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Abstract

The present work deals with the production and characterization of thin inor-
ganic layers consisting of natural isotopes and exotic radionuclides by different
methods. These layers are usually deposited on thin substrates and are used, e.g.,
as targets in accelerator experiments and other nuclear applications for nuclear
reaction studies and the synthesis of superheavy elements. With steadily increas-
ing beam intensities of new accelerator facilities, the targets have to withstand
increasing power inputs. They also have to contain more material, since the cross
sections for the synthesis of the heaviest known elements are extremely small. For
off-line studies of the chemical reactions of targets with low energetic electron and
ion beams, a pilot experiment for “Off-line Deposit Irradiations” (ODIn) of thin
layers was constructed, characterized and commissioned with lead targets. This
experiment will help to develop a method to condition targets suitable for future
accelerator experiments. Furthermore, the fabrication methods in this work were
used for the production of thin radioactive samples, so-called recoil ion sources,
which are used for the generation of particle beams of their emitted recoil ions and
thus have different requirements in contrast to targets. The goal was the produc-
tion of ideal recoil ions sources consisting of single atomic layers (monolayers) of
alpha-decaying radionuclides. They will be used for quantum logic spectroscopy in
the “Trapping And Cooling of Thorium Ions with Calcium” (TACTICa) collabora-
tion. The aim of the TACTICa experiment is to study the isomer ?>™Th trapped
inside a coulomb crystal of ¥°Ca™ ions in a Paul trap. The ?*’Th is a nuclide of
high interest due to its low lying isomeric state at (8.28 +0.17) eV. The precisely
known energy and half-life of the isomeric state, which is currently studied by the
nuClock collaboration, will make it usable for applications like a “nuclear clock” or
quantum computing. The studies of the TACTICa collaboration are in the field of
quantum logic spectroscopy and fundamental physics beyond the standard model.
In addition to the production of monolayer recoil ion sources for TACTICa, a setup
was developed for the electrostatic deceleration of daughter nuclei including 2*™Th
coming from alpha-decaying sources like 2>*U while maintaining their initial charge
distribution and thus making them available for loading into a Paul trap.

Die vorliegende Arbeit befasst sich mit der Herstellung und Charakterisierung
von diinnen anorganischen Schichten aus natiirlichen Isotopen und exotischen
Radionukliden mit verschiedenen Methoden. Diese Schichten werden in der Regel
auf moglichst diilnnen Substraten abgeschieden und werden z.B. fiir Targets in
Beschleunigerexperimenten und anderen nuklearen Anwendungen fiir Kernreak-
tionsstudien und die Synthese superschwerer Elemente verwendet. Mit immer
hoheren Strahlintensititen neuer Beschleunigeranlagen miissen die Targets der



steigenden Energiezufuhr standhalten. Zudem mdiissen sie auch mehr Material
enthalten, da die Querschnitte fiir die Synthese der schwersten bekannten Ele-
mente verschwindend klein sind. Fiir Off-Line-Studien der chemischen Reaktio-
nen von Targets mit niederenergetischen Elektronen- und Ionenstrahlen wurde
ein Pilotaufbau fiir “Off-line Deposit Irradiations” (ODIn) von diinnen Schichten
aufgebaut, charakterisiert und mit Bleitargets in Betrieb genommen. Dieses Ex-
periment wird dazu beitragen, eine Methode zur Konditionierung von Targets zu
entwickeln, die fiir zukiinftige Beschleunigerexperimente geeignet sind. Dartiber
hinaus wurden die Methoden dieser Arbeit fiir die Herstellung diinner radioak-
tiver Proben, so genannter Ionenrtiickstofiquellen, benutzt, die zur Erzeugung von
Teilchenstrahlen ihrer emittierten Riickstof3-lonen verwendet werden und daher
im Gegensatz zu Targets andere Anforderungen haben. Das Ziel war die Her-
stellung idealer Ionenriickstofsquellen, die aus einzelnen Atomlagen (Monolagen)
von alpha-zerfallenden Radionukliden bestehen. Sie werden fiir quantenlogische
Spektroskopie-Experimente in der “Trapping And Cooling of Thorium Ions with
Calcium” (TACTICa) Kollaboration verwendet. Thr Ziel ist es, das Isomer 2**™Th
zu untersuchen, das in einem Coulomb-Kristall aus **Ca* Ionen in einer Paul-Falle
gefangen wird. Das ??Th ist ein Nuklid von hohem Interesse aufgrund seines
niedrig liegenden isomeren Zustands bei (8.28 + 0.17) eV. Die genau bekannte En-
ergie und Halbwertszeit des isomeren Zustands, die derzeit von der nuClock Kolla-
boration untersucht wird, wird es fiir Anwendungen wie eine “Kern-Uhr” oder
Quantenprozessoren nutzbar machen. Die Arbeiten der TACTICa-Kollaboration
dienen zur quantenlogischen Spektroskopie und der Suche nach einer Physik
jenseits des Standardmodells. Zusétzlich zur Herstellung der Monolagen-Riick-
stof8quellen wurde in dieser Arbeit ein Aufbau entwickelt, der die Tochterkerne aus
den alpha-zerfallenden Quellen, darunter auch 229mTh aus 233U, unter Beibehaltung
ihrer urspriinglichen Ladungsverteilung elektrostatisch abbremst und damit zum
Einfangen in eine Paul-Falle zur Verfiigung stellt.

“It is the great beauty of our science, chemistry, that advancement in it, whether in a degree
great or small, instead of exhausting the subjects of research, opens the doors to further and
more abundant knowledge, overflowing with beauty and utility, to those who will be at the
easy personal pains of undertaking its experimental investigation.”

— Michael Faraday, 1834
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Chapter 1

Introduction

In 2017, the United Nations proclaimed the year 2019 as the International Year of the
Periodic Table of Chemical Elements (IYPT 2019) [1]. It was the 150 anniversary of
the first periodic table, which was created by Dmitry Mendeleev in 1869. Nowadays,
118 elements are known, of which 90 are natural elements consisting of 252 stable
isotopes. Additionally, 3437 nuclides and 1318 isomeric states with half-lives longer
than 100 ns have been discovered and are listed in the recent NUBASE evaluation [2].
And yet, there are still many chemical and physical properties unknown of some of
these elements and their isotopes. Further insights in these properties as well as
further new elements and isotopes to be discovered help to gain more fundamental
knowledge and to complete the knowledge on the components of the periodic table.
Recent examples are the investigations on the ionization energy of lawrencium [3],
which helped to reconsider the position of the lanthanides inside the transition
metals [4, 5], or the investigations on the chemical properties of flerovium [6, 7],
which will help to determine its chemical behavior between metals and noble gases.
A subject in nuclear physics is how all the natural elements found on earth are
formed and if there also exist “stable” superheavy elements (SHE) in the universe,
which is often referred as the “island of stability” [6—10]. Elements up to nickel
are formed by nuclear fusion processes in stars [11], due to the released nuclear
binding energy in the fusion process. Elements with higher proton numbers are
mainly formed by two different astrophysical processes, called slow (s-) and rapid
(r-) neutron capture process. In the s-process, stable isotopes of the elements iron
up to nickel capture a single neutron to form S~ -decaying isotopes, which stepwise
leads to elements with higher proton numbers [12] up to polonium (Z = 84). The
term “slow” is used because the capture of a single neutron is usually slower
than the subsequent B~ decay process. The s-process occurs at lower neutron flux
densities and star temperatures and originates from released neutrons of nuclear
fusion reactions in the inner core of asymptotic giant branching stars [13, 14] (see
section 1.3.1). On earth, this process can be imitated in high-flux nuclear reactors



1 Introduction

to produce elements up to fermium (Z = 100) [15]. Heavier elements (including
SHE) cannot be produced by single neutron capture, because it passes 2°*Fm, which
decays by spontaneous fission with a half-life of 370 ps. It is already known that
elements heavier than polonium are produced by the r-process in the universe,
which occurs at far higher neutron flux densities and temperatures in binary
neutron star mergers [16] and in supernovae [17, 18]. To produce heavier actinides
as well as the transactinides (SHE) on earth, fusion reactions are performed in
particle accelerators [19]. These fusion reactions are classified as cold or hot fusions,
depending on the excitation energy of compound nuclei E* produced in them
[20]. The excitation energy is below 20 MeV for compound nuclei produced in cold
fusion reactions and above 30 MeV for those formed in hot fusion reactions. Nuclei
like >*Cr, %8Fe, 2Ni and 7°Zn are used as projectiles in cold fusion reactions for the
production of elements up to Z = 112. Projectiles of nuclei with single or double
magic nucleon numbers, e.g., **Ca are usually preferred for hot fusion reactions. In
cold fusion reactions, lead and bismuth are used as target nuclei, whereas in hot
fusions actinides starting with uranium up to californium are used [19, 20]. The
production of these accelerator targets has a key role in the synthesis of the heaviest
actinides and SHE for nuclear chemistry and nuclear physics experiments. Targets
have to fulfill specific requirements in chemical purity, thickness, homogeneity
of the material and its adherence to the substrate in dependence to the planned
experiment. Due to the demand for higher production rates of SHE for more
statistics in the experiments and due to the very small cross section for the synthesis
of the heaviest known elements, the beam intensities of accelerators are increasing
[21]. Targets must have to withstand these higher beam intensities and, therefore,
the development of methods to produce targets in higher quality became important
in recent years. A mayor problem of freshly produced targets is the chemical species
of the actinides, which is sensible to humidity and thus the material deteriorates
during long storage times. The state-of-the-art method, to transform the sensible
target material into a more mechanically stable form, is to use beams of lower
intensities to “bake-in” the targets [22]. The disadvantage of this method is that
valuable accelerator beam time, which could be used for the actual experiment, is
lost. Furthermore, the target production cannot be planned and executed far in
advance before the actual experiment. Therefore, it is important to understand the
chemical micro-processes involved in the “baking-in” procedure and to develop
an accelerator-independent method to transform the fragile target material into a
stable, storable form. For this purpose, a pilot experiment for “Off-line Deposit
Irradiation” (ODIn) was designed, constructed and characterized as part of this
work to perform electron and ion irradiations of thin layers at energies below 5 keV
and at beam currents of maximum 2mA. The experimental design, the beam
characterization and first commissioning with lead targets is described in section 3.
Besides the investigations of astrophysical processes and of SHE, experiments on
the atomic and nuclear structure of exotic radionuclei and their isomers is important



for future applications in daily life. For example, the ?2Th, which can be obtained
as daughter nuclide in the alpha decay of 23U, has the lowest lying known isomeric
nuclear state located at an excitation energy below 10V and has therefore been a
nuclide of high interest in recent years [23]. The energy of this isomeric state is low
enough, to reach it with modern laser systems. The knowledge of the exact energy
and half-life, which is currently investigated by the nuClock collaboration [24-27],
makes it applicable for the construction of a “nuclear clock” [28], an enhanced
development of the atomic clock. An atomic clock uses the frequency of laser
light that corresponds to a certain energy difference between atomic shell states
for time measurement [29, 30]. In the nuclear clock, the atomic nucleus is about
5 magnitudes smaller than the atomic shell leading to reduced magnetic dipole
and electric quadrupole moments and thus less perturbation by the environment
and a higher precision [31, 32]. Furthermore, the 22™Th isomer could be used as
a qubit for quantum computing [28, 33]. On the theoretical site, high-precision
quantum logic spectroscopy on 2*™Th could lead to new insights into physics
beyond the standard model and the search for new particles by validation of the
isotope shift using the non-linearity of the King plot [34, 35]. These motivations
in the field of fundamental physics are the basis of the “Trapping And Cooling of
Thorium Ions with Calcium” (TACTICa) collaboration and are further described in
section 1.3.3. The aim of the TACTICa collaboration is to capture 2?*™Th"* and
further thorium isotopes inside a ¥°Ca® Coulomb ion crystal by sympathetic laser
cooling in a Paul trap for high precision quantum logic spectroscopy [28]. The
natural isotope 23>Th* was already captured in previous experiments and verified
as ?Th by time-of-flight mass measurements [36, 37]. This isotope was loaded
into the Paul trap by a laser ablation source. The same can be performed to capture
further thorium isotopes like 22°Th in their ground states by laser ablation from bulk
material. Since the exact excitation energy of the 22™Th isomer is still currently
unknown, this isomer is only available by i) internal conversion processes in the
alpha decay of 233U [38], ii) population in the f~-decay of the artificial nuclide
229 Ac [39] and iii) synchrotron X-ray pumping to the second excited state of 2*’Th at
29.19keV [40]. As the alpha decay of 233U is the easiest access due to the availability
of 28U as bulk material, it is the chosen 2 Th production way for both, the
nuClock and the TACTICa collaboration. The challenge is the deceleration of the
emitted 22(MTh recoil ions from a 233U source to suitable trapping energies of a few
hundred eV from the initial kinetic energy of 84 keV. In the nuClock collaboration,
the deceleration of the recoil ions is performed by a buffer gas cell (see section
1.3.3). Thus, charge states above 3+ depopulate due to collisions with the buffer
gas [24]. In the TACTICa collaboration the initial charge state distribution of the
recoil ions has to be preserved, since ?"Th™* ions in higher charge states can be
better captured in the Paul trap and are more interesting for precision spectroscopic
investigations. The only way to both, decelerate the recoil ions and to preserve
their initial charge state distribution, is to solely use electrostatic deceleration. The
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design of such a source as well as ion flight simulations are given in section 5.
Another crucial part of this recoil ion source is the fabrication of a 233U source,
which has both, a high recoil ion rate and a low broadening of the kinetic energy
distribution of the recoil ions. An “ideal” source fulfilling these restrictions would
only consist of a single layer of 23U atoms. The fabrication of such a source with
available methods as well as their full quantitative and qualitative characterization
with focus on alpha spectrometric analysis is given in section 4.

1.1 Target fabrication techniques

A great variety of methods exist for the fabrication of targets and radioactive sources
for different nuclear applications. Depending on the requirements, some specific
methods are more suitable than others. Besides simple pipetting and extraction
on filters, established conventional methods for the production of targets and
radioactive sources are Molecular Plating [41], Pulsed Laser Deposition [42, 43],
Polymer-Assisted Deposition which includes spin-coating [44], cold rolling [45],
vacuum evaporation [46], painting/sedimentation [47], electrodeposition [48], die
compaction [49] and Chemical Vapor Deposition [50]. Other methods including
Drop-on-Demand inkjet printing (DoD) [51], chelation of ions from solution by
sulfonic acid groups on silicon surfaces [52] and Self-Adsorption (SA) on metal
oxide and fluorite surfaces [53, 54] are more suitable for the fabrication of thinner
radioactive layers as needed for recoil ion sources. Four of these methods were used
in this work for the production of targets and recoil ion sources and are introduced
in sections 1.1.1 — 1.1.4.

1.1.1 Molecular Plating

The Molecular Plating (MP) technique is based on electrodeposition of a specific
element in constant current mode and is the most widely applied method for the
fabrication of targets with radionuclides or isotopically enriched material. It is
performed in cells with two electrodes, where the cations are electrodeposited onto
the working electrode, the cathode. The exact cell design depends on the geometry
of the used substrate. In Mainz, two conventional cell designs exist for MP on
different areas and substrates (see Fig. 1.1) [55, 56], which were also used in this
work. Only small volumes of organic electrolytes (typically 10mL to 35mL with
0.2% to 0.3 % of aqueous solution containing the isotope of interest) are needed.
The method was developed by Parker and Falk [41] in 1962 as an alternative way
for electrodepositions from aqueous solutions. At that time, it was thought that
the material was deposited at the cathode as the original species dissolved in
the electrolyte. The method was popular for its simplicity, because it requires
only low currents of some mA cm ™2 in contrast to ordinary electrodeposition
and thus produces less hydrogen at the cathode, which disrupts the produced



1.1 Target fabrication techniques

layer [57]. Furthermore, another advantage is the high deposition yield (85 % to
95%) of the method. Over decades, the original MP was applied in the way of
Parker and Falk for radioactive reference samples [55], lanthanide [59] and actinide
targets [55, 60-62]. The thereby produced targets were only characterized by their
quantitative yields and the thickness, homogeneity and rigidity of the produced
layers. For many years, the mayor qualitative finding about MP was that the
produced layer did not consist of the originally used chemical compound [63], in
contrast to the expectations of Parker and Falk. A full qualitative investigation
of the electrochemical processes and the influence of several parameters on the
resulting target layer was performed by A. Vascon et al. [56, 64-65] about 50 years
after the first introduction by Parker and Falk. Major findings in these studies were
the influence of the surface roughness of the substrate and ultrasonic stirring on
the layer growth mechanism [56, 66], contaminants in the target layer from the
organic solvents and the influence of the solvent on layer cracking [65, 66]. This led
to the fabrication of smooth crack-free target layers [65] and advanced thin layers
for a-particle sources [66]. The results set the basis for new targets and sources
produced by MP [67, 65]. The optimal preparation parameters found by these
investigations were also used for the target fabrication in section 3 and for the recoil
ion source fabrication in section 4.

100 - 1500 V

100 - 1500 V

Figure 1.1: Schematic illustration of cells used for MP. Left: Vertical cell design
for small depositions [55]. Right: Horizontal cell design by Vascon et al.
[56] for large area depositions. 1) PEEK body, 2) electrolyte containing the
radionuclides, 3) anode (palladium wire or disc), 4) water cooling, 5) spacer,
6) cathode (substrate), 7) base /holder (titanium) for mounting of electrodes.
The dimensions are not to scale.
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1.1.2 Drop-on-Demand inkjet printing

Overcoming the previously mentioned disadvantages of MP in section 1.1.1, such
as the deposition of many different chemical compounds of a desired element as
well as the deposition of organic impurities, the limitation to electrically conductive
substrates and dimensional limitations due to cell design, required a fundamentally
new method. This started with the development of an automated pipetting system
by E. Maugeri et al. [69], who produced ”Be targets for nuclear astrophysics
research. The first inkjet printer system for target production was developed in
2017 [51], which allowed the investigation of the energy-dependent resolution
limit of phosphor plates for radiographic imaging due to the high precision of the
system and produced as a first application isotopically enriched 7°Er targets for
nuclear astrophysics research [70, 71] (see section 1.3.1). The system is based on
the Drop-on-Demand (DoD) principle [72] and can be divided into two ways of
operation. In the first one, the fluid is kept inside a printer tip and droplets are
released by pressure waves in the fluid. These are generated as a result of a rapid
vaporization by a heating element, which is in contact with the fluid inside the
printing head. A pulse current is passed trough the heating element causing an
evaporation of the liquid and a subsequent collapse of the generated gas bubble,
which causes a sudden volume change. This generates droplets at the lower end of
the printer tip. The DoD operation mode with heating elements is commonly used
in commercially available inkjet printers, but it is not feasible for application with
substances used in nuclear chemistry since the evaporation of radioactive liquids
may cause a high risk of contamination. The second way of operation consists of
piezo elements and is depicted in Fig. 1.2.

The liquid is kept inside a flexible tip by its surface tension. A piezo-driven piston
compresses the tip from the outside by a fast displacement. This displaces the
liquid inside the tip in both directions. A droplet is generated at the lower end of
the tip and falls off. New liquid refills the tip after a slow release of the piezo-driven
piston. The way of displacement of the piston is proportional to the displaced
volume of liquid and thus controls the generated drop volume. The minimum
volume is limited by the inner diameter of the tip and the surface tension of the
liquid. The length of the tip has an impact on the capillary forces on the liquid
and has to be increased for liquids with small surface tensions to reduce unwanted
drop generation. The velocity of the piston displacement controls the amount of
transferred kinetic energy. A droplet is only ejected when this amount is larger
than the surface energy needed to form a droplet [73]. The velocity is therefore
usually increased for the generation of the smallest producible droplets and for
liquids with a high viscosity.

Besides the adjustment of the printing parameters for a specific reproducible drop
volume, also the evaporation behavior of the small droplets on different surfaces
is important. D. Renisch et al. [74] found that deposits on super hydrophobic
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surfaces are very small in diameter due to the high contact angle of evaporated
droplets. The opposite effect can be achieved with droplets on super hydrophilic
surfaces, where the evaporation generates thin deposits with greater diameters [75].
A similar effect may be achieved by adjustment of the liquids surface tension, which
can be controlled by mixtures of aqueous solutions with alcohols. Small deposits of
evaporated droplets have a higher thickness when compared with large deposits
from droplets with the same volume and concentration. Therefore, small deposits
are ideal for laser ablation targets [74], where a large amount of bulk material is
needed within a small area. Larger deposits can be used for the generation of thin
recoil ion sources to reduce the deceleration of emitted ions by the layer material.
The DoD method was used in this work for the fabrication of isotopically enriched
170Er targets described in section 2 and of recoil ion sources described in section 4.
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Figure 1.2: Illustration of the DoD working principle [76]. See text for details.
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1.1.3 Chelation by sulfonic acid groups

High quality alpha spectrometry always consisted of the subsequent steps of chem-
ical preparation of a-particle sources and the detection of the emitted particles.
This requires technical equipment like a electrodeposition apparatus and detec-
tion systems including vacuum pumps, chemicals and time for both the chemical
preparation and spectrometric measurement. For radionuclides with half-lives
below minutes, radioanalytical investigations become difficult as a major amount
of the radionuclides already decays during the chemical preparation of samples.
To combine both steps for faster radioanalytical investigations, Krupp and Scherer
developed prototypes of ion exchanging alpha detectors [52]. These ion exchangers
are commonly used in columns to separate the different radioactive elements. The
advantage of ion exchanging alpha detectors is that the steps of chemical processing
and the analysis of the chemical components are combined, which saves a lot of
time.

The principle of this development is the chemical functionalization of the passivated
silicon surface of alpha detectors with sulfonic acid groups, which are well studied
in their chelation behaviour with radionuclides like, e.g., uranyl cations U022t [77]
and have equilibrium constants K >> 1 in weakly acidic aqueous solutions which
leads to complete adsorption [78]. The procedure to produce these cation exchang-
ers is a two-step reaction. The starting reagent is Mercaptopropyltrimethoxysilane
(MPTMS), which is grafted onto the silicon surface and polymerized like in [79]
and the thiol-groups are subsequently oxidized with hydrogen peroxide to sulfonic
acid groups [80]. The reaction mechanism as well as a schematic illustration of a
functionalized silicon detector are depicted in Fig. 1.3. During the polymerization
of the thiol-functionalized silanes, multiple layers can be generated causing thicker
polymer layers on the surface and different areal adsorption rates by inhomoge-
neous polymerization [52].

The thereby produced functionalized detectors can be placed in the solution to
be investigated and a cation exchange reaction with the dissolved cationic species
creates a single layer of the chelated ions on top of the polymer layer. This method
to generate radionuclide monolayers is not limited to the alpha detector surfaces
and can be processed to manufacture recoil ion sources with a single atomic layer
of the radioactive material on many metal oxide surfaces. The best results though
are carried out on silicon oxide surfaces. The method was used for recoil ion source
production described in section 4.
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Figure 1.3: Schematic illustration (a) of the mechanism involved in the functional-
ization of silicon surfaces (shown here as silicon nanoparticles) with MPTMS
[51] and (b) of a PIPS detector functionalized with multiple polymer layers in
solution [52].

1.1.4 Self-adsorption

The investigation on the adsorption process of actinides on minerals, metal oxides,
cement and concrete is a field of high importance in the search for a repository for
the disposal of nuclear waste. Actinide speciation at different pH values is well
studied in aquatic systems up to americium [32, 83]. These studies are usually
performed with colloids of the substrate material and adsorption rates are therefore
given in percentage by mass [54]. Studies on limited areas are more difficult to
perform since the real chemical surface area of the substrate can only be measured,
e.g., by the Brunauer-Emmett-Teller (BET) method [54], which is commonly used
in materials science. Furthermore, it is important to know the speciation curves
of both the dissolved actinide ion and the surface in solution for different pH
values and in presence of anions like chlorides or carbonates. These anions change
the coordination sphere of the cation in solution and have direct impact on the
coordination sphere of the adsorbed cation [85]. A simple illustration of uranyl
cation species and the corresponding TiO, species as adsorber at different pH
values is depicted in Fig. 1.4.

Actinide mobility is very low in aquatic systems and therefore the chemisorption
can be considered irreversible in water after the adjustment of the adsorption
equilibrium [36, 87]. This process can be used excellently for preparing reference
samples for alpha spectrometry and recoil ion sources with a single atomic layer
of the radioactive material. A. Yamaguchi et al. [53] employed self-adsorption
of dissolved ThCly on fluorite substrates for the production of 29ThH targets for
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Figure 1.4: Illustration of the solution species of U(VI) adsorbing onto different
TiO; species in solution at different pH values [54].

undulator irradiations. In this work, the knowledge of uranyl adsorption on TiO,
in the field of nuclear waste disposal [54] is the foundation for the production of
monolayer 233 sources, which is further described in section 4.

1.2 Characterization methods

Several characterization methods are used to investigate targets and other ra-
dioactive sources with regards to their chemical composition, homogeneity, surface
roughness, thickness and contaminants. Typical radioanalytical methods are gamma
spectrometry, alpha spectrometry and radiographic imaging (RI). Other character-
ization methods, which can also be used on inactive materials, include neutron
activation analysis (NAA), scanning electron microscopy (SEM), energy-dispersive
X-ray spectroscopy (EDX), atomic force microscopy (AFM) and Raman spectrometry.
The latter were used especially for sample characterization in section 3 and 4. This
section gives the main theoretical and technical aspects of every method. The
information on alpha spectrometry is kept here at a minimum, since this method
and its limits for the characterization of recoil ion sources are discussed in great
detail in section 4.

1.2.1 Neutron activation analysis and gamma spectrometry

Neutron activation analysis (NAA) is one of the most important methods in the
field of radiometric trace analytics [58] and is usually performed in combination
with gamma spectrometry [89]. Therefore, both methods are introduced together
in this section. A variety of neutron sources exist to perform NAA, differing by
the neutron flux and neutron energy. Experiments in this work were performed
with the TRIGA (Training, Research, Isotopes, General Atomics) Mark II research

10



1.2 Characterization methods

reactor in Mainz, Germany. Neutron energies of up to 10 MeV with different fluxes
are generally produced and can be differentiated by thermal (<0.05eV), epithermal
(0.05€eV to 10° eV) and fast neutrons (10° eV to 107 eV). The TRIGA Mark II research
reactor in Mainz delivers a thermal neutron flux of up to 4.2 x 102cm 257! in
continuous mode (100 kW) and up to 1 x 10 cm~2s~! in pulsed mode (250 MW
peak, 30ms) [90]. NAA uses the nuclear reaction (n,7) of inactive material with
mostly thermal neutrons to produce radioactive tracers. The isotope 4 Xy with
neutron number N+1 is produced in this process, which is, in most cases, converted
into an element with a higher atomic number Z+1 via the B~ decay

AXN = X1 + e + Te (1.1)

while maintaining the same mass number A. The 3~ decay leads in general
to nuclei in excited nuclear states. In the subsequent relaxation process into the
nuclear ground state

ZiXn_1 = Z4Xn-1 + 7 (1.2)

gamma rays with characteristic energies are emitted, which can be detected for
the analysis. The produced activity A in the (n,) reaction can be calculated as a
function of the irradiation duration ¢ at a known neutron flux ® via

Af)=AN({t)=c PNy [1 — exp(—At)]
_In(2) (1.3)

t1
2

A

where N (t) is the number of produced radionuclei, Nj is the initial number of
irradiated nuclei, ¢ is the neutron capture cross section and A is the decay constant,
which can be calculated with the half-life ¢ 1 of the produced radionuclei.
The produced activity can be used in absolute and relative activation analysis. For
an absolute analysis, the epithermal and fast neutrons have to be moderated to
thermal neutrons, since the exact cross section for non-thermal neutrons is often
not well known. This leads to a decrease of the neutron flux. For a relative analysis,
which is commonly used, the sample to be investigated and a standard sample
of known mass with the same geometry and matrix as the unknown sample are
irradiated together at the same neutron flux and for the same duration. The mass
of the sample m, can then easily be calculated via

Ay
Asy

my = mg; (1.4)

A
where msg; is the mass of the standard sample and —— is the ratio of the activities.

This simple way of instrumental activation analysis can be expanded by chemical
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separation of elements before and after the irradiation to reduce the activity of
nuclear reactions from other elements.

The detection of the activity can be performed by scintillation counters or semicon-
ductor detectors. Scintillation counters are commonly used for yield determination
because of their very high detection efficiency. In contrast to semiconductor de-
tectors, they have a lower energy resolution and are therefore not suitable for
nuclide identification. For the latter, high purity germanium (HPGe) detectors are
commonly used, as in this work. The HPGe detector has a defect density of <10~1°
and can have different dopings (n-type or p-type). The coaxial p-type detector
is used for the measurement of y-radiation with energies of 40keV to 3000 keV.
The n-type detector is used for lower y-energies and X-rays in the range of 3 keV
to 3000 keV with thin windows of beryllium or carbon, which are transparent for
this radiation. The HPGe detectors only need cooling with liquid nitrogen during
the measurements and can be stored at room temperature. This is a great benefit
in contrast to older gamma detectors (lithium drifted germanium), which had to
be cooled permanently. The detector is kept in a lead shielding for reduction of
background radiation during the measurements. It is operated at high voltage and
the initial small signal is amplified by a preamplifier and a linear amplifier. The
analog signal is then converted into a digital signal by an analog-digital-converter
(ADC) and stored in digital form in a multi-channel analyzer (MCA). The resulting
spectrum is a plot of the signal intensity (counts) against the channel number.
Spectra are usually measured in 8192 channels. Energy calibrations as well as
geometry-dependent efficiency calibrations are performed with certified standards,
which contain a variety of isotopes of known activity and specific -lines in a wide
energy range. The resulting channel spectra are fitted with the known energies
and isotope quantities in Tailor polynomials to give the energy or efficiency as a
function of the channel number.

1.2.2 Alpha spectrometry

Alpha spectrometry is another radioanalytical characterization method with a high
importance in environmental science and nuclear safety [91]. Due to their charge
and mass, alpha particles have a limited range in materials and in air, in contrast to,
e.g., y-radiation. The range in air at normal pressure can be approximated to about
1cmMeV—!. Measurements are therefore performed under vacuum conditions
of at least 1 x 1073 mbar in small distance to the detector. Passivated implanted
planar silicon (PIPS) detectors are commonly used semiconductor detectors for
alpha spectrometry. They consist of an active volume (silicon) with a thickness of
several hundreds of pm and of a boron implantation (dead layer) with about 50 pm
thickness. The entrance window is ion-implanted and consists of a passivation
(silicon dioxide) layer of <50nm thickness. The active volume and the diame-
ter of the entrance window influence the energy resolution of the PIPS detector.
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The signal processing is analog to that of gamma spectrometry in section 1.2.1.
Alpha spectrometry can be performed for both, quantitative and qualitative high-
resolution measurements. The window size, source-detector-distance and number
of channels is chosen depending on the kind of measurement. For quantitative
yield determinations, 1024 channels, small distances of a few mm and large detector
windows are usually chosen to maximize the geometric detection efficiency. For
qualitative high-resolution measurements, more channels (2k to 8k) are necessary to
determine peak parameters (tailing, FWHM) by suitable fit routines. Furthermore,
the distance between source and detector has to be increased and apertures are
used to reduce the detection of reflected alpha particles in the vacuum chamber.
Energy and efficiency calibrations are usually performed with certified sources of
241 Am (432.6a, 5.486 MeV) and “8Gd (74.6 a, 3.183 MeV).

1.2.3 Radiographic imaging

Radiographic imaging (RI) is a purely qualitative radioanalytical characterization
method to determine the areal distribution of radioactive material. The very first ra-
diographic image of an uranium mineral sample was accidentally taken by Antoine
Henri Becquerel with a photographic plate in 1896 [92]. The ionizing interaction
of radiation with matter is still used for radiographic imaging. Nowadays, pho-
tographic plates are exchanged by imaging plates consisting of a thin inorganic
fluorite matrix doped with europium [93]. Incoming radiation transfers energy
to the electrons in the valence band and creates F-centers. The electrons in these
anionic vacancies can be excited into the conduction band by a laser at 630 nm.
The subsequent relaxation of the electrons transfers energy into the europium
dopings and their relaxation emits fluorescence light, which can be detected by
photomultipliers. By scanning the focused laser over the imaging plate, the areal
distribution of radioactivity can be determined and digitized for later evaluations.
The information is deleted by irradiation with intense light to reuse the plates. The
working cycle is depicted in Fig. 1.5. The areal resolution of this method depends
on the grain size, readout pixel size and decay energy of the radioactive sample.
For B~ -emitters, a linear dependency of areal resolution to decay energy was found
[51, 94]. The areal resolution limit for, e.g., 198 Au (E/g =1.0MeV, E, =412keV) is
<200 pm [95].
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Figure 1.5: Schematic illustration of the working cycle of RI. (1) Deletion of the
imaging plate by intense light, (2) irradiation with radioactive sample, (3)
irradiation with laser light, (4) detection of fluorescence light with a photo-
multiplier (PM). See text for further details.

1.2.4 Scanning electron microscopy

Scanning electron microscopy (SEM) is used for topographic investigations of small
samples on a nanometer to micrometer scale [96]. The device usually includes
an X-ray detector for energy-dispersive X-ray spectroscopy (EDX) and thus both
methods are summarized in this section. The microscopy with electrons is feasible
as with light due to the electrons” wave characteristic, which can be described by
the de-Broglie hypothesis for matter waves

A= — 1.5
’ (1.5)

where A denotes the electron wavelength, & is the Planck constant and p is the
electron momentum. Since fast electrons of several keV have a much shorter wave-
length than visible light, electron microscopes can reach much higher resolutions
than light microscopes, since the resolution limit d (which is defined as the mini-
mum visible distance between two objects) is linked to the numeric aperture NA
and wavelength A by Abbe’s law:

A
2NA

In the electron microscope, electrons are thermoionically emitted from a negative
biased wolfram cathode and accelerated towards an anode aperture. An electron

d = (1.6)
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beam is generated with an energy equal to the potential difference between cathode
and anode. The electron beam is then focused by several electromagnetic lenses
(coils) and is deflected to scan over a specified area. The interaction of the pri-
mary electron beam with the sample material produces secondary electrons (SE),
backscattered electrons (BSE) and X-rays (see Fig. 1.6). BSE and SE can be detected
by Everhart-Thornley detectors, which are scintillation counters in a Faraday cage.
BSE are high-energy beam electrons, which are reflected in the sample due to
inelastic scattering with the atoms. Their energy loss, indicated by a color contrast
in the BSE picture of the sample, gives information about the atomic masses in
the sample. Therefore, heavier elements appear brighter in the BSE picture then
lighter elements. SE are low-energy electrons (<50eV) originating from inelastic
scattering interactions of beam electrons with electrons in the outer shells of the
elements in the sample. Since the SE detector has a tilted view, these electrons
give information about the topography of the sample. Electrons coming from a
surface facing the detector window appear brighter than electrons from the op-
posite surface or from cracks in the sample surface due to different intensities
when they reach the detector. The induced characteristic X-rays emitted from the
surface can be detected by a HPGe detector or a silicon drift detector and are used
for spectroscopic investigations of the elements in the sample. Since the range of
electrons into the material is increasing at higher energies (see section 3 for further
details), non-visible regions of the sample can also be investigated by EDX.

electro-
magnetic
lens

X-ray
detector

SE detector
BSE

sample
5 keV

20 keV irradiation depth

Figure 1.6: Schematic illustration of the principle of SEM. The primary electron
(PE) beam is scanning over a sample and induces thereby the generation
of backscattered electrons (BSE), secondary electrons (SE) and X-rays (),
which can be detected by different detectors. The irradiation depth during
the sample investigation is depending on the PE energy. See text for details.
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1.2.5 Atomic force microscopy

Atomic force microscopy (AFM) is used for both topological and topographical
investigations of surfaces in small areas, e.g., to determine surface roughnesses
[97]. In the AFM, the main component for investigations is a small, piezo-driven
tip (cantilever), which is scanning over a surface in different modes. The typical
configuration of an AFM is depicted in Fig. 1.7. The main operation modes are
the contact mode, where the tip is scanning in contact with the surface, and the
non-contact mode, where the cantilever is oscillating at its eigenfrequency while
scanning over the surface at a small distance. In the first mode, the distortion
of the cantilever is recorded by a laser reflected on the backside of the cantilever
and a position sensitive photodetector. A problem with this mode is that very
rough surfaces may destroy the cantilever. In the non-contact mode, the change of
amplitude and phase of the oscillation frequency is recorded. These are influenced
by several forces acting between the tip of the cantilever and the surface, including
Van-der-Waals force, Coulomb interactions, capillary forces, chemical bondings and
Pauli repulsion. A complete scan of a surface gives therefore very precise informa-
tions on the topography and topology of a sample. Furthermore, by applying a
small voltage between the cantilever and the sample, mainly the Coulomb forces
are recorded and thus the work function of the surface can be measured. By this
method, specific materials with known work functions can be identified. AFM was
used in section 4 for the investigation of the surface roughness of thermally treated
titanium foils.

position sensitive
detector

element

cantilever with tip

stage with xzy-drive

Figure 1.7: Schematic configuration of AFM. See text for details.
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1.2.6 Raman spectrometry

Raman spectrometry is commonly used in chemistry for the identification of
molecules and their bondings by investigation of their vibrational, rotational and
low-frequency modes [98]. Monochromatic laser light is used to excite the modes.
The inelastic scattered light from the sample molecules contains besides the ex-
citation frequency (Rayleigh scattering) also further frequencies. The difference
between these frequencies and the excitation frequency is called “Raman shift”

1 1
AV = — 1.7)
(AExcitation ASpectrum ) (

and is usually reported in wavenumbers (cm™1). The molecule is excited into
a virtual energy state with a short lifetime and a photon is subsequently emitted.
After this scattering process, the molecule is in a different rotational or vibrational
state. Thus the Raman shifts correspond to the energy difference of initial and final
state. If the final state is higher in energy than the initial state, the scattered photon
is shifted to a lower frequency (Stokes shift). In the opposite case the scattered
photon is shifted to a higher frequency (Anti-Stokes shift). The magnitude of the
Raman effect, indicated by the line intensity, correlates with the polarizability of the
electrons in the molecule. The Raman-scattered light is analyzed with an optical
spectrometer or an interferometer by Fourier Transform (FT) methods. Charge-
coupled device (CCD) or indium gallium arsenide (InGaAs) detectors are used for
spectrum acquisition. Besides the chemical application, it can also be used in solid-
state investigations to characterize materials by their composition, crystallographic
orientation, mechanical stress due to temperature or pressure and crystallinity.
Raman spectrometry was used in section 3 for the identification of different lead
compounds of molecular plated targets before and after irradiation with electron
beams.

1.3 Applications of thin layers in nuclear physics and nuclear chemistry

Samples of thin lanthanide or actinide layers are used as targets and recoil ion
sources in different applications of nuclear physics and nuclear chemistry. Some of
them are accelerator experiments for nuclear reaction studies or the synthesis of
SHE, investigations of astrophysical processes and sources for the production of
ion beams of specific isotopes. The latter can be divided in laser ablation sources
and recoil ion sources. The main nuclear applications of this work are described in
the following sections.

1.3.1 Targets of stable elements for investigations on the astrophysical s-process

In principle, all the stable trans-iron nuclides can be classified in three classes.
These are s-nuclei at the bottom of the valley of stability, p-nuclei at the neutron-
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deficient side and r-nuclei at the neutron-rich side. They are produced by three
different astrophysical mechanisms, which are called s-, r- and p-process. The
processes differ in their way of nuclide production. The p-nuclei are produced
by “photo-erosion” of neutrons, a particles and protons involving heavy nuclei
(Z > 75) previously formed in the s- and r-process, while the s- and r-process rely
on neutron captures [99]. The main focus in this chapter will be on the s- and
r-process.
Both, the s- and r-process, take place through (1, ) reactions, by neutron capture
and subsequent B-decay. A generic nucleus (Z, A) is thereby transformed into
the heavier isotope (Z, A+1). If the isotope (Z, A+1) is stable against S-decay, an
additional neutron capture takes place and leads to the isotope (Z, A+2). Otherwise,
if the isotope is unstable, it decays into the isobar (Z+1, A+1) or captures an
additional neutron. This process depends on the B-decay lifetime 75 and the
time between two successive neutron captures T,,. If the B-decays are faster than
neutron captures (73 > Tyq), the phenomena is called s-process (s for “slow”
neutron capture). Otherwise, if the neutron capture proceeds on a “rapid” time
scale (Tﬁ < Tyy), it is called r-process [99, ].
The main seed nucleus for both processes is *°Fe. The s-process nucleosynthesis
proceeds from A ~ 60 up to 2%Bi closely to the valley of stability, as depicted
in Fig. 1.8 a). Since the neutron capture is slow compared to the the p-decays,
the neutron capture chain goes through the stable isotopes of an element until an
unstable isotope is reached and the isobar is formed by B-decay. Then the neutron
captures chain continues in the element with the next higher nuclear charge. The
s-process ends at Z = 83, since a-decaying nuclides are formed by neutron capture,
which reduce the obtained the nuclear charge again. The r-process moves along
the far neutron-rich side of the valley of nuclear stability at the neutron drip
line, where the neutron binding energy value approaches zero (see Fig. 1.8 a)).
Therefore, a series of (1, 7y) reactions is performed until an equilibrium is reached
with the inverse (v, n) reaction and B-decay occurs. A recurring sequence of
neutron captures and subsequent p-decay starts, since a magic neutron number
is reached. The r-process follows then a path along this magic neutron number
back to the valley of nuclear stability until the neutron binding energy becomes
sufficiently large enough to break through the cycle. Another neutron capture
chain reaction follows then until the next magic neutron number is reached and the
process of alternating neutron capture and subsequent B-decay repeats. After the
synthesizing process, when the neutron irradiation aborts, the very neutron-rich
unstable nuclides go through chains of B-decays and result in the most neutron-rich
stable isobar for each value of A. By this process, very heavy elements even beyond
Z = 83 can be formed.

As already mentioned for the s-process, the relation of 75 > T, is assumed
for all unstable nuclides involved in the nucleosynthesis process. However, the
s-process encounters also unstable nuclides, where 75 ~ 7, is given due to a very
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Figure 1.8: (a) Simple illustration of the s- and r-process paths in the chart of
nuclides [101]. (b) Region, encircled in a), of the s-process path between Er
and Yb, indicated by gray arrows [70]. 7°Tm and !Tm act as branching
points in the s-process pathway, indicated by dashed arrows.

long half-life of the unstable nuclide. This leads to a splitting of the s-process
pathway, which is called s-process branching, since one part of nuclides undergo
B-decay and the other part captures an additional neutron. For example, lanthanide
branchings occur at mass numbers A = 141, 151, 154, 163, 169, and 176 and are
defined by the s-isotopes 42Nq, 152Gd, 154Gd, 1%4Er, 170Tm and 76Lu [100]. An
excerpt of the branching point at mass number A = 170 from the chart of nuclides
is given in Fig. 1.8 b). At a specific branching point the branching ratio R is defined
as

1
K= N @, -

with the B-decay lifetime T8, the s-process neutron density N, and the reaction
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rate (ov), of the capture reaction involving the isotope with mass number A.
Under the assumption that the temperature is constant during neutron irradiation,
the reaction rate (ov) 4 can be replaced with o4vr, where 04 is the Maxwellian-
averaged neutron-capture cross section for the isotope with mass number A and vr
is the thermal velocity. The thermal velocity is given by

where k and T are the Boltzmann constant and temperature and M,, is the neutron
mass [101]. The comparison of abundances of nuclei reached at a specific branching
point can give information about the physical conditions of the environment where
the s-process takes place. If the f-decay lifetime 75 is temperature-independent and
(ov) 4 is known, the observed ratio R can provide information about the s-process
neutron density N, in a star. Otherwise, if the neutron density N, is known, the
ratio R can serve as a sensitive s-process “thermometer” or “barometer”, when the
dependence on the physical environment is critical for a branching point reaction
[99, 101]. Therefore, the production of targets consisting of isotopically enriched
material, e.g. "1Tm, is needed for investigations of the neutron-capture cross
section of these isotopes and thus is essential for further development of theoretical
models of the astrophysical s-process.

1.3.2 Targets for the synthesis of the superheavy elements

4

In order to avoid misunderstandings around the terms “superheavy elements
(SHE) and “superheavy nuclei” (SHN), both, the International Union of Pure and
Applied Chemistry (IUPAC) and the International Union of Pure and Applied
Physics (IUPAP) defined the association of these terms more precisely [102]. Both
terms are used for transactinides, in particular SHE is used when the properties
of elements are discussed and SHN is used when the properties of nuclei are in
focus. SHE can be produced only in accelerator facilities by nuclear fusion reactions.
Elements up to nihonium, Z = 113, can be produced by cold fusion reactions
with continuously decreasing cross sections down to 22 fb [103]. These are based
on easily handleable targets of lead or bismuth and projectile beams of neutron
rich isotopes of elements from calcium up to zinc. For the latter, isotopes with
doubly magic nucleon numbers like, e.g., ®®Ca are preferred but the enrichment of
the bulk material in large quantities is complex and expensive. Accelerators are
therefore improved to deliver higher beam currents at lower material consumption
and rotating target wheels were developed to withstand the high beam currents
for longer time periods. Target material improvements during the fabrication are
still a part of current research. The deposits produced by classic target fabrication
methods are known to be quite sensitive to moisture, due to organic impurities
and hygroscopic compounds, and deteriorate during long storage time periods. To
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prevent these aging processes, targets are usually freshly produced short time before
the actual use in accelerator experiments and are converted into a long-term stable
compound by irradiation with heavy-ion beams. This kind of on-line conditioning
is known as “baking-in” procedure. The process induces visual changes as well as
a narrowing of the alpha lines in the spectrum (referring to [22]), which indicates a
loss of material without a loss of activity. The changes of a 2#%Cm target induced by
irradiation with a 5.6 MeV u~! #Ca beam are depicted in Fig. 1.9. These material
transformations cannot be obtained thermally in, e.g., a muffle furnace under
oxidizing or reducing atmosphere [104, 105] and are under current investigation,
which is further discussed in section 3.
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Figure 1.9: (a) Visual changes after irradiation of a 23Cm tar§8et with 8.34 x 10'® #Ca
beam particles. (b) Changes in the al§>ha spectra of 28Cm after conditioning
and after irradiation with 8.34 x 10'® projectiles. Alpha spectrum before
irradiation and another alpha spectrum of sputtered material from the target
are for reference. Figures are adapted from [22].
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Also recoil ion separators and detection techniques are improved for higher
detection efficiencies of short-lived reaction products. These improvements are
necessary for more intensive studies of the SHE flerovium to oganesson, Z =
114 — 118, which are produced in hot fusion reactions. These are based on targets of
highly radioactive, long-lived actinides up to californium, which are more complex
to fabricate and are handled by special safety precautions. The success of a fusion
process is determined by various factors, like the fusion barrier, the asymmetry of
the reaction partners, the angular momentum, the reaction Q value and the ratio of
ejectiles like neutron evaporation and y-emission versus fission of the compound
nucleus [19]. The fusion barrier defines the energy that is needed for the fusion
process and is composed of the repulsive Coulomb barrier and the attractive nuclear
potential. The fusion probability is depending on the ratio of surface tension versus
Coulomb repulsion, which is influenced by the asymmetry of the reaction partners.
The reaction Q value defines the excitation energy of the compound nucleus at a
specific beam energy. A strongly excited compound nucleus has a higher chance
for fission. The ratio of neutron evaporation and y-emission versus the fission of
the compound nucleus also determines its survival chance. The stability or fission
probability of the SHE can be explained by the theoretical macroscopic-microscopic
model invented by Strutinsky [106], which is based on the combination of the liquid
drop model and nuclear shell effects. It shows that the fission barrier based on the
liquid drop model vanishes with increasing Z and deformation for SHN but the
nuclei are still stabilized by shell effects. Based on calculations with this model,
the existence of an “island of stability” was revealed far beyond currently known
nuclei [107] and this gives the motivation for further research on the SHE.

1.3.3 Recoil ion sources for 2™ Th production at NuClock and TACTICa
Relevance of 22™Th in science

Most of the currently known nuclear isomeric states have energies far above 1keV.
There are only two nuclear isomeric states known at the moment with lower
energies. These are the 2°™U with an energy of 76 eV and a half-life of 26 min and
the ?2™Th with the lowest lying energy of (8.28 +0.17) eV [27] and a half-life of
more than 60 s in the charge state 3+ [24]. Due to this low isomeric state, the 229mTh
is in the range for optical excitation with laser light (160 nm) and makes it a perfect
candidate for the development of a nuclear clock, similar to existing optical ion
clocks based on atomic shell transitions (see Fig. 1.10 a)).

The great advantage of a nuclear clock would the achievable relative inaccuracy.
Various neutral and ionic atomic species already exist in metrology as shown in
Fig. 1.10 a) and are utilized for frequency standards with inaccuracies down to
3.2 x 10718 for 171Yb T [109]. These conventional clocks are sensitive to environmen-
tal perturbances and the most significant shifts arise due to magnetic fields, electric
tields, and electric field gradients. Campbell et al. [108] have shown that the pair of
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Figure 1.10: (a) Energy - half-life distribution of known nuclear isomers and atomic
shell transitions for optical ion clocks and (b) estimated partial energy-level
diagram for a 22°™Th single-ion nuclear clock. Figures adapted from [24] and
[108].

stretched hyperfine states within the 5Fs,, electronic ground level of both nuclear
ground and isomeric manifolds in 29mThH3+ a5 depicted in Fig. 1.10 b), suppress
all of the external field clock shifts and a total estimated inaccuracy of 1.5 x 10~
could be achieved [105]. The nuclear clock could be established in two ways. One is
based on 2™Th3* stored in a Paul trap [105] and the other one is based on 229mT
embedded in a crystal lattice environment [28, 110, 111]. However, for a sufficient
development of a nuclear clock, the exact energy of the isomeric state has to be
measured very precisely. A promising concept of laser-based conversion electron
Moéssbauer spectroscopy could lead to a precise energy determination with 40 peV
resolution [112]. For this approach, a homogeneous 29ThO, target with 10nm
thickness will be needed, considering the VUV laser light penetration depth and
the mean free path length of the internal conversion (IC) electrons. A promising
way to produce these targets could be by self-adsorption (see section 4), which is
currently under investigation.

As the 2’™Th is populated by IC in the alpha decay from 2>*U and Auger electrons
are released in this process, it can be assumed that a 233U source will deliver 22°™Th
recoil ions in high charge states. Gunter et al. [113] have found charge states up
to 20+ in 222Ra recoil ions from a 226Th source and, therefore, it is likely to find
also these high charge states in 229mTh recoil ions [114]. Highly charged ions (HCI)
of 2°™Th are useful for quantum logic spectroscopy (QLS) and testing fundamen-
tal physics like the variation of fundamental constants, quantum electrodynamic
(QED) tests, isotope shift spectroscopy and validation of the non-linearity of King
plots [23, 34, 35, 115]. They are also very useful for optical ion clocks, since many
perturbing shifts like Stark shift, Zeeman shift, and electric quadrupole shift are
suppressed [116].
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An interesting application of HCI is the investigation of very weak forces, which are
in the range of peV up to V. These forces have a strong charge state dependence,
which is given in Table 1.1 [117]. This enables also the investigation of optical

Table 1.1: Charge state dependence of weak physical forces in HCL

Physical force Charge state dependence
Binding energy 72
Hyperfine splitting z3
QED effects z*
Stark shifts Z=6

transitions in the fine structure and hyperfine structure of the HCI. Additionally, it
enables the investigation of level crossing transitions. These level crossings emerge
with rising charge state Z, when the energy levels of two electron orbitals cross
each other in the change from a Madelung ordering, which is found in neutral
atoms, to a Coulomb ordering, as in a hydrogen-like ion (see Fig. 1.11) [117-120].

Madelung ordering Coulomb ordering
(neutral atom) (H-like)
A 6s
5d 5
Af 5d
>
o || 65 Sp
:cj Sp 58
4d 4f
55 4d

Charge state

Figure 1.11: Scheme of level crossings depending on the charge state in HCI. Optical
transitions can be observed in the encircled areas. Figure adapted from [117].

Furthermore, HCI are needed for performing QLS. Simple laser spectroscopy
has typically no possibility for fast cycling transitions in HCI for state preparation,
cooling and detection and is thus limited in accuracy to about 10~7 [121] in contrast
to the high accuracy of singly charged atomic ions in, e.g., ion clocks with about
10718 [109]. Therefore, QLS is needed for this high accuracy. In QLS, the ions,
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HCI (spectroscopy ion) and logic ion, are captured in a linear Paul trap. The
logic ions provide sympathetic cooling and the signal readout [122, 123]. In the
TACTICa experiment, e.g., the logic ion will be 40Ca* [114]. In the Paul trap, both
ions are coupled in their motional modes by a strong Coulomb interaction. Laser
spectroscopy can then be performed on the spectroscopy ion and through a series
of laser pulses, the internal state will be transferred from the spectroscopy ion onto
the logic ion, where it can be detected. This quantum logic state transfer allows the
investigation of a previously inaccessible species with a high accuracy [122, 123].
Furthermore, it allows to extract nuclear parameters from the observed atomic
spectra and thus allows the investigation of isotope-shifts. In experiments, the
isotope shifts can provide information about the nucleus in a King-plot analysis
[124, 125]. King plots are a widely used method for systematic studies of isotope
shifts of two atomic transitions in a chain of isotopes. For the construction of a
King plot, two electronic transitions i and j of a chain of at least four isotopes of the
same element are needed [115]. The transition i and j may also belong to different
charge states of the same element. The isotope shift 50;.“"4/ of the isotopes A and A’
can be noted as

5o = Fo <r2>A L Kia (1.10)

7

where the two terms represent the field shift and the mass shift, respectively. The
6 (r*) o o term is dominated by the difference in the charge radii of both nuclei
and py 4 is the reduced mass of the isotopes A and A’. Both terms are nuclear
quantities and do not depend on the electronic transitions i and j, but F; and K; are
isotope-independent, transition-dependent parameters. For two electronic transition
i and j, the change in the nuclear charge radius 6 (r?) A4 can be eliminated and
a linear relation can be obtained [126]. Isotope-shift measurements can be used
to determine the coupling strength of hypothetical new-physics (NP) boson fields
to electrons and neutrons. The existence of a light boson particle with mass
would cause a non-linearity in the King plot for the isotope shift of two atomic
transitions of many isotopes of the same element and by this non-linearity the
coupling constant ap could be investigated and new forces could be constrained
[35, 115, 126]. This would add an additional term to the previous equation, which
could then be noted as

(501{“"“/ = Fo <72>A o Kipia ar +anpXi (A— A') (1.11)

’

where X; is the new-physics isotope shift constant. Furthermore, it allows the
investigation of the variation of the fine-structure constant a, in which changes
might be induced by interaction with dark matter [126].
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Deceleration of 22™Th recoil ions in a buffer gas cell

As previously explained, "' Th is a highly interesting nuclide in current nuclear
physics research. The 22" Th isomer is most easily populated by IC in the alpha
decay from 233U. However, the kinetic energy of this recoil ion is 84keV (E, =
4.824 MeV) due to the conservation of momentum in the alpha decay, which makes
it not directly usable for physical measurements. Therefore, the 2”"Th ion must
be decelerated. The nuClock collaboration uses the approach of buffer gas cooling
[24, 127]. A recoil ion source, consisting of a purified thin 23U deposit produced
by molecular plating on a silicon wafer, is placed directly in the buffer gas cell
with a low positive bias voltage. The buffer gas cell consists of a vacuum chamber
filled with high purity helium gas at about 40 mbar, a DC cage, a radio frequency
(RF) funnel with 180° phase difference between two adjacent electrodes and a
supersonic Laval nozzle. The DC cage and funnel consist of electrodes with a DC
gradient towards the nozzle. Inside the buffer gas cell, the emitted recoil ions are
at first accelerated away from the source by the positive voltage offset, leading to
a kinetic energy of about 84.3keV. By this, less recoil ions of the 27t distribution
are lost due to interaction with the source. The recoil ions subsequently interact
in inelastic collisions with the buffer gas and are thereby cooled down. The DC
gradient leads the scattered recoil ions in the cell towards the nozzle. In the RF
funnel, the phase variation causes a repelling force on the ions, which prevents
them from charge exchange at the electrodes. The recoil ions are then extracted
in charge states up to 3+ together with helium as carrier gas and enter a radio
frequency quadrupole (RFQ) ion guide and buncher system. In there the ions can
be further extracted by a DC gradient and are shape-phase cooled by interaction
with the residual buffer gas at a pressure of 10~2 mbar. The ions can also be stored
and sent out in small bunches. At the RFQ exit a sub-millimeter recoil-ion beam is
extracted. The beam is sent into a quadrupole mass separator, where other nuclides
like contaminants from daughter nuclides from the source can be separated from
the recoil-ion beam. By the buffer gas cooling method, the 2(")Th recoil ions are
not just decelerated, but efficiently shape-phase cooled and, therefore, a smooth
recoil ion beam can be produced. Furthermore, the extraction efficiency is quite
high. However, only ions in charge states up to 3+ are extracted and higher charge
states are lost due to the collisions with the buffer gas. Therefore, the method is not
suitable to deliver decelerated 22°(")Th recoil ions for high precision spectroscopy
experiments, where also ions in higher charge states are needed.
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Chapter 2

Publication I: Investigations on the
astrophysical s-process

The following article entitled “66.7-keV 7-line intensity of ”!Tm determined via
neutron activation” was published in Physical Review C, volume 97, 035803 by
M. Weigand et al. in 2018, as a collaborative work of physicists from the Goethe-
Universitdat Frankfurt and of the group of Prof. Diillmann from the Johannes
Gutenberg-Universitdt (JGU) Mainz. The experiments were performed at the
TRIGA Mark II research reactor at the former Institute of Nuclear Chemistry, JGU
Mainz. In the experiment described in this publication, a target of enriched 7’Er
was produced by the DoD method, irradiated with neutrons and the 66.7 keV <y-line
intensity of 17!Tm, the B~-daughter nuclide of the produced ”!Er, was investigated.
The obtained data of this experiment were used for further experiments with
enriched 7'Tm samples. This was published by T. Heftrich et al. in Physical Review
C, 99 (2019) 065810. The copyright of the following article belongs to American
Physical Society (APS).

2.1 Own contributions

A method was developed based on the DoD method to produce "UEr targets
according to the requirements of the experiment. The DoD method was used
for the first time for the fabrication of a target with a closed layer consisting of
isotopically enriched 7’Er. The homogeneous layer was achieved by stepwise
drying under IR light and adding further material by printing onto the dried
deposits. The homogeneity of the produced layer was investigated and verified by
SEM measurements. Furthermore, the text block of the sample preparation was
written in this publication.
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2 Publication I: Investigations on the astrophysical s-process

PHYSICAL REVIEW C 97, 035803 (2018)

66.7-keV y-line intensity of '"'Tm determined via neutron activation

M. Weigand,* T. Heftrich,! Ch. E. Diillmann,>** K. Eberhardt,” S. Fiebiger,' J. Glorius,"* K. Gobel,! R. Haas,>* C. Langer,!
S. Lohse,>* R. Reifarth,! D. Renisch,?* and C. Wolf!
' Goethe-Universitdt Frankfurt, 60438, Frankfurt a.M., Germany
2Johannes Gutenberg-Universitdt Mainz, 55122, Mainz, Germany
3GSI Helmholtzzentrum filr Schwerionenforschung, 64291, Darmstadt, Germany
*HIM Helmholtz-Institut Mainz, 55128, Mainz, Germany

M (Received 12 February 2018; published 16 March 2018)

Background: About 50% of the heavy elements are produced in stars during the slow neutron capture process.
The analysis of branching points allows to set constraints on the temperature and the neutron density in the interior
of stars. The temperature dependence of the branch point 7' Tm is weak. Hence, the '”'Tm neutron capture cross
section can be used to constrain the neutron density during the main component of the s process in thermally

pulsing asymptotic giant branch stars.

Purpose: In order to perform neutron capture experiments on '”'Tm, sample material has to be produced and
characterized. The characterization is done by y spectroscopy, relying on the intensities of the involved y lines.
Only the 66.7-keV y line can be observed whose intensity was uncertain so far.

Method: An enriched '"°Er sample was activated with thermal neutrons at the TRIGA (Training, Research,
Isotopes, General Atomics) research reactor at the Johannes Gutenberg-Universitit Mainz. The activation resulted
in an easily quantifiable number of "' Er nuclei that subsequently decayed to '"'Tm.

Result: The intensity of the 66.7-keV y line of the "' Tm decay was measured to I, = (0.144 % 0.010)%.
Conclusions: Our result is in good agreement with the value found in the literature.

DOI: 10.1103/PhysRevC.97.035803

I. ASTROPHYSICAL BACKGROUND

The observed abundances of elements heavier than iron
are almost entirely formed by neutron capture processes in
different scenarios. A distinction is made between the slow
neutron capture in thermally pulsing asymptotic giant branch
stars (s process) and its rapid counterpart in explosive scenarios
(r process). The specific s process path along the valley of
stability depends on temperatures and neutron densities in
stars, neutron capture cross sections, and half-lives in the case
of unstable isotopes. The s process path in the region of mass
number A = 171 is depicted in Fig. 1 (gray arrows). It follows
the chain of stable isotopes via neutron captures, interrupted
by B decays at unstable isotopes. Only at nuclei with longer
half-lives is another neutron capture probable during the s
process (dashed lines). These isotopes act as branching points
and are useful to constrain s-process models [1]. In the scope
of Fig. 1 this applies for '°Tm and "' Tm.

In order to study the branching at !”' Tm, only one neutron
capture experiment has been performed in the past [2], but
more are currently in the process of analysis and results will
soon be published [3,4]. The number of 'Tm nuclei in the
sample material is determined via its decay y line at 66.7 keV.
For its intensity I,,, the literature gives a value of 0.143% [5],
which results from one single publication and no uncertainty is
provided. Therefore, a new measurement was performed at the

‘m.weigand @gsi.de
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TRIGA (Training, Research, Isotopes, General Atomics) type
research reactor at the Institute of Nuclear Chemistry, Johannes
Gutenberg-Universitit, Mainz, Germany [6,7].

Our approach is based on the production of a well-quantified
amount of '""Tm via neutron activation of '"°Er producing
M Er, which eventually decays to !”' Tm with a known half-life
(Fig. 1). Subsequently, the I, could simply be determined by
measuring the y activity of the known number of !’ Tm nuclei.

FIG. 1. The s-process region between Er and Yb with the mass
flow path depicted by gray arrows. Secondary paths are represented
by dashed lines. The radioactive isotopes '"°Tm and '"'Tm act as
branching points. The red arrows depict the activation of '"Er, which
leads to '"'Er. Counting its y emission allows to determine the number
of nuclei that finally decay to '”'Tm.

©2018 American Physical Society
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2.1 Own contributions

PHYSICAL REVIEW C 97, 035803 (2018)

TABLEI Dataonthe contaminants of the acquired Er, O3 powder
as stated by the supplier. As a survey of all relevant decay data showed,
none of the contaminants interfered at the targeted energy of 66.7 keV.

Er isotopes (% at.)

cross sections of the supporting graphene and Kapton foils
are several orders of magnitude smaller. The resulting
self-absorption correction factor for 66.7 keV is thus

7 = 0.9655 £ 0.010.

2)

162, 1645 166 1675, 168 170g,
0.006 0.033 0.54 0.38 0.94 98.1
Chemical admixtures (ppm)

Fe Si Al Cu W Ti
<400 <100 150 <30 <30 <40
Ca Mn Mg Ni Zr Cr
250 <40 <300 <250 <100 <50
Pb Mo v Sn Bi Co
<80 <40 <30 <30 <30 <50
Yb Ce Sm Gd Dy Tm
90 160 40 400 100 400

II. PREPARATION OF THE "Er SAMPLE

Neutron activation of contaminants with higher Z may lead
to x-ray background in the energy region around 66.7 keV.
Therefore, isotopically enriched '"°Er (98.1%) in the form of
Er,03 (ISOFLEX) was chosen as a sample material. The iso-
topic composition and the content of contaminants as stated by
the supplier are given in Table I. Since Er is a high-Z element,
self-absorption of the emitted x rays with relatively low energy
has to be considered. Therefore, the drop-on-demand technique
was used for the preparation of a thin target layer [8]. An
amount of 92.7 mg of '"°Er (in form of !"°Er,05) was dissolved
in concentrated HNOj3. The solution was evaporated to dryness
under an IR lamp, yielding "°Er(NOs); residue. This was
dissolved in 400 pl distilled water, yielding a solution with a
concentration of 230 mg/ml with regard to '"°Er. This solution
was printed onto a polycrystalline graphene foil (thickness
12 um, Applied Nanotech Inc.) in a circular area 20 mm
in diameter. In total, 6225 individual drops were deposited
on the graphene foil in five layers, the individual deposits
of which overlapped to create a homogeneous target layer.
After printing, the target was dried under an IR lamp for a
few minutes to remove crystal water and was covered on both
sides with self-adhesive 40-um-thick Kapton foil to prevent
any damage to the salt layer during the irradiation and to keep
the hygroscopic salt layer dry.

A. y-line absorption in the sample

As mentioned, the absorption of the emitted relatively low-
energy y rays in the sample itself has to be considered. The
preparation of the sample material resulted in an areal density
of Er atoms of ny = (2.44 £ 0.07) x 10'° cm™2. The y-ray
transmission t can be calculated with the relationship

.- 1 —exp( anA)’ 0

Onyp
where o denotes the photon absorption cross section obtained
from the XCOM database [9]. For our sample material, the
calculation results in a transmission of 96.55%. The dominant
absorber is the Er layer itself because the photon absorption

The uncertainty originates from the Er areal density.

III. REACTOR ACTIVATION

The Er sample was exposed to the thermalized neutron field
of the TRIGA reactor in Mainz for about 3 h at a neutron flux
of about 7 x 10'' s~'cm™2. The reactor power was monitored
every 10 s and showed only minor fluctuations in the order of
0.5% and hence was treated as constant.

Neutron captures on '"’Er produced the unstable '7'Er,
which decays to "' Tm with a half-life of (7.516 4 0.002) h [5].
The total activity of the sample was in the order of 100 MBq
at the end of the neutron irradiation. After 2 days of waiting,
the y-ray emissions of '"'Er at 308 keV and 295 keV were
investigated with a HPGe detector with a length of 67 mm,
a diameter of 69 mm, and a relative efficiency of 60%. The
obtained spectrum is shown in Fig. 2.

Since both y lines are emitted in y cascades with other,
weaker transitions, and because of the still high activity of
the sample, a large distance of 43 cm between detector and
the Er sample was chosen. The remaining cascade effects were
investigated by means of GEANT3 [10] simulations and were
found to be negligible (<0.1%).

The efficiency calibration of the detector was performed
with a calibrated solution of ' Am, '%Cd, >’Co, *°Co, ®°Sr,
8y, 1138n, 137Cs, 1¥Ce, and 2" Hg, providing a wealth of y
lines over a broad energy range. The uncertainties of the source
activities were in the range of 2.3% to 3.1%. Efficiencies and
line intensities relevant for the Er counting are presented in
Table II.

The relationship between the y-ray counts and the number
of produced '"'Er nuclei is given by

C

N X)y= ——X——, 3)
6;/nyafwfmfdt
T l T I T 'I T l T I T 'l T l T I T 'I T
107 308 7
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FIG. 2. The most prominent y-ray emission lines of '"'Er at

308 keV and 295 keV after a counting time of 3 h.
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66.7-keV y-LINE INTENSITY OF "'Tm ...
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FIG. 3. Resulting spectrum from the same sample as in Fig. 2 after
about 6 days of the ' Tm counting. Besides 7! Tm at 66.7 keV, y lines
of other constituents of the sample material are visible, most notably
isotopes of Tm, Er, and Yb. Below 65 keV x rays from various species
overlap. No contributions by isotopes other than listed in Table I could
be identified via spectroscopic analysis.

where
_ I- exXp (_)"ita)
Ja = “4)
fw =exp(—Aty), (5)
Jm =1 —exp(—=Aitn) (6)

are the corrections for the decay during the activation f,,
during the waiting time between activation and measurement
fw, and during the measurement f;,. The small correction for
the dead time of the detection system is represented by fj.

The counting was performed in 3-h intervals over 3 days.
The dead time of the detection system gradually declined over
the course of the measurement from about 9% at the beginning
to 1.8% at the end. The number of '"'Er atoms produced in
the reactor on October 4, 2017, hence the number of produced
"ITm atoms, was determined as

N(''Er) = (3.31+0.16) x 10> = N("'Tm).  (7)

TABLE II. Data for the relevant y-ray emissions following the
decay of "' Tm and "' Er, and the corresponding detection efficiencies
€, of the used HPGe detector. Values for £, and I, = I lps Were
obtained from Ref. [5].

Isotope " Tm gy gy
E, 66.7keV 295.90keV 308.29keV
el 0.0014286 289 644
Al — +8 +16

Iabs 1 0.100 0.100
Al — +0.003 £0.003
€ 0.00749 0.000966 0.000942
Ae, +0.00034 £0.000014 £0.000014
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IV. I, DETERMINATION

The activation of the erbium sample had to be strong to
achieve a measurable decay rate of the produced !"'Tm in
the next step, which has a much longer half-life and a very
low y-ray intensity. After 5 days which corresponds to about
16 half-life times, basically all of the produced '"'Er nuclei
had decayed to '”'Tm and its y-rays were observed over the
course of 6 days in 24 hour intervals (Fig. 3). Subsequently,
the intensity of the 66.7-keV line could be calculated via

C
A(t)eytmfwfmfdtt '
where A(¢) is the Tm activity during the measurement

determined from the number of produced !"'Er nuclei and C
the number of counts in the 66.7-keV line. We found:

1,(66.7keV) = ®)

1,(66.7keV) = (0.1442 £ 0.00404, £ 0.0089%y5)%. (9)

The previously recommended value of 0.14286 [5] agrees
with our measurement within the uncertainties of our measure-
ment.

A. Uncertainties

The main contributors to the total systematic uncertainty are
the y-line intensities of !”'Er and the detector efficiencies. Un-
certainties resulting from dead-time and cascade corrections,
and from the decay constants of !’ Er and !”! Tm are negligible.
All sources for uncertainties are presented in Table III. The
statistical uncertainties from the Er and Tm counting are as
small as 0.02% and 0.26%. All parameters that were used for
weighted averaging had to be treated as statistical uncertainties,
hence the larger final statistical uncertainty.

TABLEIIIL. Allsources of uncertainties for the measured 66.7 keV
I, of "'Tm.

Source of uncertainty Uncertainty / %

Er counting

y-intensity I, 295 keV () 2.8
y-intensity I, 308 keV () 2.5
y -intensity normalization I, 3.0
Detection efficiency €, () 1.4
Factors f,, fw,and fi <0.1
y-counting statistics (") <0.1
Statistical uncertainty for N (7' Tm) 2.7
Systematic uncertainty for N (7' Tm) 3.3
Total uncertainty for N (*"' Tm) 43
Tm counting
Detection efficiency e, 4.5
Factors f and fp, <0.1
Transmission T 1.0
y-counting statistics 0.3
Statistical uncertainty for 1, (66.7keV) 2.8
Systematic uncertainty for 7, (66.7 keV) 6.2
Total uncertainty for I, (66.7keV) 6.8

*Used for weighted averaging to consider the different uncertainties
of the two Er lines and the runs.
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2.1 Own contributions

PHYSICAL REVIEW C 97, 035803 (2018)

V. SUMMARY AND DISCUSSION

To study the s-process reaction path, branching points are
very important, since they allow us to constrain the conditions
in the interior of stars [11,12]. The analysis of the interesting
branching point !"'Tm is currently hampered by the insuffi-
cient knowledge of the corresponding nuclear data. We report
on new results for the intensity of the 66.7-keV y line. It
was measured via activation of isotopically enriched "Er.
The produced '"'Er decays to !"'Tm with a half-life of 7.5 h.
The number of produced !"'Er nuclei and, as a result also the
number of "' Tm nuclei, was determined via y counting. In a
second step, y spectroscopy of 7' Tm of the 66.7-keV y line
was performed. The resulting y intensity is

I, = (0.144 £ 0.010)%, (10)

in agreement with the value found in the literature. This now
allows for reliable characterizations of 7! Tm samples and neu-
tron capture cross-section experiments. Further improvement
of this value could be achieved by remeasuring the y intensities
of the !"'Er y lines with higher precision.
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Chapter 3

Publication II: ODIn - A setup for
Off-line Deposit Irradiations

The following article was published as full article in Nuclear Instruments and Methods
in Physics Research Section A: Accelerators, Spectrometers, Detectors and Associated Equip-
ment, volume 957, pages 163366 in 2020. It describes the design, characterization
and first commissioning of a pilot experiment for Off-line Deposit Irradiations
(ODIn), which will help to investigate the radiation induced processes of electron
and ion beams with thin layer samples.

3.1 Own contributions

The experiment for off-line irradiations was designed and constructed. A remote
control was developed for the ion source and the experimental infrastructure was
built up. The produced electron and ion beams were fully characterized. Theoretical
calculations of stopping powers, deposited energies and irradiation depths were
performed. The first commissioning of electron beams with molecular plated lead
samples was performed and the induced changes were visually identified. At last,
the paper was written completely self-directed.
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ODIn - A setup for Off-line Deposit Irradiations of thin layers for
nuclear physics applications

R. Haas'??3, C.-C. Meyer!, S. Bohland!, Ch. E. Diillmann'?3, J. Mider®, K. Tinschert?

3.2 Abstract

A table top setup was developed for the irradiation of thin layers with low-energy
electrons and ions of gaseous species. This serves to gain a better understanding
of the chemical microprocesses involved during irradiations. The gained insights
will complement the understanding of heavy-ion beam induced transformations at
on-line facilities and will be used to develop an accelerator-independent method to
transform freshly produced targets into a long-term stable form. The pilot experi-
ment for these Off-line Deposit Irradiations (ODIn) is installed at the Helmholtz
Institute Mainz. The setup, beam characterization and first commissioning are
described.

3.3 Introduction

Thin films of radionuclides are a key element in many nuclear physics applications.
These include applications as nuclear targets in accelerator-based experiments, e.g.,
in the production of superheavy elements in heavy-ion fusion reactions. With ever
increasing beam intensities of new and more powerful accelerators, the targets have
to withstand ever more intense heavy-ion bombardments over long time periods.
For the synthesis of the heaviest elements, actinide targets are used, which are
frequently produced using the well established “Molecular Plating” technique [1, 2].
This method is also applied for the production of radionuclide samples, e.g., serving
as recoil ion sources providing a-decay daughters [3] or fission fragments. A. Vascon
et al. characterized this method in more detail for lanthanides [4], which served
as homologs of actinides, and found ideal parameters to produce crack-free large
area targets [5]. The performance as a-particle source was characterized as well [6].
An important finding was the additional deposition of organic solvent material as
well as the speciation of the deposited lanthanide on the produced targets. The
latter indicated that the material is deposited as hydroxides and carboxylates, but
not in the originally provided chemical form, e.g, the nitrate [5]. The deposits
are known to often be quite sensitive to moisture and oxygen and deteriorate
during long storage time periods at air. Furthermore, the deposit was found to be

IDepartment Chemie, Johannes Gutenberg-Universitit Mainz, 55128 Mainz, Germany
2Helmholtz-Institut Mainz, 55128 Mainz, Germany
3GSI Helmholtzzentrum fiir Schwerionenforschung GmbH, 64291 Darmstadt, Germany
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3.4 ODlIn - a setup for Off-line Deposit Irradiation

covered by a thin layer of organic solvent material. Other target fabrication methods
include Pulsed Laser Deposition (PLD) [7], Polymer-Assisted Deposition (PAD) []
and Drop-on-Demand inkjet printing (DoD) which was recently developed and
characterized [9]. The Drop-on-Demand technique has some advantages when
compared to the Molecular Plating technique in regard to the chemical purity and
amount of the deposited material and is not limited to deposition on electrically
conductive substrates. Several different targets and sources have recently been
produced by this technique [10, 11]. Also with this technique, the final deposits are
hygroscopic and may deteriorate at air.

To prevent such aging processes of freshly produced targets, they are usually
converted into a long-term stable form. For this, the state-of-the-art relies on a
well established on-line baking-in procedure with heavy-ion beams. During these
irradiations, organic impurities are largely destroyed and the actinide species can
be converted into the oxide [12]. To give just one recent example, we refer to [13],
where 2#Cm targets were conditioned with a 5.6 MeV u~! ®Ca-beam on-line at the
Separator for Heavy Ion reaction Products (SHIP). Alpha-spectra of the 243Cm layer
recorded before and after the baking-in procedure reveal a narrowing of the lines,
indicating a loss of material in the layer while the activity stayed constant. It is
already known that such transformations cannot be reproduced by heating up to
700 °C in an oxidizing or reducing gaseous atmosphere [14] and are not just caused
by induced heat in the target layer during irradiation [15]. The field of the induced
effects of such beams on target materials is well investigated by several groups.
Some exemplary findings are phase transformations in cubic C-type lanthanide
sesquioxides by electronic excitation [16] or beam induced electronic sputtering [17].
To date, though, it is still not well known, if similar effects of target conditioning
can be achieved with ion or electron beams of substantially lower energies.

3.4 ODIn - a setup for Off-line Deposit Irradiation

As a new approach for investigations on the chemical and physical microprocesses
during irradiations of target material with low-energy ion and electron beams, a
new setup for Off-line Deposit Irradition (ODIn) was constructed at the Helmholtz
Institute Mainz. This serves as a test bench and pilot facility for the development of
a method to condition freshly produced actinide targets independently of on-line
accelerator beam availability. ODIn provides electron beams up to 1.5keV as well
as ion beams of gaseous species up to 5keV with currents of hundreds of pA. A
general sketch is depicted in Fig. 3.1. The beam currents can be measured via a
Faraday cup or by direct measurement of the current induced in the sample holder.
Additionally, the irradiated samples as well as phosphor screens can be monitored
by a camera through a viewport flange. A LabVIEW based remote control system
was developed for the experiment and the beam profiles were measured with
phosphor screens for several irradiation parameters. For commissioning, lead
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samples were produced on gold plated Kapton foil by Molecular Plating and were
irradiated with electron beams.

sample

holder sample

A

viewport
with camera

Figure 3.1: General sketch of the ODIn working principle.

3.4.1 Vacuum system and general setup

The technical drawing of the ODIn setup is given in Fig. 3.2. The setup comprises an
electron gun (Kimball Physics, EFG-7 with EGPS-1017 power supply) and a sputter
ion gun (tectra, lonEtch Sputter gun Genll) described in the following sections.
The irradiation chamber comprises both the electron gun and the ion gun as
well as a viewport flange to monitor the sample, a cluster-flange with a Faraday
cup (Kimball Physics Inc., FC-70, 0.063” aperture) mounted in the middle of a
flange opposite to the ion gun and a turbo pump (Pfeiffer Vacuum, HiCube 300
H, 260 L min~! for nitrogen, ultimate pressure at below 1 x 1010 mbar). It takes
one minute to reach a pressure of 1 x 107> mbar in the irradiation chamber after
opening the gate valve to the airlock and 10 min more to reach a pressure below
1 x 10~® mbar. This is ideal for the irradiation of many samples in one day without
any heating of the vacuum parts and to keep a safe environment for the gun
systems. Furthermore, the manually driven gate valve grants a slow release of the
residual pressure of the airlock after it was pumped down to 1.5mbar. An ultimate
pressure of 2.5 x 1078 mbar can be reached in the complete experiment if the gate
valve is open. If the gate valve is closed, an ultimate pressure below 6 x 109 mbar
can easily be reached without heating.
To allow sample changes without breaking vacuum in the irradiation chamber, a
second chamber serving as an airlock is separated by a manually operated UHV
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Figure 3.2: Technical drawing of the ODIn experiment.

gate valve. One small chamber (sample chamber) consists of a quick access door
to enable easier sample changes and a rotary feedthrough to move the mounted
sample or phosphor screen between both chambers and to arrange it towards a
specific source by a turn of 90 °. The airlock can be evacuated by a membrane pump
(Pfeiffer Vacuum, MVP 030-3 diaphragm pump, 30 Lmin~!, ultimate pressure:
below 2mbar) in about 80s to a pressure of 1.5mbar and can be vented with
nitrogen by a manual valve to avoid moisture from the air entering the airlock. The
nitrogen gas is passed through a tube filled with dried CaCl, to remove residual
moisture in the gas before entering ODIn.

3.4.2 Beam sources

The electron gun system (Kimball Physics, EFG-7 with EGPS-1017 power supply) is
a commercially available, complete subsystem with included deflection electrodes.
A simple scheme of the electron gun is given in Fig. 3.3 including all elements and
their applied voltages. The beam energy, current and focus are adjustable over wide
ranges. The gun system is able to produce electron beams within an energy range
of 10eV up to 1.5keV at specified beam currents in the range of 1nA up to 100 pA.
At a working distance between 25 mm and 200 mm, spot diameters of 1 mm up to
100 mm can be achieved with Gaussian or uniform beam profile. In the used system
a standard tantalum disc is used as a cathode and serves as the electron source. It
is built inside a tubular structure with an aperture fixed to one end which is called
Wehnelt or grid. By applying a negative voltage to this structure, the electric field
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between the cathode and Wehnelt suppresses electron emission from the cathode
perimeter, leaving only the center of the cathode to emit. By varying this voltage, a
selection of either of the two previously mentioned beam profiles can be made. It
can also be used to pulse the electron beam by adjusting a sufficiently high negative
potential to cut off the beam. An aperture plate downstream of the Wehnelt acts
as anode and is at ground potential. The potential difference between the cathode
and anode determines the energy and trajectory of the electrons. The focusing
lens is an Einzel lens with the first and third element at ground potential and the
second element at negative focusing potential. At a given electron energy and
working distance, the spot diameter is a function of focus voltage. The minimum
spot diameter varies for different electron energies and is found by scanning the
focus voltage as discussed in section 3.5.1. The last part of optics consists of two
pairs of curved deflection plates for X- and Y-deflection, which allows scanning a
specific area with a beam focused on the target and to correct the shape of the beam.
To minimize the distortion of the beam, a small deflection can be applied, which
results in a more circular spot shape. The gun system can be operated at pressures
in the range of 1 x 10~ mbar up to 1 x 10~° mbar with manually driven source
voltage and current or emission current control (ECC). With ECC the electron source
is heated up slowly and the source voltage and current are continously adjusted
to deliver a specific emission current. The beam current is in general about half of
the emission current. The gun system is mounted on a port aligner for linear and
angular adjustments at the irradiation chamber and the distance between the gun’s
aperture and the sample holder is about 80 mm.

Wehnelt / grid Shielding Focus (Einzel lens) Deposit
max. -200 V ground ground
| ]

!

- i
eyl - Y%

Cathode Anode Focus (Einzel lens) X- / Y-deflection
max. -1.5kV  ground max. -1.5 kV -150 Vto +150 V

Substrate

Figure 3.3: Scheme of the electron gun system including a simple illustration of all
elements with their applied voltages.

The ion gun system (tectra, IonEtch Sputter gun Genll) is a commercially available
filamentless ion source based on microwave plasma discharge. The principle of the
source is coupling of microwave energy at 2.45 GHz into a coaxial waveguide and
from there via evanescent wave coupling into a plasma chamber made of alumina.
The intense oscillating electric fields produce a plasma discharge of the used gas.
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Using microwaves to produce and sustain the plasma has some advantages, e.g.,
the ions can be extracted at very low energies down to 25eV without the plasma
collapsing and also the use of reactive gases such as oxygen and hydrogen is
permitted, since there are no hot metal electrodes in the plasma. This allows the
possibility to produce proton beams. The produced ions are extracted from the
plasma using two single-hole extraction apertures and beam energies of up to
5keV with a maximum beam current of 2mA can be produced. The gun system
is watercooled by an external chiller (Huber, HTS1, 650 W cooling capacity) and
magnetron current, beam energy and extraction voltage can be controlled by its
power supply. Furthermore, the magnetron current, beam current and voltages on
the ion optics can be read out on the power supply. The investigated influence of the
controllable parameters on the produced beam profiles and currents is discussed
in section 3.5.2. Similar to the electron gun, also the ion gun is mounted on a port
aligner at the irradiation chamber and the working distance is about 115 mm.

3.4.3 Sample introduction and monitoring

Either a target or a phosphor screen (e.g. GIDS, SCR-25-ITO-P43) is fixed between
two titanium frames and can quickly be exchanged since it is just fixed with one
screw in the sample holder. The maximum diameter of a target is restricted to
25mm by the titanium frames. The holder itself is a single piece of titanium with an
insertion slot for the titanium frames and is tilted at a 45 ° angle towards both the
gun systems and the viewport in the irradiation chamber. Thus, phosphor screens
or targets can be monitored with a camera (Rauscher, Basler piA1000-60gc with
camera lens MVL25M23 from Thorlabs) through the viewport in the irradiation
chamber.

3.4.4 Control system

The power supplies of both gun systems as well as the camera system and the
pressure readout can be controlled remotely. The user interface of the LabVIEW VI
provided by Kimball Physics used for electron gun control is shown in Fig. 3.4. It
provides control of all adjustable gun parameters (anode, grid and focus potentials,
cathode voltage, deflection and scanning) and data logging. Additionally, the Emis-
sion Current Control (ECC) can be switched on, so the source voltage is adjusted
automatically to deliver a steady emission current. The cathode temperature is also
monitored in a third window, which is not shown in the figure.

The power supply of the sputter ion gun provides a D-Sub 9 pin connector for
analog input remote control of the adjustable parameters of the ion gun. Three
pins enable the remote control of a single gun parameter by applying a voltage of
5V. Another three pins are used for metering by an applied voltage between 0V
and 10 V. One pin provides a voltage of 15V with an internal resistance of 1.5 k()
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and the residual pins are ground. For this connector, a remote control was devel-
oped using a commercially available microcontroller (Arduino Uno), threeMCP4725
digital-analog-converters (Adafruit, 12bit, maximum 5V output, controlled via
I2C) and three LM358 amplifier modules (LC Technology, working voltage 5V to
12V, 10 k) adjustable resistor for gain adjustment) for covering a metering region
between 0V to 10 V. The simplified circuit diagram is illustrated in Fig. 3.5. The
remote control was also written in LabVIEW with a design matching that of the
user interface shown in Fig. 3.4.

The readout of the dual gauge (Pfeiffer Vacuum, PT G28 290) is done in a separate
LabVIEW VL. Both the pressure in front of the membrane pump as well as the
pressure inside the irradiation chamber are monitored. The interlock for both gun
systems is provided by the relay of the dual gauge and is not included in the
LabVIEW remote control to avoid communication errors.

The camera is controlled by ethernet with a provided software from Basler. The
camera can be operated in continous or single shot mode and its software provides
several options for image enhancements. The pumps as well as the valves are all
manually driven.

KIMBALL PHYSICS INC. "l
EFG 7F ELECTRON GUN SYSTEM

ol @ | oo | wwe | s

Figure 3.4: LabVIEW remote control user interface of the electron gun system
delivered by Kimball Physics. (left) General beam control, setting and readout:
Energy, grid, focus, source voltage and Emission Current Control (ECC)
switch. (right) Deflection and area scan control.

52



3.5 Characterization of the available beams

1 GND
2 Vout | M358 Pinout
3Vin i 2 _fvour AO e :
avee | . : : e & &
s e grid LVsS MCPA?ZSS% . B =)
9 Extractor grid — I VDD SD — ':”SU
10 Magr current —|RESET2
11 GND LM358 Pinout — AREF
7 +15VDC i —Jioref I
6 Anode grid switch e _{vouTt A e —
5 Extractor grid switch — | I :lvss Mcpaz255CLl— —lno I
4 switch VDD SDA|—* —A1 Arduino 28 PWM——
1 GND/ M358 Pinout — a2 Uno D7 b—
~ s A3 (Rev3) D8 }——
e ) 3 8
+C D= A4/SD. 9 PWM |——
¢ Y I l I 2 vout AO e AS/SCL R
< 27° = VS5 MCP47255CL|— D11 P
i (\\J : VDD SDA{—
e
]

Figure 3.5: Simplified circuit diagram of the remote control for the ion gun power

supply.

3.5 Characterization of the available beams

3.5.1 Electron beams

The beam profiles of the electron beam were investigated with a phosphor screen
(GIDS, SCR-25-ITO-P43) monitored by a camera. The green channel of the taken
pictures was used for the evaluation of the beam profiles with Gwyddion 2.5.
A constant emission current of 10pA was used for all beam tests. First, the
beam spot diameter was investigated for different energies at 500 eV, 1000eV and
1500eV against different focus voltages with grid voltage fixed at 0V. For instance,
Fig. 3.7¢c) displays the beam spot shape observed on the phosphor screen at the
energy 1500eV. Due to the size of the phosphor screen, spot diameters above
25mm are not measurable. The phosphor screen was fixed at the position of a
target in the sample holder. The resulting spot diameters are illustrated in Fig. 3.6.
The minimum spot diameter is reached for focus/energy = 0.66. It corresponds to
the specification data sheet of the electron gun [15].

Then the influence of the grid voltage on the beam profile was investigated
in different measurements for an energy of 1500eV. At first, the grid voltage
was varied between 10V and 85V and a focus voltage of 750V. In a second
measurement, the grid voltage was fixed at 83V and the measurement of the spot
diameter was repeated at focus voltages between 650V and 990V. The resulting
beam profiles are illustrated in Fig. 3.7a) and Fig. 3.7b). Space charge effects are
responsible for the donut-shaped profile. Depressions in central intensity are at
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Figure 3.6: The effect of focus voltage on spot diameter at three different energies,
showing minimum spots at focus/ energy = 0.66.

least partially due to radiation damage at this position on the phosphor screen and
are thus unrelated to the true beam profile.

During these measurements, the cathode temperature reaches a maximum of
about 2000 K with the Grid voltage turned on and cools down after a warm up and
with Grid voltage turned off to about 1700 K. An example graph of the evolution of
the cathode temperature during operation of the electron gun is given in Fig. 3.8.

3.5.2 Ion beams

The ion gun was characterized in a comparable setup with the same camera
system as in ODIn and the same dimensions of the vacuum chamber and work-
ing distance. The beam profiles were measured with a Csl phosphor screen
(125mmx 95 mm x2 mm alumina plate coated with Csl) in a working distance of
about 115 mm and the beam currents were measured with a Faraday cup (fabricated
at GSI, 6 cm in diameter) on the opposite site of the ion gun in a working distance
of about 317 mm.

In general, the beam current was measured against the variation of magnetron cur-
rent, anode potential and extraction potential. At specific parameters, the phosphor
screen was moved in front of the Faraday cup into the ion beam to measure the
beam profile. Nitrogen gas was used to operate the ion gun. The gas flow was
increased first for enough molecules to ignite the plasma and the chamber pressure
was kept fixed at 3 x 10~# mbar. The Faraday cup was polarized to suppress sec-
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Figure 3.7: Beam profiles taken with different electron gun parameters at beam
energy of 1500 eV: a) variation of grid voltage between 10V and 85V at focus
voltage of 750V, b) variation of focus voltage between 650 V and 990V at grid
voltage of 83V and c) variation of focus voltage between 650V and 990V at
grid voltage of 0 V.

ondary electrons. For the measurement of the beam current against the magnetron
current, the anode potential was adjusted to 3.3kV and the extraction voltage was
adjusted to —0.9kV. The current on the cup was limited to a maximum of 175 pA.
A diagram of the measured current against the magnetron current is illustrated
in Fig. 3.9a). Beam profiles were taken at magnetron currents of 6 mA, 12mA and
20mA as shown in Fig. 3.9b). The beam profiles were evaluated in the non-tilted
axis after subtraction of the background fluorescence of the phosphor screen.

In another measurement the magnetron current was adjusted to 20mA and
extraction potential was kept at —0.9kV. The anode potential was varied between
0.1kV and 4kV. The current on the cup was limited to a maximum of 163 pA. For
a measurement of currents against even higher anode potentials, the extraction po-
tential was increased to —1.1kV and current on the cup was limited to a maximum
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Figure 3.8: Cathode temperature of the electron gun during the measurements
shown in Fig. 3.7. At (1), the source voltage is applied slowly to deliver an
emission current of 10 pA. The cathode warms up and cathode temperature
decreases a bit at (2). Then the grid voltage is slowly increased to 85V at (3).
At (4) grid voltage is turned off again and the cathode temperature decreases
again from 2000K to about 1700K. At (5), grid voltage is increased to 83V
again and the cathode temperature rises to 2000 K. At (6), the source voltage
is turned off.

of 109 nA. Then the anode potential was varied between 0.2kV and 5kV. Beam
profiles were taken in the first measurement at 1.5kV, 3kV, 3.4kV and 4kV and in
the second measurement at 1.4kV, 2.6kV, 3.6kV, 4.5kV and 5kV. The diagram of
the measured current against anode potential for different extraction potentials is
given in Fig. 3.10a). The corresponding beam profiles are shown in Fig. 3.10b) for
extraction potential of —0.9kV and in Fig. 3.10c) for extraction potential of —1.1kV.

In the last measurement the magnetron current was kept at 20 mA and the anode
potential was adjusted to 3.7kV. The extraction potential was varied between 0 kV
and 2kV. The current on the cup was limited to a maximum of 164 pA. Beam
profiles were taken at extraction potentials of 0.3kV, 0.8kV, 1.1kV and 1.9kV. The
diagram of the measured current against extraction potential is given in Fig. 3.11a).
The corresponding beam profiles are shown in Fig. 3.11b).

3.5.3 Discussion on beam parameters
Electron beams

Electron beam spot diameters of 2mm to 4 mm can be achieved with electrons in an
energy range of 500 eV to 1500 eV. A small spot size is ideal to obtain a maximum
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Figure 3.9: The measured current on Faraday cup against magnetron current of the
ion gun with the anode potential at 3.3kV and extraction voltage of —0.9kV
is shown in a). The red and green line represent the lowest and highest
measured currents, respectively. The evaluated beam profiles are shown in
b). They are presented as a function of the fluorescence intensity against the
extension to the center of the screen. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this
article.)

of deposited energy and flux per unit area and time. The scanning function of the
electron gun allows irradiating areas that are larger than the spot diameter. The
beam spot size and profile can be altered by varying the grid voltage (see Fig. 3.7b)
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Figure 3.10: a) Measured current on Faraday cup against anode voltage of the
ion gun is shown for a magnetron current of 20 mA and extraction voltages
(EV) of —0.9kV and —1.1kV. The lines represent the lowest and highest
measured currents, respectively. The evaluated beam profiles as a function of
the fluorescence intensity against the extension to the center of the screen are
shown for extraction voltages of —0.9kV in b) and —1.1kV in ¢).

and Fig. 3.7c)). In this way, the profile can be smoothed, and the influence of space
charge effects can be reduced. For 1500€V electrons, the ideal grid voltage was
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found to be 83 V. At voltages above 90V, the beam is completely suppressed.

Ion beams

The effects of i) magnetron current, ii) anode potential, and iii) extraction potential
on ion current and beam profile were studied for nitrogen ions. The beam current
varies proportionally to the magnetron current (see Fig. 3.9a)). The beam current
intensity depends on the anode and extraction potentials; the maximum current is
obtained at 3.7 kV anode potential and 1kV extraction potential. The corresponding
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Figure 3.11: a) Measured current on Faraday cup against extraction voltage of the
ion gun is shown for a magnetron current of 20mA and anode potential
of 3.7kV. The lines represent the lowest and highest measured currents,
respectively. The evaluated beam profiles as a function of the fluorescence
intensity against the extension to the center of the screen are shown for an
anode potential of 3.7kV in b).

beam spot diameter is about 1 cm. In contrast to the electron beam, the ion beam
cannot be scanned across the target area. Therefore, a variation of the beam spot
size is the only option to change the irradiated area. To this end, the potential can
be set to lower values than 3.7kV and 1kV, which will increase the beam spot size,
at the expense of a reduced intensity.
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3.6 First commission and irradiation of samples

3.6.1 Theoretical stopping powers and ranges of projectiles in matter

With the given electron and ion energies provided by the gun systems in ODIn, the
different stopping powers and ranges in matter can be estimated. The software
SRIM-2013 [19, 20] provides stopping powers and ranges for ions and target ma-
terials up to uranium. For stopping powers and ranges of electrons in matter, the
National Institute of Standards and Technology (NIST) provides a database [21, 22]
for many different pure element as well as common target materials like lead oxide
or uranium oxide. Table 3.1 and table 3.2 give some total stopping powers and
ranges of electron beams, light ion (hydrogen) and heavy ion (xenon) beams, which
can be produced at ODIn, in exemplary target materials like amorphous carbon,
metallic lead and uranium. The stopping powers and ranges in matter are given
for the maximum beam energies which can be produced at ODIn.

The given values indicate that only deposits with a thickness lower than 100 pug cm 2
can be irradiated completely with the electron and ion beams provided by ODIn.
With H* beams, the CSDA range is at its maximum with 260 ng cm~2 for metallic
lead and at 220 pgcm 2 for metallic uranium. Therefore, H* beams seem to be
most promising with respect to the ranges in matter. For ion beams of heavier
gasous species, the stopping powers rise and the ion beams will probably induce
more sputtering than transformations on the chemical species and will destroy the
deposit. Sputtering could be used to remove organic impurities on the surface of
the deposits.

Target material Total stoppmg( &(;v\\/recr; go;_;i;fferent beams
electron beam H* beam Xe* beam
(1.5 keV) (5 keV) (5 keV)
Carbon (amorphous) 80.6 308.6 5773
Lead (metal) 15.6 35.26 978.1
Uranium (metal) 13.7 41.77 830.3

Table 3.1: Theoretical total stopping powers of different beams provided by the
ODIn setup in three exemplary target materials. The values are given for the
maximum beam energies which can be provided at ODIn. Data for electron
and proton beams are taken from the NIST database [21, 22]. The data for Xe
beams were calculated with SRIM-2013 [19, 20].

3.6.2 Irradiation tests of Pb samples

In a first irradiation test performed to commission the setup, molecular plated
lead samples were irradiated with electron beams at 1500 eV and 100 pA emission
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- - CSDA (continuous-slowing-down
arget materia approximation) ranges in matter for different
beams (mg cm™?)
electron beam H* beam Xe* beam
(1.5 keV) (5 keV) (5 keV)
Carbon (amorphous) <0.28 0.025 0.0016
Lead (metal) <0.83 0.26 0.0041
Uranium (metal) <0.89 0.22 0.0044

Table 3.2: Theoretical ranges in matter of different beams provided by the ODIn
setup in three exemplary target materials. The values are given for the
maximum beam energies which can be provided at ODIn. Data for the
electron and proton beams are taken from the NIST database [21, 22]. The
data for Xe beams were calculated with SRIM-2013 [19, 20].

current. This section is meant to give a short report of the first irradiation with
ODIn. Further analytical investigations of the sample will be described elsewhere.

Reagents and materials

145.7 mg of lead nitrate (Sigma-Aldrich, 99.0 %) were dissolved in 10mL of 0.1 M
nitric acid, to give a concentration of 44 mmol L~!. An aliquot of 20 pL was filled
into the plating cell and was mixed with 1 mL of isopropanole and 9 mL of isobu-
tanole. A round Kapton foil (Goodfellow, Polyimid - Film DuPont™ Kapton®,
25um thickness) with a diameter of 25 mm was cleaned with isopropanole, dried
at air and then sputter coated with about 34 nm of gold on both sides. It was used
as cathode. A palladium wire (Goodfellow, +99.99 %, 1 mm thickness) was used as
anode.

Instrumentation and methods

Molecular Plating was performed in an upright cylindrical cell with 1.15kV and
0.6 mA for 45 min. The contact area on the substrate (Kapton foil with gold coating)
was 0.5cm?. After the plating process, the sample was dried at air in the fume
hood for 24 h. Two identical samples were prepared by this method to have one
sample for comparison after irradiation of the other one. In case of a 100 % yield in
the molecular plating process, the deposit thickness is about 365 pg cm~2 which is
about 59.4 pm.

The sample was carefully fixed on the sample holder in ODIn with conductive tape.
It was irradiated with 1.5keV electron beam and emission current of 100 pA with
focus on the surface of the deposit. The focus voltage was at 990V and grid voltage
at 0V. The spot diameter was about 3mm. Due to a voltage on the deflection
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electrodes during scanning and the angle of 45° on the sample surface, the beam
spot shape was slighty deformed to a triangle. After a short moment, the surface
turned dark at the spot where the focused beam impacted. The beam was then
scanned slowly over the complete deposit surface until it turned completely dark
by visual observation. The whole irradiation with an irradiance or flux density of
about 2.1 W cm ™2 took about an hour with an approximated deposited energy of
4.74 x 10'®MeV cm 2. For electron gun power Q of 0.15W, a thermal conductivity
A of the Kapton foil of 0.4Wm~!K~!, a beam spot radius r of 1.5mm and the
thickness of the Kapton foil 4 of 25 um, the difference of temperature AT between
the irradiated deposit and the sample holder can be calculated with Fourier’s law

Q:)\-TC‘1‘2~% (3.1)

and is about 1.3K considering thermal conduction.

Results and Discussion

Both the non-irradiated and the irradiated sample were investigated with a light
microscope (VHX-7000, Keyence). The surface of the irradiated deposit turned black
during the irradiation with the 1.5keV electron beam. The range of the electron
beam into the deposit should be about 14 um with respect to a stopping power
of 17.43MeV em? g~! (in lead oxide) [21]. Therefore, the beam was completely
stopped in the deposit. The change in color indicates that a chemical or a crystal
transformation occurred. The induced structural changes were investigated by
confocal Raman spectroscopy (HR800 system, Horbia Jobin Yvon, Ay : 633 nm).
The spectrometer was calibrated with a silicon sample. The microscopic pictures
with three magnifications and the Raman spectra of both samples are shown in
Fig. 3.12. The spectra indicate a chemical transformation from lead carbonate [23] to
lead(Il) oxide [24]. The observed changes in colour agree well with coulomb barrier
irradiations of similar produced lead targets at UNILAC. A detailed follow-up
spectroscopic investigation and comparison of lead targets irradiated off-line at
ODIn and on-line at UNILAC is on its way. The investigation will show if it is
possible to investigate the radiation-induced chemical reactions in target materials
even without beam time at particle accelerators.
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Figure 3.12: Optical microscope pictures of the non-irradiated lead sample (top)
and of the electron-irradiated sample (bottom). The inset in the right-most
pictures displays Raman spectra of the samples. These were recorded with a
633 nm excitation wavelength at 16 mW, using spectral autofocus. The change
in the spectra indicates a chemical transformation of lead carbonate [23] to
lead(II) oxide [24]. (For a colored high-resolution figure, the reader is referred
to the web version of this article.)

3.7 Conclusion and Outlook

A new setup, named ODIn, was successfully constructed for the irradiation of
samples with low energy electron and ion beams, characterized with regard to the
electron gun and ion gun and tested for the first time with a molecular plated lead
sample. The electron gun can generate up to 1.5keV electron beams with up to
100 pA beam current. The spot diameters of the electron beam and beam profiles
of the electron gun were investigated with a phosphor screen. Minimum spot
diameters of 2mm to 4 mm in diameter can be produced depending on the electron
energy. The beam profile can be adjusted with the grid voltage from a nearly
uniform to a Gaussian profile. Furthermore, the ion gun was characterized and the
dependency of the beam current on different magnetron currents, anode voltages
and extraction voltages was investigated. Also the beam profiles were investigated
with a phosphor screen and they are more lorentzian shaped with a FWHM of about
2mm to 3mm. The complete setup can be controlled by remote with a delivered
LabVIEW software for the electron gun and an Arduino-based remote control for the
ion gun. The first irradiation of a lead sample with 1.5keV electron beams showed
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a visible changed on the deposit surface indicated by a change of color from orange
to black. Raman analysis showed a chemical transformation of lead carbonate
to lead(II) oxide. In future experiments, the irradiated samples of ODIn will be
compared with samples irradiated with Coulomb-barrier heavy-ion beams at the
UNILAC accelerator at GSI in Darmstadt and with samples irradiated with proton
beams of tens of MeV energy at the IGISOL facility in Jyvaskyla. Investigations of
the chemical and crystal transformations on the surface of irradiated samples are
currently ongoing, using analytical methods like Raman spectroscopy, scanning
electron microscopy (SEM) as well as atomic force microscopy (AFM). These studies
will help shedding light on the processes taking place in thin films irradiated with
low energy particles. New insights into the chemical behavior of conventional
target materials in the particle beam could be an important intermediate step in the
development of new targets for the future generation of accelerators.
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Chapter 4

Publication III: Towards
monolayer recoil ion sources

233U

The following article was submitted as full article to Radiochimica Acta in 2020. The
preprint is available on arXiv (arXiv:2004.02571). It deals with the production of
very thin 233U recoil ion sources by four different methods and their quantitative
as well as qualitative characterization. Additionally, simulations were performed
to investigate the influence of source characteristics on the resulting alpha spectra.
The gained insights will be used for the production of recoil ion sources in the
TACTICa experiment.

4.1 Own contributions

The theoretical calculations, SRIM and AASI simulations and the writing of the
paper were performed self-directed. The mixed fit routine for a multiplett con-
sisting of three peaks was developed and applied manually for all spectra. The
production of the sources and their characterization was performed self-directed or
by supervision.
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4 Publication III: Towards *33U monolayer recoil ion sources

Alpha spectrometric characterization of thin 2*U sources for
229m)Th production

R. Haas"??, M. Hufnagel!, R. Abrosimov', Ch. E. Diillmann'??3, D. Krupp®,
C. Mokry'?, D. Renisch'?, J. Runke!3, U. W. Scherer*

4.2 Abstract

Four different techniques were applied for the production of 23U alpha recoil ion
sources, providing 2 Th ions. They were compared with respect to a minimum
energy spread of the 2Th recoil ions, using the emitted alpha particles as an
indicator. The techniques of Molecular Plating, Drop-on-Demand inkjet printing,
chelation from dilute nitric acid solution on chemically functionalized silicon
surfaces, and self-adsorption on passivated titanium surfaces were used. All
fabricated sources were characterized by using alpha spectrometry, radiographic
imaging, and scanning electron microscopy. A direct validation for the estimated
recoil ion rate was obtained by collecting 2?®Th recoil ions from 232U recoil ion
sources prepared by self-adsorption and Molecular Plating. The chelation and the
self-adsorption based approaches appear most promising for the preparation of
recoil ion sources delivering monochromatic recoil ions.

4.3 Introduction

Radioactive sources of alpha-decaying or spontaneously fissioning radionuclides are
used in many experiments in nuclear chemistry and nuclear physics as a source for
their daughter nuclei. In alpha-decaying recoil ion sources, the daughter nuclei are
emitted from thin active layers owing to the short residual range of the daughters
in matter. Such recoil ion sources were recently used in physics experiments, e.g.,
for investigations of the nuclear clock isomer 229mT} [1-3] and for optimizations of
the extraction of short-lived isotopes in buffer gas cells [4, 5]. The 233U is used as
example nuclide in the source fabrication, as it is of high current interest due to the
production of ??™Th and will be used as a recoil ion source in the experiment of
the TACTICa® collaboration [6—8]. In the TACTICa experiment, the 229(M)Th recoil
ions will be decelerated by an electric field to less than 1keV kinetic energy to
allow their trapping in a linear Paul trap. In contrast to the approach employed,

lDepartment Chemie, Johannes Gutenberg-Universitdt Mainz, 55128 Mainz, Germany

2Helmholtz-Institut Mainz, 55128 Mainz, Germany

3GSI Helmholtzzentrum fiir Schwerionenforschung GmbH, 64291 Darmstadt, Germany

4Institut fiir Physikalische Chemie und Radiochemie, Hochschule Mannheim - University of
Applied Sciences, 68163 Mannheim, Germany

5 Trapping And Cooling of Thorium Ions with Calcium

68



4.3 Introduction

e.g. in [1-3], where recoil ions were thermalized in buffer gas, stringent vacuum
requirements and the desire to retain the initial charge state distribution [5] render
purely electrostatic deceleration favorable for TACTICa. Ideal recoil ion sources for
application in TACTICa consist of a monolayer of the mother nuclide ?*3U to gain a
high recoil efficiency with a minimal energy dispersion of the recoil ions. Due to
the approximately fixed areal density of a monolayer, the activity of such an ion
source is defined by the active area.

Different methods exist to fabricate targets or radioactive sources in many different
geometries and thicknesses. A well established method is the Molecular Plating
(MP) technique [9]. This method was well characterized and enhanced by Vascon
et al. to fabricate smooth crack-free large-area thin films of alpha particle emitting
147Sm [10]. These layers were investigated with X-ray photoelectron spectroscopy
(XPS) and alpha spectrometry and showed that specific MP parameters, like the
choice of plating solvent and the roughness of the substrate, lead to effects which
influence the recoil efficiency and energy dispersion of the alpha-recoil ions. The
thickness and morphology of the produced salt layer as well as cracked solvent
fragments deposited on top of the radioactive source proved to influence the relative
alpha detection efficiency by as much as 15% [11]. Such alpha detection losses
imply a critical influence on the recoil efficiency of the alpha daughter ions and their
energy distribution. The MP technique needs further developments to fabricate
more efficient recoil ion sources.

A novel fabrication technique is the Drop-on-Demand ink-jet printing method (DoD)
[12], which is able to deposit dissolved material onto a variety of solid surfaces and
is not restricted to electrically conducting substrates. It has a high printing accuracy
as well as a reliable reproducibility of the deposited material [12]. This method
has not yet been used to fabricate recoil ion sources consisting of a few atomic
layers. Printing as well as solution parameters are well adjustable and, therefore, it
should be possible to produce recoil ion sources suitable for application in, e.g. the
TACTICa experiment.

In contrast to MP and DoD, where the material adheres mainly to the substrate by
physisorption, there are two other possible ways to achieve effectively a monolayer
of radionuclides, which is chemisorbed to the substrate. Krupp et al. developed a
method to functionalize silicon surfaces of, e.g. passivated implanted planar silicon
(PIPS) detectors for alpha spectrometry [13]. The silicon surfaces are functionalized
with sulfonic acid groups, which chelate radionuclides from an acid solution. The
chelation creates a chemisorption of the radionuclides, so that the surface can be
rinsed afterwards with distilled water to remove non-bound radionuclides without
loosing bound material. Theoretically, a saturated functionalized surface contains a
single layer of radionuclides and seems promising for the production of ideal recoil
ion sources.

Another way to produce chemisorbed monolayer films is to make use of the
chemical equilibrium of radionuclides in solution on metal oxide surfaces, well
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known as self-adsorption (SA) process. SA processes are well investigated for
many radionuclides on a wide variety of metal oxides and soil material in the field
of nuclear waste disposal [14-17]. Self-adsorption of thorium was used for the
production of thin 22Th films on CaF, surfaces [18] and is also promising for the
production of ideal recoil ion sources for a high recoil efficiency with small kinetic
energy dispersion of the emitted recoil ions.

In this article, the theoretical aspects of recoil ion sources concerning the stopping
powers of alpha particles and recoil daughters in the source material as well as
the achievable areal density of uranium depending on the fabrication method
is discussed. Furthermore, Advanced Alpha spectrometric Simulations (AASI)
[19-21] were performed for the investigation of the influence of different source
parameters on the alpha spectra. The experimental and simulated spectra were
parameterized using an adapted fit routine [22, 23] for a quantitative evaluation,
allowing a comparison of recoil sources fabricated by different methods. At last,
the recoil efficiencies were investigated of two sources produced by MP and SA by
using the shorter-lived 232 (half-life: 68.9 a).

4.4 Theoretical aspects

4.4.1 Stopping power in materials

The stopping powers of the alpha particles and the recoil daughter ions differ by
about one order of magnitude. Furthermore, they depend on the chemical nature
of the mother nuclide material. For the example nuclide 23U (half-life: 1.59 x 10° a,
Ey: 4824 keV (82.7 %), 4783 keV (14.9 %), 4729 keV (1.85 %)), the kinetic energy Ey
of the 2 Th ions is about 84 keV while the alpha particle energy is about 4.8 MeV
[derived from E (?*°Th) = Q,(>*3U) - E,(**3U), where Q, is the Q-value of the alpha
decay and E, the kinetic energy of the alpha particle]. The stopping powers and
ranges in different materials can easily be calculated with SRIM-2013 [24]. Due to
the fact that the exact uranium compound is only known for DoD-produced sources,
but not for the others, a number of different uranium compounds were used for
the SRIM simulations. The stopping powers and ranges of both the ?>Th and the
alpha particles in these compounds are given in Table 4.1 and Table 4.2. SRIM
defines a monolayer of any material as 10*° atoms cm 2. Therefore, the stopping
powers describe the energetic loss per atomic layer. The data show how much
more the ??’Th recoil ions are influenced by the mother nuclide material with
ranges below 500 A compared to the alpha particles with ranges above 10 um in the
same materials. Thus, alpha spectra of 233U recoil ion sources cannot give detailed
information on the kinetic energy distribution of the recoil ions. Even very thin
sources with ten atomic layers of the mother nuclide material decelerate the emitted
recoil ions by several keV. For a first semi-quantitative screening, a high-resolution
alpha spectrum of an uranium recoil ion source allowing for a detailed evaluation
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of the peak shape may give a hint about the thickness of the source, which can help
determining the recoil efficiency and energy distribution of the thorium ions.

Table 4.1: Stopping powers and ranges of 2’ Th recoil ions in different 2>*U com-
pounds. The initial kinetic energy of the recoil ions is set to 84 keV. The data
were obtained with SRIM-2013 [24].

Compound density / gcm_3 Stopping Power of 229Th / Range /
[25, 26] eV/(10%atoms/cm?) nm
UO,(OH), xH,O 5.0 348 28
UO,CO;3 5.7 510 25
UO,(NO3); 2.8 457 45
[8[0)) 11.0 731 15
U30Og 8.4 664 19

Table 4.2: Stopping powers and ranges of alpha particles in different 2*U com-
pounds. The maximum kinetic energy of the alpha particles is set to 4.824 MeV.
The data were obtained with SRIM-2013 [24].

Compound density / gcm ™3 Stopping Power of a-particle / Range /
[25, 26] eV/(10°atoms/cm?) pm
UO,(OH), x H,O 5.0 20.6 173
UO,CO3 5.7 29.5 15.6
UO2(NO3)2 2.8 27.5 28.9
UO, 11.0 43.1 10.7
U30sg 8.4 38.9 13.1

4.4.2 Theoretical areal density

As previously mentioned, a single layer of any material is defined in SRIM-2013
as 10'® atoms cm 2, which is too crude for an approximation of all elements in one
layer in order to be directly applicable in the present case. As an example, an areal
density of about 2.23 x 10'* atoms cm~? is calculated for a monolayer of uranium
atoms in uranium dioxide. The areal uranium densities of this and other materials
are given in Table 4.3. As the true chemical species and crystal structure is difficult
to investigate for sources prepared by MP and DoD, a value of 10'*atoms cm—2
will be used for further discussions and for the calculation of the concentration of
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solutions as used in the experimental section. The estimation of an areal uranium
density gets more complicated for methods like chelation by sulfonic acid groups
and SA, because there the areal uranium densities depend on the density and
availability of binding partners on the surface of the substrate.

Table 4.3: Calculated areal uranium densities in various compounds. Basis of the
calculations are crystal structure data from [25, 26].

Compound areal uranium density / 10 atoms cm 2
UO,(OH), xH,O 1.41
UO,CO;3 0.32
UO2(NO3), 0.51
uo, 2.23
U303 0.93

For the chelation method, the areal density of sulfonic acid groups is impor-
tant. An areal uranium density of about 4 x 10> atoms cm~? is achievable on PIPS
detectors functionalized in that way [13]. For SA, the density of oxygen binding
partners on the surface of the substrate influences the amount of adsorbed ura-
nium atoms. Investigations in the field of nuclear waste disposal have shown the
highest adsorption rate of uranium for titanium dioxide [17]. These investigations
were always performed with titanium dioxide colloids, whereas source fabrica-
tion is performed on a titanium foil, which provides a lower density of oxygen
binding partners than colloids do. To increase the source activity, the density of
these binding partners can be increased, e.g., by passivation. There are several
methods to achieve titanium passivation, e.g., by anodic oxidation or by heating
[27]. Thermal treatment allows investigating the adsorption yield (and thus the
achievable areal uranium density) by specifically producing one of two obtainable
titanium dioxide modifications. This is carried out by the irreversible transforma-
tion of anatase—rutile at temperatures >600 °C at atmospheric pressure [27, 28].
The exact transformation temperature depends on impurities in the titanium. D.
Velten et al. found transformations for amorphous—anatase and anatase—rutile
in sol-gel powder samples after heat treatment [27]. Anatase, the modification
found naturally on a passivation layer of titanium, is the most promising species for
high adsorption yields. The areal oxygen density of both, anatase and rutile, was
calculated for some ideal crystal faces to derive an average number. Calculations
based on crystal structure data [26, 29, 30] are given in Table 4.4. The mean areal
density of oxygen atoms on the surface of anatase and rutile is similar and is about
1.3 x 10 atomscm 2. Due to the large ionic radius and coordination sphere of
uranyl ions in carbonate solutions [14, 17], the uranyl ion will be coordinated to two
oxygen atoms on the surface. This leads to an U:O ratio of 1:3 to 1:2, corresponding
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to a maximum areal uranium density of 6.5 x 10!* atoms cm 2 with SA. The real
areal density of adsorbed uranium is probably lower due to defects in the crystal
surface. 10'° atoms cm~2 of 233U have an activity of 138 Bqcm 2, corresponding to

an emission rate of 2?Th ions into a 27t solid angle of about 69 ionss~! cm 2.

Table 4.4: Calculated areal densities (ad) of oxygen available for self-adsorption on
ideal crystal faces of anatase and rutile based on crystal structure data from
[26, 29, 30]. The Miller indices of the individual crystal faces are given. The
areal densities of oxygen are given for each crystal face and as average values
for each modification.

lengths / crystal ad / mean ad /
A face 10" atoms cm 2 10" atoms cm 2
a: 3.785 (001) 1.40
Anatase | c¢: 9.514 (100) 1.11 1.18
(101) 1.02
a: 4.594 (001) 1.51
Rutile c: 2.962 (110) 0.98 1.36
(100) 1.60

4.5 Peak fit model and AASIFIT

Alpha spectrometry is an important radioanalytical technique for the quantitative
and qualitative investigation of alpha-emitting radionuclide samples in environ-
mental and nuclear research [31]. High-resolution spectra of high-quality sources
help characterizing samples with regard to alpha-decaying impurities, isotopic
compositions and even qualitative characteristics like thickness and homogeneity of
the sample [23]. Often, nearby peaks in alpha spectra overlap at least partially. For
the deconvolution and interpretation of such spectra, several peak fit models were
developed and improved in the last decades. One of the most successful models
to represent a mono-energetic alpha peak consists of a Gaussian joined with an
exponential distribution [22, 32]

2
f(u—uo,7) :§exp (#‘F;_Tz) erfc {% (ugyjtg)} (4.1)
where A is the peak area, u is the distance to the peak position u, ¢ is the
standard deviation of the Gaussian and 7 is the tailing parameter. This model was
improved by subtraction of the long tail distribution and a mix of two exponential
functions with different lengths, 71 < 7, and a normalized weighting factor # [33].
In the present case of monolayer alpha recoil sources, the peaks are expected to

be very narrow and the long tail distribution is expected to be non-existent, in
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which case it can be neglected. Therefore, equation 4.1 was modified with the
normalized weighting factor 77 and by a sum of three functions for the present
nuclide of interest, 233U, showing a multiplet of the three significant peaks

2 3

F(u)=Y_Y nifi(u—pi;051)

i=1j=1 4.2)
L=m+mn

with individual peak positions y1, y2 and p3 and two shared standard deviations
of the Gaussian ¢ and tailing parameters T, each pertaining to all three peaks. This
mixed function contains eight free parameters

F(u)=[mf (u—pyo,1)+ 1 —m)fi(u—p;02,0))
+mfo(u—ppo,1) + (1 —m) fo (U — pio; 00, 1)] (4.3)
+mfs (u—pz;01, 1) + (1 —m)fs (4 — p3; 02, )]

which was used for the determination of the individual, characteristic tailing
parameters 71 and Ty of spectra from 23U sources produced by the four different
methods. The 233U spectra were fitted with QtiPlot [34]. An example of the applied
fit function is given in Fig. 4.1.
Furthermore, for the investigation of effects of different source characteristics on the
alpha spectrum, e.g., the thickness and RMS roughness, the simulation and fitting
software AASIFIT was provided by STUK, Finland [19-21]. Numerous parameters
of the detector setup, the source material and dimensions can be set in the software
to give iterative Monte Carlo-simulated alpha spectra. Experimental data can be
loaded into the software and can then be fitted on the basis of simulated spectra
of specific isotopes [21]. Effects of source layer thickness, root mean square (RMS)
roughness, homogeneity and source material on simulated alpha spectra will be
discussed in Section 4.9.
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I Experimental alpha spectrum
— Fit of 4824 keV peak

— Fit of 4783 keV peak
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Figure 4.1: Exemplary QtiPlot fit of a 2k channel alpha spectrum of purified 23517,
A mixed fit including all three peaks of the multiplett (Eq. 4.3) as well as
independent fits (Eq. 4.1) of the single peaks are shown.

4.6 Experimental

4.6.1 General instrumentation and methods

A light microscope (Bresser LCD Micro, 40x - 1600x magnification) was used
for visual inspection of the sources. Scanning electron microscopy (SEM) was
performed with a Philips XL 30 for the investigation of the topography of the
sources in high resolution. Autoradiographic images (RI) weren taken with a
Fujifilm FLA-7000 for information about the spacial distribution of radioactivity.
Atomic force microscopy (AFM) was performed with a Semilab DS95 SPM System
for the investigation of the topology (root mean square roughness) of the sources.
For alpha spectrometry, different PIPS detectors and source-detector-distances were
used for quantitative yield determination and for qualitative measurements. These
are specified for each method in the following sections. A 16K channel analog-
digital-converter (Canberra Nuclear Data ND581 ADC, used in 1K and 2K mode)
with amplifier (Canberra 2015A AMP/TSCA) was used for data acquisition. A
certified 2 Am source (Amersham Buchler, 290 Bq homogeneously distributed on
an anodized aluminum disc with 16 mm in diameter and 150 pm thickness) was
used for efficiency calibration of the used PIPS detectors.
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4.6.2 Molecular Plating
Reagents and materials

A stock solution of column separated (in July 2017) 233U as uranium nitrate in
0.1mol L~ HNOj3 (Merck, 65 %) with a concentration of 2.02mgmL~! was used
for the preparation of all solutions. For MP, three solutions with concentrations
of 389ugmL~}, 21.5ugmL !, 525 pgmL~! were prepared by dilution of aliquots
from the stock solution in 0.1 molL~! HNOs. Either N,N’-dimethylformamide
(DMF) (Merck, 99.8 %) or a mixture of 10 % isopropanol (Merck, 99.8 %) and 90 %
isobutanol (Merck, 99 %) was used as electrolyte in the plating cells. A palladium
foil or a 1-mm thick palladium wire (>99.98 %) was used as anode. Silicon wafers
(34 mm in diameter, 300 pm thickness) with a titanium coating (100 nm thickness)
produced by magnetron sputtering as well as titanium foils (99.6 %, 25mm in
diameter, 25 um thickness) were used as substrates. For cleaning of the titanium
foils, distilled water, 6 mol L~! HCI (Merck, 37 %), isopropanol and acetone (Merck,
99.5 %) were used.

Instrumentation and methods

For depositions on the titanium-coated silicon wafers, a horizontal cell design of A.
Vascon et al. [10, 35] was used in combination with a HV power supply (Heinzinger
LNC 3000-10 pos., 0V to 3000V, 0mA to 10mA). For depositions on the titanium
foils, a vertical cell design [36] was used in combination with a different HV power
supply (FUG MCP 350-1250, 0V to 1250V, 0 mA to 250mA). Alpha spectra were
recorded with a 2000 mm? PIPS detector (Canberra PD2000-40-300AM) in 5 mm
distance for yield determination and a 25mm? PIPS detector (Ortec ULTRA™,
11 keV FWHM intrinsic resolution) in 100 mm distance was used for recording high
resolution spectra.

Source fabrication and characterization

The titanium foils were cleaned with 6 mol L~! HCI, distilled water, isopropanol
and acetone. The coated silicon wafers were cleaned with isopropanol to avoid
damages to the titanium coating. An aliquot of 100 uL of the 5.25 pgmL~! 233U
solution was mixed with 35 mL DMF using a vortex mixer for deposition on one
silicon wafer. Another aliquot of 100 L of the 34.4 pg mL~! solution was mixed
with 3.5mL isopropanol and 31.5mL isobutanol using a vortex mixer for deposition
on another silicon wafer. For deposition on the titanium foils, aliquots of 20 pL of
the 21.5 pg mL ™! solution were mixed with 1 mL isopropanol and 9 mL isobutanol.
MP was performed at constant current of about 0.75mA cm~2 for 1h to 2h. After
deposition, the sources were carefully dried under an IR lamp in a fume hood.
Alpha spectra for yield determination were taken with peak areas of at least 10* cts
to reduce statistical counting errors below 1 %. Qualitative alpha spectra were taken
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for several days to obtain adequate statistic. SEM pictures and RI were taken for
visual inspection of the sources. Irradiation time for RI was about 2 h.

4.6.3 Drop-on-Demand inkjet printing
Reagents and materials

An aliquot of the stock solution was diluted to give three solutions with concentra-
tions of 138 ugmL~!, 742 ugmL~! and 18.6 pgmL~! of 23U in 0.1 mol L~! HNO;
(Merck). Circular titanium foils (99.6 %, 34 mm in diameter, 25 um thickness) were
used as substrates. For cleaning of the titanium foils, distilled water, 6 mol L~ HCl
(Merck, 37 %), isopropanol, and acetone (Merck, 99.5 %) were used.

Instrumentation and methods

A DoD printer setup as described in [12] was used for printing. Tips with an inner
diameter of 200 um were used. Alpha spectra were recorded with a 2000 mm? PIPS
detector (Canberra PD2000-40-300AM) in 5 mm distance for yield determination
and a 25 mm? PIPS detector (Ortec ULTRA™, 11 keV FWHM intrinsic resolution)
in 100 mm distance was used for recording high resolution spectra.

Source fabrication and characterization

Five sources were fabricated with a printing sequence containing 1413 drops within
a circular area of 30 mm in diameter (see Fig. 4.2 (a)). For this, the 742 ugmL~!
solution and a drop volume of 5nL at a stroke velocity of 100 um ms~! were used.
Two additional sources were fabricated with a printing sequence containing 5637
drops within a circular area of 30 mm in diameter (see Fig. 4.2 (b)). Drop volume
and stroke velocity were kept the same at 5nL and 100 pm ms ™!, but the solutions
with concentrations of 18.6 nigmL~! and 138 ugmL ! were used for these latter two
sources. The sources were dried at air in the fume hood after fabrication. Alpha
spectra, SEM pictures and RI were processed as described in section 4.6.2.

4.6.4 Chelation by sulfonic acid groups
Reagents and materials

An aliquot of the stock solution was diluted to give a solution with a concentration of
3891ug mL~! of 23U in 0.1 mol L~! HNOj3; (Merck). Pieces of silicon wafers (300 pm
thickness) in various forms with areas of about 6.4 mm? to 10 mm?, functionalized
with sulfonic acid groups according to [13], were used as substrates.
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Figure 4.2: Printing sequences used for source fabrication. Panel a: Sequence
containing 1413 coordinates. Panel b: Sequence containing 5637 coordinates.
The distances between two coordinates are 0.7 mm (a) and 0.35 mm (b), re-
spectively.

Instrumentation and methods

Alpha spectra were recorded with a 2000 mm? PIPS detector (Canberra PD2000-
40-300AM) in 5 mm distance for yield determination and a 25 mm? PIPS detector
(Ortec ULTRA™, 11 keV FWHM intrinsic resolution) in 100 mm distance was used
for recording high resolution spectra.

Source fabrication and characterization

The functionalized wafers were placed in a crystallizing basin and covered with
10 mL of the 233U solution. After 5min, 15min, 30 min, 60 min and 120 min the
wafers were carefully removed from the solution, rinsed with distilled water and
dried under an IR lamp. Alpha spectra, SEM pictures and RI were processed as
described in section 4.6.2.

4.6.5 Self-adsorption
Reagents and materials

An aliquot of the stock solution was diluted with distilled water to give a con-
centration of 5.89 ug mL~1 of 28U. A titanium foil (99.6 %, 25 um thickness) was
used for preparation of the substrates. 0.1 molL~1 HNOj3 (Merck) was used for
the adjustment of different pH values in the aqueous solutions. For cleaning of
the titanium foils, distilled water, 6 mol L1 HCI (Merck, 37 %), isopropanol and
acetone (Merck, 99.5 %) were used.
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Instrumentation and methods

A muffle furnace (Nabertherm, LE 1/11/R7, max. 1100 °C) was used for thermal
oxidation of the titanium foils at air. Alpha spectra were recorded with a 450 mm?
PIPS detector (Ortec, CR-SNA-450-100) in 5 mm distance for yield determination
and a 25mm? PIPS detector (Ortec ULTRA™, CU-011-025-300, 11keV FWHM
intrinsic resolution) in 100 mm distance was used for recording high resolution
spectra.

Source fabrication and characterization

In a first experimental series, solutions with different pH-values of 2 to 7 were
generated as mixtures of 0.1molL~! HNO3 with distilled water. Pieces with
dimensions of 10 mm x 10 mm were pretreated in the muffle furnace at 500 °C for
one hour. The titanium pieces were put upright into small polyethylene flasks,
containing a mixture consisting of 250 uL of the 23U solution and 1mL of the
pH-adjusted solution, for one day. Afterwards, the titanium pieces were rinsed with
distilled water and dried under an IR lamp in the fume hood. Yield determination
was performed by alpha analysis of both sides of the titanium pieces as described
in section 4.6.2.

In a second experimental series, Ti pieces with dimensions of 10 mm x 10 mm were
thermally oxidized in the muffle furnace at different temperatures between 100 °C
to 900 °C for one hour. The pieces were processed as described before in a solution
with a pH value of 5. Yield determination was performed by alpha analysis of
both sides of the titanium pieces as described in section 4.6.2. Three titanium foils,
pretreated at temperatures of 20 °C, 450 °C, and 700 °C, were investigated by AFM.
At last, two circular titanium foils with a diameter of 30 mm were processed at
450 °C and kept in 23U solution at a pH value of 5. Another two titanium foils
with the same dimensions were sand blasted in advance and processed exactly like
the two other foils. Alpha spectra were recorded of one side of those foils. SEM
pictures and RI were performed as described in section 4.6.2.

4.6.6 Investigation of the Th daughter recoil efficiency
Reagents and materials

A stock solution with 50kBq of 22U in 6.5mL 0.1molL~! HNO; (Merck) was
evaporated under an IR lamp and dissolved again in 8 mol L' HCI (Merck). This
process was repeated three times. A column (50 mm x 3 mm with Dowex AG 1x8
anion exchanger) was heated up to 55°C and washed several times with 8 mol L™}
HCl. The 22U solution was given onto the column and the daughter nuclides
were eluted by 4 x 2mL 8molL~! HCl. The ?*?U was stripped with 5 x 2mL
0.5mol L~! HCI. The 2*?U-containing eluate was evaporated to dryness again and
the residue was dissolved in 1 mL HNOj3 solution at pH 5. Circular titanium foils
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(Goodfellow, 99.6 %, 25 ym thickness, 25 mm in diameter) were used as substrates.
For cleaning of the titanium foils, distilled water, 6 mol L-1 HCl (Merck, 37 %),
isopropanol and acetone (Merck, 99.5 %) were used. A mixture of 10 % isopropanol
(Merck, 99.8 %) and 90 % isobutanol (Merck, 99 %) was used as electrolyte for MP
in the plating cells. A 1-mm thick palladium wire (>99.98 %) was used as anode
for MP.

Instrumentation and methods

For depositions (SA and MP) on a limited area with 8 mm in diameter, a vertical
cell design [36] was used. For MP, the cell was used in combination with a HV
power supply (FUG MCP 350-1250, 0V to 1250V, 0mA to 250mA). Alpha spectra
were recorded with a 450 mm? PIPS detector (Ortec CR-SNA-450-100) in 8 mm
distance for yield determination and 450 mm? PIPS detectors (Canberra A450-
18AM) in 50 mm distance inside an Alpha Analyst system (Canberra, Dual Alpha
Spectrometer Upgrade Module 7200) were used for recording high resolution
spectra with 4k channels.

Source fabrication and characterization
Self-adsorption

For the preparation of an SA source, a titanium foil was thermally oxidized in a
muffle furnace for 1h. Afterwards, it had a copper-colored surface. The oxidized
titanium foil was fixed in the plating cell without a spacer disk. The 232U solution
was filled into the plating cell and Parafilm® was used to prevent evaporation. After
24 h, the solution was carefully removed with a pipette and the titanium foil was
rinsed with distilled water and dried under an IR lamp.

Molecular Plating

For the preparation of the MP source, the residual solution was evaporated to
dryness again and the residue was dissolved in 40 pL 0.1 molL~! HNOj. The
solution was mixed with 1mL isopropanol and 9mL isobutanol using a vortex
mixer. A titanium foil was etched with 6mol L~ HCI and cleaned with distilled
water, isopropanol and acetone. Both the titanium foil and the electrolyte solution
were given into a plating cell and MP was performed at constant current of about
0.75mA cm ™2 for 2h. After deposition, the source was carefully dried under an IR
lamp in a fume hood. Alpha spectra for yield determination were taken of both
sources with peak areas of at least 10* cts to reduce statistical counting errors below
1 O/O.
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Recoil collection and investigation of the recoil efficiency

Both sources were kept in 5mm distance to a titanium foil (25mm in diameter)
under vacuum at 8 x 1072 mbar. Monte-Carlo simulations performed with AASI
gave (30.9 £ 0.4) % of geometric efficiency for this setup. The collection times were
26d for the SA source and 5.16d for the MP source. After the collection, alpha
spectra for yield determination were measured of both catcher foils with peak
areas of at least 10* cts to reduce statistical counting errors below 1%. Furthermore,
qualitative alpha spectra were taken of both sources and the corresponding catcher
foils.

4.7 Experimental results

4.7.1 Molecular Plating

The substrates, plating durations, deposit areas and quantitatively determined areal
density of the MP sources are given in Table 4.5. The deposition area had a shiny
surface. No material layer was observable with a light microscope. The qualitative
alpha spectrum of source MP2 is shown in Fig. 4.3 together with a RI and a SEM
picture. The three peaks of the 23U multiplet are well resolved. The RI shows
some inhomogeneities of the areal activity distribution. The surface of both, the
coated wafer and the deposition area, look very smooth in the SEM picture except
for some residues of the solvent.

Table 4.5: Parameters and yield of the MP-produced ?*U recoil ion sources. N,N’-
Dimethylformamide (DMF) and mixtures of 90 % isopropanol and 10 % isobu-
tanol were used as electrolytes. The areal density refers to 22*U atoms.

sample conc. / sub- electro- |duration /| area / | areal density /
ng mL~! strate lyte h cm? 104 em—2
MP1 5.25 wafer DMF 1.0 7.1 0.69(1)
MP2 34.4 wafer IP/IB 1.5 7.1 3.82(4)
MP3 21.5 Ti foil IP/1B 1.0 0.5 2.48(3)
MP4 21.5 Ti foil IP/1B 1.5 0.5 19.1(2)
MP5 21.5 Ti foil IP/IB 2.0 0.5 19.8(2)
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Figure 4.3: Qualitative alpha spectrum including a multiplet peak fit with confidence
band (a), RI (b) and SEM picture (c) of a molecular plated 2331 recoil ion
source (MP2). The source was fabricated on a titanium-coated silicon wafer
from a mixture of 10 % isopropanol and 90 % isobutanol. Irradiation time for
the RI was about 2 h.

4.7.2 Drop-on-Demand inkjet printing

The number of drops, drop volume, printed area and yield of the DoD sources
are given in Table 4.6. The droplets dried within seconds during the printing
process. No residues were observable with a light microscope. The qualitative
alpha spectrum of the printed source DoD1 containing 1413 drops as well as its
RI and SEM picture are given in Fig. 4.4. The three peaks are resolved. The RI
shows a macroscopically homogeneous areal distribution of the activity. The size
of the deposits varies within a range of about 200 um due to surface effects of the
titanium foil. The deposits of the single drops are faintly visible in the SEM picture
thanks to a high height contrast by the rough surface of the titanium foil.
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Table 4.6: Parameters for DoD printing and yield of the 2331 recoil ion sources. The
areal density refers to the 233U atoms on the area given in the table.

sample conc. / drops|drop volume / area / areal density /
ng mL~! nL cm? 10% cm—2
DoD1 74.2 1413 5.0 7.1 4.45(4)
DoD2 74.2 1413 5.0 7.1 4.60(5)
DoD3 74.2 1413 5.0 7.1 1.83(2)
DoD4 74.2 1413 5.0 7.1 1.81(2)
DoD5 74.2 1413 5.0 7.1 1.82(2)
DoD6 18.6 5637 5.0 7.1 1.23(1)
DoD7 138 5637 5.0 7.1 6.84(7)
1000
(DoD1)

(a)

L1l

mm -peaks 23U

— multiplet peak fit
=== 95% confidence band

n: 0.96(1)
T: 11.6(7)
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Figure 4.4: Qualitative alpha spectrum (a) of a DoD-printed 23?U recoil ion source
(DoD1) on titanium foil as well as RI (b) and SEM picture (c). Irradiation time
for the RI was about 2 h.

4.7.3 Chelation by sulfonic acid groups

The contact times, areas of the wafer pieces and areal densities of the chelated
233U deduced from the quantitative alpha spectra are given in Table 4.7. No visible
change occurred on the surface of the wafer pieces due to the fabrication process.
The qualitative alpha spectrum of the source Ché including the multiplet peak fit is
given in Fig. 4.5. Due to the very low areal density on the wafers, the count rate is
very low. The three peaks are well-resolved and very narrow. The RI of the same
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source in Fig. 4.5 shows a homogeneous, yet not very dense areal distribution of
the activity.

Table 4.7: Parameters for chelation by sulfonic acid groups on silicon wafer pieces
and areal densities. Contact time with the radioactive solution and areas of
the silicon wafers are given. The areal density refers to 233U atoms.

sample | contact time / min | area / cm? | areal density / 104 cm—2
Ch1 5 7.40 0.210(2)
Ch2 15 9.97 0.122(1)
Ch3 30 7.98 0.149(1)
Ch4 30 8.74 0.109(1)
Ch5 60 6.48 0.235(2)
Ché6 120 9.89 0.238(2)

. | 1

(a) (Ché)
100} === o-peaks #°U
m— multiplet peak fit
===== 95% confidence band
m: 1.00

T:: 9.38(247) keV

Counts

10

4500 4600 4700 4800 4900
Energy / keV

Figure 4.5: Qualitative alpha spectrum (a) of a 2331 recoil ion source (Ché) fabricated
by chelation on a functionalized silicon wafer piece as well as RI (b) and SEM
picture (c). Irradiation time for the RI was about 1 h.

4.7.4 Self-adsorption

Fig. 4.6 shows the 233U density of the SA sources as functions of the pH value
of the solution (panel a) and the pretreatment temperature (panel b). The maxi-
mum yield was reached from a solution with a pH value of about 5, resulting in
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about 40 ngcm~2 (10 atoms cm™2) on thermally oxidized titanium foils at 500 °C.
This was increased to about 80 ng cm~2 (2 x 10 atoms cm™2) by changing the pre-
treatment temperature of the titanium foils to 450 °C. Sand-blasted titanium foils
showed 270 ng cm™2 (7 x 10'* atoms cm~2) of 223U when prepared under the same
conditions. To inspect a potentially big influence of different surface roughnesses,
the corresponding values are listed in Table 4.8.
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Figure 4.6: (a) Areal density of 23*U atoms on Ti foil thermally oxidized at 500 °C
for 1h as a function of pH value. (b) Areal density of 233U atoms obtained at
pH 5 on Ti foils as a function of the oxidation temperature applied before the
adsorption exposure.

Table 4.8: Root mean square (RMS) roughness of titanium foils pretreated at different
temperatures for 1 h. Atomic force microscopy was used for the investigation

of the RMS roughness.
pretreatment temperature / °C | RMS roughness / nm
20 39(2)
450 24(10)
700 40(10)

The parameters for fabrication and yields of the SA sources are given in Table 4.9.
No visible change occurred on the surface of the titanium foils after fabrication.
The qualitative alpha spectrum of a source on a non-sand-blasted titanium foil
(SA1) including the multiplet peak fit is given in Fig. 4.7 (a). The two peaks at lower
energies are visible as shoulders of the peak at 4824 keV and are not well-resolved.
The RI in Fig. 4.7 (b) shows a homogeneous areal distribution of activity. In the
SEM picture in Fig. 4.7 (c), the height contrast of the titanium foil dominates, as this
has a quite rough surface even without sand-blasting. No signal originating from
the 233U can be seen. The qualitative alpha spectrum of a source on a sand-blasted
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titanium foil (SA3) as well as its RI and SEM pictures are given in Fig. 4.8. The left
shoulder of the main alpha peak at 4824 keV is larger and the two peaks at lower
energies can barely be identified. RI shows a quite homogeneous areal distribution
of the activity but also shows artifacts due to the very rough surface structure of
the foil, which is clearly visible in the SEM picture.

Table 4.9: Parameters for self-adsorption on preheated titanium foils and yields.
The areal density refers to 233U atoms.

sample| sand- pretreatment temperature area / areal density /
blasted / °C cm? 104 cm—2
SA1 no 450 7.07 2.33(2)
SA2 no 450 7.07 1.90(2)
SA3 yes 450 7.07 6.73(7)
SA4 yes 450 7.07 1.58(2)
0% (SA1)
(a) mm— -peak >V

= multiplet peak fit
===+ 95% confidence band
T 11.1(22) keV

100

Counts

4500 4600 4700 4800

Energy / keV

4900

Figure 4.7: Qualitative alpha spectrum (a) as well as RI (b) and SEM picture (c)
of a 28U recoil ion source (SA1) fabricated by self-adsorption on a smooth
titanium foil thermally oxidized at 450 °C for 1h. Irradiation time for the RI
was about 2 h.
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Figure 4.8: Qualitative alpha spectrum (a) as well as RI (b) and SEM picture (c) of a
233U recoil ion source (SA3) fabricated by self-adsorption on a sand-blasted
titanium foil thermally oxidized at 450 °C for 1 h. Irradiation time for the RI
was about 2 h.

4.7.5 Comparison of fitting results of all four methods

A complete list including all results of the fit parameters is given in Table 4.11
in the appendix. The average values of the most significant parameters, 771 and
71, are plotted against the average areal 283y density for each fabrication method
in Fig. 4.9. The fit parameter 07 is also significant for the qualitative evaluation,
but is identical within error bars for all fabrication methods. Therefore, 07 is not
included in the plots. The other parameters, 0> and 1, are less significant and have
in general much higher values (see Table 4.11 in the appendix).
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Figure 4.9: Plotted average fit parameters 7, (left) and 7 (right) for each fabrication
method against the average areal 23*U density of the sources.

4.7.6 Recoil efficiency of MP and SA prepared sources

The active areas of both fabricated sources were visible with the naked eye. The
contact area of the SA source turned from copper-colored to violet and the depo-
sition of the MP source had a bright yellow color. In contrast, no visible change
occurred on the catcher foils. The geometric detection efficiency of the catcher
foils was determined by Monte-Carlo simulations with AASI for the quantitative
measurements. The determined 232U source activities, the parameters and yields for
the 228Th recoil collection and the resulting recoil efficiencies are given in Table 4.10.
The error of the recoil efficiency was calculated by a Gaussian error propagation,
using the counting errors of the quantitative measurements as well as the errors of
the geometric efficiencies for recoil collection and alpha detection. In Fig. 4.10, the
qualitative spectra as well as the RI of the SA source and the corresponding catcher
foil are depicted.

Table 4.10: 232U activities of the SA and MP source and parameters and yields for
the 228Th recoil collection.

source| 22U collection |geometric efficiency| collected recoil
activity / | time / d (AASI) / % 28Th / Bq | efficiency /
Bq Yo
SA 1300(9) 26.0 16.6(5) 10.7(1) 94.2(33)
MP | 18800(60) 5.16 16.6(5) 3.13(2) 10.5(11)
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Figure 4.10: Qualitative alpha spectrum (a) and RI (b) of the 2321J SA source and
the corresponding ?*®Th recoil catcher foil. The spectra were measured for
1h in case of the SA source and 5h for the corresponding catcher foil, to
obtain sufficient counts. The additional line at 5685 keV belongs to ?2*Ra, the
daughter nuclide of 228Th. Irradiation time for the RI was about 15 min for
the SA source and 2 h for the catcher foil.

4.8 Simulation results

As two fabrication methods (MP and DoD) cannot produce specifically monolayers,
simulations are necessary to show the influence of several atomic layers on the
alpha spectra of 2*U sources. The effects of different numbers of source layers
(Fig. 4.11), different RMS roughnesses (Fig. 4.12) and different macroscopic layer
shapes (Fig. 4.13) on simulated alpha spectra are shown. Convex and concave source
shapes are described with a paraboloid of revolution, as described in [19]. The
most important fit parameters, 01 and 71, are given in a legend for some simulated
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spectra to show quantitatively the effect of different simulation parameters on the
alpha spectrum. The residual fit parameters are given in Table 4.11. The influence
of different chemical species (see Table 4.3) on simulated alpha spectra was also
investigated, for sources having 10 atomic layers. The simulated spectra were
identical and are therefore not plotted individually. The information on source
material, backing and detector, which were used as parameters in AASI, is given
in the caption of the figures. The varied parameters are given in the legends of
the figures. A constant number of 10° simulated decays and a constant bin size of
5keV was used for all simulations. The source-detector-distance was kept constant
at 100 mm and the PIPS detector properties of the Ortec ULTRA™ a5 employed
to obtain the qualitative spectra, were used to enable a direct comparison between
experimental and simulated results. For a qualitative comparison of experimental
spectra with these simulations, two exemplary alpha spectra of a molecular plated
source (MP2) and a self-adsorbed source (SA1) were fitted with simulations in
AASI. These are shown in Fig. 4.14.

Single layer thickness: 1.7 nm
m— | layer (SLLL1)

= 10 layers "
— 30 layers (S1.L30)
=== 50 layers (SL.L50)

L1 11

1000
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(SL.LT) 4.8(1) 10.13)
(S1.L30) 9.1(3) | 18.7(19)
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Ll

10

Loyl

]"I T I T T T I T T [ T T T |

4.5 4.6 4.7 4.8 4.9
Energy / MeV

Figure 4.11: AASI simulations of 233U sources with different numbers of atomic
layers. The source material was set to UO,(OH), x H,O with a diameter of
30mm on a Ti backing with 25 pum thickness. The layer thickness was varied
from 1.7nm (representing a monolayer) up to 85nm. The source-detector-
distance was set to 100 mm and a number of 10° decays were simulated for
each parameter variation.

90



4.8 Simulation results

10 atomic layers: 17 nm

RMS roughness:

m— 0 nm (SI.RO)

— 85nm

= 17 nm (SI.LR17)

= 34nm

== 51 nm (SI.LR51)

|

|0, /keV |7, / keV

1.000

(SL.RO) 4.801) | 10.13)
[SLR17) | 6.7(1) | 16.1(6) =
(SLR51) | 10.2(3) |24.9(16)

100

Counts

10 A

Loyl
L

1 T T T T T T T T T T T T T T T |
4,5 4,6 4,7 4,8 4,9
Energy / MeV

Figure 4.12: AASI simulations of 23U sources with different root mean square
roughnesses. The source material was set to UO2(OH), xH»0O with a diameter
of 30mm and a thickness of 17nm (representing 10 atomic layers) on a Ti
backing with 25 um thickness. The source-detector-distance was set to 100 mm
and a number of 10° decays were simulated for each parameter variation. The
RMS roughness was varied in the range of 0nm to 51 nm.
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Figure 4.13: AASI simulations of 231 sources with different layer shapes. Normal
represents a cylindrical-shape, as the central thickness and the thickness at
the side of the source layer are equal. Convex and concave source shapes are
described with a paraboloid of revolution, as described in [19]. The source
material was set to UO,(OH),; x HyO with a diameter of 30 mm and a thickness
of 17 nm (representing 10 atomic layers) on a Ti backing with 25 um thickness.
The source-detector-distance was set to 100 mm and a number of 10° decays
were simulated for each parameter variation.
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Figure 4.14: Qualitative comparison of experimental alpha spectra with AASI simu-
lations. For the simulations, the source material was set to UO,(OH), x H,O
with a diameter of 30 mm and a thickness of 17 nm (representing 10 atomic
layers) on a Ti backing with 25um thickness. The source-detector-distance
was set to 100 mm and a number of 10 decays were simulated. In (a), for
comparison with the molecular plated source (MP2), the RMS roughness was
set to 0nm, while for comparison with the self-adsorbed source (SA1) in (b) it
was set to 34 nm.

93



4 Publication III: Towards *33U monolayer recoil ion sources

4.9 Discussion

4.9.1 AASI simulations

The simulation results of Fig. 4.11 show that it is not simple to differentiate between
a 233U source containing a monolayer and one with 10 atomic layers based on the
recorded alpha spectra. The difference can be seen by an energy shift of the peak
maximum in the fit evaluation, because the error of the fitted peak position yu is
about 0.5keV. Both simulated spectra have the same shape, except for a slight shift
of one bin (5keV) to lower energies in case of the alpha source with 10 atomic
layers. The systematic uncertainty of the alpha spectra collected with our used
alpha-spectrometry setup is estimated to be about 10 keV; we are therefore not able
to extract any information on the number of atomic layers from the peak positions
in our experimental spectra. The Monte-Carlo simulations suggest this shift to
occur predominantly because of alpha particles originating from inside the source
material and less of these occurring from the top-most layers, as inferred from the
fact that the number of decays did not increase proportionally to the number of
atomic layers. At 20 to 30 atomic layers, the three single peaks are increasingly less
well-resolved. At 50 atomic layers, only a single broad peak is visible. This indicates
that with an increasing number of atomic layers in the source material, the alpha
peak becomes broader, corresponding to an increase of o7 from (4.8 £0.1) keV to
(14.4 + 1.0) keV.

The simulation results depicted in Fig. 4.12 show a significant increase of the tailing
with increasing RMS roughness. Also in this case it is not possible to differentiate
between a source with a smooth surface and one with a RMS roughness of 8.5nm
with 71 at about 10keV. The influence only becomes significant at higher RMS
roughnesses. At 17nm RMS roughness, the three single peaks start to merge due
to a higher tailing 7y of about (16.1 +0.6) keV. At 51 nm RMS roughness, the three
peaks are not distinguishable any more due to the very high tailing 7 of about
(24.9 +1.6) keV. Additionally, the peak height starts to decrease but the peak area
remains constant. The parameter ¢ is linked to the increasing tailing, indicated by
an increase from (4.8 +0.1) keV up to (10.2 £0.3) keV.

The simulation results of Fig. 4.13 pertain to the case of different shapes (con-
vex/concave rotational paraboloid) of the source layer. The simulations show a
minor, but clear difference of the alpha peak shape for the three cases. The fit
parameters 771, 01 and T are not significantly affected by the convex or concave layer
shape. A slight broadening is indicated by an increase of 07 from (4.8 +0.1) keV to
(7.0+£0.1) keV (convex) and (5.9 £ 0.2) keV (concave). Additionally, the tailing pa-
rameter T is increased in both cases from (10.1 £ 0.3) keV to about (12.5 +0.5) keV.
More alpha particles reach the detector from a convex source while a concave source
shows the opposite effect.
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4.9.2 Molecular Plating

Thin 23U sources with areal densities between 7 x 10®atomscm™2 to
2 x 10'® atoms cm 2 were produced by MP. The investigations by alpha spectrome-
try, RI and SEM showed no significant differences of the sources in this range of
areal densities. The area in contact with the electrolyte was completely covered
with active material, but differences in homogeneity occurred (see Fig. 4.3 (b)).
These were not correlated with the concentration, substrate or electrolyte. The
SEM picture shows a clearly visible contrast of the deposited material but a surface
structure similar to the one of the pristine substrate. This is in agreement with
measurements of A. Vascon et al. [10], who found the surfaces of thin sources
on titanium-coated silicon wafers to be smoothest. The substrate roughness has
a significant impact on the alpha spectra, as visible in Fig. 4.12 as an increase of
the tailing 7y with increasing RMS roughness. Therefore, a smooth surface should
be preferred for the source fabrication by MP. Furthermore, the alpha lines of the
MP sources are well-resolved (see Fig. 4.3), with average o7 of (7.7 £1.6) keV. The
average fit parameter 7, is very close to 1 (0.95£0.01) and the average tailing
parameter 7y is (6.5 £ 1.0) keV, which is one of the lowest values when compared
with those of the samples produced by the other fabrication methods (see Fig. 4.9).
These results are in good agreement with AASI simulations of 23U sources with
less than 20 atomic layers (see Fig. 4.11). In summary, the MP sources show very
good properties; with probably less than 20 atomic layers they should reach a
recoil efficiency of ?2Th close to 100 %. Nevertheless, the investigation of the recoil
efficiency from a 2>?U source only showed an efficiency of (10.5+1.1) %. This
discrepancy to theoretical suggestions based on the 23U experiments may have
different reasons. First, the deposition of the 22U was visible with the naked eye
in contrast to all of the 233U sources. Therefore, the deposited layer must be much
thicker with lesser uranium atoms. This was checked by AASI simulations and
comparison with a qualitative 4k alpha spectrum of the MP source. These AASI
fits (with an areal uncertainty of 0.7 % and a x? of 1.749) gave only a thickness of
about 35nm with a RMS roughness of about 90 nm and a density of 6.25 gcm 3 for
the 232U MP source. The unexpected high density can only be caused by metallic,
inactive impurities, since the total amount of all determined ?*’U and daughter
atoms give a far lower weight (0.04 pug of a total simulated amount of 10.9 ug, in-
cluding also lighter atoms like hydrogen and oxygen). These impurities might
be palladium from the anode or other metals like iron, tin or zinc, which were
not investigated beforehand. Another reason for the discrepancy could be sputter
effects. The high activity of the MP source corresponds to a high recoil ion rate.
High energetic recoil ions, e.g. 2®®Pb from the alpha decay of the daughter nuclide
212Po (Exi,, =166.9keV), may also ablate collected 228Th from the catcher foil. This
has to be investigated by further simulations before a final statement on the recoil
efficiency of the MP sources can be made. The energy loss of the recoil ions is
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difficult to estimate, since the exact chemical composition of the MP sources is not
known and, e.g., organic impurities from the electrolyte, which do not substantially
affect alpha particles, or impurities by daughter nuclides could have a significant
impact on the recoil ion energy.

4.9.3 Drop-on-Demand inkjet printing

The DoD printed sources were very thin with areal densities in the range of 1-
7 x 10 atomscm~2. The deposits were not visually observable. SEM analysis
was quite challenging, because the deposits were barely visible due to the height
contrast of the titanium foils. The shape of the deposits on different regions of the
titanium foils varied, probably due to differences in the surface properties. This
also had an impact on the fit parameters 77; and 1. Some spectra of sources with
large deposits had smaller values of the fit parameters (see DoD1, DoD2, DoD4
and DoDé6 in Table 4.11), whereas others with smaller deposits showed broader
alpha peaks (see DoD3, DoD5 and DoD7 in Table 4.11). The broadening is probably
an effect of the more convex lateral shape of the deposits, as indicated by AASI
simulations (Fig. 4.13). In dependence on the surface properties (hydrophilic or
hydrophobic) of the backing, the lateral cut of deposits of evaporated drops have
a concave or convex shape [12]. The recoil efficiency for ?*Th might be close
to 100 %, because the sources do not contain contamination of light elements in
contrast to sources prepared by MP. Also the macroscopic areal distribution of the
activity is homogeneous as shown in the RI in Fig. 4.4. The energy loss of the ?>Th
recoil ions can be estimated more easily than for MP sources, because the chemical
species, uranyl nitrate, is known. As the number of atomic layers is estimated to be
below 20 from simulated spectra (Fig. 4.11) compared with the experimental alpha
spectrum in Fig. 4.4, the maximum energy loss of the 229Th recoil ions might be
about (9 £ 2) keV based on the values of Table 4.1.

4.9.4 Chelation by sulfonic acid groups

The sources fabricated by chelation have the best quality by far as judged from the
value of 11 of about 1.0. The silicon surface provides a perfectly smooth surface
for the sulfonic acid groups and therefore for the chelated ?**U. This can be seen
both in the SEM picture and in the RI by a very homogeneous areal distribution
of the activity (see Fig. 4.5). The RI and also the areal 23U density indicate,
though, that the densest occupation of the silicon surface by functional groups
of about 101> —OH — groups cm 2 [37] has not yet been reached. The reason for
the low areal density below 10> atoms cm™2 could be due to two things. On one
hand, preventing the formation of functional multilayers was problematic during
the functionalization of the silicon surfaces. Therefore, conservative fabrication
conditions were selected [37]. These may have led to fewer sites than needed to
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reach the theoretically possible limit of 10'°> atoms cm 2. The optimal conditions for
these silicon surfaces would have to be approached iteratively. On the other hand,
the second step of the functionalization, the oxidation of the thiol groups to sulfonic
acid groups, is also complex for extremely thin layers. The process is quite delicate,
as a specific concentration of hydrogen peroxide is required to oxidize the thiols to
sulfonic acid groups. If the concentration is too low or the contact time too short,
the thiol groups on the surfaces will be only partially oxidized and there might be
an intermediate stage containing disulfide bridges as a possible reaction product. If
the hydrogen peroxide concentration is too high, the intermediate disulfide bridges
are oxidized to sulfonic acid groups, but the functional layers are also destroyed.
Still, the alpha spectra, as judged by the corresponding fit parameters, are the best
when compared with those from sources fabricated by any other method. The fit
routine had to be performed with a fixed 77; = 1, because the multiplet peaks are
too narrow and do not have a long tailing (parameterized by 1) at all. A problem
with the alpha spectra was the very low statistics due to the low areal uranium
content, which is reflected in the larger error bars of 07 and 7;. The 2383y multiplet
in the alpha spectra is even better resolved than suggested by the AASI simulation
(see Fig. 4.11, black line). All this indicates that the sources fabricated by chelation
might have an almost 100 % recoil efficiency of ?*?Th recoil ions. We estimate the
energy loss to just a few eV, due to breaking of chemical bonds.

4.9.5 Self-adsorption

The parameter studies for source fabrication by SA show optimal conditions at a
pH value of 5 and on titanium foils thermally oxidized at 500 °C for 1h. In this way,
a maximum areal density of about 80 ng cm ™2 (2 x 10™ atoms cm—?) was reached.
The findings of uranium adsorption on anatase fit well with results reported in
[17]. The evolution of the adsorption rate as a function of treatment temperature
of the titanium foils (Fig. 4.6) cannot be explained by an increase of the RMS
roughness, as the AFM data in Table 4.8 show. Moreover, the evolution shows the
adjustment of the titanium modification on the foil surface in the variation of the
uranium adsorption. Two peaks of adsorbed uranium are visible and correspond
to anatase (at 450 °C) and to rutile (at 700 °C). At room temperature up to 400 °C,
amorphous titanium is present. Between 450 °C and 700 °C, a (semi-amorphous)
mixture of both anatase and rutile is present. This fits well with x-ray diffraction
measurements of sol-gel coated titanium films [27]. It was possible to increase the
amount of adsorbed uranium from 80 ngcm~2 to 270 ng cm 2 on titanium foils that
were sand-blasted and then pretreated at 450 °C. However, the roughness produced
by sand-blasting was not well reproducible, as inferred from the large standard
deviation of the amount of adsorbed uranium. The properties of sources prepared
on untreated vs. sand-blasted Ti foils were very different. The areal distribution,
shown on untreated foils in Fig. 4.7 (b), is very homogeneous. Only few artifacts
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are visible, probably caused by the quite rough surface of the titanium foils (see
SEM picture in Fig. 4.7 (c)), as it was also observed on the titanium foils of the DoD
sources (see Fig. 4.4). The three single peaks of the 2*U multiplet are visible in
the alpha spectra as shoulders of the next highest peak, due to the large average
tailing 7 of (10.96 4= 2.26) keV, due to the rough surface of the titanium foil. The
average Ty value is similar to that of the DoD sources, but 1, of (50.35 4 5.39) keV
has a higher weighting factor due to a lower value of #; of (0.75 £ 0.06) keV in the
case of the untreated foils (see Fig. 4.9). The comparison with an AASI simulation
in Fig. 4.14 (b) indicates that the reason for the differences in the peak shape
is likely connected to the rough surface of the titanium foils. The RI and SEM
pictures of the SA sources on sand-blasted foils show a much rougher surface and,
therefore, more artifacts in the RI. Also the tailing in the alpha spectra is increased,
leading to even lower values of 7 of (0.48 £ 0.14) keV and higher values of 7y of
(14.76 +10.68) keV. This supports the assumption that the tailing of the SA sources
on untreated foils can be explained solely by the roughness of the foils. If the
roughness of the substrates could be reduced, the SA sources would have the same
quality as the sources fabricated by chelation with sulfonic acid groups concerning
the recoil efficiency and the energy loss of 2??Th recoil ions. However, the SA
method provides currently a higher areal density. The investigation of the recoil
efficiency from a 232U source produced on a limited area by SA gave an efficiency
of (94.2 £ 3.3) %, which fits very well with the theoretical suggestions. The small
discrepancy to an optimum value of 100 % might be caused by sputter effects due to
high energetic recoil ions like 2%Pb coming from the source. The spectra depicted
in Fig. 4.10 (a) support the theoretical suggestion that the layers produced by SA
are single atomic layers, since no 232U is visible in the spectrum of the catcher foil.
In thicker deposits with several atomic layers, clusters of the source material are
expected to be sputtered due to alpha decay collision cascades in deeper layers
[38]. Furthermore, the areal distribution of 232U in the Rl is as homogeneous as the
distribution of 233U in the RI of Fig. 4.7 (b). Therefore, self-adsorption can also be
carried out well on confined surfaces.

4.10 Conclusion

Four different fabrication methods were used to produce 23U recoil ion sources de-
livering 2™ Th in a most narrow kinetic energy distribution. They were analyzed
both quantitatively and qualitatively with respect to the resolution of the alpha
spectra and the areal density of the 33U layer. Simulations performed with AASI
helped to understand the effects of different source characteristics like layer thick-
ness, roughness, homogeneity and chemical species on the 23U alpha spectrum.
Both the information from the simulations and the experimental alpha spectra were
used to make predictions on recoil efficiency and energy loss of ?2?Th recoil ions.
Additionally, experiments were performed with two 232U sources produced by MP
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and SA to investigate their 2°Th recoil efficiency. Sources produced by chelation
with sulfonic acid groups are likely the best recoil ion sources with respect to energy
sharpness of the 2 Th recoil ions. However, their areal density and hence the recoil
ion rate is quite low. MP sources are very close in their quality to sources produced
by chelation. However, they consist of several atomic layers and are therefore
probably not ideal concerning the energy loss of recoil ions. This was proven with a
2321 source, for which a recoil efficiency of roughly 10 % was determined. Effects by
metallic, inactive contaminants in the source material, which have caused a greater
density in the deposit layer, have to be investigated by, e.g., neutron activation
analysis in further experiments. They have to be removed before source production
to achieve a higher recoil efficiency with MP sources. Also the methods of DoD
and SA yielded promising sources. In contrast to MP and sources produced by
chelation, they were fabricated on quite rough substrates. This induces a more
pronounced tailing in the alpha spectra and decreases their quality. A method to
control the shape of deposits produced by DoD is, e.g., to print on hydrophilic or
even superhydrophilic surfaces. Such surfaces can be fabricated by anodic oxidation
of titanium foils or by sol-gel coating of TiO, particles [27]. The deposits would
then result in very broad and regular shapes and therefore the quality of DoD
sources could probably be improved. The suggested method will also improve the
quality of the SA sources. After the implementation of these improvements, the
sources produced by chelation and by self-adsorption may well be the best recoil
ion sources due to their guaranteed monolayer thicknesses. The investigation of a
2321 source produced by SA showed actually a 2?8Th recoil efficiency close to 100 %,
which fits perfectly to the proposed theoretical efficiency by alpha spectrometry
analysis. MP and DoD would produce high qualitative recoil ion sources, but with
a source thickness that can be less well controlled, and may, therefore, result in a
larger energy spread and lower recoil efficiency of the 2 Th ions. All the presented
data fit well to the experiments and theoretical suggestions of Pohjalainen et al. [39],
where sources with much larger areal uranium densities of 74 x 10'° atoms cm 2 to
530 x 10 atoms cm~2 were investigated and recoil efficiencies of about 16 % were
measured. For the TACTICa experiment, the fabricated sources by SA appear well
suited. The actual energy distribution of the ?Th ions can be measured in the
TACTICa ion source setup [5] to gain further insights into the characteristics of the
produced sources.
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4.12 Appendix

Table 4.11: Fit parameters of the qualitative alpha spectra of all fabricated sources,
sorted by the fabrication method, and of some simulated spectra. Constants
are marked with a * inside the error brackets because their error could not be
determined. When #; was set to 1.0, the peak had no significant tailing and
therefore had to be fitted only with 73 and ¢y. As the second term of the fit
function is multiplied with #,=0, 0, and 7, can be neglected. “DoF” is short
for “degrees of freedom”.

Experimental spectra

sample | channels m o1/ keV | 0o/ keV | 11 / keV | 1o / keV | x*/DoF R?
MP1 2048 | 1.00(*) | 7.51(137) - 15.4(51) - 155 | 0.7131
MP2 2048 | 0.94(1) | 5.28(9) | 12.5(21) | 5.21(21) | 49.7(50) | 0.74 | 0.9965
MP3 2048 1.00(*) | 10.6(21) — 2.4(107) - 1.41 0.8370
MP4 2048 0.96(1) | 9.63(31) | 104(52) | 6.32(91) | 54.4(235) 0.75 0.9884
MP5 2048 0.96(1) | 8.13(22) 84(32) 8.04(56) | 65.1(173) 0.68 0.9915

DoD1 2048 0.96(1) | 7.13(23) | 93.2(590) | 11.6(7) | 95.4(381) 0.72 0.9897
DoD2 | 1024 |095(1) | 6.57(19) | 30.0(*) | 9.94(45) | 125(14) | 6E-6 | 0.9911
DoD3 1024 0.72(6) | 5.92(38) | 12.3(15) | 15.8(16) | 63.0(57) 4E-6 | 0.9881
DoD4 2048 0.93(2) | 9.27(55) | 93.2(*) | 8.29(152) | 72.3(438) 1.09 0.9660
DoD5 2048 0.93(2) | 6.31(48) | 93.2(*) 19.9(19) | 80.3(475) | 0.996 | 0.9662
DoD6 | 1024 |0.96(1) | 7.0424) | 75.0(*) | 7.98(52) | 259(84) | 3E-6 | 0.9872
DoD7 2048 0.67(7) | 8.34(40) | 14.2(12) | 11.0(20) | 52.9(52) 0.97 0.9903
Ch1 2048 1.00(*) | 8.55(83) — 7.95(206) - 3.58 0.8840
Ch2 1024 | 1.00(*) | 10.9(14) - 5.12(334) - 272 | 0.7269
Ch3 1024 1.00(*) | 8.73(140) - 9.32(344) - 3E-6 | 0.8499
Ch4 1024 1.00(*) | 10.1(22) — 3.75(682) - 6E-6 | 0.7034
Ch5 1024 1.00(*) | 6.86(106) - 11.1(22) - 5E-6 | 0.8578
Ché 2048 1.00(*) | 9.24(96) - 9.38(247) - 1.70 0.8974
SA1 2048 | 0.75(6) | 10.8(4) |5.00258) | 11.122) | 50.7(56) | 0.92 | 0.9912
SA2 2048 0.75(6) | 9.79(48) | 16.8(17) | 10.8(24) | 50.0(52) 1.38 0.9886
SA3 2048 0.62(3) | 12.6(10) | 30.1(43) | 25.4(56) | 215(57) 0.90 0.9800
SA4 2048 0.33(9) | 8.17(601) | 8.92(569) | 4.08(300) | 75.7(45) 3.80 0.9798

continued on next page
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Simulated spectra

sample | channels i o1/ keV | 0o/ keV | 71 / keV | T» / keV | x?/DoF R?
L1 2048 091(1) | 4.8(1) 6.6(21) 10.1(3) | 65.7(44) 1.18 0.9973
L30 2048 0.96(3) | 9.1(3) 11.0(*) | 18.7(19) | 116(74) 6.93 0.9846
L50 2048 0.94(*) | 14.4(10) | 17.5(*) | 18.5(121) | 96.5(491) 33.2 0.9297
RO 2048 0.91(1) | 4.8(1) 6.6(21) 10.1(3) | 65.7(44) 1.18 0.9973
R17 2048 0.94(*) | 6.7(1) 6.8(*) 16.1(6) | 95.0(67) 2.05 0.9954
R51 2048 0.95(2) | 10.2(3) 13.5(*) | 24.9(16) | 124(62) 4.47 0.9896

norm 2048 0.91(1) | 4.8(1) 6.6(21) 10.1(3) | 65.7(44) 1.18 0.9973
conv 2048 0.93(*) | 7.0(1) 7.0(*) 12.5(4) | 86.5(43) 1.98 0.9970
conc 2048 0.91(*) | 5.9(2) 5.9(*) 12.5(5) | 67.6(38) 1.65 0.9933
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Chapter 5

Publication IV: Recoil ion source
development for TACTICa

The following article is a conference proceeding of PLATAN 2019, 1% International
Conference, Merger of the Poznan Meeting on Lasers and Trapping Devices in
Atomic Nuclei Research and the International Conference on Laser Probing, Mainz,
Germany 19-24 May 2019. It was published in Hyperfine Interactions, Springer,
volume 241, article 25 in 2020. It deals with the conceptional problem of a recoil
ion source providing decelerated recoil ions in their initial charge state distribution.
Furthermore, the technical design of the recoil ion source as well as ion flight
simulations for this design are presented.

5.1 Own contributions

Mayor contributions were delivered for the conceptualization and design of the
experiment. The development of the required monolayer sources was performed
and contributions were delivered for successful ion flight simulations. The poster for
the PLATAN 2019 conference as well as the corresponding conference proceeding
were prepared self-directed.
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Development of a recoil ion source providing slow Th ions
including 2°™Th in a broad charge state distribution

R. Haas!?**, T. Kieck!?, D. Budker?>*°, Ch. E. Diillmann'??#, K. Groot-Berning?,
W. Li*>#, D. Renisch!??, F. Schmidt-Kaler?®, F. Stopp®, A. Viatkina>®

5.2 Abstract

Ions of the isomer ?>™Th are a topic of high interest for the construction of a
“nuclear clock” and in the field of fundamental physics for testing symmetries of
nature. They can be efficiently captured in Paul traps which are ideal for performing
high precision quantum logic spectroscopy. Trapping and identification of long-
lived 2*2Th* ions from a laser ablation source was already demonstrated by the
TACTICa collaboration on Trapping And Cooling of Thorium Ions with Calcium.
The 2*™Th is most easily accessible as a-decay daughter of the decay of 233U.
We report on the development of a source for slow Th ions, including 2™ Th for
the TACTICa experiment. The 22°™Th source is currently under construction and
comprises a 2*U monolayer, from which 2?™Th ions recoil. These are decelerated
in an electric field. Conservation of the full initial charge state distribution of the
229mTh recoil ions is one of the unique features of this source. We present ion-flight
simulations for our adopted layout and give a final source design. This source will
provide Th ions in their original charge state at energies suitable for capture in a
linear Paul trap for spectroscopy investigations.

5.3 Introduction

The ??™Th became a nuclide of high interest in the field of quantum physics in
recent years because of its low-energy isomeric nuclear state [1]. This is considered a
promising candidate for the development of a nuclear clock [2] and is an interesting
nuclide in the search for physics beyond the standard model [3]. Basic features
of the 2°™Th were experimentally studied in recent years [4-7]. Its low excitation
energy [7] in principle allows direct optical excitation with existing laser technology,
but the excitation energy is presently not known with sufficient accuracy. Recently,
the isomeric state of 22?Th was successfully populated in the f~-decay of the artificial
nuclide ?*Ac [8] and via synchrotron X-ray pumping to the second excited state
at 29.19keV [9]. At the moment, the simplest experimental access to 229mTh is via

!Department Chemie, Johannes Gutenberg-Universitit Mainz, 55128 Mainz, Germany
2Helmholtz-Institut Mainz, 55128 Mainz, Germany

3GSI Helmholtzzentrum fiir Schwerionenforschung GmbH, 64291 Darmstadt, Germany
4PRISMA Cluster of Excellence, Johannes Gutenberg-Universitdt Mainz, 55128 Mainz, Germany
>Department of Physics, University of California, Berkeley, CA 94720-7300, USA

6QUANTUM, Institut fiir Physik, Johannes Gutenberg-Universitdt Mainz, 55128 Mainz, Germany
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a-decay of its mother nuclide 2*U, which proceeds through the isomeric state in
2% of all decays [6, 10]. The aim of the collaboration TACTICa' is to capture 2*™Th
and further Th isotopes inside a **Ca* Coulomb ion crystal by sympathetic laser
cooling in a Paul trap for precision spectroscopy experiments. This has successfully
been demonstrated with 232Th* ions from a laser ablation source [11, 12]. There,
the 232Th* ions became a high mass defect inside the 40Ca* Coulomb crystals [12].
The used segmented Paul trap is capable of capturing singly-charged ions with
kinetic energies of up to 1keV. It operates at a maximum background pressure
of 1 x 10" mbar. Owing to these specifications, the loading of ?*Th recoil ions
from the decay of 233U with a kinetic energy of Fy = 84 keV [derived from Ey (**°Th)
= Q.(*33U) - E,(*®3U), where Q, is the Q-value of the a-decay and E, the kinetic
energy of the a-particle] becomes challenging. Additionally, the ions emerge from
the sample in a rather wide charge-state distribution. This was studied in ???Ra
from 22°Th [13] and is isotope-specific, as it depends on the nuclear structure and
transitions of the individual nuclei. Whereas in [4-7], 2 Th3* has been successfully
extracted as low-energy ion beam from a buffer-gas-stopping-cell based setup,
this approach cannot be used for deceleration in our setup due to the gas load,
which is incompatible with the pressure requirements in the TACTICa Paul trap.
Additionally, this technique leads to a loss of the higher charge states, which are
of interest for spectroscopic investigations of the isomeric state. There are good
reasons to perform atomic spectroscopy of highly charged ions of Th. To start
with, little experimental information is available about the energy levels of Th for
ionization stages higher that 2+ [14], even though recent calculation were carried
out for Th*" [15]. Apart from serving as a test of atomic theory, spectroscopy in
highly charged states of Th may enable studies directly relevant to the isomeric
nuclear excitation via processes such as the so-called “electron bridge” (see, e. g.,
[16], which describes this process in 3+ ions). Therefore, a novel ion source has
been developed, which will provide low-energy 2> Th™* ions produced as recoil
daughter products in the a-decay of 23U. The concept of the source is based on
electrostatic deceleration of ions from the 2>*U recoil ion source. It will consist
of a monolayer sample of 2>*U to provide a monochromatic 2™ Th™* beam. The
source will be set to a high negative potential to decelerate the recoil ions emitted
from the source surface when running up against ground potential, at which the
vacuum chamber is kept. The absence of gas encounters provides the opportunity
to study 22™Th in various charge states like in the case of ?>’Ra from ??Th-decay
[13]. In addition to the recoil ion source, a laser-ablation ion source [11] will also be
installed to provide ions of Th isotopes that are available as macroscopic samples.
The combination of the ablation and recoil ion sources offers the possibility to study
a variety of Th isotopes (see Fig. 5.1) in several charge states. The ions will be
captured by a Paul trap, sympathetically cooled using a crystal of laser-cooled Ca™

ITACTICa (Trapping And Cooling of Thorium Ions with Calcium)
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Figure 5.1: Excerpt of the nuclear chart showing thorium isotopes of interest for
TACTICa. Long-lived uranium a-decay precursor isotopes are also shown.
The half-lives of all isotopes are indicated. For the uranium isotopes, the
a-particle energies are given in MeV. For the thorium isotopes, the kinetic
energies, Ey, of the recoil ions populated in the a-decay are given. Many
of the thorium isotopes are available in macroscopic quantity, suitable for
ablation source production. Those indicated in gray are only available as
a-decay products from the recoil ion source.

ions and be available for precision spectroscopy. This is of interest, e.g., for the
verification of hypothetical extensions of the theoretical description of the isotope
shift using the nonlinearity of the King plot and thus for the search for new particles

[17].

5.4 Electrostatic deceleration

In the following, we use > Th as the example nuclide. The kinetic energy of the
229mTh recoil ions of about 84 keV has to be reduced before the ions enter the Paul
trap to allow their capture. As mentioned in section 5.3, the maximum acceptable
kinetic energy of singly-charged ?*™Th ions is around 1keV. A recoil ion source
provides ?2™Th recoil ions in a 27t angular distribution. Ion cooling provides both
the reduction of the transverse component of the ions’ velocity and longitudinal
deceleration of the recoil ions. This would be the ideal solution for a 27t source to
produce an ion beam. The most efficient cooling method is buffer gas cooling as
used in other ??™Th experiments [4-7]. Owing to charge exchange collisions in a
buffer gas cell, the charge state distribution collapses to low charge states. In [4-7],
predominantly 2+ and 3+ ions were extracted. To retain higher charge states, which
are expected to be populated in the a-decay of 23U, gas-free cooling methods are
required.

We decided to use electrostatic deceleration of the recoil ions by a negative
potential on the source. For this approach, a source with a high recoil efficiency
as well as a sharp recoil energy spectrum without any loss of the high charge
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Figure 5.2: Flight trajectories of the singly-charged recoil ions that clear the aperture
and equipotential lines. The ion energy is about 1000eV after exiting the
electrostatic deceleration chamber.

states is needed. This is typically given by an ideal recoil ion source consisting of
a single atomic layer of 223U. Such sources can be efficiently produced by several
methods, e.g., in the Nuclear Chemistry section of the Department of Chemistry in
Mainz. A comparison of the different source fabrication methods will be published
separately [18]. The basic idea of the electrostatic deceleration of recoil ions in
the TACTICa source is to use the potential difference between the source (kept at
negative voltage) and the trap entrance (at ground potential). Because of the kinetic
energy of the recoil ions of about 84keV, a high negative potential between 83 keV
to 84 keV is needed to decelerate singly-charged 229Th* jons to an energy below
1keV. For higher charge states, correspondingly lower voltages are sufficient. At a
specific voltage, the source will deliver the chosen charge state with proper energy
as well as lower charge states with higher energy due to lower deceleration. Higher
charge states will always be suppressed.

The advantage of this source type concerning charge-state conservation comes
with the disadvantage of low efficiency, because of low angular acceptance caused
by emittance conservation (Liouville’s theorem). 50 % of all ions are emitted into
the substrate and therefore lost. The emittance of the residual ions is preserved
regardless of ion optics and could only be reduced by cooling mechanisms. Many of
these (e.g., buffer gas [4], stochastic [19], electron [20], laser [21]) are not applicable
here. In our design, the source is kept at high voltage matching the charge state
and only the vacuum chamber at ground potential acts as an ion-optical element.
In our simulation model used for the optimizations of the source, the ions are
emitted from a round surface with a diameter of 30 mm in 27t angular distribution
with an energy of 84keV randomized in position and angle with the Mersenne
Twister 19937 algorithm [22]. Several ion-flight simulations were performed with
the open-source software IBSimu [23] to evaluate the transmission efficiency of the
recoil ions through the first aperture with a diameter of 100 mm. The simulation
setup including solid ion-optics, equipotential lines and flight pathways of the
aperture-transmitting ions is given in Fig. 5.2.
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5.5 Final design

The final design of the TACTICa source is kept simple and is shown schematically
in Fig. 5.3. As mentioned in section 5.4, the electrostatic deceleration of the recoil
ions can be achieved with a high negative potential on the source and the vacuum
chamber at ground potential. The 2*U source is fixed in the center of a tubular
chamber of a 500 mm length and an inner diameter of 200 mm. After deceleration
at the end of the tubular chamber, the ions enter a section with a microchannel
plate detector (MCP) for beam-analysis. The source chamber as well as the beam
analysis chamber can be separated from the main chamber containing the trap
with a gate valve (GV1) for maintenance and source exchange. A 90 ° electrostatic
quadrupole bender is the connection point of both the recoil ion source and the
laser ablation ion source with the trap. It is used to switch between the ion beams
of both sources. In the ablation ion source, singly-charged ions are produced by
means of a pulsed laser. The laser pulses serve as time-stamps, leading to precisely
known ion arrival times at the Paul trap, which can therefore be closed at times
synchronized with incoming ions, thus ensuring the ions’ capture [11]. To prevent
ions other than Th from entering the trap, a Wien filter is used, which selects
the right mass-to-charge ratio. In case of the recoil ion source, ion production by
a-decay of the mother nuclide occurs at a random time, and no timing information
is available in this case. Therefore, a small chamber housing a tagging section
to obtain timing information of passing recoil ions is placed in front of the Paul
trap. This will provide the signal necessary to know when exactly the trap needs
to be closed. The tagging methods under investigations are by image charge
detection [25], by fluorescence detection [24] and by energy loss in the ion crystal
[26] followed by doppler-recooling measurement [27, 28]. The section with the
ablation ion source, the quadrupole bender and the tagging station can also be
separated for maintenance from the Paul trap with a gate valve (GV2), to keep the
trap under ultra-high vacuum conditions also when the vacuum has to be broken
outside of the trap.
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Figure 5.3: Schematic illustration of the TACTICa experimental setup including
both the recoil ion source and the laser ablation ion source (not to scale). See
text for details.
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5.6 Conclusion

We present the design of a recoil ion source setup using electrostatic deceleration
for the TACTICa experiment. This source will deliver Th"* recoil ions of a variety
of Th isotopes (including 229mTHh) from a uranium monolayer source. The kinetic
energy for trapping of the ions has to be below 1keV. The most promising way
to decelerate the ions and to retain them in their original charge states is via
electrostatic deceleration. It allows to select a single charge state of the full initial
charge state distribution [13]. Furthermore, electrostatic bending removes expected
contamination of ?28Th ions due to their higher kinetic energy of 93 keV. Detailed
simulations with IBSimu [23] are ongoing to optimize the setup with respect to the
transmission rate. The rate of the most interesting ion ?>™"Th will nevertheless be
low, as it is restricted by both the activity of approximately 13 Bqcm ™2 determined
by the source size and half-life of ?*U and a population rate of 2% into the
isomeric state. Thus tagging of the ions in flight is essential to obtain a timing
signal determining the optimum time for closing the Paul trap with an ion inside.
Finally, a design for the setup of the TACTICa source is given which includes the
possibility to load both recoil ions or ions from a laser ablation ion source into the
Paul trap. The construction of the setup is ongoing.
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Chapter 6

Conclusion and Outlook

This work has involved both technical developments and experiments that have not
only used new methods for the radiochemical fabrication of both targets as well as
recoil ion sources, but have also helped to gain new insights into existing and novel
methods, individually and in comparison, to produce better radiochemical sources
in the future. Furthermore, an experimental setup was developed and constructed
in collaboration with physicists, where novel recoil ion sources consisting of a
monolayer of active material are used in a high electrostatic field to deliver low-
energetic recoil ions in their full initial charge state distribution for high-precision
quantum logic spectroscopy in a Paul trap.

The Drop-on-Demand inkjet printing method, which was developed and charac-
terized before this work, was previously only used for the production of deposit
patterns, which resulted from the evaporation of single droplets. In this work,
the DoD method was used for the first time for the fabrication of a target with a
closed layer consisting of isotopically enriched 7’Er. The homogeneous layer was
achieved by stepwise drying under IR light and adding further material by printing
onto the dried deposits. The thereby fabricated target was successfully used for the
validation of the 66.7 keV 7-line intensity of 1”'Tm by neutron activation analysis
and laid the foundation for further measurements of the neutron capture cross
section of 7!Tm, which is of great importance as a branch point in the astrophysical
s-process. This technical achievement placed the DoD method on an equal level of
importance in target production with molecular plating.

Nevertheless, the problem of how targets produced by DoD perform in particle
beams, e.g. during conditioning for accelerator experiments, and which chemical
microprocesses are involved in the irradiation of targets with low-energetic electron
and ion beams remained open. Based on earlier findings, many of the freshly
produced targets from MP and, as it should turn out, also DoD are not stable
under normal laboratory conditions and deteriorate by humidity and oxygen over
long storage periods. The base-of-the-art was therefore to condition the targets
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in parasitic ion beams with reduced energies and intensities at accelerators to
convert unstable hygroscopic chemical compounds on the targets into more stable
compounds. Due to the cost- and time-intensive nature of such conditioning with
accelerator beams and the difficult availability of beam time due to modifications
to the particle accelerator at GSI, a method was developed providing particle
beams for the conditioning of targets independent of accelerator beam times. A
pilot experimental setup for “Off-line Deposit Irradiation” (ODIn) was constructed
and characterized, to investigate the induced effects of low-energetic electron
and ion beams (<5keV) on target layers produced by MP and DoD. The first
insights were that lead targets produced by MP were successfully converted from
the lead carbonate into lead(Il) oxide by irradiation with 1.5keV electron beams.
Furthermore, the pilot setup is the foundation for the development of a method to
regularly condition targets for accelerator experiments in the future.

In addition to target production, the fabrication of recoil ion sources consisting
of alpha-decaying nuclides is also of great importance for many nuclear physics
applications. One of such applications is the investigation of the isomer of 2?°Th
with its very low excitation energy below 10eV. The easiest way to obtain this state
is by internal conversion processes in the alpha decay from the mother nuclide 2**U.
Therefore the MP and DoD methods, which were already well established in target
fabrication, were used for the fabrication of very thin layered 23U sources. Ideally,
single layers of 233U should be fabricated in order to achieve the highest possible
recoil efficiency with the lowest possible scattering of the emitted ?>Th recoil ions.
In order to better investigate the sources produced by MP and DoD with respect
to their layer thickness, they were compared with sources produced by two new
methods that should theoretically produce pure monolayers. These are based on
chelation by functional groups and self-adsorption processes of actinides on metal
oxides. The sources produced by all four methods were characterized quantitatively
and qualitatively by several methods including alpha spectrometry, scanning elec-
tron microscopy and radiographic imaging. A fit routine was developed and used
on qualitative alpha spectra in order to gain comparable parameter like the tailing
and FWHM of the 233U alpha peak. Additionally, these experimental spectra were
compared with advanced alpha spectrometric simulations, where the influence of
several source parameters including number of atomic layers, surface roughness
and layer shape on the alpha peak were investigated. The sources produced by SA
and MP were additionally investigated in their recoil efficiency by the collection
of 228Th recoil ions from 232U, resulting in nearly 100 % recoil efficiency for SA
sources. Therefore, sources produced by SA are the best recoil ion sources with
respect to the recoil efficiency, but the actual energy distribution of the recoil ions
has to be investigated in further experiments.

At last, a design was proposed and ion flight simulations were performed for a
recoil source setup using the previously described monolayer sources and electro-
static deceleration to deliver low-energetic 22°(™)Th ions in high charge states >3+
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for high-precision quantum logic spectroscopy in the TACTICa experiment. The
application of electrostatic deceleration was discussed with ion flight simulations
giving pathways of ions in the proposed setup as well as extraction efficiencies. The
latter is comparable low as the geometric efficiency. Thus, effective methods for
ion detection in flight were discussed since the low extraction efficiency has to be
balanced with a high capture efficiency in the Paul trap. The proposed experimental
setup will consist of the recoil ion source section, a laser ablation ion source to
provide ions from bulk material, a tagging section for detection of ions in flight and
a section for ion beam analysis. The construction of the setup is still ongoing.

Future experiments with targets produced by DoD will show how they perform
in accelerator beams. Additionally, further experiments with the ODIn pilot setup
will shed light on the chemical microprocesses involved during the irradiation of
targets with ion beams and how to develop a method for regular conditioning
of targets. The proposed improvements on actual fabrication methods for recoil
ion sources will provide a great variety of high-qualitative sources, which can be
applied for different experiments. Still, the method based on self-adsorption has to
be studied further with other actinides and on other substrates and the real energy
distribution of the ?>Th ions from different recoil ion sources has to be investigated
in the TACTICa experiment.

With this thesis, the fabrication of targets and recoil ion sources has been im-
proved significantly to deliver tailor-made targets and sources suitable for the needs
of future applications in nuclear physics.
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