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Abstract

Zur Herstellung superschwerer Elemente werden Teilchenbeschleuniger einge-
setzt, die schwere Ionen auf hohe Energien bringen und diese als Projektile
auf sogenannte Targets richten. Diese Targets bestehen typischerweise aus Ac-
tiniddünnschichten. Die am häufigsten verwendete Methode zur Herstellung dieser
Dünnschichten ist das sogenannte Molecular Plating (MP), ein elektrochemisches
Verfahren zur Abscheidung von verschiedenen Elementen. Diese Technik wurde
bereits 1963 von Parker und Falk eingeführt und ist somit über 60 Jahre alt. Trotz
ihrer langen Anwendungsgeschichte ist der physikalisch-chemische Mechanismus
hinter der Methode noch nicht vollständig verstanden.

In den letzten Jahrzehnten lag der Schwerpunkt bei der Charakterisierung der
auf diese Weise hergestellten Dünnschichten vorwiegend auf optische Untersuchun-
gen der Oberfläche und der Morphologie. In jüngerer Zeit verlagerte sich der
Fokus jedoch zunehmend auf spektroskopische Untersuchungen, um ein tieferes
Verständnis der chemischen Struktur der abgeschiedenen Schichten zu gewinnen.

Die Dünnschichten sollten für die Herstellung von superschweren Elementen
möglichst wenig Fremdatome haben, um Nebenreaktionen möglichst zu vermeiden
und eine hohe Stabilität aufweisen, damit diese nicht durch den Ionenstrahl zerstört
werden.

Durch die zunehmende Leistungsfähigkeit moderner Teilchenbeschleuniger steigen
auch die Anforderungen an die Stabilität der Targets. Die mittels MP hergestellten
Targets stoßen hierbei an ihre Belastungsgrenzen, da die Teilchenbeschleuniger
mit der Zeit immer leistungsfähiger werden und somit höhere Ionenströme liefern
können. Darüber hinaus zeigen Simulationen, dass eine Erhöhung der Schichtdicke
zu einer verbesserten Produktionsrate superschwerer Elemente führen kann. Diese
Schichtdicken konnten jedoch nicht mit der Molecular Plating Technik erfolgreich
hergestellt, werden. Das führt zu einer Limitation der Produktionsrate durch die
Dicke der Targets.

Daher ist es von zentraler Bedeutung, den Abscheidungsprozess von der Molecular
Plating Methode sowie die dabei entstehenden chemischen Spezies besser zu ver-
stehen. Auf Grundlage dieser Erkenntnisse können bisherige Methoden verbessert
und Neue entwickelt werden, um stabilere und dickere Dünnschichten herzustellen.

Ziel dieser Arbeit ist es, das Verständnis des Molecular Plating-Prozesses zu ver-
tiefen und auf dieser Basis die elektrochemische Abscheidung von f-Elementen
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gezielt zu optimieren. Dabei werden moderne elektrochemische Methoden genutzt,
um die Herstellung robusterer und dickerer Schichten zu ermöglichen. Die so
erzeugten Dünnschichten werden spektroskopisch untersucht und als Targets in
Ionenstrahlexperimenten getestet. Hierbei werden die Targets unterschiedlichen
Ionenarten und Strahldosen ausgesetzt, um mögliche chemische Veränderungen
infolge der Bestrahlung zu analysieren. Lanthanide wie Terbium und Thulium
werden als Modelle für Actinide eingesetzt, da sie als leichtere Homologe ähnliche
chemische Eigenschaften wie Americium und Curium aufweisen.
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To synthesize superheavy elements, particle accelerators are used to accelerate
heavy ions and direct them onto targets. These targets are typically composed of
thin films made from actinide materials. The most commonly used method for
producing these thin films is known as Molecular Plating (MP), an electrochemical
deposition technique for various elements. This method was introduced in 1963 by
Parker and Falk and has been in use for over 60 years. Despite its long history, the
physicochemical mechanism of Molecular Plating is still not fully understood.

For many years, the characterization of the resulting thin films focused primarily
on their morphological properties. However, in recent years, the focus has shifted
toward spectroscopic studies to gain deeper insights into the chemical composition
of the deposited films.

For the production of superheavy elements, the thin films should contain as few
impurities as possible to minimize side reactions and should exhibit high stability
to withstand the ion beam without being destroyed.

With the increasing power of modern particle accelerators, the demands on target
stability have risen. Targets produced via MP are reaching their physical and
chemical limits , as particle accelerators are becoming increasingly powerful over
time and can therefore deliver higher ion currents. Moreover, the achievable film
thickness with MP is inherently limited. Current simulations suggest that thicker
films could significantly increase the production rate of superheavy elements — a
goal that cannot be achieved using traditional MP techniques alone.

Therefore, a deeper understanding of the Molecular Plating process and the chem-
ical species formed during deposition is essential. This knowledge is critical for
developing more stable and thicker thin films.

The aim of this work is to advance the understanding of the Molecular Plating
process and to improve the electrochemical deposition of f-elements based on these
insights. Modern electrochemical techniques are employed to enable the fabrication
of thicker and more stable thin films. These newly developed films are character-
ized using spectroscopic methods and tested as targets in ion beam experiments.
In these tests, the targets are exposed to different ion species and beam doses to
investigate possible chemical changes induced by irradiation. Lanthanides such
as terbium and thulium are used as model systems for actinides, as they share
similar chemical properties with actinides like americium and curium due to their
homologous nature.
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Chapter1
Introduction

The aim of this thesis is to gain a deeper understanding of the mechanism behind
the molecular plating technique and, based on this, to develop modern electro-
chemical deposition techniques for lanthanides and actinides. This new approach
is intended to enable the production of thicker thin films with improved stability
under ion beam irradiation compared to molecular plated thin films. Such advance-
ments are essential for extending the usability of these films in nuclear physics
applications.

The newly developed thin films are intended to be used as target materials for the
production of the heaviest elements. In this context, their thickness and stability
under irradiation are key factors for successful superheavy element synthesis.

This chapter provides a brief overview of the scientific background related to
superheavy elements and the targets required for their production. Furthermore,
the analytical techniques used in target development and their associated challenges
are discussed.
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1.1 Scientific Background on Superheavy Elements

The discovery of radioactivity by Henri Becquerel in 1898 laid the foundation for
extensive research into nuclear phenomena [1]. A major breakthrough in this field
was the discovery of nuclear fission in 1938 by Otto Hahn and Fritz Strassmann,
which was later interpreted and explained by Lise Meitner and Otto Frisch in terms
of physical principles. Shortly thereafter, in 1940, Edwin McMillan succeeded in
synthesizing neptunium, the first transuranium element. [2, 3]

In the following years, additional transuranium elements — ranging from plu-
tonium to fermium — were produced. Glenn T. Seaborg and Edwin McMillan were
awarded the Nobel Prize in Chemistry for their identification of the actinide series
as a group of heavy homologues to the lanthanides, and for correctly positioning
uranium and the transuranium elements within this series [4].

Fermium (element 100) represents a critical limit in the traditional production
pathway of heavier elements [4]. Up to this point, transuranium elements were
typically synthesized through successive neutron capture reactions followed by
b�-decay. However, no known isotope of fermium undergoes b�-decay to form
element 101. Instead, fermium isotopes decay primarily via a-emission or sponta-
neous fission, effectively blocking further synthesis via neutron irradiation.

This obstacle was eventually overcome through the use of heavy-ion accelera-
tors, which enabled the fusion of a heavy target nucleus with a lighter projectile
nucleus. These fusion-evaporation reactions made it possible to synthesize elements
beyond fermium, and thus extend the periodic table beyond atomic number 100.
To date, this method has led to the discovery of elements up to oganesson (Z = 118)
[5–7].

Element 104, rutherfordium, is generally regarded as the first superheavy element
[8, 9]. This classification is based on its position in the periodic table: unlike the
lighter transuranium elements, which are part of the actinide series, rutherfordium
is assigned to group 4 of the d-block and is therefore considered a transition metal.
This marks a conceptual shift in the synthesis of heavy elements, as it indicates
the beginning of a new region of the periodic table beyond the actinides — the
so-called superheavy element (SHE) region [8].

Superheavy elements exhibit unique nuclear and chemical properties due to the
high number of protons in the nucleus [9, 10]. Their synthesis is only possible
through fusion-evaporation reactions using heavy-ion accelerators. In these pro-
cesses, a heavy target nucleus is bombarded with a lighter projectile ion at high
kinetic energy, leading, in rare successful events, to the formation of a highly excited
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compound nucleus. This nucleus may then de-excite by evaporating neutrons and
form a new element.

Because the cross sections, which is indicative of the level of probability asso-
ciated for the formation of superheavy elements, are extremely low — often in the
picobarn or even femtobarn range (Figure 1.1) — only a few atoms of a given SHE
can be produced, even during extended beam times. Furthermore, the resulting
nuclei are typically highly unstable and decay within milliseconds to seconds via
a-decay or spontaneous fission.

Figure 1.1: The cross section for the production of superheavy elements via different
fusion routes [11]. The blue squares show the cold fusion reaction, the red
circles the hot fusion reactions and the pink triangles the warm fusion reaction
with 48Ca as an ion beam and actinides as targets. The different production
techniques for SHE are further explained in chapter 1.2

The stability of superheavy nuclei strongly depends on their neutron number,
as additional neutrons enhance the nuclear binding via the strong force and help
counteract the intense Coulomb repulsion between the many protons. Neutron-
rich isotopes are therefore expected to be longer-lived and possibly approach the
predicted “island of stability” (Figure 1.2). The island of stability is a term used to
describe a region in the nuclide chart where isotopes have a significantly longer
half-life than the surrounding isotopes. However, all currently synthesized SHE
are relatively neutron-poor. This is mainly because the reactions used to produce
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them involve stable or long-lived projectiles and targets, which inherently limit the
neutron excess. Additionally, the fusion process typically results in highly excited
compound nuclei that de-excite by evaporating neutrons, further reducing the final
neutron number of the produced isotopes [12–15].

Figure 1.2: The nuclide chart with the estimated positions of the island of stability
is shown there. The black boxes show stable elements. The stability of the
the isotopes are shown in steps of grey to white. Brighter grey tones show
shorter half-lives [16].

Due to these short half-lives and the extremely low production rates, classical
off-line chemical separation and analytical techniques are not feasible. Instead,
all investigations — including identification, decay spectroscopy, and chemical
characterization — must be performed in online experiments [9, 15, 17–19]. In these
setups, the reaction products are separated from the primary beam and unwanted
background in real time, typically via gas-filled recoil separators such as TASCA
(Transactinide Separator and Chemistry Apparatus) at the GSI Helmholtzzentrum
für Schwerionenforschung GmbH (GSI) or velocity filter such as SHIP (Separator
for Heavy Ion reaction Products) at the GSI [20, 21], and are then directed to
detection or chemical systems within fractions of a second.

These experimental challenges require highly efficient and selective systems for ion
transport, detection, and data acquisition. As such, the production and study of
superheavy elements represents a demanding and interdisciplinary field in modern
nuclear science, combining aspects of nuclear physics, radiochemistry, accelerator
technology, and advanced instrumentation.
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1.2 Production techniques for SHE

The production of elements with atomic numbers of 101 or higher requires the use
of particle accelerators [12–15]. Only accelerated ions can attain kinetic energies
sufficient to overcome the Coulomb barrier of a target nucleus, enabling the two
nuclei to approach closely enough for nuclear fusion to occur. However, the kinetic
energy of the projectile must be carefully optimized. If it is too low, fusion cannot
take place due to electrostatic repulsion. If it is too high, the resulting excitation
energy may instead lead to undesired side reactions such as spallation or prompt
fission of the target nucleus, preventing the formation of a compound nucleus
[13, 22].

Even under optimal conditions, the probability of forming a compound nucleus
is extremely low due to competing processes such as quasifission. If successful,
the fusion of the two nuclei results in the formation of a compound nucleus that
initially contains all protons and neutrons from both the projectile and the target.
This nucleus is typically created in a highly excited state and must dissipate its
excess energy in order to reach ground state. De-excitation can occur either through
immediate fission or through the emission of one or more neutrons, often accompa-
nied by gamma radiation. The number of neutrons emitted depends primarily on
the excitation energy of the compound nucleus, which is determined by the choice
of projectile and target as well as the kinetic energy of the collision [23, 24].

Different fusion strategies have been developed to control the excitation energy
and optimize the formation and survival of superheavy nuclei. Among these, cold
fusion and hot fusion represent the two most widely used approaches [23–25].

In cold fusion reactions aimed at the synthesis of superheavy elements (SHE),
the compound nucleus is formed with relatively low excitation energy, typically
leading to the evaporation of only a single neutron. This is shown in (Figure 1.3 a)).
This low excitation energy is achieved by selecting projectile–target combinations
composed of isotopes with high binding energy per nucleon.

Target elements are typically 208Pb or 209Bi, because they have a magic or doubly-
magic nucleus. Just as electrons in an atom occupy discrete energy levels, protons
and neutrons within a nucleus also have discrete energy levels. In the nuclear shell
model, these quantized levels can lead to shell closures, which result in exception-
ally stable nuclei. 209Bi has with Z = 83, N = 126 a closed neutron shell and is a
magical nucleus and 208Pb has with Z = 82, N = 126 a closed proton and neutron
shell and is therefore doubly-magic [26].

Suitable projectiles include medium-mass, neutron-rich, and stable isotopes such
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as 58Fe, 64Ni, and 70Zn. These combinations enhance the likelihood of forming
a neutron-rich compound nucleus, which is crucial for improving the survival
probability of the evaporation residue.

Hot fusion reactions involve the formation of compound nuclei with much higher
excitation energies, typically requiring the evaporation of four to five neutrons
to reach the ground state, which is shown in Figure 1.3 b). In these reactions,
actinide elements such as uranium, plutonium, americium, curium, berkelium, or
californium (Z = 92–98) serve as targets. Light ions such as 16O, 20Ne, or 24Mg are
used as projectiles.

Although more neutrons are lost during de-excitation, the actinide targets pro-
vide significantly higher initial neutron numbers compared to those used in cold
fusion. As a result, the final evaporation residues in hot fusion are generally more
neutron-rich and thus exhibit longer half-lives. This increased stability allows for
more detailed investigations, including laser spectroscopy of the SHE [27, 28] or
even the study of chemical properties in some cases [19, 29]. However, a major
drawback of hot fusion is that the reaction cross sections for forming a given SHE
are typically an order of magnitude lower than those observed in cold fusion for
the same element (See Figure 1.1).

A special case is the use of 48Ca with Z = 20 and N = 28 as a projectile. 48Ca
is a doubly magic nucleus and represents the most neutron-rich stable calcium
isotope. Though its natural abundance is only about 0.2 %, it can be enriched.
Enriched 48Ca is used as a source and accelerated to form high-intensity ion beams.
When actinide targets are irradiated with 48Ca the fusion reaction is called warm
fusion [30]. In the warm fusion, the compound nucleus evaporates only three to
four neutrons — fewer than in hot fusion — while maintaining higher reaction cross
sections (See Figure 1.1). Thus, this approach effectively combines the advantages
of both cold and hot fusion. The neutron loss is reduced while maintaining an en-
hanced formation probabilities (See Figure 1.3 c)). The 48Ca-based fusion technique
has been essential in the discovery of the heaviest known elements, from flerovium
(Z = 114) to oganesson (Z = 118), whose synthesis was previously unfeasible due
to prohibitively low cross sections using other projectile-target combinations [30–33].
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a)

b)

c)

Figure 1.3: The different fusion reaction paths for the production of superheavy
elements. The cold fusion reaction is shown in a), the hot fusion reaction in b)
and the warm fusion reaction in c) [23].

1.3 Targets for SHE production

Targets are crucial components for fusion experiments at particle accelerators, as
they provide the stationary reaction partner necessary for the formation of com-
pound nuclei [34]. The choice of target material depends on the specific objectives
of the experiment and on key experimental parameters, such as the type and energy
of the ion beam [35, 36]. As accelerator technology advances and experimental se-
tups become more sophisticated, the strains placed on targets continue to increase,
requiring continuous development in target design and production techniques
[34, 37].

The ideal target would be self-supporting, maintaining stability without requir-
ing any supplementary backing material. It should also be elementally pure and
monoisotopic in order to minimize competing nuclear reactions and reduce back-
ground signals in the detection system. Furthermore, it must possess an optimal
thickness tailored to the excitation function of the reaction and to the intensity of
the ion beam, maximizing the probability of the desired nuclear reaction while
maintaining structural integrity under irradiation.

In practice, however, such ideal targets are rarely feasible due to various ma-
terial and technical constraints. In many cases, there is insufficient material to
produce self-supporting foils of the desired thickness. Some elements are chemi-
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cally reactive, toxic, or so radioactive, making them difficult to isolate and handle
in pure elemental form. Other isotopes, such as 248Cm or 249Bk, are extremely
rare and available only in limited quantities, complicating the preparation of bulk
material or elemental layers [38]. For this reason, most targets are a combination of
a carrier foil, as a backing, made of titanium for example, and a thin layer of the
target material on the backing [35, 37, 38].

To conserve material and because separation is not feasable for rare isotopes,
it is often necessary to forgo the use of monoisotopic samples and instead work
with isotopic mixtures, despite the potential for reduced selectivity in reaction
channels. Limited availability may also prevent the fabrication of targets with
optimal thickness, resulting in thinner targets, than would be considered optimal,
that compromise reaction yield [35–38].

Consequently, actinide targets used in superheavy element experiments are typically
deposited onto thin metallic backings that provide mechanical support and thermal
stability. The target material is not applied in elemental form on the backing but
rather in chemically stable compounds, due to limitations in available deposition
techniques. Additionally, experimental observations have shown that under intense
beam irradiation and in the presence of residual oxygen in the reaction chamber,
even initially pure metallic targets tend to oxidize. This oxidation is thermodynami-
cally favored and leads to the formation of the most stable chemical species, usually
oxides, which dominate under beam-induced chemical reactions [35, 37].

To fabricate thin films, various methods are available, each with specific advantages
and disadvantages. One key requirement is that the target material must adhere
sufficiently well to the backing to withstand the stress induced by the ion beam.
Furthermore, the resulting thin film should exhibit a highly homogeneous surface
and an even distribution of the target material across the entire area. Since actinide
targets used for the production of superheavy elements consist of rare isotopes
that are available only in limited quantities and are therefore highly valuable, the
chosen deposition technique must ensure a high yield and reliably reproducible
results. Among the available methods, molecular plating has proven to best fulfill
these requirements [37].

1.3.1 Molecular Plating

Electrodeposition of actinides was reported as early as 1959 [39], but the method
was later refined in 1962 by Parker and Falk, who introduced it as molecular plating
[40]. Since then, molecular plating became the standard technique for producing
actinide thin films for various applications, such as sources for alpha-particles
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[41] or recoil ions [42], as standards for calibration [43], or as targets for various
experiments involving irradiation neutron beams [44, 45] or ion beams [46, 47].
In MP, actinides are dissolved in diluted acids such as nitric or hydrochloric acid.
Afterwards, the desired amount of actinides is further diluted in organic solvents.
Typically alcohols such as isopropanol and isobutanol are used for this technique
[40, 43, 48]. A current density is 1-3 mA

cm2 is applied to the solution. This leads
to voltages of several hundreds to thousand volts. The deposition takes 1-5 h,
depending on the size and geometry of the target [46, 48]. After the deposition the
remaining solution is pulled out via a pipette and the cell is dismantled. The thin
film on the substrate is put to the side to let the thin film dry. The cell is cleaned
and could be reused. For each radioactive isotope a separate cell is produced to
prevent cross contamination with other isotopes.

The shape and size of the deposition cells can vary and, theoretically, can be
adjusted to meet the desired geometry of the target [38, 46, 48]. The cell consists
of a cathode, typically made of titanium, which is connected to the substrate, and
an anode, which serves as the counter electrode and is commonly composed of
platinum or palladium. Unlike other electrochemical setups, there are no additional
electrodes, such as a reference electrode. Instead, current and voltage are measured
between the anode and cathode [40, 48].

In the standard configuration, the cathode and substrate are positioned at the
bottom of the cell, while the electrolyte solution is poured over them. The anode is
often in the form of a wire or a wire shaped into a flat spiral to increase surface
area, and it is submerged within the electrolyte solution [49]. Other shapes of the
anode are also possible like nets [50]. A Scheme of a plating cell is shown in Figure
1.4 a).

Alternative designs were developed for different sizes and shapes of the desired
targets. For TASCA the cell features a side-mounted configuration, where both
the anode and cathode are positioned on the sides of the cell. In this arrangement,
the cell has an opening at the top to allow for the introduction of the electrolyte
solution. In this case, the anode typically mirrors the shape of the cathode (see
Figure 1.4 b)).

In MP the deposition yield is typically around 80-90 % achieving layer thicknesses
of up to 800 µg

cm2 and the thin films are macroscopically homogeneous. Additionally,
they are robust, surviving even ion beam irradiation in experiments e.g. superheavy
element productions [37, 46, 48].

The thin films exhibit a uniform distribution of the target material. However,
microscopic analysis reveals internal variations. The films are not continuous but
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Figure 1.4: Schematic frawing of the different cells used for molecular plating. In a)
a small cell with the description of the single parts for circular shaped targets
is shown [49]. In b) a cell for TASCA targets with the description of the single
parts is shown [38].

composed of cracks and tiles. These tiles differ in size and possess uneven surfaces.
Due to their resemblance to dried mud, this phenomenon is referred to as ”mud
cracking”. This phenomenon is shown in Figure 1.5.

Figure 1.5: A picture of a molecular plated thin film in TASCA geometry in different
magnifications. On the left a photo is shown and on the right the pictures were
taken with a scanning electron microscope. 500 µg

cm2 of 147Sm was deposited
[34].

The exact mechanism of crack formation is not yet fully understood [48, 51–54].
Vascon et al. [48] concluded that the solvent used during deposition plays a key
role. While moist films showed few or no cracks, distinct patterns appeared after
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drying, suggesting that solvent evaporation is a major factor. Volatile solvents
expand as gas and induce tensile stress that ruptures the film, whereas solvents
with lower vapor pressures evaporate more slowly, reducing crack formation.

Thus, solvent selection is a crucial parameter influencing mud cracking. Other
factors may also contribute and should be investigated further. Since mud cracking
is believed to reduce the mechanical stability of thin films [43], understanding this
phenomenon is essential for improving the performance and durability of target
materials exposed to ion beams in superheavy element research.

Although molecular plating has been known for over 60 years and is well-established
for target production, many aspects of the process remain poorly understood. Early
hypotheses, such as those proposed by Parker and Falk [40], suggested that ac-
tinides were deposited in the form of their original salts, with the presence of
nitrates and chlorides in the thin films. However, subsequent experiments [54? ]
have disproved this assumption, confirming the absence of these compounds and
demonstrating that the deposition mechanism is fundamentally different.

In 1959, three years prior to the introduction of the molecular plating technique,
Hansen proposed a potential mechanism for the electrodeposition of actinides from
organic solvents. He suggested that the process involved hydroxide precipitation, a
concept that aligns with the later findings of molecular plating. Unlike conventional
electrochemical deposition, molecular plating primarily operates through hydroxide
precipitation. Water plays a crucial role in this process, serving as the primary
source of hydroxides. At the cathode, water molecules are reduced, leading to the
formation of hydroxides and hydrogen gas. The increase in local pH at the cath-
ode, due to hydroxide production, induces the precipitation of the target material
[48, 51, 54, 55]. It is assumed that the hydrogen gas produced during this process
escapes from the system. The resulting thin films primarily consist of hydroxides
and oxides of the actinides, reflecting the nature of the precipitation process.

Spectroscopic analyses by Vascon et al. [48] further revealed that the thin films
produced by molecular plating also contain organic compounds. Vascon suggested
that these compounds originate from the solvent, which undergoes partial decom-
position during the process.

Even today, the process is not fully understood, as indicated by the uncertainty
surrounding the reason why the layer thickness is limited to approximately 800 µg

cm2

[46].
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1.3.2 Target geometry and substrate specifications

In ion beam experiments, the specific design requirements of targets vary depend-
ing on the experimental setup. The target geometry is largely determined by the
type of separator used for the production of superheavy elements. Even within a
single research institution, such as GSI, targets fabricated for one separator system
(e.g., TASCA) cannot necessarily be used in another, such as SHIP.

Despite these differences, all targets share one essential feature: they are constructed
so that multiple target segments form a rotating wheel such as shown in Figure
1.6 [14, 34, 38]. Continuous rotation distributes the heat load over a larger surface
area, thereby allowing for longer irradiation periods and a substantially higher
production rate of superheavy elements without the need for cooling breaks [37, 56].

Figure 1.6: 249Bk deposited with the molecular plating technique. The wheel is
made of four target segments prepared individually [38].

In the irradiation process for the production of SHE the beam passes first the
backing of the target, before it hits the target material. This way the produced
SHE would not have to pass the backing material and would be stopped inside the
backing material (Figure 1.7). Since not only the target layer but also the backing
foil is exposed to the ion beam, the properties of the backing material are equally
important. It must be electrically conductive for the production of the targets
through MP, sufficiently thin to minimize energy loss of the beam, yet mechanically
stable enough for handling and operation under experimental conditions. High
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thermal stability and low thermal expansion are essential to prevent melting or
cracking during irradiation. Moreover, the backing should minimally decelerate
the ion beam and possess a low atomic number to reduce unwanted reaction
products between the beam and the backing material. Such reactions can produce
alpha-emitting isotopes, increasing the background in the alpha spectra and thus
complicating the identification of alpha decays from superheavy elements [34, 37].

Figure 1.7: The path of the ion beam through a target wheel at TASCA. The ion
beam passes first a stripper foil. Afterwards it goes through the backing
material of the target, before it passes the target layer itself [57].

Taking all these requirements into account, titanium is predominantly used as
a backing material. It can be rolled to thicknesses below 3 µm while maintaining
mechanical and thermal stability during both deposition and irradiation. Titanium
also has a high melting point, low thermal expansion, and, with an atomic number
of 22, does not form undesirable reaction products that emit alpha radiation during
SHE production [34, 37].

Nevertheless, carbon exhibits even more favorable physical properties and would
theoretically be a superior backing material. However, the fabrication and handling
of thin carbon foils remain challenging, particularly during the target preparation
process [34, 37]. Further research and technical development are therefore required
to enable the reliable production of carbon-backed targets.
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1.3.3 Ideal target thickness

In the synthesis of superheavy elements, the optimal thickness of the target ma-
terial is constrained by two primary factors. The first limitation arises from the
range of projectile energies over which superheavy elements can be successfully
produced [58]. As the projectile beam passes through the target, it loses energy
through interactions with the target atoms, leading to a gradual decrease in the
projectile’s effective energy. Since the successful formation of superheavy elements
occurs only within a narrow window of projectile energies near the fusion barrier,
excessive target thickness can cause the beam energy to lose energy which reduces
the production rate of superheavy elements [37, 58, 59].

The second limiting factor is the recoil range of produced SHE within the tar-
get material. After formation, the produced SHE must recoil out of the target to
be detected by the separator. If the target is too thick, these nuclei lose too much
energy through collisions with target atoms and may stop within the target layer,
preventing their detection and identification [58].

In cold-fusion reactions, where the excitation energy of the compound nucleus is
relatively low, the primary factor limiting target thickness is the energy loss of the
incident beam [59]. Maintaining the beam energy within the narrow range that
favors residue formation is critical. In contrast, for hot-fusion reactions—where
higher excitation energies lead to larger recoil energy dissipation—the principal
limitation arises from the relatively low recoil velocities of the produced SHE. In
this case, overly thick targets cause significant slowing of the residues, thereby
reducing their transmission efficiency through the separator and overall detection
probability [37].

The energy loss of the ion beam in a target occurs primarily due to scattering
effects, which increase both with target thickness and with decreasing beam energy
[58]. The magnitude of the energy loss depends on several factors: the type of ion
used in the beam, its initial kinetic energy, and the atomic composition and density
of the target material. The energy loss of a specific ion with a given energy in a
particular target material can be calculated using established stopping power mod-
els. By performing such calculations over a defined path length—corresponding to
the target thickness—one can determine the optimal target thickness for a given
reaction [60].

The ideal target thickness is determined by the full width at half maximum (FWHM)
of the excitation function for the production of superheavy elements. In cold fusion
reactions, the FWHM of the excitation function is typically around 5 MeV (see
Figure 1.8 a)). This corresponds to an optimal target thickness of approximately
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500 µg
cm2 , which matches the commonly used target thicknesses in such experiments.

In contrast, in hot fusion reactions, such as those involving 48Ca projectiles and
actinide targets, the FWHM exceeds 10 MeV (see Figure 1.8 b)). Considering the
energy loss of 48Ca ions in actinide targets, theoretical calculations suggest that tar-
get thicknesses up to about 1500 µg

cm2 could be employed to enhance the production
rate of superheavy elements [37, 59].

Figure 1.8: The excitation function for the production of the compound nucleus
266Hs from the cold fusion reaction of 58Fe on 208Pb (b) and for the production
of the compound nucleus 292Fl from the hot fusion reaction of 48Ca on 244Pu
[37].

However, with increasing target thickness, the scattering angle of the ions, and
therefore consequently of the produced SHE, also increases [58]. As the beam pene-
trates deeper into the target, multiple scattering causes deviations from the incident
beam direction, meaning that not all residues are emitted perpendicular to the
target surface. Since not every separator for superheavy element research possesses
a sufficiently large angular acceptance, some of these residues may fall outside the
angle acceptance window and thus remain undetected. Newer separators were
constructed with increased acceptance windows. [37, 61–63].

Despite these theoretical considerations, actinide targets with such large thick-
nesses cannot currently be produced using available techniques. With molecular
plating, targets can be reliably fabricated only up to just below 800 µg

cm2 [46]. How-
ever, above approximately 500 µg

cm2 , both the error rate and film quality begin to
deteriorate significantly, which is why thicker actinide targets have not yet been
realized [37, 46, 58]. This limitation is especially critical when working with valu-
able isotopes such as 248Cm, where high reliability and long-term stability of the
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targets are essential [38]. For certain isotopes, such as 249Bk, the available material
is insufficient to produce targets of such thickness. Moreover, handling large quan-
tities of actinide material, which are typically strong alpha emitters, is technically
challenging and poses contamination and incorporation risks.

Nevertheless, research is ongoing to develop reliable methods for fabricating targets
with layer thicknesses up to 1500 µg

cm2 . These efforts focus on advancing electro-
chemical deposition techniques similar to molecular plating, incorporating concepts
from modern electrochemistry to improve film homogeneity, adhesion, and repro-
ducibility [64].

1.3.4 Ion beam-induced changes of thin films

When a target is irradiated with an ion beam, the ions lose energy as they pass
through the target material. The amount of energy deposited depends on several
factors: the energy and atomic number of the projectile ions, as well as the isotopic
composition, density, and thickness of the target. This deposited energy induces
both physical and chemical changes in the target material.

From a chemical perspective, the localized energy deposition can initiate vari-
ous reactions within the target. The specific reactions depend on the chemical
composition of the target. If the target contains organic compounds, these can
decompose under irradiation, releasing gases such as CO2 from the thin film [55].
In addition, residual oxygen within the target chamber or within the material itself
may react with the target elements, leading to the formation of stable oxides. Since
oxides are typically the most thermodynamically stable chemical state, further
chemical reactions are generally suppressed once oxidation has occurred [37, 55].

The ion beam also leads to local heating of the target. To distribute the ther-
mal energy evenly and prevent localized damage, the target is often designed to
rotate during irradiation [34, 37, 38, 57]. Without such motion, continuous expo-
sure of a single area to the ion beam would result in target degradation or even
destruction [34, 46, 57]. Unlike conventional heating processes, such as furnace
heating, ion-beam-induced heating occurs rapidly and locally, followed by almost
equally rapid cooling. This transient and localized thermal excitation is described
by the thermal spike model [65], in which the temperature in the irradiated region
rises and falls sharply, creating only short-lived temperature peaks. Consequently,
physical and chemical processes under these conditions can differ from those ob-
served under slow and homogeneous heating [55, 66].

After irradiation, optical changes of the target surface can be observed (See Figure
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1.9) . Before irradiation, molecular plated targets often exhibit characteristic mud
cracking [34, 66]. Following irradiation, however, this surface structure can change:
the tiles may shrink, leading to wider cracks [55], or alternatively, the thin film may
appear to smooth out as if it had “melted” [66].

1b)

1a) 2a)

2a)

Figure 1.9: Electroplated thin films analyzed with a scanning electron microscope
before and after irradiation. 1 shows a molecular plated 160Gd-target a) before
irradiation and b) after irradtion with 45Sc and 50Ti-beam with a total fluence
of 3.2 · 1014 ions

cm2 and an energy of 3.8 to 4.7 MeV
u [66]. 2 shows a thulium thin

film produced by the triflate method a) before irradiation and b) after the
irradiation with a 48Ca-beam with a fluence of 3.9 · 1014 ions

cm2 and an energy of
6.0 MeV

u [64]

The specific outcome depends on both the target composition and the nature
of the ion beam, though the underlying mechanisms remain not fully understood.
Although it may appear that the target material is lost during irradiation, alpha
spectra of the irradiated targets indicate that their activity remains constant. The
peaks in the alpha spectra become narrower, while the integral remains unchanged
(See Figure 1.10). This demonstrates that not only is the material preserved after
irradiation, but also that the alpha particles lose less energy when exiting the thin
layer. Prolonged irradiation may also cause diffusion of target material into the
backing substrate [67, 68].

These surface modifications occur early during irradiation and are believed to
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Figure 1.10: a-spectra measured from the 249Cf (left panel) and mixed-Cf (right
panel) at DGFRS (Dubna Gas-Filled Recoil Separator) before and after irradi-
ation with 48Ca in different doses [67].

contribute to a stabilization of the thin film. This initial conditioning process is
commonly referred to as baking-in [34, 37]. During the baking-in process, the target
is exposed to a reduced beam intensity, allowing the material to reach a thermody-
namically stable chemical state—typically through the formation of oxides or other
stable compounds [34, 55]. Once this stabilization phase is complete, the target can
withstand full beam power without further structural degradation of the thin film.
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1.4 Characterization methods

In this work, various methods were applied to characterize the fabricated thin
films. The yields of the depositions were investigated using neutron activation
analysis (NAA) in combination with g-spectroscopy. To study the homogeneity and
morphology of the thin films scanning electron microscopy (SEM) was used. The
chemical composition of the thin films was analyzed through Raman and infrared
(IR) spectroscopy. Additionally, X-ray photoelectron spectroscopy (XPS), elastic
recoil detection analysis (ERDA), and Rutherford backscattering spectrometry (RBS)
were applied in combination with proton-induced X-ray emission (PIXE). This
section focuses on the theoretical and technical aspects of each of these methods.

1.4.1 Neutron activation analysis and gamma spectrometry

In neutron activation analysis (NAA), a sample is exposed to neutrons to induce
nuclear reactions. By neutron capture processes, many nuclides can be transformed
into relative short-living isotopes with characteristic g-lines. Because these isotopes
produce characteristic g-ray signatures, the elemental and isotopic composition
of the sample can be identified [69]. As free neutrons are unstable and decay to
protons via b�-decay, they cannot be stored. Instead, they must be constantly
produced via neutron sources. The TRIGA Mark II reactor in Mainz, for example,
serves as a neutron source, which produces neutrons via the nuclear fission of
235U [70]. These neutrons have high kinetic energies at the moment of release and
are therefore called fast neutrons. For NAA, however, so-called thermal neutrons
are typically required, which have a lower kinetic energy. Hydrogen is used as a
moderator to moderate the neutrons to the desired energy. In the case of the TRIGA
reactor, this hydrogen is enclosed in a zirconium hydride matrix.

The TRIGA Mark II reactor in Mainz has a thermal output of 100 kW in continuous
mode, which corresponds to a thermal neutron flux of 4.2 ⇥ 1012 1

cm2 s for this
reactor. It can also be operated in pulsed mode. This increases the thermal power to
250 MW for 30 ms, whereby a thermal neutron flux of 1⇥ 1016 1

cm2 s is achieved [70].

The neutron is captured by an atom, causing the neutron number N and the
mass number A to increase by 1, while the proton number Z remains constant.

A

Z
WN +1

0 n1 ! A+1
Z

XN+1 (1.1)

The isotope produced in this way is often unstable and decays due to the ex-
cess neutron via b�-decay. As a result of this process, the mass number remains
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constant, the neutron number decreases by 1, and the proton number in the atom
increases by 1, resulting in an element with a higher atomic number.

A

Z
XN ! A

Z+1Y
⇤
N�1 + e

� + v̄e (1.2)

Following this process, the atomic nucleus often transitions to an excited state. To
reach the ground state, the nucleus emits energy in the form of g radiation, which
can then be detected, enabling qualitative and quantitative elemental analysis of an
unknown sample.

A

Z+1Y
⇤
N�1 ! A

Z+1YN�1 + g (1.3)

The activity of a specific element A after activation with neutrons can be calcu-
lated as a function of the irradiation time t.

A (t) = s F N0 [1 � exp (�l t)]

l =
ln (2)

t 1
2

(1.4)

N0 is the number of irradiated nuclei of an isotope. The number of irradiated
nuclei depend on the abundance of the specific isotope in the sample, the atomic
mass of the isotope and the overall mass of the sample. s is the neutron capture
cross section of the irradiated isotope. Typically thermal neutrons are used for
irradiation and therefore the neutron capture cross section for thermal neutrons are
typically used. F is the neutron flux of the neutron source. Since s is constant, F
should be known and can be considered constant for small samples, and N0 could
be seen as constant for short irradiation times, t is the only variable in equation 1.4.

This formula shows, that NAA can be used as an absolute method for quanti-
tative analysis of samples, if the neutron-flux and the cross-section are known
with sufficient precision. Alternatively, a standard can be used for quantitative
measurements. By choosing a standard with the same geometry and well-defined
mass of the analyzed nuclide, analysis will become easier, since geometric effects
can be reduced from the equations. The mass of the sample mx can then easily be
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calculated by the g activity of the sample Ax and the g-activity of the standard ASt

and the mass of the standard mSt:

mx = mSt

Ax

ASt

(1.5)

The precision of this instrumental activation analysis can be further enhanced, by
a chemical separation of the nuclide of interest and the rest of the sample, before or
after the activation.

The g-rays are typically measured with a scintillation or semiconductor detec-
tor. Scintillation counters operate on the principle that high-energy g-radiation
interacts with a scintillator, typically an inorganic crystal, such as thallium-doped
NaI or an organic polymer. The incoming radiation excites the material, which then
emits visible light as it de-excites. This light is converted into an electrical signal by
the photocathode of a photomultiplier via the photoelectric effect. The intensity of
this signal depends on the number and energy of the incoming g-photons, allowing
scintillation counters to record g-spectra. A key advantage of these detectors is
their high detection efficiency, making them particularly suitable for quantitative
measurements. However, their energy resolution is lower than that of semiconduc-
tor detectors, limiting their ability to perform multi-element analysis.

Semiconductor detectors are made of a semiconductor material, with high-purity
germanium detectors (HPGe) being the most commonly used type. In these detec-
tors, an electric voltage is applied, and when ionizing radiation strikes the detector,
electrons are excited from the valence band to the conduction band, generating
a measurable electrical pulse. Unlike scintillation counters, semiconductor de-
tectors offer better energy resolution, making them particularly well-suited for
g-spectroscopy. However, they require cooling to function properly: HPGe detec-
tors must be cooled with liquid nitrogen during operation to prevent high leakage
currents, which would otherwise render measurements impossible.

In both types of detectors, the generated electrical signal is relatively weak and
must be amplified. The amplified signal is initially in analog form and is then
converted into a digital signal using an analog-to-digital converter (ADC). This
digital signal is stored in a multi-channel analyzer (MCA), resulting in a spectrum
where the counts are plotted against the channel number.

To obtain an energy spectrum, an energy calibration of the channels is required. This
is achieved using a multi-element standard with well-defined g-energies. By corre-
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lating each channel with a specific energy, a calibrated g-spectrum can be generated.

1.4.2 Scanning electron microscopy

Scanning electron microscopy (SEM) is a microscopy technique that provides resolu-
tions ranging from micrometers to nanometers. Unlike light microscopy, it does not
use visible light for imaging but accelerated electrons [71]. This is due to the wave-
like properties of electrons, which can be used for microscopy. These properties can
be described using the de Broglie equation. The wavelength of an electron, l, can
be determined by dividing the Planck constant h by the momentum of the electron p.

l =
h

p
(1.6)

Since the electrons in SEM are accelerated to several keV, they have a shorter
wavelength, than visible light. This increases the resolution limit of the microscope.
This effect is described by Abbe’s law [72]. The law defines the minimum distance
two points must have in order to be perceived as separate objects. It relates the
resolution d of a microscope to the numerical aperture NA, which a device-specific
value that also considers the quality of the objective lens, and the wavelength l.

d =
l

2NA
(1.7)

A SEM uses a cathode to generate electrons via the thermionic emission effect
[71], which are then accelerated toward the sample. Electromagnetic lenses, consist-
ing of anodes, focus the electron beam onto the sample.

When the electron beam interacts with the sample, various interactions occur,
leading to the emission of secondary electrons (SE), backscattered electrons (BSE),
and X-rays. SE and BSE can be detected using specialized electron detectors, such
as a scintillation counter.

Secondary electrons (SE) are generated when primary electrons eject electrons
from the sample. Due to their low energy (< 50 eV), they originate only from the
uppermost layers of the sample. The SE detector is positioned at an angle to the
electron beam to capture these electrons efficiently. SE mainly provide information
from the near-surface region and therefore allow for detailed imaging of the sam-
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ple’s topography.

Backscattered electrons (BSE) are primary electrons that have been elastically
scattered by atomic nuclei in the sample with an angle of almost 180� [73, 74].
They have higher energy than SE and can be deflected from deeper layers. The
probability of backscattering depends on the atomic number of the elements in
the sample: the higher the atomic number, the more likely electrons are to be
backscattered [73, 74]. This creates a contrast in BSE imaging, where regions with
elements of higher atomic numbers appear brighter than those with lower atomic
numbers. The BSE detector is positioned parallel to the sample surface to efficiently
capture the backscattered electrons.

In addition to electron detection, emitted X-rays can also be analyzed. These
X-rays are generated by the interaction between the electron beam and the sam-
ple. The emission of secondary electrons from the sample creates vacancies in
the inner electron shells, which are subsequently filled by outer electrons. This
process releases energy in the form of X-rays. These X-rays can be detected using
a semiconductor detector. Energy-dispersive X-ray spectroscopy (EDX) utilizes
this radiation for elemental analysis [73, 75]. The energy of the emitted X-rays
depend on the atomic number of the respective element, the elemental compo-
sition of the sample can be determined, using the equation of Moseley’s law [73, 75].

E = h · fR · Z
2
eff

 
1
n

2
1
� 1

n
2
2

!
(1.8)

In this equation, E represents the energy of the X-rays, h is the Planck constant
and fR the adjusted Rydberg frequency. The effective atomic number is denoted
by Ze f f . The variables n1 and n2 refer to the principal quantum numbers of the
electronic states, where n1 corresponds to the inner electron shell and n2 to the
outer electron shell.

To analyze not just a single point but a larger area of the sample, the electron
beam is scanned in a raster pattern across the surface, thus the name Scanning
Electron Microscopy. This is achieved by deflecting the beam using electromagnetic
lenses, allowing for high-resolution imaging over extended areas.

A schematic representation of an electron microscope is shown in Figure 1.11.
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Figure 1.11: Schematic illustration of a SEM. The electron beam is scanning over a
sample and induces thereby the generation of secondary electron (blue) from
the surface. Backscattered electron (green) and X-rays (red) are also generated
from deeper layer depths.

1.4.3 Raman and infrared spectrometry

Raman and infrared (IR) spectroscopies are widely used in chemistry for the
identification of molecules and the characterization of their chemical bonds by
investigating vibrational, rotational, and low-frequency modes [76].

In Raman spectroscopy, monochromatic laser light is used to excite molecular
vibrations. When light interacts with the sample, most photons are elastically scat-
tered (Rayleigh scattering), but a small fraction is inelastically scattered, resulting
in light of slightly different frequencies. The difference between the scattered light
frequency and the excitation frequency is called the Raman shift:
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where Dñ is usually expressed in wavenumbers (cm�1).

During Raman scattering, the molecule is temporarily excited to a virtual en-
ergy state with a very short lifetime, after which a photon is emitted and the
molecule ends up in a different vibrational or rotational state. Therefore, the Raman
shift corresponds to the energy difference between the initial and final molecular
states.

This process is allowed only if the vibration induces a change in the molecu-
lar polarizability. Vibrations that are Raman-active typically include symmetric
stretching modes, such as the C–C stretching vibration in ethane [77].

If the final vibrational state is higher in energy than the initial state, the scattered
photon loses energy and is shifted to a lower frequency (Stokes shift). Conversely,
if the final state is lower in energy, the photon gains energy (Anti-Stokes shift). The
intensity of the Raman lines correlates with the polarizability of the molecule’s
electrons. Raman-scattered light is typically analyzed using an optical spectrometer.

Raman spectroscopy is not only a chemical analysis tool but is also widely used
in solid-state physics and materials science to probe composition, crystallographic
orientation, mechanical stress (due to temperature or pressure), and crystallinity
[78, 79].

In contrast, infrared (IR) spectroscopy uses a continuous spectrum of infrared
light rather than monochromatic visible light [76]. Instead of analyzing scattered
light, IR spectroscopy measures the absorption of IR light by a sample. The decrease
in transmitted IR intensity as a function of wavelength provides information about
the vibrational characteristics of chemical bonds.

For a vibrational mode to be IR-active, it must involve a change in the dipole
moment of the molecule during vibration, rather than a change in polarizability
as in Raman spectroscopy. These are typically asymmetric vibrations, such as the
stretching of a C=O bond [77].

Consequently, IR and Raman spectroscopy are complementary techniques: IR
is sensitive to vibrational transitions involving changes in dipole moment, while
Raman is sensitive to those involving changes in polarizability. Together, they
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provide a more complete picture of molecular vibrations [76, 77].

1.4.4 X-ray photoelectron spectroscopy

X-ray Photoelectron Spectroscopy (XPS) is a powerful analytical technique used to
qualitatively determine the chemical composition of solid surfaces. The surface is
irradiated with X-rays of a specific wavelength, causing the ejection of inner-shell
electrons from the atoms on the surface [80]. By examining the kinetic energy of
the emitted electrons, the surface’s chemical composition can be determined.

When a photon hits the sample surface, it causes the ejection of an inner-shell
electron from an atom, which is then directed toward the detector by a hemispher-
ical analyzer. A scheme of a setup is shown in Figure 1.12. This analyzer uses
electrostatic lenses to control the range of kinetic energies that the electrons are
allowed to have in order to reach the detector, providing energy resolution.

X-ray source

X-ray

emitted
photoelectron

Sample surface

hemispherical
analyzer

electron
detector

Figure 1.12: Schematic illustration of a XPS spectrometer. The sample is irradiated
by X-rays (red) which lead to the emission of photoelectron from the inner-
shell of the atoms at the sample surface. The emitted photoelectrons (orange)
are selected by their energy and guided by the hemisphere analyzer to the
electron detector.

The kinetic energy Ekinetic of the ejected electrons is related to the energy of the
incident photon and the binding energy of the electron within the atom. The bind-
ing energy Ebinding of the electron can be determined using the following equation:
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Ebinding = Ephoton � Ekinetic (1.10)

Here, Ephoton represents the known energy of the X-ray used in the experiment,
and Ekinetic is the measured kinetic energy of the emitted electron. Typically, the
X-ray sources use the Ka lines of either Magnesium (Mg Ka = 1253.6 eV) or Alu-
minum (Al Ka = 1486.6 eV) [81].

The kinetic energy of the emitted electron is characteristic not only of the ele-
ment but also of the specific atomic orbital from which the electron was ejected.
Depending on the element, multiple peaks may appear in the spectrum correspond-
ing to different electron orbitals.

The spectrum is then obtained by plotting the counts against the binding en-
ergy of the detected electrons. The resolution of the spectrum can be adjusted
depending on whether a broad energy range is desired for a general overview or a
specific spectral line is being analyzed in more detail.

Since the binding energy of an electron is influenced by the oxidation state of
the element and its chemical environment, the peaks in the spectrum shift accord-
ingly [80]. Specifically, the binding energy of the ejected electron increases with
the oxidation state of the element. When comparing two compounds where the
element has the same oxidation state but different chemical bonding partners, the
binding energy of the photoelectron will vary due to changes in the electron density
around the element, influenced by the chemical bonding.

1.4.5 Ion-beam analysis

Proton-induced X-ray emission (PIXE), Rutherford Backscattering Spectrometry
(RBS), and Elastic Recoil Detection Analysis (ERDA) are analytical techniques that
utilize an ion beam to investigate material properties. They are therefore classified
as ion beam analysis (IBA) methods.

In Proton-induced X-ray emission (PIXE), the sample is irradiated with protons
with an energy of typically 1 – 3 MeV. These incident protons ionize inner-shell
electrons of atoms in the near-surface region of the sample, leading to the emission
of characteristic X-rays. Since the energy of these X-rays is element-specific, the
elemental composition of the sample can be determined quantitatively. PIXE is
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particularly well suited for the detection of light to medium elements with atomic
numbers approximately Z = 11 – 40, and is capable of identifying trace elements
with high sensitivity [82–84]. Compared to conventional EDX, PIXE offers substan-
tially lower detection limits down to the ppm range, including for light elements,
and provides higher analytical sensitivity with minimal spectral background, mak-
ing it particularly well suited for trace element analysis [? ].

Rutherford Backscattering Spectrometry (RBS) also utilizes a proton beam, al-
though a helium beam can be used as well [82–84]. In RBS, the sample is irradiated
by energetic ions, and the elastically backscattered ions are detected at a large
scattering angle, typically close to 180° relative to the beam direction. The mea-
sured energy spectrum of the backscattered ions provides information about both
the elemental composition and the depth distribution of the elements within the
sample. Because the backscattering yield increases with the atomic number of the
target atoms, RBS is particularly sensitive to heavier elements (typically Z � 20).
Consequently, RBS complements PIXE, which is more effective for lighter elements.

The ion beam can be focused to a diameter of only a few micrometers using
electromagnetic lenses. By scanning the focused beam across the sample surface,
elemental maps can be generated that reveal the spatial distribution of elements
within the specimen.

Elastic Recoil Detection Analysis (ERDA) is an ion beam analysis technique used to
determine the elemental composition of a sample. Unlike PIXE and RBS, ERDA
typically employs heavier ions as the incident beam, such as 35Cl or 40Ar, with
energies in the range of 0.5 – 3 MeV per nucleon [84, 85].

Similar to RBS, ERDA is based on elastic collisions; however, instead of detecting
the backscattered incident ions, atoms or ions from the sample itself are ejected
through these collisions and subsequently detected. The detector is positioned at a
shallow forward angle, typically 20 – 30° relative to the sample surface, in contrast
to the near 180° scattering angle used in RBS [85].

This geometry and detection scheme make ERDA particularly sensitive to light
elements, such as hydrogen, carbon, nitrogen, and oxygen, which are difficult to
detect with RBS [84, 85]. Like RBS, ERDA also provides depth-resolved informa-
tion, allowing determination of the distribution of elements within the near-surface
region of the sample.
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1.5 Outline of this work

With the short overview the limitation of molecular plated thin films become vis-
ible. With further improvements of accelerator technology ion beam intensities
will increases, what strains targets used in ion beam experiments. The stability
of molecular plated targets hit their limit. Calculations show, that the production
rate for superheavy elements produced by hot fusion reactions can be increased by
thicker targets, compared to what is right now achievable via molecular plating.

To overcome the limitations of molecular plating regarding stability and layer
thickness, the influence of water and CO2 on molecular plating is studied. Ad-
ditionally the chemical changes in molecular plated thin films by swift heafy ion
beams were studied.

To improve thin film stability in ion beams and increase their layer thickness
for increased production of SHE, modern electrochemical aspects, such as working
with aprotic solutions and electrochemically inert counter ions to the f-elements
cation, were implemented in the production of thin films.

Lanthanides are used as a model for actinides, since the chemistry of lanthanides
and late actinides such as americium and curium, which have a high a-activity and
are more rare, are similar. Without radioactivity these thin films can be analyzed at
different institutes, which are not able to handle radioactive material. Furthermore,
lanthanides can be activated by irradiation with neutrons. After activation the
yield of the thin films can be studied. Activated lanthanides also have half-lives of
days instead of hundreds of years, and have often better detectable g-lines making
detection for g-spectroscopy easier.
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31

https://doi.org/10.1103/physrevc.109.044618
https://doi.org/10.1103/revmodphys.72.733
https://doi.org/10.1515/ract-2022-0015
https://doi.org/10.1515/ract-2022-0015
https://doi.org/10.1088/1742-6596/337/1/012005
https://doi.org/10.1088/1742-6596/337/1/012005
https://doi.org/10.1103/physrevc.107.024301
https://doi.org/10.1140/epja/s10050-023-00939-3
https://doi.org/10.3389/fchem.2024.1474820


rak, H. G. Essel, P. A. Ellison, J. Even, U. Forsberg, J. Gellanki, A. Gorshkov,
R. Graeger, K. E. Gregorich, W. Hartmann, R.-D. Herzberg, F. P. Heßberger,
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sson, M. Asai, M. Block, R. A. Boll, H. Brand, D. M. Cox, M. Dasgupta,
X. Derkx, A. Di Nitto, K. Eberhardt, J. Even, M. Evers, C. Fahlander, U. Fors-
berg, J. M. Gates, N. Gharibyan, P. Golubev, K. E. Gregorich, J. H. Hamilton,
W. Hartmann, R.-D. Herzberg, F. P. Heßberger, D. J. Hinde, J. Hoffmann,
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A. Prosvetov, M. Rapps, D. Renisch, P. Simon, M. Tomut, C. Trautmann,
A. Yakushev, Chemical conversions in lead thin films induced by heavy-
ion beams at coulomb barrier energies, Nuclear Instruments and Methods
in Physics Research Section A: Accelerators, Spectrometers, Detectors and
Associated Equipment 1028 (2022) 166365. doi:10.1016/j.nima.2022.166365.

[56] A. Stolarz, Target preparation for research with charged projectiles, Journal of
Radioanalytical and Nuclear Chemistry 299 (2) (2013) 913–931. doi:10.1007/
s10967-013-2652-2.
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Chapter2
Publication I: The process of
molecular plating and the
characteristics of the produced thin
films – What we have learned in 60
years and what is still unknown

The following article was published as conference paper in EPJ Web of Conferences,
volume 285 in 2023. It reviews the progress of thin film preparation by molecular
plating technique, the understanding of the process and the chemical composition
of the produced thin films using different methods, like microscopicy, g- and
a-spectroscopy infrared spectroscopy and more.

2.1 Own contributions

The references for this article were curated and put into context. Some targets and
pictures were self-made. The paper was written completely self-directed.

2.2 Publication
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Abstract. Molecular plating is a well-established and widely used method for producing thin films of 

various elements, which are used in variety of nuclear physics applications. Sixty years have passed since 

the method was established, and some insights into the chemical process underlying the method and the 

composition of the thin films have been gained. A brief overview of what has been learned about molecular 

plating since its introduction and the methods applied in the characterization of molecular plated thin films 

is given here. Through various spectroscopic and microscopic methods, the process of molecular plating and 

the chemical composition are gradually being elucidated, albeit we still do not understand all aspects.

1 Introduction 
The molecular plating (MP) method for the production 

of mechanically stable thin films of radioisotopes was 

introduced by Parker and Falk in 1962 [1]. In this 

method, a salt of the respective element was dissolved 

in a small volume of diluted acids, added to an organic 

solution, e.g., alcohols or acetone and then 

electrochemically deposited. Nowadays, a constant 

current density of <1 mA/cm2 over 1-2 h is applied. This 

results in high voltages of several hundred volts. MP 

produces uniform thin films with an even distribution of 

the deposited element. Such layers found widespread 

applications, e.g., as targets in ion beam experiments, as 

recoil sources, or as Į-particle sources [3-12]. One 

example is the synthesis of superheavy elements (SHE), 

which can be produced in the nuclear fusion of a light 

projectile with a heavy target nuclide. All known 

isotopes of the elements with atomic number Z � 113 

resulted from actinide-target based reactions [11]. 

Typical isotopes like 244Pu, 248Cm or 249Bk are only 

available in small quantities, rendering production 

methods with high yields necessary. Therefore, MP has 

become the standard method for producing these targets 

[3,11,12]. For this application, the method works 

reliable up to film thicknesses of § 800 µg/cm2, with 

yields of usually over 90 % [2,3,4]. While thicker films 

can be produced for various elements, the method 

becomes unreliable for actinide layers. Consequently, 

actinide films that are substantially thicker have not 

been reported. Although molecular plating was 

introduced in 1962 [1] and has been widely used since, 

neither the mechanism of the deposition process, nor the 
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exact composition of the resulting thin layer is fully 

understood. Parker and Falk coined the method 

“molecular plating” because they assumed at the time 

that the provided salts, e.g., the nitrates or chlorides, 

would be deposited as thin films [1]. Nowadays, it is 

well known that this is not the case. Many different 

analytical methods [2,12-18] have shown that the 

chemical species of the deposited element in the thin 

film differs from the species in the solution. Over time, 

mostly microscopic and also some spectroscopic 

methods have been used to analyse the thin films 

produced by MP and to understand how the process 

works, see e.g., [2,4,18,19]. The elucidation of the 

process and the layer properties appear necessary to 

produce improved films, which e.g., exceed the 

limitations in the layer thicknesses, as it appears 

desirable for, e.g., SHE production [4]. 

2 Methods 

Many methods focused on the film’s morphology, 

which led to the use of several microscopic methods, 

such as scanning electron microscopy (SEM) 

[6,17,21,22] and atomic force microscopy (AFM) 

[2,16,17]. Radiographic imaging (RI) [18,23,24] 

exploits the radioactive character of actinides to provide 

information on the spatial distribution of the 

radioisotope. Alpha and gamma spectroscopy 

[8,9,21,23,24] provide further quantitative information. 

Neutron activation analysis (NAA) [25] can be used 

to activate inactive samples or long-lived isotopes, 

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons Attribution License 4.0
(https://creativecommons.org/licenses/by/4.0/). 
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making gamma measurements possible that reveal the 

amount of deposited material. 

With SEM, energy-dispersive X-ray spectroscopy 

(EDS) was also employed early on to determine the 

elemental composition of the thin films. [13,15,19,26]. 

However, these methods are all unable to provide 

information on the chemical composition of the thin 

films, which is why spectroscopic methods, like IR, 

Raman, X-ray diffraction (XRD), X-ray photoelectron 

spectroscopy (XPS), or ion beam spectroscopy like 

elastic recoil detection analysis (ERDA), Rutherford 

backscattering (RBS) or proton-induced X-ray emission 

(PIXE), were also used later [2,13,15,16,19,27-29].  

Raman and IR measurements were made early on 

[15,19], but not recently pursued further. These methods 

allow determining the chemical composition. Both 

methods are complementary as the vibrations of the 

molecules are either IR or Raman active. Further 

information can be gained by XPS [2,16,17], which 

provides information on the chemical environment of 

the element. XRD measurements were used to 

investigate the crystalline composition of the films 

[13,14] to reach conclusions about the crystalline 

structure. 

Most recently, various ion beam analyses have also 

been applied to molecular plated thin films. One such 

method is ERDA [4], which is particularly well suited 

for detecting light elements from lithium up to chlorine 

in the thin film. Complementary to this, RBS was also 

used [12,28,29] to allow drawing conclusions about the 

elemental composition of the films. 

PIXE was also measured in combination with RBS 

[4]. In PIXE, a proton beam induces X-rays in the 

sample to obtain further information about the film. It 

can also be used as an imaging method, which allows 

both microscopic and spectroscopic information to be 

obtained simultaneously. 

3 Elucidation of the MP process 
In 1959, even before MP was introduced, Hansen 

[30] had published a theory on electrochemical 

deposition from water or mixtures of water with 

alcohols or acetone. He suggested that water is reduced 

in the process, producing hydroxide ions that lead to 

basic precipitation of the actinides [19,30]: 

 

2 H2O + 2 e- ĺ�H2 + 2 OH-� � � ��� 
 

In 1975, Ramaniah et al. [15] were able to determine 

through thermogravimetric, EDS and IR analyses that 

no nitrates were present in MP films.  In particular, the 

IR analyses of uranium films showed a U-O stretching 

vibration of UO2
2+, which led to the assumption that 

uranium was deposited as an oxide or hydroxide. In 

addition, by adding phenolphthalein, the presence of 

water was observed in the isopropyl alcoholic solution 

and a hydroxide-rich layer was observed at the cathode 

[15]. Sadi et al. [19] proposed the chemical composition 

to be UO2(OH)2, based on the atomic ratios determined 

by EDS measurements. They proposed the hydroxide 

ions to act as bridge ligands between the uranyl ions as 

a possible structure in the thin film. With more 

analytical investigations, it became clear that the MP 

process is even more complex than a hydroxide 

precipitation, and the thin films contain more than only 

oxide and hydroxide species [2,14-17,19,27]. 

4 Elucidation of the properties of MP 
films 

With the help of microscopic methods, the thin 

layers could be examined in detail. Since the focus was 

particularly on the deposition of uranium and plutonium 

in the beginning, the activity of these elements was used 

to take radiographic images of the samples [18]. These 

images showed that the activity of the films was 

particularly homogeneously distributed, which is visible 

in Fig. 1. 

 
Fig. 1. A radiographic image (RI) of a terbium thin film, 

produced by MP, with a layer thickness of 500(50) µg/cm2. 

Natural terbium was neutron activated in the TRIGA Mainz 

research reactor [25] before plating. 

Radiographic images also made it possible to 

identify the influence of various experimental 

parameters, such as cell design or electrode shape, on 

the deposition. In this way, information could be 

obtained about the influence of the geometry of the 

anode, i.e., the counter-electrode, on the distribution of 

the activity in the thin film [23,24,31,32]. Initial 

experiments also show that stirring with a rotating anode 

or an ultrasonic stirrer during deposition can lead to 

shorter deposition times by forcing convection in the 

solution. However, the choice of parameters is crucial 

[7,23,24]. Due to the activity of uranium and thorium 

isotopes, alpha and gamma spectra of samples produced 

by molecular plating could also be taken, so that the 

deposition yield could be optimized by adjusting the 

deposition time and the applied current [1-3,18-

23,31,32]. 

The usage of a SEM with a spatial resolution of 

<1 µm [4] made it clear that the molecular plated thin 

films were not homogeneous and closed surfaces as was 

inferred from radiographic images, which have a spatial 

resolution of >100 µm [33], but consisted of many 

cracks and tiles, referred to as 

“mudcracking” [1,4,20,26,27]. Pictures of such tiles are 

visible in Fig. 2. Today, SEM measurements are a 

standard method to characterise molecular-plated thin 

films in higher resolution than a usual light microscope 

[4,16,18,21]. 

Later Liebe et al. [13] confirmed the absence of 

nitrogen, as first reported by Ramaniah et al. [15], in the 

thin MP films by EDS measurements. Therefore, 

nitrates cannot be present in the thin films, which 
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definitely refuted Parker and Falk's theory of salt re-

deposition [1]. 

 
Fig 2. SEM pictures of lanthanide thin films produced by 

molecular plating. A) Erbium thin film. B) Silver sputtered 

lanthanum thin film. Both thin films have a layer thickness of 

500(50) µg/cm2. 

Vascon et al. [16] were able to show by AFM 

measurements in solution that cracks are not present in 

the native film during the MP process, but form only 

after removal of the solvent, during drying after 

deposition. Fig. 3 shows an exemplary AFM image of a 

Tb thin film, after the drying process. They could also 

show that different solvents impact the quality of the 

thin film [16] and explained this by the fact that different 

solvents have different boiling points and different 

vapour pressures. It is assumed that residues of the 

solvents are present in the film after deposition. 

Evaporation during drying leads to rupturing of the 

films. They were able to observe that deposition from 

DMF (boiling point: 153 °C), leads to less mudcracking 

than deposition from isobutanol (boiling point: 108 °C). 

 
Fig 3. An AFM picture of a terbium thin film with a layer 

thickness of 100(10) µg/cm2, which was produced by 

molecular plating. 

Vascon et al. [2,16,17] also found out with the help 

of XPS measurements that the produced thin films not 

only contained oxides and hydroxides, but also organic 

components. Besides adventitious carbon 

contamination, aliphatic and aromatic carbon was found 

[2,16,17]. It did not disappear even after sputtering with 

4 kV Ar+-ions for 10 min. They thus assumed that the 

carbon was a constituent of the thin film. They attributed 

the signals to the presence of residue solvents, 

carbonates and/or carboxylates, which was assumed to 

form by the electrolysis of the used solvents. Further 

XPS measurements also showed that the lanthanide is 

not reduced in the process of plating but remains in the 

+III oxidation state [2,13,15-17]. 

In 2016, Choi and Chung [13] did XRD 

measurements on molecular-plated thin films to 

understand what happens to the thin films when they are 

calcinated. They identified, next to oxides and 

hydroxides, also predominantly oxycarbonates after a 

short calcination time, further proving that significant 

amounts of organic molecules were present in the 

molecular plated thin films. 

Mayorov et al. [26] investigated Gd MP thin films 

after irradiation with ion beams (48Ca7+ with 3.8 MeV/u 

and 4.5 x 1014 ions/cm2 and 45Sc6+ with 4.7 MeV/u and 

4.0 x 1015 ions/cm2). In the XRD measurements, the 

only visible compound before and after the irradiation 

was Gd2O3. The EDS spectra showed, in addition to 

gadolinium, also carbon which they attributed to 

carboxylates because of this prior assignment by Vascon 

et al. [2,16,17]. Mayorov et al. assumed that organic 

residues evaporated during the irradiation leading to a 

decreased carbon signal. The SEM picture showed that 

the typical cracked film became smoother and thinner 

after the irradiation, closing the cracks, which were 

visible before [26]. 

Although much has been learned about the MP 

method and the produced thin films, much is still 

unknown. It is not still clear why high voltages of 

several hundred volts are necessary for this method to 

work sufficiently well. It is also unknown what happens 

to most of the current that is applied during the MP 

process, and whether this loss of charge has any 

influence [2]. It is also unknown why the layer thickness 

is limited to 800 µg/cm2 and how this limit can be 

exceeded [3,4]. Although individual components such 

as oxides, hydroxides, carbonates, and carboxylates 

have been identified in the thin films [2,7,12-17,19,27], 

the ratios of the individual components to each other are 

still unknown. It is therefore not yet possible to 

determine a sum formula for the composition of the film. 

5 Conclusion 

Since the establishment of molecular plating by Parker 

and Falk [1] 60 years ago, knowledge about the method 

has been gained via many different methods. Via 

different microscopic methods, like RI, SEM and AFM, 

and different spectroscopic methods, like alpha and 

gamma spectroscopy, EDS, XPS, XRD, RBS, IR, and 

Raman spectroscopy [2,4,7,13-17,19,27], a more 

precise understanding of the process of MP and of the 

chemical composition of the thin films was obtained.  

It became clear that no nitrates or chlorides are 

deposited, but that the thin film consisted mainly of 

oxides and hydroxides. In addition, carboxylates and 

carbonates are also present [2,16,17]. It was also shown 

that the choice of solvent during deposition has an 

influence on the film quality [16]. 

By exposing MP films to heavy ion beams, they are 

further modified, making them thinner and closing the 

cracks [26].  

We still do not fully know, what the stochiometric 

composition of MP films is and what influences the 

success or failure of a deposition [4,16,21,22]. In 

addition, it is still not understood, why the thicknesses 

of the produced thin films are limited and how to 

overcome this obstacle [3,4].  

Therefore, further studies of the MP process and of 

the resulting layers are necessary, alongside further 

development to improve the method for future 

applications. In this way, further systematic studies 
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could be carried out to understand the influence of CO2 

and water on the MP process. 

We acknowledge funding from the German Federal Ministry 

for Research and Education (project 05P21UMFN2). The 

contribution of Sebastian Herz (JGU Mainz) is appreciated. 
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Chapter3
Publication II: Influence of carbon
dioxide and water in production of
lanthanide thin films made by
molecular plating

The following article was published as full article in Radiochimica Acta, in volume
113 pages 779-789 in 2025. It describes the influence of CO2 and water on thin films
produced by molecular plating. Molecular plating is a technique that is widely
used in the production of thin films used for ion beam experiments.

3.1 Own contributions

The thin films were self-prepared. The ion beam experiments were planned. The
post irradiation analysis at other institutes were organized and the data were
evaluated. At last, the paper was written completely self-directed.

3.2 Publication
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Abstract: Terbium and thulium thin films were produced
by Molecular Plating under controlled conditions to eluci-
date a possible influence of water and carbon dioxide pre-
sent in the plating solution. Platingsweremade in a glovebox
with variable concentration of residual water and CO2 in a
controlled inert atmosphere to study the impact on the

quality of the produced thin films and on deposition yields.
The morphology of the thin films was analyzed by scanning
electron microscopy. The deposition yield was determined
by neutron activation analysis at the research reactor TRIGA
Mainz. Chemical analysis of the deposited layers was con-
ducted using a combination of infrared, Raman and X-ray
photoelectron spectroscopy. The Raman and IR spectra
reveal the formation of hydroxides, oxides and carbonates.
Water in the plating solution affects the quality of the thin
filmswhen its concentration exceeds 1 vol%. The presence of
CO2 leads to an increased carbonate content, which nega-
tively influences the film quality.

Keywords: electrochemical deposition; infrared spectros-
copy; Molecular Plating; Raman spectroscopy; thin film
deposition; X-ray photoelectron spectroscopy

1 Introduction

Electrochemical deposition of radionuclides has been
researched for over 100 years.1 Based on these studies Mo-
lecular Plating (MP) was developed 60 years ago by Parker
and Falk2 for the production of thin films.2–10 In MP the
element of interest is electrochemically deposited from
organic solutions such as alcohols.7 This method is still used
as a standard to produce thinfilms on various substrates like
titanium or carbon for various nuclear physics applica-
tions,8–13 including targets used for ion beam experiments
for the production of superheavy elements.8,14–16

The production of superheavy elements necessitates the
use of actinides such as 242,244Pu, 243Am, or 249Bk. The rarity of
these isotopes necessitates the use of a technique that can
achieve high deposition yields, which is possible with Mo-
lecular Plating. This technique enables the deposition of thin
films with a thickness ranging up to about 1,000 μg

cm2 on sub-
strates such as thin titanium foils with a thickness of 2.3 μm.
It is imperative that the targets have a homogeneous surface
and exhibit sufficient resilience to withstand the impact of
heavy ions, such as ≈5 MeV

u
48Ca, at ion fluences of 1017 ions

cm2 .
Despite the long time, for which MP has been employed, the
deposition process and the chemical composition of the thin
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films are still being studied but yet not fully understood.17,18

It is, e.g., not fully clear why the quality and yield of the
depositions often vary fromdeposition to deposition, despite
identical experimental parameters.

Over the years, it has been found that the deposition is
predominantly a basic precipitation of the element of in-
terest.18–21 Spectroscopic studies suggested that organic
components such as carbonates and carboxylates are pre-
sent in the thin films alongside oxides and hydroxides.17,19

Carbonates can be formed by the presence of CO2 and water
in the reaction solution, by forming carbonic acid and its
deprotonation. The concentration of CO2 and water in the
solvents can vary with the age of the solvents and the
atmospheric conditions under which they are stored and
used by diffusion.22

Since targets are produced with rare isotopes, it is
particularly undesirable if the deposition fails for no
apparent reason. Therefore we have conducted a systematic
investigation of the influence of CO2 and water on layers
produced by the MP technique. Instead of rare actinides,
terbium and thulium are used as lighter homologous and are
deposited on titanium foil. Unlike the actinides, terbium and
thulium are not radioactive, which simplifies handling and
allows for characterization in laboratories, that are not
certified for work with radioactive samples.

2 Experimental section

2.1 Target production

All targets were prepared using terbium(III) nitrate
(Tb(NO3)3 CAS: 10043-27-3), or thulium(III) nitrate (Tm(NO3)3
CAS: 36548-87-5) in analytical quality. The used solvents
isobutanol (IB, CAS:78-83-1, 2-methylpropan-1-ol), iso-
propanol (IP, CAS:67-63-0, propan-2-ol) hadwater contents of
30–50 ppm according to the supplier. D2O (CAS: 7789-20-0)
was used to add water to the reaction solution. All chemicals
were purchased from Merck KGaA, Darmstadt, Germany.

The reactions were prepared in an argon glovebox (MBraun)
to keep ambient moisture and CO2 as low as possible. D2O
was used with the intention to perform 2H NMR measure-
ments of the supernatant solution. However, the NMR
results showed no conclusive results.

The targets were deposited on 10-μm thick titanium foil
from an alcoholic solution containing terbium and thulium
using an electrochemical cell by applying a constant current
of 0.7 mA

cm2 for 2 h. The voltage between anode and cathode
varied between 100 and 600 V for the depositions.

The molecular plating was performed in a small cell
with a volume of 10 mL, which is shown in Figure 1. It
features a circular deposition area with a diameter of
6 mm. The substrate for the deposition was a titanium foil
with a thickness of 10 μm and a purity of 99.6 %. The tita-
nium foil was purchased from HMW Hauner GmbH & Co.
KG. A palladium wire (1 mm diameter) served as an anode.
It was curled at the end to increase the surface toward the
cathode.

The solvent used was a mixture of isobutanol (IB) and
isopropanol (IP) in a ratio 9:1. Terbium nitrate and thulium
nitrate were each dissolved in the solvent to get stock solu-
tions with concentrations of 7.1 μg

μL. CO2 was passed through
the IB/IP = 9:1 mixture for 15 min to obtain a CO2-saturated
solution, which features a CO2-concentration of 0.18 mol

L at
20 °C for this specific mixture.22

The saturated solution was mixed with a CO2-free
mixture containing the lanthanide salt. In this way, final
solutions with different saturation levels of CO2 (depending
on the ratio between CO2-saturated and untreated solvent)
were produced. The untreated solvent was considered as
CO2-free as procured.

An aliquot of the stock solution containing 142 μg of the
lanthanide was mixed with the CO2-saturated alcoholic
mixture to set the CO2-concentration in the solution. As a
result, each deposition led to an areal weight of 500 μg

cm2 by
assuming quantitative deposition.

Afterwards D2Owas added to that solution, to obtain the
desired D2O-concentration. The volume was adjusted to

Figure 1: The used plating cell to produce the
thin films. (a) The single parts of the cell (from
left to right) consist of a titanium base (1), the
PEEK cell with gasket and deposition opening
with a diameter of 6 mm (2), a nut to fix the cell
(3) and the palladium anode (4). (b) A scheme
of the fully assembled and electrically
connected PEEK cell is shown.
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10 mLwith CO2-free alcoholic mixture to achieve the desired
concentration of CO2 and D2O. Targets were prepared with
D2O-concentrations of 0, 0.5, 1.0, 1.5 and 2.5 vol% and CO2-
saturations of 0, 20, 40 60, 80 and 100 %. By varying both
parameters fourteen targets were produced, as displayed in
a matrix (Table 1) that encompasses both parameters.

2.2 Target analysis

Different methods were used to analyze the samples. Sam-
ples prepared with the salt Tb(NO3)3 were analyzed in a
scanning electron microscope (SEM), and infrared (IR) and
Raman spectra were recorded. The yields of the depositions

Table : Morphology and yield (given as percentage value in the corresponding field) of terbium thin films produced by Molecular Plating with varying
water and CO-saturation. For selected samples, a picture from a conventional microscope is shown on the left side (diameter mm). On the right a SEM
picture of the sample with the size of  ×  µm is shown for some samples.
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were determined indirectly by neutron activation analysis
(NAA) by determining the lanthanide concentration left in
the supernatant solution after deposition.23

X-ray photoelectron spectroscopy (XPS) was performed
on samples prepared with Tm(NO3)3.

2.2.1 Neutron activation analysis

Neutron activation analysis (NAA) is a simple and sensitive
method of determining the quantity of a substance.24 The
terbium deposition yields were determined by NAA. For this
purpose, aliquots of the solutions were taken before and
after deposition and activated in the research reactor TRIGA
Mainz at a neutron flux of 7 × 1011 n

cm2 s for 1 h. Terbium is a
monoisotopic element (159Tb). This isotope has a neutron
capture cross section of 23.6 b. The neutron capture product
160Tb has a half-life of 72.3 d and undergoes β− decay (100 %),
which is followed by a gamma-ray emission [Eγ = 879 keV
(30.1 %); 299 keV (26.1 %) and 966 keV (25.1 %)].25 After
neutron irradiation, the gamma activities of the samples
were measured in a high purity germanium (HPGe) detector
(Ortec) and the gamma spectra were evaluated with the
Genie 2000 software (Canberra). From the difference of
the activities of the samples before and after deposition, the
deposition yield, is obtained, assuming that all of the lan-
thanides no longer present after the plating procedure were
deposited on the substrate. The thin films were not
measured directly as their geometry precluded their acti-
vation due to the fact that bending the substrate in order to
irradiate it in the reactor would destroy the thin film.

2.2.2 Scanning electron microscopy

To evaluate the surfacemorphology of the films, the samples
were examined in a scanning electron microscope (SEM,
Philips XL30) with an accelerating voltage of 20 kV in com-
binationwith detectors for secondary (SE) and backscattered
electrons (BSE).

2.2.3 Confocal Raman spectroscopy

The targets were analyzedwith a confocal Ramanmicroscope
(HR800 system, Horiba Jobin Yvon) of the Materials Research
Department at GSI Darmstadt. A laser with 473 nm emission
wavelength, a grating with 1,800 grooves

mm , and a slit width of
100mmwere used to acquire the data. The spectral resolution
was 0.8 cm−1. The acquisition time for one spectrumwas set to
20 s for all measurements. Raman spectra of the different
terbium nitrate samples from 200 cm−1–3,200 cm−1 were
collected.

2.2.4 Infrared microscopy

The targets were analyzed by infrared microscopy (Nicolet
Continuμm connected to a Nicolet 6700, THERMO SCIENTI-
FIC) at the Institute of Geosciences of the Johannes Guten-
berg University Mainz. A mercury cadmium telluride (short:
MCT) detector was used. The increments were set to 0.1 nm.
The acquisition time for each spectrum was set to 5 min.
Infrared spectra from 650 cm−1 to 4,000 cm−1 were collected
in reflection on a goldmirror. IR spectrawere recorded from
three different locations of each terbium thin film produced
to exclude artifacts in the film. The reflection of IR radiation
from the sample was measured. Initially, the substrate,
which was titanium, was measured for background correc-
tion. The Ti background was subtracted from the recorded
spectra.

2.2.5 X-ray photoelectron spectroscopy

The XPS spectra were recorded at the Joint Research Center
(JRC) in Karlsruhe, Germany.26 For the XPS analysis of the
D2O/CO2 matrix samples, the thulium targets were used
because the relevant XPS peaks in the investigated thulium
and oxygen binding energy regions are not superimposed or
interefered by other contributions. Targets from 0.5 and
1 vol% D2O-concentration and CO2-saturation from 0 to 80 %
were producedas described in Section 2.1 and placed on
designated XPS sample holders. These targets were enclosed
in an airtight container and transported to JRC Karlsruhe
where they were introduced into the ultra-high vacuum
(UHV) chamber for the XPS measurements via a two-stage
loading system. The facility at JRC Karlsruhe is described
in26.

The XPS measurements were conducted several weeks
after sample preparation and days after introduction to the
UHV system. They were also stored during the measure-
ment campaign of 2 weeks in a chamber with a base pres-
sure of about 2.0 × 10−10 mbar adjacent to the XPS analysis
chamber. XPS measurements were performed using a
monochromatic Al Kα-X-ray source (XRC-1000 MF) equip-
ped with a μ-FOCUS 500 monochromator and a Phoibos 150
hemispherical analyzer controlled by a HAS 3500 plus
system (both from Specs, Berlin). The spectrometer was
calibrated using the Au metal’s 4f7/2 (83.9(1) eV) and Cu
metal’s 2p3/2 (932.7(1) eV) reference lines. Surveys and high-
resolution spectra were recorded at pass energies of 50 or
20 eV. To suppress sample charging, a flood gun FG-500
(Specs, Berlin) was available. All measurements were con-
ducted at room temperature using an in-house data
acquisition program.
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3 Results and discussion

3.1 Morphology

The morphology of the samples prepared from Tb(NO)3,
examined with the scanning electron microscope and a con-
ventional USB optical microscope (Traveler), are shown in
Table 1, tabulated according to theD2O andCO2-concentration.

The images of the thin films show that a deposition
without the presence of D2O or CO2 is not possible. The light
microscope image shows a slightly darker shade of the tita-
nium substrate where the deposition took place. However,
the SEM image clearly shows the substrate and the rolling
marks from production. There is no significant height
contrast, indicating that the surface is relatively smooth.
Addition of CO2 to the solution facilitates deposition, but the
thin films show only loose tiles with wide cracks in between,
as seen in the SEM images shown in Table 1. This trend is
evenmore pronounced when the CO2 content in the solution
is high. Clearly a deposition can be seen at a water concen-
tration of 0.5–1 vol%. This is visible due to the white layer on
the titanium substrate. Additionally, in the SEM pictures
there is clearly a layer visible, which shows “mudcracking”,
which is already described for molecular plated targets by
e.g. Vascon et al.17 If the CO2 content of the solution increases
at these water concentrations, the thin films become brittle
and the mudcracking becomes more intense. At 80 % CO2

saturation, the tiles are loose and the thinfilm does no longer
adhere well to the substrate. This is visible with the naked
eye and especially in the corresponding SEM picture for the
sample with 0.5 vol% D2O.

It can be seen that the film quality again decreases
dramatically, if the water concentration in the reaction so-
lution exceeds 1 vol%. The layer is inhomogeneous and a
look at the surface with the naked eye shows a brittle film. In
the SEM image the films do no longer show the typical
mudcracking, but rather singular regions with granular
material without significant adherence to the substrate.

Table 1 highlight the crucial role of D2O and CO2 levels on
the film quality and yield. Molecular Plating needs the
presence ofwater in the solution. D2O concentration of 0.5 or
1 vol% facilitates Molecular Plating, while higher water
content results in weak adhesion and more cracked films, as
exemplified by the sample with 1.5 vol%. To achieve optimal
results, it is recommended to have a water content of
0.5–1 vol% in the solution. The presence of water in Molec-
ular Plating induces cathodic reduction, converting water
into hydrogen and hydroxide ions. The hydroxide ions
create a local alkaline environment at the cathode, pro-
moting deposition as is long known.18 However, we assume

that the generation of hydrogen has negative effects on the
film quality. An increase of water content triggers excessive
hydrogen formation. This leads to a constant production of
hydrogen at the surface hindering the formation of a thin
layer at this particular point, thereby preventing adhesion,
leading to the formation of a heavily cracked film, and to
reduced adhesion and homogeneity.

3.2 Yields

Deposition yields of terbium were indirectly determined by
NAA of the supernatant solution. The yields as function of
the D2O and CO2-concentrations are given in Table 1.

The uncertainties are based on the net number of counts
of the gamma spectra of the supernatant solution before
and after deposition, and the resulting Gaussian error
propagation.

Without any addition of water beyond the amounts
already present in the solvents the deposition yield remains
below 20 % and reaches such levels only at elevated CO2

concentrations. In a water concentration of 0.5–1.0 vol%, the
yield increases significantly, reaching levels of 90 %, and
does become independent of the CO2 concentration. How-
ever, higher CO2 concentrations under these conditions
result in films that are more brittle and show poor adhesion
to the substrate. At yet higherwater concentrations, the yield
decreases again. The influence of CO2 in this regime was not
studied, as the negative effects associated with increasing
CO2 concentrations had already been observed at lower
water concentrations.

Even trace amounts of water, in the order of a few ppm
as already present in the original solution, appear sufficient
to promote the formation and precipitation of carbonates,
albeit this results in small yields (<20 %) and films with poor
adhesion to the substrate.

Molecular Plating can produce thin films even without
the addition of water, if the CO2 concentration is high
enough. With small amounts of water in the range of a few
ppm already present in the solution, carbonates can be
formed and precipitated in the process. However, the
adhesion to the substrate is weak and the deposition yield
does not exceed 20 %. The presence of CO2 might alter the
film composition by incorporating carbonates and formates,
facilitating deposition. However, this modified composition
does lead to insufficient adhesion and low yields.

Additionally, the introduction of CO2 to the reaction
solution containing 0.5 or 1 % D2O results in diminished
adhesion and film uniformity compared to films prepared
without CO2. SEM images reveal that cracks in the films
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become more pronounced as the CO2 concentration in-
creases in the solution.

3.3 Raman and IR spectroscopy

Spectra taken with the Raman microscope of all samples
with 0.5 vol% D2O are shown in Figure 2 and those of all
samples with 1.0 vol% D2O in Figure 3. Due to the in-
homogeneity and the mudcracking of the surface of the
films, it is challenging to make quantitative statements.
Consequently, qualitative statements are made about the
individual spectra. The individual bands are then compared
to the baseline of the spectra, thus enabling statements to be
made about the influence of CO2 and D2O on the samples.

The observed vibrational bands and their assignments
to the corresponding species27–31 are summarized in Table 2.

The Raman spectra of the sampleswith 0.5 vol%ofwater
show bands at approximately 500 cm−1 (assigned to oxidic
species), at 700 cm−1 and 1,100 cm−1 (assigned to carbonate
vibrations), and at 2,700–3,000 cm−1 (assigned to formate
vibrations). Notably, no formates or formic acid were
intentionally added to the solutions.

With increasing CO2-concentrations, the oxidic vibra-
tion (500 cm−1) diminishes, while the carbonate vibrations
(700 cm−1 and 1,100 cm−1) become more pronounced
compared to the baseline. Additionally, the peak at
700 cm−1 becomes significantly broader. The formate peaks
also broadens, but does not intensify as much as the car-
bonate peak with increasing CO2-concentrations. Frost
et al.27 reported a weak carbonate band at the range of
1,400–1,500 cm−1, which could not be observed. Since its

intensity is weak, we assume, that the band disappears due
to the mudcracking and amorphicity of the sample.

This broadening phenomenon of vibrational bands is
observed consistently in all spectra of samples with 1 vol%
water concentration.

With increasing water content in the samples, it should
be assumed that the oxide bands are more pronounced.
However, these were no longer observed in the Raman
spectra. We suspect that the oxidic bands are still present,
but are no longer observable in the Raman spectra, because
more cracks appear in the thin films. These cracks enhance
unintentional light scattering, thereby diminishing the in-
tensity of the detected Raman bands.

Spectra taken with the infrared microscope are shown
in Figures 4 and 5. Like for the Raman spectra, all samples

Figure 3: Stacked Raman spectra of terbium thin films produced by MP
from solution with fixed water content of 1.0 vol% D2O and different CO2

saturation. All spectra are normalized to their respective maximum value.
A detailed assignments of the vibrational bands are given in Table 2.

Figure 2: Stacked Raman spectra of terbium thin films produced by MP
from solution with fixed water content of 0.5 vol% D2O and different CO2

saturation. All spectra are normalized to their respective maximum value.
A detailed assignments of the vibrational bands are given in Table 2.

Figure 4: Stacked IR spectra of terbium thin films produced by MP from
solutions with fixed water concentration of 0.5 vol% D2O and different
CO2 saturation. All spectra are normalized to their respective maximum
value. A detailed assignments of the vibrational bands are given in
Table 2.
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with 0.5 vol% and with 1.0 vol% D2O were combined in one
graph each. In Table 2 all bands and assigned species28–32 are
given. As described above, qualitative statements are also
predominantly made here. Here too, the intensities of the
individual bands compared to the baseline are taken into
account for the evaluation.

The infrared spectra reveal the presence of oxides,
carbonates, and also formates. A broad band at
3,600–2,800 cm−1 indicates hydroxide vibrations. At 2,967
and 2,965 cm−1, a formate band is evident, but it diminishes
with increasing CO2-content. At 2,400 cm−1, a vibrational
band associated with titanium is observed in the spectra.

At 1,596 cm−1, carbonate, and formate bands overlap, with
additional overlap at 1,393 cm−1 and 1,056 cm−1,makingdistinct
identification challenging. The only interference free bands of
an organic compound is the formate band at 2,950 cm−1.
Another carbonate band can be observed at 810 cm−1.

As the concentrations of water and CO2 increase, a
broadening of the carbonate bands is evident.

In addition to hydroxides and oxides, vibrational modes
of carbonates and formates are visible in the spectra. The
Raman and IR spectra reveal that formates are produced
when the MP process occurs. This can be understood by the
CO2 exposure to negative potentials and high pH value at the
cathode. In this situation, CO2 can be transformed into for-
mates through reduction, as indicated by the Pourbaix dia-
gram shown in Figure 6.40

However, the Raman spectra show that a significant
portion of CO2 transforms into carbonates, leading to their
precipitation. This is visible by the increased intensity of the
carbonate bands in the Raman spectra at 710, 1,092 and
2,716 cm−1,while the formate peaks donot increase in intensity
with increasing CO2 compared to the base line of each spec-
trum. The deposition of carbonates can occur immediately;
however, the electrochemical production of formates at the
cathode is a prerequisite for their subsequent deposition. The
formation of formates at the cathode precedes the deposition
process, which is the rate-limiting step in formate deposition.

If the CO2 concentration increases in the solution, the
amount of carbonates in the thin film also increases. In
contrast the relative amount of oxides decreases. This shows
that the formation of carbonates competes with the forma-
tion of hydroxides and oxides.

3.4 X-ray photoelectron spectroscopy

Figures 7 and 8 display XPS detail spectra (C1s, O1s, Tm4d, Ti2p)
for samples with 0.5 and 1 vol% water at 0 and 80 % CO2

Table : The assignment of the Raman and IR bands to the corre-
sponding vibrations and species.

Chemical species Vibration
mode

Raman
band
[cm−]

IR
band
[cm−]

Reference

Hydroxide residue
water

ν – , 

Oxide ν  – 

Carbonate ν – , ,,–

ν – ,
ν , –
ν – ,
ν  

Formate ν , , ,,,

ν , –
ν , –
ν – ,
ν – ,
ν – ,

Figure 6: The Pourbaix diagram for CO2 depicts how CO2 reacts in water
across varying pH levels and diverse potentials relative to a standard
reference electrode.40

Figure 5: Stacked IR spectra of terbium thin films produced by MP from
solutionswithfixedwater concentration of 1.0 vol%D2O and different CO2

saturation. All spectra are normalized to their respective maximum value.
A detailed assignments of the vibrational bands are given in Table 2.
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Figure 7: XPS spectra of C1s (a), O1s (b), Tm4d (c) and Ti2p (d) of samples with 0.5 vol% D2O at 0 % CO2 saturation (black) versus 80 % CO2 saturation (blue).
The red vertical lines represent species related to the titanium substrate.

Figure 8: XPS spectra of C1s (a), O1s (b), Tm4d (c) and Ti2p (d) of samples with 1 vol% D2O at 0 % CO2 saturation (black) versus 80 % CO2 saturation (blue).
The red vertical lines represent species related to the titanium substrate.
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saturation. The thick thulium deposits and use of a mono-
chromatic X-ray source caused charging, leading to shifted
peak positions due to the insulating nature of the material.
This could only be partially compensated by a flood gun.

Cracking and flaking of the thin films, similar to the
terbium samples shown in Table 1, expose the titanium
backing, complicating spectral interpretation. Signals stem-
ming from the titanium substrate appear in the C1s and O1s

spectra in addition to the signals related to the deposited
thulium layers. The Ti2p doublet at ≈458.7 and 464.4 eV, with
5.7 eV spin–orbit splitting, indicates a TiO2 surface layer,
which is also present on untreated titanium foils. The tita-
nium substrate related signals remain unshifted, indicating
effective charge compensated.

Charging effects and overlapping signals hinder the
precise assignment of the C1s and O1s peaks. A consistent C1s
peak at ≈285 eV, which is highlighted by the red line in

Figures 7a and 8a correlates with the presence of Ti2p sug-
gesting it originates from adventitious carbon on the tita-
nium backing. A peak model for this C1s contribution was
developed (Figure 9b, red curves) based on a titanium
blank sample. Additional broad C1s peaks are observed and
attributed to charge-shifted carbon species from the
deposition.

Figure 9 compares C1s spectra from 1 vol% D2O samples
at 0 % (panel a) and 80 % CO2 (panel b). The fitting ap-
proaches shows beside the 285.7 eV peak related to titanium
backing broader, shifted components at around 290 eV and
296 eV attributed to carbon originating from the deposition.

The ≈4.5 eV peak separation and intensity ratio of ≈2.5
differ from typical adventitious carbon, suggesting higher-
oxidized species.

Barr et al.41 identified C–C/C–H as the main component
of adventitious carbon, with minor contributions from C–O
and O–C=O (as seen for the adventitious carbon on titanium
substrate). In contrast, the thulium films show unusually
strong high-BE components, likely indicating formates or
carbonates from the deposition in addition to the adventi-
tious carbon layer.

The O1s spectra (Figures 7b and 8b) include a Ti-related
oxide peak at≈533 eV (indicated by the red line), and broader
peaks at ≈533 and 537 eV. The high-BE peak at ≈537 eV de-
creases with CO2 content and increase with water content,
possibly linked to oxidic species (Tm2O3) while the peak at
≈530 eV increases in intensity with increasing CO2-content,
possibly linked to carbonates/formates.

The Tm4d region (Figures 7c and 8c) shows a main peak
between 181.4 and 185 eV, with a low-BE shoulder (≈178 eV)
more pronounced at depositions with high CO2. This may
reflect different thulium species or uncharged deposit re-
gions due to the influence of the cracked thin film and
possible increasing conductivity. XPS trends align with
IR/Raman data for terbium films: oxide signals diminish
while carbonate signals rise with increasing CO2. In the
0.5 vol% D2O series, high-BE C1s peaks (5.6–6.3 eV) appear,
consistent with carbonate formation. These films, though
prone to charging, indicate CO2-induced preference for
carbonates over oxides.

4 Conclusion and outlook

CO2 and water greatly affect the layers produced by the
Molecular Plating technique, emphasizing the importance of
controlling solvent purity. Water is essential in the reaction
solution for Molecular Plating, but excessive water concen-
tration (>1 vol%) leads to a deterioration in thin film quality.

Figure 9: Comparison of C1s spectrum for a deposition from 1 vol%water
and 0 % CO2 (panel a) and a deposition from 1 vol% water and 80 % CO2

(panel b). The black curves are the measured spectra. The blue curves are
the fitted peaks for C1s. The red curves are the fitted peak model for
adventitious C1s on titanium. The green curve is the fitted envelope.
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The presence of CO2 consistently degrades the thin film
quality by increasing carbonate content.

No conclusions can be drawn from the IR and Raman
spectra about the absolute quantity of the different species
and their relative concentrations to each other. Only trends
between the spectra can be observed. The Raman and IR
spectra show clearly the presence of hydroxides and oxides.
This also fits to the theory that the Molecular Plating tech-
nique is based on hydroxide precipitation.18

The IRandRaman spectra clearly indicate the presence of
carbonates and formates besides hydroxides and oxides in
the thin films. These formates are generated and deposited
through CO2 reduction under basic conditions at the cathode.

Moreover, the spectra reveal that as the CO2 content in
the solutions increases, the amount of carbonate rises while
the relative levels of oxide and hydroxide species decrease,
indicating that the reactions forming these species competes
with each other. The XPS spectra further support the trends
that the formation of carbonates and oxides compete with
each other.

The obtained XPS spectra are difficult to interpret,
though. Charging effects seem to affect different parts of the
surface differently, leading to somewhat arbitrary shifts and
fragmentation of the peaks. Due to the complex composition
of the samples and the charging effects an extensive peak
fitting does not seem advisable.

Thinner films might be less affected by charging, since
the layer thickness influences its insolation and therefore
the charging effects. So by using relatively thin films of
maybe <100 μg

cm2 that also seem to have a more homogeneous
surface without major mud cracking some clarification may
be obtained fromXPS. On the other hand such very thinfilms
may not represent the full reality of the final targets actually
in use for the super heavy-element production.

In summary, the solvent quality significantly influences
the success of the deposition process and requires careful
control. Preserving high solvent quality can be achieved by
storing them in an inert atmosphere, such as a glove box.

In the future, these discoveries can enhance the reli-
ability and effectiveness of Molecular Plating. By deepening
our understanding of the chemical composition, we can
improve the technique itself, as well as create novelmethods
derived from these insights. These advancements aid the
production of more effective targets for ion beam experi-
ments and other nuclear physical experiments.
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Chapter4
Publication III: Microscopic and
spectroscopic analysis of ion-irradiated
molecular-plated thin films for
superheavy element production

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 1075 in 2025. It describes the chemical and morphological changes of
molecular plated thin films after ion beam irradiation.

4.1 Own contributions

Sample preparation was shared by the main author Carl-Christian Meyer and me.
Support for the RBS and XPS analysis was provided.

4.2 Publication
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g AgBgSgTgRgAgCgT

Thegheaviestgknowngelementsgaregproducedgviagfusiongreactionsgbygbombardinggactinidegtargetsgwithgintenseg
heavygiongbeams.gThegproductiongofgactinidegtargetsgreliesgmainlygongthegmoleculargplatingg(MP)gtechnique.g
Long-termgstabilitygofgMPgproducedgtargetsgisgtypicallygachievedgbygagconditioninggprocedure,gingwhichgfreshg
targetsgaregexposedgtogsuccessivelygincreasinggbeamgintensities.gThisgleadsgtognon-trivialgphysicalgandgchemicalg
transformations,gwhichgaregpresentlygpoorlygunderstood.gTogshedglightgongprocessesgingtheginitialgirradiationg
stage,gwegirradiatedgthingTmgMPgfilmsgwithgClgandgAugionsgofgdifferentgfluences,gwithgtheglattergranginggfromg
1010 ions

cm2 to 1014 ions
cm2 ,gandganalyzedgtheirgmorphologygandgcompositiongbygagvarietygofgmicroscopic,gspectroscopicg

andgiongbeamgtechniques.gThegstudygwasgconductedgonglanthanidegtargets,gwhichgservegasgnon-radioactiveg
analoguesgforgheavygactinidegtargets.gCombininggthegresultsgofgseveralgmethods,gwegconcludegthatgthegMPgthing
filmsgconsistgofgagmixturegofgcarbonatesgandgformates.gUndergirradiation,gthesegfilmsgtransformgintogamorphousg
oxidesgwithgembeddedgcarbongclusters.

1.gIntroduction

Ingrecentgdecades,gremarkablegprogressghasgbeengmadegingthegpro-
ductiongofgsuperheavygelementsg(SHE)g[1–4].gForgthisgpurpose,gtargetsg
ofgthegheaviestgactinides,gsuchgasg242Pug[5],g243Amg[6,7]gandg249Bkg[8],g
wereg irradiatedgwithg 48Cag ionsg atg heavy-iong accelerators.gActinideg
targetsgaregtypicallygproducedgbygmoleculargplatingg(MP),gwheregtheg
desiredgactinidesgaregelectrochemicallygdepositedgasgthingfilmsg( �g

cm2 )g
ongverygthingTigfoilsg(1.5 �m to 2.3 �m)g[9].gThegMPgmethodgpresentsg
agcriticalglimitationgtogexperimentalgprogressgingthegfieldg[10–12],gasg
itg isgunableg togproduceg targetsgofg sufficientg thicknessg togcoverg theg
fullgusefulgwidthgofgthegexcitationgfunctionsg[12,13].gGivengtheglargeg
solidganglegacceptancesgofgcurrentgrecoilgseparatorsgandgthegoverallg
detectiongefficiencygofgcurrentgexperimentalgsetups,gproductiongratesg
cangalmostgexclusivelygbegincreasedgbygusinggmoregintensegiongbeamsg

< Correspondinggauthorgat:gDepartmentgChemieg-gStandortgTRIGA,gJohannesgGutenberg-UniversitätgMainz,gFritz-Strassmann-Weg-2,g55128gMainz,gGermany.
E-mailgaddress:g cmeyer02@uni-mainz.deg(C.-C.gMeyer).
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and/orgthickergtargetsg[14–18].gBothgoptionsgrequiregthegdevelopmentg
ofgactinidegtargetsgwithgimprovedgstability.gAtgpresent,gthegMPgmethodg
isgunablegtogtakegfullgadvantagegofgtheghighergbeamgintensitiesgthatgareg
nowgavailableg[2,10,11].gAgprerequisitegforgnewgtargetgdevelopmentsgisg
agprofoundgunderstandinggofgthegexistinggMPgmethodgandgthegbehaviorg
ofgMPg targetsg ing theg iongbeam.gDespitegnumerousgpublicationsgong
thegMPgmethod,gthegexactgprocessgofgmoleculargplatinggandgthusgtheg
propertiesgofgthegMPgthingfilmsgremaingrathergunknown.gAgbriefgcurrentg
literaturegoverviewgcangbegfoundging[19].

MPgtargetsghavegsometimesglimitedgstabilitygaftergproductiongandg
aregusuallygconditionedgon-lineg[20,21]gusinggprogressivelygincreasingg
heavy-iongbeamg intensitiesg overg theg courseg ofg ag fewghours.gBake-
ingproceduresgatgGSIgaregdonegatgearliestgavailablegbeamtimesgafterg
targetgfabricationgorgalternativelygdirectlygatgthegbeginninggofgagSHEg
productiongrun,ge.g.,gduringgadjustmentsgofgthegexperimentalgsetup.g
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Examplesg forg thisgareg 243Amg targetsgusedgatgTASCAg (TransActinideg
SeparatorgandgChemistrygApparatus)ging2012gforgspectroscopygexper-
imentsgongMcg(Z=115)gdecaygchainsg[6],gandglatergNhg(Z=113)gandg
Mcg(Z=115)gchemistrygstudiesg[7].gOrg244Pugtargetsgproducedging2014g
forgchemicalgstudiesgofgFlg(Z=114)g[22,23]gasgwellgasgforgFlgnuclearg
spectroscopygstudiesg[5,24,25].gWithoutgconditioning,gthegactinidegthing
filmsgmaygexperienceglimitedgadherencegtogtheirgbacking.gAftergbake-
in,gthough,gevengstoragegforgmonthsgorgyearsgundergnormalgconditionsg
ingairghasgnogeffectgongthegperformancegofgsuchgbaked-ingtargets.gTheg
chemicalgprocessesginvolvedgingdifferentgconditioninggproceduresgareg
stillgunknown,gbutgattemptsghavegalreadygbeengmadegtogdevelopgofflineg
equipmentgingordergtogmakegprogressgingthisgfieldgwithoutgirradiationg
timegatgangacceleratorg[26,27].

Forg SHEg productiong experiments,g specialgMPg targetsg areg fabri-
catedg fromgactinideg isotopes,gwhichgusuallygareg↵-emittersg[28].g↵-
Spectroscopicgstudiesgofgthegtargetglayergshowgthatgthegwidthgofgtheg
↵-linesgundergoesgagchangeg[20,21]gasg thegbeamg fluenceg increases,g
indicatinggagradiation-inducedgalterationgingthegmaterial.gThesegmod-
ificationsgareginitiatedgbygagrelativelyglowgiongdosegandgthengremaing
constantgthroughoutgthegentiregSHEgproductiongexperiment.gChangesging
thegmorphologygofgactinidegthingfilmsgweregalsogdocumentedgbygpho-
tographicgimagesg[20,21],gAtomicgForcegMicroscopyg(AFM)g[29]gandg
ScanninggElectrongMicroscopyg(SEM)g[29].gAnalyticalgmethodsghavegsog
fargbeenglimitedgtogEnergygDispersivegX-raygspectroscopyg(EDX)g[29]g
andg conventionalgX-raygDiffractiong (XRD)g [29].g Bothgmethodsg areg
challengedgbygthegpeculiaritiesgofgthegcurrentgMPgtargetgtechnologyg
andgcharacterizedgbygagpoorgsignal-to-noisegratio.gInitialgresearchgusingg
Ramang spectroscopygong thing ion-irradiatedg leadg filmsg [26,27]gasgag
modelgsystemgforgacceleratorgtargetsghasgdemonstratedgthegconversiong
ofgcarbonatesgintogoxides.

AgmoregdetailedgexaminationgofgMP-producedgfilmsgandgresearchg
intogthegconditioninggprocessgwouldgbenefitgfromgaccessgtogstate-of-the-
artganalyticalgtechniques.gFurthermore,gtheganalysisgofgactinidegfilmsg
necessitatesgthegusegofglicensedglaboratoriesgwithgthegcorrespondingg
handlinggpermits.gTogcircumventgthisgissue,gwegthusgreplacedgthegac-
tinidesgwithglanthanidegtargets.gActinidesgelementsgwithgZ gg95gareg
chemicallygverygsimilargtoglanthanidesg[30],grenderinggtheglattergidealg
forg initialg studiesg andg forg theg developmentg ofg novelg protocolsg forg
actinideg targetgproductiong [9,12,19].gTheg irradiationgofg lanthanideg
thingfilmsgservesgasgagpreliminarygstagegforg irradiationgexperimentsg
ongactinidegthingfilms.gAnalyzinggthesegfilmsgposesgspecificgchallengesg
duegtogtheirgintricategmorphology.gSimilargdemandsgaregpresentgforg
bothgirradiatedgandgnon-irradiatedgfilms.gThegMPgthingfilmsgproducedg
andgirradiatedgingthisgstudygweregcharacterizedgusinggthegfollowingg
analyticalgmethodsg(seegTablegg1):

(i) SEMgtogexaminegmorphologicalgalterations.
(ii) VariousgIongBeamgAnalysisg(IBA)gtechniquesgforgelementalganal-

ysis,gincludinggElasticgRecoilgDetectiongAnalysisg(ERDA),gRuther-
fordgBackscatteringgSpectrometryg(RBS)gandgParticle-InducedgX-
raygEmissiong(PIXE).

(iii) Ramang andg infraredg (IR)g spectroscopyg tog identifyg changesgofg
functionalggroups.

(iv) X-raygPhotoelectrongSpectroscopyg(XPS)gforgidentificationgofgele-
mentsgandgtheirgchemicalgstategongthegsurface.

(v) Grazingg IncidencegX-raygDiffractiong (GIXD)g tog identifygbeam-
inducedgstructuralgchangesgofgthegMPgfilms.

2.gExperimental

2.1.gTargetgproduction

Thegtargetsgweregpreparedgfromganalyticalggradeglanthanidegnitratesg
(MerckgKGaAgDarmstadt).gThegusedgsolvents,gisopropanolgandgisobu-
tanol,gandgthegnitricgacidgweregalsogofganalyticalgqualityg(MerckgKGaAg
Darmstadt).gThegTigbackingsghadg99.9%gpurityg(Goodfellow).gAgsolutiong

Tableg1
Listgofgstudiedgsamplesgandganalyticalgmethodsgapplied.gTheguncertaintygofgthegareag
densitygisgassumedgtogbeg10%gbasedgongangaveragegofgthegdensitygvaluesggivengingtheg
literatureg[32].
g Samplegname Element Areagdensityg �g

cm2 SEM Raman IR IBA GIXD XPSg
g Tb-50 Tb 50 x x – – – – g
g Er-50 Er 50 x x – – – – g
g Tm-50 Tm 50 x x – – – – g
g Tm-500 Tm 500 – x x – x x g
g Tmgtarget-1 Tm 500 – x – – – – g
g Tmgtarget-2 Tm 500 – x – x – – g
g Tmgtarget-3 Tm 500 x x – x x – g
g Tmgtarget-4 Tm 500 x x – x x – g
g Tmgtarget-5 Tm 500 x x – – x x g
g Tmgtarget-6 Tm 500 – x x – – x g
gHDZR-500 Tm 500 x – – x – – g

Tableg2
Listgofgirradiations.gThegfirstgirradiationgusedg8.3 MeV

u
gAu26+gionsgatgthegM3gbeamlinegofg

thegGSIgDarmstadt.gForgdamagegcharacterizationgofgthegAu-irradiatedgsamplesgbygmeansg
ofgiongbeamganalysisg(IBA),gwegusedgag1.2 MeV

u
gCl7+gbeamgatgthegHZDR.gAllgsamplesghaveg

angareagdensitygofg500 �g
cm2 .gTheguncertaintygofgthegareagdensitygandgofgiongirradiationsg

aregestimatedgtogbeg10%.g
g Samplegname Element 1stgirradiation

Au ions
cm2

IBA 2ndgirradiation
Cl ions
cm2

g

g Tmgtarget-1 Tm 3.0 ù 1011 – – g
g Tmgtarget-2 Tm 5.0 ù 1011 x 2.0 ù 1014 g
g Tmgtarget-3 Tm 1.0 ù 1012 x 2.4 ù 1014 g
g Tmgtarget-4 Tm 3.0 ù 1012 x 2.4 ù 1014 g
g Tmgtarget-5 Tm 5.0 ù 1012 – – g
g Tmgtarget-6 Tm 1.0 ù 1013 – – g
gHDZR-500 Tm – x 8.7 ù 1013 g

comprisinggag9:1gratiogofgisobutanolgtogisopropanolgwasgemployedgforg
thegdepositiongprocess.gThisgratiogisgthegmostgcommonlygutilizedgsolventg
mixtureg forgMPg targetgproductiongwithingourg laboratoryg [28].gTheg
lanthanidesgweregthengelectrochemicallygdepositedgfromgthisgsolutiong
ontogag25 �m-thickgTig foil.gThegdepositedgareagwasgcirculargwithgag
diametergofg0.6 cmg(area:g0.28 cm2).gThegdepositionsgweregcarriedgoutg
galvanostaticallygatgag constantg currentgofg 0.28 �Agandg forg 1 h.gTheg
exactgproductiongmethodgandgthegelectrochemicalgcellgconstructiongareg
describedging[28,31].g

2.2.gTargetgirradiation

IrradiationsgweregperformedgatgthegmaterialsgresearchgbeamlinegM3g
atgthegUNILACgacceleratorgatgthegGSIgHelmholtzgCentregforgHeavygIong
ResearchgingDarmstadt,gGermany,gusingg8.3 MeV

u gAu26+gions.gHomoge-
neousgexposuregofgsamplesgwasgachievedgbygusinggagslightlygdefocussedg
beam.gTogpreventgheatinggofgthegsamples,gthegiongfluxgwasgkeptgbelowg
approximatelyg2.0(2) ù 109 ions

cm2 s .gThegappliedgfluencegrangedgfromg3.0 ù
1011 to 1.0 ù 1013 ions

cm2 gwithgangestimatedguncertaintygofgaboutg10%.gThisg
accumulatedgfluencegcorrespondsgtogthegfirstgfewgminutesgofgthegtargetg
irradiationg ingagsuperheavygelementgproductiongcampaigngandg thusg
providesginsightgongthegeffectsgduringgthegtargetgconditioninggprocess.g

ThegparametersgforgthegirradiationsgwithgClgandgAugionsgareggivenging
Tablegg3gtogethergwithgcomparativegdatagforgCagiongirradiationsgappliedg
earliergduringgbake-ingproceduresg[27];gbecauseg48Caghasgbeengthegmostg
importantgprojectilegofgthegSHEgresearchgduringgtheglastgdecadesg[2].g
ForgthegdensitygofgthegMPgfilms,gwegpresumeg2.73 g

cm3 g[33]gwhichgisgtheg
densitygofgagthuliumgcarbonategandgasgsuchgnotablyglowergthangthatgofg
thuliumghydroxidegandgoxide.

Thegcalculatedgrangesgofgthegthreegdifferentgiongspeciesgexceedgbyg
fargthegthicknessgofg0.7 to 1.4 �mg[29]gorgthegachievablegareagdensityg
(about 500 �g

cm2 )gofgthegMPgfilms,gasgshowngingTablegg3.gIngcontrastgtog
typicalgSHEgexperimentsg[11,12],gwheregthegbeamgfirstgpenetratesgtheg
backinggandgthengentersgthegtargetgthingfilm,gourgsamplesgweregposi-
tionedgwithgthegthingfilmgfacinggthegiongbeam.gThisgwasgalsogconsideredg
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Tableg3
BeamgparametersgforgthegdifferentgirradiationsgofgTmgtargetsgincludinggthegtotalgkineticg
energygingMeVgpergnucleong(MeV/u),gthegelectronicgandgnucleargstoppinggpower,gtheg
appliedgfluencegasgwellgasgthegprojectedgiongrangegasgcalculatedgwithgthegSRIM-2013.00g
code,gassuminggagthuliumgcarbonategtargetgdensitygofg2.73 g cm*3g[33].gThegdosegDgisg
thegproductgofgthegenergyglossgandgthegaccumulatedgfluence.g
g Ion Energy

[ MeV
u
]

(dE/dx)e
[ keV

nm
]

(dE/dx)n
[ keV

nm
]

Fluence
[ ions
cm2 ]

Range
[�m]

Range
[ �g
cm2 ]

Dose
[MGy]

g

g 35Cl 1.2 3.3 6.1 ù 10*3 20 ù 1013 16 4452 388.94 g
g 197Au 8.3 17.9 2.2 ù 10*2 1 ù 1013 109 29 769 105.07 g
g 48Ca 5.9 2.8 1.8 ù 10*3 7 ù 1013 85 23 160 106.50 g

ingthegcalculationsgpresented.gThegtotalgabsorbedgdosegingGraygwasg
calculatedgbygmultiplyinggthegelectronicgenergyglossgpergunitgpathlengthg
(dE/dx)egwithgthegfluence.g

2.3.gTargetgcharacterization

2.3.1.gScanningg electrongmicroscopyg andg energyg dispersivegX-rayg spec-
troscopy

Ingordergtogevaluategthegiongbeam-inducedgsurfacegmodifications,g
scanninggelectrongmicroscopyg(PhilipsgXL30)gwithgangaccelerationgvolt-
agegofg20gkVgwasgused.gIngsomegcases,gthegsamplesgweregsputter-coatedg
bygagthingsilverglayergtogavoidgcharginggeffectsgduringgimaging.gTheg
elementalgcompositiongofgthegthingfilmsgwasginvestigatedgbygEDXgandg
analyzedgwithgthegNISTgDTSA-IIgLorentzgsoftwaregpackageg[34].

2.3.2.gElasticgrecoilgdetectionganalysis
SomegofgthegTmgtargetsgwereganalyzedgwithgElasticgRecoilgDetectiong

Analysisg(ERDA)gatgthegIongBeamgCentergofgthegHelmholtz-Zentrumg
Dresden-Rossendorfg(HZDR)gusinggag1.2 MeV

u gClgiongbeam.gThegangleg
betweengthegnormalgdirectiongofgthegsamplegsurfacegandgthegincomingg
beamgwasg75˝,gthegscatteringganglegwasg30˝.gTheganalyzedgareagwasg
aboutg2 ù 2mm2.gThegrecoilgatomsgandgscatteredgionsgweregdetectedg
withgagBragggIonisationgChamberg(BIC),gwhichgenablesgenergygmeasure-
mentsgandgZgidentificationgofgthegparticles.gHgrecoilsgweregdetectedgwithg
agseparategsolidgstategdetectorgatgagscatteringganglegofg40˝.gThegbeamg
fluencegisgmonitoredgusinggaggoldgplatedgrotatinggvaneg(1Hz)gandgagsolidg
stategdetector,gwhichgdetectsgClgbackscatteringgfromgAu.gThisgsystemgisg
calibratedgagainstgthegiongbeamgcurrentgmeasuredgwithgagFaradaygcup.g
ThegresultinggfluencesgpergsamplegareggivengingTablegg2.

2.3.3.g�-beamg-gspatiallygresolvedgRBSgandgPIXE
SomegofgthegTmgtargetsgwereganalyzedgwithgRBSgandgPIXEgatgHZDRg

usinggag3MeVgprotongbeam.gThegbeamgwasgfocusedgtogaboutg7 ù 5 �m2.g
Thegbackscatteredgprotonsgweregdetectedgatgagscatteringganglegofg174˝
withgagsilicongstripgdetector.gAgKetekgsilicongdriftgdetectorgcollimatedg
tog80mm2gwasgusedgtogdetectgthegX-raysgemittedgfromgthegsample.gTheg
detectorgwasgplacedgoutsidegthegsamplegchamber.gIngaddition,gag65 �m
aluminiumgabsorbergwasgusedgtogfurthergreducegthegcontributiongofg
thegX-raysgfromgthegTigsubstrategandgstopgback-scatteredgprotonsgfromg
enteringgthegdetector.gRBSgwasgusedgtogobtaingdepthgprofilesgofgtheg
maingelementsgexceptgH,gwhichgcannotgbegdetectedgbygRBS.gForgC,gN,g
andgOgevaluatedgcross-sectionsgfromgSigmaCalcgaregusedg[35].gForgTi,g
theregisgnogaccurategdatagingthegrelevantgenergygrangegandgforgthegusedg
scatteringgangle.gThereforegagmeasurementgongthegTigbackinggfoilgwasg
performedgtogobtaingnon-Rutherfordgcross-sections,gwhichgwasgpossibleg
usinggthegprogramgNDFg[36].gAFMgmeasurementsgacrossgthegpristinegTig
foilgshowedgagsubstantialgroughnessgofgrms=g39(8) nm.gThusgthegdeducedg
cross-sectiongmightgnotgbegofguniversalgvalidity.

IngthegcasegofgthegTmgthingfilms,gagpreliminaryglarge-scalegPIXEg
scangwasgconducted,gaftergwhichgindividualgareasgofgthegthingfilmgwereg
selectedgforgpointgmeasurements.gAllglargegPIXEgscansgcontaing128 ù 128
pointsgorg128 ù 100gpointsgandghavegagsizegofg260 ù 260 �m2gorg260
ù 205 �m2,grespectively.

2.3.4.gRamangspectroscopy
Ramangspectragfromg50 cm*1 to 4000 cm*1gweregcollectedgwithgag

JobingYvong (Horiba)gLabRamgHRg800g spectrometergequippedgwithg
angOlympusgBX41gopticalgmicroscopegandgagSi-basedgcharge-coupledg
deviceg(CCD)gdetector.gTheginstrumentationgusedgaggratinggwithg1800g
grooves
mm gandgagslitgwidthgofg100gmm.gExcitationgwavelengthsgofg633 nm

andg488 nmgweregused.gThesegparameters,gandgthegopticalgpathglengthg
ofgthegspectrometergledgtogagspectralgresolutiongofg0.8gcm*1.gThegspectralg
acquisitiongtimegwasgsetgtog40gsg forgallgmeasurements.g Ingordergtog
excludegmodificationsgduegtoglasergirradiation,glong-termgmeasurementsg
weregcarriedgoutganalogousgtog[37].gThegRamangspectragweregassessedg
usinggthegFitykgsoftwareg[38].

2.3.5.gInfraredgspectroscopy
IRgspectragweregrecordedgwithgagBrukergAlphagPlatinum-ATR.gForg

thisgpurpose,gthegBrukergPlatinumgATRgmonolithicgdiamondgcrystalgwasg
pressedgontogthegMPgthingfilmsgandgthegspectragweregrecordedgingtheg
AttenuatedgTotalgReflectiong(ATR)gsetup.gThegIRgspectragweregrecordedg
aftergallgotherganalyticalgworkgwasgcompleted,gasgthegATRgmodegmayg
mechanicallygdamagegthegsurfaces.gThegspectragweregrecordedgusingg
BrukergOPUSg softwaregandganalyzedgbyg thegSpectragryphg softwareg
packageg[39].

2.3.6.gX-raygphotoelectrongspectroscopy
Forgelementalganalysis,gseveralgselectedgsamplesgwereginvestigatedg

bygXPS,gsomegtimeg(daysgupgtogmonths)gaftergtheirgpreparation.gIrradi-
atedgsamplesgweregstoredgundergambientgairgforgevenglongergtimesgandg
underwentgseveralgothergcharacterizationgmethodsgbeforehand.gDuringg
thegmeasuringgcampaigngthegsamplesgweregstoredgingagUHV-chamberg
(basegpressuregaboutg2.0 ù 10*8 mbar)gneighboringg thegXPSganalysisg
chamber.gThegbasegpressuregingthegXPSgchambergwasgkeptgbelowg5.0 ù
10*10 mbar.gXPSgmeasurementsgweregconductedgusinggagmonochromaticg
AlgK↵g(�g=g8.3395 Å)gX-raygsourcegandgaghemisphericalganalyzergPhoibosg
150gwithgHASg3500gplusgcontrollerg(allgfromgSpecs,gBerlin).gThegmicro-
focusghighgperformancegX-raygsourcegXRC-1000gMFgwasgequippedgwithg
ag�-FOCUSg500gmonochromatorg(allgfromgSpecs,gBerlin).gXPSganalysisg
andgpeakgfittinggweregperformedgwithgCasaXPSg[40]g(Ver.g2.3.24gPRg
1.0).

Inggeneral,gcharginggeffectsgresultgingagslightgbroadeninggofgthegFullg
WidthgHalfgMaximumg(FWHM)gandgagshiftgofgthegXPSgpeaks.gSuchg
chargegshiftsgcangbegcorrectedgusinggagfloodggun,gwhichgflushesgtheg
samplegsurfacegwithglow-energygelectronsgingordergtogcompensategtheg
charge.gAtgthegsamegtime,gthegelectrongbeamgemittedgbygthegfloodggung
cangmodifygsurfacegspeciesg[41,42].gTherefore,gcareghasgtogbegtakenging
theginterpretationgofgthegdata.

2.3.7.gGrazinggincidencegX-raygdiffraction
IngGIXD,gagverygsmallganglegofgincidenceg(!)gwasgchosengtoglimitg

thegpenetrationgdepthgofgthegphotonsgtogagthingsurfaceglayergofgtheg
film.gThegX-raygbeamgandgsamplegweregfixedgtogensuregagsmallgangleg
ofgincidenceg(! ˘g0.1–5°)gwhilegthegdetectorgmovesgatganganglegofg2⇥
togcollectgdiffractiongsignals.gThegstructuralginformationgthusgoriginatesg
predominantlygfromgthegnear-surfacegregiong(<400 nm).gForgthegGIXDg
measurements,gagSmartLabgdevicegfromgthegRigakugcompanygwithgag
rotatingganodegwasgusedgwithgCugK↵gradiationg(�g=g1.5406 Å).

3.gResultsgandgdiscussion

3.1.gMorphologygofgMPgfilms

3.1.1.gNon-irradiatedgsamples
Thegmoleculargplatinggmethodgproducesg thing filmsgwithgagchar-

acteristicgmorphologyg consistingg ofg individualg tilesg separatedg fromg
neighboringgtilesgbygdeepgcracksgdowngtogthegsubstrategasgshownging
agrepresentativegSEMgimageg(Fig.gg1 right).gThisgmorphologygisgexten-
sivelygdescribedgforgthegMPgprocessg[43,44]gandgisgalsogreferredgtogasg
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Fig.g1.gPhotographg(left)gandgSEMgimageg(right)gofgag500 �g
cm2 gthickgTmgtargetg(sample:gHZDR-500)gaftergirradiationgwithg1.2 MeV

u
gClgionsg(2.0 ù 1014 ions

cm2 ).gOngthegphotograph,gtheg
irradiatedgareagisgclearlygvisiblegasgdarkgsquare.

mudcrackingg[19,45]gorgmud-cakingg[46,47].gEachgmaterialgproducesg
agdifferentgmudcrackinggpatterngandgminutegchangesgingMPgparametersg
canghavegaglargegimpactgongthegmorphologiesg[43,48].gOthergmethodsg
ofgelectrochemicalgdepositiongofglanthanidesgandgactinidesgalsogdescribeg
agcrackedgsurfacegstructureg[45,49–51].gVascongetgal.gshowedgthatgtheg
cracksgformgaftergplatinggduringgdryinggandgthatgthegindividualgtilesg
ofgthegthingfilmgaregnotgsmooth,gbutghavegagroughgsubstructureg[48].g
Thegformationgofgsurfacegcracksgdependsgmainlygongthegchosengsolventg
(isobutanol:isopropanol,g9:1).gItgshouldgbegnotedgthatgthegsolventgwasg
keptgconstantgthroughoutgourgexperimentalgseries.

Ourgscanninggelectrongmicroscopygimagesgclearlygshowg(Fig.gg1 right),g
thatgmudcrackinggleadsgtogagsignificantgportiongofgthegsurfacegofgMPg
targetsgbecomingguncovered.gThisgeffectgshouldgbegtakengintogaccountg
duringgirradiationgexperimentsgandgwhengutilizingganalysisgmethodsg
withoutgagmicrometregspatialgresolutiongsuchgasgERDA,gGIXDgandgIRg
spectroscopy,getc.

3.1.2.gIrradiatedgsamples
Firstgwegdiscussgmorphologicalgchangesgofgag freshgTmgMPg filmg

causedgbygthegirradiationgwithg1.2 MeV
u gClgionsg(beamgappliedgforgERDA).g

Forgangaccumulatedgfluencegofg2ù1014 ions
cm2 ,gthegchangesgingthegirradiatedg

areag(2 ù 2mm2)gcangeasilygbegidentifiedgbygthegnakedgeyeg(Fig.gg1 left).g
Thegsharpgfocusgofgthegiongbeamgallowsgtheginterfacegbetweengirradiatedg
andgnon-irradiatedgareagofgthegtargetgtogbegdisplayedgingonegSEMgimageg
(Fig.gg1 right)gatghighgmagnification.gThegSEMgimagesgofgthegtwogareasg
underlinegthegdifference;gthegcharacteristicgtilesgduegtogmudcrackingg
aregclearlygvisiblegingthegnon-irradiatedgareag(Fig.gg1 right).gAftergtheg
irradiationgwithg1.2 MeV

u gClgions,gthegtilesgbarelygcovergthegTigbacking,g
theygshrankgingsizegandgaregstronglygdeformedg(Fig.gg1 right).

Wegalsoginspectedgthegmorphologicalgchangesgofgsamplesgexposedg
togagfluencegseriesgwithg8.3 MeV

u gAu26+gionsg(Fig.gg2, 1a–1c)gandgsub-
sequentlyganalyzedgthegfilmsgbygERDAgwithg1.2 MeV

u gCl7+g ionsg(Fig.g
2, 2a–2c).gUpgtogthegmaximumgappliedgAugiongfluence,gthegsizegofgtheg
tilesgdoesgnotgseemgtogchange,gbutgtheguncoveredgareagingbetweengindi-
vidualgtilesgbecomesgsmaller.gAtgtheghighestgfluenceg(3.0ù1012 ions

cm2 ),gTmg
coversgthegTigbackinggalmostgwithoutgcracks.gComparablegobservationsg
havegbeengdescribedgforgMPggadoliniumgfilmsg[29].

SamplesgthatgweregirradiatedgwithgAugionsgandgthengERDA-analyzedg
withgtheghigh-intensitygClgbeamgaregshowngingFig.gg2, 2a–2c.gMorpho-
logicalgchangesgweregalsogobservedgingsamplesgirradiatedgwithgClgionsg
only.gIndividualgtilesgexhibitgdeformationgandgshrinkage,gbutgthegoverallg
effectsgappearedgtogbeglessgpronouncedgtheglargergthegfluencegofgtheg
precedinggAugirradiation.

3.2.gIongbeamganalysis

Damagegeffectsgingsamplesgexposedgtog1.2 MeV
u gClgionsgforgERDAgwereg

analyzedgwithgag�-beamgRBS/PIXE.gThegbordergareagbetweengERDA-
irradiatedgandgnon-irradiatedgsamplegsurfacegwasgexamined,gsogthatg
theginfluencegofgirradiationgongthegthingfilmsgcouldgbegstudiedg(Fig.g
4a).gAgsketchg(Fig.gg3)gofgthegcross-sectiongofgthegnon-irradiatedgMPg
thingfilms,gasgderivedgfromgourgmicroscopygimagesgandgthegexistingg
literatureg[31,52,53],gillustratesgthegchallengesgingthegapplicationgofgiong
beamgmethodsgingmaterialsganalysis.

3.2.1.gNon-irradiatedgsamples
TheganalysisgofgRBSgandgPIXEgwithgag�-beamgmadegitgpossiblegtog

spectroscopicallyginvestigategindividualgtilesgongthegmudcrackedgsur-
face.gThegelementgconcentrationsgcalculatedgfromgthegRBSgdepthgprofilesg
forgindividualgtilesgofgnon-irradiatedgMPgthingfilmg(thicknessg500 �g

cm2 )g
aregdominatedgbygthegelementsgCgandgOg(Fig.gg4c).gTmgisgonlygagminorg
componentgingatomicgpercentgofgthegthingfilms.gThegNgsignalgisgchar-
acterizedgbygagpoorgsignal-to-noisegratio,gwhichgisgwhygnitrogengisgjustg
barelygdetectablegbygRBS.gStill,gthegweaknessgofgthegNgsignalgsuggestsg
thatgwegcangexcludegagsignificantgdepositiongofgnitrategspecies,gwhichg
isgconsistentgwithgothergspectroscopicgstudiesgg[48,52].gThegTigsignalg
fromgthegbackinggfoilgvariesgbetweengindividualgtiles,gwhichgindicatesg
thatgthegtilesgaregofgdifferentgthicknesses.gThegsignalgstrengthgremainedg
consistentgacrossgallgtilesgforgthegothergelements.gThegdepthgprofilesg
aregobtainedgafterganalysisgusinggthegNDF-codeg[36]gandgconversiong
fromgthegspectrumgrecordedgduringgthegRBSgmeasurement.gThegfilmg
thicknessesgobtainedgfromgtheganalysisgareggivengingunitsgofgat/cm2.gAg
conversiongintogaglengthgunitgisgproblematicgasgthegmassgdensitygofgtheg
filmgisgnotgpreciselygknown.gAglengthgestimategbasedgongthegweightedg
averagegofgthegatomicgdensitiesggivesgagfilmgthicknessgofgaboutg2 �mgforg
theg�-beamgmeasurementsg(Fig.gg4g(c,d)),gwhichgisgconsistentgwithgourg
AFMgandg3Dglasergscanninggmicroscopegmeasurementsg(notgshown).

3.2.2.gIrradiatedgsamples
ComparinggthegPIXEgdatagatgthegtransitiongbetweengnon-irradiatedg

andg irradiatedg thing filmg (Fig.gg4b),gweg firstg seeg thatg theg elementalg
distributiongofgthegPIXEgmapgreproducesgquitegwellgthegmorphologyg
ofgthegMPgthingfilms,gasgobservedgbygSEMg(Fig.gg1 right).gTheghigherg
intensitygofgthegTm-LgsignalgisgthegresultgofgTmgbeinggaccumulatedgingag
smallergarea.gFurthermore,gthegdistancesgbetweengthegTmgislandgorgMPg
tilesgareglargergthangingthegnon-irradiatedgarea.

ThegRBSgelementganalysisgofgthegnon-irradiatedgareag(Fig.gg4c)gisg
dominatedgbygCgandgO.gIrradiationgleadsgtogtheglossgofgmostgofgtheg

1XFOHDU�,QVW��DQG�0HWKRGV�LQ�3K\VLFV��


��	���$��������������������

��



C.-C.gMeyergetgal.

Fig.g2.gSEMgimagesgofgMPgTmgthingfilmsg(thicknessg500 �g
cm2 ,gsamples:gTmgtarget-2gtogTmgtarget-4)girradiatedgwithgdifferentgfluences.gTopgrowg(1a-1c):gTmgfilmsgirradiatedgwithg

8.3 MeV
u

gAugionsgatgincreasinggfluence.gBottomgrowg(2a-2c):gsamegsamplegseriesgaftergERDAganalysisgusingg1.2 MeV
u

gClgionsgofgfluenceg2.0ù 1014 ions
cm2 to 2.4ù 1014 ions

cm2 .gTheglowergseriesg
showsgexactlygthegtransitiongareagofgthegERDAganalysisgbeamgspot.gNotegthatgthegSEMgimageg1cgisgslightlygdefocused,gmakinggthegsurfacegappeargsmoothergthangitgreallygis.

Fig.g3.gSketchgofgcross-sectiongthroughgthegMPgTmgfilm,gtogillustrategthegdifficultiesgofgXPS,gRBSgandgERDAgmeasurementsgduegtogtilegformation,gcracksgandgadventitiousgcarbong
contamination.

carbon.gDuegtogthegirradiation,gthegrelativegproportiongofgTmgincreases,g
oxygengandgTmgbecomeg thegdominantgcomponents,gCg isgdetectableg
justgabovegthegmeasurementgbackgroundgandgnitrogengisgbelowgtheg
detectionglimitg(Fig.gg4d).

ThegERDAginvestigationgofgthegfluencegseriesgofgAu-iongirradiatedg
Tmgsamplesg(Fig.gg5)gconfirmsgthegdecreasegofgthegoverallgcarbongandg
oxygengconcentrationgasgagfunctiongofgfluence.gThegdepthgprofilegofg
thegoxygengconcentrationgfitsgwellgwithgthegoxygengcontentsgthatgwereg
detectedg ingtheg irradiatedgthingfilmsgbygmeansgofgRBS.gThegcarbong
contentgdeterminedgbygERDAg isghigherg thangwhatgwasgdeterminedg
byg thegRBSgmeasurementsgofg irradiatedg thing films.gTheg irradiation-
inducedgalterationsgofgthegthingfilms,gnamelygcompactiongandgtheglossg
ofglightgelements,grenderedgthegevaluationgofgthegERDAgdatagagchal-
lenginggendeavour.gThegERDAgmeasurementsgweregfurthergcomplicatedg
bygthegmorphologygofgthegsamples,gagproblemgthatgisgcircumventedg
ingRBS/PIXEgmeasurementsgduegtogtheirgsuperiorgspatialgresolution.g
Collectively,gthegERDAgmeasurementsgaligngwithgtheghypothesisgthatg
thegirradiationgwithgenergeticgheavygionsgresultsgingagdepletiongofgCg
andgOgingMPgthingfilms.gBasedgongthegresultsgobtainedgfromgthegiong
beamgmethods,gnogsignificantgbeam-inducedglossgofgTmgwasgobserved.g
Instead,gthegcombinedgPIXE/RBS/ERDAgdatagsuggestgthatgthegMPgfilmg
tilesglosegvolatilegcomponentsgcontaininggOgandgC,gasgagconsequenceg
ofgirradiation.gThisgmaygresultgingchemicalgtransformationsgthatgcouldg
potentiallygleadgtogthegformationgofgagcompoundgwithgaghighergdensity,g
whichgingturngwouldgresultgingagreductiongofgthegareagcoveredgbygtheg
MPgthingfilm.

Wegconcludegfromgourgdata,gthatgthegdeterminationgofgthegelementalg
compositiongbygthegappliedgiongbeamganalysisgwasgclearlygatgtheglimitg
ofgstatisticalgsignificancegforgbothgnon-irradiatedgandgirradiatedgthing
films.gTechniquesgwithghighgspatialgresolutiong(e.g.gusinggag�-beam)g
aregparticularlygsuitablegforgovercominggchallengesgassociatedgwithgtheg
morphologygofgthegMPgfilms.

3.3.gVibrationalgspectroscopy

3.3.1.gNon-irradiatedgsamples
Afterg achievingg promisingg resultsg usingg confocalg Raman

spectroscopygongleadgmodelgsystemsg[26,27],gwegappliedgthegmethodg
ongagseriesgofgthingMP-producedg lanthanidegfilmsg includinggTb,gEr,g
andgTmg(Fig.gg6).gThegexceptionalgspatialgresolutiongofg thisgmethodg
enabledgusgtogspectroscopicallygexaminegindividualgtiles,gensuringgthatg
thegcomplexgmorphologygandgthegpresencegofgagTigbackinggdidgnotgaffectg
thegaccuracygofgthegmeasurements.gDespitegthegthingTbgfilmsgexhibitingg
moregpronouncedgmudcrackinggcomparedgtogErgandgTm,gtheirgRamang
spectrag areg remarkablyg similarg (Fig.gg 6).g Furthermore,g noneg ofg theg
samplesgexhibitganygorientation-dependentgbehaviorgingtheirgRamang
spectra,gindicatinggthatgtheygaregingangamorphousgorgmicrocrystallineg
stategcomposedgofgrandomlygorientedgmicrocrystalsg[54].

ThegRamangspectragweregrecordedgbygmeansgofgthegconfocalgRamang
microscopegusinggtwogdifferentglasersgwithgwavelengths,g473 nmgandg
633 nm,gofgthegconfocalgRamangmicroscope.gSeveralgdifferentgtilesgwereg
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Fig.g4.g(a)gPhotographgofgMPgTmgthingfilmg(sample:gHZDR-500)gwithgyellowgframegindicatinggthegPIXEganalyzedgareagperformedgaftergERDAganalysisgwithg8.7ù 1013 ions
cm2 gofg1.2 MeV

u
Clgions.g(b)gPIXEgmapgofgnon-irradiatedg(topgarea)gandgCl-iongexposedgareag(bottom).gThegcolorgcodegcorrespondsgtoghighg(yellow)gandglowg(blue)gTmgconcentrations.gSpotg1gandg
2gindicategspotsganalyzedgbyg�-beamgRBSganalysis.g(c)gandg(d)gRBSgdatagforgvariousgelementsgfromgspotg1g(non-irradiated)gandgspotg2g(Clgiongirradiated),grespectively.

examinedgpergsamplegingordergtogproducegrepresentativegresultsgforg
eachgsample.gThegspectragweregidenticalgforgbothgexcitationgwavelengthsg
andgexhibitedgidenticalgpeakgintensities.gThegratiogofgthegpeakgpositionsg
alsogremainedgconstant,gbutgthegpeakgpositionsgthemselvesgfluctuatedg
bygaboutg3 cm*1gfromgmeasuringgpointgtogmeasuringgpoint.gAccordingg
tog[52],gMPgfilmsgaregarmorphousgmaterial,gwhilegthegreferencegliter-
aturegcitedgbelowgrefersgexclusivelygtogmonocrystallinegmaterials.gForg
thegfinalgfitgofgthegbandsgandgthegassignmentgtogliteraturegvalues,gtheg
spectrumgwithgtheglowestgbackgroundgwasgselectedg(Fig.gg7).

IngthegRamangspectragofgourgTb,gErgandgTmgfilms,gcarbonateg[54–57]g
andgformateg[58–60]gcouldgbegidentified.gSomegRamangmodesgofgtheg
chemicallygclosely-relatedganionsgoverlapg(Fig.gg7).gThegidentifiedgbandsg
areggivengingTablegg4gandgassignedgtogRamangmodesgwheregpossible.g
Herzbergg[61]gnomenclaturegwasgused.g

Thegwavenumbergrangegfromg50 to 700 cm*1gisgcharacterizedgbyg
aghighgbackgroundgandgagpoorgsignal-to-noisegratio.gWegthusgignoredg
thisgwavegnumbergregimegforgtheganalysisg(Fig.gg6).gAtglargergwavenum-
bers,gthegspectrumgisgdominatedgbygtwogbands,gagsharpgnarrowgpeakg
(902 cm*1),gwhichgcangbegassignedgtogthegout-of-planegbendg(⌫2)gofgtheg
carbonategion,gasgwellgasgagmultipletg(2733 to 3066 cm*1),gwhichgisg
assignedgtogthegC–Hgstretchinggvibrationgofgthegformate.gMostgofgtheg
othergpeaksgingthegspectrumgcangbegassignedgtogeitherganion.

ThegfreegcarbonateganiongbelongsgtogthegpointggroupgD3hgandgthere-
foreghasgfourgvibrationalgtransitionsg[55].gWegassigngthegbandsgbetweeng
1560 to 600 cm*1g(gTablegg4)gtogcoordinatedgcarbonate.gThegfourgnormalg
vibrationalgtransitionsgaregexpectedgingagrangegfromg1090 to 1070 cm*1

(⌫1),g930 to 850 cm*1g(⌫2),g1560 to 1420 cm*1g(⌫3)gandg820 to 750 cm*1

(⌫4).gThegsplittinggofgthegdegenerategmodesg⌫3gandg⌫4gmaygbegcausedg
bygthegsymmetrygreductiongfromgD3hgtogC2vgorgCsgfromgthegfreegtog
thegcoordinatedgcarbonateganiong[57].gIngangamorphousgphasegallgfourg
vibrationalgtransitionsgofgthegcarbonategionsgaregexpectedgtogbegbothg
infraredgandgRamangactive.gFurthermore,gonegwouldgexpectgthatgtheg
degeneracygofg theg ⌫3gandg ⌫4gmodesg forg theg freeg carbonateg ionsg isg
liftedg[55].gDetailedgcorrelationgschemesgandggroupgtheorygdiscussiongofg
thegspectroscopygofgcarbonategingsolidgphasesgcangbegfoundging[55–57].g
ThegobservedgRamangspectrag(Fig.gg7)gcangthereforegbegpartlygexplainedg
bygboundgcarbonategingangamorphousgphase.

ThegfreegformateganionghasgthegpointggroupgC2v,gthusgsixgvibrationalg
transitionsgcangbegderivedgfromggroupgtheoryg[58–60]:gThegC–Hgstretchg
ingthegrangegfromg3070 to 2730 cm*1g(⌫1),gthegO–C–Ogsymmetricgstretchg
fromg1380 to 1360 cm*1g(⌫2),gthegO–C–Ogsymmetricgdeformationgfromg
820 to 750 cm*1g (⌫3),g thegO–C–Og asymmetricg stretchg fromg 1610 to
1580 cm*1g(⌫4),g thegC–Hg in-planegbendg fromg1430 to 1420 cm*1g(⌫5)g
andgthegout-of-planegbendgfromg1080 to 1005 cm*1g(⌫6)g[60].gOnlygtheg
mostgintensegbandsgatg2918 cm*1 and 2942 cm*1gcangbegunambiguouslyg
assignedg tog thegC–Hg stretchg (⌫1)gofg theg formateg [59],gwhichg isg ing
goodgagreementgwithgthegreportedgliteraturegvaluesgofg2920 cm*1 and
2949 cm*1g [58].g Forg theg otherg transitions,g nog exactlygmeasuredg org
calculatedgvaluesgareggivengforgthuliumgformates,gbutgtheygaregavailableg
forghomologuesgfromgtheglanthanidegseries.gAsgingthegcasegofgcarbonate,g
symmetrygreductiongingamorphousgmaterialsgwouldgbegangexplanationg
forgthegoccurrencegofgbandsgthatgaregingprinciplegsymmetry-forbiddeng
bandsgingthegRamangspectrum.gThegC–Hgstretchinggvibrationg(⌫1)gisg
ofgparticularg importanceg ing formates,g thusg itsgvariationgwithing theg
lanthanidegseriesghasgbeengsystematicallygstudiedg[58,60].
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Fig.g5.gCgandgOgconcentrationgasgagfunctiongofgdepthgdeducedgfromgERDAgspectragforgMPgTmgthingfilmsg(samplegseriesgTmgtarget-2gtogTmgtarget-4).gThegcontributiongofgbothg
elementsgdecreasesgwithgdepthgandgwithgincreasinggfluence.

Fig.g6.g(a)gRamangspectragofgTbg(samplegTb-50),gErg(samplegEr-50)gandgTmg(samplegTm-50)gfilmsgofgthickness: 50 �g
cm2 gandg(b)–(d)grespectivegSEMgimages.gDespitegdifferentg

morphologies,gMPgthingfilmsgofgdifferentglanthanidesgshowgthegsamegRamangspectrum.

ItgshouldgbegmentionedgthatgthegnitrateganiongalsoghasgagD3hgsym-
metrygandgshouldgthusgproducegRamangbandsgsimilargtogthosegofgcar-
bonates,gwhichg isghowgRamang spectrag ofg uraniumgMPg filmsgwereg

interpretedg[63].gHowever,gduegtogthegverygdifferentgchemistrygofgura-
niumgcomparedgtoglanthanidesgandgheavygactinides,gthisginterpretationg
ofgthegRamangspectragcannotgbegapplied.gOthergstudiesgonguraniumg
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Fig.g7.gRamangandgIRgspectrumgofgMPgTmgthingfilmg(thicknessg500 �g
cm2 ,gsample:gTm-500).

Tableg4
AssignmentgofgbandsgingthegRamangandgIRgspectragofgthegnon-irradiatedgMPgTmgfilms,g
asgdesignatedgbygHerzbergg[61].g
gWavenumber Method Carbonate Formate References g
g 401 IR Unknown g
g 563 IR Unknown g
g 619 IR ⌫4a – [62] g
g 653 IR ⌫4b – [62] g
g 673 IR ⌫4c – [62] g
g 754 Raman ⌫4a ⌫3a [55–58,60]g
g 813 Raman ⌫4b ⌫3b [55–58,60]g
g 846 IR ⌫2a – [62] g
g 901 IR ⌫2b – [62] g
g 902 Raman ⌫2 – [55–57] g
g 1008 Raman – ⌫6a [60] g
g 1076 IR ⌫1 – [55–57] g
g 1079 Raman ⌫1 ⌫6b [55–57,60]g
g 1252 Raman Unknown g
g 1302 Raman Unknown g
g 1374 Raman – ⌫2a [58,60] g
g 1379 IR ⌫3a ⌫2a [58,60,62] g
g 1423 Raman ⌫3a ⌫5a [55–58,60]g
g 1453 Raman ⌫3b – [55–57] g
g 1476 Raman ⌫3c – [55–57] g
g 1514 IR ⌫3b – [62] g
g 1557 Raman ⌫3d – [55–57] g
g 1583 Raman – ⌫4a [59,60] g
g 1605 Raman – ⌫4b [59,60] g
g 2733 Raman – ⌫1a [58–60] g
g 2770 Raman – ⌫1b [58–60] g
g 2882 Raman – ⌫1c [58–60] g
g 2915 IR – ⌫4a [58] g
g 2918 Raman – ⌫1d [58–60] g
g 2942 Raman – ⌫1e [58–60] g
g 2960 IR – ⌫4b [58] g
g 3066 Raman – ⌫1f [58–60] g

MPgtargetsgcouldgnotgdetectganygnitrategingthegthingfilmsgbygRamang
andgIRg[64]gorgXPSg[65,66],gandgthegthingfilmsgweregreportedgtogbeg
nitrogen-free.

3.3.2.gIrradiatedgsamples
Fig.gg8gshowsgspectragfromgagseriesgofg8.3 MeV

u gAugiongirradiations.g
Withg increasingg fluence,gthegtwogmostgprominentgRamangbandsg(atg
1079 cm*1(a)gandgatg2942 cm*1g(c))gdisappeargandgtwognewgbandsg(b)g
graduallygemergegaroundg1590 cm*1g(1650 to 1480 cm*1)gandg1360 cm*1

(1440 to 1290 cm*1).
ThegtwognewgbandsgcangbegassignedgtogthegDg(1440 to 1290 cm*1)gandg

Gg(1650 to 1480 cm*1)gpeaks,gwhichgaregcharacteristicgforggraphite-likeg
structuresgembeddedgintogangoxidegstructureg[67–69].gThegG-bandgisg
thegprimarygmodeginggraphenegandggraphite.gItgrepresentsgthegplanarg
configurationgsp2-bondedgcarbongthatgconstitutesggraphene.gThegbandg
isgresonant,gwhichgmeansgthatgitgisgmuchgmoregintensegthangwouldg

begexpectedgotherwise.gThegD-bandgisgknowngasgthegdisordergbandgorg
thegdefectgband.gItgrepresentsgagringgbreathinggmodegfromgsp2gcarbong
rings,gthoughgtogbegactivegthegringgmustgbegadjacentgtogaggrapheneg
edgegorgagdefect.gAgsignificantgD-bandgindicatesgdefectsgtogbegpresentg
ingthegmaterial.gThegintensitygofgthegD-bandgisgdirectlygproportionalgtog
theglevelgofgdefectsgingthegsampleg[70].gInglightgofgthegaforementionedg
findings,gitgcangbegpositedgthatgthegirradiatedgMPgthingfilmsgcangbeg
characterizedgasgamorphousgoxidesgwithgembeddedgcarbongclusters,gasg
evidencedgbygthegresultsgofgourgRamangspectroscopyganalysisg[69].

ThegIRgspectrumgofgthegsamplegwithgtheghighestgfluencegisgplottedg
togethergwithgthegRamangspectrumgofgthegsamegsamplegingFig.gg9.gIng
thegregiongofghighgwavenumbers,gtheregisgalsogIRgactivitygthatgcouldgbeg
assignedgtogOH-oscillations.gTheghygroscopicitygofgthegsamplesgmaygbegag
potentialgexplanationgforgthegorigingofgthesegOH-oscillations.gOtherwise,g
thegIRgspectrumgofgthegirradiatedgsamplesgdoesgnotgpermitgfurthergiden-
tificationgofgchemicalgspecies.gYet,gthegappearancegofgoxycarbonatesghasg
beenginferredgfromgearliergGIXDgandgXPSgstudiesg[52],gforglanthanumg
MPgthingfilmsgthatgweregheatedgtog700K.gHowever,gRamangandgIRg
spectragofg thesegoxycarbonatesg[71]gcouldgnotgbeg identifiedg ingourg
films.gTherefore,giongirradiationgobviouslyginducesgagdifferentgformgofg
transformationgrathergthangpuregheatingg[29].

3.4.gX-raygphotoelectrongspectroscopyg(XPS)

IngthegXPSgoverviewgspectrag(notgshown)gofgthegMPgTmgthingfilmsg
thegexpectedgcharacteristicgTm,gO,gandgCgpeaksgasgwellgasgthegpeaksgofg
Tigaregvisible.gThegTigsignalgoriginatesgfromgthegTigbackinggduegtogtheg
mudcrackinggmorphologygasgillustratedgingFigs.gg1 and 3.gThegtilesgdog
notgcompletelygcovergthegsurfacegandgtherefore,gthegTigbackingg(togetherg
withgitsgoxideglayer)gisgexposedgtogtheganalyzinggX-raygbeam.

ThegelectricalgconductivitygofgthegMPgfilmsgisgrathergpoor,gwhichg
favorsgcharginggeffectsg[72,73]gduringg thegXPSgmeasurement.gAsg isg
typicalgforgair-exposedgsamples,gtheygaregcoveredgwithgso-calledg‘‘ad-
ventitiousgcarbon’’,gaglayergofgshort-chaingoxygen-containinggorganicg
carbongcompounds.gTogethergwithgcharginggeffects,g thisgmakesg theg
directginterpretationgofgthegC1sgspectragdifficultg[41,74].gFurther,gitg
isgimportantgtognotegthatgnumerousgauthorsgreportgcharge-correctedg
measuredgbindinggenergies.gOften,gthegdominantgC1sgpeakgisgattributedg
togadventitiousgcarbongandgplacedg ingag rangegofg284.5 to 285.5 eV.g
Thisgapproachgleadsgtoginconsistenciesgingthegenergygpositionsgamongg
differentgreportsgasgthegfinalgcharge-correctedgbindinggenergygisgnotgnec-
essarilygaccountinggforgthegnaturegofgdifferentgorganicgspeciesg[41,74].g
Thereforegingthisgexperimentalgseriesgwegtriedgtogavoidgrelyinggongtheg
absolute,gcharge-correctedgBEgvalues,gbutgrathergusedgpeakgdifferencesg
insteadgforgourginterpretationsg[42].

Despiteg thegproblemsgdescribedg ing thegpreviousgparagraphs,gweg
discussgingthegfollowinggthegchangegingC1sgspectragundergirradiation.g
ThegC1sgregiong(Fig.gg10)gforgthegirradiatedgsamplesgisglessgcomplexgthang
thatgofgthegfreshgMPgsamples.gThegnumbergofgcarbongspeciesgneededg
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Fig.g8.gRamangspectragofgagTmgsamplegseriesg(gTablegg2)girradiatedgwithg8.3 MeV
u

gAugionsgofgdifferentgfluences.gThegboxesgindicategthegpositiongofgbandsgassignedgtogformateg(a),g
graphiteg(DgandgGgband)g(b)gandgcarbonateg(c).gThegfluencegisggivengingunitsgofg ions

cm2 .

Fig.g9.g IRgandgRamangspectragofgMPgTmgthingfilmg(thicknessg500 �g
cm2 ,gsample:gTmgtarget-6)gaftergirradiationgwithg8.3 MeV

u
gAugionsgofgfluenceg1013 ions

cm2 .

togdevelopgagpeakgmodelgisgreducedgforgthegirradiatedgsamplesgandg
thegpeakgobservedgaboveg292geVgisgabsentgaftergirradiation.gTablegg5g
summarizesgthegassignedgchemicalgspecies.gCarbongspeciesgcontainingg
C–ClgandgC-Ngbondsgweregexcludedgfromgconsiderationgasgnogindicationsg
forgthegpresencegofgClgandgNgweregobtainedgingXPSgoverviewgspectra,g
norgwithgotherganalyticalgmethodsglikegRBSgorgERDA.gFluorinegwasg
observedgonlygforgthegirradiatedgfilmsg(samplesgTmgtarget-5gandgTmg
target-6)gandgisgassumedgtogbegduegtogsurfacegcontaminationgduringg
sampleghandlinggorgstoragegingangUHV-chamber.gWegascribegthegpeaksg
ingthegC1sgXPSgspectragtogthegfollowinggthreegcarbongspecies:g(i)gag
thinglayergofgadventitiousgcarbon-containinggmaterialgongthegconductiveg

Tig[74],g(ii)gthegsameglayergongthegMPgthingfilmgandg(iii)gthegconfirmedg
carbongspeciesgingthegMPgthingfilmgitself.

ThegC1gpeakgisginterpretedgtogrepresentgthegC–C/C–Hgcontributiongofg
thegadventitiousgcarbongongthegTigbackingg(Fig.gg10).gThisgisgsupportedgbyg
thegabsencegofgthegpeakgwhengnogTigisgdetectedgingoverviewsgandgTi2pg
detailgspectra.gThegBindinggEnergyg(BE)gcorrespondsgtogthegvaluegmea-
suredgongagblankgTigreferencegbackingg(notgshown)gwithoutgdepositedg
film.gThegsuperpositiongofgthegpeaksgingthegirradiatedgsamplesg(Fig.g
10bgandg10c)gillustratesgagmajorgproblemgofginterpretation.gThegmaing
peakgcangbegfittedgwithgvariablegproportionsgofgadventitiousgcarbong
contributions,gi.e.gbothgC1gandgC2gspeciesgingvariablegproportions.gThisg
discrepancygisglikelygduegtogthegchallenginggmorphologygofgthegsamples,g
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Fig.g10.gC1sgXPSgspectragofgMPgTmgsamplesgtogethergwithgfitsgofgindividualgcarbongspeciesgforgnon-irradiatedgsampleg(top)gandgtwogsamplesgirradiatedgwithg8.3 MeV
u

gAugionsgofg
differentgfluence.gThegsamplesgshowngaregTm-500g(a),gTmgtarget-5g(b)gandgTmgtarget-6g(b).

Tableg5
MeasuredgBindinggEnergyg(BE)gandgChemicalgShiftg(CS)gofgdifferentgcarbongspecies.g
g Peak BE

eV
CS
eV

Possiblegspecies g

g C1 285.7 C–C/C–Hgcontrib.gofgadvent.gcarbongongTigbackingg[74] g
g C2 286.3–287.0 C–C/C–Hgcontrib.gofgadvent.gcarbongongMPgTmgfilmg[74]g
g C3 287.9–288.8 1.5–1.8 C–O–C,gC–OH,gC*–O–C=Og[40] g
g C4 290.0–290.4 3.3–3.7 C–O–C*=OgHCOOg[40] g
g C5 292.8–292.9 5.9 O=C(–O–)2g[40] g

ingadditiongtogtheglimitationsgofgthegXPSgmethod,gsuchgasgchargingg
effects.

Givengthegintricategsurfacegmorphologygofgthegsamplesgandgthegion-
beam-inducedginconsistencygingthegXPSgspectra,gagquantificationgofgtheg
Tm-Cgratiogwasgdeemedgtogbegunreliablegandgunsound.gAdditionally,gtheg
issuegofgadventitiousgcarbong(gTablegg5)gongthegTigbackinggalonegwouldg
havegrenderedgfurthergcalculationsgevengmoregarbitrary.

However,gthegcleargchangegingthegC1sgspectraginducedgbygthegiongir-
radiationgcangbegreconciledgwithgthegresultsgofgRamangspectroscopygandg
iongbeamganalysis,gwhichgsuggestgthatgthegfreshlygdepositedgformates,g

(hydroxo)carbonates,ghydroxidesgchangegundergirradiationgtogagmoreg
oxidicgspeciesgwithgintercalatedgcarbongclusters.

Alsog ing thegO1sg regiongdistinctgdifferencesgbetweeng theg freshlyg
depositedgandgthegirradiatedgsamplesgaregobservedg(Fig.gg11a).gAgain,gag
BEgcomponentgatg532 eVgisgobservedgthatgcorrelatesgwithgthegpresenceg
ofgTigingthegspectra.gThisgisglikelygduegtogangoxidizedgTigsurfaceg(TiO2).g
ForgthegblankgTigreferencegsample,gangoxidizedg layergwasgobservedg
asgwell.gAnotherg assignmentgpossibilitygwouldgbeg ag thuliumgoxideg
componentg[75].gIngagfreelygaccessiblegdatabasegforgXPSgspectra,gTm2O3
isgcharacterizedgbygagdoublegpeak,gthegpeakgenergygisggivengasg532 eV.g
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Fig.g11.g(a)gO1sgandg(b)gTm4dgXPSgspectragofgMPgTmgsamplesgforgagnon-irradiatedg
sampleg(top)gandgtwogsamplesgirradiatedgwithg8.3 MeV

u
gAugionsgofgdifferentgfluence.gTheg

samplesgshowngaregTm-500g(black),gTmgtarget-5g(pink)gandgTmgtarget-6g(orange).

Ingprinciple,g thegO1sgpeaksgofgmetalgoxidesgaregcharacterizedgbygag
narrowgpeakgshape,gwhilegthegpeaksgofgcarbonatesgorgformatesgshouldg
begbroader.gThegshouldergatg529 eVgingthegnon-irradiatedgsamplesgcouldg
begexplainedgbygcarbonategorg formategbasedgong thegotherganalysisg
results,gbutgthisgisgnotgcertaingduegtogtheginconclusivegenergygcalibration.g
Furthermore,gmetalgcarbonatesgwouldgbegexpectedgatghigher,gnotglowerg
BEgthangmetalgoxidesg[53].gThus,gnogclear,gunambiguousgconclusiongcang
begdrawngfromgthegO1sgspectragalone.

IngthegTm4dgregiongdifferencesgaregobservedgbetweengnon-irradiatedg
andgirradiatedgsamplesg(Fig.gg11b).gWhilegthegfreshgsamplesgdisplaygag
doublegpeakgstructuregforgtheg4dgmaximum,gthisgisgnotgdistinctlygseeng
forg theg irradiatedgsamples.gThegdouble-peakgstructureg ing thegTm4dg
spectrumgofgthegnon-irradiatedgMPgsamplesgmaygbegduegtogagdifferentialg
chargegshiftgeffectgthatgisgnotgfullygcompensatedgbygthegfloodggun,gtheg
intrinsicgshapegofgthegdepositedgmaterial,gorgagsuperpositiongofgdifferentg
chemicalgspecies.

3.5.gX-raygdiffraction

Forgstructuralganalysisgofgourgthingfilms,gX-raygdiffractiongunderg
grazingg incidencegwasgperformedg(Fig.gg12).gNon-irradiatedgMPg thing
filmsgyieldgonlygthreegbroadgandgweakgreflections,gwhichgcangbegbestg
fittedgwithgthuliumgformateg[58,76,77].gBasedgongtheghalf-widthgofgtheg
reflexes,gthegsizegofgthegcrystallitesgingthegsamplegthatgcontributegtog
thegreflexgcangbegdeduced.gThegdiffractiongpatterngofgourgsamplesgisg
thusgindicativegofgthegamorphicitygofgthegphasesgandgisgconsistentgwithg
thegliteraturegforgdiffractiongexperimentsgonguntreatedglanthanumgMPg
filmsgongTigfoilsg[52].gThegroughnessgofgthegTigsubstrateg[78,79]gusedg
alsogmadegthegdiffractiongmeasurementsgmoregdifficultgandgcertainlyg
contributesgtogthegdominancegofgthegTigreflections.gThegcharacterizationg
ofgirradiatedgMPgfilmsgwasgunsuccessful.gThisgisgattributedgtogthegfurtherg
amorphization.gYet,gfuturegdiffractiongexperimentsgwithgevengsmallerg
anglesgofgincidencegtogethergwithgSynchrotrongX-raygDiffractiong(SXRD)g
couldgenablegagreliablegidentificationgofgthegdifferentgcrystallitesgingtheg
MPgthingfilms.

4.gSummary

4.1.gCharacterizationgofgfreshgfilmsgpreparedgbygmoleculargplating

MicroscopicgmethodsgconfirmgthatgofgthingTmgfilmsgproducedgbyg
moleculargplatinggongagTigbackinggaregfractured,gexhibitinggagmudcrack-
inggmorphologyg(Fig.gg1 right).gThegfilmsgaregcomposedgofgindividualg
tiles,gwhichgsignificantlygimpactsgthegapplicabilitygofgvariousganalysisg
methodsg(Fig.gg3).gThegmostgaccurategresultsgweregobtainedgusingghighg
spatialgresolutionganalyticalgmethodsgsuchgasgRamangandgRBS/PIXE,g
whichgallowedgusgtoganalyzegindividualgtiles.

OurgXPSgcharacterizationgshowedgthatgthegfreshgfilmsgdognotgcontaing
significantgamountsgofgN,galthoughgTmgwasgaddedgasgnitratesgingdilutedg
nitricgacidgingthegMPgprocess.gThisgresultgforgNgagreesgwellgwithgtheg
literaturegforgthegMPgprocessgfromgalcoholicgsolventsg[48,52].gStudiesg
ongthegMPgprocessgwithgaqueousgnitratesgfromgDMFg[80]galsogshowedg
nogsignificantgNgingthegXPSgspectra,gwhichgingthisgparticulargcase,galsog
excludesgthegintercalationgofgnitrogen-basedgsolventgdegradationgprod-
ucts.gThus,gnitrogengcompounds,gsuchgasgnitratesgandgtheirgdegradationg
products,gcangbegexcludedgasgagconstituentgcomponentgofgMPgthingfilms.

ThegC1sgXPSgspectragofgnon-irradiatedgMPgfilmsgshowedgagwholeg
rangegofgdifferentgcarbongspecies.gUnambiguousgchemicalgidentificationg
bygXPSgalonegisgnotgpossible,gbutgingaccordancegwithgliterature g[48,
52,80]gthegassignmentgofgthegdominantgcarbongcompoundsgingthegMPg
thingfilmgtogthegcarbonatesgandgagcarboxylicgacid-likegspeciesg(gTablegg5)g
isgapparent.gThegformationgofgcarbonatesgrightgaftergelectroplatinggcang
begexcluded,gbecausegthegphasegdiagramsgingthegliteratureg[81]gclearlyg
showgthatgatgroomgtemperaturegandgundergambientgconcentrationgofg
carbongdioxideg(aboutg600ppm)gingtheglaboratorygair,gthegformationg
ofg lanthanidegcarbonatesg isgnegligibleg[82,83].gTherefore,g itgcangbeg
concludedgthatgthegformationgofgcarbonatesgthroughgthegweatheringgofg
hydroxidesgandgoxidesgisgangunlikelygmechanism.gAgsimilargbehaviorg
isgtogbegexpectedgforgthegproductiongprocessgofgheavygactinidegtargets,g
butgliteraturegdatagaregscarce.gExperimentsgreportedging[31,48]gclearlyg
showedgthatgthegC1sgspeciesgaregformedgduringgthegMPgprocessgandg
notgbygdryinggthegthingfilmsginglaboratorygair.gIngaddition,gseveralgXPSg
studiesg[48,65,80]ghavegdemonstratedgthatgthegcarbongspeciesgingMPg
thingfilmsgisgnotgagsurfacegphenomenon,gbutgisgintrinsicgtogthegentireg
thingfilm.

ThegXPSgoxygengspectragdidgnotgpermitgagcleargidentificationgofgtheg
chemicalgspeciesgofgthegMPgthingfilmsgandgcouldgnotgbegreconciledgwithg
thegassignmentsgofgthegCgpeaks.gThisgisgbecausegdifferentgbindinggener-
giesgwouldgbegexpectedgforgcarbonatesgorgcarboxylicgacid-likegspecies,g
butgfromgourgXPSganalysis,gwhichgisgafflictedgbygdifferentialgcharging,gag
reliablegdeterminationgofgbindinggenergiesgisgnotgpossible.gPublicationsg
ongXPSgstudiesgofgMPgthingfilmsgoftengneglectgdiscussiongofgthegoxygeng
spectra.gHowever,gingonegXPSgstudyg[80]gongsamariumgMPgfilms,gtheg
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Fig.g12.gGIXDgdiffractogramgofgnon-irradiatedgMPgTmgsampleg(sample:gTm-500),gthegredgboxesgshowgthegreflectionsgthatgcangbegassignedgtogthuliumgformate,gwhilegthegsharpg
reflectionsgoriginategfromgthegTigbacking.

O1sgspectragweregdiscussed,gandgthegobservedgO1sgbindinggenergygcouldg
begattributedgtogcarbonatesgbasedgongthegobservedgC1sgspectra.

Ourg iongbeamg analysisg experimentsg alsog showedg thatgCg andgOg
aregthegdominantgspeciesgingfreshgMPgthingfilms.gIngbothgthegERDAg
(Fig.gg5)gandgRBSg(Fig.gg4cgandg4d)gdepthgprofiles,gOgandgCgdominateg
overgthegintendedglanthanidesgingatomicgpercent.gAgain,gagconclusiveg
quantificationgofgthegMPgfilmgconstituentsgwasgnotgpossible,gi.e.,gnogsumg
formulagofgthegMPgthingfilmsgcouldgbegdetermined.

FromgGIXDgmeasurements,gweg concludeg thatg thegMPg filmsg areg
amorphousgandgthatgTmgexistsgingthegformategphaseg(Fig.gg12).gDueg
togthegamorphousgstructureg[52]gofgthegMPgthingfilms,gasgwellgasgtheg
roughnessgofgthegTigbackings,gthegresultsgaregnotgverygclear.gMoreover,g
thegchallenginggmorphologygmakesgitgdifficultgtoginterpretgthegGIXDg
data.gBygmeansgofgvibrationalgspectroscopy,gcarbonatesgandgformatesg
weregidentifiedgasgcomponentsgofgthegfreshgfilmsg(Fig.gg7).

4.2.gChemicalgchangesginducedgbygheavy-iongirradiation

ThegirradiationgofgTmgMPgthingfilmsgwithg8.3 MeV
u gAugionsginducesg

drasticgchangesgingmorphologyg(Fig.gg2).gWithgincreasinggfluence,gtheg
cracksgdisappeargandgTmgbecomesgmoregandgmoreghomogeneouslyg
distributedgacrossgthegentiregsurface.gThisgeffectghasgalsogbeengreportedg
forgMPgplatedgGdgfilmsg[29].gUpongfurthergirradiationgwithgClgionsgofg
1.2 MeV

u ,g(characterizedgbygaglowergenergyglossgthangtheg8.3 MeV
u gAug

ions),gfilmsgpre-irradiatedgwithgAugionsgexhibitgfewergmorphologicalg
changesgthangnon-irradiatedgfilmsg(Fig.gg2).

AnalysisgbygRBSgrevealedgthatgthegiongirradiationgdrasticallygreducesg
thegCgcontentgofgthegMPgthingfilmsg(Fig.gg4).gThegRBSgspectragofgtheg
irradiatedg filmsgaregdominatedgbygOgandgTm.gOverall,g theg relativeg
proportiongofgthegtargetgelementgisglargergaftergirradiation,gprobablyg
becausegaglargegfractiongofgvolatilegby-productsgfromgthegMPgprocessg
outgassed.gThisglossgofgunwantedgmaterialgthroughgthegfirstgirradiationg
couldgbegangexplanationgforgthegbeneficialgeffectgofgthegconditioningg
processg[20,21].gOurgERDAginvestigationgshowedgthatgtheglossgofgOgandg
Cgincreasesgwithgfluenceg(Fig.gg5).

ThegXPSgmeasurementsgofgthegirradiatedgMPgfilmsgunderlinegbeam-
effectsgongthegCgcomponentg(Fig.gg10).gNogcleargchemicalgspeciesgcangbeg
assigned.gHowever,gwithingthegC1sgpeak,gtheglossgofgcarbongspeciesgwithg
highergbindinggenergies,ge.g.gcarbonatesgandgformates,gisgobvious.gTheg
carbongspeciesg(gTablegg5)gwithgtheghighestgrelativegbindinggenergyg(C5,g
carbonate-like)gdisappearsgcompletelygthroughgirradiation.gIngcontrast,g
angaliphaticgcarbongspeciesg(C2)gisgthegdominantgcomponentgofgtheg
MPg thing filmsg followingg irradiation.gWegweregnotg ableg tog identifyg
bygXPSgcompoundsgwithghighergbindinggenergiesgasgseengbygRamang
spectroscopy.gOurgXPSgdatagclearlygdemonstrateg theg lossgofgcarbong
speciesgandgthegdisappearancegofgcarbonates.

IRgandgRamangspectroscopyg(Fig.gg9)gprovidegevidencegforgnewlyg
formedgchemicalgspecies.gTwogcharacteristicgRamangbandsgaregvisibleg

overgagveryghighgbackground,gwhichgfitgangassignmentgtogCgnanoparti-
clesg[67,69].gIngthegIRgspectraghydroxidegbandsgweregidentified.gBasedg
ongthegoverallgspectroscopicgfindings,gthegirradiatedgMPgthingfilmsgcang
begbestgdescribedgasgamorphousgoxidegwithgembeddedgCgnanoparticles.

5.gConclusion

ThegestablishedgmodelsgforgthegMPgprocessgassumedgthegformationgofg
hydroxylgionsgduringgdepositiongaccordinggtogHansen’sgtheoryg[84–87].g
Duegtogthegnon-reductiongofgtheglanthanidegorgactinidegcationsg[48,52,
65,80],gbasicgprecipitationgisgassumedgtogoccurgbygagcombinationgofg
electrophoresisgandgelectroplatingg[43].gThegobservedgCgcontentgwasg
explainedgbygintercalatedgsolventsgandgproductsgofgsolventgdecompo-
sition.gTheganalyticalgmethodsgusedg ing thisg studygcouldgnotgdetectg
anygdecompositiongproductsg fromg theg solventsgused.gThegorigingofg
observedgCgcontentgisgnotgclear,gbutgorganicgsolventsgcangdissolvegmuchg
moregcarbongdioxidegthan,ge.g.,gwatergcan.gAtgroomgtemperaturegandg
normalgpressure,gthegsolubilitygofgcarbongdioxidegingwatergisg0.033 mol

L ,g
0.15 mol

L to 0.17 mol
L gforgshort-chaingalcoholsgandg0.18 mol

L gforgDMFg[88].g
Therefore,g itgcangbegassumedg thatgmoistgandgnon-degassedgorganicg
solventsgcontaingenoughgcarbongdioxidegtogexplaingthegformationgofgtheg
carbonatesgthatgwegobserved.gAnothergsourcegforgtheginputgofgcarbong
dioxidegandgthusgcarbonatesgcouldgalsogbegthegusedgacidsg[89,90].gIfgweg
lookgatgthegPourbaixgdiagramg[91,92]gofgcarbongdioxide,gwegseegthatg
formategcangbegformedgfromgcarbonatesgundergthegparametersgdescribedg
forgthegMPgprocess,gi.e.,gstandardgroomgtemperaturegandgpartialgpressureg
forgcarbongdioxidegingambientgair.gDuegtogthegreductivegbasicgconditionsg
atgthegcathode,gthegcarbonatesgaregpartiallygreducedgtogformates.gItgisg
preciselygundergthesegconditionsgthatgthegoxidationgofgsolvents,gsuchgasg
isopropanolgandgisobutanol,gtogcarboxylicgacid-likegspeciesgseemsgveryg
unlikelygtogoccurgasgangexplanatorygmodelgforgthegobservedgC1sgXPSg
(Fig.gg10)gandgRamangspectrag(Fig.gg7).gHowever,gshouldgthegsolventsg
usedgbegoxidizedganodicallygandgreachgthegcathodegbygdiffusion,gwegorg
comparablegstudiesg[48,52,65,80]gshouldghavegbeengablegtogdetectgtheseg
decompositiongproducts.gNeithergstudiesgingDMFg[80]gfoundgnitrogeng
signalsgingthegthingfilm,gnorgdidgwegfindgthegtypicalgrotationalgspectragofg
short-chaingalcohols.gAsgwithgthegcarbonates,gnogconclusivegmechanismg
isgdescribedgingthegliteraturegforgthegformationgofgthuliumgformatesgbyg
weatheringgofghydroxidesgandgoxidesgthatgmayghavegformedginghumidg
laboratorygair.gFormategformationgduringgthegmoleculargplatinggprocessg
isgthegmostgobviousgexplanation,gwhilegagformationgaftergplatinggseemsg
togbegunlikely.gThegresultinggthingfilmsgcangthereforegbegdescribedgasgag
mixturegofgarmorphousgbasicgcarbonatesgandgformates.

Thegchemicalgconversiongofgourgsamplesgdiffersgsignificantlygfromg
theg heat-inducedg conversiong ofgMPg thing filmsg describedg ing litera-
tureg [46,52].g Theg oxycarbonateg agglomeratesg reportedg areg knowng
thermalgdegradationgproductsgofgcarbonatesg[81]gandgformatesg[59].g
Thermogravimetricginvestigationsgofgrelatedgcarboxylicgacid-lanthanideg
compoundsgalsogindicategoxycarbonatesgasgthegfinalgproductgbeforegtheg
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heat-inducedgtransformationgintogthegsesquioxidesg[71,93].gThegchemi-
calgtransformationsgwegidentifiedgaftergthegirradiationgwithgheavygionsg
cannotgbegexplainedgbygagpurelygthermalgprocessg[29,94],gsincegnonegofg
thegknowngdecompositiongproductsgweregdetected.gRadiation-inducedg
amorphousnessgcouldgalsogbegagreasongforgtheglackgofgspectroscopicg
evidence.gTheg responsegofg thegoxidesgofg theg lanthanidesg [95]g andg
actinidesg[96]gtogirradiationgwithgswiftgheavygionsghasgbeengextensivelyg
investigatedgforgpuregcrystallinegsamples.gIongirradiationginducesgdefectg
formationgingthegcrystalgandgaglossgofgO.gItgwouldgthereforegbeglogicalgtog
attributegthegchemicalgtransformationgofgourgMPgfilmsgtogagcomparableg
mechanismg[97].gThisgalsogincludesgtheglossgofglightgvolatilegelements,g
likegCgandgO,gsog thatg theg lanthanidegoxidegwithgembeddedgcarbong
clustersgremaing[69].gThegrelativelygstronggRaman-signalgofgthegcarbong
clustersgdoesgnotgyieldganyginformationgregardinggtheirgquantitativeg
contributiongtogthegMPgthingfilmgfollowinggirradiation.gBasedgongtheg
iongbeamganalyses,gitgcangbeginferredgthatgirradiatedgthingfilmsgexhibitg
agsignificantlyghighergOgthangCgcontent.gDespitegextensivegresearch,gweg
weregunablegtogidentifygagsatisfactorygexplanationgforgthegobservationg
thatgthingfilmsgpreviouslygirradiatedgwithgAugionsgexhibitgagreducedg
degreeg ofgmorphologicalg changegwheng irradiatedgwithg Clg ions,g ing
comparisongtogthosegthatghavegnotgbeengirradiated.

Futuregstudiesgwouldgbenefitgfromgcomplementarygmicroscopicgtech-
niquesgthatgoffergsufficientgspatialgresolutiongenablinggeffectiveganalysisg
despitegthegchallenginggmorphologygofgthegMPgthingfilms.gAsgthegproduc-
tiongofgsuperheavygelementsgreliesgongactinide,gandgnotgonglanthanideg
targets,gthegpresentedgstudiesgwillgideallygalsogbegperformedgwithgac-
tinidegtargets.gSuchgstudies,gthough,grequiregaccessgtogmodernganalyticalg
methodsgingappropriateglicensedgnuclearganalyticalglaboratories.gTheseg
studiesgwillgideallygbegcomplementedgwithgirradiationsgapplyingghigherg
fluences.
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Chapter5
Publication IV: Preparation of
lanthanide thin films for ion beam
experiments and post irradiation
characterization

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 1075 in 2025. It describes the application of a new electrochemical
deposition method via triflate salts for ion beam experiments and their chemical
characterization after ion beam irradiation.

5.1 Own contributions

The thin films were self prepared. The ion beam experiments were planned. The
post irradiation analysis at other institutes were organized and the data were
evaluated. At last, the paper was written completely self-directed.

5.2 Publication
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g

ContentsglistsgavailablegatgScienceDirect

NucleargInst.gandgMethodsgingPhysicsgResearch,gA

journalghomepage:gwww.elsevier.com/locate/nima g

FullgLengthgArticle

Preparationgofglanthanidegthingfilmsgforgiongbeamgexperimentsgandgpostg
irradiationgcharacterization
E.gArtes a,b,c ,<,gD.gAckermann d ,gCh.E.gDüllmann a,b,c,gT.gHäger e,gB.gKindler c ,gT.gLefrou d,g
B.gLommel c ,gA.T.gLoriagBasto a,b,gC.-C.gMeyer a,b ,gC.gMokry a,b,gF.gMunnik f ,gJ.gPiot d,g
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Keywords:
Triflate
Electrochemicalgdeposition
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Vibrationalgspectroscopy
Iongbeamganalysis

g AgBgSgTgRgAgCgT

Thegheaviestgelementsgingthegperiodicgtableghavegaglowgproductiongyield.gIngordergtogincreasegthegproductiong
yieldgofgthegsuperheavygelements,gthickergtargetsgaregrequiredgthangthegpresentgmoleculargplatinggtechniqueg
cangoffer.gTherefore,glanthanidegthingfilms,gasglighterghomologuesgtogthegactinides,gweregpreparedgbygagnewg
electrodepositiongmethod.gThegtrifluoromethanesulfonatesg(triflates)gofgtheglanthanidegsaltsgweregdissolvedging
Dimethylformamideg(DMF)gandgthengelectrochemicallygdepositedgontogsubstratesgofgdifferentggeometries.gTheseg
thingfilmsgweregirradiatedgwithgdifferentgswiftgheavygiongbeamsgwithgenergiesgofgoverg200gMeV.gThingfilmsg
wereganalyzedgspectroscopicallygbygRamangandgIRgmeasurementsgbeforegandgaftergirradiation,gtoginvestigateg
chemicalgchangesginducedgbygirradiation.

1.gIntroduction

Thegheaviestgelementsgingthegperiodicgtable,gsuperheavygelementsg
(SHE),garegproducedgbygnucleargfusiongreactionsginducedgbygintenseg
heavy-iongbeamsgwithgenergiesgaroundgthegCoulombgbarrierg[1,2].gIng
thisgprocess,gagtarget,goftengagthingfilmgofgangactinide,gisgirradiatedgwithg
48Cag[1].gThegSHEgproductiongrategdependsgongthegcrossgsectiongofgtheg
nucleargreactiongofgthegiongbeamgprojectilegandgthegtargetgatomgofgtheg
targetglayer.gAdditionally,gthegproductiongrategalsogdependsgongthegbeamg
intensitygandgthegtargetgthicknessgandgisgsmallgforgthegSHE.gTogincreaseg
thegproductiongrate,gthegintensitygofgthegiongbeamgorgtheglayergthicknessg
ofgthegtargetghasgtogbegincreased.gThegcrossgsectiongfunctionglimitsgtheg
maximumglayergthicknessgtogroughlyg1500g �g

cm2 g[3].gLayergthicknessesg
aboveg1500g �g

cm2 gwouldgbarelygincreasegthegproductiongyieldgofgSHE.
Nowadays,g theg standardgmethodg forg thegproductiong ofg actinideg

filmsg isgmolecularg plating,gwhichg isg ang electrochemicalg depositiong
methodg [4–6].g However,g theg filmg thicknessg thatg cang beg reliably
achievedgwithgthisgmethodgisglimitedgtogaboutg1000g �g

cm2 gongthegthing
substratesg[4,7].

< Correspondinggauthorgat:gDepartmentgChemieg-gStandortgTRIGA,gJohannesgGutenberg-UniversitätgMainz,gFritz-Strassmann-Wegg2,g55128gMainz,gGermany.
E-mailgaddress:g erartes@uni-mainz.deg(E.gArtes).

Recently,ghowever,gagmethodgusinggsaltsgofgthegtrifluoromethanesul-
fonicgacidg(triflicgacid),gwhichgisgagsupergacid,gandgdimethylformamideg
(DMF)gingelectrochemicalgdepositiongwasgreported.gBygdissolvinggtheg
lanthanidegoxidesgingtriflicgacidgandgdissolvinggthegnewlygformedgtri-
fluoromethanesulfonateg(trilfate)gsaltgingangaproticgorganicgsolventglikeg
DMF,glayergthicknessesgofgupgtog2000g �g

cm2 gforglanthanidesgcouldgbeg
achieved.gTheg firstgexperimentsgwithg theseg lanthanideg targetsghaveg
alreadygbeengprovengtogbegstablegingag48Cagiongbeamgwithg6gMeV

u gandg
angaccumulatedgfluencegofg3.9 ù 1014g ionscm2 g[8].

Thegaimgofgthisgworkgisgtogunderstandghowgthesegthingfilmsgchangeg
chemicallygingthegiongbeam,gbygcharacterizationgviaginfraredg(IR)gandg
Ramangspectroscopygbothgbeforegandgaftergirradiation.gAdditionally,g
Rutherfordgbackscatteringg(RBS)gcombinedgwithgproton-inducedgX-rayg
emissiongspectroscopyg(PIXE)gwasgusedgtoganalyzegthegelementalgcom-
positiongofgthegthinglayers.

https://doi.org/10.1016/j.nima.2025.170403
Receivedg12gDecemberg2024;gReceivedgingrevisedgformg3gMarchg2025;gAcceptedg3gMarchg2025
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2.gExperimentalgmethods

2.1.gTargetgproduction

Commerciallyg availableg trifluoromethanesulfonateg (triflate)g and
self-producedgtriflatesgofgterbiumgandgthuliumgweregusedgforgthegpro-
ductiongofgthingfilms.

Thegsaltsgweregdissolvedgingorganicgsolventsgandgthengdepositedg
potentiostaticallygongtitaniumgfoilsgwithgdifferentgthicknesses.

Multiplegtargetsgweregproducedgforgdifferentgexperiments,gincludingg
iongbeamgirradiationgconductedgatgthegGrandgAccélérateurgNationalg
d’IonsgLourdsg(GANIL),gFrance,gandgTransactinidegSeparatorgandgChem-
istrygApparatusg(TASCA)gatgGSIgHelmholtzzentrumgfürgSchwerionen-
forschung,gGermany,gasgwellgasg forg thegHelmholtzzentrumgDresdeng
Rossendorfg (HZDR),gGermany,gwhereg thegRutherfordgBackscatteringg
andgProtongInducedgX-raygEmissiong(RBS/PIXE)gmeasurementsgofgtheg
thingfilmsgweregcarriedgout.

2.1.1.gPreparationgofglanthanidegstockgsolution
Lanthanidegtriflatesgweregpreparedgasgdescribedging[8,9].g15-50gmg

lanthanidegoxidegweregheatedgwithgagsmallgstochiometricgexcessgofg
triflicgacidgandgwatergwasgthengevaporatedgtogdryness.gThisgway,gtheg
lanthanideg triflateg saltsg [Ln(H2O)9][CF3SO3]3g (Lng=gTb,gTm)gwereg
obtained.g
Ln2O3 + 6CF3SO3H + 15H2O ,,,,,,,,,,,,,,,,,ô 2 [Ln(H2O)9](CF3SO3)3 (Ln = Tb, Tm)

Ing parallel,g commercialg anhydrousg triflateg salts
Ln(TfO)3g(Lng=gTb,gTm),g[MerckgGmbH]gweregused.

ThegsaltsgweregdissolvedgingDMFgtogobtaingagstockgsolutiongwithg
varyinggconcentrationsgbetweeng500–1000 �g

mL .

2.1.2.gPreparationgofgterbiumgtargetsgforgGANIL
Angaliquotgofgthegstockgsolutiongwithgthegdesiredgamountgofgterbiumg

wasgdilutedgingDMF.gTheggoalgwasgtogproducegtargetsgwithgaglayerg
thicknessgofg1500–2000g �g

cm2 .gForgthegproductiongofgthegthingfilmsgtwog
differentgelectrochemicalgcellsgweregused.

Thegcylindricalgchimneygcellg(Fig.gg1a)gisgconstructedgfromgagtitaniumg
block,gwithgthegsubstrategconnectedgasgthegcathode.gThegcellgwall,gmadeg
ofgpolyethergethergketoneg (PEEK),g featuresgagcirculargopeninggwithg
agdiametergofg10gmm,gresultingg ingagdepositiongareagofg0.785gcm2.g
Angethylenegpropylenegdienegmonomerg(EPDM)ggasketgwasgused.gTheg
volumegofg theg cellgholdsg10gmL.gAgpalladiumg anodegwasgusedg ing
thesegexperiments.gWithgthegaimgofgquantitativelygdepositingg2000g �g

cm2 ,g
1570g�ggofgterbiumgweregused.

Thegpreparedgsolutiongwasgthengdepositedggalvanostaticallygatgag
constantgcurrentgandgcurrentgdensitygofğ 2.5gmA

cm2 gforg2gh.gTitaniumgfoilsg
withgthicknessesgofg2.1–2.3g�mgandg10g�mgweregusedgasgsubstratesgforg
thegdeposition.

2.1.3.gPreparationgofgthuliumgtargetsgforgTASCA
SincegthegtriflategmethodgusesgDMFgandgDMSOgasgsolvents,gwhichg

areglessgviscousgthangthegisobutanol/isopropanolgmixturegusedgingtheg
moleculargplatinggtechnique,gthegexistinggcellg[10]gusedgtogproducegtheg
TASCAgtargetsg[11]gwasgnotgleak-tight.gThegcellgwasgslightlygmodifiedg
forgthisgreason.gThegnewlygmodifiedgcellg(Fig.gg1bgandgc)gconsistsgofg
onegblockgofgPEEK,gonegwallgwithgag6gcm2gbanana-shapedgopeninggthatg
extendsgoutwardsgalonggthegedgegtogholdgaggasketgofgthegsamegshape,g
madegofgEPDM.gAtgthisgposition,gthegtargetgsubstrate,gwhichgwasggluedg
togthegTASCAgframegwithgagsilvergepoxygglue,gwasgmountedgtogthegwallg
andgfixedgwithgagstainlessgsteelgbackgplategwithgfivegscrews.gThisgbackg
plategalsogactedgasgangcathode.gTheganodegwasgplacedgacrossgthegtargetg
ingthegcellgwithgagcrocodilegclip.gAsgthegsurfacegareagofgthegcathodegisg
relativelyglarge,gagrectangularggraphiteganodegmeasuringg40 ù 30 mm
wasgusedgingthesegexperiments.gThisgconsistsgofgfewergpartsgthangtheg
standardgversiong[7],gthereforegitgisgresistantgtogleakage.

Theg‘‘TASCAgcell’’ghasgagvolumegofg35gmLgandgthegdepositiongareagisg
banana-shapedgwithgagdepositiongareagofg6gcm2gsogthatgfourgsegmentsg
formgonegtargetgwheelgwithgagdiametergofg10gcm.gThisgwheelgwasgrotatedg
ingTASCA,gtogdistributegthegenergygdepositiongofgiongbeamgongaghigherg
surfacegtogpreventgthegdestructiongofgtargetsg[7].

Withgthegaimgofgquantitativelygdepositingg2000g �g
cm2 gthicknessglayer,g

1200g�ggofg thuliumgweregused.gDueg tog thegdifferentgvolumesgandg
concentrations,gwhichgweregchosengduegtogthegdepositiongareagandgsizeg
ofgtheganodegcomparedgtogthegchimneygcell,gthegparametersghadgtogbeg
adjustedgforgthegbestgdepositiongresult.gThegadjustedgsolutiongwasgtheng
galvanostaticallygdepositedgatgagcurrentgdensitygofgapproximatelyg3gmA

cm2 ,g
forg5gh.gFromgthisgsolution,gseveralgdepositionsgweregmade,geachgongag
2.1g�mgthickgtitaniumgfoil.

2.1.4.gPreparationgofgthuliumgtargetsgforgmeasurementsgatgHZDR
Commercialgthuliumgtriflategwasgdepositedgong25g�mgthickgtitaniumg

foil.gThegchimneygsetupgwasgusedgwithgangopeninggdiametergofg6gmm,g
whichgresultsgingagdepositiongareagofg0.28gcm2.gAgglassygcarbonganodeg
withg1gmmgdiametergandg5g cmg lengthgwasgused.gWithg thegaimgofg
quantitativelygdepositingg2000g �g

cm2 ,g560g�ggofgthuliumgweregused.
UnlikegthegtargetsgforgGANILgandgTASCA,gthegsamplesgweregpre-

paredgingargongatmospheregusinggdrygsolvents.gThegO2gconcentrationg
ingthegboxgvariedgbetweeng1gandg3gppm,gthegH2Ogconcentrationging
thegatmospheregwasgbelowg1gppm.gCO2gconcentrationgcouldgnotgbeg
measured.

ThegsamplesgweregthenganalyzedgatgthegHZDRgusinggElasticgRecoilg
DetectiongAnalysisg(ERDA),gPIXEgandgRBS.

2.1.5.gTracergproductiongofgterbiumgandgthulium
Thegelectrochemicalgdepositiongyieldsgweregdeterminedgbygthegpro-

ductiongofgterbiumgandgthuliumgtracersgwithgneutrongcapturegreactions.g
Forgthisgpurposegterbiumgoxidegandgthuliumgoxidegweregirradiatedging
thegTRIGAgMainzgresearchgreactorgatgagneutrongfluxgofg7 ù 1011 n

cm2 s
forg1gh,gproducingg160Tbgandg170Tm.gThesegoxidesgweregtransformedg
togthegtriflategsaltsgandgdepositiongexperimentsgweregdone,gasgdescribedg
ing2.1.1 and 2.3.1,grespectively.

2.2.gTargetgirradiation

ThegmanufacturedgtargetsgweregirradiatedgatgGSIgusinggthegTASCAg
setupgwithgiongbeamgprovidedgbygthegUNIversalgLineargACceleratorg
(UNILAC)gandgatgGANIL’sgD1-SMEgbeamlinegusinggcyclotrongbeams.g
Differentgiongbeamsgandgenergiesgweregusedgingthegrespectivegfacilitiesg
(Tablegg1).

2.2.1.gIrradiationgexperimentsgatgGSIgTASCA
SelfgmadegthuliumgtriflategthingfilmsgforgTASCAgirradiationgwereg

preparedgong2.1g�mgtitaniumgfoilsgprovidedgbygthegGSIgtargetglaboratory.g
OnegthingfilmgwasgpreparedgwithgDMSO,gwhilegthegothersgweregpreparedg
withgDMF.gFourgtargetsgweregmountedgongagwheelg(Fig.gg2)gwithgagtotalg
targetgareagofg24gcm2.

ThisgwheelgwasgmountedgingTASCAgandgthegtargetsgweregirradiatedg
withg48Cagwithgangenergygofg4.8gMeV

u gandgagparticlegfluxgofg2.7ù1012gppsg
forg40gmin.gThegbeamgisgcollimatedgtog9gmmgdiametergjustgingfrontgofg
thegtargets.gThegtypicalgfluxgdistributiongisgGaussiangwithgagFWHMgofg
8gmm.gThegiongbeamgpassedgthroughgthegtitaniumgfoilgbeforeghittinggtheg
thuliumgthingfilms,gtogkeepgthegsameglayergsequencegasgingthegproductiong
ofgsuperheavygelements.gDuringgirradiation,gthegtargetsgweregconstantlyg
rotatedgatg37.5gHzg[11]gforgevengdistributiongofgthegiongbeamgongallgtheg
targets.gThisgresultedgingagfluencegofg2.7 ù 1014g ionscm2 gforgallgtargets.

2.2.2.gIrradiationgexperimentsgatgGANIL
Self-madegterbiumgtriflategwasgusedgtogproducegthingfilmsgong2.1g�m

thickgtitaniumgfoils,gwhichgweregprovidedgbygthegGSIgtargetglaboratory.g
Thegthingfilmsgweregproducedgingcirculargshapegasgpreviouslygdescribedg
andggluedgafterwardsgongframes,gprovidedgbygGANILg(Fig.gg3).gThegwheelg
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Fig.g1.gThegcellsgusedgforgthegpreparationgofgtargets.g(a)gThegchimneygcellgusedgtogpreparegtargetsgforgGANILgandgHZDR.gItgisgalsogmadegoutgofgPEEK.gNextgtogitgaregthegtitaniumg
basegandgagfixinggnutgmadegoutgofgpolypropylene.g(b)gThegdismantledgcellgforgTASCAgtargets.gThegcellgusedgtogpreparegtargetsgforgTASCAgisgmadegoutgofgPEEK.gThegsealinggmatgisg
madegoutgofgEPDMgandgthegbackgisgmadegoutgofgstainlessgsteel.g(c)gThegTASCAgcellgwithgthegusedggraphiteganode.

Tableg1
Overviewgofgthegdifferentgtargetgirradiations.gThreegsimilargtargetsgweregirradiatedgatgGANILgwithgang70Zngiongbeamgwithgang
projectilegenergygofg9.3gMeV

u
.gEachgtargetgreceivedgagdifferentgfluence.gFourgsimilargtargetsgweregirradiatedgatgTASCAgatgGSIg

withgang48Cagiongbeam.gThegbeamghadgangenergygofg4.9gMeV
u

gandgallgtargetsgreceivedgthegsamegfluence.gAtgHZDRgthreegtargetsg
weregirradiatedgwithgag35Clgbeam.gThegenergygwasg1.2gMeV

u
.gThegaimgwasgERDAgmeasurementsgwithgthegClgbeamgsognogeffortg

wasgmadegtogkeepgthegfluencegidentical.
g Facility Element Targetgnames Targetgform Beam Projectilegenergy

[ MeV
u

]
Fluence
[1013 ions

cm2 ]
g

gGANIL Terbium GANIL-Tb-1
GANIL-Tb-2
GANIL-Tb-3

Circular
10gmm

70Zn 9.3 1.0(1)
9.5(9)
100(10)

g

gGSI Thulium GSI-Tm-1
GSI-Tm-2
GSI-Tm-3
GSI-Tm-4

Banana
shaped

48Ca 4.9 27(2) g

gHZDR Thulium HZDR-1
HZDR-2

Circular
6gmm

35Cl 1.2 4.7(5)
3.7(4)

g

g – Terbium Controlg1 Circular
6gmm

– – – g
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Fig.g2.gThegTASCAgsetupgisgmadegoutgofgfourgtargetsgarrangedgongagwheelgwithgagdiametergofg10gcmg[11].gEachgsegmentghasgangareagofg6gcm2.gThegwheelgshowngwasgmountedging
TASCAgandgirradiatedgwithgang48Cagiongbeam.

consistsgofgthreegaluminumgsegments.gEachgsegmentgsupportsgupgtogfourg
targetsg[12].gAtgGANILgthegtargetsgweregirradiatedgwithgag70Zngiongbeamg
angenergygofg9.3gMeV

u gandgagvaryinggparticlegfluxgofg0.5–1.5 ù 1010gpps.g
Thegiongbeamgpassedgthroughgthegtitaniumgfoilgbeforeghittinggthegter-
biumgthingfilms.gThegwheelgwasgnotgrotatedgduringgthegirradiationgandg
eachgtargetgwasgexposedgtogthegbeamgforgagdefinedgperiod.gAgmagneticg
sweepinggdevicegisgusedgtogassureguniformgirradiationgongagrectangularg
irradiationgfieldg(definedgbyg4gmovablegslits)gofgupgtog5 cm ù 5 cm.gTheg
diametergofgthegiongbeamgwasg6 ù 7.5gmm2gbeforegsweeping.gThegratiog
ofgthegsweepinggfrequenciesg(horizontalgfrequency:g˘400 Hz;gverticalg
frequency:ğ 40 Hz)gisgchosengso,gthatgnogregulargspatialgstructuresgsuchg
asgLissajousgfiguresgcangoccur.gThegprojectilegiongfluxgongthegtargetg
isgmonitoredgduringgthegirradiationgbygagsecondarygelectrongemissiong
detectorg(stackgofgthingfoils)gallowinggtogmeasuregthegsecondarygelectrong
currentg inducedgbyg thegprojectile.gPriorg tog theg targetg irradiation,gag
Faradaygcupgisginsertedgandgthegratiogofgthegsecondarygelectrongcurrentg
andgthegprojectilegcurrentgisgmeasured.gThisgproceduregallowsgagpreciseg
measurementgofgthegprojectilegiongfluxgandgthegaccumulatedgprojectileg
fluencegwithgangaccuracygofg˘5%g[13].gThegfluencesgdepositedgongtheg
individualgtargetsgvariedgbetweeng1ù1013gandg1ù1015gionscm2 .gThegfluenceg
ofgthegindividualgtargetgisgalsognotedgingTablegg1.

2.3.gTargetganalysis

Togdeterminegthegefficiencygofgthegdeposition,gtestsgwithgradioac-
tivegterbiumgweregcarriedgoutgbeforehand.gThisgwillgbegdescribedging
Sectiong2.3.1.

Thegfilmsgweregalsogexaminedgundergagscanninggelectrongmicroscopeg
togdeterminegthegmorphologicalgchanges.

Togchemicallygcharacterizegthegfilms,gIRgandgRamangspectragofgtheg
irradiatedgTASCAgandgGANILgfilms,gasgwellgasgthegnon-irradiatedgones;g
weregobtainedgatgthegInstitutegofgGeosciencesginstitutegofgthegJohannesg
GutenberggUniversitygingMainz.

2.3.1.gYields
Thegyieldgisgthegamountgofglanthanidegdepositedgongthegsurface,g

comparedgtogthegamountgingthegsolution.gAgyieldgofg100%gisgachieved,g
ifgnoglanthanidegremainsgingthegsolutiongaftergdeposition.

Togdeterminegthegdepositiongyield,g160Tbgandg170Tmgtracersgwereg
producedgbygneutrongactivationgatgthegTRIGAgMainzgresearchgreactorg
asgdescribedgingSectiong2.1.5.

AngAliquotgofgthegsupernatantgsolutiongwasgtakengingordergtogmakeg
angindirectgyieldgmeasurementgviaggammagspectroscopy.gThisgwasgdoneg
beforegandgaftergdeposition.gTheggammagactivitygofgthegsamplesgwasg
measuredgingangHPGegdetectorgfromgOrtecgandgtheggammagspectragwereg
evaluatedgwithgthegGenieg2000gsoftwaregfromgCanberra.gThegdifferenceg
ingthegactivitiesgofgthegsupernatantgsolutiongbeforegandgaftergdepositiong
wasgdeterminedgbyggivinggindirectginformationgongthegdepositiongyield,g
neglectinggpotentialg lossesg tog sorptiongong theg containergwalls.gTheg
experimentgwasgreplicatedgfivegtimesgtogassessgreproducibilitygandgfa-
cilitategerrorgestimation.gForgthegiongbeamgexperiments,ginactivegtargetsg
weregproducedgingthegsamegway.gYieldsgweregassumedgtogbegingthegsameg
ordergasgingthegtestsgwithgthegradioactivegisotopes.

2.3.2.gScanninggelectrongmicroscopyg(SEM)
Togevaluategthegqualitygofgthegfilms,gthegsamplesgweregexaminedg

bygscanninggelectrongmicroscopyg(PhilipsgXL30)gusinggangacceleratingg
voltagegofg20gkVgandgdetectorsgforgsecondaryg(SE)gandgbackgscatteredg
electronsg(BSE).

Picturesgofgthegthingfilmsgweregacquiredgaftergthegirradiation.gFreshg
thingfilmsgweregproducedgandgcomparedgtogthegirradiatedgones,gtogseeg
thegimpactgofgthegiongbeamsgongthegmorphology.

2.3.3.gInfraredgmicroscopyg(IR)
ThegtargetsgGANIL-Tb-2,gDMF-1gandgControl-1gwereganalyzedgbyg

infraredgmicroscopyg(NicoletgContinu�mgconnectedgtogagNicoletg6700,g
THERMOgSCIENTIFIC).gAgmercurygcadmiumgtellurideg(short:gMCT)gde-
tectorgwasgused.gThegincrementsgweregsetgtog0.1gnmgandgthegacquisitiong
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Fig.g3.gTargetgwheelgusedgforgirradiationgtestsgatgGANIL.gThegwheelgconsistsgofgthreegsegments.gEachgsegmentgsupportsgupgtogfourgtarget.gOnegpositiongwasgleftgintentionallygblankg
forgthegbeamganalysis.

timegforgeachgspectrumgwasgsetgtog5gmin.gInfraredgspectragfromg500 cm*1

to 4000 cm*1gweregcollectedgingreflectiongongaggoldgmirror.gIRgspectrag
weregrecordedgfromgthreegdifferentglocationsgfromgeachgthingfilmgtog
excludegartifactsgingthegfilm.gThegreflectiongofgIRgradiationgfromgtheg
samplegwasgmeasured.

2.3.4.gConfocalgRamangmicroscopy
Thegsamegtargets,gfromgSectiong2.3.3gweregalsoganalyzedgwithgag

confocalgRamangmicroscopeg (Horibag JobingYvong LabRAMgHRg800g
spectrometer).gThegmicroscopegwasgequippedgwithgagSi-basedgcharge-
coupledgdeviceg(CCD)gdetectorg(Peltier-cooled),gangintegratedgOlym-
pusgBX41gopticalgmicroscopegandgangautomatizedgx-ygstage.gAg50xg
long-distancegobjectiveg(numericalgapertureg0.55),gagfrequency-doubledg
Nd:YAGg lasergwithg532.21gnmgemissiongwavelength,gaggratinggwithg
1800ggroovesmm ,gandgagslitgwidthgofg100g�mgweregusedgtogacquiregthegdata.g
Thegspectralgresolutiongwasg0.6gcm*1.gRamangspectragofgthegdifferentg
thingfilmsgfromg200 cm*1 to 3200 cm*1gweregcollected.

2.3.5.gElasticgRecoilgDetectiongAnalysisg(ERDA)
ThegsamplesgHZDR-1,gHZDR-2gandgHZDR-3gwereganalyzedgwithg

ElasticgRecoilgDetectiongAnalysisg(ERDA)gusinggag43gMeV 35Cl7+giong
beam.gTheganglegbetweengthegsamplegnormalgandgthegincominggbeamg
wasg75˝,gthegscatteringganglegwasg30˝.gTheganalyzedgareagwasgaboutg
2 ù 2mm2.gThegrecoilgatomsgandgscatteredgionsgweregdetectedgwithgag
BragggIonizationgChamberg(shortgBIC),gwhichgenablesgenergygmeasure-
mentsgandgZgidentificationgofgthegparticles.gHgrecoilsgweregdetectedgwithg
agseparategsolid-stategdetectorgatgagscatteringganglegofg40˝.gIngfrontgofg
thisgdetectorgag25 �mgKaptongfoilgwasgmountedgtogstopgscatteredgionsgandg
heavygrecoilgions.gThegdepthgresolutiongofgthisgsystemgisglimitedgbygtheg
energyglossgstragglinggingthegfoil.gThegion-beamgdoseg(ingarbitrarygunits)g
wasgdeterminedgusinggaggoldgplatedgrotatingg(1gHz)gvanegandgagsolid-
stategdetector,gwhichgdetectedgClgbackscatteringgfromgAu.gIrradiationg
atgthegERDAgsetupgofgthegHZDRginflictedgangiongdosegpergareagofgupgtog

I =1.6(2)ù 1014 ions
cm2 gtogthegthingfilms.gThegaimgwasgERDAgmeasurementsg

withgthegClgbeamgsognogeffortgwasgmadegtogkeepgthegfluencegforgallg
targetsgidentical.gThisginducedgchangesgingthegsamplegsurfacegvisiblegtog
thegnakedgeye.gThegchangesgingthegthingfilmsgofgthegERDAgmeasurementsg
couldgbegcharacterizedgusingg�Beam,gsogirradiatedgandgnon-irradiatedg
surfacesgcouldgbegcompared.

2.3.6.g�Beam
ThegsamegsamplesganalyzedgbygERDAgweregalsogexaminedgusingg

RutherfordgBackscatteringgSpectrometryg (RBS)g ing combinationgwithg
ParticlegInducedgX-raygEmissiong(PIXE),gemployinggag3gMeVgH+gbeam.g
Thegiongbeamgwasgfocusedgtogagspotgsizegofg(7gùg5)g�m2.gBackscatteredg
protonsgweregdetectedgatgagscatteringganglegofg174˝gusinggagsilicong
stripgdetector,gwhilegagKetekgsilicongdriftgdetectorgwithgang80g�m2

collimationgwasgusedgtogdetectgX-raysgemittedgfromgthegsample.gThisg
detectorgwasgpositionedgoutsidegthegsamplegchamber,gseparatedgbygag
1g�mgsilicon-nitridegwindow,gag6gmmgairglayer,gandgag25g�mgBegwindow.g
Additionally,gag65g�mgaluminumgabsorbergwasgemployedgtogminimizeg
Ti-KgX-raygcontributionsgandgblockgbackscatteredgH+gionsgfromgenteringg
thegdetector.gRBSgprovidedgdepthgprofilesgforgmajorgelements,gexcludingg
hydrogen,gwhichgRBSgcannotgdetect.gForgC,gN,gandgO,gevaluatedgcross-
sectionsg fromgSigmaCalcgweregappliedg[14].gForg titanium,gaccurateg
datag forg thegenergyg rangegandg scatteringganglegofg thisg studygwereg
unavailable,gsogagmeasurementgongthegTigbackinggfoilgwasgusedgtogobtaing
non-Rutherfordgcross-sectionsgthroughgthegprogramgndfg[15].

AFMgmeasurementsgongthegblankgtitaniumgfoilgrevealedgsignificantg
roughnessgwithgvaluegofgrmsg=g39(8)gnm.gConsequently,gthegdeterminedg
cross-sectiongmaygnotgbeguniversallygapplicable.gThegtitaniumgfoilsgusedg
forgtheginvestigationsgatgthegHZDRgcorrespondgtogthegtechnicalgstandardg
ingtargetgproduction,gwhichgincludesgtheirgknowngsurfacegroughness.

Forg theg thuliumg thing films,g initialg largeg scans,gwithg ag sizeg of
(260gùg260)g �m2g org (260gùg205)g �m2,gweregperformed,g followedg
bygpointgmeasurementsgwithg theg sizegofg thegbeamg spotgmentionedg
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Tableg2
Thegdesiredgdepositiongmass,gyieldsgandglayergthicknessesgofgthegdescribedgtargets.
g Targetgnames Desired

layergthickness
[�g/cm*1]

Yield Realglayer
thickness
[�g/cm*1]

g

gGANIL-Tb-1
GANIL-Tb-2
GANIL-Tb-3

2000 78(5)%
81(5)%
82(5)%

1560(100)
1620(100)
1640(100)

g

gGSI-Tm-1
GSI-Tm-2
GSI-Tm-3
GSI-Tm-4

2000 23(2)%
26(2)%
23(2)%
25(2)%

460(40)
520(40)
460(40)
500(40)

g

gHZDR-1
HZDR-2

2000 – – g

g Control-1 2000 – – g

aboveg ingaghomogeneouslygcomposedg region.gTheg�Beamganalyticsg
weregperformedgongthegirradiatedgsamplesgwithgthegERDAgprocedure.g
Theganalysisgareagbetweengthegirradiatedgandgnon-irradiatedgregionsgofg
thegsamplegsurfacegwasgexamined,gallowinggbothgareasgtogbeganalyzedg
withingagsinglegimagegtogstudygthegeffectsgofgiongradiationgongthegthing
films.

3.gResults

3.1.gYields

Thegyieldsgweregdeterminedgusinggtracergactivationgofgterbiumgandg
subsequentggammagmeasurementgofgthegsupernatantgsolutionsgbeforeg
andgaftergdeposition.

Theg aimg wasg tog produceg thing filmsg withg ang arealg weightg of
1500–2000 �g

cm2 .
ThegthingfilmsgofgthegTASCAgtargetsgweregproducedgwithginactiveg

thulium.gFig.gg2gdoesgnotgallowgtoginfergdetailsgofgtheglayerguniformity.g
Theregaregagfewgsmallergareasgvisible,gwheregtheglayergisgthinnerg(org
evengabsent)gcomparedgtogthegaverage,gbutgoverall,guniformitygisgsimilarg
togthatgobtainedgingthegclassicalgMPgmethod.gAftergthegdeposition,gtheg
supernatantgsolutiongwasgactivated,gandgaftergquantification,g itgwasg
foundgthat,gthatgthegresidualgconcentrationgofgthuliumgingthisgsolutiong
correspondsgtogagthinglayergofgagthicknessgofgapproximatelyg500 �g

cm2 .g
FurthergexperimentsgwithgthegTASCAgcellgshowedgthatgthingfilmsgwithg
1600 ± 100 �g

cm2 gcouldgalsogbegproducedgwithgadjustmentsgtoghigherg
currentgdensitiesgofg3g mA

cm2 gforg3ghgingthegdepositiongprocess,gwhichg
correspondsgtogagyieldgofg(80 ± 5)%.

Forgthegcirculargtargets,gthegparametersgweregoptimizedgbygadjustingg
thegcurrentgdensitygtog2.5gmA

cm2 gforg2ghgandgagconstantgyieldgofg(80 ± 5)%
wasgalsogachieved.gThesegsettingsgweregusedgtogproduceginactivegtargetsg
forgGANIL.gThegyieldsgforgallgtargetsgareglistedgingTablegg2.gThegyieldsg
weregnotgdeterminedgforgHZDR-1,gHZDR-2gandgControl-1.

3.2.gIrradiationgresults

Allgtargetsgweregablegtogmechanicallygwithstandgthegconditionsging
thegiongbeams.gThegtargetsgirradiatedgatgTASCAgweregradioactivegafter-
wards,gtheirgfinalganalyticsgweregperformedgingnon-radiationglicensedg
laboratoriesgaftergagwaitinggtimegofgonegyear,gatgwhichgtimegthegactivityg
hadgdecayedgsufficiently.

WhilegthegtargetsgthatgweregirradiatedgatgTASCAghadgcompletelyg
decayedgatgthegtimegofgtheganalyticalgmeasurements,gsomegtargetsgthatg
weregirradiatedgingGANILgweregstillgactive.gTheghighestgfluencegthatg
onegtargetgexperiencedgatgGANILgwasg1 ù 1015g ionscm2 .gThisgtargetgstillghadg
residualgactivitygaftergirradiation,gwhichgisgwhygnogRamangandgIRgdatag
couldgbegcollectedgfromgthisgtarget.gInstead,gtargetsgwithgagfluencegofg
1 ù 1014g ionscm2 gweregcharacterized.gTablegg3gisgangoverview,gwhichgshowsg
theganalyticalgmethodsgusedgforgthegtargetsgdescribedgingthisgwork.

Tableg3
Overviewgofgthegappliedganalyticsgongthegspecificgtarget.
g Targetgnames Lanthanide Analyticalg

method
g

gGANIL-Tb-2 terbiumg IR,gRaman g
gGSI-Tm-1 thuliumg IR,gRaman g
gHZDR-1 thuliumg �beam g
g Controlg1 terbium IR,gRaman g

Tableg4
IongbeamgdosesgofgdifferentgirradiationsgingGray.g35ClgwasgusedgatgERDAgmeasurementsg
atgHZDR,g48CagwasgusedgatgTASCAgandg70ZngatgGANILgforgirradiationgtests.gdE/dxgelec.g
standgforgthegenergyglossgduegtogelectricginteractions.
g Isotope 35Cl 48Ca 70Zn g
g Energygperg
nucleon
[MeV/u]

1.2 4.90 9.28 g

g dE/dxgelec.
[keV/nm]

7.8 8.9 12 g

g Fluence
[1014gions/cm2]

2.0(2) 2.7(3) 1.0(1) g

g Energygdose
[Gy]

2.9(3) ù 108 4.5(5) ù 108 2.5(3) ù 108 g

3.2.1.gNormalizationgofgirradiationgeffectsgofgthegdifferentgusedgbeams
Differentgprojectilesgandgenergiesgweregusedgtogirradiategthegtargets.g

Togbegablegtogcomparegthegirradiatedgtargetsgtogeachgothergitgisgnecessaryg
tognormalizegthegirradiationgeffectgofgthegdifferentgionsgbeams.gThisg
cangbegdonegbygcalculatinggthegenergygdosegdepositiongfromgthegiong
beamsgongthegtargets.gThegcalculationsgweregbasedgongthegstoppingg
powergofgthegionsgthroughgthegthingfilmsgsimulatedgbygSRIMg(versiong
SRIM-2008.04).gNecessarygforgthegcalculationgisgangassumptiongofgtheg
densitygandgchemicalgcompositiongofgthegtargetgmaterial,gthegenergyg
ofgthegprojectilegandgfluencegofgthegiongbeam.gItgwasgassumed,gthatg
thegtargetgmaterialghadgthegdensitygandgchemicalgcompositiongofgtheg
oxidesgTm2O3gandgTb4O7,gsincegthegiongbeamghasgtheghighestgenergyg
depositiongingthegoxidesgandgthegactualgcompositiongandgdensitygareg
notgwellgknown.gFurthermore,gthegenergyglossgofgthegiongbeamgdueg
tog thegpenetrationg ofg theg titaniumg foilgwasg takeng intog accountg ing
thegcalculationgforgthegGSI-Tm-4gandgGANIL-Tb-2gtargetsgpriorgtogtheg
calculationgofgthegdosegforgthegtargetglayer.gForgHZDR-1,ghowever,gthisg
wasgnotgconsidered,gasgtheg35Clgbeamgdirectlygstruckgthegtargetglayerg
withoutgfirstgpenetratinggthegtitaniumglayer.

Thegfluencegandgenergygofgthegiongbeamgweregknown.gThegnuclearg
andgelectricalginteractiongofgthegprojectilegwithgthegtargetgmaterialgasg
wellgasgthegdensitygweregnecessarygforgthegcalculationgofgthegenergyg
dosegdeposition.gWhilegthegelectricalginteractiongleadsgtogangenergyglossg
ofgthegprojectilegingthegtargetgmaterialgofg˘ 8 * 12 keV

nm ,gthegnuclearg
interactionsgaregingthegordergofg1.0 ù 10*2gkeVnm gandghaveglessgthang1g%g
impactgongthegoverallgdose.gThegresultsgaregvisiblegingTablegg4.

3.2.2.gMorphology
Aftergirradiation,gthegtargetsgweregexaminedgbothgwithgthegnakedg

eyegandgingthegSEM.gPhotographsgofgthegtargetsgbeforegandgaftergtheirg
irradiationgaregshowngingFig.gg4.gThegtargets,gwhichgreceivedgagdosegofg
108gGygshowgvisiblegchangesgingtheirgmorphology.gGSI-Tm-1gbecameg
darker,gwhilegHZDR-1gclearlygshowsgagsquaregspot,gwheregthegiongbeamg
hitgthegthingfilm.gGANIL-Tb-2gshowsgnogsignificantgchangegingthegthing
film.

SEMgimagesgaregshowngingFig.gg5.gThegimagegofgthegnon-irradiatedg
samplesgshowgthegtypicalgcracksgfromgthegelectrodepositiongprocedure.g
Thesegaregsimilargtogtheg‘‘mudcracking’’geffectgofgthegmoleculargplatedg
thingfilms.
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E.gArtesgetgal.

Fig.g4.gThegtopgrowgshowsgthegtargetsgbeforegtheygweregirradiated.gThegbottomgrowgshowsgthegsamegtargetsgaftergirradiation.gThegdetailgtogthegirradiationgcangbegfoundgingTableg
1.gOngthegleftgGSI-Tm-2gbeforegandgaftergirradiationgwithg2.68 ù 1014 48Cag ions

cm2 gatgTASCA.gThisgtargetgisgshown,gsincegagpartgofgGSI-Tm-1gwasgcutgoutgongpurposegforgIRgandgRamang
spectroscopy.gIngthegmiddlegGANIL-Tb-2,gwhichgwasgirradiatedgwithg1 ù 1014 70Zng ions

cm2 gatgGANIL.gOngthegrightgHZDR-1gwhichgwasgirradiatedgwithg2 ù 1014 35Clg ions
cm2 s.

ThegtargetsgthatgweregirradiatedgatgTASCAgshowgopticalgchanges.g
Theregwasgagdiscolorationgofgthegthingfilmsgtogblack.gThisgisgnotgobservedg
withgtargetsgthatgweregirradiatedgingGANIL.gOpticalgchangesgweregalsog
observedg afterg theg irradiationgwithg 35Clg atg thegHZDR.gTheg squareg
irradiationgspotgisgclearlygvisiblegongthegtarget.

Thegthingfilmsgofgthegirradiatedgsamplesgshowgthegsamegstructuresg
ingthegSEMgasgthegnon-irradiatedgtargets.gObservablegisgtheg lackgofg
notablegalterationsgingthegmorphologicalgcompositiongofgGANILgtar-
gets,gmanifestinggatgbothgmacroscopicgandgmicroscopicgscales.gWhileg
TASCAgtargetsgexhibitgdiscerniblegopticalgalterations,gthegcorrespondingg
changesg ing SEMg imageryg areg relativelygminor.gConversely,gnotableg
microstructuralgvariationsgaregevidentgingtargetsgexposedgtog35Clgirradi-
ationgatgHZDR,gnotablygsubstantialgtilegshrinkagegingSEMgimagesgwithing
thegirradiatedgzones.

3.3.gVibrationalgspectroscopy

Thegvibrationalgspectragofgthegdifferentgtargetsgweregmeasuredgatgtheg
InstitutegofgGeosciencegatgJGUgMainz.

ThegRamangspectragofgthegnon-irradiatedgandgirradiatedgthingfilmsg
aregshowngingFig.gg6.gOxidesgaregvisiblegatgagRamangshiftgbelowg500gcm*1

[16].gThesegalsogremaingvisiblegaftergirradiationgwithgagdosegofg4.5(5) ù
108gGygofg48Cagorg2.5(3)ù 108gGygofg70Zn.gCarbonategbandsgcangbegseeng
betweeng680gandg850gcm*1,gbetweeng1050gandg1580gcm*1,gbetweeng
1310gandg1380gcm*1,gandgbetweeng1580gandg1610gcm*1.gThesegaregstillg
visiblegaftergirradiationg[17,18],gbutgdecreasedgsignificantly.gThegbandsg
atg2850gandg2960gcm*1garegconsistentgwithgthegliteraturegongformatesg
andgaregthereforegassignedgtogthisgfunctionalggroup.gTheirgintensitygalsog
decreasesgaftergirradiationgandgtheygbecomegbroader,gsogthatgonlygoneg
bandgisgvisiblegaftergirradiation.gThegpositiongandgassignmentgofgtheg
bandsgareggivengingTablegg5.

Fig.gg7gdisplaysgthegIRgspectragofgControl-1,gGSI-Tm-1gandgGANIL-Tb-
2.gIngbothgcases,gbeforegandgaftergirradiationgterbiumgthingfilmsgexhibitg
agbroadgbandgaroundg3400gtog3550gcm*1.gThisgbandgisgassignedgtog
hydroxide.gAftergtheg48Cagirradiation,gthisgbandgdisappears.

Thegbandsgwithingtheg1300gtog1700gcm*1grangegaregidentifiedgasgcar-
bonatesg[18–20],gincludinggvibrationsgofgformatesgobservedgingpreviousg
studiesg[21–24]gongmoleculargplatedgthingfilms.gAnothergcarbonategbandg
appearsgatg850gcm*1g[18–20].gWithgincreasinggirradiationgintensity,g
thesegbandsgalsogdecreasegingintensity.gAtg2350gcm*1gagsmallgbandgisg
visiblegwhichgisgagmeasurementgartifactgfromgthegtitaniumgbackground.

Tableg5
AssignmentgofgthegchemicalgcompoundsgtogthegvibrationalgbandsgingthegIRg(Fig.gg7)gandg
Ramangspectrag(Fig.gg6)gandgtheregcorrespondinggreferences.
g Chemicalg
species

Symbol IRgband
[cm*1]

Ramangband
[cm*1]

Assignment
references

g

gOxide O – 315
405–430

[16] g

g Carbonate C 850
1300–1700

680–850
1050–1580
1310–1380
1580–1610

[17–20] g

g Formate F 1300–1700 2850
2960

[21–24] g

gResiduegwater
hydroxide

H 3400–3550 – [25] g

3.4.gERDAgandg�Beam

ThegfluenceginducedgbygERDAgalmostgcorrespondsgtogthegfluenceg
atgthegTASCAgsetup.gThingfilmsgmadegfromgcommercialgtriflategunderg
gloveboxgconditionsgofgSectiong2.1.4gchangedgtheirgmorphologyg(Fig.gg8)g
undergERDAgirradiation.gSincegforgERDAgagclearlygfocusedgsquaregbeamg
spotghasgbeengused,gwhichgisgvisiblegevengtogthegnakedgeyeg(Fig.gg8a),g
thegdifferencegbetweenganalyzedg(i.e.,girradiated)gandgnon-analyzedgthing
filmgwasginvestigatedgusinggtheg�Beamgsetup.gThegPIXEgimageg(Fig.gg8b)g
showsgthegdistributiongofgthuliumgingthegthingfilm,gtheguppergthirdgshowsg
thegirradiatedgpart,gtheglowergtwogthirdsgthegnon-irradiatedgfilm.gTheg
imagegshowsgirradiationgchangesgingthegmorphology.gAftergirradiation,g
theg thuliumgcontainedg ing theg filmg isgconcentratedg ing smallergareasg
andgsubstantialgareasgofgthegtitaniumgbackinggaregnoglongergcoveredg
withgmaterial.gThegSEMgimagesg(Fig.gg8c)gconfirmgthesegfindings.gTheg
irradiationghasgcausedgthegmaterialgtogshrink.

ThegRBSg(Fig.gg9)gallowedgthegelementalgcompositiongofgthegfilmsgasg
agfunctiongofglayergdepthgtogbegdetermined.gThegnon-irradiatedgfilmsg
(Fig.gg9a)garegdominatedgbygcarbongandgoxygen,gthuliumgisgrathergag
minorgcomponentgofgthegdepositsgingatomicgpercentage.gThegRBSgmea-
surementsgaregnotgsensitivegenoughgtogshowglowgamountsgofgnitrogeng
orgfluorine,ghowevergthegERDAgmeasurementsgongthegsamegsamplesg
didgshowgsomegatomicgpercentagegofgnitrogen,gfromgthegsolventgDMF,g
andglowgamountsgofgfluorine.gNogsulfur,gpresentgingthegtriflate,gwasg
detected,ghowever,gbothgRBSgandgERDA,gwithgthesegparametersgareg
verygsensitivegtogsulfur.gThegtitaniumgsignalgscatteredgfromgmeasur-
inggpointgtogmeasuringgpoint,gindicatinggagheterogeneousgdistributiong
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Fig.g5.gSEMgpicturesgofgdifferentgtargetsgaregshown.gTopgleftgshowsgControl-1.gTopgrightgshowsgGANIL-Tb-2,gwhichgwasgirradiatedgatgGANILgwithg1 ù 1014 70Zng ions
cm2 gandgangenergyg

dosegofg2.5(3) ù 108gGy.gThegredgoutlinegshowsgthegareagthatgwasghitgbygthegiongbeam.gBottomgleftgshowsgGSI-Tm-1gwithgagfluencegofg2.68 ù 1014 48Cag ions
cm2 gandgangenergygdosegofg

4.5(5) ù 108gGygandgbottomgrightgshowsgHZDR-1gwhichgwasgirradiatedgatgHZDRgwithg2 ù 1014 35Clg ions
cm2 gandgangenergygofg2.9(3) ù 108gGyg.gThegredgoutlinegshowsgthegareagthatgwasg

hitgbygthegiongbeam.

Fig.g6.gThegRamangspectragofgthegtargetsgGSI-Tm-1.gGANIL-Tb-2gandgControl-1.gThegblackgspectrumgshowsgangnon-irradiatedgtarget.gThegredgspectrumgshowsgthegvibrationalgbandsg
aftergthegirradiationgwithg1 ù 1014g ions

cm2
70Zngionsgandgthegbluegspectrumgshowsgthegvibrationalgbandsgaftergthegirradiationgwithg2.7 ù 1014g ions

cm2
48Cagions.gAllgspectragaregnormalizedg

togtheirgrespectivegmaximumgvalue.gOxidesg(O),gcarbonatesg(C),gandgformatesg(F)gcouldgbegidentifiedgingthegspectra.

ofgthegthuliumgfilmgthickness,gasgalsogindicatedgbygthegPIXEgimage.g
Withgthegexceptiongofgthegtitaniumgsignal,gthegcurvesgweregotherwiseg
reproduciblegforgdifferentgmeasuringgpoints.

Throughgirradiationg(Fig.gg9b),gthegcarbongsignalgingthegthingfilmsg
decreasesgnoticeably,gwhilegthegrelativegoxygengandgthuliumgcontentg
increases.gIngtheglayersgneargthegsurfacegofgthegdeposition,gthegoxygeng
contentgisgslightlygincreasedgcomparedgtogthegnon-irradiatedgsampleg
area.gItgshouldgbegnotedgagaingthatgglassygcarbongwasgchosengasgtheg
anodegmaterialgingthegpreparationgofgthesegthingfilms.

Theghighg carbong contentg couldgbegdueg tog theg corrosiongofg theg
electrodegmaterial.

4.gDiscussion

4.1.gStabilitygofgthingfilmsgingiongbeams

Theg thing filmsgexhibitedg remarkableg stabilitygundergdiverseg iong
beamsgandgdoses,gwithgnegligiblegchangesgobservedgduringgirradiationg
withgag fluencegofg1 ù 1014g ions

cm2
70Zngandgwithgag fluencegofg2.68 ù
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Fig.g7.gThegIRgspectragofgthegtargetsgGSI-Tm-1.gGANIL-Tb-2gandgControl-1.gThegblackgspectrumgshowsgangnon-irradiatedgtarget.gThegredgspectrumgshowsgthegvibrationalgbandsgafterg
thegirradiationgwithg1ù 1014gions

cm2
70Zngionsgandgthegbluegspectrumgshowsgthegvibrationalgbandsgaftergthegirradiationgwithg2.7ù 1014gions

cm2
48Cagions.gAllgspectragaregnormalizedgtogtheirg

respectivegmaximumgvalue.gHydroxidesg(H),gcarbonatesg(C),gandgformatesg(F)gcouldgbegidentifiedgingthegspectra.

Fig.g8.g ImagesgofgdepositsgfromgHZDR-1gwithgangestimatedgsurfacegweightgofg1800(200)g �g
cm2 gaftergirradiationgatgthegHZDR.gThegestimationgwasgdonegbygpre-experimentsgwithgag

radioactivegtracer.g(a)gPhotogofgthegsamplegaftergirradiationgwithgIg= 2.0 ù 1014g ions
cm2 gusinggag4.9gMeV

u
35Cl7+giongbeam,g(b)gPIXEgimagegofgthegboundarygbetweengirradiatedgandg

non-irradiatedgthingfilm,g(c)gandg(d)gSEMgimagesgofgthegsamegregiongwithg300xgandg1000xgmagnification.

1014gionscm2
48Ca.gSEMgimagesgrevealedgonlygminorgmorphologicalgchanges,g

suggestinggrobustgstabilitygofgthegthingfilms.
Thegdosegappliedgtogallgtargetsgaregingthegsamegordergofgmagni-

tude,gvaryinggonlygingagfactorgofg2–3.gThisgmakesgeverygtargetgwellg
comparablegtogeachgother.

Theg 48CagbeamgatgGSIgandg theg 70ZngbeamgatgGANILg traversedg
thegtitaniumgbackinggofgtargetgsetsgbeforeghittinggthegtargetglayer.gIng

contrast,g theg 35Clgbeamgwasgdirectedgatg targetsgHZDR-1,g2,gandg3g
withoutgpassingg throughg theg titaniumgbacking.gThisgdifferencegmayg
influencegthegirradiationgdamagegdonegtogthegtargetgthingfilms.gItgisgnote-
worthygthatgvariationsgingpost-irradiationgbehaviorgofgelectrodepositedg
targets,gincludinggtilegshrinkageg[26]gorgthingfilmgmeltingg[27],ghaveg
beengobserved,gunderscoringgtheg incompletegunderstandinggofgtheseg
phenomena.
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Fig.g9.gRBSgdepthgprofilegofgthegthingfilmsgproducedgfromgHZDR-1gundergargongatmospheregwithgangestimatedgsurfacegweightgofg1800(200)g �g
cm2 .gThegestimationgwasgdonegbyg

pre-experimentsgwithgagradioactivegtracergasgexplainedgingchapterg2.1.5.g(a)gbeforegirradiation;g(b)gaftergirradiationgwithgIg= 2.0 ù 1014g ions
cm2

35Cl.

Comparativeganalysis,gparticularlygwithgirradiatedgMPgtargetsg[26,
27],gsuggestsgthatgtargetsgproducedgviagthegtriflategmethodgholdgpromiseg
togbegatgleastgasgstablegasgthosegproducedgviagthegMPgmethod,geveng
thoughgthegfluencesgareg3gordergofgmagnitudeglowergcomparedgtogtypicalg
SHEgexperimentsgwhichghavegagfluencegingthegordergofgmagnitudegofg
1 ù 1017g ionscm2 g[28]

4.2.gSpectroscopicgchangesgofgthegthingfilms

ThegERDAgmeasurementsgdidgnotgproducegusefulg resultsgasg theg
method-inherentgirradiationgwithgtheg35Clgbeamgledgtogchangesgingtheg
layergmorphologygrathergthangingfurtherginformationgofgthegunalteredg
layer.gThegappliedgiongdosegcorrespondedgapproximatelygtogthatgofgtheg
TASCAgexperiment,gsogthatgthegdifferencesgingirradiationgcouldgthengbeg
analyzedgingangexperimentgusinggtheg�Beamgsetup.

PIXEgandgSEMg(Fig.gg8)gclearlygshowgthatgtheg individualgtilesgofg
thegmudcrackinggofgthegthingfilmsgaregstronglygcompressedgbygirradi-
ation.gAftergirradiationgtheygcovergsignificantlyglessgtitaniumgsurfacegofg
thegbacking.gPIXEgandgRBSgspectragshowgthatgthegrelativegamountgofg
thuliumgingthesegcompactedgtilesghadgincreased.gRBSgspectrag(Fig.gg9)g
showgthatgmainlygcarbongandgonlyglittlegoxygenghadgbeenglostgthroughg
irradiation.gThegirradiationghadgthusgdrivengthegcarbongoutgofgthegfilms.g
However,gitgcannotgbegruledgoutgthatgtheghighgcarbongcontentgofgthegnon-
irradiatedgthingfilmsgcomesgfromgcorrosiongofgtheganodeg(glassygcarbon).g
Intercalatedgsolventg(DMF)gcannotgbegruledgoutgasgagcause,gsincegsmallg
amountsgofgnitrogengwasgobservedgingthegERDAgdatagbutgnotgingthegRBSg
data.gFluorinegwasgvisiblegingsmallgamountgingthegERDAgmeasurementsg
butgsulfurgwasgcompletelygmissing,gsogthatgco-depositiongofgthegtriflateg
cangbegexcluded.

ThegIRgandgRamangmeasurementsgshowgthatgtargetsgproducedgwithg
thisgmethodgalsoghavegorganicg residues,g suchgasgcarbonates.gOtherg
chemicalgcompoundsglikegcarboxylateg[6]gorgformateg[8]gcannotgbeg
clearlygdetected,gbutgcannotgbegruledgoutgeither.

Asgwithg thegMPg targets,g itg cang beg observedg thatg theg carbon-
containinggspeciesgdecreasegwithgintensivegiongirradiationgandgoxidicg
speciesgremain.

Priorgtogirradiation,gthegprecisegchemicalgcompositiongofgthegthing
filmgremainsgunknown.gHowever,gasgwithgMPgtargets,gitgisghypothesizedg
thatgorganicgspecies,gincludinggcarbonates,gcarboxylatesgandgformates,g
aregpresentgingadditiongtogoxidegandghydroxidegcompounds.gThegirradi-
ationgprocessghasgbeengobservedgtogreducegthegcarbongcontent,gwhichg
suggestsgthatgthegorganicgcomponentsgaregundergoinggdestructiongandg
areglikelygtogbegescapinggasgCO2gingthegprocess.gThegRBSgdatagfromg
HZDR-1gdemonstrategaggeneralgdeclinegingcarbongcontent,gthoughgitg
doesgnotgreachgzero.gOrganicgspecies,gincludinggcarbonatesgandgfor-
mates,galsogpersist.gSimultaneously,gthegrelativegoxidegcontentgingtheg
RBSgmeasurementsgforgHZDR-1gincreasesgfollowinggirradiation.gThegIRg
andgRamangdatagofgGSI-Tm-1gandgGANIL-Tb-2galsogdemonstrategthatg
thegcarbongspeciesgdecrease,gthoughgtheygdognotgentirelygdisappear.g

ThegRamangdatagadditionallygindicatesgthatgthegoxidicgbandsgremaing
present,gsuggestinggagtransformationgofgtheglayergintogagpurelygoxidicg
film.gWithghighergiongbeamgintensities,gthegcarbongcontentgisgfurtherg
reduced,gindicatinggthatgthegtransformationgintogagpuregoxidicgfilmgisg
notgspontaneousgbutgrathergagprocess.

5.gConclusion

Thegresultsgshowgthatgthingfilmsgwithgupgtog1600 ± 100 �g
cm2 gcouldgbeg

producedgconsistentlygregardlessgofgthegshapegandgareagofgthegdepositiong
surface.gTheg thing filmsghavegdemonstratedgpromisingg initialg resultsg
regardinggtheirgstabilitygandgsuitabilitygforgusegingiongbeamgexperiments.

Theg targetsg showedggradualg surfacegandgchemicalgchangesgwithg
differentgiongbeamsgandgdoses.gItgcangbegobservedgthatgthegfractiongofg
carbon-containinggspecies,gwhichgweregpresentgingthegthingfilmsgafterg
deposition,gdecreasedgaftergirradiationgandgthegoxidicgspeciesgbecameg
dominant.gHowever,gthisgchangegoccursgrelativelygslowly.gCarbongcouldg
stillgbegobservedgingthegfilmgaftergthegirradiation,gindicatinggthatgthisg
changegdependsgong thegenergygandg fluencegofg theg iongbeam.gAfterg
irradiationgwithg70Zn,gtheregwasgangopticalgchangegingthegGANIL-Tb-
1g targets,gbutg thisgwasgbarelygnoticeableg ingSEMgcomparedg tog theg
non-irradiatedgthingfilms.gThegstructuregofgGANIL-Tb-1gdidgnotgchangeg
significantlygaftergirradiationgwithgag70Zngiongbeamgwithgagfluencegofg
1 ù 1014g ionscm2 gundergthegmicroscope.

Fromgthisgitgcangbegconcludedgthatgthegdescribedgmethodgisgpromis-
ingg forg thegproductiongofg targetsg forg thegproductiongofgsuperheavyg
elementsgandgthatgtheregaregprospectsgthatgthesegthingfilmsgshowgsta-
bilitygingthegiongbeamgsimilargtogthatgofgthingfilmsgproducedgusinggtheg
MPgtechnique.
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Chapter6
Conclusion and Outlook

This work involved further analysis of molecular plated thin films. A small review
of the 60-year-old technique was written, to summarize what is known about the
technique. Additionally, the influence of CO2 and water was studied on the MP
technique. Furthermore, the chemical changes within MP targets after the irradia-
tion with an ion beam was studied.

To develop better targets a new electro deposition method, which utilizes aprotic,
polar, organic solvents and inert anions for the lanthanide salts, was used and the
chemical changes within the target layer after ion beam irradiation was studied.

First, the influence of CO2 and water were studied to understand, why sometimes
this technique seems to fail, without any obvious changes to previous successful
attempts.

The study shows with g-spectroscopy and SEM analysis, that water is necessary for
the success of the production of thin films. Without additional water the yield is
low. However, if the water concentration in the solution is above 1 vol-% the thin
films start to become brittle and the adhesion of the target material to the backing
decreases significantly. This is explained by the fact that molecular plating is a
hydroxide precipitation. Due to the high voltages water is reduced to hydroxide
and hydrogen. The lanthanides are precipitated and form hydroxide and oxidic
layers. If the water content is too high, the hydrogen, which is formed hinders the
hydroxides and oxides to form stable layers and therefore the molecular plating is
not successful.

CO2 does not contribute positively to the formation of the thin film. Due to
the CO2, high pH-value at the cathode and negative potential, carbonates and
formates are formed and precipitated with the hydroxides and oxides. This is
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shown by results of the Raman and infrared spectroscopy and are supported by the
XPS-results. The carbonates and formates decrease the film quality due to increased
number of different anions in the layer, decreasing potential crystallinity in the thin
film.

The spectroscopic analysis of molecular plated thin films before the irradiation
show, that no nitrogen is in the thin films, which shows, that no nitrates are in the
thin films. Furthermore the spectroscopic analysis show the presence of carbonates
and formates within the thin film. This is due the CO2, which diffused into the
solvent, before the plating.

PIXE and RBS studies show that the thin films loses carbon after irradiation.
Most of the carbon is evaporated in form of CO2. The remaining target material
shrinks and the concentration of oxygen and lanthanide in the target material
increases. Despite that, a small quantity of carbon still resides within the target
layer after irradiation and form carbon clusters. These can be observed with Raman
spectroscopy. This can be explained by the thermal spike model. It explains, that
the temperature of targets rises instantaneously and falls of almost just as fast.
Due to the high temperature, which remains for only a short time, carbonates and
formates cannot be fully transformed into CO2 and therefore forms also carbon
clusters. The chemical changes in the thin films correlate with the sort and the
energy of the ion-beam and the fluence on the target.

Lastly, similar studies were conducted with a different electro deposition tech-
nique. With the new technique targets with more than 1500 µg

cm2 . These targets show
stability in ion beam irradiation with different ion beams and fluences at different
institutes. The tagets show similar chemical behaviour as molecular plated thin
films. Formates and carbonates can be observed before irradiation and decreases
after irradiation. The morphology changes similar to molecular plated thin films
after irradiation. The tiles of of the mudcracking shrink, the amount of organic
compounds in the film decreases and with that the concentration of the oxidic
compositions increase.

This work shows, that organic compounds inside the produced thin films de-
crease the film quality. These organic compounds are produced, because CO2
diffuses into the solvent. Other environmental aspects might influence the electro
deposition technique as well and should be studied.

The electrodeposition from DMF and triflate salts, show promising results for
the production of targets with a surface weight of 1500 µg

cm2 . These targets show
promising results in ion-beam irradiation. The next steps should be first experi-
ments with actinide materials like Americium instead of lanthanides.
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Ich möchte mich auch bei allen Kooperationspartnern vom Institut
für Geowissenschaften in Mainz, von der GSI Helmholtzzen-
trum für Schwerionenforschung, vom Helmholtz-Zentrum Dresden-

91



Rossendorf, vom Joint Research Center in Karlsruhe,
und in GANIL und und von

der DECHEMA bedanken, die mir geholfen haben meine Forschung in diesem
Maße umzusetzen.
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