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Abstract

Superheavy elements are produced by heavy ion fusion reactions using intense beams that irradiate suit-

able targets. For the heaviest elements, lead/bismuth and actinide targets are primarily used for this pur-

pose. The production of actinide targets has been mainly based on the molecular plating (MP) method

for decades.

The MP method is also widely used in the preparation of actinide and lanthanide samples for other re-

search areas. The mechanism of the MP process has not yet been conclusively elucidated. The majority

of work on the subject is limited to morphological studies. Spectroscopic studies have been limited to

X-ray photoelectron spectroscopy (XPS) and energy dispersive X-ray spectroscopy (EDX). The reason

for this limited spectroscopic data situation is to be found in the special challenges arising from the ra-

dioactivity of the actinide samples. Technical restrictions and legal requirements thus prevent access to

modern methods, as the relevant laboratories lack the clearance to handle radioactive material. Besides

radioactivity, high costs in acquisition and disposal prevent mass experiments, e.g. to optimise electro-

chemical parameters. Therefore, it is common to limit oneself to experiments on lanthanide samples.

The present work was also limited to lanthanide samples, but radioactive tracers could be generated us-

ing the Mainz research reactor TRIGA Mark II. In this way, short-lived lanthanide isotopes were used

to test working methods and analytical procedures that can also be transferred to future procedures with

actinides. The electrochemical production of actinide targets is virtually limited worldwide to the MP

process and some closely related methods. Developments in the technically more important field of

lanthanide electrochemistry have not been transferred to target production. Thus, the established MP

method is still limited by significant deposition of unwanted by-products and thus low maximum depo-

sition rates of desired actinides.

When MP films are irradiated at the heavy ion accelerator, changes in the alpha spectra of the irradiated

actinide thin films are a clear spectroscopic indication of chemical changes due to irradiation. Pho-

tographs taken before and after the accelerator experiments provide evidence of drastic morphological

changes, which has been confirmed by some initial publications on lanthanide substitutes, using scanning

electron microscopy (SEM). By understanding the chemical processes involved, it is hoped to improve

the quality and stability of the MP targets used.



This dissertation presents two publications on mechanistic studies of lead and lathanide targets, present-

ing new insights into the MP process and the irradiation behaviour of the thin films. The third publication

attempts to adapt established new methods for the electrochemical deposition of lanthanides to the needs

of target production and to present the first irradiation tests with these thin films.



Zusammenfassung

Superschwere Elemente werden durch Schwerionen-Fusionsreaktionen unter Verwendung intensiver

Strahlen, welche geeignete Targets bestrahlen, erzeugt. Bei den schwersten Elementen werden dazu vor

allem Blei/Bismut und Actiniden-Targets eingesetzt. Die Produktion von Actiniden-Targets beruht seit

Jahrzehnten hauptsächlich auf der Methode des Molecular Plating (MP).

Das MP Verfahren findet auch bei Präparation von Actiniden- und Lanthaniden-Proben für andere For-

schungsgebiete breite Anwendung. Der Mechanismus des MP Verfahrens ist noch nicht abschließend

aufgeklärt. Die Mehrheit der Arbeiten zum Thema beschränkt sich auf morphologische Studien. Spek-

troskopische Studien beschränkten sich bisher auf die Röntgenphotoelektronenspektroskopie (XPS) und

die Energiedispersive Röntgenspektroskopie (EDX). Die Ursache für diese eingeschränkte spektrosko-

pische Datenlage ist in den besonderen Herausforderungen zu suchen, die sich aus der Radioaktivität der

Actiniden-Proben ergeben. Technische Einschränkungen und gesetzliche Vorgaben verhindern so den

Zugriff auf moderne Methoden, da den entsprechenden Laboren die Freigabe für den Umgang mit radio-

aktivem Material fehlt. Neben der Radioaktivität verhindern hohe Kosten in der Anschaffung und Entsor-

gung Massenexperimente, um z.B. elektrochemische Parameter zu optimieren. Daher ist es üblich sich

auf Experimente an Lanthaniden-Proben zu beschränken. Auch in der vorliegenden Arbeit wurde sich auf

Lanthaniden-Proben beschränkt, jedoch konnten mittels des Mainzer Forschungsreaktors TRIGA Mark

II radioaktiven Tracer erzeugt werden. So konnten anhand von kurzlebigen Lanthaniden-Isotopen Ar-

beitsweisen und Analyseverfahren erprobt werden, die sich auch auf zukünftige Verfahren mit Actiniden

übertragen lassen. Die elektrochemische Herstellung von Actiniden-Targets ist weltweit quasi auf das

MP Verfahren und einige engverwandte Methoden beschränkt. Entwicklungen auf dem technisch wich-

tigeren Gebiet der Elektrochemie der Lanthanide, wurden für die Target Herstellung nicht übertragen.

So ist das etablierte MP Verfahren immer noch durch signifikante Abscheidungen von unerwünschten

Nebenprodukten und damit geringen maximalen Abscheidemengen an gewünschten Actiniden einge-

schränkt.



Bei der Bestrahlung von MP Filme am Schwerionenbeschleuniger, sind Veränderungen der alpha-Spektren

der bestrahlten Actiniddünnfilme ein deutlicher spektroskopischer Hinweis auf chemische Veränderun-

gen durch Bestrahlung. Fotos vor und nach den Beschleunigerexperimenten geben Hinweis auf dras-

tische morphologische Veränderungen, was einige erste Publikationen an Lanthanidsubstituten, mittels

Rasterelektronenmikroskopie (REM), bestätigt haben. Durch Verständnis der ablaufenden chemischen

Prozesse, erhofft man sich Verbesserungen in der Qualität und Stabilität der verwendeten MP Targets.

Die vorliegende Arbeit präsentiert zwei Publikationen zu mechanistischen Studien an Blei- und Latha-

nidtargets, in denen neue Erkenntnisse zum MP Verfahren und zum Bestrahlungsverhalten der Dünnfil-

me präsentiert werden. Die dritte Publikation versucht etablierte neue Verfahren zur elektrochemischen

Abscheidung von Lanthaniden, an die Bedürfnisse der Targetherstellung anzupassen, sowie erste Be-

strahlungstests mit diesen Dünnfilmen zu präsentieren.
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1. Introduction

The aim of this thesis is to gain new insights into the behaviour of molecular plating ( MP ) thin films

when subjected to fast heavy ion ( SHI ) irradiation. The MP technique remains the principal means of

producing actinide targets which are subsequently irradiated at the heavy ion accelerator to produce new

superheavy elements.

The purpose of this chapter is to provide a brief overview of the scientific basis of superheavy elements,

to elaborate on current target techniques, and to highlight the challenges of analysing thin films of such

materials.

1.1. Scientific background of the superheavy elements

The swift detection of ten fresh transuranium elements soon after the Second World War’s end and

their categorisation in the recently concluded Actinide category increased understanding of the Periodic

Table of Elements ( PSE ) and granted Nobel Prize in Chemistry ( 1951 ) to their inventors Glenn T.

Seaborg ( 1912-1999 ) and Edwin McMillan ( 1907-1991 ) [144]. After this almost lightning expansion

of the PSE, the question arose whether there could be even heavier elements, the so-called superheavy

elements ( SHE ). After investigations of the fission properties and more precise measurements of the

decay half-lives in particular had brought the macroscopic liquid drop model [15, 223] to its limits and

more precise quantum mechanical descriptions, such as the nuclear shell model and later the Nilsson

model [147], prevailed, as well as advances in computer technology made more extensive theoretical

calculations possible, an island of stability ( Fig. 1.1 ) was predicted [80, 185]. On this island of stability,

new long-lived elements were suspected, and the first predictions of long half-lives led to extensive but

unsuccessful attempts to detect SHE in nature [78].

The formation of SHE in neutron stars through the so-called r-process (rapid) is still assumed to be a

possible source for the existence of SHE in the cosmos [165], but definitive spectroscopic evidence of

SHE in stars is still pending. In the so-called r-process, elements heavier than iron are produced in the

universe through neutron capture and subsequent beta decay ( Fig. 1.1 ). Attempts to artificially generate

such high neutron fluxes have also been made by detonating thermonuclear bombs [137]. However, this

pathway reaches a natural limit at fermium (atomic number Z=100), as this element does not feature any

1



1. Introduction

Figure 1.1.: The calculated microscopic corrections to liquid-drop masses for the heavy elements, showing a pre-
diction of the location of the Island of Stability, centered at 298114. Contours are labeled in MeV. The neutron-drip
line is indicated, as are the pathways to the heavy elements followed by the stellar and thermonuclear r-processes.
The compound nuclei produced in representative heavy-ion reactions are also shown, connected to the target nu-
clide by a dotted line. The heavy ion reaction of 108Pb to 266108 shows a cold fusion, the reaction of 244Pu to
298114 shows a hot fusion. From ref. [137]

β−-decaying isotope leading to the next heavier element ( Fig. 1.2 ) [119]. Because of this, accelerator

techniques were already developed for the discovery of the transfermium actinides, in which a heavier

target material is bombarded with lighter charged particles or ions [144], to create a new atom through a

fusion reaction.

The fundamental blueprint of the accelerator experiments, consisting of a lighter projectile and a heavier

target, has endured to the present day. Notwithstanding, innovations in accelerator technology have en-

abled the usage of progressively heavier projectiles concentrated into more powerful beams [35, 148]. In

target technology [36, 177], the heaviest actinides ( Bk, Cf, Es ) that can be produced in breeder reactors

by neutron capture represent the heaviest target materials available. The experimental and organisational

challenge now is to process these rare and short-lived actinides into targets in time for the accelerator

experiment. Targets, in turn, that can withstand the new and intense accelerator beams [36].

2



1.2. Nuclear reaction strategies

Figure 1.2.: Known spontaneous fission (sf) half-lives (t 1/2 ) of nuclides with even numbers of protons and
neutrons (dots) and calculated hypothetical half-lives (dashed line) taking into account only the liquid-drop-model
contribution plotted versus the fissility parameter X. The dotted line shows the lifetime-limit of 10×10−14s for a
chemical element. From ref. [185]

1.2. Nuclear reaction strategies

While transuranium elements up to and including 257Fm can be bred in the breeder reactor by step-

wise neutron capture, all heavier elements had to be produced by nuclear fusion reactions at the ion

accelerator until now [185]. For this, the projectile must be accelerated fast enough to overcome the

repulsive Coulomb forces between the two atomic nuclei. With impact parameters considerably smaller

than the sum of both radii, the contact of both nuclei is deeper and the attractive nuclear forces come

into play [208], the two nuclei fuse. Thus, a compound nucleus is formed, which contains all neutrons

and protons of the initial nuclei [37]. In most cases, the formed compound nucleus disintegrates by fis-

sion. Only very rarely (≊ 10−9 ) is the high excitation energy dissipated by the evaporation of particles,

mostly neutrons, and by the emission of γ-rays. Each evaporated neutron removes ≊ 10 MeV of exci-

tation energy, but each neutron evaporation process is in competition with prompt fission. Production

cross sections ( Fig. 1.3 (a) ) for transactinide nuclides range from nanobarns (10−33cm2) to picobarns

(10−36cm2) [208]. Only after several neutron evaporation steps, typically four or five, the excitation en-

ergy is so low that the remaining energy is carried away by electromagnetic radiation (γ-rays), whose

emission is a rather slow process and thus not competitive as long as fission or neutron evaporation are

energetically possible. The final product at the end of the neutron evaporation cascade is a nucleus in its

ground (or sometimes meta-stable) state, which is called the evaporation residue (EVR) [37].
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Through the fusion reaction, the compound nucleus carries a certain excitation energy, depending on the

selected target-projectile combination, a rough distinction is made between hot and cold fusion [185].

However, fusion depends decisively on the beam energy, which is converted into internal excitation en-

ergy. Lowering the beam energy to values that ensure the formation of an ideally “cold“, i.e. non-excited

compound nucleus in the ground state, is impossible because such beam energies are too small to over-

come the Coulomb barrier, which is, however, a prerequisite for fusion [37].

The particularly low excitation energies in cold fusion result from the high binding energies per nucleon

for both the semi-magic ion beam and the double-magic target nuclei [84], i.e. the use of more strongly

bound shell-stabilised reaction partners enables the formation of the compound nucleus in a relatively

cold state, i.e. at rather low excitation energy. Therefore, nuclei around the Z = 82 and N = 126 shell

closures such as 208Pb and 209Bi were used as targets and allowed obtaining compound nuclei at about

10 to 20 MeV excitation energy [37]. These nuclei typically evaporate one to two neutrons from the com-

pound nucleus ( Fig. 1.3 (b) ). The fusion reactions of targets composed of lead or bismuth were referred

to as cold fusion due to their low excitation energies. Conversely, the fusion reactions involving actinide

targets are termed hot fusion.

Hot fusion reactions are characterised by excitation energies of about 40 to 50 MeV when actinide target

nuclei such as 238U, 242,244Pu, 243Am, 248Cm, 249Bk, 249Cf and 254Es fuse with light ion beams, such as
18O, 22Ne and 26Mg ( Fig. 1.3 (c) ). While cold fusion reactions typically only release one neutron, hot fu-

sion reactions emit four or five neutrons before the compound nucleus cools down. Despite the emission

of an additional three or four neutrons, these reactions are employed to synthesize the most neutron-rich

and relatively long-lived isotopes used in the chemical research of superheavy elements, owing to the

neutron-rich composition of the actinide targets [185]. The different cross sections are summarised in

Fig. 1.3. The “abnormal“ behaviour of 48Ca-induced production cross sections, which remain fairly con-

stant at the level of some pb, was associated with stabilising shell effects, i.e. increasing fission barrier

heights, as one approaches the range of Z = 114. The fusion route via 48Ca has been the dominant route

to new SHE in recent years. Since the excitation energies are somewhat lower than for other hot fusion

reactions and correspondingly fewer neurons have to evaporate, this fusion route is also referred [208] to

as warm fusion ( Fig. 1.3 (d) ).

The study of hot fusion using a 48Ca beam and actinide targets resulted in the discovery of five new

elements. Another most important result is the change of the trend of cross sections measured in these

reactions at element 112 ( Fig. 1.3 (a) ). Instead of continuously decreasing cross sections as indicated

by the cross sections for production of elements 102, 103, and 108, the cross sections increase again

and reach a maximum of about 10 pb for production of isotopes of elements 114 and 115. This result
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(b)
(a)

(c)

(d)

(b) 58Fe 208Pb fusion 266Hs* 265Hs

1n

1 atom5 x 1016

Projectiles on target

(c) 26Mg 248Cm fusion 274Hs* 269,270Hs

5n

1 atom1 x 1017

Projectiles on target

(d) 48Ca 244Pu fusion 292Fl* 289Fl

3n

1 atom1 x 1018

Projectiles on target

Figure 1.3.: (a) Experimental cross sections for the formation of nuclei with Z≧ 102 in (■) the 1n evaporation
channel of cold fusion reactions, (◦) the 5n channel of hot fusion reactions, and (△) the 3-4n channel of warm
fusion reactions with 48Ca + actinide targets. The curves are drawn to guide the eye. From ref. [208] Schematic
representation of: (b) a cold fusion reaction: 208Pb(58Fe,1n)265Hs, and (c) a hot fusion reaction: 248Cm(26Mg,4-
5n)269,270Hs, and (d) an example of a warm fusion reaction 244Cm(48Ca,3n)289Fl. scheme analogous to [185]
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presents a convincing argument that the production mechanism of the identified isotopes of these ele-

ments must be determined by processes based on increased stability [84]. A complete comprehension of

the root cause regarding this anomaly is yet to be achieved. Various theoretical approaches that mirror

experimental cross sections offer distinct interpretations for this phenomenon. Certain models relate it

to the proximity to the subsequent spherical shell closure, leading to significant fission barriers. Mean-

while, another approach anticipates the synthesis of nuclei to be oblate-shaped rather than spherical.

The implication is that fission along the de-excitation cascade, which passes over a prolate saddle-point

from the compound nucleus to the EVR, occurs with a lower probability. This is due to the significant

rearrangement of the nucleus required along this route. All models, though, agree that probably exit

channel phenomena are likely responsible for the surprisingly large cross sections to produce elements

up to Z = 118 [37]. In general, it is also the bane of experimental studies of superheavy elements, as

one has to try to create a nucleus with a very high ratio of neutrons to protons N = Z from a reaction of

lighter partners, which will have (much) smaller ratios of N = Z. Thus currently the study of superheavy

elements is restricted to neutron deficient isotopes. In future radioactive beam facilities one can hope to

use exotic beams with much higher N = Z ratios to create more neutron rich superheavy elements [80].

1.3. Target techniques for SHE experiments

The generation of appropriate targets is a vital step in facilitating the success of SHE experiments. The

continuous challenge for target technology is to maintain alignment with advancements in accelerator

technology and evolving experimental parameters. When delineating the requisite target technology, it

is also pertinent to differentiate between cold fusion and hot (warm) fusion.

An ideal target would be self-supporting, i.e. it would do without a supporting backing or substrate made

of another material. It would be elementally pure and monoisotopic. Its thickness would correspond ex-

actly to the excitation function for the desired fusion reaction resulting from the likewise ideally intense

ion beam ( Fig. 1.4 (a) ).

In the real experiment ( Fig. 1.4 (b) ), the desired target nuclide must be supported on a backing or sub-

strate. The introduction of new elements into the nuclear reactions, as induced by this substrate, results

in the generation of unwanted radioactive by-products, which in turn can complicate the detection of

new SHE. Additionally, beam energy is lost in the backing, causing it to heat up and thus reducing the

lifetime of the target system or limiting the maximum possible beam intensity.Even if this energy loss

and the resulting heating are brought under control, the smearing of beam energy still leads to a loss of

efficiency in SHE production. It is important to note that both cold fusion and hot fusion experiments

involve the use of real targets that are not elementally pure. Instead, these targets are composed of chem-

6



1.3. Target techniques for SHE experiments

target isotope

most intense ion-beam  

(a) ideal situa�on

• self-suppor�ng
• elementally pure
• monoisotopic
• ideally-thick target

target isotope

intense ion-beam  

(b) real situa�on • target backing
• add. target elements
• energy loss
• energy straggling

• chemical compounds
• add. target elements

• contaminants
• add. target elements

• finite target thickness
backing

lim
its yield

Figure 1.4.: Illustration of the basic structure of a target: (a) ideal target (b) real target.

ical compounds, which, as previously mentioned, introduce foreign elements into the nuclear reactions,

thus leading to a series of subsequent issues. These issues are a result of the short-lived radioactive prod-

ucts that are produced.In addition to the aforementioned issues, most manufacturing methods are also

plagued by contamination, which can only be limited in some manufacturing processes.It is evident that

these real constraints limit the yields in SHE experiments.

1.3.1. Targets for cold fusion experiments

The nucleosynthesis of SHE via cold fusion routes is usually limited to targets made of the elements lead

(Pb) and bismuth (Bi), but there are also cold fusion experiments with other target elements [54]. Suit-

able targets must have a uniform thickness compatible with the energy loss of heavy ions. While some

metal foil targets can be self-supporting, most thin targets must be fabricated on a substrate, typically a

substrate foil [118], which presents problems of adhesion and mechanical resistance to heating and cool-

ing. In experiments that require high beam currents of heavy ions, heat dissipation becomes a problem.

A beam with a current of 1 pµA ( 6.2×1013 ions
s ) deposits about 1 W of heat for each MeV of energy lost

through the target. This usually favours the use of chemical compounds with high melting points as tar-

gets [137]. Since the melting points of metallic lead ( 327.5 ◦C ) and bismuth ( 271.3 ◦C ) cause problems

under such conditions [17], metallic foils of these elements are no longer common targets; instead, high-

melting compounds [99, 100] on substrate foils are used. The second important experimental method is
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the use of target wheels [52, 62, 91, 127] ( Fig. 1.7 ).

Figure 1.5.: 208Pb-targets showing the backing side (1 and 3 from above) and the target side (2 and 4 from above),
respectively, with an enlarged target area and improved backing quality (upper two) compared to the previous
target version (lower two). From ref. [120] The targets illustrated show the development of target segments for
the target wheel for SHIP experiment setup at the GSI Darmstadt. It shows the improvements on the way to the
perfect PbS target.

Several compounds of lead and bismuth with higher melting temperatures have been tested as target ma-

terials for cold fusion reactions. Now, mostly PbS with a melting temperature of 1114 ◦C and Bi2O3 with

a melting temperature of 817 ◦C are applied as target materials in case the expected beam intensities are

too high for the metals [119]. The compounds have a well defined stoichiometry to guarantee a known

and homogenous distribution of the target atoms across the target area. For intensity reasons the fraction

of the target atoms in the compound is as high as possible and the mass of the other component as low as

possible [99, 100]. These compound targets are prepared on thin carbon support foils ( 30 to 100 µg
cm2 ) by

chemical vapour deposition ( CVD ). Often, a thin carbon layer ( 5 to 10 µg
cm2 ) is applied as a protective

film after the actual target material deposition [119]. The carbon carrier foils are than clipped into curved

titanium carrier segments ( Fig. 1.5 ). Several segments form a target wheel ( Fig. 1.7 ). Since stable non-

radioactive elements are used for cold fusion reactions, the chemical and material science parameters

are much better researched. The difficulties of producing actinide targets for hot fusion reactions will be
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1.3. Target techniques for SHE experiments

discussed in detail later. In the development of compound targets for cold fusion, not only the perfor-

mance of metallic and compound targets was compared, but also the SHE production rates for different

production paths [100]. Thanks to detailed studies, it was possible to produce customised targets that can

optimally utilise the excitation energy of the 1n reaction ( Fig. 1.6 ). It has not been possible to achieve an

optimization in terms of thickness, backing, and chemical composition for actinide targets in hot fusion

reactions, yet.

Figure 1.6.: Excitation energy E* of the compound nucleus versus the reaction cross-section in nb for the reaction
54Cr+208Pb → 262Sg∗ for the 1n-channel with metallic lead (light blue points), heated PbS (red points), and black
PbS (dark blue points). The continuous curves in light blue, green and red (one point on the X-axis) show the
excitation function for metallic lead in the 1n- , 2n- , and 3n-channel, respectively. From ref. [100]

Target wheels [52, 62, 91, 127] are one of the most effective means of dissipating heat involves distribut-

ing the beam intensity over a large area. Rather than actually defocusing the beam, the usual method

involves preparing targets in arc-shaped segments, distributed around the periphery of a wheel that is

rotated at high velocity so that the areal density of target atoms through the beam spot is maximized

( Fig. 1.7 ). Consequently, the number of ions depositing heat in a given beam-spot-sized target incre-

ment is minimized. Targets are rotated synchronously with the time macrostructure of the beam so that

the supporting framework is not irradiated, which would impede conduction of heat from the foils [137].

Since, the most important parameter determining the limits of target stability under high beam intensity

is the beam particle fluence per target area unit. The most obvious way for allowing higher beam inten-

sities on the targets is therefore to enlarge the wheel diameter and the length of a single target segment,

over which one beam pulse is distributed [91]. Aside from using a rotating target wheel, the energy

deposited by the beam can be further distributed by defocusing the particle current in the vertical direc-

tion [62, 180]. Recent advances in ion optics have made it possible to achieve a more optimal distribution
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of beam intensity on target segments. This not only prevents damage due to excessive beam focus, but

also ensures that the target material receives optimal irradiation. However, despite these measures, it is

still necessary to continuously remove power from the target, through processes such as black body radi-

ation and heat conduction towards its frame. To avoid target melting and to increase the beam intensity,

it was necessary to enhance the heat removal from the target. This was achieved by enhancing the two

cooling processes, radiation and conduction, and by implementing a third cooling mode, which involves

conduction and convection in a gas. It is worth noting that targets used in gas-filled recoil separators

can withstand higher beam intensities than those used in vacuum, as evidenced by experiments [3, 180].

Technical measures to enhance the irradiation resistance, including target wheels, gas cooling, and im-

proved beam guidance, were initially created for SHE experiments through the use of cold fusion and

consequently modified to meet the unique needs of SHE experiments using hot fusion [91].

(a) (b)

Figure 1.7.: (a) View of the open target cassette with the target wheel. Upstream, a wheel for carbon stripper foils
is visible (no foils mounted in the picture) (b) The 249Cf target wheel after the bombardment with the 50Ti beam
dose of 1×1019 ions. From ref. [91]

1.3.2. Targets for hot fusion experiments

Since 2000, six new superheavy elements with atomic numbers 113 to 118 have been synthesised in

hot fusion reactions of 48Ca beams on actinide targets. These target materials, including 242Pu, 244Pu,
243Am, 245Cm, 248Cm, 249Cf and 249Bk, are available in very limited quantities and require specialised

production and processing facilities located in only a few research centres worldwide [174]. High beam

intensities and large beam doses make it necessary to use rotating target wheels also in these cases [84].

The use of a large area to maximize the intensity of the beam increases the amount of target material

incorporated in the target by two orders of magnitude, to 10 mg. This not only increases the investment
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in exotic enriched isotopes, but also increases the difficulty in handling high-dose actinide targets like

those fabricated from 243Am, 249Bk, and 249Cf [137]. The generally used production is by molecular

plating (MP) [162] of the material from an organic solvent, the MP procedure will be discussed in more

detail later. The MP process demands a relatively thick and stable backing foil, e.g. a titanium foil of

1 mg
cm2 specific thickness [84].

The high radioactivity, the low availability and the associated low technical application mean that the

actinide materials used are much less well researched than the target materials for cold fusion. Nuclides

heavier than 239Pu are actually only available from high-flux research reactors such as the American Oak

Ridge National Laboratory (ORNL) and the Russian Research Institute for Advanced Reactors (RIAR)

in Dmitrovgrad [174]. Samples of heavy actinides obtained typically have to be purified by chromato-

graphic methods [177]. Following the purification processes, the samples are typically introduced into

the MP process in dilute aqueous nitric acid.However, analysis of whether non-radioactive by-products

from the purification process, such as ion exchange resins and their decomposition products, as well as

other organic molecules and foreign ions from solvents or acids, have been inadvertently carried along

is generally not performed. The high radioactivity inherent in the process necessitates a restriction to

radiochemical characterisation, with the focus being directed towards the separation of other radioactive

nuclides.The MP process remains inadequately comprehended, thereby impeding the establishment of

satisfactory process control measures.Consequently, the target films exhibit diminished definition and

reproducibility with regard to consistent thickness and quality, analogous to target thin films composed

of stable nuclides for cold fusion.

1.3.3. Change under irradiation

The irradiation behaviour of targets for SHE experiments has rarely been investigated spectroscopically,

typically limited to imaging methods such as atomic force microscopy (AFM) and scanning electron mi-

croscopy (SEM). During irradiation, targets are monitored by measuring projectiles that are elastically

scattered from the target nuclei. In none of the experiments with PbS compound targets was a signif-

icant reduction in the rate of scattered projectiles observed, which would indicate a loss of material or

a change in the target material. This was affirmed by weighing and x-ray analysis (energy dispersive

X-ray spectroscopy, EDX) of irradiated targets in comparison with non irradiated targets as a standard.

Yet, in regions where the beam hit the target intensively the deep velvet black color of the surface gets

a slight metallic glint [99]. Irradiation with SHI thus induces changes that can already be detected with

the naked eye. As can be seen in Fig. 1.8 (a1-a2), PbS forms an almost sponge-like structure with walls

roughly aligned in one direction that, upon irradiation, does not change in principle. Only the walls

seem to fold up and criss-cross more randomly, after irradiation [100]. For Bi2O3 targets, the target sur-
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(a1) (a2)

(b1) (b2)

Figure 1.8.: Pictures of a Scanning Electron Microscope (SEM) of a PbS-layer as evaporated (a1) and irradiated
with a beam dose of 3.5×1017 40Ar-particles (a2). From ref. [99] SEM pictures of unirradiated Bi2O3 targets (b1)
and of Bi2O3 targets after irradiation with a beam dose of 7.4×1018 70Sn-particles (b2) From ref. [100]

face already has some defined structure and a surface roughness before irradiation ( Fig. 1.8 (b1) ). After

irradiation an important structural change is obvious. The surface is no longer a continuous layer but

more sponge-like. This is even more obvious at the higher magnification. What really happens during

bombardment and how this resulting structure affects the yield in heavy element synthesis was not elu-

cidated [100]. Changes in the chemical composition of the target layers, like loss of volatile compounds

like oxygen and sulphur is not reported in literature. Online measurements of Bi2O3 targets by electron

beam confirm that continued irradiation leads to a reduced coverage of the carbon baking with bismuth

compounds [94, 124].

The targets required for hot and warm fusion are produced from actinides using the MP process. The

incomplete understanding of the MP process results in poor process control, i.e. the films produced can

only be stored to a limited extent or cannot be used directly in the SHE experiment. Over the years,

conditioning at the heavy ion accelerator has established itself as a viable process [20, 85, 129]. For this

purpose, the MP thin films are exposed to successively higher ion currents at the accelerator. Since the

actinides used are α-emitters, changes can be observed through irradiation ( Fig. 1.9 ). The broader dis-

tribution of α-energies measured before conditioning, gradually narrowed and reached saturation after

irradiation with a radiation dose of 1×1018 ions. Further irradiation did not induce any further changes

in the α-spectra. From the relatively sharp low-energy edge, the authors concluded that a homogeneous
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layer developed, that a not well-defined structure, even containing residues of the solvent, transformed

into a homogeneous transparent glassy layer during irradiation. This layer is said to be very resistant

to increasing radiation doses. An optical inspection of the targets after the experiment supported this

conclusion [85]. Further examination methods of the targets after irradiation were announced in both

publications [20, 85], but have not been published so far.

Figure 1.9.: Spectra of α energies measured from the 249Cf (left panel) and mixed-Cf (right panel) rotating targets
with the detector system in the focal plane of DGFRS (Dubna Gas-Filled Recoil Separator) before irradiations
and after given beam doses of 48Ca projectiles passing through the targets. From ref. [20]

Changes in surface morphology have been described in work with lanthanide substitutes ( Fig. 1.10)

[129]. If fresh MP films are characterised by a cracked morphology, irradiation seems to melt these

cracked surfaces into a closed film. Attempts to visualise changes in the chemical composition of MP

films by irradiation using energy dispersive X-ray spectroscopy have not yielded clear results. X-ray

diffraction methods were characterised by a poor signal-to-noise ratio. The investigations on lanthanide
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substitutes thus confirmed the change in thin film morphology assumed from the altered α-spectra. They

also underlined the analytical challenge of clearly characterising cracked thin films spectroscopically on

comparably thicker titanium foils. The known problems in the instrumental analysis of MP films will

be discussed in detail later. For comparable analyses on irradiated actinide targets [85], further radiation

protection and legal requirements would have to be met, which further complicates work in this area.

(a) (b)

Figure 1.10.: SEM images of an irradiated 160Gd target, in separate experiments, with 45Sc and 50Ti beams. The
left panel shows the edge of the target, i.e., area outside the beam path and the right panel shows the irradiated
area of the target. The images were taken with a 1400 to 1600 magnification. The total target ion exposure to 45Sc
and 50Ti beams, center-of-target energies of of 3.8 to 4.7 MeV

u , was 3.2×1014 ions. From ref. [129]

1.3.4. Backing or substrate

The choice of a proper backing material is a crucial point in many SHE studies. Very often a material

with a low Z-number is used in order to prevent the production of interfering transfer products obtained

in reactions with the beam. In general, backing foils should only be made of materials with Z<55 (Cs),

since heavy elements produce α-active nuclei with the common projectiles and thus increase the back-

ground in α-spectroscopy ( Fig. 1.11 ). High α-background radiation makes the detection of new SHE

more difficult in experiments. In addition to a low atomic number, the backing materials should be easy

to process into mechanically stable films, as well as being sufficiently chemically stable for the most

common manufacturing process, molecular plating. The six most common elements for backing films

are highlighted in yellow ( Fig. 1.11 ). Normally, deposition is performed on commercially available

self-supporting foils with thicknesses ranging from 5 µm up to 50 µm. The baking foils should always be

as thin as technically possible, with a reproducible consistent thickness and of course no pinholes [46].

Thinner foils made from backing material are often not commercially available and have to be produced
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at great expense in specialised laboratories [118, 119].

Figure 1.11.: PSE with the classic materials for target backings highlighted in yellow. All elements below the
orange line are not suitable as backing materials because they form α-emitters with the usual projectiles, which
would drastically complicate detection in SHE experiments.

In summary, baking materials must meet the following criteria, according to [119]:

Low Z - Material with a low Z is preferable, to minimize the production of α-emitting isotopes in

the interaction between projectile and the backing material that would contribute to unwanted

background. These experiments often rely on the unambiguous identification of single nuclei of

the heaviest elements via detection of their radioactive decay, mostly α-decay.

Mechanical and thermal stability - Mechanical and thermal stability is needed for an acceptable

handling and good durability in the beam. This is especially important for rare and highly radioac-

tive actinides.

Good adhesion - To guarantee a good adhesion of the target material to the backing, the thermal ex-

pansion coefficient of the backing material should be as similar as possible to that of the target

material.

Chemical stability - There must not be any chemical reaction between target material and backing

material.

Thickness - To minimize the straggling and the energy loss in the backing the backing layer should be

as thin as possible without losing too much in mechanical stability.
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Figure 1.12.: Parameters and power density in targets and backings according to the conditions at the LINAC-S3
setup at the GANIL research facility in France. From ref. [94]

The thickness of the backing films has a decisive influence on the performance of a target system in an

SHE experiment. The aim is to deposit the target nuclides on the thinnest possible backing, since the ion

beam loses a lot of energy in the backing, in order to come as close as possible to the ideal target system

( Fig. 1.4 ), i.e. a self-supporting target system. The usual loss of ion beam energy is shown here [94]

for hot and cold fusion ( Fig. 1.12 ). With the same energy per nucleon and the same particle flux, two

typical technically up-to-date target systems for the two types of fusion reaction are shown here. The

target system on the left for hot resp. warm fusion with 48Ca consists of a titanium backing ( 900 µg
cm2

corresponding to 2.0 µm thickness ) on which curium has been deposited by molecular plating. The com-

plex composition of the MP thin films is approximated with curium sesquioxide in this publication [94].

The target system on the right ( Fig. 1.12 ) for cold fusion shows a compound target where bismuth ox-

ide has been deposited on a very thin carbon film ( 40 µg
cm2 corresponding to 0.2 µm thickness). In this

case, the representation of the bismuth thin film as sesquioxide is not an approximation, but the result of

precise reaction control in the production of these targets. Precise reaction control, which the molecular

plating procedure for actinide targets for hot fusion experiments does not allow, yet. The thicker titanium

backing thus absorbs about ten times more beam energy than the thinner carbon backing (dE in MeV).

The differences in the deposited energy per area (dP/Scirc in mW
mm2 ) are even greater, i.e. the thicker ti-

tanium foil heats up much less than the thinner carbon foil with the same irradiation, because a beam

with a current of 1 pµA deposits approximately 1 W of heat for every MeV of energy loss through the

target [137]. Since heat generation during irradiation, as described in the previous sections, must be dis-

sipated with great effort, thinner carbon foils are actually the better backing material. However, although

the production of molecular plating targets on carbon foils for accelerator experiments is described in the
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literature [63], in practice highly radioactive rare actinides are shied away from being deposited on such

a fragile backing. In order to ensure the safety of the production and installation of the finished target

wheels in the experiment, even the most recent SHE experiments are still predominantly carried out with

titanium backings [182].

1.4. Ideal target thickness

Besides the issue of thermalized energy, there are two factors that limit the optimum thickness of a tar-

get used in a superheavy element experiment. The first of these is the range of projectile energies over

which evaporation residues are produced. The second factor limiting target thickness is the recoil range

of the evaporation residues. In the cold-fusion reaction, energy loss of the beam is the factor limiting

target thickness, while in the hot-fusion reaction the low recoil velocity of the evaporation residues is the

limiting factor [137].

The transmission decreases due to scattering as the target thickness increases, but the yield = (target

thickness · transmission) growth reaching the saturation. Targets must be optimized while maximizing

the yield. The optimal target thickness is typically in the range 0.3 to 0.5 mg
cm2 and depends on reacting

partners, reaction characteristics, the energy of bombarding particles, composition of the target, and the

acceptance of the used separator. The highest yields were achieved with metallic targets; the second

best were oxides, followed by flourides. The stoichiometric ratio between Actinides and oxygen, (e.g.

U3O8 and UO2 , CmO2 and Cm2O3 oxide are known) plays a minor role. For “very thick“ targets, used

in “chemical“ experiments without pre-separation, the optimal thickness depends mainly on the width

of the excitation function. These functions for the complete fusion reactions are approximated with the

Gaussian and for 48Ca + Actinide reactions, they have FWHM of about 10 MeV ( Fig. 1.13 ). Using the

specific energy loss, this value will be recalculated with regard to the target thickness, which gives the

dispersion of ≈ 0.5 mg
cm2 for oxide targets. Thus, the target having the thickness ( 1.5 mg

cm2 ) can be consid-

ered as infinitely thick [36].

Regardless of the asymmetry of the reaction, production of superheavy recoils is not significantly in-

creased by increasing the target thickness beyond 2.0 mg
cm2 . In practice, the momentum acceptance criteria

of on-line separators are significantly more strict. The areal densities of lead and bismuth targets in

online cold-fusion physics experiments are usually on the order of 0.5 to 1.0 mg
cm2 , while the actinide tar-

gets in 48Ca irradiations rarely exceed 0.5 mg
cm2 [137], mostly to the inherent limitations of the molecular

plating process. Thus, actinide targets for hot fusion reactions, whether the favourable thickness limit

is 1.5 [36] or 2.0 [137] mg
cm2 , fall well short of these thicknesses. Previous manufacturing methods for

actinide targets, especially molecular plating, fall well short of 1.0 mg
cm2 for the production of actinide
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Figure 1.13.: Excitation functions for production of elements 114, 116 and 117 (from Oganessian et al. 2015, [152]
where all other excitation functions with actinide targets are also included). Filled data points: from FLNR Dubna
(cf. from Oganessian et al. 2015, [152]), open ones from TASCA (244Pu, [40] 249Bk [97]) and SHIP (248Cm [85]).
Lines are theoretical models (references mentioned in from Oganessian et al. 2015, [152]). Blue: Energy range
that is swept in the existing TASCA targets ( 810 µg

cm2
244Pu and 530 µg

cm2
248Cm ). Green lines: Energy range

within 800 µg
cm2 thick targets. Yellow: From a nuclear physics point of view, this is a useful range of the excitation

function.
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1.5. Molecular Plating

target wheels [39]. Thus, the experimentally possible target thickness and thus the theoretical maximum

production rate for SHE is not achieved. Furthermore, the discussion of stoichiometric ratios of oxides

or other counter anions in the actinide thin films is futile if one cannot control the chemical composition

of the actinide thin films in the MP process. Nor have the necessary analytical equipment to control this.

Missing from the discussion of optimal target thickness in the literature is the fact that the density of

actinides in metallic form changes drastically to their compounds. The effect is much larger than for the

classical target elements, lead and bismuth, for cold fusion. These detailed chemical questions have so far

been largely ignored in the calculations for optimal target systems for actinides, although, for example,

the density mentioned is an important quantity in the widely used software for such calculations [232].

The incomplete understanding and thus the incomplete control of the molecular plating process can be

named as the main cause here.

1.5. Molecular Plating

Molecular plating (MP) represents one of the most commonly employed techniques for target prepara-

tion. The MP method was developed in the 1960s by Parker and Falk [162], extensively characterised

with the methods of the time [157, 160, 159] and then directly applied for target production for basic

fundamental research [163, 161]. In molecular plating, the desired lanthanides or actinides in their ni-

trate or chloride form are dissolved in dilute nitric acid [177] or hydrochloric acid [96] and as such added

to an organic solution (isobutanol/isopropanol [177], N,N-dimethylformamide [142] or pyridine [216]).

Electrochemical deposition occurs at high voltages (up to kV
cm2 ) and low current densities ( mA

cm2 ) compared

to other electrochemical processes used for f-block metals [107], i.e., lanthanides and actinides. While

constant voltage is usually preferred in conventional electrochemical depositions [90, 217], MP is done at

constant current [177, 107]. It is typically conducted in a cell comprising two electrodes, with the cations

being deposited on the working electrode, that is to say the cathode ( see Fig. 1.14 ). The most frequently

used approach in molecular plating is deposition from isobutanol/isopropanol (9:1) to which the actinide

element is added in a small volume of dilute nitric acid solutions [177, 206]. More recent approaches

also studied N,N-dimethylformamide ( DMF ) as a solvent [142]. The MP method also connects well to

established separation and purification methods for rare actinide isotopes, e.g. [177], which is why it has

proven itself for numerous experiments in basic research [42, 43]. Precursor syntheses are not required

and the undried nitrates and chlorides obtained from the purification steps can be directly used in their

aqueous acids for the MP process. Non-deposited material can be extracted from the supernatant solu-

tions with reasonable effort, and the deposited thin films can also be detached from the support material

rather easily without having to dissolve large amounts of support material, thus making the reprocessing

of rare actinides accessible [177, 206]. The reproducibility of the yields is less satisfactory [177] leading

to rather large fluctuations, as is obvious from the original publications [157, 160, 159]. Another limita-
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(a.1)

(b.1) (b.2)

(b.3)

(a.2) (a.3)

Figure 1.14.: MP construction for small round targets in the shape of a chimney over the decades (a.1) Trautmann
and Folger 1989 [206], (a.2) Ingelbrecht 1997 [89], (a.3) Eberhardt 2018 [43]. When producing banana-shaped
segments for target wheels (b.2 and b.3), [177], a different set-up has proved successful: the segments, which are
covered with foil, are installed at the side of the MP cell (b.1 [45]).
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1.5. Molecular Plating

tion of the MP method is the achievable areal density. More than 800 µg
cm2 are typically not deposited in

one step [51, 89, 1], at least not in complex geometries as they are used at many SHE laboratories [91].

To achieve thicker targets, several modifications of the MP process were adopted, including multiple cal-

cination and repetition of the MP process [231], double-sided targets [19] and reduction of the deposited

thin film in a hydrogen atmosphere to then produce intermetallic layers [210] with the metallic substrate.

In recent years, new electrochemical approaches [107, 117], or approaches outside electrochemistry [70],

provided access to thicker targets.

1.5.1. History

Even in the original publication [162] the essential aspects of the process are clearly stated: Firstly, there

is no electrolytic dissociation, i.e. the deposited metals are not reduced; secondly, very high voltages and

very low electrical currents are used, whereas the opposite is the case with conventional electrochemical

deposition; thirdly, the method is easy to use; and fourthly, the material is deposited in high yield. The

high yield, the fact that the target material used is very rare, and the simplicity of the application, which

often requires deposition behind thick shielding against radioactivity, explain the lasting success of the

method [175]. The low current densities of the MP process, mA/cm2 instead of A/cm2, prevent excessive

production of hydrogen gas at the cathode, gas bubbles that would interfere with the formation of a thin

film [89, 214]. Parker and Falk extended the method to many metals [157, 159, 160, 163] and used it to

produce targets for fundamental nuclear physics research [161].

Over the decades, the MP method has been established for a wide variety of targets for a wide variety of

experiments in basic research [206]. The ease of use and relative robustness of the method allowed tar-

gets to be produced in a wide variety of shapes, so that requirements from ongoing experiments, such as

conversion to target wheels, could be easily implemented. This has resulted in a large number of differ-

ent cell designs over the decades and for different applications, see Fig. 1.14. To date, a chimney-shaped

structure has been established for the production of simple round targets. The coated foil is installed

at the bottom of the structure, modern approaches vary the anode shape [101], for example, or actively

cool the cathode [43] for a better result. The basic advantage of this design is that only one seal has to

prevent the volatile solvents from leaking out, and the structure also allows the seal to be pressed on

without having to exert pressure on the target foil. The frequently small volumes often make stirring of

the electrolyte solution unnecessary.

In order to coat the individual segments of target wheels using molecular plating, new set-ups had to be

developed; the main problem here was and is the sealing of the cell against the solvents used. The larger
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volumes required necessitated the use of stirrers [43, 45, 46].

Figure 1.15.: Close up of an energy dispersive spectrum of uranium on a tantalum backing. Nitrogen is not de-
tectable in the spectrum. The small picture shows a larger energy range. From ref. [113]

1.5.2. State of knowledge about the composition of MP thin films and the mechanism of

deposition

The simultaneous establishment [6, 58, 59, 175] of the term ’molecular plating’ established certain mech-

anistic ideas, which were often only proved or disproved by analytical methods decades later. Prior to the

publication of the molecular plating process, Hansen 1959 [76] published an attempt to mechanistically

explain the deposition of lanthanides and actinides from aqueous mixtures with organic solvents. As

no publication on molecular plating contains any references to solvent drying processes and the desired

actinides are introduced in the form of aqueous acids, Hansen’s approaches have long been used for the

mechanistic explanation of the MP method [206, 212]. As has been previously stated, the deposits on

the cathode are not composed of the metals through the direct reduction of ions in solution; rather, they

are comprised of insoluble compounds, which are most commonly hydroxides. The electrodeposition of

uranium and other actinides from aqueous media occurs via a precipitation reaction within a hydroxyl

ions layer that forms at the cathode surface. Indeed, if the direct reduction of the elements of interest

is excluded, cathodic deposition will occur as a result of a reduction in the hydrogen ion concentration

at the cathode, accompanied by a corresponding increase in the hydroxyl ion concentration at the cath-

ode surface. This forced increase makes the precipitation of oxy-hydroxide compounds possible, which

could not be precipitated under common conditions since its solubility product could not be reached.

Considerable effort has been made to study the theoretical and experimental conditions for this process
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1.5. Molecular Plating

and to optimise electrodeposition setups and electrodeposition parameters affecting deposition yield and

energy resolution of the sources [34].

As Parker and Falk 1962 [162] observed, the most notable distinction between the method to be delin-

eated and the conventional electrodeposition process is the absence of comparable electrolytic dissoci-

ation during the passage of current. Additionally, in the present case, the same chemical compound,

chloride or nitrate depending on the circumstances, is deposited at the cathode as the original substance

dissolved in the electrolyte. It was therefore assumed that the lanthanides or actinides were incorporated

into the thin film in their used form, i.e. as chlorides or nitrates.

500 mm x3000 30µm x10000 1µm

Figure 1.16.: (Left) Photography of a segment of the TASCA (TransActinide Separator and Chemistry Apparatus)
target wheel [91, 118]. The thin lanthanum film ( thickness 500 µg

cm2 ) deposited on a 2.1 µm thick titanium substrate
is glued to the frame of the target wheel. (Middle and right) Scanning electron microscope images showing the
typical cracked surface morphology of targets produced by molecular plating.

Thermogravimetric, EDS and IR analyses conducted by Ramaniah et al. 1975 [169] revealed the absence

of nitrates in MP films. In particular, the IR analyses of uranium films demonstrated a U-O stretching

vibration of UO2+
2 , which led to the assumption that uranium was deposited as an oxide or hydroxide.

Furthermore, the addition of phenolphthalein revealed the presence of water in the isopropyl alcoholic

solution, and a hydroxide-rich layer was observed at the cathode. Consequently, the hypothesis proposed

by Parker regarding the deposition of nitrates as a chemically unchanged molecular species was refuted.

Later work confirmed the formation of complex hydroxide films [155, 179]. Nevertheless, the distinctive

characteristics of uranium (U) and plutonium (Pu), with their higher oxidation states (+6 and +4, respec-

tively, being the most stable), differ from those of the lanthanides and post-plutonium actinides (+3).

This could potentially lead to the formation of MPs with a completely distinct electrochemistry [214].

Consequently, the analytical outcomes of MP studies on uranium films may not be directly applicable to

these target materials.

Liebe et al. 2008 [113] attempted to elucidate the mechanism of the MP process using spatially resolved

X-ray microanalysis (EDX) and neutron activation analysis at the TRIGA research reactor in Mainz [44].
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Their work confirmed the absence of nitrates in the thin films for both uranium and lanthanide deposi-

tions. Based on the strong oxygen signals in the EDX spectrum, they described the MP thin films as

oxides, see Fig. 1.15, despite the presence of an equally robust carbon signal. However, the authors also

point out the problems of thin film analysis of MP films on titanium substrates, e.g. the natural oxide

layer of titanium and the LM transition lines interfere with analysis by X-ray methods such as X-ray

microanalysis or X-ray photoelectron spectroscopy (XPS). XPS is usually less affected due to its better

spectroscopic resolution. The authors also used tantalum backings, which would of course be com-

pletely unsuitable for SHE target fabrication, see Fig. 1.11. Another important finding of the authors was

that spatially resolved methods bypass the challenging morphology of MP films ( see Fig. 1.17 and 1.16 ).

Figure 1.17.: Atomic force microscopy image ( 2.5 × 2.5 µm ) of an unirradiated La MP thin film ( thickness
500 µg

cm2 ), deposited on a thin titanium foil ( 2.1 µm ).

Vascon’s [214] extensive work on the molecular plating process focused mainly on the morphology of

the thin films, but also on their modification, which will be discussed in more detail in the following

section. His studies using XPS provided valuable information on the chemical composition of MP thin

films. The XPS studies also demonstrated that in lanthanide MP thin films, the nitrate or chloride precur-

sors are not incorporated into the thin film. However, as observed by Liebe et al. (2008) [113], carbon

is the predominant element in the atomic composition of the MP films, accompanied by oxygen. The

use of sputtering methods demonstrated that this carbon species is not a surface impurity, but rather, it

is present throughout the entire thin film. The carbon species was identified as a carboxylate, and the

electrochemical decomposition or oxidation of the alcoholic solvents used was assumed to be the cause,

see Fig. 1.18. However, Vascon et al. 2012 [217] highlighted the inherent challenges of XPS analysis

of MP thin films, including the challenging morphology and the tendency of non-conductive thin films
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1.5. Molecular Plating

to become electrically charged, which can impede the clear identification of measured chemical shifts.

Vascon et al. 2013 [216] also showed that the carbon species is incorporated into the film itself during

molecular plating and is not carried into the film by processes in the ambient air; thin films were pro-

duced under an inert gas atmosphere for this purpose. It was also shown that these carbon species are not

only formed in the frequently used alcoholic solvents, i.e. mixtures of isopropanol and isobutanol, but

also in dimethylformamide (DMF).

Figure 1.18.: The C1s spectra show the presence of two components: the C 1s peak at 285.0 eV is aliphatic carbon
of the mixed isopropanol/isobutanol solvent. The peak at 289.3 eV can be attributed to COOM -metal carboxylate-
groups formed during the plating process by solvent electrolysis. From ref. [217]

More recent work gave first insights into the chemical composition by means of X-ray photoelectron

spectroscopy (XPS) [142, 217, 28, 189]. These studies clearly showed that no reduction of the metals

takes place, which is in line with common models for the electrochemistry of the f-block metals. Further-

more, oxygen and carbon are co-deposited in larger quantities. Carbon was detected as a carbonate-like

and an aliphatic species [142]. For oxygen, a clear differentiation between an oxidic, hydroxydic or car-

bonyl species was not possible with XPS. Diffraction methods were unsuccessful on fresh MP films,

while oxycarbonates, a known thermal degradation product of carbonates and carboxylates of f-metals,

were detected on annealed MP films [28, 29]. Quantification attempts by conventional energy dispersive

X-ray spectroscopy (EDX) in the course of scanning electron microscopy (SEM) were unsuccessful due

to the difficult morphology [129] of the samples. Conducting classical electrochemical investigations

of the MP process pose challenges due to the high voltage densities needed [107], which render off-

the-shelf potentiostats ineffective. Custom-made potentiostat setups are, therefore, necessary to conduct

such investigations. Thus, the nature, origin and content of the observed carbon species, as well as the
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exact electrochemical mechanism [189, 122], remain open questions of the MP process. In their 2016

publication, Choi and Chung [28] investigate the production of lanthanum thin films and their subse-

quent calcination at temperatures of 700K and 900K, respectively, the authors employ X-ray diffraction

(XRD) for the analysis of their MP thin films. The use of XPS enabled the authors to demonstrate that

untreated MP films contain a carbon species. The publication does not include comprehensive XPS

spectra of carbon. XRD analysis revealed the absence of any chemical species in non-calcined MP films,

which were found to be too amorphous. Following heating, the formation of oxycarbonates (La2O2CO3)

and, with increasing proportion, sesquioxides (La2O3) was observed,see Fig. 1.19. Oxycarbonates are

recognised as thermal degradation products of lanthanide or actinide carboxylates, as well as their car-

bonates [108, 195, 196].

Figure 1.19.: X-ray diffraction patterns of three layers on Ti electrodeposited at 400 V: (a) without calcination and
with calcination (b) at 700 K for 30 min and (c) at 900 K for 200 min. Without calcination (a), only the reflexes
of the titanium backing are visible. From ref. [28]

In conclusion, the current state of knowledge regarding the composition of MP films and the mechanism

of deposition, as it existed prior to the present work, can be summarised as follows: The residual mois-

ture in the otherwise organic electrolyte is split electrochemically, resulting in the generation of a basic

environment at the cathode. This environment facilitates the precipitation of lanthanides or actinides as

hydroxides. The films contain a carbon species, identified as a carboxylate by XPS and interpreted as

a decomposed solvent. Diffraction methods such as XRD are unable to provide usable results for un-
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treated MP thin films, see Fig. 1.19. The hypothesis that the precursors, i.e. chlorides or nitrates, are

incorporated into the film has been refuted. Calcination of the thin films leads via the oxycarbonates to

the sesquioxides.

1.5.3. About the morphology of MP thin films

In addition to the intricate chemical processes involved in the molecular plating process, the formation

of a stable, closed thin film with robust substrate adhesion is of significant scientific and technological

importance. The microstructure of MP films is characterised by a surface that is broken and resembles

dried mud, see Fig. 1.16 1.17 and 1.20. This surface structure is frequently referred to as “mudcracking.“

A more recent paper by Kurth et al. 2016 [107], corroborates this observation of a broken surface, but

attributes it to the oxidation behaviour of the neodymium (Nd) used in the MP process. Vascon’s com-

prehensive research [214] on the surface morphology of MP thin films was also primarily conducted with

neodymium as a non-radioactive alternative, yet yielded more precise insights into the various influenc-

ing factors.

Figure 1.20.: Photograph (left) and SEM pictures (centre and right) of a 500 µg
cm2

147Sm target on a TASCA segment.
From ref. [119]

In order to optimise the production of smooth and crack-free layers for use as nuclear targets, a series of

constant current density measurements were conducted using neodymium (Nd) as a model element.The

variables selected for investigation were the plating solvent, electrolyte concentration, applied current
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density and surface roughness of the deposition substrate.Additionally, the samples were subjected to

drying in a variety of environments. The resulting deposits were then analysed using a range of tech-

niques, including X-ray Photoelectron Spectroscopy (XPS), radiographic imaging (RI), atomic force

microscopy (AFM), and scanning electron microscopy (SEM).The results obtained from the characteri-

sation were employed to identify the principal parameters that regulate the molecular plating of smooth

and crack-free layers. The investigation revealed that the roughness of the deposition substrate and

the solvent utilised for plating emerged as two pivotal factors influencing the quality of the layers pro-

duced.It was observed that surface cracking occurred during the drying process when volatile solvents

and deposition substrates with inadequate smoothness were employed.The utilisation of different drying

environments, such as air and Ar, did not result in any discernible impact on the deposited layers.

Figure 1.21.: Influence of substrate surface roughness and plating solvent. 3D graphs of radiographic imaging (RI),
samples produced using molecular plating and the following substrate/solvent systems: (a) Ti and the “classic“
isopropanol and isobutanol mixture, (b) Ti and N,N-Dimethylformamide (DMF). From ref. [216]
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The potential avenues for enhancing the surface structure are depicted in Fig. 1.21. While a comprehen-

sive transition to the established target system of SHE basic research, namely thin titanium foils adhered

to wheel segments, has not yet materialised, it exemplifies the hitherto untapped or unexplored prospects

in the electrochemical deposition of lanthanides or actinides.

1.6. Modern electrochemistry

The work of Vascon and others demonstrates the continued fundamental possibilities of the molecular

plating process, which can be enhanced through a deeper understanding and the resulting possibilities for

modification and improvement. With a few exceptions, the molecular plating process is limited to target

production, i.e. basic research in nuclear physics. It has no industrial significance. The electrochemical

processing of lanthanides, indeed some of the actinides, but also other metals with similarly challenging

electrochemical properties is of the utmost importance for the global economy. It is therefore important

to remind ourselves once again of the basic electrochemical properties of these elements.

The metallic f-elements ( lanthanides and actinides ) react with water to form hydrogen and metal hy-

droxides or oxides. Therefore, the pure metallic f-elements cannot be deposited electrochemically from

an aqueous solution [16, 107]. One approach to electroplating metallic f-elements is the use of ionic

liquids [16, 60]. A more favourable alternative is deposition from anhydrous organic solvents [107, 117].

For this purpose f-element precursors have to be found, which can be easily synthesized and dried. The

preparation should be simple and quantitative to allow a safe production from heavy actinides for target

production. The chlorides and nitrates used for molecular plating are not suitable for this purpose, as

they are poorly soluble in many organic solvents and difficult to dry [133]. The established drying meth-

ods for chlorides and nitrates are not suitable for the typical microgram approaches of target production.

Nevertheless, the anhydrous chlorides enable the deposition of metallic lanthanides and actinides from

dry N,N-dimethylformamide ( DMF ) [126]. In order to produce thick metallic targets, a suitable precur-

sor must therefore fulfil the following conditions:

Synthesizability - it must be possible to perform the synthesis by simple means, quickly and quan-

titatively. Large preparative effort is not tolerable if losses of valuable actinides and exposure

of humans and material to radioactive radiation are to be avoided. The direct production of the

water-free form or the drying of the hydrate must be easy and completely possible.

Solubility - the water-free precursors must be completely soluble in the target solvent.
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Stability - the counter-anion must be sufficiently electrochemically stable for successful electrodepo-

sition. The resilency against e.g. alpha radiation should be sufficiently high that the precursor

survives the time between synthesis and galavinic deposition.

Separability - The counter anion must be easily separable from the desired f-element cation, therefore

only weakly coordinating anions are suitable for precursor synthesis [154, 186, 106]. Too strong

coordination of the anions in the complex also reduces the deposition efficiency [187].

The negative standard reduction potentials of lanthanides and actinides ( f-elements ) are higher than

those of aluminium and are comparable to those of magnesium [31, 16]. The electrochemical deposition

of magnesium and aluminium is only successful if the metal salts are present in a non-aqueous solu-

tion, e.g. an anhydrous organic solvent or ionic liquids. The salts used for this purpose must be easily

synthesisable without any residual water content. Currently, the deposition of aluminium and aluminium-

magnesium alloys for special requirements on small parts is carried out on a laboratory scale, where layer

thicknesses of up to 50 µm are achievable [73], which corresponds to in 13.5 mg/cm2. With modern elec-

trochemical methods, it is therefore possible to produce significantly thicker layers of electronegative

metals. A comparable electrochemical process for f-metals is not yet known for target-making.

1.7. Outline of the work

From this superficial introduction to the subject, it is clear that there are three fundamental issues to be

addressed in this thesis:

Firstly, the molecular plating process needs to be better understood analytically, in particular the carbon

species formed need to be identified.

Secondly, the MP thin film changes during irradiation with fast heavy ions (SHI). Again, the chemical

processes involved are still completely unclear.

Third, as briefly mentioned in the penultimate section, modern electrochemistry allows chemically well-

defined thin films of unprecedented thickness. This could achieve the chemical precision that allowed the

cold fusion target technology to make the most of the experimental setups. This would make it possible

to circumvent the limitations of the MP process and still get by with the smallest amounts of the heaviest

actinides available, if modern methods of lathanide electrochemistry can be successfully applied to the

traditional target techniques.
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2. Publication I: Chemical conversions in lead thin films
induced by heavy-ion beams

The following article was published as full article in Nuclear Instruments and Methods in Physics Re-

search Section A: Accelerators, Spectrometers, Detectors and Associated Equipment, volume 1028,

pages 166365 in 2022. It describes first irradiation experiments on different lead target systems.

2.1. Own contributions

The experiments presented were planned and carried out independently. The samples were prepared

independently. The Raman measurements were carried out in the Materials Research Department, and

were carried out after instruction on the measuring device. The evaluation of the data and the writing of

the article were done completely independently.
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2. Publication I: Chemical conversions in lead thin films induced by heavy-ion beams

Chemical conversions in lead thin films induced by heavy-ion beams at Coulomb barrier
energies

C.-C. Meyer1,2, A. Dragoun1,2, Ch. E. Düllmann1,2,3, R. Haas1,2,3, E. Jäger3, B. Kindler3, B. Lommel3,

A. Prosvetov3,4, M. Rapps1,†, D. Renisch1,2, P. Simon3,4, M. Tomut3,5, C. Trautmann3,4, A. Yakushev3

2.2. Abstract

Superheavy elements are produced via fusion reactions, by bombarding thin target foils with intense

beams of energetic ions with energies around the Coulomb barrier. Currently, production of rare isotopes

relies mainly on the molecular plating (MP) method, which yields thin films of the desired target mate-

rial on a backing foil. Intense heavy-ion beams are known to modify the film structure, which leads to

deterioration of the targets over irradiation time. To gain a better understanding of the processes at a mi-

crosopic scale, comparative tests were carried out using Coulomb barrier heavy-ion beams provided from

the UNILAC accelerator at GSI Darmstadt, Germany. For this purpose, targets of lead were prepared us-

ing MP and Drop-on-Demand inkjet-printing. Lead targets were baked-in and analysed by digital optical

microscopy, scanning electron microscopy and confocal Raman spectroscopy.

2.3. Introduction

With ever increasing beam intensities of new accelerator facilities, the durability of nuclear targets un-

der beam influence becomes more essential. Recent reviews [36, 148] have emphasized the need for a

new generation of actinide targets for the synthesis of new super heavy elements. With the completion

of new and more powerful accelerators being installed at major superheavy element labs [35, 199, 72]

and R&D work towards a high-intensity linear accelerator ongoing at GSI Darmstadt and Helmholtz

Institute Mainz, Germany [9], current target technology is reaching severe limitations [148]. Synthesis

of the heaviest known elements was achieved using actinide targets [42]. These are frequently produced

using the molecular plating (MP) technique [158, 206, 116, 217], in which the f-elements are electro-

chemically deposited from an organic solution at low current densities [114]. The use of organic solvents

leads to high voltages during electrochemical deposition [90]. Since the f-elements are added in aqueous

solutions, a metallic deposition of the f-elements is impossible [16]; reduction of the f-metal cations to

the elemental state could not be observed under these conditions [216, 143, 218]. The advantage of the

1Department Chemie, Johannes Gutenberg-Universität Mainz, 55128 Mainz, Germany
2Helmholtz-Institut Mainz, 55128 Mainz, Germany
3GSI Helmholtzzentrum für Schwerionenforschung GmbH, 64291 Darmstadt, Germany
4Technische Universität Darmstadt - Materialwissenschaft, 64287 Darmstadt, Germany
5Institut für Materialphysik, Westfälische Wilhelms-Universität Münster, 48149, Münster, Germany
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MP method is the high yield; disadvantages include the co-deposition of undesired by-products. There

is also still no complete and uniform explanation of the chemical processes involved in the MP pro-

cedure [216, 28, 141]. Freshly produced target layers are quite sensitive to humidity and oxidation in

air and often deteriorate during long storage times. To prevent these aging processes, freshly produced

targets are usually converted into a long-term stable form. For this, the state-of-the-art relies on a reli-

able on-line conditioning procedure with heavy-ion beams at Coulomb barrier energies [9, 85, 20, 198],

where the beam intensity is initially kept very low and is then stepwise increased to levels used in long

production runs ( order of 1012-1013 ionss−1 ). After this conditioning procedure MP targets can be suc-

cessfully stored over decades and used in subsequent experiments. The exact nature of the processes on

a microscopic scale has not been fully elucidated to date, though.

So, despite their decade long use, neither the MP process itself, nor the performance of MP targets in

accelerator beams are fully understood. The main limitation in the past was access to state-of-the-art

analytical facilities, due to the high radioactivity of the used actinides. This is why it is important to test

new analytical approaches with non-radioactive substitutes first and then, if successful, to apply for ac-

cess to the few laboratories that can examine highly radioactive actinide samples with modern analytical

methods. A comprehensive systematic study of the beam performance of MP targets can be expected

to give valuable insight into the chemical processes, and therefore aid the development of new target

systems. In order to explore whether target conditioning is also possible without accelerator access, the

ODIn [71] test setup was realised. This provides electron beams ( up to 1.5 keV ) and ions of gaseous

elements ( up to 5.0 keV ).

The conditioning procedure [9, 85, 20, 198], leads to physical and chemical transformations, which have

previously been described by studies using microscopic methods, like atomic force microscopy [216,

129, 220] and scanning electron microscopy [217, 129, 219]. During the conditioning process, however,

a change in the alpha spectra of the actinide thin films is observed, i.e, the peaks become narrower and

the prominent low-energy tailing, which is present in spectra of freshly produced MP layers, disappears.

The phenomenon is explained by the evaporation of unwanted volatile components [20, 198] present in

the fresh thin films, though, spectroscopic proof has not yet been provided. However, the loss of tailing

in the alpha spectra indeed supports compacting and the loss of unwanted minor components.

Most f-element films are deposited on a thin foil, typically titanium or carbon foil of a few micrometer

thickness [118]. To minimize the energy loss, which leads to unwanted target heating, these backing foils

are kept as thin as possible. The current typical thickness (2.3 µm) is a compromise between mechanical

stability, in order to be able to apply the target material safely, and the performance in the heavy ion

beam. X-ray diffraction (XRD) studies of the deposited thin films proved to be challenging, due to the
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amorphousness of uncalcined f-metal thin films produced by MP [28, 129] and because the metal foils

used as substrate are always significantly thicker than the deposited f-metal thin films. Additional X-

ray photoelectron spectroscopy (XPS) studies could neither clarify the MP process [216, 143, 218] nor

the conditioning process [25]. Alpha-particle spectroscopy of alpha-emitting target isotopes indicates

changes in the thin films after irradiation [85, 129]. Attempts to induce effects similar to those from

heavy-ion beams by thermal heating to 700 ◦C in oxidizing and reducing atmosphere were unsuccess-

ful [141, 25]. Thermal stability [129, 118] of thin metal foils, which are often used as backing material,

is limited. This greatly limits thermal-based attempts to mimic conditioning tests in oven systems, since

conversion temperatures into the oxides are comparatively high for most f-metal compounds. More de-

tailed spectroscopic investigations of the irradiation effects are still pending, so that there is still no full

understanding of the processes in target layers during irradiation [129]. Confocal Raman spectroscopy

has been successfully applied in the material sciences in studies of ion-beam modified materials [204].

It has not been applied yet to study the properties of MP target layers and their changes under heavy-ion

irradiation [198].

The goals of this study are: (i) to prove that it is possible to investigate the radiation induced chemical

reactions in target materials without beamtime at particle accelerators and to supplement the accelerator

based conditioning procedure, by using the recently commissioned ODIn-setup [71] at the Helmholtz-

Institute Mainz; (ii) the comparison of established and newly developed [70] methods of target produc-

tion, regarding their beam performance; (iii) the establishment of new analytical approaches of target

characterization, in order to reveal changes in the structure and chemical composition of target materi-

als [198].

In the following, the performance of different methods of target fabrication in the heavy ion beam will

be compared. For first experiments natPb-targets are used [83]. In addition, lead oxide compounds show

a characteristic colour variety depending on their oxidation state, which is well documented in litera-

ture [164]. By analysing the resulting lead compounds, we hope to gain new insights into the MP method

and the conditioning process. There are numerous examples of Raman analyses of lead thin films from

the applied sciences (geology, materials science, petrology and archaeology), e.g. [192, 213]. There are

also systematic studies on the stability and reproducibility of Raman measurements [24] on lead thin

films, for which sufficiently reliable reference spectra are available [23]. First studies on the chemical

stability of lead compounds under irradiation were undertaken already in the 1930s [82]. In comparison

to f-element chemistry, the chemistry of lead is much better understood and more extensively documented

in literature, which makes lead an ideal test element for a first systematic investigation, before ventur-

ing into studies with lanthanides and actinides. In addition to the established MP method, the Drop-

on-Demand ( DoD ) [70] method was investigated with confocal Raman spectroscopy. The DoD tech-

nique [70] has been used to produce samples for a wide variety of experiments [222, 43, 109, 170, 68],
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but applications in superheavy element research have so far been lacking. The suitability as a target

technique for ion accelerators is to be determined in initial experiments. Furthermore, the possibility of

replacing the previously necessary conditioning procedure at the accelerator with an offline [71] method

was explored.

2.4. Experimental Methods

2.4.1. Target production

All targets were prepared using lead(II) nitrate in analytical quality ( CAS: 10099-74-8 ). The used sol-

vents acetone ( CAS: 67-64-1, propan-2-on ), isobutanol ( IB, CAS: 78-83-1, 2-methylpropan-1-ol ) and

isopropanol ( IP, CAS: 67-63-0, propan-2-ol ) were of technical quality. The nitric acid ( CAS: 7697-37-

2 ) and the hydrochloric acid ( CAS: 7647-01-0 ) were of analytical quality. All chemicals were purchased

from Merck KGaA, Darmstadt, Germany. All used water was purified by a Milli-Q™Direct Water Pu-

rification System.

2.4.1.1. Molecular plating

For the irradiation test at the UNILAC accelerator at GSI Darmstadt, targets were prepared in a geom-

etry to fit the four-segment target wheel [91] of the TransActinide Separator and Chemistry Apparatus

( TASCA ). A 2.3 µm titanium foil was glued ( E-Solder 3021, EPOXY Produkte GmbH ) to the curved

aluminium frames [118] and served as target backing. Before the MP process, the titanium foil was for

1 min immersed in hydrochloric acid, then degreased and dried with acetone. Special care had to be

taken to protect the sensitive adhesive layer, so that the glued titanium foil does not peel off the alu-

minium frame. For the plating process we used a stock solution consisting of lead(II) nitrate dissolved

in diluted nitric acid ( 0.1 mol
L ). Aliquots of 100 µL were mixed with isobutanol/isopropanol (9:1). The

mixture was placed in the TASCA plating cell [42], with the target backing serving as cathode. The

targets were plated at 1200 V with a current of 0.5 mA
cm2 for 3 h. This yielded targets of 600(54) µg

cm2 thick-

ness (surface weight ( SW ), i.e. areal density ), which displayed a thin film of homogenous appearance

( Fig. 2.1 (a) ). The target production process is described in detail in the literature given [42, 177]. The

MP process works on thin metal foils (a few µm thick) as well as thin carbon foils. It does not work on

non-conductive backings, such as polymer films.

For the irradiation tests at the ODIn setup, a different target geometry was employed, therefore a differ-

ent plating cell was used [43]. The Titanium backing foil was thicker ( 25 µm ) and the molecular plating
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processes yielded circular ( d = 8 mm ) thin films ( Fig. 2.2 (a) ).

(a)

(b)

2 mm

2 mm

1 mm

1 mm

Figure 2.1.: A segment of a target wheel for the TASCA experiment [91], coated with lead via molecular plating
( SW = 600(54) µg

cm2 ), before (a) and after (b) irradiation with 5.90 MeV
u

48Ca-beam, accumulated fluence 6.5×
1013 ions

cm2 .

(b)

2 mm

(a)

Figure 2.2.: Examples of MP lead targets ( SW = 100(10) µg
cm2 ) for irradiation by the ODIn-setup (a) unirradiated,

(b) irradiated with 1.5 keV e−-beam, I = 3.2× 1019 ions
cm2 . A triangular discolouration on the edge of the target is

clearly visible after irradiation.

2.4.1.2. Target printing by Drop-on-Demand

In the Drop-on-Demand technique, a solution of the desired element is precisely distributed on the tar-

get [222, 43, 109, 170, 68] substrate in an inkjet printing process. By choosing an optional thermal
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post-treatment, the exact speciation of the target material can be adjusted. In the present case, the tem-

perature range was chosen that the deposited lead(II) nitrate should completely transform into lead(II)

oxide. In contrast to the MP process for the same elements, one has full control over the speciation

of the target material and is not hindered by poorly controllable by-products. One disadvantage is the

thermal sensitivity of the thin titanium foils ( 2.3 µm ) and the adhesive binding ( E-Solder 3021, EPOXY

Produkte GmbH ) used in the TASCA target frames, which greatly limits the useable temperature range.

For the target fabrication by printing, the DoD printer [70] was filled with the lead nitrate stock solu-

tion ( 40 mg
mL ). A drop pattern ( Fig. 2.3 ) was chosen for the curved TASCA target frames, in order to

visualise local target stability and performance more easily. The pattern [70, 68] resulted in an average

surface weight of 2.1(2) mg
cm2 over the whole TASCA segment, at a coverage of 35 %. However, this

means that a single printed drop has a theoretical surface weight of 6.0(6) mg
cm2 , which is once again

significantly higher than the surface weight of the TASCA MP targets used ( SW = 600(54) µg
cm2 ). So a

significant amount of desired target material is concentrated within the drops. After printing, the target

was heat treated in a muffle furnace at T = 500 ◦C for 1 h. Printing and heat treatment yielded circular

drops of 350 µm diameter on average.( Fig. 2.4 (a) and Fig. 2.8 ).

(b)

(a)

2 mm 1 mm

2 mm 1 mm

Figure 2.3.: TASCA-Segments coated via DoD ( SW = 2.1(2) mg
cm2 ). (a) after tempering in a muffle furnace

( T= 500 ◦C, 1 h ) and (b) after irradiation with a 50Ti-beam, 4.85 MeV
u , 3.3×1013 ions

cm2

.
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2.4.2. Ion irradiation of targets

2.4.2.1. TASCA

The irradiation of the targets was performed in two consecutive campaigns. A first MP target was

irradiated at the TASCA beamline of the GSI UNILAC with 5.90 MeV
u

48Ca-beam ( 6.5 × 1013 ions
cm2 ,

Fig. 2.1 (b) ). A second MP target and a DoD target were irradiated at TASCA with 4.85 MeV
u (50Ti-

beam, 3.3×1013 ions
cm2 , Fig. 2.3 (b) ). Ion flux was increased stepwise 2.2×109 to 4.0×1010 ionss

cm2 for both

irradiations. At this ion flux bulk heating of the sampls can not be excluded [204].

2.4.2.2. Irradiation of MP lead targets at the ODIn setup

To yet broaden our studies, the ODIn setup [71] delivering low-energy ions and electrons from an ion

gun and an electron gun, was also employed. The sample was fixed with conductive adhesive tape

on the sample holder in ODIn. The thin films were irradiated with an electron beam of 1.5 keV and

a beam current of 6.2× 1014 e−
s . The electron gun optics focuses the electron beam into an isosceles

triangle ( Fig. 2.2 (b) ) with an edge length of 3 mm, cf. [71] for the technical details. In the irradiation

experiments shown here, the electron beam was not scanned over the sample surface, but was only

focused on a constant point in order to better indicate the dose per area. The irradiated part of the

thin films immediately turned dark. The entire irradiation lasted about one hour with approximately

5.0×1019 e−
cm2 .

(a) (b)

Mag: 300x HV: 20 kV - [SE] - WD: 17 mm Mag: 300x HV: 20 kV - [BSE] - WD: 17 mm

100 µm

Figure 2.4.: SEM images of one DoD printed drop of lead nitrate after tempering in a muffle furnace
( T = 500 ◦C, 1.0 h ) and after irradiation with a 50Ti-beam, 4.85 MeV

u , 3.3× 1013 ions
cm2 . The drop is in the mid-

dle of the irradiated DoD TASCA segment and has therefore been fully irradiated. (a) is a SE recording. (b) is a
BSE recording.
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Figure 2.5.: EDX point spectrum of one of the black crystallites on the surface of the printed drops. ( cf. Fig. 2.4 )

50 µm 500 µm

(a) (b)

Figure 2.6.: TASCA segments coated with lead via MP ( SW = 600(54) µg
cm2 ), after irradiation with 5.90 MeV

u
48Ca-

beam ( 6.5× 1013 ions
cm2 ). The recordings were made with a KEYENCE VHX-6000 digital optical microscope at

the GSI target lab. (a) shows an enlargement of the transition between irradiated and non-irradiated area. (b) is a
less magnified overview image for orientation.

2.4.3. Target analysis

2.4.3.1. Scanning electron microscopy

In order to evaluate the ion beam-induced surface modifications, scanning electron microscopy ( SEM,

Philips XL30, Amsterdam, The Netherlands ) with an acceleration voltage of 20 kV was carried out in

combination with detectors for secondary (SE) and backscattered electrons (BSE).

In addition, energy-dispersive X-ray spectroscopy ( EDX ) was used to investigate the changes in ele-

mental composition of the thin films. The EDX spectra were evaluated with the NIST DTSA-II Lorentz

software package [146]. The detector ( SphinX 133 XL40 by eumeX Instrumentebau GmbH ) used was

equipped with an ultra-thin window ( UTW ). Thus, the detection of elements lighter than sodium ( Na )
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is theoretically possible. To exclude chemical manipulations by the electron beam, the SEM/EDX mea-

surements were performed after the confocal Raman spectroscopy and light microscopy measurements.

(a) (b)

Mag: 300x HV: 20 kV - [BSE] - WD: 17 mmMag: 300x HV: 20 kV - [SE] - WD: 17 mm 100 µm100 µm

Figure 2.7.: SEM images of MP TASCA segment after irradiation with 5.90 MeV
u

48Ca-beam ( 6.5×1013 ions
cm2 ). The

images show the border between the irradiated and unirradiated part of the thin film. (a) is a SE recording. (b) is
a BSE recording.

2.4.3.2. Digital optical microscopy

The digital microscopy images of the samples were taken with a KEYENCE VHX-6000 in the Target

Laboratory at GSI. Digital microscopy allows the differentiation of different lead species by their specific

color.

2.4.3.3. Confocal Raman spectroscopy

For a first screening, a single test measurement was performed at the the Institute of Geosciences of

the Johannes Gutenberg University Mainz, Germany. Raman spectra from 100 cm−1 to 600 cm−1 were

collected with a Jobin Yvon (Horiba) LabRam HR 800 spectrometer equipped with an Olympus BX41

optical microscope and a Si-based charge-coupled device ( CCD ) detector. The instrumentation used

an Ar+ ion laser ( 514 nm emission ), a grating with 1800 grooves
mm , and a slit width of 100 mm. These

parameters, and the optical path length of the spectrometer led to a spectral resolution of 0.8 cm−1 . The

spectral acquisition time was set to 240 s for all measurements [87]. For the initial proof-of-concept the

drop pattern of the DoD target was utilised ( Fig. 2.3 ). One drop at the unirradiated rim of the segment

and one drop in the fully irradiated segment centre were analysed ( Fig. 2.8 ).

The majority of the targets was analysed by confocal Raman spectroscopy ( HR800 system, Horiba Jobin

Yvon ) at the Materials Research Department of GSI with 633 nm excitation wavelength, other settings
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50 µm 700 µm

(a) (b)

Figure 2.8.: Digital optical microscope images of (a) one printed drop of lead nitrate after tempering in a muffle
furnace ( T = 500 ◦C). (b) macroscopic damage after irradiation with 4.85 MeV

u (50Ti-beam, 3.3× 1013 ions
cm2 ). The

recordings were made with a KEYENCE VHX-6000.

were identical to those given above. Raman spectra from 100 cm−1 to 4000 cm−1 were collected [167].

First, automatic line scans were carried out over the entire sample diameter. This ensured repeatability

of the measurements, and a distinction between irradiated and non-irradiated areas of the sample sur-

face was immediately possible. Since the thin target foils of the TASCA segments were sagging after

irradiation, the automatic scan routine failed, so that selected areas were manually scanned, by optically

selecting areas of characteristic colour changes. In order to study potential effects due to laser-induced

material modification [24], the laser was focused on a point of the thin film at maximum power and

consecutive measurements were recorded. Even several minutes of laser bombardment did not induce

changes in the Raman spectra. We thus exclude sample modifications due to the analysing laser beam.

From tabulated refractive indices of the lead compounds to be presumed, it can be deduced that for both

wavelengths the laser light of the Raman microscopes only penetrates approximately the first 25 nm of

the thin films. Therefore, an influence of the titanium substrate on the spectra can be excluded.

2.5. Results

2.5.1. Irradiation with swift heavy ions

2.5.1.1. DoD TASCA-targets

As can be seen from both microscopy methods, the unirradiated and also the irradiated printed drops

consist of aggrates of finest crystals. During the crystallization process, microcracks have formed. Both

in the BSE part of the SEM images ( Fig. 2.4 ) as well as in the light microscopy image ( Fig. 2.8 ), crys-

tals of different colour and contrast are visible. In EDX point scans ( Fig. 2.5 ) lead, tin, aluminium and

sodium are clearly detectable. Sodium is a common contaminant, probably introduced during handling

41



2. Publication I: Chemical conversions in lead thin films induced by heavy-ion beams

of the samples. The aluminium signal comes from the sample holder. The strong lead signal comes

from the underlying lead dot. Lead and aluminium are both visible in the EDX spectrum, because the

technique has an inherent penetration depth of about 2 µm to 3 µm. Confocal Raman ( Fig. 2.3 ) measure-

ments [171] were able to identify the black crystallites as tin(IV) oxide. Although lead(II) nitrate was

used in analytical quality for target production, our samples obviously contain microscopic contamina-

tion of tin compounds.

Table 2.1.: Raman spectroscopy for printed lead(II) nitrate drops recorded at 514 nm. From a printed drop at the
rim and in the centre of the target, several Raman spectra were recorded at different locations. The averaged
FWHMs of the significant peaks are shown here.

148 cm−1 341 cm−1

rim 3.33±0.04 cm−1 15.68±0.65 cm−1

centre 3.73±0.05 cm−1 16.21±0.78 cm−1

Macroscopic changes induced by the ion irradiation are clearly visible ( Fig. 2.3 ). Several printed drops

are partially or completely chipped off by irradiation; irradiated areas turn dark, changing the colour

to almost black. The Raman spectra ( Fig. 2.9 ) show narrow bands without significant background.

According to literature, the two prominent bands at 148 cm−1 and 341 cm−1 are ascribed to tetragonal

lead(II) oxide ( litharge ) [24]. The position of the bands remained the same. However, the irradiation

leads to a significant broadening of the peaks. The corresponding full width at half maximum (FWHM)

values are presented in Tab. 2.1. At 488 cm−1 the mentioned contamination with tin(IV) oxide [171] is

weakly visible ( Fig. 2.9 ).

2.5.1.2. MP TASCA-targets

The ion irradiation has a much stronger effect on the MP thin films. From the unirradiated edge of the

segment to the irradiated centre, numerous colour shades are visible ( Fig. 2.6 ), which might indicate

chemical transformations. At the transition zone between the irradiated and the unirradiated area, a

disappearance of microcracks in the thin film is observed with the SEM images ( Fig. 2.7 ). In the irra-

diated area of the thin film, microcracks are no longer visible. The irradiation has melted the thin film

together into a homogeneous surface, which corresponds well to the literature [129]. The Raman spectra

of the target before and after irradiation are shown in Fig. 2.10 (a). In unirradiated thin films only basic

lead(II) carbonate ((PbCO3)2 x Pb(OH)2) can be detected by characteristic bands at 110 cm−1, 1051 cm−1

and 1055 cm−1 [24, 23]. The spectra have a comparatively high background and poor signal-to-noise ra-

tio, suggesting an amorphous state. The observed peaks at 110 cm−1, 1051 cm−1 and 1055 cm−1 agree

well with the literature values; the intense band at 1051 cm−1 is attributed to the CO stretching vibration
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of the carbonate anion [21, 30, 53, 183, 47]. Solvent degradation products [143], specifically carboxy-

lates [217, 216, 219], as described to be present in MP films in the literature were not detected. Raman

bands significant for carboxylate compounds, such as the symmetrical C-C stretching vibration at about

940 cm−1, could not be observed in any sample [229]. In general, no Raman signals attributed to aliphatic

organic carbon compounds could be detected.

After bombardment with swift heavy ions with 5.0 MeV
u

48Ca-beam, I = 6.5× 1013 ions
cm2 , orthorhombic

lead(II) oxide ( massicot ) was detected as the dominant chemical species in the thin films ( Fig. 2.10 (b) ).

The peaks at 142 cm−1 and 285 cm−1 correspond to the relevant literature. Minimal peak shifts and

broadening, as well as characteristic grey colouring in the colour image ( Fig. 2.6 ), point to the presence

of additional lead suboxides. Reference spectra of the suboxides in satisfactory form are missing in the

literature. Lead(II) carbonates were no longer detectable after bombardment, and there are no indications

for the presence of lead(IV) compounds ( Fig. 2.10 ). At the transition between the irradiated and non-

irradiated region there were spectra ( Fig. 2.11 ) indicating intermediate reaction steps in the conversion

of lead(II) carbonate into orthorhombic lead(II) oxide as described in [30] and [183]. After irradiation,

the thin films show a significantly stronger Raman signal with significantly narrower bands, which could

indicate recrystallization. On the other hand, lead(II) oxides are significantly better Raman scatterers

than the lead(II) carbonates [183].

2.5.2. Electron irradiation with ODIn

On the targets irradiated at ODIn the changes caused by the triangular electron beam are clearly visible

( Fig. 2.2 ). The conversion from lead(II) carbonate to orthorhombic lead(II) oxide ( massicot ) can also be

observed here, but the transformation is less complete, as carbonates remain detectable ( 1051 cm−1, Fig. 2.12 ).

No other lead(II) oxide modifications than massicot can be identified. The Raman spectra after the irra-

diation with a 1.5 keV e−-beam largely correspond to the spectra of ion beam exposed samples. In the

case of targets irradiated with ODIn, the triangular discolourations of the thin films could be seen with

the naked eye, but changes in the morphology, such as the fusion of microcracks in the case of targets

irradiated with TASCA, could not be observed via SEM. With SEM, the irradiated part of the surface

could hardly be distinguished from the non-irradiated part.
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Figure 2.9.: Raman spectra of a DoD lead target after irradiation by TASCA with 4.85 MeV
u (50Ti-beam, 3.3×

1013 ions
cm2 ), (a) unirradiated rim, (b) irradiated centre of the target. Recorded at λ0 = 514 nm, 15 mW.

2.6. Discussion

2.6.1. Molecular plating

The slight quality differences in the Raman spectra of the unirradiated thin films can be explained by

the different target geometries and thereby plating cells used. The biggest distinction between the two

electrochemical setups is the different thicknesses of the titanium carrier foils ( 2.3 µm and 25 µm ). Nev-

ertheless, both set-ups produce the same chemical species in the MP thin films.

The interpretation of our Raman spectra can only be partially reconciled with the results of older work

on the subject [216, 129]. No evidence of cracked solvents or the formation of carboxylates could be

found. Despite the high electrical voltages and the resulting waste heat, a quasi-quantitative formation

of carboxylates from isopropanol and isobutanol seems insufficient as an explanation for the carbon con-

tent of the MP thin films described in literature [216, 129]. Oxidation to the carboxylic acids taking

place in a reducing cathodic environment would anyway have been unexpected. Furthermore, in other

studies of molecular plating in dimethylformamide ( DMF ) [143] and isobutanol ( IB ) [28] the possible

formation of carbonates has been mentioned. Most organic solvents can dissolve much more carbon

dioxide than water can [90]. Therefore, sufficiently high carbon dioxide partial pressures could be ex-

pected even under normal conditions. In combination with the high local pH values, which have also

been known [76, 10] for a long time and are induced by electrolysis of residual water in organic solvents,

precipitation as basic carbonates seems to be the most plausible explanation for our results on the layer

composition of MP produced targets [86]. The process could therefore be described as electrophoresis

rather than electrodeposition. This model would also explain the lack of reduction of metal cations,

which is described in all publications on the subject. The occurrence of carbonate-like C-bonds in films
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produced from DMF [143] and IB/IP [28] as seen via XPS correlates well with the solubility of carbon

dioxide in these solvents [90]. Since no drying and degassing procedures for the solvents used are de-

scribed in the aforementioned publication on molecular plating, the content of water and air described in

textbooks [90] for untreated solvents can be assumed. Therefore, the carbon dioxide of the ambient air is

the obvious explanation for the observed carbonates [143] and their degradation [28] products in MP thin

films. Understanding the processes governing molecular plating and the composition of the produced

layers are a prerequisite for elucidating the processes [9, 85, 20, 198] occurring under heavy-ion beam

irradiation.
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Figure 2.10.: Raman spectra of a MP lead target after irradiation by TASCA with 5.90 MeV
u

48Ca-beam ( 6.5×
1013 ions

cm2 ), (a) unirradiated rim, (b) irradiated centre of the target. Recorded at λ0 = 633 nm, 16 mW.

2.6.2. Radiation-induced reactions

Using the Raman spectra, a radiation-induced conversion of basic carbonates to oxides was observed

( Fig. 2.10 ). No series of different fluences was available, we thus could not identify details of this tran-

sition and no intermediate stages could be identified. Known oxide-carbonate intermediates [30] could

be identified ( Fig. 2.11 ) but could not be assigned to any specific fluence. The thermal transformation

of the lead(II) carbonates into the two polymorphous lead(II) oxides, litharge and massicot, is precisely

reported in the literature [30, 183], but the necessary transformation temperatures described were not

reached macroscopically in any of the irradiation experiments. The observed process can therefore not

be exclusively temperature induced. However, the ion flux ( 4.0×1010 ions
scm2 ) at TASCA is high so micro-

scopic local heating cannot be excluded. However, irradiation at ODIn, which does not lead to substantial

sample heating, induces equivalent transformations ( Fig. 2.12 ), so the influence of temperature can be
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assumed to be small.

For the case of the bombardment with swift heavy ions, the primary effect can be attributed to ion

irradiation-induced electronic excitation in the crystal lattice of a material after relaxation, which re-

sults from a state of warm dense matter by the creation of structural defects due to the displacement of

atoms [204]. Due to the presence of carbonate species and the high vacuum applied in both types of

irradiation, the system can simply relax to the oxide by releasing gaseous decomposition products.

Irradiation with electrons leads to the same chemical transformation, but due to the significantly lower

energies, a different mechanism can be assumed. The electron beam is strong enough to break chemi-

cal bonds, and a relaxation of the system by evaporation of carbon dioxide is also likely. Here, too, the

high-vacuum conditions are conducive to pulling the reaction to the side of the products. Thus, if lead(II)

carbonate is irradiated in a vacuum, the thermodynamically stable lead(II) oxide modification - litharge

- is formed ( Fig. 2.10 ).

In the DoD printing process, due to the low temperature chosen for calcination, the metastable lead(II)

oxide - massicot - is formed ( Fig. 2.6 ). The temperatures had to be so low to protect the thin titanium

foil and the bonding with the target frame. The observed massicot shows no transformation into litharge,

although litharge is the thermodynamically more stable modification. The change in the DoD spectra

due to irradiation are very small, a change in the chemical species cannot be observed.
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Figure 2.11.: Raman spectra of a MP lead target after irradiation by TASCA with 5.90 MeV
u

48Ca-beam ( 6.5×
1013 ions

cm2 ). The spectrum was recorded at the transition between the irradiated and non-irradiated part of the MP
lead target ( Fig. 2.6 ). For technical reasons of the TASCA setup, this boundary is not sharply defined. The Raman
spectrum shows the transition between basic carbonate and the oxide. Comparable spectra were also recorded at
the boundaries of the irradiated triangle in the ODIn setup. Recorded at λ0 = 633 nm, 16 mW.
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2.7. Conclusion and Outlook

The MP process is dominated by the formation of basic carbonates; cracked solvent residues could not

be observed by Raman spectroscopy. Future experiments still need to clarify the cause of the observed

carbonates, the natural carbon dioxide concentration in moist non-degassed solvents seems to be the

most obvious explanation. These carbonates rapidly convert to their oxides when irradiated with ions

at the TASCA setup, with the applied amount of radiation corresponding to the first few minutes of a

superheavy elements experiment.

(i) We could show, that the ODIn setup induces equivalent chemical transformations in MP thin films.

This could be a first step towards studies of chemical changes in MP thin films without beam time on

accelerators. In this way, innovations in target technology, such as DoD, could be screened for potential

suitability. The problem remains, of course, that targets of the same thickness as those at the particle

accelerator cannot be conditioned at the ODIn setup, since the projectiles produced have a lower pene-

tration depth [71].

(ii) Recently, numerous physical experiments have been made possible using the Drop-on-Demand [222,

43, 109, 69] method, but a performance test in the heavy ion beam has not yet been described. The cho-

sen droplet pattern ( Fig. 2.8 ) had clear advantages for observing spatially resolved changes, but it also

induced a locally very high surface weight ( SW = 6.0(6) mg
cm2 ), which could be an explanation for the

macroscopic instability that needs improvement. DoD thin films printed as closed thin films show sig-

nificantly better macroscopic stability. On the microscopic level, the strengths ( Fig. 2.9 ) of the method

become apparent. Through DoD printing, chemically narrowly defined and cleanly crystallized thin

films can be produced. Here, established synthesis methods such as sol-gel synthesis [207] and polymer-

assisted deposition [56, 55] still have great potential, through modification for the DoD method. Such a

combination of established target techniques may provide a solution to the problems observed for DoD

targets and thus enable printable targets that better withstand heavy ion beams.

(iii) By means of confocal Raman spectroscopy new insights into molecular plating and the heavy-

ion conditioning process could be gained. The MP process seems to work differently than previously

thought. The formation of carbonates by electrochemically induced precipitation seems to be an ob-

vious explanation of our measurement results as well as complementary studies reposted in literature

and is also applied outside heavy ion research [28]. The heavy ion bombardment induces a chemical

transformation, which has not been described in the literature so far to our knowledge. Especially in

combination with other analytical methods, further insights seem to be possible in order to clarify the

complex chemical processes in the interaction of intense heavy ion beams with targets. A challenge in

transferring the approach to lanthanides and actinides is the lack of reference, e.g. Raman spectra, in

literature, so that users have to synthesize and characterize their own standard compounds or use meth-

47



2. Publication I: Chemical conversions in lead thin films induced by heavy-ion beams

ods of theoretical chemistry. Confocal Raman spectroscopy is therefore a useful supplement to target

analysis, but in principle several different spectroscopic methods should always be used to avoid misin-

terpretations. It would be beneficial to supplement the Raman results with infrared spectroscopy studies.

Methods of X-ray diffraction (XRD) could allow a more precise assignment to individual modifications,

which might allow identifying irradiation-induced intermediates, thus helping to elucidate the pathway

of beam-induced transformations. Especially vibrational spectroscopic methods fail here when it comes

to precise assignment. However, better crystallization [28] sites in the thin films would be necessary to

carry out such diffraction studies with benchtop devices. Of course, X-ray photoelectron spectroscopy

(XPS) and wavelength dispersive X-ray spectroscopy (WDX) would also be desirable to investigate the

elemental composition [143, 28] and its change after irradiation in the thin films. The most efficient

would be to combine all methods. For the general experimental setup, fluence series [204] would be

desirable for future studies, so that the intermediate products of the conversion processes could also be

precisely recorded spectroscopically.
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Figure 2.12.: Raman spectra of a MP lead target after irradiation by the ODIn-setup with 1.5 keV e−-beam, I = 5.0×
1019 e−

cm2 (a) non-irradiated part of the thin film, (b) irradiated triangular discolouration on the edge of the target.
Recorded at λ0 = 633 nm, 16 mW.

The comparison with the DoD targets also shows that the development of alternative methods to the MP

process is advantageous. Ideally, the target material should be in a chemically stable form that is not

directly converted to another compound under irradiation, thus ensuring tighter control and prediction

of the target properties in the experiment. Future studies must show, if the MP process deposits the

lanthanides and actinides as basic carbonates. Unlike their oxides [204], the carbonates [28, 93, 196]

and hydroxycarbonates [98] of f-metals have not yet been systematically tested concerning their radi-

ation stability, since the formation of carbonates and basic carbonates in the MP process had not been

described before. Unlike the oxides of the actinides and lanthanides, the carbonates have hardly any tech-
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3. Publication II: Microscopic and spectroscopic analysis of
ion-irradiated molecular-plated thin films

The following article has been accepted for publication in the peer-reviewed journal ‘Nuclear Instru-

ments and Methods in Physics Research Section A: Accelerators, Spectrometers, Detectors and Associ-

ated Equipment’ in 2025. The article describes the analysis of MP thin films. As well as their chemical

modification under irradiation.

3.1. Own contributions

The publication was conceived and drafted independently. The experiments and analyses were designed

and executed independently. The diffraction experiments were outsourced, and the contributions are

presented in the publication. The analyses at the Ion Beam Center of the Helmholtz-Zentrum Dresden-

Rossendorf and at the Joint Research Centre (JRC) - Karlsruhe were devised by me and actively su-

pervised on-site. The raw data was analysed in close collaboration with the scientists at the respective

institutions. The final evaluation of all data and their integration into the extended context of the publi-

cation was carried out exclusively by myself.
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Microscopic and spectroscopic analysis of ion-irradiated molecular-plated thin films for
superheavy element production

C.-C. Meyer1,2, E. Artes1,2,3, M. Bender3,4, J. Brötz5, Ch. E. Düllmann1,2,3, T. Gouder6, E. Jäger3,

B. Kindler3, S. Herz1, B. Lommel3, M. Major5, C. Mokry1, F. Munnik7, M. Rapps1,†, D. Renisch1,2,

J. Runke1, A. Seibert6, C. Trautmann3,5, N. Trautmann1, O. Walter6, A. Yakushev3

3.2. Abstract

The heaviest known elements are produced via fusion reactions by bombarding actinide targets with in-

tense heavy ion beams. The production of actinide targets relies mainly on the molecular plating (MP)

technique. Long-term stability of MP produced targets is typically achieved by a conditioning procedure,

in which fresh targets are exposed to successively increasing beam intensities. This leads to non-trivial

physical and chemical transformations, which are presently poorly understood. To shed light on pro-

cesses in the initial irradiation stage, we irradiated thin Tm MP films with Cl and Au ions of different

fluences, with the latter ranging from 1010 ions
cm2 to 1014 ions

cm2 , and analyzed their morphology and compo-

sition by a variety of microscopic, spectroscopic and ion beam techniques. The study was conducted on

lanthanide targets, which serve as non-radioactive analogues for heavy actinide targets. Combining the

results of several methods, we conclude that the MP thin films consist of a mixture of carbonates and

formates. Under irradiation, these films transform into amorphous oxides with embedded carbon clusters.

3.3. Introduction

In recent decades, remarkable progress has been made in the production of superheavy elements ( SHE ) [84,

36, 148, 193]. For this purpose, targets of the heaviest actinides, such as 242Pu [182], 243Am [176, 226]

and 249Bk [150], were irradiated with 48Ca ions at heavy-ion accelerators. Actinide targets are typically

produced by molecular plating (MP), where the desired actinides are electrochemically deposited as thin

films ( µg
cm2 ) on very thin Ti foils ( 1.5 µm to 2.3 µm ) [119]. The MP method presents a critical limita-

tion to experimental progress in the field [198, 197, 38], as it is unable to produce targets of sufficient

1Department Chemie, Johannes Gutenberg-Universität Mainz, 55128 Mainz, Germany
2Helmholtz-Institut Mainz, 55128 Mainz, Germany
3GSI Helmholtzzentrum für Schwerionenforschung GmbH, 64291 Darmstadt, Germany
4Hochschule RheinMain, 65428 Rüsselsheim, Germany
5Technische Universität Darmstadt – Materialwissenschaft, 64287 Darmstadt, Germany
6European Commission, Joint Research Centre (JRC) - Karlsruhe, 76344 Eggenstein-Leopoldshafen, Germany
7Helmholtz-Zentrum Dresden-Rossendorf, Ion Beam Center, 01328 Dresden, Germany
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thickness to cover the full useful width of the excitation functions [38, 131]. Given the large solid an-

gle acceptances of current recoil separators and the overall detection efficiency of current experimental

setups, production rates can almost exclusively be increased by using more intense ion beams and/or

thicker targets. [138, 199, 35, 72, 39]. Both options require the development of actinide targets with

improved stability. At present, the MP method is unable to take full advantage of the higher beam in-

tensities that are now available [36, 198, 197]. A prerequisite for new target developments is a profound

understanding of the existing MP method and the behaviour of MP targets in the ion beam. Despite

numerous publications on the MP method, the exact process of molecular plating and thus the properties

of the MP thin films remain rather unknown. A brief current literature overview can be found in [6].

MP targets have sometimes limited stability after production and are usually conditioned on-line [85, 20]

using progressively increasing heavy-ion beam intensities over the course of a few hours. Bake-in pro-

cedures at GSI are done at earliest available beamtimes after target fabrication or alternatively directly

at the beginning of a SHE production run, e.g., during adjustments of the experimental setup. Exam-

ples for this are 243Am targets used at TASCA ( TransActinide Separator and Chemistry Apparatus ) in

2012 for spectroscopy experiments on Mc ( Z = 115 ) decay chains [176], and later Nh ( Z = 113 ) and

Mc ( Z = 115 ) chemistry studies [226]. Or 244Pu targets produced in 2014 for chemical studies of Fl

( Z = 114 ) [225, 227] as well as for Fl nuclear spectroscopy studies [182, 33, 32]. Without condition-

ing, the actinide thin films may experience limited adherence to their backing. After bake-in, though,

even storage for months or years under normal conditions in air has no effect on the performance of

such baked-in targets. The chemical processes involved in different conditioning procedures are still

unknown, but attempts have already been made to develop offline equipment in order to make progress

in this field without irradiation time [71, 132].

For SHE production experiments, special MP targets are fabricated from actinide isotopes, which usually

are α emitters [43]. α-Spectroscopic studies of the target layer show that the width of the α-lines under-

goes a change [85, 20] as the beam fluence increases, indicating a radiation-induced alteration in the ma-

terial. These modifications are initiated by a relatively low ion dose and then remain constant throughout

the entire SHE production experiment. Changes in the morphology of actinide thin films were also doc-

umented by photographic images [85, 20], atomic force microscopy (AFM) [129] and scanning electron

microscopy (SEM) [129]. Analytical methods have so far been limited to energy dispersive X-ray spec-

troscopy (EDX) [129] and conventional X-ray diffraction (XRD) [129]. Both methods are challenged by

the peculiarities of the current MP target technology and characterised by a poor signal-to-noise ratio.

Initial research using Raman spectroscopy on thin ion-irradiated lead films [71, 132] as a model system

for accelerator targets has demonstrated the conversion of carbonates into oxides.
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A more detailed examination of MP-produced films and research into the conditioning process would

benefit from access to state-of-the-art analytical techniques. Furthermore, the analysis of actinide films

necessitates the use of licensed laboratories with the corresponding handling permits. To circumvent this

issue, we thus replaced the actinides with lanthanide targets. Actinides elements with Z≥ 95 are chemi-

cally very similar to lanthanides [31], rendering the latter ideal for initial studies and for the development

of novel protocols for actinide target production [119, 38, 6]. The irradiation of lanthanide thin films

serves as a preliminary stage for irradiation experiments on actinide thin films. Analyzing these films

poses specific challenges due to their intricate morphology. Similar demands are present for both irradi-

ated and non-irradiated films. The MP thin films produced and irradiated in this study were characterised

using the following analytical methods:

i) SEM to examine morphological alterations.

ii) Various ion beam analysis (IBA) techniques for elemental analysis, including elastic recoil detec-

tion analysis (ERDA), Rutherford backscattering spectrometry (RBS) and particle-induced X-ray

emission (PIXE).

iii) Raman and infrared (IR) spectroscopy to identify changes of functional groups.

iv) X-ray photoelectron spectroscopy (XPS) for identification of elements and their chemical state.

v) Grazing incidence X-ray diffraction (GIXD) to identify beam-induced structural changes of the

MP films.

3.4. Experimental

3.4.1. Target production

The targets were prepared from analytical grade lanthanide nitrates ( Merck KGaA Darmstadt ). The

used solvents, isopropanol and isobutanol, and the nitric acid were also of analytical quality ( Merck

KGaA Darmstadt ). The Ti backings had 99.9 % purity ( Goodfellow ). A solution comprising a 9:1 ratio

of isobutanol to isopropanol was employed for the deposition process. This ratio is the most commonly

utilised solvent mixture for MP target production within our laboratory [43]. The lanthanides were then

electrochemically deposited from this solution onto a 25 µm-thick Ti foil. The deposited area was cir-

cular with a diameter of 0.6 cm ( area: 0.28 cm2 ). The depositions were carried out galvanostatically

at a constant current of 0.28 µA and for 1 h. The exact production method and the electrochemical cell

construction are described in [43, 217].
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3.4.2. Target irradiation

Irradiations were performed at the materials research beamline M3 at the UNILAC accelerator at the GSI

Helmholtz Centre for Heavy Ion Research in Darmstadt, Germany, using 8.3 MeV
u Au26+ ions. Homoge-

neous exposure of samples was achieved by using a slightly defocussed beam. To prevent heating of the

samples, the ion flux was kept below approximately 2.0(2)×109 ions
cm2 s . The applied fluence ranged from

3.0×1011 to 1.0×1013 ions
cm2 with an estimated uncertainty of about 10%. This accumulated fluence cor-

responds to the first few minutes of the target irradiation in a superheavy element production campaign

and thus provides insight about the effects during the target conditioning process.

The parameters for the irradiations with Cl and Au ions are given in Table 3.3 together with comparative

data of Ca ions applied earlier during bake-in procedures [132]. For the density of the MP films, we

presume 2.73 g
cm3 [26] which is the density of a thulium carbonate and as such notably lower than that of

thulium hydroxide and oxide.

The calculated ranges of the three different ion species exceed by far the thickness of 0.7 to 1.4 µm [129]

or the achievable area density ( about 500 µg
cm2 ) of the MP films, as shown in Table 3.3. In contrast to the

typical SHE experiments [197, 38], where the beam first penetrates the backing and then enters the target

thin film, our samples were positioned with the thin film facing the ion beam. This was also considered in

the calculations presented. The total absorbed dose in Gray was calculated by multiplying the electronic

energy loss per unit pathlength (dE/dx)e with the fluence.

content...

3.4.3. Target characterization

3.4.3.1. Scanning electron microscopy and energy dispersive X-ray spectroscopy

In order to evaluate the ion beam-induced surface modifications, scanning electron microscopy ( Philips

XL30 ) with an acceleration voltage of 20 kV was carried out in combination with detectors for sec-

ondary (SE) and backscattered electrons (BSE). In some cases, the samples were sputter-coated by a

thin silver layer to avoid charging effects during imaging. The elemental composition of the thin films

was investigated by energy-dispersive X-ray spectroscopy (EDX) and analyzed with the NIST DTSA-II

Lorentz software package [146].
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Table 3.1.: List of studied samples and analytical methods applied. The uncertainty of the areal density is assumed
to be 10% based on an average of the density values given in the literature [177].

sample name element area density
µg

cm2
SEM Raman IR IBA GIXD XPS

Tb-50 Tb 50 x x - - - -
Er-50 Er 50 x x - - - -
Tm-50 Tm 50 x x - - - -

Tm-500 Tm 500 - x x - x x
Tm target-1 Tm 500 - x - - - -
Tm target-2 Tm 500 - x - x - -
Tm target-3 Tm 500 x x - x x -
Tm target-4 Tm 500 x x - x x -
Tm target-5 Tm 500 x x - - x x
Tm target-6 Tm 500 - x x - - x
HDZR-500 Tm 500 x - - x - -

Table 3.2.: List of irradiations. The first irradiation used 8.3 MeV
u Au26+ ions at the M3 beamline of the GSI

Darmstadt. For damage characterization of the Au-irradiated samples by means of ion beam analysis (IBA), we
used a 1.2 MeV

u Cl7+ beam at the HZDR. All samples have an area density of 500 µg
cm2 . The uncertainty of the area

density and of ion irradiations are estimated to be 10%.

sample name element 1st irradiation
Auions

cm2
IBA 2nd irradiation

Clions
cm2

Tm target-1 Tm 3.0×1011 - -
Tm target-2 Tm 5.0×1011 x 2.0×1014

Tm target-3 Tm 1.0×1012 x 2.4×1014

Tm target-4 Tm 3.0×1012 x 2.4×1014

Tm target-5 Tm 5.0×1012 - -
Tm target-6 Tm 1.0×1013 - -
HDZR-500 Tm - x 8.7×1013
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Table 3.3.: Beam parameters for the different irradiations of Tm targets including the total kinetic energy in MeV
per nucleon ( MeV/u ), the electronic and nuclear stopping power, the applied fluence as well as the projected ion
range as calculated with the SRIM-2013.00 code, assuming a thulium carbonate target density of 2.73 gcm−3 [26].
The dose D is the product of the energy loss and the accumulated fluence.

ion
energy

[ MeV
u ]

(dE/dx)e

[ keV
nm ]

(dE/dx)n

[ keV
nm ]

fluence

[ ions
cm2 ]

range

[µm]

range

[ µg
cm2 ]

D

[MGy]

35Cl 1.2 3.3 6.1×10−3 20×1013 16 4452 388.94

48Ca 5.9 2.8 1.8×10−3 7×1013 85 23160 106.50

197Au 8.3 17.9 2.2×10−2 1×1013 109 29769 105.07

3.4.3.2. Elastic Recoil Detection Analysis

Some of the Tm targets were analyzed with Elastic Recoil Detection Analysis ( ERDA ) at the Ion Beam

Center of the Helmholtz-Zentrum Dresden-Rossendorf ( HZDR ) using a 1.2 MeV
u Cl ion beam. The angle

between the sample normal and the incoming beam was 75◦, the scattering angle was 30◦. The analyzed

area was about 2× 2 mm2. The recoil atoms and scattered ions were detected with a Bragg Ionisation

Chamber ( BIC ), which enables energy measurements and Z identification of the particles. H recoils

were detected with a separate solid state detector at a scattering angle of 40◦. The beam fluence is moni-

tored using a gold plated rotating vane ( 1 Hz ) and a solid state detector, which detects Cl backscattering

from Au. This system is calibrated against the ion beam current measured with a Faraday cup. The

resulting fluences per sample are given in in Table 3.2.

3.4.3.3. µ-beam - spatially resolved RBS and PIXE

Some of the Tm targets were analyzed with Rutherford Backscattering Spectrometry ( RBS ) and Parti-

cle Induced X-ray Emission ( PIXE ) at HZDR using a 3 MeV proton beam. The beam was focused to

about 7× 5 µm2. The backscattered protons were detected at a scattering angle of 174◦ with a silicon

strip detector. A Ketek silicon drift detector collimated to 80 mm2 was used to detect the X-rays emitted

from the sample. The detector was placed outside the sample chamber. In addition, a 65 µm aluminium

absorber was used to further reduce the contribution of the X-rays from the Ti substrate and stop back-

scattered protons from entering the detector. RBS was used to obtain depth profiles of the main elements

except H, which cannot be detected by RBS. For C, N, and O evaluated cross-sections from SigmaCalc
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are used [66]. For Ti, there exist no accurate data in the relevant energy range and for the used scat-

tering angle. Therefore a measurement on the Ti backing foil was performed to obtain non-Rutherford

cross-sections, which was possible using the program NDF [8]. AFM measurements across the pristine

Ti foil showed a substantial roughness of rms = 39(8) nm. Thus the deduced cross-section might not be

of universal validity.

In the case of the Tm thin films, a preliminary large-scale PIXE scan was conducted, after which individ-

ual areas of the thin film were selected for point measurements. All large PIXE scans contain 128× 128

points or 128× 100 points and have a size of 260× 260 µm2 or 260× 205 µm2, respectively.

3.4.3.4. Raman spectroscopy

Raman spectra from 50 cm−1 to 4000 cm−1 were collected with a Jobin Yvon (Horiba) LabRam HR 800

spectrometer equipped with an Olympus BX41 optical microscope and a Si-based charge-coupled de-

vice ( CCD ) detector. The instrumentation used a grating with 1800 grooves
mm and a slit width of 100 mm.

Excitation wavelengths of 633 nm and 488 nm were used. These parameters, and the optical path length

of the spectrometer led to a spectral resolution of 0.8 cm−1. The spectral acquisition time was set to 40 s

for all measurements. In order to exclude modifications due to laser irradiation, long-term measurements

were carried out analogous to [23]. The Raman spectra were assessed using the Fityk software [224].

3.4.3.5. Infrared spectroscopy

Infrared ( IR ) spectra were recorded with a Bruker Alpha Platinum-ATR. For this purpose, the Bruker

Platinum ATR monolithic diamond crystal was pressed onto the MP thin films and the spectra were

recorded in the attenuated total reflection setup. The IR spectra were recorded after all other analyti-

cal work was completed, as the ATR mode may mechanically damage the surfaces. The spectra were

recorded using Bruker OPUS software and analyzed by the Spectragryph software package [130].

3.4.3.6. X-ray photoelectron spectroscopy

For elemental analysis, several selected samples were investigated by XPS, some time (days up to

months) after their preparation. Irradiated samples were stored under ambient air for even longer times

and underwent several other characterisation methods beforehand. During the measuring campaign the

samples were stored in a UHV-chamber (base pressure about 2.0× 10−8 mbar) neighbouring the XPS

analysis chamber. The base pressure in the XPS chamber was kept below 5.0 × 10−10 mbar. XPS
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measurements were conducted using a monochromatic Al Kα X-ray source and a hemispherical ana-

lyzer Phoibos 150 with HAS 3500 plus controller (all from Specs, Berlin). The microfocus high per-

formance X-ray source XRC-1000 MF was equipped with a µ-FOCUS 500 monochromator (all from

Specs, Berlin). XPS analysis and peak fitting were performed with CasaXPS [48] (Ver. 2.3.24 PR 1.0).

Generally, charging effects lead to a slight broadening of the full width half maximum ( FWHM ) of XPS

peaks. Such charge shifts can be corrected using a flood gun, which flushes the sample surface with

low-energy electrons in order to compensate for the charge. At the same time, the electron beam emitted

by the flood gun can modify surface species [7, 41]. Therefore, care has to be taken in the interpretation

of the data.

3.4.3.7. Grazing incidence X-ray diffraction

In grazing incidence X-ray diffraction( GIXD ), a very small angle of incidence ( ω ) was chosen to limit

the penetration depth of the photons to a thin surface layer of the film. The X-ray beam and sample were

fixed to ensure a small angle of incidence ( ω ≈ 0.1 - 5◦ ) while the detector moves at an angle of 2Θ

to collect diffraction signals. The structural information thus originates predominantly from the near-

surface region ( < 400 nm ). For the GIXD measurements, a SmartLab device from the Rigaku company

with a rotating anode was used with CuKα radiation ( λ = 1.5406 Å).

3.5. Results and Discussion

3.5.1. Morphology of MP films

3.5.1.1. Non-irradiated samples

The molecular plating method produces thin films with a characteristic morphology consisting of in-

dividual tiles separated from neighboring tiles by deep cracks down to the substrate as shown in a

representative SEM image ( Fig. 3.1 right ). This morphology is extensively described for the MP pro-

cess [107, 113] and is also referred to as mudcracking [6, 202] or mud-caking [25, 141]. Each material

produces a different mudcracking pattern and minute changes in MP parameters can have a large im-

pact on the morphologies [107, 216]. Other methods of electrochemical deposition of lanthanides and

actinides also describe a cracked surface structure [202, 117, 12, 184]. Vascon et al. showed that the

cracks form after plating during drying and that the individual tiles of the thin film are not smooth, but

have a rough substructure [216]. The formation of surface cracks depends mainly on the chosen solvent

( isobutanol:isopropanol, 9:1 ). It should be noted that the solvent was kept constant throughout our ex-
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periment series.

Our scanning electron microscopy images clearly show ( Fig. 3.1 right ), that mudcracking leads to a

significant portion of the surface of MP targets becoming uncovered. This effect should be taken into

account during irradiation experiments and when utilising analysis methods without a micrometre spatial

resolution such as ERDA, GIXD and IR spectroscopy, etc.

3.5.1.2. Irradiated samples

First we discuss morphological changes of a fresh Tm MP film caused by the irradiation with 1.2 MeV
u

Cl ions (beam applied for ERDA). For an accumulated fluence of 2× 1014 ions
cm2 , the changes in the irra-

diated area ( 2× 2 mm2 ) can easily be identified by the naked eye ( Fig. 3.1 left ). The sharp focus of the

ion beam allows the interface between irradiated and non-irradiated area of the target to be displayed

in one SEM image ( Fig. 3.1 right ) at high magnification. The SEM images of the two areas underline

the difference; the characteristic tiles due to mudcracking are clearly visible in the non-irradiated area

( Fig. 3.1 right ). After the irradiation with 1.2 MeV
u Cl ions, the tiles barely cover the Ti backing, they

shrank in size and are strongly deformed ( Fig. 3.1 right ).

1
 

mm

fresh Tm MP film

irradiated Tm MP film

x200 100µm

Figure 3.1.: Photography (left) and SEM image (right) of a 500 µg
cm2 thick Tm target (sample: HZDR-500) after

irradiation with 1.2 MeV
u Cl ions (2.0×1014 ions

cm2 ). On the photography, the irradiated area is clearly visible as dark
square. On the SEM image, the upper part is the non-irradiated area and the lower part shows the irradiated area.
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We also inspected the morphological changes of samples exposed to a fluence series with 8.3 MeV
u

Au26+ ions ( Fig. 3.2, 1a-1c ) and subsequently analyzed the films by ERDA with 1.2 MeV
u Cl7+ ions

( Fig. 3.2, 2a-2c ). Up to the maximum applied Au ion fluence, the size of the tiles does not seem to

change, but the uncovered area in between individual tiles becomes smaller. At the highest fluence

( 3.0×1012 ions
cm2 ), Tm covers the Ti backing almost without cracks. Comparable observations have been

described for MP gadolinium films [129].

Samples that were irradiated with Au ions and then ERDA-analyzed with the high-intensity Cl beam

are shown in Fig. 3.2, 2a-2c . Morphological changes were also observed in samples irradiated with Cl

ions only. Individual tiles exhibit deformation and shrinkage, but the overall effects appeared to be less

pronounced the larger the fluence of the preceding Au irradiation.

5 x 1011 Au/cm2 1 x 1012 Au/cm2 3 x 1012 Au/cm2

5 x 1011 Au/cm2 1 x 1012 Au/cm2 3 x 1012 Au/cm2

+2.4 x 1014 Cl/cm2 +2.4 x 1014 Cl/cm2+2.0 x 1014 Cl/cm2

Mag: 1000x HV: 20 kV - [BSE] - WD: 14 mm 30 µm

1a Tm target-2 1b Tm target-3

Mag: 1000x HV: 20 kV - [BSE] - WD: 14 mm 30 µm

1c Tm target-4

Mag: 1000x HV: 20 kV - [BSE] - WD: 14 mm 30 µm

Mag: 1000x HV: 20 kV - [BSE] - WD: 14 mm 30 µm

2a Tm target-2 2b Tm target-3 2c Tm target-4

Mag: 1000x HV: 20 kV - [BSE] - WD: 14 mm 30 µm Mag: 1000x HV: 20 kV - [BSE] - WD: 14 mm 30 µm

Figure 3.2.: SEM images of MP Tm thin films ( thickness 500 µg
cm2 , samples: Tm target-2 to Tm target-4 ) irradiated

with different fluences. Top row (1a-1c): Tm films irradiated with 8.3 MeV
u Au ions at increasing fluence. Bottom

row (2a-2c): same sample series after ERDA analysis using 1.2 MeV
u Cl ions of fluence 2.0× 1014 ions

cm2 to 2.4×
1014 ions

cm2 . The lower series shows exactly the transition area of the ERDA analysis beam spot. Note that the SEM
image 1c is slightly defocused, making the surface appear smoother than it really is.
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adventitious carbon
MP Tm deposit
TiO2 layer
Ti metal

Figure 3.3.: Sketch of cross-section through the MP Tm film, to illustrate the difficulties of XPS, RBS and ERDA
measurements due to tile formation, cracks and adventitious carbon contamination.

3.5.2. Ion beam analysis

Damage effects in samples exposed to 1.2 MeV
u Cl ions for ERDA were analyzed with a µ-beam. The

border area between ERDA-irradiated and non-irradiated sample surface was examined, so that the in-

fluence of irradiation on the thin films could be studied ( Fig. 3.4 (a) ). A sketch ( Fig. 3.3 ) of the cross-

section of the non-irradiated MP thin films, as derived from our microscopy images and the existing

literature [217, 28, 140], illustrates the challenges in the application of ion beam methods in materials

analysis.

3.5.2.1. Non-irradiated samples

The analysis of RBS and PIXE with a µ-beam made it possible to spectroscopically investigate individ-

ual tiles on the mudcracked surface. The element concentrations calculated from the RBS depth profiles

for individual tiles of non-irradiated MP thin film ( thickness 500 µg
cm2 ) are dominated by the elements C

and O ( Fig. 3.4 (c) ). Tm is only a minor component in atomic percent of the thin films. The N signal

is characterised by a poor signal-to-noise ratio, therefore nitrogen is just barely detectable by RBS. Still,

the weakness of the N signal suggests that we can exclude a significant deposition of nitrate species,

which is consistent with other spectroscopic studies [216, 28]. The Ti signal from the backing foil varies

between individual tiles, which indicates that the tiles are of different thicknesses. The signal strength

remained consistent across all tiles for the other elements. The depth profiles are obtained after analy-

sis using the NDF-code [8] and conversion from the spectrum recorded during the RBS measurement.

The film thicknesses obtained from the analysis are given in units of at/cm2. A conversion into a length

unit is problematic as the mass density of the film is not precisely known. A length estimate based

on the weighted average of the atomic densities gives a film thickness of about 2 µm for the µ-beam

measurements ( Fig. 3.4 (c,d) ), which is consistent with our AFM and 3D laser scanning microscope

measurements (not shown).
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1 mm

Tm MP film, 500 µg/cm², on 25 µm Ti foil

 Tm-L intensity (a.u.)

50 µm 

a) b)
spot 1

spot 2

c) spot 1 in b) 

RBS depth profiles of a fresh Tm MP film

d) spot 2 in b) 

RBS depth profiles of an irradiated Tm MP film

The Tm target after the bombardment with Cl ions of 
fluence of 8.7 x 1013 ions/cm2

Figure 3.4.: (a) Photography of MP Tm thin film (sample: HZDR-500) with yellow frame indicating the PIXE
analyzed area performed after ERDA analysis with 8.7× 1013 ions

cm2 of 1.2 MeV
u Cl ions. (b) PIXE map of non-

irradiated (top area) and Cl-ion exposed area (bottom). The color code corresponds to high (yellow) and low
(blue) Tm concentrations. Spot 1 and 2 indicate spots analyzed by µ-beam RBS analysis. (c) and (d) RBS data
for various elements from spot 1 (non-irradiated) and spot 2 (Cl ion irradiated), respectively.
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3.5.2.2. Irradiated samples

Comparing the PIXE data at the transition between non-irradiated and irradiated ( Fig. 3.4 (b) ), we first

see that the elemental distribution of the PIXE map reproduces quite well the morphology of the MP thin

films, as observed by SEM ( Fig. 3.1 right ). The higher intensity of the Tm-L signal is the result of Tm

being accumulated in a smaller area. Furthermore, the distances between the Tm island or MP tiles are

larger than in the non-irradiated area.

The RBS element analysis of the non-irradiated area (Fig. 3.4 (c)) is dominated by C and O. Irradiation

leads to the loss of most of the carbon. Due to the irradiation, the relative proportion of Tm increases,

oxygen and Tm become the dominant components, C is detectable just above the signal noise and nitro-

gen is below the detection limit (Fig. 3.4 (d)).

)
% .ta( noitartnecnoC

)
% .ta( noitartnecnoC

4x10³

Depth (1015 at/cm²)

3.02.52.01.51.00.50.0 3.5

3.53.02.52.01.51.00.50.0

Depth (1015 at/cm²)
4x10³

5 x 1011 ions/cm²
1 x 1012 ions/cm²
3 x 1012 ions/cm²

carbon

oxygen

5 x 1011 ions/cm²
1 x 1012 ions/cm²
3 x 1012 ions/cm²

Figure 3.5.: C and O concentration as a function of depth deduced from ERDA spectra for MP Tm thin films
(sample series Tm target-2 to Tm target-4). The contribution of both elements decreases with depth and with
increasing fluence.
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The ERDA investigation of the fluence series of Au-ion irradiated Tm samples ( Fig. 3.5 ) confirms the

decrease of the overall carbon and oxygen concentration as a function of fluence. The depth profile of the

oxygen concentration fits well with the oxygen contents that were detected in the irradiated thin films by

means of RBS. The carbon content determined by ERDA is higher than what was determined by the RBS

measurements of irradiated thin films. The irradiation-induced alterations of the thin films, namely com-

paction and the loss of light elements, rendered the evaluation of the ERDA data a challenging endeavour.

The ERDA measurements were further complicated by the morphology of the samples, a problem that

is circumvented in RBS/PIXE measurements due to their superior spatial resolution. Collectively, the

ERDA measurements align with the hypothesis that the irradiation with energetic heavy ions results in

a depletion of C and O in MP thin films. Based on the results obtained from the ion beam methods, no

significant beam-induced loss of Tm was observed. The combined PIXE/RBS/ERDA data suggest that

the MP film tiles lose volatile components containing O and C, as a consequence of irradiation. This

may result in chemical transformations that could potentially lead to the formation of a compound with

a higher density, which in turn would result in a reduction of the area covered by the MP thin film.

We conclude from our data, that the determination of the elemental composition by the applied ion beam

analysis was clearly at the limit of statistical significance for both non-irradiated and irradiated thin films.

Techniques with high spatial resolution (e.g. using a µ-beam) are particularly suitable for overcoming

challenges associated with the morphology of the MP films.

3.5.3. Vibrational spectroscopy

3.5.3.1. Non-irradiated samples

After achieving promising results using confocal Raman spectroscopy on lead model systems [71, 132],

we applied the method on a series of thin MP-produced lanthanide films including Tb, Er, and Tm

( Fig. 3.6 ). The exceptional spatial resolution of this method enabled us to spectroscopically examine

individual tiles, ensuring that the complex morphology and the presence of a Ti backing did not affect

the accuracy of the measurements. Despite the thin Tb films exhibiting more pronounced mudcracking

compared to Er and Tm, their Raman spectra are remarkably similar ( Fig. 3.6 ). Furthermore, none of

the samples exhibit any orientation-dependent behavior in their Raman spectra, indicating that they are

in an amorphous or microcrystalline state composed of randomly oriented microcrystals [195].

The Raman spectra were recorded using two different lasers of wavelengths, 473 nm and 633 nm, of

the confocal Raman microscope. Several different tiles were examined per sample in order to produce

representative results for each sample. The spectra were identical for both excitation wavelengths and
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x200         100 µm 

a)

b) c) d)

Tb

Er

Tm

x200         100 µm x200         100 µm 

Figure 3.6.: (a) Raman spectra of Tb (sample Tb-50), Er (sample Er-50) and Tm (sample Tm-50) films of thick-
ness: 50 µg

cm2 and (b)-(d) respective SEM images. Despite different morphologies, MP thin films of different lan-
thanides show the same Raman spectrum.
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Figure 3.7.: Raman and IR spectrum of MP Tm thin film ( thickness 500 µg
cm2 , sample: Tm-500 ).

exhibited identical peak intensities. The ratio of the peak positions also remained constant, but the peak

positions themselves fluctuated by about 3 cm−1 from measuring point to measuring point. According

to [28], MP films are armorphous material, while the reference literature cited below refers exclusively

to monocrystalline materials. For the final fit of the bands and the assignment to literature values, the

spectrum with the lowest background was selected ( Fig. 3.7 ).

In the Raman spectra of our Tb, Er and Tm films, carbonate [195, 2, 221, 75] and formate [95, 139, 190]

could be identified. Some Raman modes of the chemically closely-related anions overlap ( Fig. 3.7 ).

The identified bands are given in Table 3.4 and assigned to Raman modes where possible. Herzberg [79]

nomenclature was used.

The wavenumber range from 50 to 700 cm−1 is characterised by a high background and a poor signal-to-

noise ratio, we thus ignored this wave number regime for the analysis ( Fig. 3.6 ). At larger wavenumbers,

the spectrum is dominated by two bands, a sharp narrow peak ( 902 cm−1), which can be assigned to the

out-of-plane bend (ν2) of the carbonate ion, as well as a multiplet ( 2733 to 3066 cm−1), which is as-

signed to the C-H stretching vibration of the formate. Most of the other peaks in the spectrum can be

assigned to either anion.

The free carbonate anion belongs to the point group D3h and therefore has four vibrational transitions [2].

We assign the bands between 1560 to 600 cm−1 ( Tab. 3.4 ) to coordinated carbonate. The four normal

vibrational transitions are expected in a range from 1090 to 1070 cm−1 (ν1), 930 to 850 cm−1 (ν2), 1560

to 1420 cm−1 (ν3) and 820 to 750 cm−1 (ν4). The splitting of the degenerate modes ν3 and ν4 may be

caused by the symmetry reduction from D3h to C2v or Cs from the free to the coordinated carbonate

anion [75]. In an amorphous phase all four vibrational transitions of the carbonate ions are expected to
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Table 3.4.: Assignment of bands in the Raman and IR spectra of the non-irradiated MP Tm films, as designated by
Herzberg [79].

Wavenumber Method Carbonate Formate References
401 IR unknown
563 IR unknown
619 IR ν4a - [194]
653 IR ν4b - [194]
673 IR ν4c - [194]
754 Raman ν4a ν3a [2, 221, 75, 95, 190]
813 Raman ν4b ν3b [2, 221, 75, 95, 190]
846 IR ν2a - [194]
901 IR ν2b - [194]
902 Raman ν2 - [2, 221, 75]
1008 Raman - ν6a [190]
1076 IR ν1 - [2, 221, 75]
1079 Raman ν1 ν6b [2, 221, 75, 190]
1252 Raman unknown
1302 Raman unknown
1374 Raman - ν2a [95, 190]
1379 IR ν3a ν2a [194, 95, 190]
1423 Raman ν3a ν5a [2, 221, 75, 95, 190]
1453 Raman ν3b - [2, 221, 75]
1476 Raman ν3c - [2, 221, 75]
1514 IR ν3b - [194]
1557 Raman ν3d - [2, 221, 75]
1583 Raman - ν4a [139, 190]
1605 Raman - ν4b [139, 190]
2733 Raman - ν1a [95, 139, 190]
2770 Raman - ν1b [95, 139, 190]
2882 Raman - ν1c [95, 139, 190]
2915 IR - ν4a [95]
2918 Raman - ν1d [95, 139, 190]
2942 Raman - ν1e [95, 139, 190]
2960 IR - ν4b [95]
3066 Raman - ν1 f [95, 139, 190]
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be both infrared and Raman active. Furthermore, one would expect that the degenerancy of the ν3 and

ν4 modes for the free carbonate ions is lifted [2]. Detailed correlation schemes and group theory discus-

sion of the spectroscopy of carbonate in solid phases can be found in [2, 221, 75]. The observed Raman

spectra ( Fig. 3.7 ) can therefore be partly explained by bound carbonate in an amorphous phase.

The free formate anion has the point group C2v, thus six vibrational transitions can be derived from group

theory [95, 139, 190]: The C-H stretch in the range from 3070 to 2730 cm−1 ( ν1 ), the O-C-O symmet-

ric stretch from 1380 to 1360 cm−1 ( ν2 ), the O-C-O symmetric deformation from 820 to 750 cm−1

( ν3 ), the O-C-O asymmetric stretch from 1610 to 1580 cm−1 ( ν4 ), the C-H in-plane bend from 1430

to 1420 cm−1 ( ν5 ) and the out-of-plane bend from 1080 to 1005 cm−1 ( ν6 ) [190]. Only the most in-

tense bands at 2918 cm−1 and 2942 cm−1 can be unambiguously assigned to the C-H stretch ( ν1 ) of the

formate [139] in good agreement with the reported literature values of 2920 cm−1 and 2949 cm−1 [95].

For the other modes, no exact measured or calculated values are given for thulium formates, but they are

available for homologues from the lanthanide series. As in the case of carbonate, symmetry reduction in

amorphous materials would be an explanation for the occurrence of bands that are in principle symmetry-

forbidden bands in the Raman spectrum. The C-H stretching vibration (ν1) is of particular importance in

formates, thus its variation within the lanthanide series has been systematically studied [95, 190].

It should be mentioned that the nitrate anion also has a D3h symmetry and should thus produce Raman

bands similar to those of carbonates, which is how Raman spectra of uranium MP films were inter-

preted [92]. However, due to the very different chemistry of uranium compared to lanthanides and heavy

actinides, this interpretation of the Raman spectra cannot be applied. Other studies on uranium MP tar-

gets could not detect any nitrate in the thin films by Raman and IR [179] or XPS [189, 155], and the thin

films were reported to be nitrogen-free.

We also recorded IR spectra for a fresh MP Tm film and compare the respective IR and Raman spectrum

in Fig. 3.7. Comparison with the literature shows that carbonates [194] and formates [95] also contribute

to the IR spectrum. Large differences are present only in the OH-bands. The bands were again assigned

using Herzberg nomenclature (Tab. 3.4).

3.5.3.2. Irradiated samples

Figure 3.8 shows spectra from a series of 8.3 MeV
u Au ion irradiations. With increasing fluence, the two

most prominent Raman bands (at 1079 cm−1 (a) and at 2942 cm−1 (c)) disappear and two new bands (b)

gradually emerge around 1590 cm−1 ( 1650 to 1480 cm−1 ) and 1360 cm−1 ( 1440 to 1290 cm−1 ).
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(a)

(b)

(c)1 x 1012

Tm target-3 

3 x 1012 Tm target-4 

5 x 1012 Tm target-5 

1 x 1013 Tm target-6 

3 x 1011

Tm target-1

5 x 1011

Tm target-2

non-irradiated
Tm-500

Figure 3.8.: Raman spectra of a Tm sample series ( Table 3.2 ) irradiated with 8.3 MeV
u Au ions of different fluences.

The boxes indicate the position of bands assigned to formate (a), graphite (D and G band) (b) and carbonate (c).
The fluence is given in units of ions

cm2
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The two new bands can be assigned to the D ( 1440 to 1290 cm−1 ) and G ( 1650 to 1480 cm−1 ) peaks,

which are characteristic for graphite-like structures embedded into an oxide structure [191, 49, 11]. The

G-band is the primary mode in graphene and graphite. It represents the planar configuration sp2-bonded

carbon that constitutes graphene. The band is resonant, which means that it is much more intense than

would be expected otherwise. The D-band is known as the disorder band or the defect band. It represents

a ring breathing mode from sp2 carbon rings, though to be active the ring must be adjacent to a graphene

edge or a defect. A significant D-band indicates defects to be present in the material. The intensity of the

D-band is directly proportional to the level of defects in the sample [81]. In light of the aforementioned

findings, it can be posited that the irradiated MP thin films can be characterised as amorphous oxides

with embedded carbon clusters, as evidenced by the results of our Raman spectroscopy analysis [11].

The IR spectrum of the sample with the highest fluence is plotted together with the Raman spectrum

of the same sample in Fig. 3.9. In the region of high wavenumbers, there is also activity that could

be assigned to OH-oscillations. The hygroscopicity of the samples may be a potential explanation for

the origin of this OH-oscillation. Otherwise, the IR spectrum of the irradiated samples does not permit

further identification of chemical species. Yet, the appearance of oxycarbonates has been inferred from

earlier GIXD and XPS studies [28], for lanthanum MP thin films that were heated to 700 K. However,

Raman and IR spectra of these oxycarbonates [64] could not be identified in our films. Therefore, ion

irradiation obviously induces a different form of transformation rather than pure heating [129].
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Figure 3.9.: IR and Raman spectra of MP Tm thin film ( thickness 500 µg
cm2 , sample: Tm target-6 ) after irradiation

with 8.3 MeV
u Au ions of fluence 1013 ions

cm2 .
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3.5.4. X-ray photoelectron spectroscopy (XPS)

In the XPS overview spectra (not shown) of the MP Tm thin films the expected characteristic Tm, O, and

C peaks as well as the peaks of Ti are visible. The Ti signal originates from the Ti backing due to the

mudcracking morphology as illustrated in Fig. 3.1 and 3.3. The tiles do not completely cover the surface

and the Ti backing (together with its oxide layer) is exposed to the analyzing beam.

The electrical conductivity of the MP films is rather poor, which favours charging effects [110, 27] during

the XPS measurement. As is typical for air-exposed samples, they are covered with so-called “adven-

titious carbon“, a layer of short-chain oxygen-containing organic carbon compounds. Together with

charging effects, this makes the direct interpretation of the C1s spectra difficult [7, 61]. Further, it is

important to note that numerous authors report charge-corrected measured binding energies. Often, the

dominant C1s peak is attributed to adventitious carbon and placed in a range of 284.5 to 285.5 eV. This

approach leads to inconsistencies in the energy positions among different reports as the final charge-

corrected binding energy is not necessarily accounting for the nature of different organic species [7, 61].

Therefore in this experimental series we tried to avoid relying on the absolute, charge-corrected BE val-

ues but tried to use peak differences for our interpretations [41].

Despite the problems described in the previous paragraphs, we discuss in the following the change in

C1s spectra under irradiation. The C1s region ( Fig. 3.10 ) for the irradiated samples is less complex than

that of the fresh MP samples. The number of carbon species needed to develop a peak model is reduced

for the irradiated samples and the peak observed above 292 eV is absent after irradiation. Table 3.5 sum-

marises the assigned chemical species. Carbon species containing C-Cl and C-N bonds were excluded

from consideration as no indications for the presence of Cl and N were obtained in XPS overview spec-

tra, nor with other analytical methods like RBS or ERDA. Fluorine was observed only for the irradiated

films ( samples Tm target-5 and Tm target-6 ) and is assumed to be due to surface contamination during

sample handling or storage in a UHV-chamber. We ascribe the peaks in the C1s XPS spectra to the fol-

lowing three carbon species: (i) a thin layer of adventitious carbon-containing material on the conductive

Ti [61], (ii) the same layer on the MP thin film and (iii) the confirmed carbon species in the MP thin film

itself.

The C1 peak is interpreted to represent the C-C/C-H contribution of the adventitious carbon on the Ti

backing ( Fig. 3.10 ). This is supported by the absence of the peak when no Ti is detected in overviews

and Ti2p detail spectra. The binding energy (BE) corresponds to the value measured on a blank Ti ref-

erence backing ( not shown ) without deposited film. The superposition of the peaks in the irradiated

samples ( Fig. 3.10 (b) and (c)) illustrates a major problem of interpretation. The main peak can be fitted

with variable proportions of adventitious carbon contributions, i.e. both C1 and C2 species in variable
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(a) non-irradiated

(b) 5.0 x 1012 ions/cm2

(c) 1.0 x 1013 ions/cm2

Binding Energy (eV)

Figure 3.10.: C1s XPS spectra of MP Tm samples together with fits of individual carbon species for non-irradiated
sample (top) and two samples irradiated with 8.3 MeV

u Au ions of different fluence. The samples shown are Tm-
500 (a), Tm target-5 (b) and Tm target-6 (b).

Table 3.5.: Measured binding energy (BE) and chemical shift (CS) of different carbon species.

Peak BE
eV

CS
eV

Possible species

C1 285.7 C-C/C-H contrib. of advent. carbon on Ti backing [61]
C2 286.3 - 287.0 C-C/C-H contrib. of advent. carbon on MP Tm film [61]
C3 287.9 - 288.8 1.5 - 1.8 C-O-C, C-OH, C*-O-C=O [48]
C4 290.0 - 290.4 3.3 - 3.7 C-O-C*=O HCOO [48]
C5 292.8 - 292.9 5.9 O=C(-O-)2 [48]
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proportions. This discrepancy is likely due to the challenging morphology of the samples, in addition to

the limitations of the XPS method, such as charging effects.

Given the intricate surface morphology of the samples and the ion-beam-induced inconsistency in the

XPS spectra, a quantification of the Tm-C ratio was deemed to be unreliable and unsound. Additionally,

the issue of adventitious carbon ( Table 3.5 ) on the Ti backing alone would have rendered further calcu-

lations even more arbitrary.

However, the clear change in the C1s spectra induced by the ion irradiation can be reconciled with the

results of Raman spectroscopy and ion beam analysis, which suggest that the freshly deposited formates,

(hydroxo)carbonates, hydroxides change under irradiation to a more oxidic species with intercalated car-

bon clusters.

Also in the O1s region distinct differences between the freshly deposited and the irradiated samples are

observed ( Fig. 3.11 (a) ). Again, a BE component at 532 eV is observed that correlates with the presence

of Ti in the spectra. This is likely due to an oxidised Ti surface (TiO2). For the blank Ti reference sample,

an oxidised layer was observed as well. Another assignment possibility for the 532 eV peak would be

a thulium oxide component. In principle, the O1s peaks of metal oxides are characterized by a narrow

peak shape, while the peaks of carbonates or formates should be broader. The shoulder at 529 eV in the

non-irradiated samples could be explained by carbonate or formate based on the other analysis results,

but this is not certain due to the inconclusive energy calibration. Furthermore, metal carbonates would

be expected at higher BE than metal oxides, not lower. Thus, no clear, unambiguous conclusion can be

drawn from the O1s spectra alone.

In the Tm4d region differences are observed between non-irradiated and irradiated samples ( Fig. 3.11 (b) ).

While the fresh samples display a double peak structure for the 4d maximum, this is not distinctly seen

for the irradiated samples. The double-peak structure in the Tm4d spectrum of the non-irradiated MP

samples may be due to a differential charge shift effect that is not fully compensated by the flood gun,

the intrinsic shape of the deposited material, or a superposition of different chemical species.

3.5.5. X-ray diffraction

For structural analysis of our thin films, X-ray diffraction under grazing incidence was performed ( Fig. 3.12 ).

Non-irradiated MP thin films yield only three broad and weak reflections, which can be best fitted with

thulium formate [95, 18, 230]. Based on the half-width of the reflexes, the size of the crystallites in the

sample that contribute to the reflex can be deduced. The diffraction pattern of our samples is thus indica-
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Figure 3.11.: (a) O1s and (b) Tm4d XPS spectra of MP Tm samples for a non-irradiated sample (top) and two
samples irradiated with 8.3 MeV

u Au ions of different fluence. The samples shown are Tm-500 (black), Tm target-
5 (pink) and Tm target-6 (orange).
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tive of the amorphicity of the phases and is consistent with the literature for diffraction experiments on

untreated lanthanum MP films on Ti foils [28]. The roughness of the Ti substrate [118, 178] used also

made the diffraction measurements more difficult and certainly contributes to the dominance of the Ti

reflections. The characterisation of irradiated MP films was unsuccessful. We assume that the diffraction

pattern did not show any structure probably due to further amorphization and could not be analyzed. Yet,

future diffraction experiments with even smaller angles of incidence together with synchrotron X-ray

diffraction (SXRD) could enable a reliable identification of the different crystallites in the MP thin films.

2Θ/°

formate Ti formateformate

Ti

Ti

Ti

Ti Ti

Figure 3.12.: GIXD diffractogram of non-irradiated MP Tm sample ( sample: Tm-500 ), the red boxes show the
reflections that can be assigned to thulium formate, while the sharp reflections originate from the Ti backing.

3.6. Summary

3.6.1. Characterisation of fresh films prepared by Molecular Plating

Microscopic methods confirm that of thin Tm films produced by molecular plating on a Ti backing

are fractured, exhibiting a mudcracking morphology ( Fig. 3.1 right ). The films are composed of indi-

vidual tiles, which significantly impacts the applicability of various analysis methods ( Fig. 3.3 ). The

most accurate results were obtained using high spatial resolution analytical methods such as Raman and

RBS/PIXE, which allowed us to analyze individual tiles.

Our XPS characterization showed that the fresh films do not contain significant amounts of N, although

Tm was added as nitrates in diluted nitric acid in the MP process. This result for N agrees well with

the literature for the MP process from alcoholic solvents [28, 216]. Studies on the MP process with

aqueous nitrates from DMF [142] also showed no significant N in the XPS spectra, which in this partic-

ular case, also excludes the intercalation of nitrogen-based solvent degradation products. Thus, nitrogen
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compounds, such as nitrates and their degradation products, can be excluded as a constituent component

of MP thin films.

The C1s XPS spectra of non-irradiated MP films showed a whole range of different carbon species. Un-

ambiguous chemical identification by XPS alone is not possible, but in accordance with literature [216,

28, 142] the assignment of the dominant carbon compound in the MP thin film to the carbonates and a

carboxylic acid-like species ( Tab. 3.5 ) is apparent. The formation of carbonates right after electroplating

can be excluded, because the phase diagrams in the literature [108] clearly show that at room temperature

and under ambient concentration of carbon dioxide ( about 600 ppm ) in the laboratory air, the formation

of lanthanide carbonates is negligible [13, 156]. Therefore, it can be concluded that the formation of car-

bonates through the weathering of hydroxides and oxides is an unlikely mechanism. A similar behaviour

is to be expected for the production process of heavy actinide targets, but literature data are scarce. Ex-

periments reported in [217, 216] clearly showed that the C1s species are formed during the MP process

and not by drying the thin films in laboratory air. In addition, several XPS studies [142, 216, 189] have

demonstrated that the carbon species in MP thin films is not a surface phenomenon, but is intrinsic to the

entire thin film.

The XPS oxygen spectra did not permit a clear identification of the chemical species of the MP thin

films and could not be reconciled with the assignments of the C peaks. This is because different binding

energies would be expected for carbonates or carboxylic acid-like species, but from our XPS analysis,

which is afflicted by differential charging, a reliable determination of binding energies is not possible.

Publications on XPS studies of MP thin films often neglect discussion of the oxygen spectra. However,

in one XPS study [142] on samarium MP films, the O1s spectra were discussed, and the observed O1s

binding energy could be attributed to carbonates based on the observed C1s spectra.

Our ion beam analysis experiments also showed that C and O are the dominant species in fresh MP thin

films. In both the ERDA ( Fig. 3.5 ) and RBS ( Fig. 3.4 (c,d) ) depth profiles, O and C predominate over

the intended lanthanides in atomic percent. Again, a conclusive quantification of the MP film constituents

was not possible, i.e., no sum formula of the MP thin films could be determined.

From GIXD measurements, we conclude that the MP films are amorphous and that Tm exists in the

formate phase ( Fig. 3.12 ). Due to the amorphous structure [28] of the MP thin films, as well as the

roughness of the Ti backings, the results are not very clear. Moreover, the challenging morphology

makes it difficult to interpret the GIXD data. By means of vibrational spectroscopy, carbonates and for-

mates were identified as components of the fresh films ( Fig. 3.7 ).
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3.6.2. Chemical changes induced by heavy-ion irradiation

The irradiation of Tm MP thin films with 8.3 MeV
u Au ions induces drastic changes in morphology

( Fig. 3.2 ). With increasing fluence, the cracks disappear and Tm becomes more and more homege-

neously distributed across the entire surface. This effect has also been reported for MP plated Gd

films [129]. Upon further irradiation with Cl ions of 1.2 MeV
u , (characterized by a lower energy loss

than the 8.3 MeV
u Au ions), films pre-irradiated with Au ions exhibit fewer morphological changes than

non-irradiated films ( Fig. 3.2 ).

Analysis by RBS revealed that the ion irradiation drastically reduces the C content of the MP thin films

( Fig. 3.4 ). The RBS spectra of the irradiated films are dominated by O and Tm. Overall, the relative

proportion of the target element is greater after irradiation, probably because a large fraction of volatile

by-products from the MP process outgassed. This loss of unwanted material through the first irradiation

could be an explanation for the beneficial effect of the conditioning process [85, 20]. Our ERDA investi-

gation ( Fig. 3.5 ) showed that the loss of O and C increases with fluence ( Fig. 3.5 ).

The XPS measurements of the irradiated MP films underline beam-effects on the C component ( Fig. 3.10 ).

No clear chemical species can be assigned. However, within the C1s peak, the loss of carbon species

with higher binding energies, e.g. carbonates and formates, is obvious. The carbon species ( Tab. 3.5 )

with the highest relative binding energy ( C5, carbonate-like ) disappears completely through irradiation.

In contrast, an aliphatic carbon species (C2) is the dominant component of the MP thin films following

irradiation. We were not able to identify by XPS compounds with higher binding energies as seen by

Raman spectroscopy. Our XPS data clearly demonstrate the loss of carbon species and the disappearance

of carbonates.

IR and Raman spectroscopy ( Fig. 3.9 ) provide evidence for newly formed chemical species. Two char-

acteristic Raman bands are visible over a very high background, which fit an assignment to C nanoparti-

cles [191, 11]. In the IR spectra hydroxide bands were identified. Based on the overall spectroscopic

findings, the irradiated MP thin films can be best described as amorphous oxide with embedded C

nanoparticles.

3.7. Conclusion

The established models for the MP process assumed the formation of hydroxyl ions during deposition

according to Hansen’s theory [76, 169, 34, 77]. Due to the non-reduction of the lanthanide or actinide

cations [28, 142, 216, 189], basic precipitation is assumed to occur by a combination of electrophoresis
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and electroplating [107]. The observed C content was explained by intercalated solvents and products of

solvent decomposition. The analytical methods used in this study could not detect any decomposition

products from the solvents used. The origin of observed C content is not clear, but organic solvents can

dissolve much more carbon dioxide than, e.g., water can. At room temperature and normal pressure,

the solubility of carbon dioxide in water is 0.033 mol
L , 0.15 mol

L to 0.17 mol
L for short-chain alcohols and

0.18 mol
L for DMF [90]. Therefore, it can be assumed that moist and non-degassed organic solvents con-

tain enough carbon dioxide to explain the formation of the carbonates that we observed. Another source

for the input of carbon dioxide and thus carbonates could also be the used acids [57, 211]. If we look at

the Pourbaix diagram [86, 105] of carbon dioxide, we see that formate can be formed from carbonates

under the parameters described for the MP process, i.e., standard room temperature and partial pressure

for carbon dioxide in ambient air. Due to the reductive basic conditions at the cathode, the carbonates are

partially reduced to formates. It is precisely under these conditions that the oxidation of solvents, such

as isopropanol and isobutanol, to carboxylic acid-like species seems very unlikely to occur as an ex-

planatory model for the observed C1s XPS ( Fig. 3.10 ) and Raman spectra ( Fig. 3.7 ). However, should

the solvents used be oxidized anodically and reach the cathode by diffusion, we or comparable stud-

ies [28, 142, 216, 189] should have been able to detect these decomposition products. Neither studies in

DMF [142] found nitrogen signals in the thin film, nor did we find the typical rotational spectra of short-

chain alcohols. As with the carbonates, no conclusive mechanism is described in the literature for the

formation of thulium formates by weathering of hydroxides and oxides that may have formed in humid

laboratory air. Formate formation during the molecular plating process is the most obvious explanation,

while a formation after plating seems to be unlikely. The resulting thin films can therefore be described

as a mixture of armorphous basic carbonates and formates.

The chemical conversion of our samples differs significantly from the heat-induced conversion of MP

thin films described in literature [28, 25]. The oxycarbonate agglomerates reported are known thermal

degradation products of carbonates [108] and formates [139]. Thermogravimetric investigations of re-

lated carboxylic acid-lanthanide compounds also indicate oxycarbonates as the final product before the

heat-induced transformation into the sesquioxides [64, 88]. The chemical transformations we identified

after the irradiation with heavy ions cannot be explained by a purely thermal process [129, 180], since

none of the known decomposition products were detected. Radiation-induced amorphousness could also

be a reason for the lack of spectroscopic evidence. The response of the oxides of the lanthanides [204] and

actinides [205] to irradiation with swift heavy ions has been extensively investigated for pure crystalline

samples. Ion irradiation induces defect formation in the crystal and the loss of O. It would therefore be

logical to attribute the chemical transformation of our MP films to a comparable mechanism [200]. This

also includes the loss of light volatile elements, like C and O, so that the lanthanide oxide with embedded

carbon clusters remain [11]. The relatively strong Raman-signal of the carbon clusters does not yield any
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information regarding their quantitative contribution to the MP thin film following irradiation. Based

on the ion beam analyses, it can be inferred that irradiated thin films exhibit a significantly higher O

than C content. Despite extensive research, we were unable to identify a satisfactory explanation for the

observation that thin films previously irradiated with Au ions exhibit a reduced degree of morphological

change when irradiated with Cl ions, in comparison to those that have not been irradiated.

Future studies would benefit from complementary microscopic techniques that offer sufficient spatial

resolution enabling effective analysis despite the challenging morphology of the MP thin films. As the

production of superheavy elements relies on actinide, and not on lanthanide targets, the presented stud-

ies will ideally also be performed with actinide targets. Such studies, though, require access to modern

analytical methods in appropriate licensed nuclear analytical laboratories. These studies will ideally be

complemented with irradiations applying higher fluences.
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4. Publication III: Fabrication, swift heavy ion irradiation, and
damage analysis of lanthanide targets

The following article was published as full article in Radiochimica Acta, volume 111, pages 801-815 in

2023. It describes the initial approaches to alternative production methods for targets in heavy ion re-

search, with the objective of complementing or even replacing the established molecular plating. To this

end, modern electrochemical methods for target production were adapted, and preliminary irradiation

experiments were conducted.

4.1. Own contributions

The experiments presented were planned and carried out independently. The spectroscopic methods

shown were carried out and analysed independently, while the diffraction methods were carried out

externally. The contribution of each method is listed in the publication. The production of the radioactive

tracers at the Mainz research reactor (FRMZ) was carried out with the active support of the reactor team

and the radiation protection team. The radioactive tracers were again handled completely independently,

naturally with the required legal and technical support from the FRMZ radiation protection team.
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Fabrication, swift heavy ion irradiation, and damage analysis of lanthanide targets

C.-C. Meyer1,2, E. Artes1,2,3,M. Bender3,4, J. Brötz5, Ch. E. Düllmann1,2,3, C. Haese6, E. Jäger3,

B. Kindler3, B. Lommel3, M. Major5, M. Rapps1,†, D. Renisch1,2, C. Trautmann3,5, A. Yakushev3

4.2. Abstract

One limiting factor in progress in the discovery and study of new superheavy elements ( SHE ) is the max-

imum achievable thickness and irradiation stability of current generation actinide targets. The desired

thickness of targets, using full excitation function widths, cannot be achieved with current target technol-

ogy, especially the widely used molecular plating ( MP ). The aim of this study was to transfer progress

in the electrochemistry of lanthanides and actinides to the production of targets. Here, we report on

the production of lanthanide targets using anhydrous electrochemical routes. In a first irradiation series,

thulium thin films with areal densities up to 1800 µg/cm2 were produced using anhydrous triflate com-

pounds and subjected to irradiation tests, using 6.0 MeV/u 48Ca ions at a fluence of 3.9×1014 ions/cm2

and 8.6 MeV/u 197Au ions at fluences in the range of 3.0× 1011 to 1.0× 1013 ions/cm2. The thin films

were characterised before and after the irradiations using scanning electron microscopy (SEM) and en-

ergy dispersive X-ray spectroscopy (EDX).

4.3. Introduction

Elements beyond the atomic number Z = 100 ( Fm ) can only be produced in single-atom quantities in

accelerator-based nuclear reactions. The heaviest known elements are exclusively accessible in fusion

reactions of Coulomb barrier heavy ion beams with actinide targets [152]. These superheavy elements

(SHE) have very small production cross sections. These cross sections generally decrease with increas-

ing Z, so that fewer and fewer atoms of the superheavy elements are available per unit of time. The

actinide target material, deposited on a thin substrate, is distributed on the circumference of a rapidly

rotating wheel to spread the ion beam across a larger surface and thus avoid overheating [206, 177, 38].

Various target-related problems restrict advances in the production of superheavy elements [38, 36, 198].

As overall detection efficiencies are already rather high in many SHE studies, production rates can be

1Department Chemie, Johannes Gutenberg-Universität Mainz, 55128 Mainz, Germany
2Helmholtz-Institut Mainz, 55128 Mainz, Germany
3GSI Helmholtzzentrum für Schwerionenforschung GmbH, 64291 Darmstadt, Germany
4Hochschule RheinMain - Ingenieurwissenschaften / Angewandte Physik & Medizintechnik, 65428 Rüsselsheim, Germany
5Technische Universität Darmstadt – Materialwissenschaft, 64287 Darmstadt, Germany,
6Max-Planck-Institut für Polymerforschung, 55099 Mainz, Germany
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increased almost exclusively by using more intense ion beams and/or by using thicker targets [38]. Both

options necessitate the production of actinide targets with improved properties.

4.3.1. Limits and possibilities of current target technology

Thicker targets are a promising solution to compensate the small production cross section of SHE. How-

ever, increasing the target thickness leads to scattering and thus to wider exit angles and energy distribu-

tions of the recoiling ions, which may affect the transmission through recoil separators negatively [153].

Accordingly, the usable target thickness is not necessarily only limited by the width of the excitation

function but also by the target thickness dependent transmission. Earlier experiments on gas-filled sep-

arators therefore often used targets of <500 µg/cm2, as many of the discovery experiments in Dubna in

the 2000s [149]. The fact that an increase of the target thickness leads to an almost linear increase of the

rate of detected reaction products has only been realised in the last ten years [38]. The transmission of

gas-filled separators seems to decrease less with increasing target thickness than was assumed earlier. In

addition to the development of ion beams of higher intensities [65, 181, 111], the development of thicker

targets that can withstand high-intensity ion beams seems to be an approach to increase the production

rate of superheavy elements. A target irradiated with an intense ion beam of 6 MeV/u 48Ca ions needs to

have a surface weight of about 1500 µg/cm2 in order to cover the full-width at half maximum ( FWHM )

of the excitation function [38].

Currently, most actinide targets used in SHE experiments are produced by electrochemical “molecular

plating“ ( MP ), a process, which has been used essentially unchanged for several decades [162, 39]. For

comparative experiments with lighter elements [112] or for the research of medical isotopes [136], as

well as for target development [217], lanthanide layers prepared in the same way are used. In the MP

process [206], the desired metals in the form of their nitrates or chlorides are added in dilute aqueous solu-

tions to an organic solvent, such as isobutanol/isopropanol [177] mixtures or pure N,N-dimethylformamide

( DMF ) [217]. Deposition is then carried out at relatively high voltages and low current densities [107].

The deposited thin films have a characteristic morphology, and usually contain surface cracks [219]. The

films are rarely completely closed in any variation [215] of the MP process, but the morphology could

be improved by varying the process parameters [219]. The main advantages of the MP process are high

yields and easy handling. Moreover, through the use of aqueous nitrates or chlorides, there exists a

seamless connection to the usual separation methods for actinides, such as ion exchange chromatog-

raphy [177], and the possibility to recover and reprocess non-deposited material as well as irradiated

targets [119]. One main disadvantage of the method is that the desired metals are not deposited in pure

elemental form, but impurities are co-deposited in MP thin films in considerable amounts. X-ray photo-

electron spectroscopy (XPS) analyses identified carbon impurities, which were ascribed to originate from
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oxidised solvents [217, 219, 215] or carbonates [142, 28]. By confocal Raman microscopy on lead MP

films [132], bands ascribed to carbonates were found. Grazing incidence X-ray diffraction (GIXD) and

XPS studies on the thermal post-treatment of lanthanum MP films [28] were able to detect oxocarbonates,

which are the known thermal degradation products of carbonates. Other authors identified hydroxides

in MP films [231, 168], which is not unexpected due to the high-pH environment at the cathode [76]. A

brief summary of the current status of research on the MP process can be found in [6].

Because MP films contain many unwanted by-products, chemical reactions can occur under ion beam

bombardment. Indications of this effect came from α-spectra recorded in SHE experiments [85, 20].

In the course of the ion irradiation, α-spectra of MP films of α-decaying actinides undergo significant

changes. Systematic studies showed a clear change in morphology [129] and a chemical transforma-

tion of a carbonate compound into an oxide compound [132]. To better understand ion beam induced

chemical transformations, well defined targets are needed. Deposition in metallic form would have the

advantage that the films would contain fewer impurity atoms. However, a rapid conversion to the respec-

tive oxides [204] has to be expected unless target production and SHE experiments are carried out under

inert gas atmosphere conditions.

One of the most troublesome impediments of the current MP process is the difficulty of achieving repro-

ducible films of thicknesses >800 µg/cm2 in one single production step, as soon as irregular geometries,

like banana-shaped deposits to be mounted on target wheels [91] are required. For “simple“ round targets,

thicker layers have been reported [231], but not for more complicated shapes. Advances in the technically

important electrochemical deposition of lanthanides [107, 115, 187, 117, 188, 60, 201] report on films

grown from organic solvents [107, 115, 187, 117, 188] or ionic liquids [60, 201]. Compared to the MP

process, significantly thicker lanthanide films are achieved in a single production step [115, 117, 201].

However, this improvement has not yet been transferred to actinide thin film fabrication. Comparative

studies have linked the MP process to current developments in lanthanide electrochemistry [107]. In

principle, a transfer to the transplutonium actinides appears possible, as very similar electrochemical be-

haviour is reported for these elements and the lanthanides [31]. We expect this to allow a transfer to the

production of actinide targets. However, in-depth studies on the electrochemical properties [125, 126] in

organic solvents have only been reported for of the early actinides so far, which are known to differ in

chemical behaviour from that of the transplutonium elements [31].

4.3.2. On the way to the perfect target

To implement these new electrochemical approaches, a ligand system had to be chosen that affords a

simple precursor synthesis on a milligram scale. The triflates of the lanthanides [74] and also of some
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transplutonium actinides [4] are well described in literature. Lanthanide triflates are extensively used as

catalysts in organic chemistry [104]. Syntheses are therefore optimized and reference spectra for anal-

ysis, e.g. Raman and infrared spectroscopy [135] and others, are sufficiently available. The triflates

seem to fulfill all the requirements for a precursor. The use of triflates as precursors for electrochemical

deposition has been rather limited so far [188, 60, 117, 201], a use for target preparation has not been

documented to our knowledge.

A suitable solvent is also required to deposit f-elements metallically. The solvent must have a sufficiently

large electrochemical window to allow reduction to the metal [117, 90]. DMF has proven itself in target

production [219] and has documented good electrochemical properties for actinides [125].

In the following section (sec. 4.4), we report on the synthesis of the precursors (sec. 4.4.1), the used ana-

lytical techniques (sec. 4.4.2), the preparation of the targets (sec. 4.4.3) and the irradiation tests (sec. 4.4.4).

Subsequently, the results are summarised (sec. 4.5) and discussed (sec. 4.6). A conclusion and an outlook

conclude the publication (sec. 4.7).

4.4. Experimental

Our study concentrates on producing terbium and thulium targets, which serve as analogues for, e.g.

americium targets. We compare target production with and without the use of inert gas atmosphere tech-

nology. The electrochemical yields were determined by neutron activation analysis (NAA). The neutron

activation also made it possible to test the synthesis from radioactive materials before actinides are used.

First heavy ion beam irradiation tests with thulium targets were performed at the GSI Helmholtz Cen-

tre for Heavy Ion Research in Darmstadt, Germany to test the stability of targets produced by this new

method.

4.4.1. Production of radioactive Tb and Tm precursors by neutron activation

To be able to determine the partial yields of the individual steps along the entire process by means of

γ -spectroscopy, radioactive tracers of the target elements (Tb and Tm) were produced. Samples of 10 mg

each of terbium oxide ( Tb2O3, CAS-No 12036-41-8, Sigma-Aldrich, 99.99 % trace metals basis ) and

thulium oxide ( Tm2O3, CAS-No 12036-44-1, Sigma-Aldrich, 99.99 % trace metals basis ) were neutron

irradiated in polypropylene (PP) tubes in the Mainz TRIGA Mark II [44] research reactor. They were neu-

tron irradiated in the carousel for 8 h at a power of 100 kW at a neutron flux of about 7×1011 N/(cm2 s)

and allowed to decay for at least 15 h. By neutron activation, 160Tb ( half-life: 72.3 d, Eγ= 879.4 keV,
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Iγ= 30.1 % ) was produced from 159Tb, which is the only natural terbium isotope. Thulium, which only

occurs naturally as 169Tm, was activated to 170Tm ( half-life: 128.6 d, Eγ= 84.3 keV, Iγ= 2.5 % ). The

produced activity was quantified by γ-spectroscopy. After activation, the activity of 10 mg terbium cor-

responded to 1.48(20)MBq and of 10 mg thulium to 3.20(30)MBq.

For the production of lanthanide triflate, the known synthesis methods [126, 154, 115, 74, 4] were adapted

to our special conditions. Since the neutron activation was performed for metal oxide powder, the syn-

thesis had to be carried out directly in the PP irradiation tube while maintaining radiation protection.

Sixfold aliquot trifluoromethanesulfonic acid (CF3SO3H, CAS-No 1493-13-6, Sigma-Aldrich reagent

grade, 98 %) in aqueous solution was added to the neutron-activated oxides via a cannula. The suspen-

sions were dissolved for 8 h in an ultrasonic bath. Afterwards, the solution was concentrated to dryness

in a teflon cone and the solid residue was further dried in a drying oven (100 ◦C, 1 h ). The aqueous tri-

flate solution dissolved the neutron-activated oxides without leaving any residue. γ -spectroscopy showed

that there was no appreciable loss through sorption when switching between polypropylene or teflon

vessels. The activities remained constant within the measurement error, and the conversion from oxide

to triflate is therefore assumed to be quantitative. For electrochemical deposition, stock solutions were

freshly prepared in DMF from dried residues. The synthesis was repeated with non-neutron activated

lanthanide salts, and the triflates were characterised by nuclear magnetic resonance ( NMR ). The NMR

data ( see supplementary material ) confirm the successful synthesis, but also show remaining water of

crystallisation, probably due to incomplete drying.

4.4.2. Target analyses

In the following, we present analytical methods that provided clear results and were available for radioac-

tive samples. These include radiographic imaging, scanning electron microscopy and energy dispersive

X-ray spectroscopy. Additional analysis results, including Raman spectroscopy, nuclear magnetic res-

onance ( NMR ) and grazing incidence X-ray diffraction ( GIXD ) are presented in the supplementary

material.

4.4.2.1. Radiographic imaging

Radiographic imaging ( RI ) [101, 70, 198, 68, 102, 67] was performed with a Typhoon™ FLA-7000

analyser from Fujifilm using imaging plates ( Fujifilm, BAS IP SR 2040 ) to observe the relative distri-

bution of radioactive tracers. The maximum achieved spatial resolution was 72(25) µm for weak beta-

emitters; for radioisotopes with decay properties similar to those used in the present work, it was about

200 µm [70]. To avoid contamination of an exposure plate, a Mylar® film was inserted between sam-
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ple and plate. The exposure time was chosen depending on the activity of the measured sample. The

images were processed with the software Gwyddion 2.55 [145]. The contrast shows the relative activ-

ity of the respective areas and thus provides information about the homogeneity of the deposited thin

film [101, 70, 68, 102].

4.4.2.2. Scanning electron microscopy and energy dispersive X-ray spectroscopy

Scanning electron microscopy ( SEM ) ( Philips Inc., XL 30 ) was used to investigate the morphology of

the deposits [68, 71]. No further preparation, such as coating with conductive materials, was performed.

Images were always taken with both imaging modes, SE (secondary electrons ) and BSE ( back scat-

tered electrons ). The integrated nitrogen-cooled energy dispersive X-ray ( EDX ) detector ( SphinX 133

XL40 by eumeX Instrumentebau GmbH ) is equipped with an ultra-thin entrance window, allowing the

detection also of light elements. EDX spectra were recorded as point spectra as well as area scans. The

differences are marked in the respective spectra. The quantitative evaluation was performed with the

NIST DTSA-II software [173].

4.4.3. Target production

The electrochemical deposition ( circular shape, 6 mm diameter ) took place in a standard cell, as shown

in Ref. [43]. As substrate we used 25 µm thick titanium foils ( diameter: 25 mm ) from Goodfellow. Tita-

nium foils are currently the most commonly used substrate material for the fabrication of actinide targets

in SHE experiments [151, 123, 36], because they provide a good compromise between physical stability,

actinide thin film adherence properties and ion beam attenuation [121, 118]. Before the deposition, the

Ti foils were rinsed in isopropanol, water, acetone and again isopropanol and then dried; exceptions are

explicitly mentioned. The lanthanides were deposited from the stock solutions onto titanium foils by

filling 10 mL of a solution containing the desired amount of lanthanide triflates into the cell [43]. The

deposition was carried out galvanostatically, i.e., at constant current. The voltage at the start and end of

the reaction was recorded. The electrochemical conditions are specified individually for each case [5].

4.4.4. Irradiation experiments

The deposited films were irradiated at different target stations at the UNIversal Linear ACcelerator

( UNILAC ) either on a fixed target station ( material science M-branch beamline M3 ) or using a ro-

tating target wheel [91] ( TASCA beamline X8 ).
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Table 4.1.: Parameters of different targets deposited on Ti foils, including the maximum achieved surface weight,
used solvent and the inert atmosphere conditions.

sample name element surface weight solvent inert gas irradiated
µg/cm2

Tb triflate Tb 1890(40) DMF no no
Tb MP Tb 500(10) IP/IB no no
Tb triflate 500 Tb 500(10) DMF no no
Tm triflate Tm 1960(20) DMF no no
Tm inert gas Tm 1820(20) DMF yes no
TASCA GSI Tm 1000(10) DMF yes yes
CCM-10 to CCM-15 Tm 2000(200) DMF yes yes

4.4.4.1. Irradiation of a TASCA target with 6.0 MeV/u 48Ca ions

The finished assembled target wheel was irradiated with 48Ca10+-ions of 6.0 MeV/u. The beam current

was 2.5(1)× 1012 ions/s or 400 nAparticle; the accumulated fluence was 3.9(1)× 1014 ions/cm2. Pho-

tographs ( Fig. 4.6 ) and SEM images ( Fig. 4.7 ) show changes of the surfaces due to irradiation. In the

case of the irradiations at TASCA, the thin films ( sample: TASCA GSI ) were irradiated through the Ti

foil ( thickness 2.3 µm ), following the usual configuration of SHE experiments [91]. In the irradiations

at the M-branch, the Tm films ( samples: CCM-10 - CCM-15 ) were irradiated directly [204].

4.4.4.2. Irradiation with 8.6 MeV/u 197Au ions

Table 4.2.: Targets made from commercial thulium triflate ( 2000 µg/cm2 ) were irradiated with 8.6 MeV/u Au26+

ions at different fluences.

sample name fluence
ions/cm2

CCM-10 3.0(3)×1011

CCM-11 5.0(5)×1011

CCM-12 1.0(1)×1012

CCM-13 3.0(3)×1012

CCM-14 5.0(5)×1012

CCM-15 1.0(1)×1013

Irradiations were performed with 8.6 MeV/u Au26+ ions at the M3 beamline. To prevent heating of the

samples, the ion flux was kept below ca. 2.0× 109 ions/(cm2 s) [204]. Six identically prepared sam-

ples ( samples: CCM-10 - CCM-15 ) were irradiated with different fluences ranging from 3×1011 to 1×
1013 ions/cm2. The individual fluences are tabulated in Table 4.2.
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4.5. Results

4.5.1. Target production

4.5.1.1. Deposition lanthanide triflates under ambient conditions

From the respective stock solution, the volume with the desired mass of terbium or thulium was taken

and filled up to 10 mL with DMF. Before the galvanostatic deposition, 10 µL of the reaction solution were

filled up to 500 µL with DMF and then a γ -spectrum was recorded. From the reaction solution the ter-

bium was galvanically deposited in the cell for 1 h at 3.5(1)mA/cm2. After 1 h the voltage had dropped

from 600 to 400 V. After deposition, the solution was recovered and the coated titanium foil was washed

with a few millilitres of isopropanol and dried in air. After deposition, 500 µL of the supernatant solution

was transferred to a polypropylene tube and a γ -spectrum was recorded to determine the activity after

deposition. This allowed us to determine the yield and the surface weight of the deposition indirectly,

assuming that the sum of the activity in solution and the deposited activity sum up to the original activ-

ity content of the solution before plating. The deposited thin films were characterised by SEM ( Fig. 4.1 ).

The deposited thin films show pronounced cracks, which is denoted by the community as “mudcracking“.

In our study the cracking became more pronounced for thicker films, deposited at ambient conditions.

At higher surface weights, further material is deposited on the film in sponge-like structures, which is

most evident in the case of Fig. 4.1 (b) with a surface weight of 1960(20) µg/cm2. The morphology of the

cracked films is similar to that described in detail in literature for various electrochemical methods of lan-

thanide deposition, [107] but especially for molecular plating. Studies on MP films [217, 219, 216, 215]

showed that this characteristic breaking up of the thin film occurs during drying and thus produces the

typical patterns of MP films. Using the triflate route, it was possible to reproducibly deposit terbium

thin films up to 1890(40) µg/cm2 surface weight. The deposition efficiency varied between 67-95 % for

targets with more than 1500 µg/cm2 surface weight, for thinner targets the typical average deposition

efficiency was >95 %. The produced thin films were as mechanically stable as MP thin films of lower

surface weight, when it came to handling characteristics in target production.

The SEM image of the sample “Tm triflate“ shows clear mudcracking together with sponge-like struc-

tures on top ( Fig. 4.1 (b) ). Compared to the deposition from terbium triflate ( Fig. 4.1 (a) ), the thin films

of thulium triflate ( Fig. 4.1 (b) ) are coarser and show increased sponge formation. It can be assumed

that the sponge-like structures evolve more and more with increasing duration of the deposition, since

their amount increases with the surface weight of the deposits. EDX investigations provide evidence

that both morphologies consist mainly of desired lanthanide. The EDX spectrum ( Fig. 4.4 (a) ) of the

thulium sample clearly shows X-ray lines of thulium, titanium, oxygen and carbon. The spectrum shows

no X-ray lines of nitrogen, sulphur or fluorine. We thus conclude that neither DMF nor triflate are con-
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Mag: 1000x HV: 20 kV - [SE] - WD: 14 mm 30 µm

Mag: 1000x HV: 20 kV - [BSE] - WD: 17 mm 30 µm

(a) Tb film

(b) Tm Film

Figure 4.1.: Scanning electron microscope ( SEM ) images of (a) sample “Tb triflate“ ( 1890(40) µg/cm2 ) and (b)
sample “Tm triflate“ ( 1960(20) µg/cm2 ) both electrochemically deposited from DMF. EDX spectra confirm that
the cracked film and the sponge-like structures consist of the desired lanthanide, cf. Fig. 4.4 (a).

tained in the thin films in quantifiable amounts. This means that thulium is not deposited as triflate or

fluoride. The X-ray line of carbon is probably due to organic contaminants introduced during or after

the deposition. The ratio of the Kα line of oxygen and the Mα+β line of thulium suggests that thulium is

not deposited elementally but as an oxidic species, possibly as hydroxide, oxide or as oxide hydroxide.

The ratio of the Mα+β line of thulium and the Kα line of titanium is influenced by the sample surface

and the thickness of the thulium film. On the basis of the EDX spectra, we thus cannot provide a precise

value for the amount of deposited thulium and its chemical species [129]. The deposition efficiencies are

98(1)%, thus similar as those for terbium triflate.
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(a)

(b)

Figure 4.2.: Radiographic images of electrochemical depositions of terbium of similar surface weight
(500 µg/cm2). Samples produced by (a) molecular plating from isoproponol/isobutanol ( sample: Tb MP ) and
(b) triflate route from DMF ( sample: Tb triflate 500 ). With the same layer thickness, the macroscopic distribu-
tion of the activity in both samples is almost identical; both processes coat the substrate surface uniformly.

4.5.1.2. Comparison of molecular plating samples and triflate route samples

In order to assess the morphology and deposition quality of the new method, a terbium sample was pre-

pared by molecular plating ( sample: Tb MP ) according to reference [177]. A nitric acid stock solution

was prepared from neutron activated terbium oxide. An aliquot of the nitric acid stock solution was

taken and filled up to 10 mL with a mixture of isobutanol and isopropanol with a volume ratio of 9:1.

From this solution, terbium was deposited at 0.7(1)mA/cm2 for 1.5 h resulting in a layer thickness of

500(10) µg/cm2. Using RI ( Fig. 4.2 ) and SEM ( Fig. 4.3 ), the two thin films of similar thickness were

compared to contrast the MP process and the triflate route.
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(b)

Mag: 300x HV: 20 kV - [SE] - WD: 13 mm 100 µm

(a)

Mag: 300x HV: 20 kV - [SE] - WD: 13 mm 100 µm

Figure 4.3.: SEM images of electrochemical depositions of terbium. Samples produced by (a) molecular plating
from isoproponol/isobutanol ( sample: Tb MP ) and (b) triflate route from DMF ( sample: Tb triflate 500 ). Al-
though the film thickness is the same (500 µg/cm2), the surface of the MP film (a) shows finer crack structures
than the film produced via the triflate route (b).

The radiographic images ( Fig. 4.2 ) clearly show the radioactivity to be distributed homogeneously on

a 200 µm resolution scale in both samples. Influences of anode shape [101, 102] are not yet visible at

these intermediate surface weights ( 500 µg/cm2 ) for either method. In the triflate route ( sample: Tb

triflate 500 ) ( Fig. 4.2 (b) ), a slight corona of radioactivity is visible around the actual deposition area.

We ascribe this to the lack of stability of the sealing rings against DMF, so that deposition has also taken

place slightly outside the actual target area. The SEM images (Fig. 4.3) show for both deposition routes

pronounced cracking of the thin films surface. The conventional MP process leads to many more cracks,

compared to the surface produced via the triflate route.

4.5.1.3. Deposition from thulium triflates under inert gas conditions

By using inert atmosphere and anhydrous solvent, the influence of water and air on the deposition pro-

cess should be minimised. For the tests under inert gas atmosphere, the original stock solutions were

evaporated to dryness in a teflon beaker, and the solid residues were dried for 5 h at 80 ◦C in a drying
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Figure 4.4.: Energy dispersive X-ray spectroscopy ( EDX ) spectrum of (a) electrochemically deposited thulium
triflate ( sample: Tm triflate, 1960(20) µg/cm2 ), produced under ambient conditions. The EDX spectrum shows
only signals of thulium and titanium from the substrate, no unwanted deposition of anode material due to cor-
rosion. (b) Tm film ( sample: “Tm inert gas“, 1820(20) µg/cm2 ) produced under argon atmosphere. The EDX
spectrum shows first signs of anode corrosion, i.e., co-deposition of Pd anode material in the thulium thin film.
The EDX data were analysed using the NIST DTSA-II software [173].

cabinet. The dried residues were then transferred to an argon glove box ( MBraun UNIlab, <1 ppm water

vapour, <1 ppm oxygen ) where they were filled with DMF ( anhydrous, 99.8 %, Sigma-Aldrich, <50 ppm

residual water content ) and then used for electrochemical deposition. The thulium was then galvanically

deposited from this solution in the cell for 1 h at 1.8(1)mA/cm2. The yield of electrochemical deposi-

tion was 91(3)%. The deposits ( Fig. 4.5 ) were initially black and appeared metallically glossy. After

removal from the inert gas atmosphere of the glove box, the films turned white.

Under exclusion of water and air, the deposition leads to a clearly different morphology ( Fig. 4.5 (a) ). On

the thin film of thulium with fine cracks ( sample: Tm inert gas ) a coarse sponge-like structure of thulium

can be seen. From the radiographic images we conclude that they can be ascribed to particularly high

activity ( Fig. 4.5 (b) ). The radiographic images also show that the activity decreases towards the edge

of the target. Since the anode is a wire, thus having point-like geometry, the electric field lines are more
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(a)

(b)

Mag: 300x HV: 20 kV - [BSE] - WD: 17 mm 30 µm

Figure 4.5.: Thulium triflate electrochemically deposited under argon atmosphere from DMF ( sample: Tm inert
gas, 1820(20) µg/cm2 ) (a) SEM image showing sponge-like structures, due to the exclusion of residual water
hardly any mudcracking occurs. (b) radiography image revealing a heterogeneous distribution of Tm activity.

concentrated in the middle and decrease towards the outside of the sample. As a result, more thulium is

deposited in the centre than at the edge, which is typical for radioactive thin films produced in similar

electrochemical setups [101, 102]. The sponge-like morphology is dominating in samples prepared in

an inert gas box with anhydrous DMF ( 99.8 %, Sigma-Aldrich, <50 ppm residual water content ). The

water content obviously has a strong influence on the morphology of the thulium deposits. After re-

moval from the argon atmosphere of the glove box, we observed a tarnishing of the sample indicating an

oxygen-related process. Raman spectra of the tarnished thin films (see supplementary material) revealed

exclusively thulium oxide [204, 172, 209] and no other chemical species.

Under the exclusion of water and air, the achieved surface weights ( 1820(20) µg/cm2 ) are above the

typical values for the MP process. The EDX spectrum of the sponge-like structures ( Fig. 4.4 (b) ) shows

only a weak Ti-Kα line from the Ti substrate, which indicates a relatively complete coverage of the

substrate due to a thick deposition ( Fig. 4.7 (a) ). The EDX spectra also reveal a small peak due to pal-

ladium (Pd-Lα line). After a few depositions under inert gas, we see a visible anode corrosion of the

96



4.5. Results

2 mm

2 mm

(b)

(a)

Figure 4.6.: Examples of targets deposited from thulium triflate ( sample: TASCA GSI, 1000(10) µg/cm2 ) under
argon atmosphere for irradiation at the TASCA-Setup, (a) unirradiated, (b) irradiated with 6.0 MeV/u 48Ca-beam
of fluence 3.9(1)×1014 ions/cm2.

Pd electrode. This is surprising, because usually Pd remain stable in ambient atmospheres; because of

this platinoids have been used in the MP process for decades [43]. Furthermore, a clear fluorine peak

but no sulphur signal is visible ( Fig. 4.4 (b) ). The systematic fluorine contamination is probably due to

the dissolution of the used Viton® sealing rings. This fluorinated polymer is not stable in DMF. If the

triflate ligand were co-deposited, a clear sulphur peak would be expected. Electrochemical splitting of

the carbon-fluorine bond or sulphur-carbon bond in the triflate ligand seems unlikely.

4.5.1.4. Deposition from commercial thulium triflates under inert gas conditions

Thulium triflate is also commercially available and has less water of crystallization than the precursors

from the extracted oxide. Non-neutron activated targets for further irradiation experiments at GSI were

produced from this ( (CF3SO3)3Tm, CAS-No 141478-68-4, Sigma-Aldrich, 98 % ). To obtain a stock

solution 11.4 mg (CF3SO3)3Tm were dissolved in 5 mL anhydrous DMF in our argon glove box. For

each reaction 248 µL of the stock solution were filled up to 10 mL with DMF and then deposited on
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(a)

(b)

Mag: 300x HV: 20 kV - [BSE] - WD: 13 mm 100 µm

Mag: 300x HV: 20 kV - [BSE] - WD: 13 mm 100 µm

Figure 4.7.: SEM micrograph of targets deposited from thulium triflate ( sample: TASCA GSI, 1000(10) µg/cm2 )
under argon atmosphere before (a) and after (b) irradiation with 6.0 MeV/u 48Ca-beam of 3.9× 1014 ions/cm2.
Same sample as shown in Fig. 4.6. EDX scans identify the dark areas as titanium substrate and the sponge-like
structures as thulium.

a titanium foil. The electrochemical deposition took place galvananostatically at a constant current of

0.7 mA for 2 h. The aim was to achieve a surface weight of up to 2000 µg/cm2. Based on the experiments

with activated thulium in the glovebox, an uncertainty of 10 % is assumed for the surface weight due to

statistical variations in the deposition yields and to account for experimental errors.

SEM images ( Fig. 4.8 (a) ) show that the thulium film covers the titanium backing more completely than

a typical MP film, where typically large cracks expose the titanium backing. The better coverage of the

titanium substrate is supported by the EDX spectrum ( Fig. 4.9 ), where the Lα signal of the thulium is

more intense than the Kα line of titanium. The signals of the Kα lines of oxygen and fluorine are very

small, but also here the L-lines of palladium are very pronounced. Obviously the anode material was

co-deposited in substantial quantities on the film. In the argon glovebox clear corrosion damage became
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(a)

(b)

Mag: 100x HV: 20 kV - [SE] - WD: 12 mm 300 µm

Mag: 1000x HV: 20 kV - [SE] - WD: 12 mm 30 µm

Figure 4.8.: SEM images of films deposited from commercial thulium triflate ( sample: CCM-10,
2000(200) µg/cm2 ) under argon atmosphere before irradiation. (a) low and (b) high magnification. EDX scans
confirm that the film consists of thulium with Pd contaminants from the electrode. When excluding residual water,
obviously mudcracking is strongly suppressed.

visible on the palladium anode, a porous black precipitate was formed. In contrast to the deposition

under ambient conditions, where no detectable anode corrosion occurred.

4.5.2. Target irradiation

4.5.2.1. Irradiation of a TASCA target with 6.0 MeV/u 48Ca ions

For first irradiation experiments at TASCA, we used targets produced under inert gas atmosphere and

water exclusion, meaning deposition in an argon glove box and using water-free DMF solvent. The mor-

phologies of layers produced this way had less cracks and a overall better surface coverage than layers

produced by classical MP process. A 2.3 µm-thick titanium substrate produced by cold rolling [118] was
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used ( sample: TASCA GSI ) in order to come as close as possible to the experimental conditions of a

real SHE experiment [91]. Eight thulium targets were produced, with surface weights of 1000 µg/cm2

( sample: TASCA GSI ). The deposition time was 2 h and the current was set to 1.2 mA/cm2 for all de-

positions. After the plating process, the films were glued to the corresponding TASCA target frames [91]

( Fig. 4.6 a ) with a conductive two-component silver adhesive (EPO-TEK E4110 from Epoxy Technol-

ogy) and then heated for 1 h at 150 ◦C in an oven to dry the adhesive. The resulting eight circular targets

were mounted on two TASCA wheels for consecutive irradiation.

Photos of thulium samples ( TASCA GSI, Fig. 4.6 ) before and after irradiation with a 6.0 MeV/u 48Ca-

beam ( 3.9(1)×1014 ions/cm2 ) show clear colour and morphological changes. The colour change of the

previously white thin films at the position of the ion beam spot corresponds to observations on MP tar-

gets [85, 129, 132]. The ion beam has a circular profile [91] with Gaussian intensity distribution (FWHM

≈ 8 mm) in the centre. The intensity decreases towards the outside, indicating that the edges of the tar-

gets were irradiated with a smaller fluence than the centre [132]. As a result, the targets turn darker in the

centre than at the edges. A comparison of the SEM images ( Fig. 4.7 ) taken before and after irradiation

clearly shows that the beam exposure results in complex changes in the morphology of the thin film [129].

4.5.2.2. Irradiation with 8.6 MeV/u 197Au ions

Analysing the different samples from the fluence series, we observed that the thulium coverage of the Ti

backing decreased with increasing fluence ( Fig. 4.10 ). A quantitative analysis was not possible due to

the large scattering of the morphology changes from sample area to sample area ( samples: CCM-10 -

CCM-15 ). We could not identify any changes in the Raman spectra of our irradiated lanthanide films,

which is in contrast to earlier Raman studies on ion-irradiated MP lead films [132]. Only thulium oxide

was detected, using confocal Raman spectroscopy (see supplementary material) [204, 172, 209]. Also

in the GIXD investigations (see supplementary material), the poor signal-to-noise ratio (SNR) did not

allow us to draw any conclusions about beam-induced changes in the chemical composition [132] or

phase changes [204]. Again, only thulium oxide was identified, while no metallic thulium phases were

detectable in any of the samples. Anode material in the form of palladium was also evidenced by GIXD,

which is in agreement with the EDX results ( Fig. 4.9 ).
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4.6. Discussion

4.6.1. Precursor synthesis and influence of precursor properties on thin films

The preparation of simple organic precursors in the form of triflates from the oxides was quantitatively

successful. A transfer of the synthesis protocol to the actinides seems feasible under the given labora-

tory conditions. Additional approaches for the synthesis actinide triflates are described in literature [4].

The NMR analysis indicates a need for improvement in the synthesis of the precursors, especially with

respect to minimizing the content of water of crystallization ( see supplementary material ). The depo-

sition from commercial dehydrated triflates induced a different morphology in the films produced under

inert gas atmosphere. Mudcracking was almost completely absent in the films made from commercial

triflates. The drying procedure after aqueous digestion plays a crucial role in suppressing the cracking

process and should be optimized for further crack suppression. This in turn requires adapting established

synthesis techniques [104, 103] like drying in vacuo at elevated temperatures under radiochemical safety

conditions.
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Figure 4.9.: EDX spectra of a Tm sample ( CCM-10, 2000(200) µg/cm2 ) deposited from commercial thulium
triflate under argon atmosphere after irradiation with 3.0×1011 ions/cm2 of 8.6 MeV/u 197Au ions. Ti originates
from the substrate and Pd from the electrode that obviously corrodes during electro deposition.
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4.6.2. Comparison of triflate route films and MP films

We demonstrated that the change from nitrates and chlorides to triflates allows a significant increase

in maximum surface weight up to 1890(40) µg/cm2 ( sample: Tb triflate ), compared to conventional

MP [174]. These films also showed mudcracking as dominant morphological characteristic. In addi-

tion to mudcracking, sponge-like structures are observed on the top surface for films with a surface

weight above ≈ 500(10) µg/cm2, which is the typical thickness [38, 36] of MP films. The RI images

show that the surface weight at 500(10) µg/cm2 and the distribution of activity of the triflate deposited

from DMF ( sample: Tb triflate 500 ) are very similar to those of the target produced by MP( sample:

Tb MP ) ( Fig. 4.2 ). We thus expect that similarly homogeneous distributions can be achieved via the

triflate route as by MP [107]. At higher surface weights, the influence of the anode geometry becomes

more pronounced, as is also the case for films produced by MP [216] or other electrochemical deposition

methods [101, 102]. An optimized anode geometry, can be expected to lead to an improvement in depo-

sition homogeneity[117].

EDX analyses of the films show mainly thulium, but also minor other components such as carbon, which

is probably due to organic contaminants introduced during or even after the chemical reaction. The EDX

spectrum ( Fig. 4.4 (a) ) shows no indication of nitrogen, sulphur or fluorine. We thus conclude that nei-

ther DMF nor triflate are contained in the films. This means that thulium is not deposited as triflate and

no solvent is intercalated into the film. The intensity ratio of the Kα line of oxygen to that of the Mα line

of thulium are approximately the same for all samples produced with this method. This suggests that

thulium is not deposited elementally but as an oxidic species, if no inert gas conditions are applied. It

remains unclear, whether it is deposited as hydroxide, oxide or as oxide hydroxide. We cannot fully rule

out deposition as metallic species, with oxidation occurring afterwards, when the thin films are removed

from the deposition solution. We observed also no corrosion of the palladium anode for the samples

“Tb triflate“ and “Tm triflate“. However, it should be noted that in studies using the MP method, EDX

spectra showed no deposition of anode material [129], while more sensitive detection methods, such as

X-ray Photoelectron Spectroscopy (XPS), demonstrated co-deposition of anode material in analogous

experiments [217]. A deposition of traces of anode material can therefore not be ruled out. In other

electrochemical methods for the production of actinide thin films, sponge- or moss-like structures were

explained by a co-deposition of platinoids, which were used as anode material [10]. This explanation

does not hold for the present samples, since no significant anode corrosion is measurable when working

under ambient conditions.
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(a) 3 x 1011 ions/cm2

(b) 5 x 1012 ions/cm2

Mag: 300x  HV: 20 kV - [BSE] 100 µm

(c) 1 x 1013 ions/cm2

Mag: 300x  HV: 20 kV - [BSE] 100 µm

Mag: 300x  HV: 20 kV - [BSE] 100 µm

Figure 4.10.: SEM images of films deposited from commercial thulium triflate under argon atmosphere af-
ter irradiation with 8.6 MeV/u 197Au ions at fluences of (a) 3.0 × 1011 ions/cm2, ( sample: CCM-10 ); (b)
5.0×1012 ions/cm2, ( sample: CCM-14 ); (c) 1.0×1013 ions/cm2, ( sample: CCM-15 ).
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4.6.3. Inert atmosphere conditions - the influence of residual water

Switching to inert atmosphere conditions results in clear changes in the film morphology. Mudcracking is

significantly reduced and most of the thulium is deposited with a sponge-like morphology ( Fig. 4.5 ). The

achieved surface weights are far above those of conventional molecular plating. However, the samples

showed significant air sensitivity. This could be an indication of at least partially metallic deposition, but

definitive analytical proof is still lacking. Films electrochemically deposited from commercial thulium

triflate showed no mudcracking, but sponge-like structures on a closed film ( Fig. 4.8 ). Exclusion of

residual water thus almost completely eliminates the surface cracking ( “mudcracking“ ) in the thin films.

Under inert gas atmosphere conditions, co-deposition of anode material increases significantly as ev-

idenced in the EDX spectrum ( Fig. 4.4 (b) ). Reactions with atmospheric oxygen and residual water

would probably prevent corrosion of the anode, since in ambient conditions, platinoids appear to be

stable anode materials. Additionally, dry DMF attacks the Viton® sealing rings of our electrochemical

molecular plating cells and the adhesive silver glue between the titanium foils and the TASCA frames. In

consequence, new cell designs are being developed. Ethylene propylene diene monomer rubber ( EPDM )

sealing rings are under consideration as DMF stable seal for the new cell design. Moreover, alternative

anode materials need to be tested to avoid corrosion of the anode and incorporation into the thin film.

Instead of the established platinoids, modern anode materials such as glassy carbon and boron-doped

diamond could be used. Heavy elements have to be avoided as they lead to undesirable α-emitters in the

interaction with swift heavy ions [38].

Samples produced via the triflate route on a Ti backing ( sample: TASCA GSI ) showed beam-induced

changes in the photos ( Fig. 4.6 ) and SEM images ( Fig. 4.7 ). The films discolour under ion irradiation.

As revealed by electron microscopy, the deposited material no longer completely covers the titanium

backing. This is an undesirable effect for SHE experiments, as the ion beam now passes without the

possibility of interacting with the desired actinide target material. Similar changes in the continuous

coverage of MP target material observed with SEM and α-spectroscopy have been described qualita-

tively [85, 129, 25]. Since the ions deposit substantial amounts of energy in the targets, high temperatures

occur along the ion path, which can lead to thermal spikes, with localized melting [129] or shrinking [25]

of the films. Sputtering [203] could also play a role, but has hardly been described in the literature for the

investigation of target materials in SHE research. Irradiation also causes changes in the titanium foils.

After irradiation they typically expand and sag in the frames of the target wheel [38, 132], which exerts

further mechanical stress on the thin films.
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4.7. Conclusion and outlook

For the production of the heaviest elements in 48Ca-induced reactions with actinides, thicker targets

would be advantageous [38]. With the aim to establish a method that holds the promise of producing

thicker actinide targets, lanthanide analoges were electrochemically deposited from triflate precursors

in DMF. The lanthanides were neutron activated before target production, to allow for electrochemical

yield determination and radiographic imaging.

We demonstrated that the digestion of the oxides of terbium and thulium and the conversion into triflates

proceed with high yields. A milligram-scale preparation with actinides seems feasible [4, 50, 14]. The

preparation of anhydrous triflates [74, 128, 228] needs to be optimized, including a continuous analytical

monitoring. In particular the exclusion of water and air will provide better reaction control, both in the

preparation of the triflate precursors and in the deposition of the thin films. With electrochemical depo-

sition from thulium and terbium triflates in DMF, layer thicknesses exceeding those regularly achievable

with MP were produced that are similarly stable and homogeneous as the films from MP ( Fig. 4.8 ).

For the first test of their radiation hardness, these targets were exposed to intense Ca and Au beams at

Coulomb barrier energies, however at fluences that were substantially below those required in SHE ex-

periments. These first tests indicate a basic suitability as a target material and promise to overcome the

present thickness limitations of MP produced films [36, 38].
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The present study has yielded four novel insights into the molecular plating process and its application

in the production of targets for superheavy element research. Firstly, the formation of carbonate and for-

mate in the MP thin films was investigated. Secondly, the chemical changes in the MP thin film triggered

by ion irradiation were examined. Thirdly, initial approaches to replacing the established MP method

were explored. And fourthly, which analytical methods provide the most reliable insights into the com-

plex system of MP thin films and thin target backings was investigated.

5.1. Carbonate and formate in MP thin films

The analytical methods employed in this study did not reveal the presence of decomposition products

from the solvents used, oxides, or hydroxides. This finding contradicts the previously established doc-

trine regarding the chemical composition of MP thin films. Previous studies have indicated the presence

of carbonates in MP films [28, 29], as initially reported in the lead system ( Ch. 2 ). The current study

has also detected formates as a second carbon species in MP thin films. A more comprehensive under-

standing of these findings can be attained by referencing the relevant Pourbaix diagram ( Fig. 5.1 ). The

findings of Bumroongsakulsawat et al. [22] and König et al. [105] demonstrate that, under the electro-

chemical conditions of the MP process in the employed humid organic solvents, dissolved carbon dioxide

can be converted into both carbonates and formates.

Furthermore, the solubilities of carbon dioxide for the most common MP solvents tabulated at Izutsu [90]

should also be considered. At room temperature and normal pressure, the solubility of carbon dioxide in

water is 0.033 mol
L , 0.15 mol

L to 0.17 mol
L for short-chain alcohols and 0.18 mol

L for DMF [90].

From the tabulated values and diagrams, as well as the analysis results of the present work, it can be de-

duced that the moisture and carbon dioxide content of the solvents used should have an influence on the

MP process. Since no publication on the MP process has been found that addresses drying or degassing

steps for the solvents used, studies that exclude water and carbon dioxide would certainly be a promising

approach.
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Figure 5.1.: The following is a metastable potential-pH (Pourbaix) diagram for a C-H2O system at 298 K and 1 bar.
The diagram illustrates how changes in acidity and electrode potential of the system can affect its speciation [105].

The Pourbaix diagram ( Fig. 5.1 ) provides a clear explanation as to why only carbonates and not formates

could be detected in the MP lead system ( Ch. 2 ). The half-cell potential for lead in the electrochemical

series is still at -0.126 V, while the half-cell potentials for f-metals, i.e. lanthanides or actinides, are

between -1.66 V for uranium and -2.379 V for lanthanum [31], well outside the y-axis of the diagram

shown. However, it can be assumed that if the formate range were extended, the f-metals would be lo-

cated well within that range.

In addition, the contemporary literature on the electrochemistry of the f-metals and the Pourbaix diagram

shown ( Fig. 5.1 ), advocate the exploration of electrochemical process control with the incorporation of

a reference electrode. Initial endeavours were unsuccessful due to the unavailability of systems that met

the stipulated performance criteria. Initial attempts to network with established institutions in the field of

electrochemistry to address the problem also remained fruitless due to the ongoing restrictions imposed

by the Coronavirus pandemic, and any results that could have been incorporated into this work were also

not forthcoming.

5.2. Chemical changes due to ion irradiation

As outlined in the introduction, observations from heavy ion experiments revealed alterations in the al-

pha spectra of actinide targets produced via the MP process when exposed to ion irradiation [85, 20].
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5.3. Alternatives to the MP process

Initial studies primarily documented morphological changes [129]; however, the analytical methods em-

ployed precluded a comprehensive understanding of the underlying chemical changes. The present study

employs confocal Raman spectroscopy, a vibrational spectroscopy method with high spatial resolution

( Ch. 2 and 3 ), to address this knowledge gap. Initial studies with MP lead targets indicated a conversion

of carbonates into oxides [71], suggesting that the targets may have lost volatile components such as car-

bon and oxygen during the irradiation process. Research on thulium targets has revealed a conversion of

a mixture of carbonates and formates to thin films that contain less volatile components, such as carbon

and oxygen. However, analysis of both unirradiated and irradiated MP thin films was more complicated

than in the lead system, since the thin films are chemically more complex.

Lanthanide MP thin films are chemically complex amorphous systems, so the radiation-induced changes

observed in this study were less clearly defined than in comparable studies on highly pure and highly

crystalline compounds [204, 205]. The analysis results obtained could not be directly incorporated into

theoretical descriptions of irradiation damage [200]. However, the loss of volatile components and the

associated shrinkage of the films were detectable for all irradiation experiments. The shrinkage of the

MP films presents an experimental obstacle for SHE experiments, since less material is optimally ex-

posed to the ion beams [119]. Furthermore, the present experiments could only map the first few minutes

of a full SHE campaign, and real SHE targets receive significantly higher radiation doses than those that

could be reproduced in this work. Thus, further chemical changes in the MP thin films under irradiation

are to be expected. The available irradiation times at the accelerator, as well as access to radiologically

certified laboratories, are the limiting factor for such studies.

5.3. Alternatives to the MP process

In the present work, two fundamentally new methods for target production were examined with regard

to their irradiation behaviour. Initially, lead targets produced by the drop-on-demand method were ir-

radiated ( Ch. 2 ), and a new electrochemical method was also trialled ( Ch. 4 ). These targets were then

examined for their irradiation behaviour.

In the DoD process [70], aqueous lead nitrate is simply applied to a target foil and thermally treated. The

lead oxides produced in this way showed hardly any chemical changes at the applied radiation doses. Re-

peated experiments with lanthanides were not included in the study. Prior to irradiation, the DoD targets

exhibited incomplete coverage of the target foil and poor adhesion of the thin films, which could hin-

der the effectiveness of a subsequent SHE production campaign. Notwithstanding these limitations, the

method demonstrates considerable untapped potential, as evidenced by earlier studies with other target

systems in fundamental physical research [68]. The method exhibits a high degree of flexibility in terms
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5. Conclusions and Outlook

of form. The potential for producing chemically well-defined compounds prior to irradiation would en-

hance the predictability of their irradiation behaviour, as evidenced by the literature on lanthanide [204]

and actinide [205] oxides. Moreover, less complex, better defined starting systems would streamline the

post-irradiation analysis. However, the necessary development work was beyond the scope of this thesis

and would undoubtedly be a significant undertaking for numerous further theses. Instead, the current

work focused on enhancing an electrochemical process to complement or replace the MP process.

In contrast to the actinides, the electrochemical production of lanthanide thin films is of current techno-

logical importance and has been the subject of numerous publications [107, 117, 201]. Despite the known

chemical similarities [31] of the post-plutonium actinides to the lanthanides and the importance of the

latter for SHE research, no attempts have been made to use modern electrochemical techniques for target

fabrication. The first attempts to deposit target wheel segments in dry and degassed dimethylformamide

(DMF) under an argon atmosphere, using triflate as the counteranion ( Ch. 4 ), were characterised by

laborious development work which is hardly mentioned in this publication. Numerous prototypes of

a modified electrochemical cell had to be tested before successful deposition was achieved. This was

because dry and degassed DMF in an argon atmosphere attacked the existing sealing [177] and bonding

systems [118] of the electrochemical cell and the target wheel [91] segments in a previously unknown

way.

However, further development work is required before its application in an actinide system can be con-

sidered. The platinum-group anode systems utilised to date also appear to be unsuitable, as they are

prone to corrosion under new reaction conditions. The incorporation of foreign metals into the target

thin film is unacceptable for SHE campaigns. In this regard, the establishment of a setup common in

electrochemistry, employing a reference electrode, would be advisable. The unavailability of turnkey

systems in the market during the period when this research was being conducted has thus far impeded

the advancement of experiments in this direction.

Initial experiments demonstrated that, despite the aforementioned challenges in development and the

time constraints associated with meeting the irradiation deadline, it was feasible to produce targets of

greater thickness in a single step than was typically achievable using the MP process. The composition

of these thin films was not fully elucidated before and after irradiation using the appropriate methods.

However, GIXD measurements indicated the presence of an oxidic form, which could be attributed to

the installation of the targets in ambient air within the experimental stations. It is evident that methods

that deviate from the conventional pathways of the MP process retain the capacity to yield target systems

that have the potential to unveil novel avenues for SHE research [36, 38].
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5.4. Lessons from MP thin film analysis

The present work constitutes a further example of trial and error in determining which analytical methods

provide the most reliable analytical results in the complex system of MP thin films on thin, flexible tita-

nium foils. Without summarising all three publications, it can be concluded that methods with a spatial

resolution that made it possible to analyse individual tiles and, preferably, without the need to touch the

sample surface, since target foils tend to tear, have almost exclusively proven successful.

Confocal Raman microscopy has yielded the most results, but the interpretation of the measurements is

not always straightforward due to the necessity of reference spectra. The scarcity of reference spectra for

lanthanide compounds and their virtual absence for actinide compounds poses a significant challenge,

yet it also presents a substantial opportunity, particularly if a device is permanently available in a radio-

logically certified laboratory. An extension using spatially resolved IR spectroscopy would be preferable,

as bulk IR spectroscopy has been shown to complement the Raman data well, despite the presence of

experimental difficulties.

X-ray diffraction methods provided significant contributions to this research, particularly in understand-

ing the formate composition in thin films. There are also enough reference diffraction patterns given here

for both lanthanides and actinides. However, the morphology of the samples posed a substantial chal-

lenge. Access to diffraction methods with high spatial resolution was not attained; nevertheless, based

on the analysis results, it was anticipated that methods such as coherent diffractive imaging (CDI) [134]

could surmount the challenges posed by sample morphology. However, access to such methods is only

possible after a sometimes lengthy application process at the relevant research facilities.

For measurements at a specialized research facility such as the Helmholtz-Zentrum Dresden-Rossendorf

(HZDR), Rutherford backscattering spectrometry (RBS) with high spatial resolution has also proven to

be the method of choice. Here, too, a lot of trial and error was necessary, which took up the majority

of the requested measuring time. However, observations made using other methods could be reproduced

well, while other methods of ion beam analysis failed due to the lack of spatial resolution of the mor-

phology of the MP films. For future measuring campaigns, it is now clear which measuring methods

should be given preference when applying.

A completely different approach could not be published in the present work, since only experiments

could be carried out within the scope of manufacturer demonstrations, which prohibit a publication of

the analysis results obtained in this way. However, 3D laser scanning microscopy not only confirmed

the results of scanning electron microscopy (SEM) and atomic force microscopy (AFM), but it did so
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without vacuum conditions and without the need for contact or further preparation steps. The 3D laser

scanning microscopy uses three different measuring principles combined in one device. Depending on

the application, a confocal laser, focus variation and white light interferometry can be used. This enables

highly precise measurements and analyses of various measurement objects with a maximum resolution

in the sub-nanometre range. It is possible to quickly capture measuring areas in the square centimetre

range with large differences in height, which would enable the characterisation of entire target segments.

This enables a quick analysis of both the overall shape and specific areas. Even difficult materials, such

as those with transparent and reflective surfaces, can be measured quickly, with high accuracy and over

a large area. 3D laser scanning microscopy can measure objects independently of magnification, surface

roughness and composition. Particularly impressive was the rapid possibility to statistically determine

siginificant data about the thin films. While AFM and SEM only provide information about the thick-

ness, roughness and percentage coverage of the MP thin films when viewed through a keyhole, 3D laser

scanning microscopy provides an overall picture of the manufactured target. This would enable the re-

search group’s permanent staff technicians and chemists to better quantify the daily target production

statistically using such a method. This would certainly not be basic research in the strict sense of the

word, but it would be a common method of quality control and quality development, as is common in

the chemical industry. The fact that modern devices using this measuring principle allow the integration

of confocal Raman or IR microscopy brings us back to the analysis results of this work.
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A. Appendix

A.1. Appendix for chapter 4

A.2. Abstract

In this appendix analytical results are shown in detail, including data from nuclear magnetic resonance

(NMR) spectroscopy of the precursors, diffraction images under grazing incidence (GIXD), Raman spec-

troscopy and energy dispersive X-ray spectroscopy (EDX) mappings.

A.3. NMR

As discussed in the main body of the publication, neutron-activated sesquioxides ( Tm2O3, Tb2O3 ) was

reacted with highly concentrated trifluoromethanesulfonic acid (CF3SO3H, CAS-No 1493-13-6, Sigma-

Aldrich reagent grade, 98 %) in closed polypropylene tubes and completely dissolved [74]. By means of

gamma spectroscopy, it was possible to prove that all the activity was now indeed in solution, i.e. that

the acidic digestion was complete. By means of nuclear magnetic resonance spectroscopy (NMR), the

chemical structure was now to be clarified; in particular, the remaining water of crystallisation was of par-

ticular interest. The precursor protocol was repeated for non-neutron activated thulium oxide ( Tm2O3 ),

as access to appropriate measuring equipment in a radioactive controlled area was not available.

NMR experiments were performed at a Bruker Avance III 700 MHz NMR spectrometer equipped with

a QXI probe head with z-gradient. 1H spectra were acquired by accumulating 64 scans and a relaxation

delay of 8 s at a transmitter frequency of 700.36 MHz. 19F spectra were acquired in direct excitation with

256 scans and a relaxation delay of 2 s at a transmitter frequency of 658.95 MHz. The ppm values were

referenced to tetramethylsilane ( TMS ) in the case of 1H NMR and to fluorobenzene in the case of 19F

NMR. Tm(OTf)3 was used as prepared below and all other chemicals were obtained from Sigma Aldrich

and used without further purification.

For the preparation of the NMR stock solution, a sample of Tm(OTf)3 ( 6 mg, 10−2 mmol ) was dissolved

in D2O ( 1 mL ). The reference solution was prepared by adding trifluoromethanesulfonic acid ( 2.5 µL,

3×10−2 mmol ) to D2O ( 1 mL ). As a measurement vial, an NMR tube ( company Deutero ) with coax-
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Figure A.1.: NMR spectra of 1H (left) and 19F (right) of Tm(Tf)3 in D2O/DMF mixture acquired at room temper-
ature.

ial insert was used. The outer vial was filled with the reference and the inner one with the analyte. In

addition, N,N-dimethylformamide ( 20 µL ) was added to both, the inner and the outer tube, to identify a

possible complex formation between the paramagnetic metal centre and the DMF solvent.

The 1H and 19F NMR spectra are displayed in Fig A.1. Aldehyde, methyl, and water proton NMR signals

were assigned due to their characteristic chemical shift values. Note that all signals for the paramagnetic

shifts are time averaged signals between the different states of different proximity to the paramagnetic

centers. In the case of the fluorine spectra, only two signals (one of reference OTf and the other of the

paramagnetic sample) were obtained, indicating that no fluoride products were formed due to decomposi-

tion reactions during the synthesis. For complex formation with DMF, the differences for the frequencies

in the proton spectra were determined and are compiled in table A.1. The values for the paramagnetic

susceptibility are calculated with the following formula and are given in table A.1.

χ
p
M =

δυ pMp

υ0S f mp −χ
dia
M (A.1)

Here, χ
p
M is the molar paramagnetic susceptibility, δυ p is the difference in the frequencies of the param-

agnetic and the reference sample, υ0 is the operating frequency of the spectrometer, S f the shape factor

of the used magnet ( 4π

3 ) and Mp and mp are the molar mass and the mass of the paramagnetic substance.

χdia
M is the diamagnetic correction term, which can be neglected for small molecules [166] and therefore

was ignored here.
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Table A.1.: Chemical shift values, frequency differences ∆ν and molar paramagnetic susceptibility χ
p
M for

Tm(OTf)3 in D2O/DMF mixture, measured at room temperature.

∆ν χ
p
M

Hz mol−1

DMF

1H (H-1, 8.61/7.86 ppm) 528.2 1.85×10−2

1H (H-2, 3.91/2.95 ppm) 677.2 2.37×10−2

1H (H-3, 3.83/2.77 ppm) 742.7 2.60×10−2

Water 1H (5.59/4.72 ppm) 624.8 2.19×10−2

OTf 19F 753.3 2.81×10−2

The values show that the aldehyde protons experience the lowest paramagnetic shift of all protons in

DMF and that the paramagnetic shifts of the methyl protons are larger. This observation indicates a

shorter average distance of the methyl groups to the paramagnetic center. All results suggest that the

Tm(OTf)3 complex dissociates in water, being in an equilibrium with the hydrated form [Tm(H2O)x]OTf3.

We conclude that upon crystallization, the complex still carries water molecules in the coordination shell

because of incomplete drying.

A.4. Grazing incidence X-ray diffraction

In grazing incidence X-ray diffraction( GIXD ), a very small angle of incidence ( ω ) is chosen to limit

the penetration depth of the photons to a thin surface layer of the film. The X-ray beam and sample are

fixed to ensure a small angle of incidence ( ω ≈ 0.1 - 5◦ ) while the detector moves at an angle of 2Θ

to collect diffraction signals. The structural information thus originates predominantly from the near-

surface region ( < 400 nm ). For the GIXD measurements, a PTS 3003 device from the Seifert company

with a rotating anode was used with CuKα radiation ( λ = 1.5406 Å).

We identified two reflections than can be asigned to thulium(III)oxide, at 27.8◦ and 82.1◦. The peak at

27.8◦ is rather broad and decreases with increasing fluence. The peak at 82.1◦ was only sporadically

detected. No other thulium compound could otherwise be fitted to these reflexes, yet the GIXD data

alone are not a reliable identification. However, since EDX and Raman point to the same compound,

thulium(III) oxide is the most obvious explanation.

A.5. EDX mapping

Scanning electron microscopy ( SEM ) images in combination with EDX mappings were recorded to de-

termine the local distribution of the specific elements in the irradiated ( sample CCM-14, irradiated with

5.0×1012 ions/cm2, cf. main manuscript ) thin films ( Fig. A.3 ). Panel (a) is a secondary electron ( SE )
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Figure A.2.: X-ray diffraction patterns of two ion-irradiated thulium thin films made by electrodepositon from
triflate on Ti backings (50 µm). GIXD patterns recorded after irradiation with 8.6 MeV/u 197Au ions at fluences
of 3.0×1011 ions/cm2 (black) and 3.0×1012 ions/cm2 (red).

image of the sample surface. The inhomogeneous morphology is clearly visible: Bright areas show de-

posited thulium and palladium, the darker areas the titanium backing. Panel (b) is the signal of the TiKα

line. Dark areas indicate a thicker coverage with deposited thulium and palladium. Since those heavier

elements dampen the TiKα signal, they appear darker in the elemental mapping. Panel (c) shows the

distribution of the PdLα line in the thin film; palladium was used as the anode material. A large local

concentration of palladium can be seen in the right half of the image. Panel (d) shows the distribution of

thulium in the thin film. This image representation of the TmLα signal largely reproduces the SE image,

except for the areas of high palladium concentration.

Local islands of anode material ( Fig. A.3 ) were detected for thin films produced from commercial

thulium triflates under inert atmosphere conditions. In layers produced by other methods, such islands

of anode material were not observed, as indicated by the EDX spectra in the main manuscript ( Fig. 4 a ).

A.5.0.1. Raman spectroscopy

Raman spectra from 50 to 4000 cm−1 were collected with a Jobin Yvon (Horiba) LabRam HR 800 spec-

trometer equipped with an Olympus BX41 optical microscope and a Si-based charge-coupled device

( CCD ) detector [132, 71, 167]. The instrumentation used a grating with 1800 grooves
mm and a slit width of

100 mm. Excitation wavelengths of 633 nm and 488 nm were used. These parameters and the optical

path length of the spectrometer led to a spectral resolution of 0.8 cm−1. The spectral acquisition time
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Mag: 300x  HV: 20 kV - [SE] 100 µm Mag: 300x  HV: 20 kV - [TiKα] 100 µm
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Figure A.3.: Scanning electron micrographs and EDX maps of thin films deposited from commercial thulium
triflate under argon atmosphere ( sample: CCM-15, 2000 µg/cm2 ) after irradiation with a 8.6 MeV/u 197Au ions
( 1.0×1013 ions/cm2 ). (a) SE (b) TiKα (c) PdLα (d) TmLα maps.
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was set to 40 s for all measurements. In order to exclude modifications due to laser irradiation, long-term

measurements were carried out analogous to [23]. The Raman spectra were assessed using the software

packages Fityk [224] and Spectragryph [130].

The Raman spectra of all investigated samples were characterised by a high background noise and a poor

signal-to-noise ratio. Therefore, only a few peaks could be identified above the background. These how-

ever, could be clearly assigned to thulium(III) oxide [204, 172, 209]. The Raman bands of other thulium

compounds in question, e.g. carbonates [132, 221] or triflates [74], would lie in a different range.
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Figure A.4.: Raman spectrum of deposits from thulium triflate under argon atmosphere ( Tm inert gas,
1820(20) µg/cm2 ). The two prominent peaks 373 cm−1 (Fg) and 632 cm−1 (Fg+Ag) correspond to the litera-
ture values [204, 172, 209] for Tm2O3. Further peaks could not be clearly assigned due to the poor signal-to-noise
ratio and a high background.
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A B S T R A C T

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

1. Introduction

Thin films of radionuclides are a key element in many nuclear
physics applications. These include applications as nuclear targets in
accelerator-based experiments, e.g., in the production of superheavy
elements in heavy-ion fusion reactions. With ever increasing beam
intensities of new and more powerful accelerators, the targets have to
withstand ever more intense heavy-ion bombardments over long time
periods. For the synthesis of the heaviest elements, actinide targets
are used, which are frequently produced using the well established
‘‘Molecular Plating’’ technique [1,2]. This method is also applied for
the production of radionuclide samples, e.g., serving as recoil ion
sources providing 𝛼-decay daughters [3] or fission fragments. A. Vascon
et al. characterized this method in more detail for lanthanides [4],
which served as homologs of actinides, and found ideal parameters
to produce crack-free large area targets [5]. The performance as 𝛼-
particle source was characterized as well [6]. An important finding
was the additional deposition of organic solvent material as well as
the speciation of the deposited lanthanide on the produced targets.
The latter indicated that the material is deposited as hydroxides and
carboxylates, but not in the originally provided chemical form, e.g,
the nitrate [5]. The deposits are known to often be quite sensitive to
moisture and oxygen and deteriorate during long storage time periods
at air. Furthermore, the deposit was found to be covered by a thin
layer of organic solvent material. Other target fabrication methods
include Pulsed Laser Deposition (PLD) [7], Polymer-Assisted Deposi-
tion (PAD) [8] and Drop-on-Demand inkjet printing (DoD) which was
recently developed and characterized [9]. The Drop-on-Demand tech-
nique has some advantages when compared to the Molecular Plating

∗ Corresponding author at: Department Chemie, Johannes Gutenberg-Universität Mainz, Fritz-Strassmann-Weg 2, 55128 Mainz, Germany.
E-mail address: raphhaas@uni-mainz.de (R. Haas).

technique in regard to the chemical purity and amount of the deposited
material and is not limited to deposition on electrically conductive
substrates. Several different targets and sources have recently been
produced by this technique [10,11]. Also with this technique, the final
deposits are hygroscopic and may deteriorate at air.

To prevent such aging processes of freshly produced targets, they
are usually converted into a long-term stable form. For this, the state-
of-the-art relies on a well established on-line baking-in procedure with
heavy-ion beams. During these irradiations, organic impurities are
largely destroyed and the actinide species can be converted into the
oxide [12]. To give just one recent example, we refer to [13], where
248Cm targets were conditioned with a 5.6 MeV/u 48Ca-beam on-line
at the Separator for Heavy Ion reaction Products (SHIP). Alpha-spectra
of the 248Cm layer recorded before and after the baking-in procedure
reveal a narrowing of the lines, indicating a loss of material in the
layer while the activity stayed constant. It is already known that such
transformations cannot be reproduced by heating up to 700 ◦C in
an oxidizing or reducing gaseous atmosphere [14] and are not just
caused by induced heat in the target layer during irradiation [15].
The field of the induced effects of such beams on target materials is
well investigated by several groups. Some exemplary findings are phase
transformations in cubic C-type lanthanide sesquioxides by electronic
excitation [16] or beam induced electronic sputtering [17]. To date,
though, it is still not well known, if similar effects of target conditioning
can be achieved with ion or electron beams of substantially lower
energies.
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Fig. 1. General sketch of the ODIn working principle.

2. ODIn — a setup for Off-line Deposit Irradiation

As a new approach for investigations on the chemical and physical
microprocesses during irradiations of target material with low-energy
ion and electron beams, a new setup for Off-line Deposit Irradition
(ODIn) was constructed at the Helmholtz Institute Mainz. This serves
as a test bench and pilot facility for the development of a method
to condition freshly produced actinide targets independently of on-
line accelerator beam availability. ODIn provides electron beams up
to 1.5 keV as well as ion beams of gaseous species up to 5 keV with
currents of hundreds of μA. A general sketch is depicted in Fig. 1.
The beam currents can be measured via a Faraday cup or by direct
measurement of the current induced in the sample holder. Additionally,
the irradiated samples as well as phosphor screens can be monitored by
a camera through a viewport flange. A LabVIEW based remote control
system was developed for the experiment and the beam profiles were
measured with phosphor screens for several irradiation parameters. For
commissioning, lead samples were produced on gold plated Kapton foil
by Molecular Plating and were irradiated with electron beams.

2.1. Vacuum system and general setup

The technical drawing of the ODIn setup is given in Fig. 2. The
setup comprises an electron gun (Kimball Physics, EFG-7 with EGPS-
1017 power supply) and a sputter ion gun (tectra, IonEtch Sputter gun
GenII) described in the following sections.

The irradiation chamber comprises both the electron gun and the
ion gun as well as a viewport flange to monitor the sample, a cluster-
flange with a Faraday cup (Kimball Physics Inc., FC-70, 0.063’’ aper-
ture) mounted in the middle of a flange opposite to the ion gun and a
turbo pump (Pfeiffer Vacuum, HiCube 300 H, 260 L/min for nitrogen,
ultimate pressure at below 1 × 10−10 mbar). It takes one minute to
reach a pressure of 1 × 10−5 mbar in the irradiation chamber after
opening the gate valve to the airlock and 10 min more to reach a
pressure below 1 × 10−6 mbar. This is ideal for the irradiation of
many samples in one day without any heating of the vacuum parts
and to keep a safe environment for the gun systems. Furthermore,
the manually driven gate valve grants a slow release of the residual
pressure of the airlock after it was pumped down to 1.5 mbar. An
ultimate pressure of 2.5 × 10−8 mbar can be reached in the complete
experiment if the gate valve is open. If the gate valve is closed, an
ultimate pressure below 6 × 10−9 mbar can easily be reached without
heating.

To allow sample changes without breaking vacuum in the irradi-
ation chamber, a second chamber serving as an airlock is separated

by a manually operated UHV gate valve. One small chamber (sample
chamber) consists of a quick access door to enable easier sample
changes and a rotary feedthrough to move the mounted sample or
phosphor screen between both chambers and to arrange it towards
a specific source by a turn of 90◦. The airlock can be evacuated by
a membrane pump (Pfeiffer Vacuum, MVP 030-3 diaphragm pump,
30 L/min, ultimate pressure: below 2 mbar) in about 80 s to a pressure
of 1.5 mbar and can be vented with nitrogen by a manual valve to avoid
moisture from the air entering the airlock. The nitrogen gas is passed
through a tube filled with dried CaCl2 to remove residual moisture in
the gas before entering ODIn.

2.2. Beam sources

The electron gun system (Kimball Physics, EFG-7 with EGPS-1017
power supply) is a commercially available, complete subsystem with
included deflection electrodes. A simple scheme of the electron gun is
given in Fig. 3 including all elements and their applied voltages. The
beam energy, current and focus are adjustable over wide ranges. The
gun system is able to produce electron beams within an energy range of
10 eV up to 1.5 keV at specified beam currents in the range of 1 nA up
to 100 μA. At a working distance between 25 mm and 200 mm, spot
diameters of 1 mm up to 100 mm can be achieved with Gaussian or
uniform beam profile. In the used system a standard tantalum disk is
used as a cathode and serves as the electron source. It is built inside
a tubular structure with an aperture fixed to one end which is called
Wehnelt or grid. By applying a negative voltage to this structure, the
electric field between the cathode and Wehnelt suppresses electron
emission from the cathode perimeter, leaving only the center of the
cathode to emit. By varying this voltage, a selection of either of the
two previously mentioned beam profiles can be made. It can also
be used to pulse the electron beam by adjusting a sufficiently high
negative potential to cut off the beam. An aperture plate downstream
of the Wehnelt acts as anode and is at ground potential. The potential
difference between the cathode and anode determines the energy and
trajectory of the electrons. The focusing lens is an Einzel lens with the
first and third element at ground potential and the second element at
negative focusing potential. At a given electron energy and working
distance, the spot diameter is a function of focus voltage. The minimum
spot diameter varies for different electron energies and is found by
scanning the focus voltage as discussed in Section 3.1. The last part
of optics consists of two pairs of curved deflection plates for X- and Y-
deflection, which allows scanning a specific area with a beam focused
on the target and to correct the shape of the beam. To minimize
the distortion of the beam, a small deflection can be applied, which
results in a more circular spot shape. The gun system can be operated
at pressures in the range of 1 × 10−11 mbar up to 1 × 10−5 mbar
with manually driven source voltage and current or emission current
control (ECC). With ECC the electron source is heated up slowly and
the source voltage and current are continuously adjusted to deliver a
specific emission current. The beam current is in general about half
of the emission current. The gun system is mounted on a port aligner
for linear and angular adjustments at the irradiation chamber and the
distance between the gun’s aperture and the sample holder is about
80 mm.

The ion gun system (tectra, IonEtch Sputter gun GenII) is a com-
mercially available filamentless ion source based on microwave plasma
discharge. The principle of the source is coupling of microwave energy
at 2.45 GHz into a coaxial waveguide and from there via evanescent
wave coupling into a plasma chamber made of alumina. The intense
oscillating electric fields produce a plasma discharge of the used gas.
Using microwaves to produce and sustain the plasma has some advan-
tages, e.g., the ions can be extracted at very low energies down to
25 eV without the plasma collapsing and also the use of reactive gases
such as oxygen and hydrogen is permitted, since there are no hot metal
electrodes in the plasma. This allows the possibility to produce proton
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Fig. 2. Technical drawing of the ODIn experiment.

Fig. 3. Scheme of the electron gun system including a simple illustration of all elements with their applied voltages.

Fig. 4. LabVIEW remote control user interface of the electron gun system delivered by Kimball Physics. (left) General beam control, setting and readout: Energy, grid, focus,
source voltage and Emission Current Control (ECC) switch. (right) Deflection and area scan control.

beams. The produced ions are extracted from the plasma using two
single-hole extraction apertures and beam energies of up to 5 keV with
a maximum beam current of 2 mA can be produced. The gun system

is watercooled by an external chiller (Huber, HTS1, 650 W cooling
capacity) and magnetron current, beam energy and extraction voltage
can be controlled by its power supply. Furthermore, the magnetron
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Fig. 5. Simplified circuit diagram of the remote control for the ion gun power supply.

Fig. 6. The effect of focus voltage on spot diameter at three different energies, showing minimum spots at focus/energy = 0.66.

current, beam current and voltages on the ion optics can be read out
on the power supply. The investigated influence of the controllable
parameters on the produced beam profiles and currents is discussed in
Section 3.2. Similar to the electron gun, also the ion gun is mounted
on a port aligner at the irradiation chamber and the working distance
is about 115 mm.

2.3. Sample introduction and monitoring

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

piA1000-60gc with camera lens MVL25M23 from Thorlabs) through
the viewport in the irradiation chamber.

2.4. Control system

The power supplies of both gun systems as well as the camera
system and the pressure readout can be controlled remotely. The user
interface of the LabVIEW VI provided by Kimball Physics used for
electron gun control is shown in Fig. 4. It provides control of all
adjustable gun parameters (anode, grid and focus potentials, cathode
voltage, deflection and scanning) and data logging. Additionally, the
Emission Current Control (ECC) can be switched on, so the source
voltage is adjusted automatically to deliver a steady emission current.
The cathode temperature is also monitored in a third window, which
is not shown in the figure.

The power supply of the sputter ion gun provides a D-Sub 9 pin
connector for analog input remote control of the adjustable parameters
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Fig. 7. Beam profiles taken with different electron gun parameters at beam energy of 1500 eV: (a) variation of grid voltage between 10 V and 85 V at focus voltage of 750 V,
(b) variation of focus voltage between 650 V and 990 V at grid voltage of 83 V and (c) variation of focus voltage between 650 V and 990 V at grid voltage of 0 V.

of the ion gun. Three pins enable the remote control of a single gun
parameter by applying a voltage of 5 V. Another three pins are used for
metering by an applied voltage between 0 V and 10 V. One pin provides
a voltage of 15 V with an internal resistance of 1.5 kΩ and the residual
pins are ground. For this connector, a remote control was developed
using a commercially available microcontroller (Arduino Uno), three
MCP4725 digital-analog-converters (Adafruit, 12 bit, maximum 5 V
output, controlled via I2C) and three LM358 amplifier modules (LC
Technology, working voltage 5 V to 12 V, 10 kΩ adjustable resistor
for gain adjustment) for covering a metering region between 0 V to
10 V. The simplified circuit diagram is illustrated in Fig. 5. The remote
control was also written in LabVIEW with a design matching that of the
user interface shown in Fig. 4.

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

The camera is controlled by ethernet with a software provided from
Basler. The camera can be operated in continous or single shot mode
and its software provides several options for image enhancements.

The pumps as well as the valves are all manually driven.

3. Characterization of the available beams

3.1. Electron beams

The beam profiles of the electron beam were investigated with a
phosphor screen (GIDS, SCR-25-ITO-P43) monitored by a camera. The
green channel of the taken pictures was used for the evaluation of the
beam profiles with Gwyddion 2.5. A constant emission current of 10 μA
was used for all beam tests. First, the beam spot diameter was inves-
tigated for different energies at 500 eV, 1000 eV and 1500 eV against
different focus voltages with grid voltage fixed at 0 V. For instance,
Fig. 7(c) displays the beam spot shape observed on the phosphor screen
at the energy 1500 eV. Due to the size of the phosphor screen, spot
diameters above 25 mm are not measurable. The phosphor screen was
fixed at the position of a target in the sample holder. The resulting
spot diameters are illustrated in Fig. 6. The minimum spot diameter
is reached for focus/energy = 0.66. It corresponds to the specification
data sheet of the electron gun [18].

Then the influence of the grid voltage on the beam profile was
investigated in different measurements for an energy of 1500 eV. At
first, the grid voltage was varied between 10 V and 85 V and a focus
voltage of 750 V. In a second measurement, the grid voltage was fixed
at 83 V and the measurement of the spot diameter was repeated at
focus voltages between 650 V and 990 V. The resulting beam profiles
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Fig. 8. Cathode temperature of the electron gun during the measurements shown in Fig. 7. At (1), the source voltage is applied slowly to deliver an emission current of 10 μA.
The cathode warms up and cathode temperature decreases a bit at (2). Then the grid voltage is slowly increased to 85 V at (3). At (4) grid voltage is turned off again and the
cathode temperature decreases again from 2000 K to about 1700 K. At (5), grid voltage is increased to 83 V again and the cathode temperature rises to 2000 K. At (6), the source
voltage is turned off.

are illustrated in Fig. 7(a) and (b). Space charge effects are responsible
for the donut-shaped profile. Depressions in central intensity are at
least partially due to radiation damage at this position on the phosphor
screen and are thus unrelated to the true beam profile.

During these measurements, the cathode temperature reaches a
maximum of about 2000 K with the Grid voltage turned on and cools
down after a warm up and with Grid voltage turned off to about 1700 K.
An example graph of the evolution of the cathode temperature during
operation of the electron gun is given in Fig. 8.

3.2. Ion beams

The ion gun was characterized in a comparable setup with the same
camera system as in ODIn and the same dimensions of the vacuum
chamber and working distance. The beam profiles were measured with
a CsI phosphor screen (125 mm x 95 mm x 2 mm alumina plate coated
with CsI) in a working distance of about 115 mm and the beam currents
were measured with a Faraday cup (fabricated at GSI, 6 cm in diameter)
on the opposite site of the ion gun in a working distance of about
317 mm.

In general, the beam current was measured against the variation of
magnetron current, anode potential and extraction potential. At specific
parameters, the phosphor screen was moved in front of the Faraday cup
into the ion beam to measure the beam profile. Nitrogen gas was used
to operate the ion gun. The gas flow was increased first for enough
molecules to ignite the plasma and the chamber pressure was kept
fixed at 3 × 10−4 mbar. The Faraday cup was polarized to suppress
secondary electrons. For the measurement of the beam current against
the magnetron current, the anode potential was adjusted to 3.3 kV and
the extraction voltage was adjusted to −0.9 kV. The current on the
cup was limited to a maximum of 175 μA. A diagram of the measured
current against the magnetron current is illustrated in Fig. 9(a). Beam
profiles were taken at magnetron currents of 6 mA, 12 mA and 20 mA as
shown in Fig. 9(b). The beam profiles were evaluated in the non-tilted
axis after subtraction of the background fluorescence of the phosphor
screen.

In another measurement the magnetron current was adjusted to
20 mA and extraction potential was kept at −0.9 kV. The anode

potential was varied between 0.1 kV and 4 kV. The current on the
cup was limited to a maximum of 163 μA. For a measurement of
currents against even higher anode potentials, the extraction potential
was increased to −1.1 kV and current on the cup was limited to a
maximum of 109 μA. Then the anode potential was varied between
0.2 kV and 5 kV. Beam profiles were taken in the first measurement at
1.5 kV, 3 kV, 3.4 kV and 4 kV and in the second measurement at 1.4 kV,
2.6 kV, 3.6 kV, 4.5 kV and 5 kV. The diagram of the measured current
against anode potential for different extraction potentials is given in
Fig. 10(a). The corresponding beam profiles are shown in Fig. 10(b) for
extraction potential of −0.9 kV and in Fig. 10(c) for extraction potential
of −1.1 kV.

In the last measurement the magnetron current was kept at 20 mA
and the anode potential was adjusted to 3.7 kV. The extraction potential
was varied between 0 kV and 2 kV. The current on the cup was limited
to a maximum of 164 μA. Beam profiles were taken at extraction
potentials of 0.3 kV, 0.8 kV, 1.1 kV and 1.9 kV. The diagram of the
measured current against extraction potential is given in Fig. 11(a). The
corresponding beam profiles are shown in Fig. 11(b).

3.3. Discussion on beam parameters

3.3.1. Electron beams
Electron beam spot diameters of 2 mm to 4 mm can be achieved

with electrons in an energy range of 500 keV to 1500 keV. A small
spot size is ideal to obtain a maximum of deposited energy and flux per
unit area and time. The scanning function of the electron gun allows
irradiating areas that are larger than the spot diameter. The beam spot
size and profile can be altered by varying the grid voltage (see Fig. 7(b)
and (c)). In this way, the profile can be smoothed, and the influence of
space charge effects can be reduced. For 1500 keV electrons, the ideal
grid voltage was found to be 83 V. At voltages above 90 V, the beam
is completely suppressed.

3.3.2. Ion beams
The effects of (i) magnetron current, (ii) anode potential, and (iii)

extraction potential on ion current and beam profile were studied for
nitrogen ions. The beam current varies proportionally to the magnetron
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Fig. 9. The measured current on Faraday cup against magnetron current of the ion
gun with the anode potential at 3.3 kV and extraction voltage of −0.9 kV is shown
in (a). The red and green line represent the lowest and highest measured currents,
respectively. The evaluated beam profiles are shown in (b). They are presented as a
function of the fluorescence intensity against the extension to the center of the screen.
(For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

current (see Fig. 9(a)). The beam current intensity depends on the
anode and extraction potentials; the maximum current is obtained at
3.7 kV anode potential and 1 kV extraction potential. The correspond-
ing beam spot diameter is about 1 cm. In contrast to the electron beam,
the ion beam cannot be scanned across the target area. Therefore,
a variation of the beam spot size is the only option to change the
irradiated area. To this end, the potential can be set to lower values
than 3.7 kV and 1 kV, which will increase the beam spot size, at the
expense of a reduced intensity.

4. First commission and irradiation of samples

4.1. Theoretical stopping powers and ranges of projectiles in matter

With the given electron and ion energies provided by the gun
systems in ODIn, the different stopping powers and ranges in matter
can be estimated. The software SRIM-2013 [21,22] provides stopping
powers and ranges for ions and target materials up to uranium. For
stopping powers and ranges of electrons in matter, the National Insti-
tute of Standards and Technology (NIST) provides a database [19,20]
for many different pure element as well as common target materials like

Table 1
Theoretical total stopping powers of different beams provided by the ODIn setup in
three exemplary target materials. The values are given for the maximum beam energies
which can be provided at ODIn. Data for electron and proton beams are taken from
the NIST database [19,20]. The data for Xe beams were calculated with SRIM-2013
[21,22].

Target material Total stopping powers for different beams (MeV cm2 g−1)

Electron beam
(1.5 keV)

H+ beam
(5 keV)

Xe+ beam
(5 keV)

Carbon (amorphous) 80.6 308.6 5773
Lead (metal) 15.6 35.26 978.1
Uranium (metal) 13.7 41.77 830.3

Table 2
Theoretical ranges in matter of different beams provided by the ODIn setup in three
exemplary target materials. The values are given for the maximum beam energies which
can be provided at ODIn. Data for the electron and proton beams are taken from
the NIST database [19,20]. The data for Xe beams were calculated with SRIM-2013
[21,22].

Target material CSDA (continuous-slowing-down approximation) ranges in
matter for different beams (mg cm−2)

Electron beam
(1.5 keV)

H+ beam
(5 keV)

Xe+ beam
(5 keV)

Carbon (amorphous) <0.28 0.025 0.0016
Lead (metal) <0.83 0.26 0.0041
Uranium (metal) <0.89 0.22 0.0044

lead oxide or uranium oxide. Tables 1 and 2 give some total stopping
powers and ranges of electron beams, light ion (hydrogen) and heavy
ion (xenon) beams, which can be produced at ODIn, in exemplary
target materials like amorphous carbon, metallic lead and uranium. The
stopping powers and ranges in matter are given for the maximum beam
energies which can be produced at ODIn.

The given values indicate that only deposits with a thickness lower
than 100 μg/cm2 can be irradiated completely with the electron and
ion beams provided by ODIn. With H+ beams, the CSDA range is at
its maximum with 260 μg/cm2 for metallic lead and at 220 μg/cm2

for metallic uranium. Therefore, H+ beams seem to be most promising
with respect to the ranges in matter. For ion beams of heavier gasous
species, the stopping powers rise and the ion beams will probably
induce more sputtering than transformations on the chemical species
and will destroy the deposit. Sputtering could be used to remove
organic impurities on the surface of the deposits.

4.2. Irradiation tests of Pb samples

In a first irradiation test performed to commission the setup, molec-
ular plated lead samples were irradiated with electron beams at 1.5 keV
and 100 μA emission current. This section is meant to give a short re-
port of the first irradiation with ODIn. Further analytical investigations
of the sample will be described elsewhere.

4.2.1. Reagents and materials
145.7 mg of lead nitrate (Sigma-Aldrich, ≥99.0%) were dissolved

in 10 mL of 0.1 M nitric acid, to give a concentration of 44 mmol/L.
An aliquot of 20 μL was filled into the plating cell and was mixed with
1 mL of isopropanole and 9 mL of isobutanole. A round Kapton foil
(Goodfellow, Polyimid - Film DuPont™ Kapton®, 25 μm thickness) with
a diameter of 25 mm was cleaned with isopropanole, dried at air and
then sputter coated with about 34 nm of gold on both sides. It was used
as cathode. A palladium wire (Goodfellow, 99.99+%, 1 mm thickness)
was used as anode.

4.2.2. Instrumentation and methods
Molecular Plating was performed in an upright cylindrical cell with

1.15 kV and 0.6 mA for 45 min. The contact area on the substrate
(Kapton foil with gold coating) was 0.5 cm2. After the plating process,
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Fig. 10. (a) Measured current on Faraday cup against anode voltage of the ion gun is shown for a magnetron current of 20 mA and extraction voltages (EV) of −0.9 kV and
−1.1 kV. The lines represent the lowest and highest measured currents, respectively. The evaluated beam profiles as a function of the fluorescence intensity against the extension
to the center of the screen are shown for extraction voltages of −0.9 kV in (b) and −1.1 kV in (c).

the sample was dried at air in the fume hood for 24 h. Two identical
samples were prepared by this method to have one sample for compar-
ison after irradiation of the other one. In case of a 100% yield in the
molecular plating process, the deposit thickness is about 365 μg/cm2

which is about 59.4 μm.
The sample was carefully fixed on the sample holder in ODIn with

conductive tape. It was irradiated with 1.5 keV electron beam and
emission current of 100 μA with focus on the surface of the deposit. The
focus voltage was at 990 V and grid voltage at 0 V. The spot diameter
was about 3 mm. Due to a voltage on the deflection electrodes during
scanning and the angle of 45◦ on the sample surface, the beam spot
shape was slightly deformed to a triangle. After a short moment, the
surface turned dark at the spot where the focused beam impacted. The
beam was then scanned slowly over the complete deposit surface until
it turned completely dark by visual observation. The whole irradiation
with an irradiance or flux density of about 2.1 W/cm2 took about an
hour with an approximated deposited energy of 4.74 × 1016 MeV/cm2.
For electron gun power 𝑄̇ of 0.15 W, a thermal conductivity 𝜆 of
the Kapton foil of 0.4 W/(m K), a beam spot radius 𝑟 of 1.5 mm
and the thickness of the Kapton foil 𝑑 of 25 μm, the difference of
temperature 𝛥𝑇 between the irradiated deposit and the sample holder
can be calculated with Fourier’s law

𝑄̇ = 𝜆 ⋅ 𝜋 ⋅ 𝑟2 ⋅ 𝛥𝑇
𝑑

and is about 1.3 K considering thermal conduction.

4.2.3. Results and discussion

Both the non-irradiated and the irradiated sample were investigated
with a light microscope (VHX-7000, Keyence). The surface of the
irradiated deposit turned black during the irradiation with the 1.5 keV
electron beam. The range of the electron beam into the deposit should
be about 14 μm with respect to a stopping power of 17.43 MeV cm2/g
(in lead oxide) [19]. Therefore, the beam was completely stopped
in the deposit. The change in color indicates that a chemical or a
crystal transformation occurred. The induced structural changes were
investigated by confocal Raman spectroscopy (HR800 system, Horbia
Jobin Yvon, 𝜆0 ∶ 633 nm). The spectrometer was calibrated with a
silicon sample. The microscopic pictures with three magnifications and
the Raman spectra of both samples are shown in Fig. 12. The spectra
indicate a chemical transformation from lead carbonate [23] to lead(II)
oxide [24]. The observed changes in color agree well with coulomb
barrier irradiations of similar produced lead targets at UNILAC. A
detailed follow-up spectroscopic investigation and comparison of lead
targets irradiated off-line at ODIn and on-line at UNILAC is on its way.
The investigation will show if it is possible to investigate the radiation-
induced chemical reactions in target materials even without beam time
at particle accelerators.
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Fig. 11. (a) Measured current on Faraday cup against extraction voltage of the ion gun is shown for a magnetron current of 20 mA and anode potential of 3.7 kV. The lines
represent the lowest and highest measured currents, respectively. The evaluated beam profiles as a function of the fluorescence intensity against the extension to the center of the
screen are shown for an anode potential of 3.7 kV in (b).

5. Conclusion and outlook

A new setup, named ODIn, was successfully constructed for the
irradiation of samples with low energy electron and ion beams, charac-
terized with regard to the electron gun and ion gun and tested for the
first time with a molecular plated lead sample. The electron gun can
generate up to 1.5 keV electron beams with up to 100 μA beam current.
The spot diameters of the electron beam and beam profiles of the
electron gun were investigated with a phosphor screen. Minimum spot
diameters of 2 mm to 4 mm in diameter can be produced depending
on the electron energy. The beam profile can be adjusted with the grid
voltage from a nearly uniform to a Gaussian profile. Furthermore, the
ion gun was characterized and the dependency of the beam current on
different magnetron currents, anode voltages and extraction voltages
was investigated. Also the beam profiles were investigated with a

phosphor screen and they are more lorentzian shaped with a FWHM
of about 2 mm to 3 mm. The complete setup can be controlled by
remote with a delivered LabVIEW software for the electron gun and an
Arduino-based remote control for the ion gun. The first irradiation of a
lead sample with 1.5 keV electron beams showed a visible change on
the deposit surface indicated by a change of color from orange to black.
Raman analysis showed a chemical transformation of lead carbonate
to lead(II) oxide. In future experiments, the irradiated samples of ODIn
will be compared with samples irradiated with Coulomb-barrier heavy-
ion beams at the UNILAC accelerator at GSI in Darmstadt and with
samples irradiated with proton beams of tens of MeV energy at the
IGISOL facility in Jyväskylä. Investigations of the chemical and crystal
transformations on the surface of irradiated samples are currently
ongoing, using analytical methods like Raman spectroscopy, scanning
electron microscopy (SEM) as well as atomic force microscopy (AFM).
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Fig. 12. Optical microscope pictures of the non-irradiated lead sample (top) and of the electron-irradiated sample (bottom). The inset in the right-most pictures displays Raman
spectra of the samples. These were recorded with a 633 nm excitation wavelength at 16 mW, using spectral autofocus. The change in the spectra indicates a chemical transformation
of lead carbonate [23] to lead(II) oxide [24]. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

These studies will help shedding light on the processes taking place
in thin films irradiated with low energy particles. New insights into
the chemical behavior of conventional target materials in the particle
beam could be an important intermediate step in the development of
new targets for the future generation of accelerators.
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C. List of Figures

1.1 The calculated microscopic corrections to liquid-drop masses for the heavy elements,

showing a prediction of the location of the Island of Stability, centered at 298114. Con-

tours are labeled in MeV. The neutron-drip line is indicated, as are the pathways to the

heavy elements followed by the stellar and thermonuclear r-processes. The compound

nuclei produced in representative heavy-ion reactions are also shown, connected to the

target nuclide by a dotted line. The heavy ion reaction of 108Pb to 266108 shows a cold

fusion, the reaction of 244Pu to 298114 shows a hot fusion. From ref. [137] . . . . . . . . 2

1.2 Known spontaneous fission (sf) half-lives (t 1/2 ) of nuclides with even numbers of pro-

tons and neutrons (dots) and calculated hypothetical half-lives (dashed line) taking into

account only the liquid-drop-model contribution plotted versus the fissility parameter X.

The dotted line shows the lifetime-limit of 10× 10−14s for a chemical element. From

ref. [185] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.3 (a) Experimental cross sections for the formation of nuclei with Z≧ 102 in (■) the 1n

evaporation channel of cold fusion reactions, (◦) the 5n channel of hot fusion reactions,

and (△) the 3-4n channel of warm fusion reactions with 48Ca + actinide targets. The

curves are drawn to guide the eye. From ref. [208] Schematic representation of: (b) a

cold fusion reaction: 208Pb(58Fe,1n)265Hs, and (c) a hot fusion reaction: 248Cm(26Mg,4-

5n)269,270Hs, and (d) an example of a warm fusion reaction 244Cm(48Ca,3n)289Fl. scheme

analogous to [185] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

1.4 Illustration of the basic structure of a target: (a) ideal target (b) real target. . . . . . . . . 7

1.5 208Pb-targets showing the backing side (1 and 3 from above) and the target side (2 and

4 from above), respectively, with an enlarged target area and improved backing quality

(upper two) compared to the previous target version (lower two). From ref. [120] The

targets illustrated show the development of target segments for the target wheel for SHIP

experiment setup at the GSI Darmstadt. It shows the improvements on the way to the

perfect PbS target. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
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1.6 Excitation energy E* of the compound nucleus versus the reaction cross-section in nb

for the reaction 54Cr+208Pb → 262Sg∗ for the 1n-channel with metallic lead (light blue

points), heated PbS (red points), and black PbS (dark blue points). The continuous curves

in light blue, green and red (one point on the X-axis) show the excitation function for

metallic lead in the 1n- , 2n- , and 3n-channel, respectively. From ref. [100] . . . . . . . 9

1.7 (a) View of the open target cassette with the target wheel. Upstream, a wheel for carbon

stripper foils is visible (no foils mounted in the picture) (b) The 249Cf target wheel after

the bombardment with the 50Ti beam dose of 1×1019 ions. From ref. [91] . . . . . . . . 10

1.8 Pictures of a Scanning Electron Microscope (SEM) of a PbS-layer as evaporated (a1)

and irradiated with a beam dose of 3.5× 1017 40Ar-particles (a2). From ref. [99] SEM

pictures of unirradiated Bi2O3 targets (b1) and of Bi2O3 targets after irradiation with a

beam dose of 7.4×1018 70Sn-particles (b2) From ref. [100] . . . . . . . . . . . . . . . . 12

1.9 Spectra of α energies measured from the 249Cf (left panel) and mixed-Cf (right panel)

rotating targets with the detector system in the focal plane of DGFRS (Dubna Gas-Filled

Recoil Separator) before irradiations and after given beam doses of 48Ca projectiles pass-

ing through the targets. From ref. [20] . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

1.10 SEM images of an irradiated 160Gd target, in separate experiments, with 45Sc and 50Ti

beams. The left panel shows the edge of the target, i.e., area outside the beam path

and the right panel shows the irradiated area of the target. The images were taken with

a 1400 to 1600 magnification. The total target ion exposure to 45Sc and 50Ti beams,

center-of-target energies of of 3.8 to 4.7 MeV
u , was 3.2×1014 ions. From ref. [129] . . . . 14

1.11 PSE with the classic materials for target backings highlighted in yellow. All elements

below the orange line are not suitable as backing materials because they form α-emitters

with the usual projectiles, which would drastically complicate detection in SHE experi-

ments. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

1.12 Parameters and power density in targets and backings according to the conditions at the

LINAC-S3 setup at the GANIL research facility in France. From ref. [94] . . . . . . . . 16

1.13 Excitation functions for production of elements 114, 116 and 117 (from Oganessian et al.

2015, [152] where all other excitation functions with actinide targets are also included).

Filled data points: from FLNR Dubna (cf. from Oganessian et al. 2015, [152]), open

ones from TASCA (244Pu, [40] 249Bk [97]) and SHIP (248Cm [85]). Lines are theoretical

models (references mentioned in from Oganessian et al. 2015, [152]). Blue: Energy

range that is swept in the existing TASCA targets ( 810 µg
cm2

244Pu and 530 µg
cm2

248Cm ).

Green lines: Energy range within 800 µg
cm2 thick targets. Yellow: From a nuclear physics

point of view, this is a useful range of the excitation function. . . . . . . . . . . . . . . . 18
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1.14 MP construction for small round targets in the shape of a chimney over the decades

(a.1) Trautmann and Folger 1989 [206], (a.2) Ingelbrecht 1997 [89], (a.3) Eberhardt

2018 [43]. When producing banana-shaped segments for target wheels (b.2 and b.3), [177],

a different set-up has proved successful: the segments, which are covered with foil, are

installed at the side of the MP cell (b.1 [45]). . . . . . . . . . . . . . . . . . . . . . . . 20

1.15 Close up of an energy dispersive spectrum of uranium on a tantalum backing. Nitrogen

is not detectable in the spectrum. The small picture shows a larger energy range. From

ref. [113] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

1.16 (Left) Photography of a segment of the TASCA (TransActinide Separator and Chemistry

Apparatus) target wheel [91, 118]. The thin lanthanum film ( thickness 500 µg
cm2 ) de-

posited on a 2.1 µm thick titanium substrate is glued to the frame of the target wheel.

(Middle and right) Scanning electron microscope images showing the typical cracked

surface morphology of targets produced by molecular plating. . . . . . . . . . . . . . . 23

1.17 Atomic force microscopy image ( 2.5 × 2.5 µm ) of an unirradiated La MP thin film

( thickness 500 µg
cm2 ), deposited on a thin titanium foil ( 2.1 µm ). . . . . . . . . . . . . . 24

1.18 The C1s spectra show the presence of two components: the C 1s peak at 285.0 eV is

aliphatic carbon of the mixed isopropanol/isobutanol solvent. The peak at 289.3 eV can

be attributed to COOM -metal carboxylate-groups formed during the plating process by

solvent electrolysis. From ref. [217] . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

1.19 X-ray diffraction patterns of three layers on Ti electrodeposited at 400 V: (a) without cal-

cination and with calcination (b) at 700 K for 30 min and (c) at 900 K for 200 min. With-

out calcination (a), only the reflexes of the titanium backing are visible. From ref. [28]

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

1.20 Photograph (left) and SEM pictures (centre and right) of a 500 µg
cm2

147Sm target on a

TASCA segment. From ref. [119] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

1.21 Influence of substrate surface roughness and plating solvent. 3D graphs of radiographic

imaging (RI), samples produced using molecular plating and the following substrate/solvent

systems: (a) Ti and the “classic“ isopropanol and isobutanol mixture, (b) Ti and N,N-

Dimethylformamide (DMF). From ref. [216] . . . . . . . . . . . . . . . . . . . . . . . 28

2.1 A segment of a target wheel for the TASCA experiment [91], coated with lead via molec-

ular plating ( SW = 600(54) µg
cm2 ), before (a) and after (b) irradiation with 5.90 MeV

u
48Ca-

beam, accumulated fluence 6.5×1013 ions
cm2 . . . . . . . . . . . . . . . . . . . . . . . . . . 36

2.2 Examples of MP lead targets ( SW = 100(10) µg
cm2 ) for irradiation by the ODIn-setup (a)

unirradiated, (b) irradiated with 1.5 keV e−-beam, I = 3.2× 1019 ions
cm2 . A triangular dis-

colouration on the edge of the target is clearly visible after irradiation. . . . . . . . . . . 36
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2.3 TASCA-Segments coated via DoD ( SW = 2.1(2) mg
cm2 ). (a) after tempering in a muf-

fle furnace ( T= 500 ◦C, 1 h ) and (b) after irradiation with a 50Ti-beam, 4.85 MeV
u , 3.3×

1013 ions
cm2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

2.4 SEM images of one DoD printed drop of lead nitrate after tempering in a muffle furnace

( T = 500 ◦C, 1.0 h ) and after irradiation with a 50Ti-beam, 4.85 MeV
u , 3.3×1013 ions

cm2 . The

drop is in the middle of the irradiated DoD TASCA segment and has therefore been fully

irradiated. (a) is a SE recording. (b) is a BSE recording. . . . . . . . . . . . . . . . . . . 38

2.5 EDX point spectrum of one of the black crystallites on the surface of the printed drops.

( cf. Fig. 2.4 ) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

2.6 TASCA segments coated with lead via MP ( SW = 600(54) µg
cm2 ), after irradiation with

5.90 MeV
u

48Ca-beam ( 6.5× 1013 ions
cm2 ). The recordings were made with a KEYENCE

VHX-6000 digital optical microscope at the GSI target lab. (a) shows an enlargement of

the transition between irradiated and non-irradiated area. (b) is a less magnified overview

image for orientation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

2.7 SEM images of MP TASCA segment after irradiation with 5.90 MeV
u

48Ca-beam ( 6.5×
1013 ions

cm2 ). The images show the border between the irradiated and unirradiated part of

the thin film. (a) is a SE recording. (b) is a BSE recording. . . . . . . . . . . . . . . . . 40

2.8 Digital optical microscope images of (a) one printed drop of lead nitrate after tempering

in a muffle furnace ( T = 500 ◦C). (b) macroscopic damage after irradiation with 4.85 MeV
u

(50Ti-beam, 3.3×1013 ions
cm2 ). The recordings were made with a KEYENCE VHX-6000. . 41

2.9 Raman spectra of a DoD lead target after irradiation by TASCA with 4.85 MeV
u (50Ti-

beam, 3.3×1013 ions
cm2 ), (a) unirradiated rim, (b) irradiated centre of the target. Recorded

at λ0 = 514 nm, 15 mW. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

2.10 Raman spectra of a MP lead target after irradiation by TASCA with 5.90 MeV
u

48Ca-beam

( 6.5× 1013 ions
cm2 ), (a) unirradiated rim, (b) irradiated centre of the target. Recorded at

λ0 = 633 nm, 16 mW. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

2.11 Raman spectra of a MP lead target after irradiation by TASCA with 5.90 MeV
u

48Ca-beam

( 6.5×1013 ions
cm2 ). The spectrum was recorded at the transition between the irradiated and

non-irradiated part of the MP lead target ( Fig. 2.6 ). For technical reasons of the TASCA

setup, this boundary is not sharply defined. The Raman spectrum shows the transition

between basic carbonate and the oxide. Comparable spectra were also recorded at the

boundaries of the irradiated triangle in the ODIn setup. Recorded at λ0 = 633 nm, 16 mW. 46

2.12 Raman spectra of a MP lead target after irradiation by the ODIn-setup with 1.5 keV e−-

beam, I = 5.0×1019 e−
cm2 (a) non-irradiated part of the thin film, (b) irradiated triangular

discolouration on the edge of the target. Recorded at λ0 = 633 nm, 16 mW. . . . . . . . . 48
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3.1 Photography (left) and SEM image (right) of a 500 µg
cm2 thick Tm target (sample: HZDR-

500) after irradiation with 1.2 MeV
u Cl ions (2.0× 1014 ions

cm2 ). On the photography, the

irradiated area is clearly visible as dark square. On the SEM image, the upper part is the

non-irradiated area and the lower part shows the irradiated area. . . . . . . . . . . . . . 60

3.2 SEM images of MP Tm thin films ( thickness 500 µg
cm2 , samples: Tm target-2 to Tm

target-4 ) irradiated with different fluences. Top row (1a-1c): Tm films irradiated with

8.3 MeV
u Au ions at increasing fluence. Bottom row (2a-2c): same sample series after

ERDA analysis using 1.2 MeV
u Cl ions of fluence 2.0× 1014 ions

cm2 to 2.4× 1014 ions
cm2 . The

lower series shows exactly the transition area of the ERDA analysis beam spot. Note

that the SEM image 1c is slightly defocused, making the surface appear smoother than it

really is. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
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