system

Focusing, beam overlap and frequency doubling

The third section of the complete laser system involves all further treatment of the three
fundamental Ti:sapphire laser beams.

All schemes for resonant laser ionization, which were applied in the first measurements,
comprise one or two transitions well below the Ti:sapphire emission wavelength range. The
wavelengths for those transitions are achieved by frequency doubling of the fundamental
Ti:sapphire laser radiation. This second harmonic generation is a non-linear process and a
special application of sum frequency generation in a crystal without inversion symmetry. The
interaction between photons of the fundamental Ti:sapphire laser and the crystal material
generates secondary photons with doubled frequency and therefore half wavelength. Effi-
cient application of the frequency doubling can be ensured by high laser intensity and the
non-linear characteristic of the process, which is realized by strong focusing on the funda-
mental laser beam in the crystal. The setup for external frequency doubling involves a beta
barium borate crystal (BBO), enclosed by two convex lenses for focusing of the fundamental
and parallelizing of the frequency doubled laser beam and an additional cylindrical lens for
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compensation of the elliptical shape of the frequency doubled output beam. The different
divergence angle for the horizontal and vertical axis is caused by the different refractive
indices for the the horizontal and vertical crystal axis.

Instrumentation for intra-cavity frequency doubling is also applicable. This setup performs
the second harmonic generation directly inside the Ti:sapphire laser cavity. Due to the high
laser intensity inside the cavity, focusing lenses are unnecessary in this configuration, which
is further increased with the replacement of the output coupling mirror by a specific dichroic
mirror. This dichroic output mirror reflects the fundamental and transmits only the frequency
doubled laser radiation. A second dichroic mirror with reverse reflection characteristics
is added inside the cavity to reflect the produced frequency doubled laser radiation with
opposed output direction. The complete optical setup is shown in Fig. 3.6. Omission of
the convex lenses and the high photon density inside the cavity lead to an enhanced beam
profile and increased efficiency for the frequency doubling process, that results in a higher
output laser power [66]. Otherwise, additional optical elements in the laser cavity are also
possible sources for negative influences and interference in the laser behavior.

Dichroic mirrors
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Figure 3.6: Photo of the intra cavity doubling with marked fundamental and frequency doubled
beam path.

All three beams are focused and aligned by individual telescope and aperture setups. Af-
terwards the beams are overlapped by polarizing beam splitter cubes or dichroic mirrors.
Focus and overlap are measured by a commercial beam profiler (Ophir SP620U) at the end
of the reference beam path, that is of identical length than the main optical beam path and
includes the same focusing lens at the end (further described in section 3.3.1). Switching
between main path and reference path is enabled by a magnetic mirror mount.
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3.2 TOEF-SIMS

The utilized TOF-SIMS instrument is a commercial TOESIMS 5 model manufactured by
the company IONTOF GmbH that was installed at the IRS Hannover in January 2014. This
setup combines the non-destructive analysis method of static SIMS with the fast removal of
sample material by dynamic sputtering both carried out in a high performance time-of-flight
mass spectrometer. The considerable complexity of this measurement system with different
adjustable ion sources, a reflectron TOF mass analyzer for high mass resolution and a
variety of instrumental measurement options allows mass spectrometric surface analysis,
high laterally resolved surface imaging and low energy depth profiling on any kind of
samples. The following section gives a short overview about the major components and their
functionality. Detailed descriptions can be obtained from the company IONTOF directly or
taken from their Internet homepage®.

3.2.1 Components

The configuration of the TOF-SIMS instrument at the IRS Hannover, as shown in Fig. 3.7,
includes a bismuth cluster primary ion gun, two different sputter guns for individual depth
profiling, a gridless reflectron TOF mass analyzer with extended dynamic range, a 5-axis
sample stage with heating and cooling systems, an active charge compensation for insulating
material and a highly automated vacuum system and control.

Figure 3.7: Photo of the IONTOF TOESIMS 5 after installation at the IRS Hannover without additional
extensions for Laser-SNMS.

Bi cluster ion gun / LMIG

The primary ion source of the TOF-SIMS instrument is a pulsed liquid metal ion gun (LMIG),
which uses spatial and temporal focused ion bunches with a kinetic energy of up to 30 keV for
non-destructive surface sputtering and is therefore perfectly suited for static SIMS analysis

Thttps://www.iontof.com/ (status at 02.06.2017)
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(picture in the appendix as Fig. A.6). The primary ions are produced via field desorption of
an bismuth-manganese emitter (see section 2.3.1). The following setup of several ion optical
lenses, apertures and deflection electrodes allows a controlled beam alignment and shaping,
either for high ion beam current or for high lateral resolution with a small focus. Additionally,
two combinations of apertures and deflection electrodes are applied for stepwise, flight-time
dependent chopping of the continuous ion beam. As a result, the pulse-length and the
species of the primary ion bunches is fully adjustable. The available primary ion species are
Bif, Bi, Bis*, Bi3" and Mn]. Depending on the adjustment, the bismuth ion gun is able
to provide 20 - 1000 ions per shot, with a pulse length between 1 ns - 50 ns and a lateral
resolution of 80 nm - 2 um. For special samples and under optimized operation conditions
even 20 nm of lateral resolution was achieved with this primary ion source [67].

TOF mass analyzer

The applied time-of-flight mass analyzer offers a high mass resolution of up to 12.000
at high transmission (picture in the appendix as Fig. A.9). The small conical extraction
electrode at the entrance of the mass analyzer is positioned in a distance of only 1.5 mm
above the sample surface, specifically at the point of origin of the sputtered ions. The position
ensures efficient extraction, the small size reduces the initial spatial distribution and the
shape provides a minimum of surfaces for deposition, which reduces memory effects. The
subsequent ion optics consists of a lens and a X- and Y-deflection for focusing and beam
alignment. The occurring energy diversion during the acceleration is compensated by the
installed gridless non-linear reflectron. The detection is realized by a single channelplate-
scintillator-photomultiplier combination, which offers high sensitivity and long lifetime.
The detected signals are processed by a fast time-to-digital converter (TDC). The TOF mass
analyzer is switchable for analysis of positive or negative ions, witch are both generated
by sputter ionization. An additional extension of the dynamic range (EDR) is provided
by a system that separates the ions of a chosen mass interval from the rest, directs those
ions through defined reduction grids with an ion signal reduction of 10 or 100 and directs
them back to the same ion beam trajectory of the non-separated ions. This complex EDR
instrument inside the TOF mass analyzer enables the well defined reduction of a certain
mass interval.

Sputter guns for depth profiling

A standard static SIMS instrument is not able to perform depth profiling, due to the low ion
beam current and the related almost negligible erosion rate. The dual beam depth profiling
is a technical extension of a static SIMS to achieve the fast surface erosion of a dynamic
SIMS in combination with optimum lateral resolution. As the name suggests, the dual beam
depth profiling includes an additional ion beam source, which provides a high ion current
for surface erosion. At first, the low energy sputter beam is applied to remove a significant
amount of sample material, then the surface of the sputtered crater is analyzed by the
high energy but low current ion beam of the static SIMS. Steady alternation and individual
adjustment of both ion beams enables the generation of depth profiles for structures of
several micrometer thickness with a depth resolution of a few nanometer [68, 69]. The
TOF-SIMS instrument at IRS Hannover offers different sputter sources for surface erosion to
fulfill the requirements for efficient surface analysis of different samples.

The installed dual source column (DSC) combines two ion sources for sputtered depth
profiling (picture in the appendix as Fig. A.7), which share the same ion-optical configura-
tion for spatial and temporal focusing, a mass separating pulsing system as well as deflection
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electrodes for beam alignment. The cesium ion source, which uses thermal ionization (see
section 2.3.1), is installed in axial orientation. The perpendicularly oriented electron impact
ion source (see section 2.3.1) generates an oxygen ion beam, which is guided on the axial
beam path by an electrostatic 90°-deflector. Sputtering with either Cs*™ or OF ions enhances
the emission of negatively or positively charged ions, respectively, during subsequent sputter
ionization with the analysis ion gun.

For reduced fragmentation during the sputtered erosion of organic material or weakly
bound molecules, the TOF-SIMS is equipped with another ion source (picture in the ap-
pendix as Fig. A.8) for production of a gas cluster ion beam (GCIB). The applied argon gas
forms clusters via adiabatic expansion through a thin nozzle by a strong pressure gradient
(30 bar to 1072 mbar). The argon clusters are ionized by electron impact ionization and then
separated depending on cluster size by a Wien filter. The following ion-optical combinations
of lenses, apertures and deflection electrodes provide a pulsed, focused and aligned ion
beam similar to the other equipped ion sources. The argon cluster ion sources offers cluster
sizes from 250 - 10000 atoms/cluster at an energy range from 2.5keV - 20keV. The large
amount of atoms per cluster leads to a very low energy per atom, which prevents fragmen-
tation. A technical modification of this ion gun would even allow the direct surface analysis
with an argon cluster ion beam [70].

In-situ sample handling: sample stage, camera system, SE detector and charge com-
pensation

The analysis with high spatial resolution as well as precisely adjusted and overlapped foci of
the ion guns and the mass analyzer requires a highly stable and complete orientable sample
holder. As shown in Fig. 3.8, the sample holder is mounted on a sample stage, which allows
the precise positioning of the sample in the sputter and analysis focus slightly below the
instruments. With the 5-axis sample stage the sample may be positioned tilted and rotated
to achieve the ideal orientation. One of the switchable sample holder mounts even offer the
possibility to heat the sample up to 600 °C or to cool it down to —150 °C.

Figure 3.8: Photo of the sample region in the TOESIMS 5: The small aluminium sample holder,
which is fixed on the top mount, is positioned directly under the tips of the mass analyzer and
the ion guns. The narrow tip in the middle belongs to the vertical mounted TOF mass analyzer.
The larger cone-shaped structure in the front is the tip of the Bi cluster ion gun.
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The precise orientation of the sample also requires a reliable monitoring of the sample and
its surface. Besides the ion images, which are generated with the SIMS setup, the instrument
is equipped with two optical cameras. Both are installed in the back of the instrument and
generate a macroscopic image for rough sample observation and a microscopic image for
sample surface observation. Additionally, the TOF-SIMS instrument includes a secondary
electron detector, which enables to receive electron images of the surface during the sputter
process.

A further component, which supports the handling of every kind of sample, refers to the
analysis of non-conducting samples. The positive charge, which is transported by the primary
sputter ions, increases the surface potential of insulating samples. The resulting variations
of the electric field configuration above the sample lead to shifted and blurred ion images.
An installed electron flood gun compensates the applied positive charge by provision of
negatively charged electrons.

Vacuum system

The utilized TOF-SIMS instrument is housed in a very complex vacuum system to provide
the high vacuum conditions, which are required for sputter ionization and time-of-flight
mass analysis. Constant preservation of the vacuum in the main chamber is ensured by a
load lock system, which enables to introduce the samples under vacuum conditions. The
main chamber, the load lock chamber, every sputter ion gun and the TOF mass analyzer are
equipped with an individual turbo pump and can be separated from the rest of the system
with a number of valves. The prevacuum conditions for all turbo pumps are generated by
a combination of a turbo-molecular drag pump, a buffer system and a rotary vane pump.
Additionally, the vacuum conditions in the main chamber and the load lock chamber can be
optimized by an internal bakeout system. Due to its complexity the vacuum system is fully
computer controlled by an embedded system, known as vacuum control unit (VCU).

3.2.2 Analysis methods and programs

The control of the TOF-SIMS instrument including all installed power supplies is managed
via the software package "SurfaceLab" programmed by IONTOF (version 6.5 was uses
for this work). It provides different programs for system control, sample navigation and
measurement specification during the surface analysis, but also programs for measurement
evaluation and data reconstruction after the analysis.

e The "Spectra program" display the measured mass spectra, offers the functionality
of mass calibration by known mass peaks or mass peak structures and allows the
selection and automatic evaluation of individual mass peaks and peak lists. In addition,
the software corrects the measured mass spectra in a fully automated manner for
dead time effects of the detection system by a Poisson correction.

e The "Images program" displays the measured ion images of marked mass peaks. Further
options, which are included, are different operations for analysis and manipulation
of images or chosen regions of interest, like overlays, histograms, filters, addition
and subtraction of other ion images and many more. The program also offer a 3D
reconstruction of the sample composition by using the measured depth profile.

e The "Profiles program" displays and processes the mass spectrometric data of a depth
profile analysis. This program allows to calibrate the recorded depth profile via further



3.2. TOE-SIMS

information of sample composition or erosion rate to achieve reliable structural
information.
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3.3 Combined Laser-SNMS System

As already mentioned, the resonant Laser-SNMS system at the IRS Hannover is a com-
bination of the former described pulsed Ti:sapphire laser system (section 3.1) and the
commercial TOESIMS 5 by IONTOF (section 3.2), as schematically shown in Fig. 3.9. The
system is specifically tailored element selective and spatially resolved ultra-trace analysis
of radionuclides directly on environmental samples, but should also be used as a conven-
tional SIMS for chemical speciation and sample characterization. The development of this
system is based on a former test installation at the Institute for nuclear chemistry of the
Johannes Gutenberg-Universitit in Mainz, which used a very early development stage of the
Ti:sapphire laser and a modified TOESIMS 3 by IONTOF [71]. The herein described resonant
Laser-SNMS system was also influenced by other experimental approaches, like the similarly
IONTOF-based setups at the Universitdt Miinster [72] or the completely self-developed
setups at three institutes in the United States under supervision of M. Pellin [73-76]. Most
of these systems were geometrically and technically optimized exclusively for Laser-SNMS
analysis and are incapable of parallel, highly resolved SIMS measurements.

The resonant Laser-SNMS process (theory in section 2.3.2) requires a stable spatial and
temporal overlap of the sputtered neutral particle cloud and the laser pulses as well as a
sufficient suppression of the sputtered secondary ions. Control, monitoring and testing of
these parameters made modifications of the TOF-SIMS instrument inevitable. The technical
extensions and the characterization of combined sputtered atomization and resonant laser
ionization is described in this section.
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Figure 3.9: Schematic representation of the two main parts of the combined Laser-SNMS system.
The upper inset shows a magnification of the sputter and ionization region.

3.3.1 Beam transport, coupling and monitoring

The overlapped laser beam of the Ti:sapphire laser system needs to be transported from
the laser lab to the SIMS lab in the neighboring room. The beam transport was imple-
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mented with broadband high reflective mirrors to reduce losses of any of the applicable
wavelengths. The whole beam path and the mirror mounts were installed into aluminium
tubes and housings for laser safety (picture in the appendix as Fig. A.10). The elevated
beam guidance at 2 m height allows undisturbed access to all technical systems in both labs.
The predecessor Laser-SNMS system at the university of Mainz used a fiber-based beam
transport. This would deteriorate the beam profile of the transported laser and therefore
increase the minimum diameter of the focused laser beams. The very strict limitation for
the laser focus mention before (see section 3.1.1) were the reason for refraining from an
easier maintainable fiber-based transport.

The TOF-SIMS instrument was equipped with an optical breadboard for mounting of the
beam coupling setup. A wedged vacuum window made of fused silica to reduce any kind
of interference with the laser beam was installed at the sidewise flange connection at the
main chamber of the TOF-SIMS. Besides two high reflective mirrors for beam guiding, the
coupling system consists of two iris diaphragms for fixed pre-alignment of the laser beam
and a convex focusing lens (f = 400 mm) on a 5-axis mount in front of the window to ensure
precise adjustment of the laser focus in the TOF-SIMS instrument (picture in the appendix
as Fig. A.11). The coupling setup and the beam transport is mechanically decoupled, be-
cause the TOF-SIMS instrument is floating on an air buffer system for vibration reduction.
Compensation of possible drifts and the overall laser beam position optimization in the
TOF-SIMS required a very sensitive beam control system. Therefore, the mirror mounts for
overlapping of the three individual laser beams and the last mirror mount before coupling of
the combined laser beam are equipped with additional piezo actuators. This allows central
control of laser beam overlap and position as well as a future possibility for automated
stabilization. Fig. 3.10 and Fig. 3.11 show the influence of the horizontal and vertical laser
beam position on the Laser-SNMS ion signal. As expected, the horizontal scan shows a
nearly symmetric behavior with an maximum at a piezo voltage between 40V and 50V for
the resonant laser ion signal of U and the non-resonant laser ion signals of UO and UO,.
Small deviations from the symmetry can be explained by asymmetric laser beam profiles
and the resulting asymmetric overlapped laser focus.
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Figure 3.10: Spatial scan of the lasers in x-direction: The three scans show the dependence of
the resonant laser ion signal of U and the non-resonant laser ion signal of UO and UO, on the
horizontal position of the overlapped laser foci. (approx. 2 57)
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The vertical scan of the laser beam position also shows an expected behavior. The sputtered
neutral particle cloud spreads in all directions after the impact of the primary ion bunch.
As a result, the highest amount of neutral atoms are in the small laser focus, if the focus
position is as close to the sample surface as possible. The presented vertical scan in Fig.
3.11 does not cover the full piezo voltage range up to 150V, because the outer parts of
the gaussian distributed laser foci hit the sample at 130 V. Despite the lower ion signal for
larger distance, the decrease of the resonant laser ion signal of U is smaller than for the
non-resonant laser ion signals of UO and UO,, due to increased ionization efficiency. The
variation of the piezo voltage from 110V to 30V resulted in an ion signal decrease of 35.4 %
for the resonant U signal and 50.7 % or 70.4 % for the non-resonant laser ion signals of UO
or UO,. The actual distance of the laser focus above the sample can only be approximated by
the expansion of the piezo actuator and geometrical configuration, because the system was
not yet equipped with a device for direct beam position measurement in the vacuum chamber.
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Figure 3.11: Spatial scan of the lasers in y-direction: The three scans show the dependence of the
resonant laser ion signal of U and the non-resonant laser ion signal of UO and UO, on the vertical
position of the overlapped laser foci. The higher the piezo voltage, the lower is the laser beam
position above the sample surface. (approx. 2 %)

The precise control of the spatial laser beam position inside the main chamber of the
TOF-SIMS instrument requires a laser monitoring system. Therefore, an additional optical
breadboard was installed behind the main chamber and two cameras were mounted before
and behind the TOF-SIMS instrument, as schematically illustrated in Fig. 3.12. The front
camera was installed for rough laser beam position adjustment and for visual control of
the sample interaction region, as reflections from the entrance and outlet windows and the
laser itself prevent direct visual inspection (picture in the appendix as Fig. A.11). Besides a
telescope and an iris diaphragm for sharp and clearly resolved pictures, the front camera is
provided with a colored glass bandpass filter, as the laser reflections would easily destroy the
camera chip. The filter suppresses the intensity of the fundamental and the SHG wavelength
emission range of the Ti:sapphire laser by more than two orders of magnitude. The front
camera pictures (Fig. A.13 in the appendix) show the tip of the TOF mass analyzer, the
sample holder and weak or strong laser reflections, depending on the beam height.

The back camera was installed for direct beam position monitoring of the escaping laser
beam behind the main chamber of the TOF-SIMS (picture in the appendix as Fig. A.12). Due
to the high sensitivity of the camera sensor, only the small reflection of a beam sampler (R
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~ 1%) is used, while the major part of the laser radiation hits a beam dump device. The
reflected laser beam is further attenuated by four orders of magnitude in intensity via two
neutral density filters before focusing on the camera sensor. The camera signal is evaluated
by a LABVIEW program to determine the laser beam position relative to a fixed set position,
which are both marked in the camera picture (Fig. A.14 in the appendix).
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Figure 3.12: Scheme of the camera based monitoring system in top view: The scheme shows the
schematic arrangement of cameras, filters and mirrors for a reliable laser beam monitoring.

3.3.2 Synchronization of all pulsed processes

The TOF-SIMS instrument with all its components as well as the laser system apply several
pulsed processes, which require accurately adjusted temporal overlap for stable and efficient
resonant Laser-SNMS operation. The master clock of the Laser-SNMS system is the USB-TDC
unit of the TOF-SIMS instrument. This device included already the TDC detection system of
the mass analyzer and the thereupon based timing system for all pulsed components. The
start of every sputtering and analysis cycle is initiated by a 100 ns - 200 ns long trigger pulse
of the USB-TDC. Less then 1 us after this initial pulse starts the generation of the primary
ion pulse via a sputter species dependent sequence of the chopping, pulsing and bunching
parts of the primary ion gun. The main reference point for the Laser-SNMS timing is the
impact of the primary ion bunch on the sample surface. The suppression of sputtered ions,
the laser ionization and the extraction to the mass analyzer must be temporally adjusted
relative to this reference point. For conventional SIMS there is no laser ionization or ion
suppression and the extraction potential is already applied before the impact of the primary
ion bunch. Therefore, the timing and suppression sequence had to be developed, tested and
optimized from scratch.

The repetition rates of both systems is basically variable but limited by different correlations.
The detectable mass range of the TOF mass analyzer is defined by the maximum flight time
of the sputtered ions in the system. At the maximum repetition rate of 50 kHz the detectable
mass is only about 30 masses wide, but enables fast secondary ion data acquisition. The
minimum repetition rate of 2.5kHz results in a mass range of 1u - 13760 u but with 20
times lower data acquisition. The pump lasers of the laser system can in principle be used
with a repetition rate between 1 kHz - 30 kHz, although any significant change requires a
readjustment for stable operation. The Ti:sapphire lasers and resonant ionization processes
in particular are certainly not applicable for this entire range. A lower repetition rate than the
specified 10 kHz would require reduced laser power, due to energy limitations of the mirror
coatings, and would therefore constitute no advantage. A higher repetition rate reduces
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the laser energy per pulse, which results in less efficient frequency doubling and requires
higher power to saturate the transitions of resonant laser ionization. Consequentially, the
repetition rate for the Laser-SNMS system was set to the typical value of 10 kHz, where
extensive experience is existing and which allows a reliable operation of the laser system.
For the TOF-MS this value gives access to a mass range of 1u - 860 u.

Delayed extraction

Delayed application of the extraction potential is necessary for the Laser-SNMS process to
acquire a temporal gap for the suppression of the sputtered ions. But the delayed extraction
mode is also utilized for SIMS analysis, because it decouples the mass resolution from any
influence of the primary ion pulse length [77]. For instance high lateral resolution requires
smallest primary ion beam focus, which goes along with an increased pulse length. Using
direct extraction, this would result in an increased uncertainty of the ionization time and
therefore in a decreased mass resolution (see theory section 2.3.1). A further advantage
of delayed extraction is the disappearance of shadows and shifts on ion images caused by
field distortion on samples with strong topology [78]. The extraction field and the related
distorted field at the surface is in that case best applied after the ions already left the surface.
Nevertheless, delayed extraction reduces the amount of extracted and analyzed ions de-
pending on the duration of the temporal delay. As essential part of the Laser-SNMS process
this influence of the extraction delay on the detected ion signal was analyzed before regular
application of delayed extraction for SIMS measurements on rough environmental samples.
Fig. 3.13 shows the behavior of the ion signal for different extraction delays obtained on
a synthetic test sample of uranium (description of the sample, see section 5.1). The five
chosen ion species represent different materials of interest in the sample. Atomic uranium
and its oxides are of main interest for radionuclide analysis. Copper represents light atomic
species and is always present in all sample solutions. Organic species are represented by the
fragment ion Si,C;H;50 of polydimethylsiloxane (PDSM) at mass 147 u, which is a very
mobile surface contaminant emerging from silicon oil.
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Figure 3.13: Influence of the extraction delay on the direct sputter ion signal: The graph shows the
ion signal of five sputtered species as function of the applied extraction delay. The blue line marks
the impact of the sputter pulse.



3.3. COMBINED LASER-SNMS SYSTEM

As expected the measured secondary ion signal decreases for larger extraction delays, but the
effect is not identical for all species during the first 200 ns. The ion signal of *3Cu declines
faster due to its lower mass and the resulting higher escape velocity. For the other test species,
the ion signal is reduced by up to one order of magnitude per 200 ns extraction delay. The
short but significant increase in the ion signal of the organic species at an extraction delay of
20 ns is caused by another effect of the delayed extraction. As the alignment of the primary
ion beam is adjusted for direct extraction, it compensates for a deflection by the extraction
field. Stepwise delay of the pulsed extraction potential leads to a reduced deflection of the
primary ion beam. As a result, the focus position of the primary ion beam is shifted on the
sample surface and must be corrected for optimum alignment to the TOF mass analyzer.
The surface area for the measurement, which is shown in Fig. 3.13, was sputter cleaned
before by argon clusters to remove organic contamination from the surface. For delayed
extraction the shift of the primary ion beam was not completely compensated. Therefore,
the primary ion beam partially hits the untreated surface area with significantly higher
organic contamination. The size of the shift of the primary ion beam caused by an absent
extraction field without active readjustment is shown in Fig. 3.14.
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Figure 3.14: Shift of the primary ion beam position due to the absent extraction field: lon image
a) was taken with an extraction delay of -25 ns and ion image b) was taken with an extraction
delay of +25 ns. The ion image is shifted by approx. 100 um - 120 pm, if the primary ion beam is
not deflected by the extraction field and no compensation is applied.
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Suppression of the sputtered ions

The non-selective sputter ionized signal acts as a strong background for the element selective
laser ion signal of resonant Laser-SNMS. Increased selectivity and separation of isobaric
contaminations is only achieved by active suppression of all sputtered ions before resonant
laser ionization of the sputtered neutrals is applied. The interaction region above the sample
surface is already packed with electrodes of the different ion guns and the mass analyzer,
which prevented a simple installation of a dedicated suppression electrode. Consequently,
the potentials of the extraction electrode at the mass analyzer were modified to generate
a suppression field for the sputtered ions and to be switched afterwards to a suitable
extraction field for the laser ions. This modification did not require a complex technical
arrangement, because a weak suppression field is routinely applied to repel electrons of the
charge compensation process. The standard power supply delivers voltages from -500V
to +500V, which allowed to investigate the influence of either a strong repelling field or a
strong attractive field on the removal of sputtered ions from the laser ionization volume.
The measurement, as presented in Fig. 3.15, shows the comparison of the ion signal of
238y at various extraction delays for three different suppression potentials obtain with
conventional SIMS. As expected, the suppression with -500V or +500V leads to a faster
decline of the ion signal after the sputtering. The most significant effect on the sputtered
ion signal was achieved by an repelling potential of +500V. The measured SIMS data for
different ion species with negative or positive suppression is shown in Fig. B.4 and Fig. B.5
in the appendix.
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Figure 3.15: Influence of the suppression potential on the sputter ion signal: The graph shows the
ion signal of sputtered 2*3U for different applied extraction delays and different suppression
potentials. The blue line marks the impact of the sputter pulse.

The graph, which is presented in Fig. 3.16, shows the influence of the extraction delay on
the laser ion signal and on the residual background signal of initially sputtered ions obtained
by a Laser-SNMS measurement of an uranium sample .
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Figure 3.16: Influence of the extraction delay on the laser ion signal and the residual background: The
graph shows the ion signal of laser ionized 238U and #*®U0, and the sputter ionized background
on the masses of 28U and 2*8U0, for different applied extraction delays. The applied suppression
potential is +500V.

This measurement with a suppression potential of +500V demonstrates, that an extraction
delay of at least 180 ns - 200 ns is required for reliable background suppression (a graph of
the same measurement with neg. suppression is given in the appendix as Fig. B.6). Those test
measurements were made with relatively clean synthetic samples. The expectable organic
background could even lead to a larger extraction delay. As the measurements in Fig. 3.13
and Fig. 3.15 indicate, a extraction delay of 200 ns results in a loss of approximately one
order of magnitude in ion signal and therefore also in available sputtered neutrals for laser
ionization. A shorter extraction delay can be achieved with an increased suppression field.
The necessary change of the fully embedded power supply, could not be realized in this
work.

A further problem is the influence of the suppression potential on other processes of the
SIMS instrument. The potential of +500V is also applied during the charge compensation via
an electron flood gun, due to the invariable sequence in the control software. The attraction
of the strong potential prevents application of the electrons (E;;, = 20 €V) to the sample
surface. Consequently, the charge compensation of non-conductive samples is not applicable
for Laser-SNMS measurements without modification of the IONTOF control software.

Synchronized laser ionization

The temporal adjustment of the individual lasers via a precise pulse generator and a fast
oscilloscope was already described in section 3.1.2. This system was extended for synchro-
nization of the laser system to the TOF-SIMS instrument. The initial pulse of the USB-TDC
unit in the TOF-SIMS is used as trigger pulse of the pulse generator of the laser system.
Both, the primary ion gun as well as the laser system involve more than 3 us reaction time
after the initial trigger pulses, which have to be synchronized with a precision of few ns. A
further signal of a temporally closer lying reference point was required from the TOF-SIMS
for monitoring relative to the Ti:sapphire laser pulses on the fast oscilloscope. This was
generated by an inductive probe as signals from the timing of the ion impact on the sample
surface or alternatively the pulsed extraction potential were not accessible. The extraction
electrode of the TOF mass analyzer is connected to a pulsing device, that switches between



CHAPTER 3. EXPERIMENTAL SETUP

the suppression voltage of +500V and the extraction voltage of -1000V to -3000V with
a short gap of 50 ns - 70 ns at 0V ground potential in between. The fast shift of high volt-
age potential in a few ns leads to a measurable magnetic field pulse on the connection
cable. The inductive probe, which was attached to the cable, delivered a reliable signal for
the extraction timing (photo of the measured oscilloscope signals in the appendix as Fig. B.7).

The temporal shift between the pulsed extraction and the laser pulse, referred to as laser
delay, was analyzed for optimization of the timing of the Laser-SNMS process. The influence
of the laser delay on the resonantly ionized signal of 223U and the non-resonantly ionized
signal of 238U0, is presented in Fig. 3.17. The highest amount of detected ions referring
to the optimum laser delay was measured at -30ns in respect to the application of the
extraction voltage. The high signal decline below a laser delay of -60 ns is caused by the
suppression potential. The slightly decreasing ion signal for higher laser delay results from
the increasing amount of sputtered neutrals, which already have left the laser ionization
volume. Depending on application it could be necessary to shift the laser delay towards a
value of -60ns, because this offers higher mass resolution (picture of the measured mass
resolution in the appendix as Fig. B.8).
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Figure 3.17: Influence of the laser delay on the resonant and non-resonant laser ion signal: The
graph shows the ion signal of laser ionized 234U and 2*®U0,, for different applied laser delays.
The blue line marks the activation of the extraction potential.

The analysis of the extraction delay at different suppression voltages and for different laser
delays resulted in an optimized temporal sequence for the Laser-SNMS process, as shown
in Fig. 3.18. The chosen extraction delay of 200 ns after the primary ion impact leads to a
sufficient suppression of sputtered ions with a potential of +500V followed by a resonant
laser ionization 30 ns before the extraction of the laser ions to the TOF mass analyzer.
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Figure 3.18: Relative temporal sequence of the pulsed processes for Laser-SNMS: The graph shows
the optimized timing of the primary ion pulse, the temporally overlapped laser pulses, the potential
of the first electrode and the detected ion signals relative to the point of extraction. This sequence
is repeated with a rate of 10 kHz.
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Chapter
SIMULATION BASED OPTIMIZATION

The Time-of-flight mass analyzer, which is installed in the TOF-SIMS instrument, was de-
signed and tuned for conventional SIMS with high mass resolution. The main difference
between SIMS and Laser-SNMS is the size and the position of the ionization volume. The
secondary ions , which are produced by sputter bombardment, originate from a small spot
on the sample surface. Generation of the laser ions takes place above the sample surface in
a much larger volume. Expansion and repositioning of the acceptable ionization volume
requires extensive correction of the mass analyzer configuration for adaption. For ultra-trace
analysis, the highest transport efficiency is of primary concern to reach the envisaged sensi-
tivity. The transport characteristic of the TOF mass analyzer is defined by a multidimensional
system of six parameters. Coupling of those parameters by strong interrelations inhibits a
stepwise manual adjustment for ion signal enhancement. Consequently, the adaption of the
TOF mass analyzer for efficient resonant Laser-SNMS requires an simulation-based analysis
and optimization of the multidimensional parameter space.

Realization of the simulation-based optimization was achieved with a Monte Carlo approach
by sending a large number of simulated ions through a simulated mass analyzer. The de-
velopment of the optimization process was separated into three parts. Ion trajectories in
the mass analyzer are mainly influenced by the starting conditions. Initial simulation of
the development and behavior of a sputtered neutral particle cloud for the subsequent
resonant laser ionization process was therefore necessary. Manipulation and analysis of the
ion trajectories were provided by a precise simulation model of the TOF mass analyzer. The
combination of the simulation of laser ions and the model of the ion optical configuration
of the mass analyzer formed the basis for the iterative optimization program. These three
steps of the simulation process are described in detail in the following chapter.

4.1 Simulated Sputtered Particle Cloud

Besides providing the start parameter for the optimization, the simulation of a sputtered and
laser ionized particle cloud enabled the determination of its spatial and temporal expansion
behavior after the impact of the primary ion bunch. The simulation program is based on the
theoretical standard concept for a linear cascade regime (see theory section 2.1). The kinetic
energy of the primary ions forms collision cascades, that result in characteristic angular
and energy distributions of the sputtered neutral particles, as specified in Eq. 2.3 and 2.4
in the theory chapter. The sputtered ionization and the suppression process was neglected
to reduce the complexity of the simulation program. Interactions inside the laser ionized
particle cloud and the analysis of the ion behavior for all timing configurations required
addition of the temporal distribution for simulating the point of ionization. A measurement
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of the intensity distribution of a Ti:sapphire laser pulse was used for consideration of the
temporal behavior instead of a theoretical concept. For the Monte Carlo simulation, the
measured distribution was reproduced qualitatively on the basis of a squared hyperbolic
secant distribution, which matches a laser pulse better than a Gaussian distribution:

t
P (t) = Pp,y - sech? (;) (t: pulse duration) (4.1)

However, the temporal distribution of the real laser pulse is asymmetrically deformed by
the steady imbalance of gain and losses in the gain-switched laser resonator. Addition of an
asymmetric term in the simulated distribution led to matching of the pulse distribution with
the pulse duration factor 7 (7 = 0.57- FWHM):

1 t
P(t) = Ppygp -~ sechz(—) 4.2)
1—tanh(§) T

The implementation of the distributions with a Monte Carlo approach to generate the sputter
cloud simulation was done on the basis of programs of other groups in the field [79][72].

4.1.1 Simulation program "Ilonengenerator"

In this work the simulation program "lonengenerator" was developed. It provides specific
and simple control of the simulation environment and is applicable for future simulations
without the necessity of programming skills. "Ionengenerator” (German for ion generator)
was written in the platform independent programming language Java on the popular editor
"Eclipse". Fig. 4.1 shows the simple graphical user interface (GUI) of the simulation program.
Before the simulation starts, the program requires several parameters for definition of the
process. The laser ionization region is simplified by a cylindrical volume, with a certain
length, diameter and height above the sample surface. Further configurable parameters are
the species of the generated ion cloud with natural isotopic abundance, the related surface
binding energy, the drift time of the sputtered neutrals till laser ionization, the primary
ion pulse length, the charge state (only modified for SIMS simulations) and the number of
sputtered neutral particles. After the input of all required parameters, the program is started
and goes through three individual parts of the simulation. At first, the entered parameters
are read in and verified for correctness. Generation of sample ions for the Monte Carlo
simulation is the second process of the program. Therefore, every generated neutral particle
is randomly assigned with a mass, a kinetic energy, a direction and the moment of sputtering,
which is calculated by the quantile functions of the different distributions. Additionally, the
program calculates if the sputtered neutral particle overlaps spatially and temporally with
laser pulse and is consequently ionized. The last part of the program writes all informations
in four different files. The info file includes the start parameters of the simulation. Lists of
the generated neutrals and ions with all parameters are written in two ASCII files. The last
file consists of the list of generated ions formated for direct application in the ion trajectory
simulation software SIMION.
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| £ Ionengenerator " S — EIEI&J
Beginn der zylinderférmigen lonisationsregion in mm: |—2 Horizontal begin and end
Ende der zylinderfdrmigen lonisationsregion in mm: |2 of the ionization region
Strahlradius in mm: |U.15 Beam radius

Hohe der Strahlachse iiber der Probenoberflache in mm: |U.4 Beam height

Element der Sekundarneutralteilchen: |U Sample element
Bindungsenergie der Probenteilchen in eV: |5.42 Surface binding energy

Dirftzeit zwischen lonen- und Laserpuls in ps: |U.1 Drift time

Pulsdauer des Primérionenpulses in ps: |U.U1 Primary ion pulse length
Elementarladung der erzeugten lonen: |1 Charge of the ions

Wie viele Neutralteilchen sollen erzeugt werden? |‘1 0000 Number of sputtered neutrals
Welche Farbe sollen die lonen in Simlon haben? |schwan: Color of the ions in Simlon
Dateiname: |Uranium_Test |
Speicherverzeichnis: |C:\.Users\franzmann\Documents\Laser ShMS Simulationen\Startbedin|
2133 lonen werden erzeugt

Figure 4.1: GUI of the "lTonengenerator" software: The graphical user interface (GUI) allows to adjust
different parameters of the simulated particle cloud. The green marked parameters were most
frequently adjusted, while the yellow marked parameters were almost always kept. After input of
all required parameters, the simulation is started by clicking the "Simulieren"-button. Afterwards,
the bottom text field shows the number of generated ions.

For verification of the simulation program, the generated ion clouds were analyzed for
their energy, angular and temporal distribution. The comparison of the theoretical Sigmund-
Thompson energy distribution with the binned simulated energy distribution of the sputtered
neutrals demonstrates the expected matching behavior, as shown in Fig. 4.2.
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Figure 4.2: Comparison of the theoretical and simulated energy distributions: The graph shows the
simulated kinetic energy distribution of all sputtered neutrals and the laser-ionized fraction of
the sputtered neutrals in comparison with the Sigmund-Thompson energy distribution.
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A comparison with the simulated energy distribution of the generated laser ions at optimized
parameters revealed, that only the low energy part of the sputtered neutrals gets ionized,
because the high energy part already left the laser interaction volume before the laser pulse
arrives. The compared angular distributions (shown in the appendix as Fig. B.9) on one side
confirm the expected cosine behavior of the simulated sputtered neutrals but on the other
side reveals a deviation from the cosine distribution of the laser ions, due to the influence
of the cylindrical ionization volume. The simulated temporal distribution of the ionization
point (shown in the appendix as Fig. B.10) matches the measured intensity distribution of a
Ti:sapphire laser pulse sufficiently.

4.1.2 Expansion behavior and overlap

Analysis of the simulated expansion behavior of the sputtered neutral particle cloud as well
as the test of different overlap configurations with the laser focus supported the develop-
ment of optimized operational coupling parameters. As the simulated energy distribution
indicated, the important part of the sputtered ion cloud are the low energy ions in the lower
center, which also show the largest particle density, as apparent from the 3-dimensional
representation of the simulated cloud in Fig. 4.3.

Z-distance [mm]

Figure 4.3: 3D representation of the expanded ion cloud from the simulation after an expansion
time of 100 ns.

The analysis of the expansion behavior focused on the drift time of this dense center towards
the extraction electrode. The main difference in comparison with other Laser-SNMS setups
is the short distance of 1.5 mm between the sample surface and the first electrode of the
mass analyzer for high resolution SIMS. After passing this distance, the sputtered neutrals
are lost for ionization or analysis. As shown in Fig. 4.4, the outer parts of the sputtered
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neutral particle cloud reach the extraction electrode after approximately 250 ns. The dense
center follows after approximately 500 ns, but is already too far expanded for a sufficient
overlap with the focused laser beam.
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Figure 4.4: Expansion behavior of the simulated cloud: The plot shows a comparison of the simulated
spatial distribution of a sputtered neutral particle cloud for different expansion times. The black
structure above the cloud is a sectional view of the tip of the extraction electrode.

The operational parameters are limited by technical specification. In section 3.3.2 is described,
that a sufficient suppression of the background by sputtered ions and the switching to
the extraction potential takes at least 200 ns. The focus of the laser beam for resonance
ionization is required to be < 300 pm. The small interaction region between ionization
lasers and the neutral particles reduce the spatial distribution of the generated ions, which is
strongly related to the mass resolution of the TOF mass analyzer. Furthermore, the envisaged
ultra-trace analysis requires saturated optical transitions for highly efficient ionization. An
increased diameter of the laser beam focus leads to a reduction of the photon density in the
interaction region, which decreases the ionization efficiency. An additional limit is set by
the imperfection of the overlap of the laser beams. The laser focus is always surrounded by
an low energy halo generated by scatter and distortion effects of imperfect optical elements.
Preventing of surface interaction via heating is achieved by a minimum distance of the laser
beam of approximately 100 pm. Nevertheless, the determination for optimized operational
parameters slightly exceeded those limitations for a complete overview and understanding
of the involved processes. Therefore, Fig. 4.5 shows the simulated ionization yield for a
drift time of 20 ns - 400 ns at different laser beam heights of 200 um - 500 pm with a laser
focus diameter of 300 um. The ionization yield is at the same level of 15 % for the beam
height of 300 um, 400 um and 500 ym at the minimum drift time of 200 ns. The same
simulations with extended laser focus diameter (shown in the appendix as Fig. B.11 and
B.12) show a slightly improved yield for 400 um beam height, which also leaves enough
space for any kind of possible topology of environmental samples. The significant increase
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in the ionization yield for the extended laser focus diameter is unfortunately not realistic,
because the simulation excludes the reduced photon density.

X 70
(2]

© 60
= 50
2 40
?, 30
5 2
§ 10
@®© 0
|

Beam height = 0.5 mm —
Beam height = 0.4 mm —
Beam height = 0.3 mm
Beam height = 0.2 mm

o
N
o
o

200 300 400
Drift time [ns]

Figure 4.5: Ionization yield for different beam heights: The graph shows the dependence of the
ionization yield from the drift time of the neutral particle cloud at different laser beam heights
for a laser focus diameter of 300 pm.

The final configuration of operational parameters for the overlap are shown in Fig. 4.6.
The achieved insufficient overlap, that only includes 15 % of the sputtered neutral particles,
could be enhanced by a shorter drift time, which requires a stronger suppression of sputter
ions, or by an increased laser focus with analysis of the influence on ionization efficiency
and mass resolution.
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Figure 4.6: Overlap of the ionization lasers and the sputtered particle cloud: The plot shows the
sputtered neutral particle cloud (black) with the fraction of laser ionized particles (red) with the
chosen operational parameters of a drift time of 200 ns, a beam height of 0.4 mm and a beam
diameter of 300 um.
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4.2 Mass Analyzer Simulation Model

Development of the simulation model, which covers the main components of the TOF mass
analyzer, was based on technical drawings of the real instrument. The technical drawings
and other specifications were provided by the IONTOF GmbH for this work and are not
described in detail, due to industrial confidentiality. Transfer of the drawings into a simplified
3-dimensional CAD model in "Autodesk Inventor", shown in Fig. 4.7, reduced the complexity
of the system and enabled to expose the important ion optical structures, which guides the
extracted ions through the mass analyzer.

Extractor,
focusing lens
and deflector

Reflectron

Post-accelaration
and detector

Figure 4.7: 3D representation of the TOF mass analyzer (simplified) including the main ion optical
components based on the technical drawings and created by "Autodesk Inventor 2014".

The next part of the model development for the simulation included the transformation of
the CAD model to a grid structure model for the ion optics simulation software SIMION. The
grid based potential arrays for SIMION were programmed manually via geometry files for a
number of reasons. The automatic import of CAD models with SIMION 8.1 was insufficient
for the required high precision, because rounding errors during the transformation led to
distorted structures like unsymmetrical apertures (pictures shown in the appendix as Fig.
B.13). Another reason was the limited storage capacity of 16 GB RAM. The TOF mass analyzer
is nearly 1 m long but includes structures of only 1 mm size. The necessary resolution of this
structures requires an even smaller grid size, which results in a model size that exceeds the
storage capacity. Therefore, the simulation model was split into four parts with different
grid sizes relative to the smallest included structures:

1. Front part till the flight tube aperture

2. Reflectron

3. Post-accelerator with detection

4. Middle part, that connects the other three parts

This was possible, because the connecting regions are each on a fined potential. on top of
this approach, the major influence on a reduced memory requirement was achieved by the
programmed model generation. The geometry files allow to add symmetries to the generated
potential arrays. Consequently, the modeling and calculation of all rotational symmetric
structures, like the first electrodes, the reflectron and the post-accelerator, is reduced to
a section of the structures and extrapolated for the rest by the simulation software. The
automatic import function for CAD models does not identify symmetries and was therefore
not used. Additionally, the manually programmed model was further simplified by removing
unsymmetrical structures on the outside of the mass analyzer model. At the end only the



CHAPTER 4. SIMULATION BASED OPTIMIZATION

important inner structures, which define the electric fields, identically represented the real
mass analyzer. The resulting simulation model is shown in Fig. 4.8.

Figure 4.8: 3D simulation model of the mass analyzer: The drawing shows a three-dimensional
view of the simulation model in SIMION 8.1. The model of the mass analyzer is defined by a
geometry file, which was written according to the informations extracted from the technical
drawings provided by IONTOE

After the generation of the simulation model, SIMION determines the potentials between
the different electrodes by solving the Laplace equation with finite difference methods. The
resulting model with all potential fields of the mass analyzer is fast adjustable by addition
and variation of the real electric potentials and calculates the trajectories of 10000 ions
in a few seconds. In Fig. 4.9 a cross section through the mass analyzer model is presented
including 10000 calculated ion trajectories.

Figure 4.9: Simulated ion trajectories through the mass analyzer: The drawing shows a cross section
of the mass analyzer in SIMION 8.1 with trajectories of 10.000 sample ions.

4.3 Optimization Procedure

For laser ions only 6.7 % overall transport efficiency through the simulated mass analyzer
was determined with conventional SIMS parameters. Therefore, a variation and increase of
the acceptance region to include the laser ionization volume was essential. Optimization of
the TOF mass analyzer was achieved by stepwise analysis of the relations between the six
potentials, which are of highest importance for the ion trajectory. The first three potentials
define the shape of the overall ion trajectory by forming an ion optical Einzel lens. The
first part is the suppression/extraction electrode, which also defines the start energy of the
ions as well as their energy distribution. The middle part of the Einzel lens structure is a
ring electrode, which determines the focus of the transported ion ensemble. The drift tube
potential specifies the kinetic energy of the ions during the flight through the rest of the
instrument and acts as final part of the Einzel lens structure. Additional deflection plates
allow to manipulate the flight direction of the ions in X- and Y-direction. The X-deflection is
irrelevant for the perfectly adjusted simulation model, but necessary in the real instrument
for corrections. The Y-deflection guides the ions in the correct angle through the flight tube
and into the reflectron. An additional option of mass analyzer adjustment is given by the
potential between the flight tube and the entrance plate of the reflectron. This so called
virtual drift path (VDP) decelerates the ions for a slower movement through the residual
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part of the system. The reflectron redirects the ion trajectories and reduces the energy
dispersion of the transported ions to increase the mass resolution, as described in section
2.3.1. Although it consists of several ring electrodes, its adjustment is defined only by the
potential of the back plate at the end. The other potentials are determined by the fixed
resistor chain, which is attached to all ring electrodes up to the entrance plate and which
leads to equal potential differences between neighboring electrodes. After passing of the
reflectron the ions fly through another drift passage until they enter the post-accelerator.
Acceleration of the ions to 11keV ensures the detection of every ion, that reaches the
channelplate at the end of the mass analyzer. The potentials of the post-accelerator and
detection were indirectly adjusted, because the first electrode of this structure is always
on the same potential as the drift tube, while the others are adjusted relative to the first
electrode and the fixed end potential. The potentials of extraction, ring lens, drift tube,
Y-deflection, virtual drift path and reflectron back plate are the six strongly correlated
parameters, which define the ion trajectory. A schematic representation of the TOF mass
analyzer with all described structures is shown in Fig. 4.10 and Fig. 4.12.

4.3.1 Optimization program

Detailed iterative optimization within the six-dimensional parameter space required a control
program for the simulation process. The SIMION software offers control, verification and
evaluation of the simulation data via fully embedding of the LUA programming language.
The LUA code enables a free programmable adjustment of the simulation model with
all necessary program structures for the iterative process, providing functions, loops and
conditional statements. After execution of the TOF-SIMS.lua program, the potentials of all
electrodes are calculated based on default values for the six central parameters and the
simulation starts to calculate the trajectories of the 10000 arbitrarily chosen laser ions. At
the end of the simulation, all ions that passed specified interrogation points are counted
separately by the evaluation function. The subsequent routine exports the results of the
evaluation and optionally gives a list of all ions in a text file. In the last part of the sequence,
one of the central parameters is changed and the control program starts again. Therefore,
this program allows for automatic coverage of a large parameter space. Nevertheless, the
automatic processing of the whole parameter space at once would require an enormous
computing capacity or a calculation duration of several years. Reduction to investigation
of three specific parameters at once decreased the calculation time to several days, but
required a stepwise correlation analysis.

4.3.2 Correlation analysis

Simultaneous variation of three main parameters in a dedicated parameter space including
10000 - 20 000 simulation runs resulted in sufficient amount of data for statistical analysis
of the parameter correlations. The first processed parameter space included the three einzel
lens components: extraction potential, ring lens and drift tube. The achieved simulation
results of this parameter scans were analyzed regarding extraction efficiency, transmission
through test point 1 and a small ion beam focus at the limiting aperture. The test points for
different requirements are shown in Fig. 4.10. The highest extraction efficiency of 60.6 %
was obviously achieved with the strongest extraction potential of -2 kV. Further evaluation
showed, that the highest transmission up to test point 1 is not connected to the highest
extraction efficiency. Optimum operation of the first three electrodes should result in a
high transmission to test point 1 and a small focus at the limiting aperture inside the drift
tube. The evaluation of operational parameters for a transmission above 30 % and a focus
diameter below 2 mm resulted in different parameter spaces with only a small overlap
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(shown in the appendix as Fig. B.14). Correlated behavior was found for the potentials of
extraction electrode and ring lens without a distinct optimum point of operation. Separate
evaluation of the drift tube potential instead resulted in an clear maximum combining high
transmission and small focus diameter at -3 kV (shown in the appendix as Fig. B.15).
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Figure 4.10: Electrodes (black) and test points (green) in the first half of the TOF mass analyzer
used in the optimization process.

The second simulation run involved a scan through the parameter space of extraction
potential, ring lens and Y-deflection on a fixed drift tube potential. At first, the evaluation of
the simulation data aimed for highest transmission up to test point 2, which was determined
to 40 %. Analysis of the overall efficiency for this simulation demonstrated, that the highest
efficiency once again is not achieved at highest transmission through the aperture, but a
small focus is explicitly required. The dependence of focus, transmission and efficiency is

presented in Fig. 4.11.
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Figure 4.11: 3D plot of the dependence of the ion beam focus at the limiting aperture, the transmis-
sion to test point 2 and the overall transport efficiency as function of the potentials of extraction,
ring lens and Y-deflection.
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The modified evaluation for sufficient transmission and highest efficiency revealed a strong
correlation between the extraction potential and the ring lens potential (shown in the
appendix as Fig. B.16). The Y-deflection showed only a lower influence in the defined
parameter space instead. Application of an exponential fit function to the most efficient
parameter combinations led to Eq. (4.3) for the correlation of the first two electrodes (shown
in the appendix as Fig. B.17).

UExtraction

Ukingellens = 9028V - e( 129V ) — 7118V 4.3)

Determination of the extraction potential for highest efficiency was the aim of the third
simulation run. Besides the extraction electrode, the parameter space was defined by the
potentials of the Y-deflection and the reflectron, because those two potentials have the
strongest influence on the trajectory. The evaluation of the simulation data resulted in an
maximum efficiency at an extraction potential of -1450V (shown in the appendix as Fig.
B.18). Determination of the optimized potentials for the Einzel lens structure reduced the
overall parameter space of the mass analyzer to three potentials. This prepared the final
determination of the optimized parameters for Y-deflection, virtual drift path and reflectron
back plate in a fourth simulation run. The resulting potentials of all reflectron electrodes
define the ion trajectory through the rear part of the mass analyzer as shown in Fig. 4.12.
Data evaluation of these final simulations resulted in optimized potentials of -400V for
the virtual drift path, 300V for the reflectron back plate and a Y-deflection of 15.40%
(shown in the appendix as Fig. B.19 and B.20). The specification in % for the Y-deflection
refers to the SIMS control program and corresponds to a maximum of £125V potential
difference on the deflection plates towards the drift tube potential. All resulting parame-
ters of the six main potentials and the achieved overall efficiency are summarized in Tab. 4.1.

Conventional Optirrtlizec}
parameters for SIMS pi;aslgfsﬁi/[ SO g

Extraction potential -2000V -1450V

Lens potential -4870V -4619V
elrionpnil
Y-deflection 16.05% (£20.06V) 15.40% (+£19.25V)
Virtual drift path (VDP) -153.6V -400V
Reflectron back plate 20V 300V
Efficiency (simulated) 6.7 % 16.6%

Table 4.1: Comparison of conventional and optimized parameters for the TOF mass analyzer: The
values of the main parameters are listed for the conventional SIMS settings and in comparison
for the optimized Laser-SNMS settings determined by simulations. An increase of a factor 2.5
was achieved.
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Figure 4.12: Electrodes (black) and test points (green) in the second half of the TOF mass analyzer
used in the optimization process. The red line indicates the trajectory of the transported ions in
the instrument until their detection at the end.

4.4 Verification of Optimized Parameters

All assumptions and simplifications made in the simulation of the sputtered ion cloud as
well as limited resolution of the SIMION model necessitate the verification of the optimized
parameter set of the TOF mass analyzer by experimental measurements. Comparison of the
conventional parameters and the parameters optimized for Laser-SNMS were performed for
the isotopes 238U, ?Tc and 23?Pu (specifications of the samples are described in sections
5.1, 5.3 and 6.1). The fast software supported change of previously defined parameter
sets allows a direct comparison during the same measurement with a switchover time of
a few seconds. Therefore, all comparison measurements were made on the identical spot
of the respective sample with the same measurement configuration for conventional and
optimized parameters. Fig. 4.13 shows the Laser-SNMS mass spectra of an uranium sample
in comparison of both operation modes.
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Figure 4.13: Comparison of two Laser-SNMS spectra of a synthetic 23U sample for different parame-
ter sets: red spectrum measured with the standard parameter set, green spectrum measured with
the optimized parameter set. In this specific measurement, the ion signal of 34U was increased
by a factor of 7 from 81 counts to 570 counts.

The measured increase of the detected ion signal of about a factor of 7 significantly sur-
passed the expectation of 2.5 based on the simulations. In this particular measurement, the
background was also slightly increased, as expected by the extended acceptance region,
which led to a factor 1.8 higher signal-to-background ratio. The increase in mass resolution
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amounts to a factor of 1.3. Further measurements of the uranium sample and the mea-
surement series for technetium and plutonium resulted in small variations of those factors
due to slightly different instrumental performance and sample conditions (mass spectra
of Tc and Pu shown in the appendix as Fig. B.21 and B.22). Nevertheless, in all cases the
simulation-based, optimized parameter set leads to an enhanced detected ion signal, in
some cases even a higher signal-to-background ratio while the expected reduction in mass

resolution was barely observable.

238(y 99Tc 239py,
Ion signal gain 52+1.7 2.7+04 6.3+2.6
Signal-to-background ratio gain 3.4+1.6 1.0£0.1 44+3.4
Mass resolution gain 1.2+0.7 1.4+0.6 3.3+15

Table 4.2: Gain in conditions for mass spectrometric analysis, achieved by the simulated-based, opti-
mized parameter set. Errors correspond to the standard deviation of all comparison measurements
for the respective isotope.
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Chapter
CHARACTERIZATION WITH RADIONUCLIDES

Development, installation and optimization of the resonant Laser-SNMS system for the IRS
Hannover focused on its application for direct, spatially resolved ultra-trace analysis of
different radionuclides on environmental samples without involving any chemical prepara-
tion. The analysis of unknown samples requires a well-founded understanding of all main
and side processes of the applied technique. Additionally, the basis for identification of
unexpected results is formed by characterization measurements of precisely specified sample
material. Repetition of those measurements is necessary for every individual element and
resonant ionization scheme applied, because they might lead to characteristic differences in
the resonant Laser-SNMS spectra. The various cross sections and lifetimes of energy levels
and transitions involved in all laser ionization schemes result in different and most often
unpredictable laser ionization efficiencies. Also the laser output power and the pulse length
of the Ti:sapphire lasers is varying dependent on the specific wavelength, according to the
laser medium gain and properties of the installed optical elements. Furthermore, the differ-
ent wavelengths may contribute to the occurrence of non-resonant laser ionization for the
analyzed element, its molecular forms or other included species in the sample, respectively.
A full characterization of the Laser-SNMS system is therefore essential for every element of
interest. The following chapter comprises characterization measurements performed on the
elements uranium, plutonium and technetium, which all are of high interest for radioecology.

Identical proceeding within the sample preparation for all produced test samples of the three
elements guaranteed well comparable results of the characterization. 0.2 uL - 1 uL of every
measured sample solution was pipetted onto an aluminium sample holder. Heating of the
sample holder led to vaporisation of the solution and deposition of the precipitated element
on the sample surface in an area with 1 mm - 3 mm diameter (photos in the appendix as Fig.
A.16 and Fig. A.15). Besides accurate cleaning of the sample holder and proper sample treat-
ment, the sample surface is always covered with thin layers of organic contaminations. The
contamination originates at least partially from silicone oil of adhesive tape, that was used
during other conventional SIMS measurements. Even a frequent application of the internal
bakeout system and a test with an empty sample holder, that was cleaned with concentrated
nitric acid, showed nearly no effect towards reduction of these surface contaminations.
Therefore, complete prevention of the surface contamination was not achievable with simple
methods, while the in-situ sample surface cleaning with the installed Ar cluster ion gun at
least resulted in a strong reduction of the organic contamination (shown in the appendix as
Fig. B.23 and Fig. B.24). Although, further investigation or installation of a glove box could
have identified or even eliminated the contamination source, it must be noted, that the
system was developed for analysis of environmental sample, which unavoidably introduce of
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organic material. Consequently, the sputter cleaning by argon clusters was added as a part of
the standard sample preparation and applied to all samples analyzed for the characterization
measurements. Surface cleaning was required once per day before a measurement even
for samples which were stored in the vacuum chamber, due to unavoidable deposition of
silicone oil.

5.1 Uranium

Characterization of the Laser-SNMS system for analytical uranium measurements used a
synthetic uranium standard solution®. The original concentration of 999 ppm uranium in a
1.1 % solution of nitric acid was further diluted to produce sample solutions with different
concentrations between 100 ppm and 1 ppb. The isotopic composition of the dissolved de-
pleted uranium is shown in Tab. 5.1.

235U 238U

Isotopic fraction 0.25% 99.75%

Table 5.1: Isotopic composition of the synthetic depleted uranium sample, which was used for the
characterization measurements

The applied 3-step excitation scheme for resonant laser ionization of uranium is shown in
Fig. 5.1. This scheme was developed for isotope selective resonance ionization of uranium
with narrow spectral bandwidth by use of a diode laser system [80].

233

Al: 50443.4 cm?!
————— IP 49956 cm!

13346.86 cm! = 749.24 nm

J=6,7,8

J=7 SES: 37096.54 cm'!

13029.97 cm! = 767.75 nm

J=7 FES: 24066.57 cm!

2x 12033.285 cm™? = 415.51nm

: 1
Srearsy L Co- 0cm

Figure 5.1: Resonant 3-step excitation scheme for 23¥U: The shown excitation scheme for uranium
requires a frequency doubled Ti:sapphire laser for the FES and two fundamental Ti:sapphire
lasers for the SES and the Al excitation.

!SIGMA-ALDRICH uranium atomic absorption standard solution, PN:207624
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Further application for ultra-trace analysis using Ti:sapphire lasers in combination with a
hot cavity atom source demonstrated superior ionization efficiency in comparison to other
excitation schemes [81]. Due to previous application for high efficient RIMS analytic, the
3-step scheme was applied without additional scheme development. The different population
behavior of thermal and sputter process could also result in changed ionization efficiencies
for know and unknown excitation schemes.

5.1.1 Characteristic spectrum, laser influence and saturation behavior

Based on former analytical uranium measurements in a hot cavity laser ion source at Mainz
[82], the expected resonant Laser-SNMS mass spectra should primarily contain the ion
signal produced by resonantly ionized, sputtered uranium atoms at mass 235 u and 238 u
and a strongly suppressed ion background originating from various sputtered ions. The
SNMS mass spectrum of the synthetic uranium sample, presented in Fig. 5.2, showed laser
dependent ion signals, that were identified as uranium oxide, dioxide and carbide molecules.
Additionally, the ion signals of a few light elements, like sodium, aluminium, potassium and
the aluminium dimer were observed.
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Figure 5.2: Characteristic Laser-SNMS spectrum of the synthetic uranium sample: The mass peaks
of the dominant isotope 2*U and its oxide molecules are marked in green. The smaller mass
peaks of the minor isotope 23°U and its oxide molecules are marked in blue. The mass peak of
the non-resonant ionized 2*UC, is marked in gray.

Generation of these unexpected ion signals is caused by non-resonant laser ionization pro-
cesses. The applied laser wavelengths for resonant ionization in combination with sputtering
induced population of higher lying atomic states lead to ion signals of other elements and
molecules. This behavior was also observed during earlier comparable experiments [83,
84] and varies according to the applied excitation scheme and the energy per laser pulse.
Prevention of disturbing non-resonant signals, that interfere with the resonant laser ion
signal, is therefore possible by reduction of the laser power or change of the excitation
scheme. On the other hand, the ion signals of uranium oxides and dioxides provide addi-
tional data without interference with the atomic uranium ion signal. The combined signal of
atomic and molecular uranium ion increases the sensitivity for detection of small amounts of
sample material. Furthermore, the analysis of the ratios between atomic uranium and its ox-
ide and dioxide provides information about the chemical composition of the sample material.
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An important part of the characterization is the analysis of the influence of every indi-
vidual laser and combination of lasers for identification of disturbing non-resonant laser
ionization processes and for validation of the resonant behavior of the laser ion signal of
atomic uranjum. The resulting ion signals for 223U, 238U0 and 234U0, with different applied
laser combinations is presented in Fig. 5.3.
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Figure 5.3: Influence of the three individual lasers and every possible combination on the resonant
ion signal of 228U and the non-resonant ion signal of 234U0 and 2*3U0,.

Without any applied laser only a small background ion signal on the mass of 234U0Q, was
detected, which leads to a full dependency on lasers for all three ion signals. The 238U
ion signal is mainly based on resonant ionization only. Application of the first and second
laser causes non-resonant ionization of 234U, probably by an excitation from the second
excited state with an additional photon by one of the two lasers. The small non-resonant
2381 jon signal for the combination of the first and third laser is not understood. The clearly
non-resonant ion signal of 28UO depends mostly on laser power and not on a specific
combination of laser wavelengths. The ion signal of 28U0Q, is influenced to a large degree
solely by the third laser, which underlines the non-resonant origin of the signal. Additionally,
the 228U0, ion signal is even slightly increased without the application of the first ionization
laser. The higher energy of the first laser, which is frequency-doubled, might break some of
the molecular bonds of the UO, converting it to UO.

Besides the influence of the individual lasers, the laser excitation and ionization process de-
pends also strongly on the pulse energy of the three lasers. Measurement of the laser power
at constant repetition rate of 10 kHz provides an equivalent parameter for the averaged
pulse energy. The atomic transitions for laser ionization of the entire amount of atoms in
the laser focus are saturated, if the laser output surpasses a defined amount of laser power.
This saturation behavior results in a saturation curve for the dependence of the generated
laser ion signal I(P) from the laser power, that is described by Eq. 5.1.

P

I(P) = I, + 1—PS;‘ +m-P (Pgq,: saturation power) (5.1)
+

PSat

The saturation behavior was analyzed for the three excitation steps of uranium for determi-
nation of their saturation power. The saturation curve and power indicate the efficiency of
every transition used and of the whole ionization process. The diagrams of the measured
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power dependence for 238U including the fitted saturation function appear in the appendix
as Fig. B.25, while the resulting saturation power of the three steps is listed in Tab. 5.2.

FES SES Al

Saturation power [mW] 2.0(7) 32(10) >2300, not saturated

Table 5.2: Saturation powers of the first excitation step (FES), the second excitation step (SES) and
the autoionizing step (AI) for resonant Laser-SNMS on 2*3U. The related saturation scans appear
in the appendix in Fig. B.25.

The first two transitions were already saturated with a fraction of the available laser power,
while the third transition could not be saturated at all. The third transition leads to an
autoionizing state, which is rapidly depopulated, due to internal coupling processes (see
theory section 2.2.4). Therefore, an approximately linear increase was expected instead of
saturation. The measured power dependence for 228U showed this linear increase starting
at 1800 W. Below this power level the third laser had only a minor influence. The process,
that leads to this behavior, is not understood, but spatial or spectral misalignment was
excluded by repeated measurements and the observation of the same behavior for other
tested radionuclides.

5.1.2 Decision threshold and efficiency

The decision threshold (DT), is one of the main parameters, that defines the suitability
of an analytical system for the detection of ultra-trace amounts of sample material. The
lowest detectable and quantifiable amount of a specified trace species defines the decision
threshold. It is often mixed-up with the detection limit, which is slightly lower and does
not allow quantification. Determination of the decision threshold for characterization of the
system was realized by two different methods.

Indirect determination by efficiency measurements

For valid detection and quantification the ion signal must clearly exceed the detected
background signal by more than three times of the standard deviation o, of this background.
Furthermore, the ratio of the lowest detectable and quantifiable amount of sample material
to the lowest validated ion signal is defined by the overall efficiency of the mass spectrometric
system. As a result, calculation of the decision threshold, as shown in Eq. (5.2), requires a
measurement of the efficiency and the background signal.

3.0

b
DT = g

(e: overall efficiency) (5.2)

The Laser-SNMS system at the IRS Hannover is based on a static SIMS setup, which operates
on low primary ion sputter rates to ensure mostly unaffected sample surfaces. Measurement
of the overall efficiency requires the complete consumption of a well specified amount of
sample material for comparison with the simultaneously detected ion signal. Achievement
of a reliable value for the efficiency by a measurement, which is limited to a few hours
by ion gun instabilities, required very small and highly concentrated samples. First tests
with conventional SIMS and the smallest quantifiable amount of sample solution of only
100 nL showed no decreasing ion signal as sign of complete consumption even after more
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than 12h (shown in the appendix as Fig. B.28). One reason for this could be the remaining
surface roughness of the polished sample holder, that allows deposition of sample material
in deepenings and scratches, or additional matrix material, which precipitates during sample
deposition. Another option of applicable uranium sample material for the efficiency measure-
ment was provided by the Research Center Jiilich. They produced synthetic uranium particles
with a well defined diameter of 1.3 um - 1.4 ym based on the standard material IRMM-183
[85, 86]. The particles consist of triuranium octoxide (U30g) and contain 5.43 = 0.20 pg
uranium per particle. The main parameters of the particles are summarized in Tab. 5.3.

238
235(; 238 Diameter Mass of U per U atqms per
particle particle
0.32% 99.66 % 1.35£0.05um 5.43+0.20pg  (1.37+0.04)-10'°

Table 5.3: Composition and size of the synthetic uranium particles

Several uranium particles were deposited on a silicon waver by the development team in
Jiilich with sufficient space in between for individual Laser-SNMS analysis (shown in the
appendix as Fig. A.17). The small diameter of the particles enabled a very well localized
analysis in a reduced measurement area, as shown in Fig. 5.4.
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Figure 5.4: 238U0,-ion image of a U;04 particle obtained during the efficiency measurement: The
size of the particle image is roughly 30 um x 20 um for a particle size of 1.35 £ 0.05pm. The
reason for this enlarged ion image is the size of the primary ion focus, which is several ym in the
applied more efficient spectrometry mode.

Efficiency measurements with the synthetic uranium particles demonstrated the expected
decreasing ion signal due to complete consumption, as shown in Fig. 5.5. The obtained
Laser-SNMS mass spectra for the uranium particles showed a higher concentration of 24U0O
and 238U0, at the surface than in the self-produced samples and also showed further frag-
ment uranium molecules like U,0,4 and U3;O¢. Additionally, the laser ion signals of atomic
uranium, uranium oxide and dioxide show different behavior in the presented temporal
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development. This behavior indicates that the degree of oxidation is higher in the shell than
in the core of the analyzed particle. Another possible explanation is an enhancement of the
impact induced break-up of the molecular bonds towards the surface erosion. This could
lead to a pile-up effect for the light fragments until a saturation level is reached.
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Figure 5.5: Efficiency measurement of a synthetic U;Og particle showing the temporal development
of the ion signal for resonantly ionized 23U and for four non-resonantly ionized molecular
uranium species during the Laser-SNMS analysis.

Because of the large fraction of detected oxidized uranium, the determination of the overall
efficiency was extended from the resonantly ionized 234U ion signal to all laser dependent
ion signals of uranium containing species. As the non-resonantly ionized uranium molecules
are applicable for sample detection and identification of ultra-trace amounts, they should
also be considered in the decision threshold. Three independent measurements led to the
values for overall efficiency and decision threshold, that are presented in Tab. 5.4.

Efficiency Decision threshold
238y (2.63£0.07)-107° (2.12 4+ 0.08) - 10° atoms
All U species (2.05+£0.05)-107* (3.58£0.09) - 10° atoms

Table 5.4: Decision threshold based on efficiency measurements

Based on the simulation of the ion trajectories through the mass analyzer, the transport
efficiency is approx. 1.6 - 107!. The additional losses of three orders of magnitude for reso-
nant ionization of 28U originate from two effects. First, the well-known excitation scheme
for resonant laser ionization of uranium provided, despite higher efficiency than other
schemes, overall efficiencies of only 1072 in former hot cavity ion source measurements in
combination with a QMS system (approx. 10~ transport efficiency) [81]. The second effect
is caused by the large amount of uranium molecules. Non-resonant laser ionization of the
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high fraction of uranium oxides is significantly less efficient than the resonant ionization
process. Nevertheless, the achieved efficiency is only a factor 2 lower than the one of a
comparable measurement at the CHARISMA instrument at Argonne National Laboratory
(USA) [87].

Direct determination by small sample amounts

Another method for determination of the decision threshold is an approximation of the
lowest value by small, well defined sample amounts. This approach delivers a more meaning-
ful DT than the calculation based on efficiency measurements. The indirect determination
provides the best achievable decision threshold of the system, if the sample material is
completely consumed. High purity samples like the synthetic U;Og particles used are subject
for this maximum sensitivity, but the field of application for this specialized Laser-SNMS
system, i.e. the ultra-trace analysis on nearly unprepared environmental samples could react
differently. Temporal limitations reduce the realistic achievable decision threshold, because
the complete consumption of an environmental sample with the surplus of enclosing organic
and inorganic matrix material requires unrealistically long measurement time. Therefore,
the direct determination method searches for the smallest amount of sample material, which
produces a detectable and quantifiable laser ion signal during a reasonable measurement
time. The lowest applied sample for uranium was 200 nL of a 1 ppb sample solution corre-
sponding to (5.2 £ 1.6) - 10® uranium atoms. After a Laser-SNMS measurement of 1 h the
mass spectrum, which is presented in Fig. 5.6 was achieved.

E 102 E
% ; 238 2380 2380,
S ]
5 10" 73
C 7
k=)
2 100 il |
c 10 LR I e
240 250 260 270 280
Mass [u]

Figure 5.6: Laser-SNMS mass spectrum of the 1ppb uranium sample: The mass peaks of the resonantly
ionized 2%®U and its non-resonantly ionized oxides are marked in green. The positions of 22°U
and its oxides are marked blue, although their signal is below the background level.

The detected resonant laser ion signal of 23U contained 112 counts, which results in a
detection rate of 1 count per 32.8 s. The parallel detected ion background was measured with
only 15 counts for an equally sized mass range. Therefore, the ion signal of this ultra-trace
amount of uranium was definitely detected and quantified and sets the upper limit for the
realistic decision threshold to (5.2 + 1.6) - 10® atoms. The achieved signal-to-background
ratio and inclusion of the non-resonant ionized oxides enables an approximation for the
decision threshold of a value of 1-108 atoms. This is about two orders of magnitude higher,
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means worse, than the indirect determined decision threshold, which is the inevitable influ-
ence of surrounding matrix material. All important values for the direct determination of
the decision threshold are summarized in Tab. 5.5.

Concentration LLENTL S1gna1-to-b;f1ckground Decision threshold
amount ratio
1 ppb 0.21pg 7.5+0.5 < (5.241.6)- 108 atoms

Table 5.5: Decision threshold based on the lowest measured quantity
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5.2 Plutonium

The synthetic sample for Laser-SNMS characterization as basis for analytical plutonium mea-
surements was a nearly mono-isotopic certified reference standard solution 2. The isotope
ratios of the sample material used are shown in Tab. 5.6. Application of a mono-isotopic
plutonium sample prevented coverage of possible unexpected background on neighboring
masses. Additionally, the long half-life of the chosen ?*>Pu enabled a higher sample con-
centration. Nevertheless, the applicable amount of radiation was limited by the fraction
of 0.0075 % 2*'Pu in the sample material. The chemical composition of the plutonium is
Pu(NOs3), dissolved in 0.1 M nitric acid.

240py 242py Other Pu isotopes 241 Am 243Am

Isotopic fraction 0.02 % 99.96 % < 0.01% 0.97 % 0.05%

Table 5.6: Isotopic composition of the synthetic plutonium sample

The 3-step excitation scheme for resonant laser ionization, presented in Fig. 5.7, was
applied for the plutonium Laser-SNMS characterization. A predecessor scheme, which used
a rydberg state for ionization, was developed to determine plutonium isotope ratios in
ultra-trace sample amounts for a conventional TOF-MS system [88, 89]. The continuing
scheme development revealed a more efficient ionization for field free ionization volumes
via the shown autoionizing state [56]. It was chosen for the Laser-SNMS system, because
tests with uranium showed an increased ion signal for an temporal adjustment of the lasers
before the activation of the strong extraction field.
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Figure 5.7: Resonant 3-step excitation scheme for 2*?Pu: The shown excitation scheme for plutonium
requires a frequency doubled Ti:sapphire laser for the FES and two fundamental Ti:sapphire
lasers for the SES and the Al excitation.

2Eckert & Ziegler, Catalog No.: 6242



5.2. PLUTONIUM

5.2.1 Characteristic spectrum, laser influence and saturation behavior

Similarly to the U spectrum, the characteristic Laser-SNMS mass spectrum of the synthetic
plutonium sample, presented in Fig. 5.8, showed also non-resonantly ionized signals of some
light elements as well as molecular oxides. Unlike in the uranium spectra, there was no Laser-
SNMS ion signal of plutonium dioxide observed at mass 274 u, although it was measured
by SIMS analysis. Besides, the resonant 242Pu laser ion signal and the non-resonant 2**PuQ
laser ion signal, two very small signals appeared on mass 254 u and 270 u. Those masses
would fit to 234U0 and 238U0,, which could be remains from the plutonium production in
the standard sample.

)

S 10 - 212p, 242p,0

O, ]

g 107

2 .

2 ]

S 10° AL MH}H LI | h | Hl‘l NN IR
240 250 260 270

Mass [u]

Figure 5.8: Characteristic Laser-SNMS spectrum of the synthetic plutonium sample: The mass peaks
of the dominant isotope **Pu and of the **PuO molecule are marked in green.

The analysis of the influence of every single laser and all combinations on the ion signal, as
presented in Fig. 5.9, identified parallel non-resonant processes and verified the resonant
generation of the 242Pu laser ion signal. The ion signals of 2*>Pu and 2*>Pu0O are both laser
dependent. Once again the dominant part of the 2*>Pu ion signal is produced by resonant
laser ionization using all three lasers. However, there are significant non-resonant ionization
processes involved, that are induced by the first laser.
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Figure 5.9: Influence of the three individual lasers and every combination on the resonant ion signal
of 2*2Pu and the non-resonant ion signal of 2**PuO.
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During former experiments with a hot cavity laser ion source and a QMS only the non-
resonant ionization by combination of the first and second laser was measured as a 20 %
effect [82]. Therefore, the additional ionization processes induced e.g. by the combination
of lasers 1 and 3 could be a result of states populated by sputtered ablation of the sample
material. Understanding of all observed laser ionization processes of 24>Pu would require
further spectroscopic analysis at a Laser-SNMS instrument. The laser ion signal of 2*>Pu0O
showed the expected non-resonant behavior. In general, every sole laser and every combina-
tion generates a sizable laser ion signal of 24*PuO.

The saturation behavior of the three resonant excitation steps for ionization of 2*2Pu was
equal to the behavior for uranium. The first and second excitation step were saturable with
laser powers below 100 mW. The third excitation step, that leads to the final autoionizing
state, required more than 1300 mW for an increasing laser ion signal. Below this power
level it showed no influence on the signal. A spectral misalignment of the third laser would
explain this unexpected dependence, but was excluded by the broad spectral width of the
autoionizing state and the constant monitoring of the laser wavelength. The diagrams of
the measured power dependence for 242Pu including the fitted saturation functions appear
in the appendix as Fig. B.26, while the resulting saturation power of the three steps is listed
in Tab. 5.7.

FES SES Al

Saturation power [mW] 10(5) 25(18) >1800, not saturated

Table 5.7: Saturation powers of the first excitation step (FES), the second excitation step (SES) and
the autoionizing step (AI) for resonant Laser-SNMS on 24?Pu. The related saturation scan appears
in the appendix in Fig. B.26.

5.2.2 Decision threshold

The decision threshold for analytical plutonium measurements was only determined directly
using a small sample. Appropriate plutonium sample material for efficiency measurements
and indirect determination of the decision threshold was not available. The measurement
with the lowest detectable and quantifiable laser ion signal of ?*>Pu used a 200 nL sample
of a 1 ppb sample solution containing (5.1 & 1.5) - 10° plutonium atoms.
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Figure 5.10: Laser-SNMS spectrum of the 10ppb plutonium sample: The mass peaks of the resonantly
ionized 2*2Pu and the non-resonantly ionized 2*?PuQ are marked in green.



5.2. PLUTONIUM

The Laser-SNMS analysis of this sample with a measurement duration of 44 min resulted in
the mass spectra presented in Fig. 5.10. The clearly identifiable mass peak of the resonant
laser ion signal of 2**Pu contained 112 counts, while the parallel detected ion background on
an equally sized mass range was only 19 counts. The non-resonant laser ion signal of 2*2PuO
is with 28 counts only slightly larger than its background signal of 22 counts. The upper limit
for the decision threshold of (5.1 +1.5) - 10° atoms for plutonium is 10 times higher than
for uranium. A possible explanation for this could be a lower fragmentation yield during the
sputtering process. If significantly less plutonium is available in its reduced, i.e. non-oxidized
atomic form, the overall ionization efficiency is strongly reduced. Another explanation is
based on the unexpected influence and saturation behavior of the applied excitation scheme.
If the combination with the sputtered ablation leads to a reduce ionization efficiency via
unidentified effects, the application of an alternative 3-step scheme or a recently tested
2-step scheme for plutonium should be tested [88, 90].

Concentration FlitiEors shon S1gna1—to-bzf1ckground Decision threshold
amount ratio
10 ppb 2.1pg 5.94+0.5 < (5.1£1.5)-10° atoms

Table 5.8: Decision threshold for plutonium based on the lowest measured quantity
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5.3 Technetium

Characterization of the Laser-SNMS system for analytical technetium measurements was
made using a certified, mono-isotopic *°Tc reference standard solution 3. The original stan-
dard solution contained ammonium pertechnetate (NH,TcO,) dissolved in water, but for
the subsequent dilution 0.1 M nitric acid was added.

The applied 3-step excitation scheme for resonant Laser-SNMS, presented in Fig. 5.11,
also uses a highly efficient autoionizing state for ionization similar to the schemes for
uranium and plutonium. It was developed for laser spectroscopic determination of the
ionization potential of technetium and later successfully used for ultra-trace analysis experi-
ments [43, 91]. It requires two frequency doubled Ti:sapphire lasers instead only one like
the two other schemes, which leads to more photons in the higher energy range. There-
fore, more non-resonantly laser ionized species were expected to appear on the mass spectra.
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Figure 5.11: Resonant 3-step excitation scheme for °*Tc: The shown excitation scheme for technetium
requires two frequency doubled Ti:sapphire lasers for the FES and the SES and a fundamental
Ti:sapphire laser for the Al excitation.

5.3.1 Characteristic spectrum, laser influence and saturation behavior

The characteristic Laser-SNMS mass spectrum of technetium, as present in Fig. 5.12 exhibits
exclusively the resonantly ionized °*Tc signal, although strong peaks on the masses of TcH,
and TcO were measured with conventional SIMS on the same sample. The complete absence
of non-resonant ionization of molecular technetium species even led to a problem for the
mass calibration of the spectra. A sufficiently well calibrated mass spectra requires at least
two identified mass peaks. Therefore, the non-resonantly ionized light elements sodium,
aluminum, potassium and the aluminum dimer, which provide wavelength independent
laser ion signals, were utilized. The ion signal of the aluminum dimer (27A12) on mass 54 u
showed a narrow mass peak and the highest signal to background ratio of the light elements.

Eckert & Ziegler, Catalog No.: 6099
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Consequently, it was used for the mass calibration and for comparison of resonant and
non-resonant ionization behavior. To the knowledge of all involved collaborative partners,
this measurement was the first ever resonant Laser-SNMS analysis on technetium.
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Figure 5.12: Characteristic Laser-SNMS spectrum of the synthetic technetium sample: The mass
peak of the main isotope *°Tc is marked in green.

The influence of every individual laser and all combinations on the ion signals are presented
in Fig. 5.13. The histogram shows, that the “*Tc laser ion signal originates predominantly
from resonant ionization by all three lasers. Most other combinations lead to negligible ion
signals, which are more than three orders of magnitude lower. Only the combination of first
and second laser induces a non-resonant laser ionization by another blue photon from the
second excited state. Nevertheless, this process contributes only well below 10 % to the *°Tc
laser ion signal. The ion signal of 2”Al, showed a clearly non-resonant behavior, that relates
to irradiation of the first and second laser individually. Furthermore, the laser ion signal of
27Al, is reduced, if the third laser is added. This indicates an optical pumping process to a
dark state, which is rather untypical for the majority of ionization schemes.

N 104
< 10 ] zi-rc =
) i [
o 103 = — Al
O, 3
— 2 -
5 10 3
cC 1]
% 10" =
£ 100 =n 1 ID
o ! ! !

All No Laser Laser Laser Laser Laser Laser

1 2 3 1+2 1+3 2+3

Applied lasers

Figure 5.13: Influence of the three individual lasers and of every combination on the resonant ion
signal of *Tc and the non-resonant ion signal of 27 Al,.
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The saturation behavior of the first two excitation steps exhibited very low saturation pow-
ers. A weakly increasing signal above the saturation limit proves the completely saturated,
resonant excitation up to the SES. The last excitation step to the autoionizing state shows
no saturation. As mentioned before, the fast depopulation of autoionizing states leads to
a linear power dependence of the ion signal. Besides this linear increase of the ion signal
with raised laser power, there is also a sudden increase of ion signal above 1500 mW laser
power. A partially similar power dependence, was identified for uranium and plutonium
and is therefore a not fully understood effect of Laser-SNMS. The described diagrams of the
measured power dependence for ?°Tc including the fitted saturation functions are given in
the appendix as Fig. B.27, while the resulting saturation power values of the three steps are
listed in Tab. 5.9.

FES SES Al

Saturation power [mW] 0.3(1) 3.5(8) >2400, not saturated

Table 5.9: Saturation powers for resonant Laser-SNMS on *’Tc. The related saturation scan appears
in the appendix in Fig. B.27.

5.3.2 Decision threshold

In the case of technetium, similar as for plutonium, there were no appropriate sample
materials available for efficiency measurements and indirect determination of the decision
threshold. The decision threshold was therefore directly determined by the smallest de-
tectable and quantifiable sample. This 200 nL sample was made with a 2 ppb sample solution
containing (2.2 = 1.6) - 10° atoms of technetium. The resulting Laser-SNMS mass spectra
after a measurement time of 5 min is presented in Fig. 5.14.
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Figure 5.14: Laser-SNMS spectrum of the 2ppb plutonium sample: The mass peak of the isotope
%Tc is marked in green.

The measured background level for technetium was much stronger than for the actinide
samples, due to the mass range. The fragmentation during sputtered ablation leads to a com-
parably strong background signal for lower masses. The detected signal of °°Tc appeared at a
gap in the mass spectra with relatively low background. Nevertheless, the measured laser ion
signal was only 86 counts at a background level of 41 counts. Neighboring isotopes would
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have been covered by the unidentified background signal, preventing isotope ratio determi-
nations without further sample treatment and purification. Nevertheless, this measurement
gave a decision threshold for Laser-SNMS analysis on technetium of (2.2 + 1.6) - 10° atoms.

Signal-to-background

. Decision threshold
ratio

Concentration

2 ppb 2.0£0.5 ~ (2.2£1.6)-10° atoms

Table 5.10: Decision threshold for technetium based on the lowest measured quantity
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5.4 Laser-SNMS in Comparison to Conventional SIMS

One of the main tasks of the work presented herein was the demonstration of the sensitivity
gain for mass spectrometric ultra-trace analysis by extension of a conventional SIMS system
with a dedicated laser system for resonant Laser-SNMS. Verification of the improvement in
sensitivity requires a direct comparison of SIMS and Laser-SNMS measurements on identical
samples. This is possible, because the software assisted modification of operation parameters
allows to switch rapidly between both methods within a few seconds. Fig. 5.15 presents
the resulting mass spectra in comparison for SIMS and Laser-SNMS on the same synthetic
technetium sample. Similar comparison spectra for measurements on synthetic plutonium
and uranium samples are given in the appendix as Fig. B.29 and Fig. B.30.
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Figure 5.15: Comparison of SIMS and Laser-SNMS mass spectra for a synthetic technetium sample
(0.6ng ~ 4-10'% atoms of *Tc): Both diagrams are generated with identical binning and show
the same mass range. The detected ion signal for both methods is plotted by black lines. The
individually detectable background signal by spectral laser detuning for Laser-SNMS is indicated
by red lines. The grey bars show the mean background level at the blue marked mass peaks of
9Tc. For the SIMS measurement, the background level was estimated from the neighboring mass

peaks.
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5.4.1 Ion signal

The intensity of the detected ion signal for both methods depends on combination of the
specific ionization efficiency ¢;,,, and the transport efficiency €7, 4, through the mass spec-
trometer. Because the TOF mass analyzer was designed specifically focusing on SIMS, the
transport efficiency might be higher for SIMS measurements. The known significant effi-
ciency losses of sputter ionization led to the motivation for the Laser-SNMS extension. As
described in the theory section, only 0.001 % - 1% of the sputtered particles are ionized
directly during the sputter ablation process. The remaining fraction of 99 % or more of
neutrals is available for the resonant laser ionization, which could lead to an increase of
measured ion signal by several orders of magnitude, as repeatedly proven [92, 93].

The measured laser ion signal at the IRS Laser-SNMS system did not surpass the level
of the sputtered ion signal, as exemplary shown in the presented mass spectra. The transport
efficiencies €;,qnssimrs and €;rqanssyms Of both methods are not varying by orders of magni-
tude. Therefore, the nearly equal ion signal intensities Is;);s and Igys imply a relatively
low laser ionization efficiency €;4.,7,, fOr the sputtered neutrals:

Isius = Esputterlon * €transSIMS Isputter (5.3)

IsnMs = €laserion " EtransSNMS * Isputter (5.4)

The laser ionization efficiency itself comprises the spatial and temporal overlap factor of
particle cloud and laser focus f,,,14p, the efficiency of the applied ionization scheme &;cpeme
and the saturation factor of each individual optical transition of the multi-step excitation

scheme fsaturation .

€laserTon = €scheme 'foverlap 'fsaturation (5.5)

First, the sputter ionization efficiency &p,¢erron €an be significantly higher in some cases.
The ratio of sputtered ions to sputtered neutrals is severely affected by the specific sample
material via matrix effects. For example, determination of the sputtered ionization efficiency
of uranium in other experiments demonstrated a neutral-to-ion ratio of ~3000 for metallic
uranium but only ~60 for a UO, sample [94]. Furthermore, the simulation of the overlap
conditions (see section 4.1.2) already imply an overlap factor of only 15 %, due to the long
expansion time for suppression of the sputtered ions. Developments of the applied excitation
schemes at different RIMS instruments resulted in overall efficiencies of approximately 4 %
for technetium, 2% for plutonium and 0.1 % for uranium [81, 82, 95]. Consideration of
the individual transport efficiencies of the systems leads to an estimated laser ionization
efficiency of 1% - 10 %. Additionally, it was assumed that a saturation factor is possibly
below 1, due to the unexplained saturation behavior of all third excitation steps. The
combination of these operational conditions prevents a gain in ion signal with Laser-SNMS
towards conventional SIMS (summarized in Tab. 5.11) for the three radionuclides, which
were analyzed. Nevertheless, further analysis of the laser ionization process of sputtered
particles including a check of efficient extraction schemes could result in the same gain, that
was verified by other Laser-SNMS systems for other elements.

5.4.2 Signal-to-background ratio

The main enhancement for ultra-trace analysis with resonant Laser-SNMS of the three
radionuclides analyzed is achieved by the resulting signal-to background ratio. As listed in
Tab. 5.11 the gain of signal-to-background ratio is found somewhere between one up to
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nearly three orders of magnitude (gain of 930 in Fig. 5.15). Therefore, the suppression of
all sputtered ions and element selectivity of resonant laser ionization leads to the neces-
sary increase in sensitivity for ultra-trace analysis on environmental samples. Additionally,
the individual determination of the background signal by spectral detuning of the first
laser enables reliable identification of the ion signal of interest, which is impossible with
conventional SIMS.

5.4.3 Mass resolution

The mass resolution is reduced by application of resonant Laser-SNMS by a factor of 5 - 10.
This decrease was expected, due to the enlarged ionization volume. The resulting energy
dispersion, which broadens the peaks of the detected mass spectra, can be reduced by a pulsed
2-step extraction. This requires a modification of the extraction electrode configuration,
which could not be realized during the setup of the Laser-SNMS instrument, but is planned
as advancement in the next development stage.

2385 99Te 242py,
Ion signal gain 1.0+0.4 1.1+0.7 0.56£0.32
Signal-to-background ratio gain 30+14 700 =330 54+£50
Mass resolution gain 0.16+£0.04 0.098+0.005 0.22+0.12

Table 5.11: Comparison of gains and losses of the essential mass spectrometric parameters by
application of Laser-SNMS instead of conventional SIMS for three analyzed radioisotopes.
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5.5 Influence of Argon Cluster Sputtering

As shortly mentioned before, the efficiency and sensitivity of resonant Laser-SNMS is signifi-
cantly reduced by the high degree of oxidized sample material. Although the non-resonant
laser ionization of oxides is very inefficient compared to the specific resonant laser ionization
of atoms, the detected mass peaks of plutonium and uranium oxides were approximately on
the same level or even higher than the atomic mass peak. Consequently, the fragmentation
during the sputter analysis is only a minor process and a large surplus of sample material
reaches the ionization volume as molecular species. SIMS measurements of the synthetic
radionuclides resulted in a surplus of at least one order of magnitude for UO, PuO and TcH,
towards atomic U, Pu and Tc. The future application of the Laser-SNMS system on even
higher oxidized environmental samples forced the development of sample processing for
reduction of the molecular species without destruction of structural information.

There are different possible methods for reduction of molecules before or during the Laser-
SNMS analysis. The interaction of a reductive material with the sample either by pulsed laser
deposition of nanolayers on the surface, low energy sputtered implantation via the existing
Cs gun or the application of a reductive sample holder surface are approaches for future
developments. Other methods were already tested by the predecessor experiment at the
Johannes-Gutenberg Universitdt Mainz [96]. The reduction of oxides by a combination of
previous sample heating at 800 °C in an auxiliary vacuum chamber and intensive sputtering
of the surface layer led to a gain of atomic uranium laser ion signal of about one order of
magnitude. The application of prior heating is another approach for future developments,
while the influence of an intensive sputter treatment was already analyzed within the work
presented herein. The TOF-SIMS instrument is equipped with different sputter guns, which
were applied for reductive sputtering. Previous tests showed a reduced structural destruc-
tion of the sample surface by application of the argon cluster gun compared to the other
guns. Additionally, the argon cluster gun is already used for sputter cleaning of organic
contamination and therefore anyway aligned and configured for every measurement. The
enhancement of the atomic to molecular ion signal achieved for synthetic uranium samples
is shown in Fig. 5.16.
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Figure 5.16: Development of the ion signals of resonantly ionized **U and non-resonantly ionized
28U0 and 238U0, during continuous argon cluster sputtering.
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20 min of continues sputtering by argon clusters led to an ion signal gain of resonantly
ionized 238U of more than one order of magnitude. If this would be a result by sputter
reduction of oxides, the non-resonant ion signals of 223U0O or 2*8U0, should be reduced. But
the ion signal of 228UOQ is increased, too, and the ion signal of 234U0, stays at the same level.
A possible explanation would be a higher degree of oxidation in the upper layers of the
synthetic uranium samples. Therefore, the presented ion signal development is interpreted
to show only the resulting depth profile. Another explanation could be the fragmentation
of other uranium molecules in the sample material, that are not ionized by the laser radiation.

Although no conclusive result was achieved for the approach for sputter reduction on
uranium, the increased laser ion signal of 228U led to further sputter treatment of the other
two analyzed radionuclides. The laser ion signal during sputtering of the synthetic pluto-
nium sample after all showed the expected behavior for reduction (diagram appears in the
appendix as Fig. B.31). The increase of the atomic 2*2Pu ion signal proceeds parallel to the
decrease of the ion signal of 24>Pu0Q. Sputter treatment of the synthetic technetium sample
showed no influence on the *°Tc laser ion signal (diagram appears in the appendix as Fig.
B.32).



Chapter

ANALYTICAL MEASUREMENTS

The characterization of the Laser-SNMS system formed the basis for future analytical mea-
surements. Additionally, it verified the increased sensitivity of resonant Laser-SNMS in
comparison to conventional SIMS for ultra-trace analysis. Another reason for the extension
of the SIMS instrument by a laser system for resonant ionization is the elemental selectivity
of this ionization process. The combination with active suppression of sputtered ions during
the analysis prevents the influence of isobaric contaminants on the analyzed ion signal.
Consequently, this setup enables ultra-trace analysis of different elements on environmental
samples without previous chemical preparation. The verification of the intended isobaric
suppression and of the direct application on environmental samples were the first analytical
tasks for the newly developed system and are described in the following chapter.

6.1 MOX Fuel Pellet

One main application goal of this system is the ultra-trace analysis of released plutonium in
environmental samples. The isotopic composition of analyzed plutonium samples provides
insight into the irradiation history of the material, including release process, reactor type
and initial fuel. Other techniques with ultra-trace sensitivity require a chemical separation
from isobaric contaminants of elements like uranium and americium. The first analytical
measurement of the Laser-SNMS system was therefore the analysis of a dissolved fragment
of a Mixed-Oxide (MOX) pellet. The isotopic composition of the MOX material, which is
presented in Tab. 6.1, was very well known, because this information is of high significance
for the general purpose of the MOX pellet as future fuel for nuclear reactors.

235U 238U 238Pu 239Pu 240Pu 241 Pu 242Pu 241Am

Py

ctinide 0300 89.980 024% 5.39% 2.54% 0.70% 0.74% 0.19%
fraction
Uranium

UM 69506 99.75%

fraction
Plutoni

utoniim 2.52% 56.14% 26.42% 7.25%  7.67%
fraction

Table 6.1: Isotopic composition of the MOX sample (decay corrected for March 2016)
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6.1.1 Verification of element selectivity

The mixture of uranium dioxide and plutonium dioxide in this material is an ideal test sample
for verification of the element selection of resonant laser ionization. The main problem of
many analytical techniques is the parallel determination of the content of 23Pu,?3Pu and
240py in environmental samples. The always present surplus of 22U and 2®UH prevents the
ultra-trace analysis of 22Pu and 23Pu for most mass spectrometric approaches. Radiometric
techniques are limited instead by the long half-lives and nearly identical alpha energies of
239pu and 2*°Pu. The applied MOX sample includes a high uranium surplus on mass 238 u
utilized to prove elemental selectivity. Additionally, the contained > Am, which is constantly
produced by the decay of 2! Pu, provides a separate test case for isobaric contamination. The
relative amounts of known isobaric contaminations on mass 238 u and 241 u is presented in
Tab. 6.2.

238 / 238py, 2417 / 241py
Isotope ratio 37200 % 27.6%

Table 6.2: Isotope ratios of isobaric contaminations

The matrix material of the MOX fuel pellet as well as the present organic contamination,
which resulted from parallel SIMS measurements on adhesive tape, provided an additional
background for realistic representation of plutonium containing environmental samples.

The first analysis of the MOX sample was performed with conventional SIMS for determi-
nation of the contamination on all involved masses, which visualizes the limitations for
most mass spectrometric methods. The SIMS mass spectrum, which is presented in Fig.
6.1a, shows different background ion signals, that actually cover parts of the spectrum.
There are two kinds of unidentified background signal apparent. A continuous background
on the basis of every mass peak, which was also present in former SIMS measurements
during characterization and is therefore assigned to unavoidable organic contamination.
Additionally, the spectrum is influenced by two series of intensive unidentified mass peaks
with their center at mass 243 u and at mass 265 u. The signals of 238U (red) and its oxide
and dioxide species are identifiable in the SIMS mass spectra, but the ion signals of all other
isotopes are disturbed by further unidentifiable ion signals.

The Laser-SNMS mass spectrum, that is presented in Fig. 6.1b, was measured by application
of laser ionization for uranium. The same excitation scheme as used for characterization
(Fig. 5.1) was applied for the analysis of the MOX sample. As expected, the unidentified ion
background was nearly completely suppressed. The whole mass spectrum consists of the
resonantly ionized 233U mass peak and the non-resonantly ionized oxide and dioxide mass
peaks of uranium and plutonium. Additionally, a small amount of uranium carbide was
detected. The element selectivity for resonant ionization of uranium is verified by the absent
ion signals on the masses 239 u - 242 u. A resonantly ionized signal of 23>U was not detected
for two reasons. Due to its small fraction of the sample, it would be only slightly higher than
the background ion signal. Additionally, the lasers were precisely adjusted for resonant laser
ionization of 233U. The isotope shift between 238U and 22°U for the first and second excitation
step is larger than the bandwidth of the applied Ti:sapphire lasers (isotope shifts listed in
the appendix as Tab. C.1), which leads to a further significant reduction of the 23>U ion signal.
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(b) Laser-SNMS mass spectrum of the MOX sample with resonant ionization of uranium, a higher
resolved mass spectrum is given in the appendix as Fig. B.33b
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(c) Laser-SNMS mass spectrum of the MOX sample with resonant ionization of plutonium, a higher
resolved mass spectrum is given in the appendix as Fig. B.33c

Figure 6.1: Comparison of the MOX mass spectra: The positions of expected ion signals were marked
with different colors, whereas the atomic, oxide and dioxide peak of the same isotope are marked
generally with the same color.
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The non-resonant laser ionization of uranium oxides is apparently unaffected by the isotope
shift, resulting in a small mass peak of 23>UO at mass 251 u and a clearly identifiable mass
peak of 225U0, at mass 267 u. The detected non-resonantly ionized plutonium oxides ap-
pear on the expected masses, but show an incorrect isotope ratio. Without well-founded
knowledge of the non-resonant laser ionization process, it is impossible to determine the
reason for this deviation.

The resulting mass spectra of the Laser-SNMS analysis with resonant laser ionization of
plutonium is shown in Fig. 6.1c. The applied excitation scheme was identical to the one
used for characterization, with small shifts of the wavelengths for ionization of 24°Pu instead
of 2*¥2py (Fig. 5.7). The well known isotope shifts relative to 240py are smaller than the
bandwidth of the Ti:sapphire laser, which should result in equal ionization behavior for
all plutonium isotopes (isotope shifts listed in the appendix as Tab. C.2). The achieved
mass spectrum consist of the resonantly ionized atomic plutonium mass peaks and the non-
resonantly ionized oxide and dioxide mass peaks of uranium and plutonium. The resulting
isotope ratios for plutonium, based on the resonant laser ion signal, match the specified
values within the errors given as presented in Tab. 6.3. This correct determination verifies
the high element selectivity of resonant laser ionization, because even a surplus of more
than two orders of magnitude on mass 238 u was suppressed. The same conclusion applies
for the influence of 2**Am.

238p 239p, 240p 241py 242p
Specified 2.52% 56.14% 26.42% 7.25% 7.67 %
Measured 2.8+0.8% 58+3% 25+£2% 6.7£1.0% 7.1£1.0%

Table 6.3: Comparison of specified and measured isotope ratios of plutonium in the MOX sample.
The measurement was performed with resonant Laser-SNMS.

The different laser wavelengths lead to a modified spectra of the non-resonantly ionized
molecules towards the Laser-SNMS measurement with ionization of uranium. Therefore,
the non-resonantly ionized oxides, dioxides and the even stronger measured 234UC, are not
reliable for determination of isotopic compositions. Nevertheless, they enlarge the sensitivity
for identification of small amounts of radionuclides and can at least be applied for approxi-
mations of isotopic compositions. The Laser-SNMS measurement of the MOX sample for
resonant ionization of plutonium, which is shown in Fig. 6.1c was additionally evaluated to
approximate the uranium composition based on oxides and dioxides. The results are listed
in Tab. 6.4.

2351y 2385
Specified 0.25% 99.75%
Approximated via oxides 0.22+0.07% 99.8+1.8%
Approximated via dioxides 0.27+0.02% 99.7+0.5%

Table 6.4: Comparison of specified and measured isotope ratios of uranium in the MOX sample. The
approximation is based on the measured values of non-resonantly ionized oxides and dioxides.
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The isotope ratios for uranium based on oxides and dioxides match the specified values of
the sample material within their errors. Further analysis of the non-resonant laser ionization
process could lead to reliable values, which offer a method for independent ultra-trace anal-
ysis on plutonium and uranium with one measurement on the same sample. The necessary
modifications of the Ti:sapphire laser system for changing the excitation scheme between
uranium and plutonium require only about two hours. An independent measurement with
resonant Laser-SNMS on both elements is therefore generally possible, but will require more
technical effort and time.

6.1.2 Influence of lasers and laser power

During analytical measurements on the MOX samples a different influence of the laser
power on the resonant and non-resonant laser ionization processes was observed. Additional
ion signals were detected by application of all lasers with their maximum power to the
MOX sample. The Laser-SNMS mass spectra with resonant ionization of uranium showed
a weak ion signal on mass 239 u, that could be generated by a non-resonant ionization of
either 2?Pu or 238UH. The resonant Laser-SNMS measurement of plutonium showed an
increased ion signal on mass 238 u relative to the other ion signals of plutonium isotopes.
The high intensity in the laser focus led apparently to a non-resonant laser ionization of the
atomic 238U, which must be prevented for future analytical applications. For analysis of the
influence of non-resonant laser ionization, the influence of all individual lasers and every
combination were determined (shown in the appendix as Fig. B.34). Application of the
maximum laser power far above the saturation level nearly saturated the non-resonant laser
ionization path of 23°Pu based on the first and second lasers, which uses a non-resonant
transition into the continuum above the ionization potential. This was further substantiated
by a saturation measurement with a nearly negligible influence of the third excitation step
(shown in the appendix as Fig. B.35). Additionally, the combination of the first and third
laser generated an ion signal on mass 238 u, that is not related to 238Pu, because it had
no effect on 23°Pu. This signal indicates a non-resonant ionization process on 234U. After
identification of this process, the laser power for the first excitation step was significantly
reduced. The comparison of the mass spectra in Fig. 6.2 for plutonium ionization and in Fig.
B.36 in the appendix for uranium ionization show the influence of the reduced laser power.

® 10% 3 ,

S 1350 mW-——— I\

5 10° 410mw I %,

Sl | | |

© 102 E || . ‘\ﬂp \

g 1l i .l
103 1 i T

o 100‘§\ﬁ%H‘ h’n% }"nlru il HWW‘MM

235 240 245 250 255 260 265 270 275 280
Mass [u]

Figure 6.2: Laser power influence on the non-resonant background of the MOX sample: The com-
parative spectra show the influence of the laser power for the first resonant transition of the
plutonium ionization scheme. The red spectrum was measured with a laser power of 350 mW
and the green spectrum was measured with a laser power of 10 mW.
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The stronger reduction on mass 238 u for lower laser power is clearly visible in Fig. 6.2
compared to the signal decrease of the other plutonium signals. The evaluated ion signal
ratio of mass 238 u and 239 u, listed in Tab. 6.5, demonstrates the reduction of the non-
resonantly ionized background. The signal ratio matched the specified isotope ratio only
with reduced laser power in the first excitation step. The comparative measurement for
resonant ionization of uranium showed also the disappearance of the additional ion signal
on mass 239 u for reduced laser power. In both spectra, the lower laser power lead to a
decreased ion signal of uranium and plutonium atoms and oxides but not of dioxides. The
dioxide signals are apparently fully saturated even by the low laser power and depend
primarily on the second and third laser.

Signa12:c3)181 mass Signalzglgl mass Mass ratio %
Specified for Pu 0.045
Prps = 350 mW 129 + 12 counts 1442 + 39 counts 0.089+0.012
Prps = 10 mW 38 £ 7 counts 641 £ 26 counts 0.059+£0.014

Table 6.5: Comparison of specified and measured mass ratios for different laser powers

6.1.3 Sputtering behavior

After the effective application of argon cluster sputtering for reduction of oxides and increase
of atomic ion signal, it was also tested during the analytical measurement on the MOX
sample material. The resulting behavior during sputtering differentiates strongly from the
influence of sputtering on the synthetic samples for characterization. The development of
atomic and molecular laser ion signals measured during resonant Laser-SNMS of uranium
on a MOX sample is presented in Fig. 6.3.
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Figure 6.3: Development of the ion signals of resonant ionized >*®U and non-resonant ionized 2*4U0O,
29pu0 and 2%4U0, during continuous argon cluster sputtering.
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In contrast to the characterization no apparent influence on the ion signal of 228U, due to
argon cluster sputtering, was found. This supports the former theory (see section 5.5), that
the atomic uranium ion signal gained by sputtering is not related to a reduction process,
but results from a higher degree of oxidation on the surface of the synthetic samples. For
resonant Laser-SNMS of plutonium on a MOX sample the sputtering showed an influence
and increased the ion signal of atomic plutonium by a factor of 5, presented for 23°Pu in
the appendix as Fig. B.37. Therefore, the reduction by argon cluster sputtering is at least
applicable for oxidized plutonium samples, as additionally shown in section 5.5.

6.1.4 Origin of oxides

The measurement of oxides and dioxides for uranium and plutonium containing samples
led to speculations about the origin of those oxides. The absence of oxide laser ion signals
in former measurements with hot cavity laser ion sources could indicate, that the oxidation
occurred after the sputtering of even after the laser ionization, due to the density inside
the sputtered particle cloud. This theory was disproved by an unexpected phenomenon
during analysis of the MOX sample. The measured ion images, that show the origin of the
detected ion signals, demonstrated a discrepancy in the areas of origin for laser ion signals of
atoms and of oxides or dioxides. As presented in Fig. 6.4, the resonantly ionized plutonium
and uranium ions were sputtered at different locations than their non-resonantly ionized
molecular species.
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Figure 6.4: Ion image comparison of atoms and oxides: The ion images on the left side show the
spatial origin of the combined atomic Pu signal and the 238U signal with different Laser-SNMS
measurements on the MOX sample. On the right side are the respectively related ion images of
combined oxides and dioxides of U and Pu.
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The different areas are caused by structural differences of the deposited MOX material on
the sample holder. Therefore, the oxides of uranium and plutonium are already existing
on the sample surface at the beginning of the analysis. A subsequent oxidation process
could never distinguish between the sample locations. The structural differences are visible
on the camera picture presented in Fig. 6.5 and could be a result of varying thickness of
the deposited sample material. The aluminium sample holder applies a reductive effect
on the bottom layers, which should be measurable for very thin layers, but not for thick
layers. The same effect was measured at another location of the identical MOX sample and
was compared with a conventional SIMS measurement. The ion images of Laser-SNMS on
plutonium and of SIMS show the same separated areas for atomic and oxide ion signal,
which was also visible with the installed camera (ion images and camera picture appear in
the appendix as Fig. B.38, Fig. B.39 and Fig. B.40).

Figure 6.5: Camera image of the sample surface showing the inhomogeneous deposition of the MOX
sample material. For better identification of the characteristic border between the oxidized and
reduced areas in the left image it is marked in the right image.
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6.2 Kabul Soil Sample

After several measurements on synthetic samples and prepared sample solutions, the newly
developed system for resonant Laser-SNMS was applied on a real environmental sample for
localization and analysis of radionuclide particles. The sample material is a soil sample from
the city of Kabul in Afghanistan. A rocky terrain in Kabul close to inhabited areas showed
elevated values of radioactivity with unknown origin. For identification of the radiation
source, M. Tanha!, a PhD student at the IRS Hannover, collected soil and rock samples at
this location (photo of the sampling is given in the appendix as Fig. B.41) [97]. Although
the technique of resonant Laser-SNMS dispenses with chemical preparation, the size of the
rocks in the soil samples and the amount of sample material required additional treatment.
First, the sample material was milled to reduce the size of the rock fragments. The produced
sand-like material was pressed into an indium foil as sample mount. For rough localization
of radioactive particles, a solid-state nuclear track detector (SSNTD) was placed above the
sample material (picture appears in the appendix as Fig. B.42). The emitted alpha particles
cause small defects in the detection film, which were visually inspected in a microscope
after etching and development to provide coordinates of high radiation on the sample area.
Those identified spots were cut out and placed on an aluminum sample holder for analysis
with conventional SIMS and Laser-SNMS. This sample preparation was done by L. Hamann?
as part of her PhD thesis and is described in detail therein [98].

6.2.1 Analysis with SIMS and Laser-SNMS

Before the analysis with conventional SIMS and Laser-SNMS the samples were already
analyzed by alpha spectroscopy, which led to a well specified uranium content [99]. The
mass spectrometric measurements should confirm those results and localize the hot particles
of uranium. The resulting mass spectra measured with conventional SIMS and Laser-SNMS
on uranium are presented in Fig. 6.6. The mass peaks of 22U and 238U in the SIMS spectrum
were too low for reliable identification, but the peaks at the masses of 223U0O and 234U0,
indicate the presence of uranium in the sample. Additionally, some other strong peaks ap-
peared at masses 2321, 248 u and 264 u, which matches the only natural occurring thorium
isotope 232Th and its oxides 232ThO and 232ThO,. Subsequent measurements of resonant
Laser-SNMS clearly identified the uranium content in the sample material, due to the tested
resonant behavior of the 23U ion signal. The comparative measurement of laser ion signal
and background signal identified the other laser dependent mass peaks (appears in the
appendix as Fig. B.43). The mass peaks of 224U0, 23°U0, and 23*U0O, are much stronger
relative to the resonantly ionized atomic 2>®U ion signal than for the synthetic samples. This
is explained by the fact that the sputtered ablation led to a lower degree of fragmentation
during analysis of the environmental sample. This could be caused by the influence of the
surrounding matrix material or an indication of a different uranium species as basic sample.
The additional peak at mass 248 u was assigned as the non-resonantly ionized 2>2ThO based
on the previous SIMS measurement. A determination of the isotope ratio of 23°U to 238U
was prevented by the low signal of 23°U, which barely surpasses the measured background
level.

IM.Sc. Mohammad Rahmatullah Tanha, tanha@irs.uni-hannover.de
2Dipl. Phys. Linda Hamann, hamann@irs.uni-hannover.de
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Figure 6.6: Comparison of the Kabul mass spectra: The identified mass peaks of uranium and thorium
isotopes and their oxides and dioxides were marked.

For the first tests of analytical measurements on the environmental sample from Kabul, the
material was attached to adhesive tape instead of indium, which led to a better fixation but
also to further problems. The adhesive tape is an isolating material, that results in charging
effects during ion sputtering. The installed electron flood gun for charge compensation is
not applicable in Laser-SNMS mode, because the strong electric potential for suppression of
sputtered ions is also active during charge compensation and attracts all electrons before
they hit the sample surface. A different potential during the charge compensation would
require major technical modifications of the TOF-SIMS instrument. A further problem is the
increased organic background by direct insertion of adhesive tape in the TOF-SIMS, which
strongly reduced the sensitivity of the measurement system. Additionally, the adhesive tape
is very sensitive even to application of small levels of laser radiation. Parts of an analyzed
sample were burned by the low energy halo of the laser, although the main focus was still
positioned well above the sample surface. These circumstances made a change of the fixation
material necessary. Sufficient electrical and thermal conductivity as well as reduced organic
contamination in the system, made indium foil to act as perfect carrier material.
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6.2.2 Element selective ion images

Besides the mass spectra, the lateral distribution of the different detected ion signals pro-
vided further informations about the soil sample material from Kabul. The spatially resolved
analysis showed isolated concentrations of uranium and thorium as origin of the measured
signals instead of an equal distribution on the sample surface. Consequently, the radionu-
clides in the soil samples are agglomerated in small particles, which were further analyzed.
The images received for different ion signals and signal combinations detected from one
specific particle are presented in Fig. 6.7. The analyzed particle has a size of approximately
16um x 16 um determined by the origin of the resonantly ionized 28U signal. All detected
atomic and molecular signals of uranium and thorium are concentrated on such particles,
which strongly indicates a natural occurrence of the uranium. The distribution on the surface
of the analyzed particle is inhomogeneous for uranium and thorium ion signals. Additionally,
the combined uranium ion signals showed a higher concentration on one spot of the surface
sample without a higher concentration of thorium. As a result, the two elements show
no constantly related occurrence or ratio on the particle surface, which is an important
information for further analysis. The ion image of 1!°In, acts as reference of a non-resonantly
ionized species, that is clearly part of the sample fixation. A camera picture of the analyzed
sample region in Fig. 6.8 shows the milled sample material and uncovered areas of indium
in between, which enabled the reference image.
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Figure 6.7: Ion image comparison of atoms and oxides: The ion images show the spatial origin of
the 28U signal, the '°In, signal and the combined atomic, oxide and dioxide signal of U and Th
with Laser-SNMS.
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Figure 6.8: Camera image of the sample surface showing the milled soil sample on indium foil.



Chapter
CONCLUSION AND OUTLOOK

The work presented herein focuses on the development, optimization and characteriza-
tion of a resonant Laser-SNMS system dedicated to ultra-trace analysis of radionuclides. It
demonstrates the scientific tasks for setting up a highly complex analytical system far beyond
technical issues and provides the direction for future analysis of radionuclide nanoparticles.
The detailed explanations about target-oriented modifications and adaptations based on
extensive simulations in combination with well-elaborated characterization measurements
create the solid foundation for environmental ultra-trace analysis. Furthermore, the first
analytical measurements of the IRS resonant Laser-SNMS system delivered fundamental
insights and results on the analysis of colloidal formations of radionuclides as well as on the
capabilities of this new analytical instrument.

The development of the resonant Laser-SNMS system at the Institute for Radioecology
and Radiation Protection in Hannover was performed together with the LARISSA group
of the Institute of Physics in Mainz and was based on a successful test of such a system at
the Institute for Nuclear Chemistry in Mainz. Besides the application of a new TOESIMS
5 instrument from the company IONTOE, the pulsed, high-power Ti:sapphire laser system
was designed and modified to fulfill all specifications for the resonant Laser-SNMS analysis.
The first part of this work describes the modifications of the laser system as well as the
development of control and monitoring systems to accomplish the required spacial and
temporal overlap of the sputtered neutral particle cloud and the focused laser beams in the
ionization region. Within the implementation of the combined Laser-SNMS instrument, the
influence of delayed extraction and different applied suppression voltages on the sputtered
ion background was analyzed. Laser-SNMS measurements on uranium standards provided
first reliable settings for the interaction region and temporal synchronization of all processes.

The acceptance volume of the time-of-flight mass analyzer had to be changed due to the
increased and displaced ionization region for resonant Laser-SNMS being located well above
the sample surface. The strong correlation of the operational parameters of the mass analyzer
required a simulation-based optimization, which is presented in the second part of this work.
The computer simulations used a Monte Carlo approach for calculation of transmission
probabilities and transport efficiencies by evaluation of 10.000 ion trajectories through the
mass analyzer geometry. The 10.000 sample ions were provided by a second simulation
program called "lonengenerator", which was developed as part of this work and delivered
additional information about the expansion behavior of the sputtered particle cloud and
optimum overlap conditions for the laser focus. Generation of the simulation model in the
simulation software SIMION was realized by the conversion of technical drawings of the real
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mass analyzer. Extensive scans through the operational parameter space allowed stepwise
analysis of the different correlations, which resulted in an optimized parameter set for
application of resonant Laser-SNMS. The simulations yielded an enhancement of the overall
transport efficiency for uranium ions by a factor of 2.5. After the Laser-SNMS system was
fully operational, those optimized parameters were tested with measurements on synthetic
samples of 238U, °Tc and 2*°Pu. The measured gain of transport efficiency surpassed the
expectations of the simulation with values between 2.7 £ 0.4 for °*Tc and 6.3 £ 2.6 for 23Pu.

Characterization of the Laser-SNMS system is necessary to create the basis for every follow-
ing radioanalytical measurement and was a major part of the presented PhD project. The
mass spectra produced by an instrument for resonant Laser-SNMS can be strongly influenced
by the composition of the sample, due to sputter ionized background and non-resonantly
ionized species, and by the intensity and wavelength of the applied laser radiation. The
characterization of the main elements of interest, i.e. uranium, plutonium and technetium,
used clean synthetic test samples and included an analysis of the influence of every laser
for resonance ionization. Besides the characteristic mass peaks of the atomic ions, the mass
spectra of all three elements showed signals of parallel non-resonant laser ionization. Even
the oxides of uranium and plutonium produced clearly detectable ion signals, that do not
interfere with the atomic ion signals and are therefore applicable for speciation analysis.
Additionally, the characterization focused on the determination of the sensitivity of the
analytical measurements via the decision threshold for the three tested elements. Analy-
sis of 200 nL of 1 ppb - 10 ppb sample solutions resulted in upper limits for the decision
threshold between (5.1 + 1.5)-10° atoms for plutonium and (5.2 +1.6) - 10® atoms for
uranium. The efficiency measurement of high-purity synthetic uranium particles provided
an overall efficiency of (2.63 £0.07) - 10>, which leads to a calculated decision threshold
of (2.12£0.08) - 10° atoms. The characterization measurements were furthermore used to
compare the results of resonant Laser-SNMS with similar measurements by conventional
SIMS. The combination of element selective ionization and suppression of the sputtered
background signal leads to a gain in the signal-to-background ratio of more than one to
more than two orders of magnitude, depending on the element. A reduction of the mass
resolution of about one order of magnitude was expected as a consequence of the increased
ionization volume, but is well acceptable for element selective mass spectra. The expected
increase of ion signal was prevented by the high degree of oxidation on the sample sur-
face. Application of argon cluster sputtering for ablation of upper surface layers showed a
strong influence for the analyzed uranium and plutonium samples, but the reduction of fully
oxidized environmental sample material for future analytical tasks will require advanced
procedures. To the knowledge of all involved collaborative partners, this characterization
measurement included also the first ever resonant Laser-SNMS analysis on technetium.

Initial analytical measurements addressed the main fields for the development of this
Laser-SNMS system to verify its capabilities. The extension by resonant laser ionization
offers the possibility to suppress isobaric background, especially interfering isotopes from
other elements, without chemical separation. This characteristic feature was verified by the
analysis of a dissolved fragment of a MOX fuel pellet, consisting of a mixture of uranium
oxide and plutonium oxide. The isotope ratios of the plutonium isotopes 2>*Pu and 2*'Pu
would be heavily affected by the presence of 228U and 2! Am without an element selective
ionization in combination with suppression of all sputtered ions. The determination of the
measured plutonium isotope ratios showed a sufficient suppression of a surplus of 37.2
times more 228U than 228Pu. Additionally it was possible to approximate the uranium isotope
ratio of 22°U and 238U by their non-resonantly ionized oxides and dioxides within the same



measurement. A comparison with the mass spectrum provided by conventional SIMS shows
the enhancement for signal identification and undisturbed isotope ratio determination by res-
onant Laser-SNMS. Additional analytical measurements, which were performed during this
PhD project, focused on the ability of spatially resolved analysis on radionuclide particles in
chemically unprepared environmental samples. The origin of increased radioactive radiation
in soil samples from Kabul (Afghanistan) was confirmed by Laser-SNMS. The combination
of SIMS and Laser-SNMS analysis enabled the localization of particles in the milled sample
material that consist of an inhomogeneous mixture of uranium and thorium as typical for
specific natural sources. The inhomogeneous distribution was clearly visible on ion images of
the approximately 16 um x 16 pm sized particle. Those analytical measurements completed
the test operation of the new resonant Laser-SNMS system and verified its potential for
ultra-trace analysis on hot particles.

The future field of activities for the Laser-SNMS system will be the analysis of radionuclide
nanoparticles in environmental samples within the research project SIRIUS. The focus of
this project is an advanced understanding of the transport mechanisms and geochemical
behavior of trace amounts of plutonium and technetium under varying natural conditions for
nuclear safeguard concerns. Besides the analytical applications, there are several interesting
approaches for further increase of the sensitivity. As mentioned before, the efficiency of
resonant laser ionization is mainly limited by the large degree of oxidation of the sample
material. A reduction could be achieved by application of the different sputter species at
high or low energies that are available in the Laser-SNMS system, either for implantation of
reductive species or for increased fragmentation yield during the analysis. The influence
of different sample holder materials could offer further reduction properties as well as
the application of sample conditioning via preparatory heating, which was applied at the
predecessor system at the Institute for Nuclear Chemistry in Mainz. Further increase of the
sensitivity could also be achieved by the installation of a two-step extraction electrode setup,
which would also enhance the mass resolution. The scientific applications of the Laser-SNMS
system on top of the SIRIUS project could concern a wide range of activities like dedicated
ionization scheme development for sputter sources, methodical development for analysis
of environmental samples and, primarily, the radioecological ultra-trace analysis of further
elements of interest. An expansion of the analytical possibilities was already introduced
within the master thesis of H. Bosco, which focused on the detection of radioactive strontium
with the IRS Laser-SNMS system [100]. In conclusion, the demonstrated capabilities of this
analytical system offer a variety of future fields of application to enhance the understand-
ing of radionuclide interactions in the environment and to improve the nuclear safeguard
systems for a reliable protection against the health hazards from radioactivity.
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PHOTOS OF THE LASER-SNMS SETUP

A.1 Lasersystem

Figure A.1: Photo of the complete laser system
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Figure A.2: Photo of the pump laser setup

Figure A.3: Photo of the Ti:sapphire laser setup
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A.2 LabVIEW program interfaces
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Figure A.4: Screenshot of the GUI of the timing measurement program
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A.3 TOE-SIMS instrument

Figure A.7: Photo of the dual source column (DSC)
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Figure A.8: Photo of the gas cluster ion beam (GCIB)

Figure A.9: Photo of the time-of-flight mass analyzer
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A.4 Beam transport, coupling and monitoring

Figure A.10: Photo of the TOF-SIMS instrument including all modifications for resonant Laser-SNMS:
The photo shows the beam transport to the TOF-SIMS instrument through aluminium tubes. The
beam transport ends at the coupling and monitoring setup besides the main chamber.

Figure A.11: Photo of the laser coupling and monitoring setup at the TOF-SIMS instrument: The
laser beam is transported through the aluminium tube at the left side and is then horizontally
reflected through the first iris diaphragm. The piezo mounted high reflective mirror in the right
corner sends the laser beam through the ring mirror, the second iris diaphragm, the hidden
focusing lens and vacuum window inside the TOF-SIMS. On the left side of the 5-axis lens mount
is the front camera with telescope and filter installed.
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Figure A.12: Photo of the laser monitoring setup behind the TOF-SIMS: The laser beam escapes
through the aperture in the 5-axis mount and hits the beam block at the left side of the picture. A
small amount of laser radiation is separated before and directed through neutral density filters

and lenses to the back camera. The applied teddy bear mascot was necessary to ensure proper
operation of the whole Laser-SNMS instrument.

Figure A.13: Photo of the sample region seen by the front camera: Both photos show the ionization
volume inside the TOF-SIMS. The laser is adjusted under the the mass analyzer tip and above the
sample holder. At proper laser beam height only the weak halo around the laser focus is reflected
(left photo). If the laser beam is adjusted to low, a part of the focus is also reflected (right photo).

Figure A.14: Photo of the laser beam seen by the back camera: Both photos show the detected
and strong attenuated laser beam behind the TOF-SIMS. The right photo shows additionally the
determined beam position marker (green square) and the set position marker (red square).
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A.5 Sample preparation

Figure A.15: Photo of the heated sample holder: The sample holder with a small amount of sample
solution is placed on a heat plate until the solvent is vaporized.

Figure A.16: Photo of the prepared sample before analysis: The deposited sample material is visible
as darker area in the middle of the four orientation marks on the sample holder.
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Figure A.17: Photo of the uranium particle containing silicon waver: The brighter fields in the middle
are the analyzed areas. The two areas of 500 um x 500 um visible on the left side were used for
test measurements. The four small areas on the right side mark the positions of the efficiency
measurements. (one measurement was incomplete due to technical problems)
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GRAPHS, PLOTS AND DIAGRAMS

B.1 Characterization of the IRS Ti:sapphire laser
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Figure B.1: Power of the IRS Ti:sapphire laser over the complete emission range: The bars under
the graph shows the cavity mirror set (SPx) which led to the highest laser power in a certain
wavelength range. Also combinations with an output coupler (OC) of a different mirror set were
applied. Measured with an OPHIR Vega Powermeter and an OPHIR 12A thermal power sensor
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Figure B.2: Pulse width measurement of all three Ti:sapphire lasers
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Figure B.3: Beam profile of the IRS Ti:sapphire laser with the smallest measured beam diameter
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B.2 Parameter scans
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Figure B.4: Influence of the extraction delay on the suppressed sputter ion signal: The graph shows

the ion signal of five different sputtered species for different applied extraction delays and a
suppression potential of +500V. The blue line marks the impact of the sputter pulse.
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Figure B.5: Influence of the extraction delay on the suppressed sputter ion signal: The graph shows

the ion signal of five different sputtered species for different applied extraction delays and a
suppression potential of -500V. The blue line marks the impact of the sputter pulse.
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Figure B.6: Influence of the extraction delay on the laser ion signal and the suppressed background:
The graph shows the ion signal of laser ionized **U and #*®*UO, and the suppressed, sputter
ionized background of 234U and 234U0, for different applied extraction delays. The applied
suppression potential is -500V.
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Figure B.7: Monitoring of the laser and extraction pulse timing: The graph shows the three pulses
of the Ti:sapphire lasers and the signal of the inductive probe, which picks off the fast potential
shifts of the extraction electrode. The orange boxes mark the two important pulses, when the
suppression is switched off and the extraction is switched on 50 ns - 70 ns later. The following
overshooting signal is the result of insufficient electronic damping.



B.3. SPUTTER DISTRIBUTIONS AND LASER OVERLAP 111

10000
g ] _ Mass resolution of 238y —
e ] - - Mass resolution of 2380,
S : )
C | - - - -
ie; -
S 1000 =T =
[e) . - + = X = = . =
N ] = x
8 ]
o ]
" ]
(7] i
S

100 \ \ I \ \ \

-120  -80 -40 0 40 80 120
Laser delay [ns]
Figure B.8: Influence of the laser delay on the mass resolution of the resonant and non-resonant laser

ion signal: The graph shows the mass resolution of laser ionized #**U and 2*¥U0, for different
applied laser delays. The blue line marks the impact of the sputter pulse.

B.3 Sputter distributions and laser overlap
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Figure B.9: Comparison of the theoretical and simulated angular distributions: The graph shows
the simulated angular distribution of all sputtered neutrals and the laser-ionized fraction of the
sputtered neutrals in comparison with the cosine angular distribution.
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Figure B.10: Comparison of the measured and simulated temporal distribution: The graph shows
the simulated temporal distribution of the time of origin of the laser-ionized sputtered particles
in comparison with the measured temporal distribution of a Ti:sapphire laser pulse.
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Figure B.11: Ionization yield for different beam heights: The graph shows the dependence of the
ionization yield from the drift time of the neutral particle cloud at different laser beam heights
for a laser focus diameter of 400 pm.
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Figure B.12: Ionization yield for different beam heights: The graph shows the dependence of the
ionization yield from the drift time of the neutral particle cloud at different laser beam heights
for a laser focus diameter of 500 um.

B.4 Simulation model

Figure B.13: Differences between automatic and programmed model generation: Both pictures show
a part of a potential array (PA) with two apertures. The left PA was automatically generated
and includes unsymmetrical apertures caused by rounding errors. The right PA was manually
programmed, whereby the included apertures are defined as symmetrical objects independent
from the higher resolution.
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B.5 Optimization scans
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Figure B.14: 3D plots of the parameter scans of the first three electrodes: The plots show the
correlations of the operational parameters for different limitations.
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Figure B.15: Influence of the drift tube potential: The plot shows the achievable transmission at test
point 1 and the focus diameter at the aperture for different drift tube potentials.
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Figure B.16: 3D plots of the second simulation run: The plots show the parameter space of extraction

potential, lens potential and Y-deflection for different limitations. The resulting shape indicates

possible correlations.
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Figure B.17: The plot shows the most efficient combinations of the potentials for extraction and
einzel lens. The identified correlation was fitted with an exponential function in the selected part
of reasonable applicable potentials
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Figure B.18: The plot shows the dependence of Y-deflection and extraction potential for different
transport efficiency limitations. The elliptical shape of the parameter area allows the determination

of the m

ost efficient extraction voltage at -1450V.
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Figure B.19: 3D plots of the final simulation run: The plot shows the parameter space of Y-deflection,
virtual drift path and the reflectron back plate for efficiencies above 16 %. The required potential
for the VDP of -400V and for the reflectron back plate of 300V is directly identifiable by the
highest efficiency at the upper right edge.
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Figure B.20: The plot shows the dependence of Y-deflection and virtual drift path for different
transport efficiency limitations. The limited parameter area for highest efficiency allows the
determination of the Y-deflection potential to 15.4 %.
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Figure B.21: Comparison of the Laser-SNMS spectra of a synthetic °Tc sample for different parameter
sets: The red spectra was measured with the standard parameter set, while the green spectra was
measured with the optimized parameter set. In this specific measurement, the ion signal of **Tc
was increased by a factor of 3 from 3700 counts to 11 160 counts.

100 +

%’ . Standard

3 1 parameters

= 10 Optimized

o ] parameters

D 1

w n

5 1 mrm

= I I A

234 236 238 240 242 244 246 248 250
Mass [u]

Figure B.22: Comparison of the Laser-SNMS spectra of a synthetic MOX sample for different param-
eter sets: The red spectra was measured with the standard parameter set, while the green spectra
was measured with the optimized parameter set. In this specific measurement, the ion signal of
29pu was increased by a factor of 3.4 from 31 counts to 105 counts.
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B.6 Sputter cleaning
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Figure B.23: Ion signal variation during sputtered surface cleaning: The plot shows the temporal
behavior of different SIMS ion signals during sputter cleaning of a new sample. The signals of
238U and its oxides show variations in the signal intensity, due to different organic background
on the mass peaks and an covering layers above the real sample. The cover effect is strongly
visible for the Cu ion signal, because copper is part of the aluminium alloy of the sample holder.
The organic ion signal, by the fragment ion Si,CsH;50 of polydimethylsiloxane (PDSM) at mass
147 u, as well as the carbon ion signal show a significant reduction.
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Figure B.24: Influence on the mass spectrum by sputtered surface cleaning: The plot shows the SIMS
mass spectrum of a synthetic uranium sample before and after the sputtered surface cleaning
procedure. In this measurement the ion signals of 2*U and its oxides is only slightly reduced,
while the organic background, which is spread over the whole mass spectra, shows a reduction
of 1 - 2 orders of magnitude.
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B.7 Laser saturation scans
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Figure B.25: Saturation scans for all three steps on 2*U: The plots show the dependence of the
resonant laser ion signal of 228U from the applied laser power of the three used excitation steps.
The first and second transition showed saturation behavior and were fitted with a corresponding
saturation function. For further description see section 5.1.
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Figure B.26: Saturation scan of the laser power for all three steps on 2*?Pu: .
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Figure B.27: Saturation scan of the laser power for all three steps on **Tc: .
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B.8 Efficiency measurements
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Figure B.28: Efficiency test measurement with SIMS
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B.9 Comparison of Laser-SNMS and SIMS
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Figure B.29: Comparison of SIMS and Laser-SNMS spectra of a synthetic depleted uranium sample
(2.1ng ~ 5-10'2 atoms of 234U).
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Figure B.30: Comparison of SIMS and Laser-SNMS spectra of a synthetic plutonium sample (30.6 pg
~ 8-10'° atoms of 2**Pu).
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B.10 Argon cluster sputtering
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Figure B.31: Development of the ion signals of resonantly ionized 2**Pu and non-resonantly ionized
242py0 during continuous argon cluster sputtering.
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Figure B.32: Development of the ion signals of resonantly ionized °Tc and non-resonantly ionized
27Al, during continuous argon cluster sputtering.
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B.11 Analysis of a MOX fuel pellet
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(b) Laser-SNMS mass spectrum of the MOX sample with resonant ionization of uranium
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(c) Laser-SNMS mass spectrum of the MOX sample with resonant ionization of plutonium
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Figure B.33: Comparison of the MOX mass spectra: The three spectra show the mass range of atomic
uranium and plutonium. The positions of expected ion signals were marked with different colors.
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Figure B.34: Influence of the three lasers: The histogram shows the influence of the three lasers and
every combination on the resonant ion signal of 2>?Pu, the non-resonant ion signal of 23¥U0 and
the resonant ion signal of 23®Pu with a non-resonant background of 234U.
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Figure B.35: Saturation scan of the laser power for all three steps on 2*Pu: .
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Figure B.36: Laser power influence on the non-resonant background of the MOX sample: The
comparative spectra show the influence of the laser power for the first resonant transition of the
uranium ionization scheme. The red spectrum was measured with a laser power of 240 mW and
the green spectrum was measured with a laser power of 4 mW.
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Figure B.37: Development of the ion signals of resonantly ionized 23*Pu and non-resonantly ionized
28y0, 2?Pu0 and 2*4U0, during continuous argon cluster sputtering.
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Figure B.38: Compared ion images of atoms and oxides: The ion images show the spatial origin of the
combined atomic Pu signal and the combined oxides and dioxides of U and Pu with Laser-SNMS.
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Figure B.39: Compared ion images of atoms and oxides: The ion images show the spatial origin of
the 238U signal and the 234U0, signal with SIMS.

Figure B.40: Camera image of the sample surface showing the inhomogeneous deposition of the
MOX sample material.
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B.12 Analysis of a rock sample from Kabul

Figure B.41: Photo of M. Tanha during the sample collection in Kabul

Figure B.42: Photo of the milled sample material
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Figure B.43: Comparison of the signal and background spectrum of the Kabul sample



Chapter

ISOTOPE SHIFTS OF THE APPLIED EXCITATION
SCHEMES

States used for 23°U  Isotope shift for 22°U (relative to 238U)

cm™! 103 em™! GHz
FES 24067.10(3) 434+ 40 13.0+1.2
SES 37097.32(4) 361£40 10.8+1.2
Al 50443.99(5) —126£40 —3.8+£1.2

Table C.1: Isotopic shift of the resonant transitions for uranium
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States used for

Isotope shift for 238Pu

238py, (relative to 24°Pu)

cm ! 103 cm™ GHz
FES 23766.38(5) 215+50 6.5+1.5
SES 35568.85(7) —118+50 —4.4+1.5
Al 48898.05(8) 70+ 50 2.1+1.5

States used for

Isotope shift for 23?Pu

239p, (relative to 2*°Pu)

cm™! 102 cem™! GHz
FES 23766.31(3) 149+ 20 45+£0.6
SES 35568.86(4) —70£20 —2.1+0.6
Al 48898.03(3) 42+ 20 1.3+0.6

States used for

240py

cm !
FES 23766.16(3)
SES 35568.78(4)
Al 48897.91(3)

States used for

Isotope shift for 24'Pu

24py (relative to 24°Pu)

cm ™! 1023 cem™! GHz
FES 23766.10(3) —65+20 —1.9+£0.6
SES 35568.74(4) 24 £20 0.7£0.6
Al 48897.86(3) —12+20 —0.4+0.6

States used for

242py (relative to 24°Pu)

cm ! 103 cm™ GHz
FES 23765.97(3) —188 £ 20 —5.6£0.6
SES 35568.70(4) 107+ 20 3.2+£0.6
Al 48897.78(3) —49+ 20 —1.5+0.6

Table C.2: Isotopic shift of the resonant transitions for plutonium
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