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The heaviest elements in the periodic table have a low production yield. In order to increase the production
yield of the superheavy elements, thicker targets are required than the present molecular plating technique
can offer. Therefore, lanthanide thin films, as lighter homologues to the actinides, were prepared by a new
electrodeposition method. The trifluoromethanesulfonates (triflates) of the lanthanide salts were dissolved in
Dimethylformamide (DMF) and then electrochemically deposited onto substrates of different geometries. These
thin films were irradiated with different swift heavy ion beams with energies of over 200 MeV. Thin films
were analyzed spectroscopically by Raman and IR measurements before and after irradiation, to investigate

chemical changes induced by irradiation.

1. Introduction

The heaviest elements in the periodic table, superheavy elements
(SHE), are produced by nuclear fusion reactions induced by intense
heavy-ion beams with energies around the Coulomb barrier [1,2]. In
this process, a target, often a thin film of an actinide, is irradiated with
48Ca [1]. The SHE production rate depends on the cross section of the
nuclear reaction of the ion beam projectile and the target atom of the
target layer. Additionally, the production rate also depends on the beam
intensity and the target thickness and is small for the SHE. To increase
the production rate, the intensity of the ion beam or the layer thickness
of the target has to be increased. The cross section function limits the
maximum layer thickness to roughly 1500 Ci]gz [3]. Layer thicknesses
above 1500 % would barely increase the production yield of SHE.

Nowadays, the standard method for the production of actinide
films is molecular plating, which is an electrochemical deposition
method [4-6]. However, the film thickness that can be reliably
achieved with this method is limited to about 1000 % on the thin
substrates [4,7].

Recently, however, a method using salts of the trifluoromethanesul-
fonic acid (triflic acid), which is a super acid, and dimethylformamide
(DMF) in electrochemical deposition was reported. By dissolving the
lanthanide oxides in triflic acid and dissolving the newly formed tri-
fluoromethanesulfonate (trilfate) salt in an aprotic organic solvent like
DMF, layer thicknesses of up to 2000 % for lanthanides could be
achieved. The first experiments with these lanthanide targets have
already been proven to be stable in a “8Ca ion beam with 6 @ and
an accumulated fluence of 3.9 x 10'4 'C% [8].

The aim of this work is to understand how these thin films change
chemically in the ion beam, by characterization via infrared (IR) and
Raman spectroscopy both before and after irradiation. Additionally,
Rutherford backscattering (RBS) combined with proton-induced X-ray
emission spectroscopy (PIXE) was used to analyze the elemental com-
position of the thin layers.
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2. Experimental methods
2.1. Target production

Commercially available trifluoromethanesulfonate (triflate) and
self-produced triflates of terbium and thulium were used for the pro-
duction of thin films.

The salts were dissolved in organic solvents and then deposited
potentiostatically on titanium foils with different thicknesses.

Multiple targets were produced for different experiments, including
ion beam irradiation conducted at the Grand Accélérateur National
d’Tons Lourds (GANIL), France, and Transactinide Separator and Chem-
istry Apparatus (TASCA) at GSI Helmholtzzentrum fiir Schwerionen-
forschung, Germany, as well as for the Helmholtzzentrum Dresden
Rossendorf (HZDR), Germany, where the Rutherford Backscattering
and Proton Induced X-ray Emission (RBS/PIXE) measurements of the
thin films were carried out.

2.1.1. Preparation of lanthanide stock solution

Lanthanide triflates were prepared as described in [8,9]. 15-50 mg
lanthanide oxide were heated with a small stochiometric excess of
triflic acid and water was then evaporated to dryness. This way, the
lanthanide triflate salts [Ln(H,0)q][CF3SO3]3 (Ln = Tb, Tm) were
obtained.

Ln,0; + 6 CF;S0;H + 15H,0— 2 [Ln(H,0),](CF;S0;); (Ln = Tb, Tm)

In parallel, commercial anhydrous triflate salts
Ln(TfO); (Ln = Tb, Tm), [Merck GmbH] were used.
The salts were dissolved in DMF to obtain a stock solution with

varying concentrations between 500—1000%.

2.1.2. Preparation of terbium targets for GANIL

An aliquot of the stock solution with the desired amount of terbium
was diluted in DMF. The goal was to produce targets with a layer
thickness of 1500-2000 ct;gl' For the production of the thin films two
different electrochemical cells were used.

The cylindrical chimney cell (Fig. 1a) is constructed from a titanium
block, with the substrate connected as the cathode. The cell wall, made
of polyether ether ketone (PEEK), features a circular opening with
a diameter of 10 mm, resulting in a deposition area of 0.785 cm?.
An ethylene propylene diene monomer (EPDM) gasket was used. The
volume of the cell holds 10 mL. A palladium anode was used in
these experiments. With the aim of quantitatively depositing 2000 %,
1570 pg of terbium were used.

The prepared solution was then deposited galvanostatically at a
constant current and current density of ~2.5 % for 2 h. Titanium foils
with thicknesses of 2.1-2.3 pm and 10 pm were used as substrates for
the deposition.

2.1.3. Preparation of thulium targets for TASCA

Since the triflate method uses DMF and DMSO as solvents, which
are less viscous than the isobutanol/isopropanol mixture used in the
molecular plating technique, the existing cell [10] used to produce the
TASCA targets [11] was not leak-tight. The cell was slightly modified
for this reason. The newly modified cell (Fig. 1b and c) consists of
one block of PEEK, one wall with a 6 cm? banana-shaped opening that
extends outwards along the edge to hold a gasket of the same shape,
made of EPDM. At this position, the target substrate, which was glued
to the TASCA frame with a silver epoxy glue, was mounted to the wall
and fixed with a stainless steel back plate with five screws. This back
plate also acted as an cathode. The anode was placed across the target
in the cell with a crocodile clip. As the surface area of the cathode is
relatively large, a rectangular graphite anode measuring 40 x 30 mm
was used in these experiments. This consists of fewer parts than the
standard version [7], therefore it is resistant to leakage.
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The “TASCA cell” has a volume of 35 mL and the deposition area is
banana-shaped with a deposition area of 6 cm? so that four segments
form one target wheel with a diameter of 10 cm. This wheel was rotated
in TASCA, to distribute the energy deposition of ion beam on a higher
surface to prevent the destruction of targets [7].

With the aim of quantitatively depositing 2000 % thickness layer,
1200 pg of thulium were used. Due to the different volumes and
concentrations, which were chosen due to the deposition area and size
of the anode compared to the chimney cell, the parameters had to be
adjusted for the best deposition result. The adjusted solution was then
galvanostatically deposited at a current density of approximately 3 :}? s
for 5 h. From this solution, several depositions were made, each on a
2.1 pm thick titanium foil.

2.1.4. Preparation of thulium targets for measurements at HZDR

Commercial thulium triflate was deposited on 25 pm thick titanium
foil. The chimney setup was used with an opening diameter of 6 mm,
which results in a deposition area of 0.28 cm?. A glassy carbon anode
with 1 mm diameter and 5 cm length was used. With the aim of
quantitatively depositing 2000 %, 560 pg of thulium were used.

Unlike the targets for GANIL and TASCA, the samples were pre-
pared in argon atmosphere using dry solvents. The O, concentration
in the box varied between 1 and 3 ppm, the H,O concentration in
the atmosphere was below 1 ppm. CO, concentration could not be
measured.

The samples were then analyzed at the HZDR using Elastic Recoil
Detection Analysis (ERDA), PIXE and RBS.

2.1.5. Tracer production of terbium and thulium

The electrochemical deposition yields were determined by the pro-
duction of terbium and thulium tracers with neutron capture reactions.
For this purpose terbium oxide and thulium oxide were irradiated in
the TRIGA Mainz research reactor at a neutron flux of 7 x 10'! ﬁ
for 1 h, producing %°Tb and 7°Tm. These oxides were transformed
to the triflate salts and deposition experiments were done, as described
in 2.1.1 and 2.3.1, respectively.

2.2. Target irradiation

The manufactured targets were irradiated at GSI using the TASCA
setup with ion beam provided by the UNIversal Linear ACcelerator
(UNILAC) and at GANIL’s D1-SME beamline using cyclotron beams.
Different ion beams and energies were used in the respective facilities
(Table 1).

2.2.1. Irradiation experiments at GSI TASCA

Self made thulium triflate thin films for TASCA irradiation were
prepared on 2.1 pm titanium foils provided by the GSI target laboratory.
One thin film was prepared with DMSO, while the others were prepared
with DMF. Four targets were mounted on a wheel (Fig. 2) with a total
target area of 24 cm?.

This wheel was mounted in TASCA and the targets were irradiated
with 48Ca with an energy of 4.8 g and a particle flux of 2.7x10'% pps
for 40 min. The beam is collimated to 9 mm diameter just in front of
the targets. The typical flux distribution is Gaussian with a FWHM of
8 mm. The ion beam passed through the titanium foil before hitting the
thulium thin films, to keep the same layer sequence as in the production
of superheavy elements. During irradiation, the targets were constantly
rotated at 37.5 Hz [11] for even distribution of the ion beam on all the
targets. This resulted in a fluence of 2.7 x 10'4 % for all targets.

2.2.2. Irradiation experiments at GANIL

Self-made terbium triflate was used to produce thin films on 2.1 ym
thick titanium foils, which were provided by the GSI target laboratory.
The thin films were produced in circular shape as previously described
and glued afterwards on frames, provided by GANIL (Fig. 3). The wheel
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Fig. 1. The cells used for the preparation of targets. (a) The chimney cell used to prepare targets for GANIL and HZDR. It is also made out of PEEK. Next to it are the titanium
base and a fixing nut made out of polypropylene. (b) The dismantled cell for TASCA targets. The cell used to prepare targets for TASCA is made out of PEEK. The sealing mat is
made out of EPDM and the back is made out of stainless steel. (c) The TASCA cell with the used graphite anode.

Table 1
Overview of the different target irradiations. Three similar targets were irradiated at GANIL with an 7°Zn ion beam with an
projectile energy of 9.3 # Each target received a different fluence. Four similar targets were irradiated at TASCA at GSI
MeV
u

with an “8Ca ion beam. The beam had an energy of 4.9 and all targets received the same fluence. At HZDR three targets

were irradiated with a 3°Cl beam. The energy was 1.2 g The aim was ERDA measurements with the Cl beam so no effort
was made to keep the fluence identical.

Facility Element Target names Target form Beam Projectile energy Fluence
(%) (10" 2%
u cm
GANIL Terbium GANIL-Tb-1 Circular 707Zn 9.3 1.0(1)
GANIL-Tb-2 10 mm 9.59)
GANIL-Tb-3 100(10)
GSI Thulium GSI-Tm-1 Banana 48Ca 4.9 27(2)
GSI-Tm-2 shaped
GSI-Tm-3
GSI-Tm-4
HZDR Thulium HZDR-1 Circular 35¢1 1.2 4.7(5)
HZDR-2 6 mm 3.7(4)
- Terbium Control 1 Circular - - -
6 mm
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Fig. 2. The TASCA setup is made out of four targets arranged on a wheel with a diameter of 10 cm [11]. Each segment has an area of 6 cm?. The wheel shown was mounted in

TASCA and irradiated with an “¥Ca ion beam.

consists of three aluminum segments. Each segment supports up to four
targets [12]. At GANIL the targets were irradiated with a 7°Zn ion beam
an energy of 9.3 @ and a varying particle flux of 0.5-1.5 x 10'° pps.
The ion beam passed through the titanium foil before hitting the ter-
bium thin films. The wheel was not rotated during the irradiation and
each target was exposed to the beam for a defined period. A magnetic
sweeping device is used to assure uniform irradiation on a rectangular
irradiation field (defined by 4 movable slits) of up to 5 cm x5 cm. The
diameter of the ion beam was 6 X 7.5 mm? before sweeping. The ratio
of the sweeping frequencies (horizontal frequency: ~400 Hz; vertical
frequency: ~40 Hz) is chosen so, that no regular spatial structures such
as Lissajous figures can occur. The projectile ion flux on the target
is monitored during the irradiation by a secondary electron emission
detector (stack of thin foils) allowing to measure the secondary electron
current induced by the projectile. Prior to the target irradiation, a
Faraday cup is inserted and the ratio of the secondary electron current
and the projectile current is measured. This procedure allows a precise
measurement of the projectile ion flux and the accumulated projectile
fluence with an accuracy of ~5% [13]. The fluences deposited on the
individual targets varied between 1x 10'? and 1x10'3 ‘C‘:n—“zs The fluence
of the individual target is also noted in Table 1.

2.3. Target analysis

To determine the efficiency of the deposition, tests with radioac-
tive terbium were carried out beforehand. This will be described in
Section 2.3.1.

The films were also examined under a scanning electron microscope
to determine the morphological changes.

To chemically characterize the films, IR and Raman spectra of the
irradiated TASCA and GANIL films, as well as the non-irradiated ones;
were obtained at the Institute of Geosciences institute of the Johannes
Gutenberg University in Mainz.

2.3.1. Yields

The yield is the amount of lanthanide deposited on the surface,
compared to the amount in the solution. A yield of 100% is achieved,
if no lanthanide remains in the solution after deposition.

To determine the deposition yield, 1®°Tb and 17°Tm tracers were
produced by neutron activation at the TRIGA Mainz research reactor
as described in Section 2.1.5.

An Aliquot of the supernatant solution was taken in order to make
an indirect yield measurement via gamma spectroscopy. This was done
before and after deposition. The gamma activity of the samples was
measured in an HPGe detector from Ortec and the gamma spectra were
evaluated with the Genie 2000 software from Canberra. The difference
in the activities of the supernatant solution before and after deposition
was determined by giving indirect information on the deposition yield,
neglecting potential losses to sorption on the container walls. The
experiment was replicated five times to assess reproducibility and fa-
cilitate error estimation. For the ion beam experiments, inactive targets
were produced in the same way. Yields were assumed to be in the same
order as in the tests with the radioactive isotopes.

2.3.2. Scanning electron microscopy (SEM)

To evaluate the quality of the films, the samples were examined
by scanning electron microscopy (Philips XL30) using an accelerating
voltage of 20 kV and detectors for secondary (SE) and back scattered
electrons (BSE).

Pictures of the thin films were acquired after the irradiation. Fresh
thin films were produced and compared to the irradiated ones, to see
the impact of the ion beams on the morphology.

2.3.3. Infrared microscopy (IR)

The targets GANIL-Tb-2, DMF-1 and Control-1 were analyzed by
infrared microscopy (Nicolet Continuym connected to a Nicolet 6700,
THERMO SCIENTIFIC). A mercury cadmium telluride (short: MCT) de-
tector was used. The increments were set to 0.1 nm and the acquisition
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Fig. 3. Target wheel used for irradiation tests at GANIL. The wheel consists of three segments. Each segment supports up to four target. One position was left intentionally blank

for the beam analysis.

time for each spectrum was set to 5 min. Infrared spectra from 500 cm™!
to 4000cm~! were collected in reflection on a gold mirror. IR spectra
were recorded from three different locations from each thin film to
exclude artifacts in the film. The reflection of IR radiation from the
sample was measured.

2.3.4. Confocal Raman microscopy

The same targets, from Section 2.3.3 were also analyzed with a
confocal Raman microscope (Horiba Jobin Yvon LabRAM HR 800
spectrometer). The microscope was equipped with a Si-based charge-
coupled device (CCD) detector (Peltier-cooled), an integrated Olym-
pus BX41 optical microscope and an automatized x-y stage. A 50x
long-distance objective (numerical aperture 0.55), a frequency-doubled
Nd:YAG laser with 532.21 nm emission wavelength, a grating with
1800 £2=, and a slit width of 100 um were used to acquire the data.
The spectral resolution was 0.6 cm~!. Raman spectra of the different
thin films from 200cm™! to 3200cm~! were collected.

2.3.5. Elastic Recoil Detection Analysis (ERDA)

The samples HZDR-1, HZDR-2 and HZDR-3 were analyzed with
Elastic Recoil Detection Analysis (ERDA) using a 43 MeV 35Cl’+ 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 x2mm?. The recoil atoms and scattered ions were detected with a
Bragg lonization Chamber (short BIC), which enables energy measure-
ments and Z identification of the particles. H recoils were detected with
a separate solid-state detector at a scattering angle of 40°. In front of
this detector a 25 pm Kapton foil was mounted to stop scattered ions and
heavy recoil ions. The depth resolution of this system is limited by the
energy loss straggling in the foil. The ion-beam dose (in arbitrary units)
was determined using a gold plated rotating (1 Hz) vane and a solid-
state detector, which detected Cl backscattering from Au. Irradiation
at the ERDA setup of the HZDR inflicted an ion dose per area of up to

I1=1.6(2)x 10 % to the thin films. The aim was ERDA measurements
with the Cl beam so no effort was made to keep the fluence for all
targets identical. This induced changes in the sample surface visible to
the naked eye. The changes in the thin films of the ERDA measurements
could be characterized using uBeam, so irradiated and non-irradiated
surfaces could be compared.

2.3.6. uBeam

The same samples analyzed by ERDA were also examined using
Rutherford Backscattering Spectrometry (RBS) in combination with
Particle Induced X-ray Emission (PIXE), employing a 3 MeV H* beam.
The ion beam was focused to a spot size of (7 x 5) pm?. Backscattered
protons were detected at a scattering angle of 174° using a silicon
strip detector, while a Ketek silicon drift detector with an 80 pm?
collimation was used to detect X-rays emitted from the sample. This
detector was positioned outside the sample chamber, separated by a
1 pm silicon-nitride window, a 6 mm air layer, and a 25 pm Be window.
Additionally, a 65 pm aluminum absorber was employed to minimize
Ti-K X-ray contributions and block backscattered H* ions from entering
the detector. RBS provided depth profiles for major elements, excluding
hydrogen, which RBS cannot detect. For C, N, and O, evaluated cross-
sections from SigmaCalc were applied [14]. For titanium, accurate
data for the energy range and scattering angle of this study were
unavailable, so a measurement on the Ti backing foil was used to obtain
non-Rutherford cross-sections through the program ndf [15].

AFM measurements on the blank titanium foil revealed significant
roughness with value of rms = 39(8) nm. Consequently, the determined
cross-section may not be universally applicable. The titanium foils used
for the investigations at the HZDR correspond to the technical standard
in target production, which includes their known surface roughness.

For the thulium thin films, initial large scans, with a size of
(260 x 260) um? or (260 x 205) pm?, were performed, followed
by point measurements with the size of the beam spot mentioned
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Table 3
Overview of the applied analytics on the specific target.

Table 2
The desired deposition mass, yields and layer thicknesses of the described targets.
Target names Desired Yield Real layer
layer thickness thickness
[ng/em™] [pg/cm™]
GANIL-Tb-1 2000 78(5)% 1560(100)
GANIL-Tb-2 81(5)% 1620(100)
GANIL-Tb-3 82(5)% 1640(100)
GSI-Tm-1 2000 23(2)% 460(40)
GSI-Tm-2 26(2)% 520(40)
GSI-Tm-3 23(2)% 460(40)
GSI-Tm-4 25(2)% 500(40)
HZDR-1 2000 - -
HZDR-2
Control-1 2000 - -

above in a homogeneously composed region. The yBeam analytics
were performed on the irradiated samples with the ERDA procedure.
The analysis area between the irradiated and non-irradiated regions of
the sample surface was examined, allowing both areas to be analyzed
within a single image to study the effects of ion radiation on the thin
films.

3. Results
3.1. Yields

The yields were determined using tracer activation of terbium and
subsequent gamma measurement of the supernatant solutions before
and after deposition.

The aim was to produce thin films with an areal weight of
1500-2000 2.

The thin films of the TASCA targets were produced with inactive
thulium. Fig. 2 does not allow to infer details of the layer uniformity.
There are a few smaller areas visible, where the layer is thinner (or
even absent) compared to the average, but overall, uniformity is similar
to that obtained in the classical MP method. After the deposition, the
supernatant solution was activated, and after quantification, it was
found that, that the residual concentration of thulium in this solution
corresponds to a thin layer of a thickness of approximately 500 -£;.
Further experiments with the TASCA cell showed that thin films with
1600 + 100 % could also be produced with adjustments to higher
current densities of 3 % for 3 h in the deposition process, which
corresponds to a yield of (80 + 5)%.

For the circular targets, the parameters were optimized by adjusting
the current density to 2.5 :r‘n—‘z for 2 h and a constant yield of (80 +5)%
was also achieved. These settings were used to produce inactive targets
for GANIL. The yields for all targets are listed in Table 2. The yields
were not determined for HZDR-1, HZDR-2 and Control-1.

3.2. Irradiation results

All targets were able to mechanically withstand the conditions in
the ion beams. The targets irradiated at TASCA were radioactive after-
wards, their final analytics were performed in non-radiation licensed
laboratories after a waiting time of one year, at which time the activity
had decayed sufficiently.

While the targets that were irradiated at TASCA had completely
decayed at the time of the analytical measurements, some targets that
were irradiated in GANIL were still active. The highest fluence that
one target experienced at GANIL was 1 x 101 ’::n—"zb This target still had
residual activity after irradiation, which is why no Raman and IR data
could be collected from this target. Instead, targets with a fluence of
1x 104 ’C‘:n—“zs were characterized. Table 3 is an overview, which shows
the analytical methods used for the targets described in this work.

Target names Lanthanide Analytical
method
GANIL-Tb-2 terbium IR, Raman
GSI-Tm-1 thulium IR, Raman
HZDR-1 thulium ubeam
Control 1 terbium IR, Raman
Table 4

Ton beam doses of different irradiations in Gray. 3>Cl was used at ERDA measurements
at HZDR, “8Ca was used at TASCA and 7°Zn at GANIL for irradiation tests. dE/dx elec.
stand for the energy loss due to electric interactions.

Isotope 35¢C1 48Ca 797Zn
Energy per 1.2 4.90 9.28
nucleon

[MeV/u]

dE/dx elec. 7.8 8.9 12
[keV/nm]

Fluence 2.02) 273) 1.0(1)

[10' ions/cm?]

Energy dose 2.9(3) x 10% 4.5(5)x 108 2.5(3) x 108

[Gy]

3.2.1. Normalization of irradiation effects of the different used beams

Different projectiles and energies were used to irradiate the targets.
To be able to compare the irradiated targets to each other it is necessary
to normalize the irradiation effect of the different ions beams. This
can be done by calculating the energy dose deposition from the ion
beams on the targets. The calculations were based on the stopping
power of the ions through the thin films simulated by SRIM (version
SRIM-2008.04). Necessary for the calculation is an assumption of the
density and chemical composition of the target material, the energy
of the projectile and fluence of the ion beam. It was assumed, that
the target material had the density and chemical composition of the
oxides Tm,05 and Tb,O,, since the ion beam has the highest energy
deposition in the oxides and the actual composition and density are
not well known. Furthermore, the energy loss of the ion beam due
to the penetration of the titanium foil was taken into account in
the calculation for the GSI-Tm-4 and GANIL-Tb-2 targets prior to the
calculation of the dose for the target layer. For HZDR-1, however, this
was not considered, as the 3°Cl beam directly struck the target layer
without first penetrating the titanium layer.

The fluence and energy of the ion beam were known. The nuclear
and electrical interaction of the projectile with the target material as
well as the density were necessary for the calculation of the energy
dose deposition. While the electrical interaction leads to an energy loss
of the projectile in the target material of ~ 8 — 12 %, the nuclear
interactions are in the order of 1.0 x 1072 % and have less than 1 %
impact on the overall dose. The results are visible in Table 4.

3.2.2. Morphology

After irradiation, the targets were examined both with the naked
eye and in the SEM. Photographs of the targets before and after their
irradiation are shown in Fig. 4. The targets, which received a dose of
108 Gy show visible changes in their morphology. GSI-Tm-1 became
darker, while HZDR-1 clearly shows a square spot, where the ion beam
hit the thin film. GANIL-Tb-2 shows no significant change in the thin
film.

SEM images are shown in Fig. 5. The image of the non-irradiated
samples show the typical cracks from the electrodeposition procedure.
These are similar to the “mudcracking” effect of the molecular plated
thin films.
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HZDR-1

Fig. 4. The top row shows the targets before they were irradiated. The bottom row shows the same targets after irradiation. The detail to the irradiation can be found in Table
1. On the left GSI-Tm-2 before and after irradiation with 2.68 x 10'* 46Ca % at TASCA. This target is shown, since a part of GSI-Tm-1 was cut out on purpose for IR and Raman

spectroscopy. In the middle GANIL-Tb-2, which was irradiated with 1x 10'* 7°Zn % at GANIL. On the right HZDR-1 which was irradiated with 2 x 10'* 35Cl :’T“js.

The targets that were irradiated at TASCA show optical changes.
There was a discoloration of the thin films to black. This is not observed
with targets that were irradiated in GANIL. Optical changes were also
observed after the irradiation with 35Cl at the HZDR. The square
irradiation spot is clearly visible on the target.

The thin films of the irradiated samples show the same structures
in the SEM as the non-irradiated targets. Observable is the lack of
notable alterations in the morphological composition of GANIL tar-
gets, manifesting at both macroscopic and microscopic scales. While
TASCA targets exhibit discernible optical alterations, the corresponding
changes in SEM imagery are relatively minor. Conversely, notable
microstructural variations are evident in targets exposed to 3°Cl irradi-
ation at HZDR, notably substantial tile shrinkage in SEM images within
the irradiated zones.

3.3. Vibrational spectroscopy

The vibrational spectra of the different targets were measured at the
Institute of Geoscience at JGU Mainz.

The Raman spectra of the non-irradiated and irradiated thin films
are shown in Fig. 6. Oxides are visible at a Raman shift below 500 cm™!
[16]. These also remain visible after irradiation with a dose of 4.5(5) x
10® Gy of “8Ca or 2.5(3) x 10® Gy of 79Zn. Carbonate bands can be seen
between 680 and 850 cm~!, between 1050 and 1580 cm™!, between
1310 and 1380 cm™!, and between 1580 and 1610 cm™'. These are still
visible after irradiation [17,18], but decreased significantly. The bands
at 2850 and 2960 cm™! are consistent with the literature on formates
and are therefore assigned to this functional group. Their intensity also
decreases after irradiation and they become broader, so that only one
band is visible after irradiation. The position and assignment of the
bands are given in Table 5.

Fig. 7 displays the IR spectra of Control-1, GSI-Tm-1 and GANIL-Tb-
2. In both cases, before and after irradiation terbium thin films exhibit
a broad band around 3400 to 3550 cm~!. This band is assigned to
hydroxide. After the 48Ca irradiation, this band disappears.

The bands within the 1300 to 1700 cm~! range are identified as car-
bonates [18-20], including vibrations of formates observed in previous
studies [21-24] on molecular plated thin films. Another carbonate band
appears at 850 cm~! [18-20]. With increasing irradiation intensity,
these bands also decrease in intensity. At 2350 cm~! a small band is
visible which is a measurement artifact from the titanium background.

Table 5
Assignment of the chemical compounds to the vibrational bands in the IR (Fig. 7) and
Raman spectra (Fig. 6) and there corresponding references.

Chemical Symbol IR band Raman band Assignment
species [em~1] [em~1] references
Oxide [0} - 315 [16]
405-430
Carbonate C 850 680-850 [17-20]
1300-1700 1050-1580
1310-1380
1580-1610
Formate F 1300-1700 2850 [21-24]
2960
Residue water H 3400-3550 - [25]

hydroxide

3.4. ERDA and uBeam

The fluence induced by ERDA almost corresponds to the fluence
at the TASCA setup. Thin films made from commercial triflate under
glovebox conditions of Section 2.1.4 changed their morphology (Fig. 8)
under ERDA irradiation. Since for ERDA a clearly focused square beam
spot has been used, which is visible even to the naked eye (Fig. 8a),
the difference between analyzed (i.e., irradiated) and non-analyzed thin
film was investigated using the yBeam setup. The PIXE image (Fig. 8b)
shows the distribution of thulium in the thin film, the upper third shows
the irradiated part, the lower two thirds the non-irradiated film. The
image shows irradiation changes in the morphology. After irradiation,
the thulium contained in the film is concentrated in smaller areas
and substantial areas of the titanium backing are no longer covered
with material. The SEM images (Fig. 8c) confirm these findings. The
irradiation has caused the material to shrink.

The RBS (Fig. 9) allowed the elemental composition of the films as
a function of layer depth to be determined. The non-irradiated films
(Fig. 9a) are dominated by carbon and oxygen, thulium is rather a
minor component of the deposits in atomic percentage. The RBS mea-
surements are not sensitive enough to show low amounts of nitrogen
or fluorine, however the ERDA measurements on the same samples
did show some atomic percentage of nitrogen, from the solvent DMF,
and low amounts of fluorine. No sulfur, present in the triflate, was
detected, however, both RBS and ERDA, with these parameters are
very sensitive to sulfur. The titanium signal scattered from measur-
ing point to measuring point, indicating a heterogeneous distribution
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Control-1

: 17,9 mm

GANIL-Tb-2

)

— 100 pm —: 21,6 mm

GSI-Tm-1

Fig. 5. SEM pictures of different targets are shown. Top left shows Control-1. Top right shows GANIL-Tb-2, which was irradiated at GANIL with 1 x 10" 7°Zn % and an energy
dose of 2.5(3) x 10® Gy. The red outline shows the area that was hit by the ion beam. Bottom left shows GSI-Tm-1 with a fluence of 2.68 x 10'* “8Ca fﬁ and an energy dose of
4.5(5) x 10° Gy and bottom right shows HZDR-1 which was irradiated at HZDR with 2 x 10'* 35Cl % and an energy of 2.9(3) X 10° Gy . The red outline shows the area that was

hit by the ion beam.

Intensity (a.u.)

— GSI-Tm-1 irradiated with 4¢Ca
—GANIL-Tb-2 irradiated with 7°Zn
— Control-1 without irradiation

™

T T T
500 1000 1500

T T T
2000 2500 3000

Raman shift (cm™)

Fig. 6. The Raman spectra of the targets GSI-Tm-1. GANIL-Tb-2 and Control-1. The black spectrum shows an non-irradiated target. The red spectrum shows the vibrational bands
after the irradiation with 1x 10" =2 70Zn ions and the blue spectrum shows the vibrational bands after the irradiation with 2.7 x 10" s 48Ca ions. All spectra are normalized
to their respective maximum value. Oxides (O), carbonates (C), and formates (F) could be identified in the spectra.

of the thulium film thickness, as also indicated by the PIXE image.
With the exception of the titanium signal, the curves were otherwise
reproducible for different measuring points.

Through irradiation (Fig. 9b), the carbon signal in the thin films
decreases noticeably, while the relative oxygen and thulium content
increases. In the layers near the surface of the deposition, the oxygen
content is slightly increased compared to the non-irradiated sample
area. It should be noted again that glassy carbon was chosen as the
anode material in the preparation of these thin films.

The high carbon content could be due to the corrosion of the
electrode material.

4. Discussion
4.1. Stability of thin films in ion beams
The thin films exhibited remarkable stability under diverse ion

beams and doses, with negligible changes observed during irradiation
with a fluence of 1 x 10" =% 70Zn and with a fluence of 2.68 x
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Absorbance (a.u.)
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— GSI-Tm-1 irradiated with 4¢Ca
— GANIL-Tb-2 irradiated with 7°Zn
— Control-1 without irradiation
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Fig. 7. The IR spectra of the targets GSI-Tm-1. GANIL-Tb-2 and Control-1. The black spectrum shows an non-irradiated target. The red spectrum shows the vibrational bands after
the irradiation with 1x10'* == 70Zn ions and the blue spectrum shows the vibrational bands after the irradiation with 2.7 x 10' = 48Ca ions. All spectra are normalized to their
respective maximum value. Hydroxides (H), carbonates (C), and formates (F) could be identified in the spectra.

Fig. 8. Images of deposits from HZDR-1 with an estimated surface weight of 1800(200)

E& after irradiation at the HZDR. The estimation was done by pre-experiments with a

cm?

radioactive tracer. (a) Photo of the sample after irradiation with I = 2.0 x 10 % using a 4.9 % 35CI™* ion beam, (b) PIXE image of the boundary between irradiated and
non-irradiated thin film, (c¢) and (d) SEM images of the same region with 300x and 1000x magnification.

1014 % 48Ca. SEM images revealed only minor morphological changes,
suggesting robust stability of the thin films.

The dose applied to all targets are in the same order of magni-
tude, varying only in a factor of 2-3. This makes every target well
comparable to each other.

The #8Ca beam at GSI and the 7°Zn beam at GANIL traversed
the titanium backing of target sets before hitting the target layer. In

contrast, the 35Cl beam was directed at targets HZDR-1, 2, and 3
without passing through the titanium backing. This difference may
influence the irradiation damage done to the target thin films. It is note-
worthy that variations in post-irradiation behavior of electrodeposited
targets, including tile shrinkage [26] or thin film melting [27], have
been observed, underscoring the incomplete understanding of these
phenomena.
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Fig. 9. RBS depth profile of the thin films produced from HZDR-1 under argon atmosphere with an estimated surface weight of 1800(200) % The estimation was done by

pre-experiments with a radioactive tracer as explained in chapter 2.1.5. (a) before irradiation; (b) after irradiation with I = 2.0 x 10'* % 35CL

Comparative analysis, particularly with irradiated MP targets [26,
271, suggests that targets produced via the triflate method hold promise
to be at least as stable as those produced via the MP method, even
though the fluences are 3 order of magnitude lower compared to typical
SHE experiments which have a fluence in the order of magnitude of
1x 1017 25 78]

4.2. Spectroscopic changes of the thin films

The ERDA measurements did not produce useful results as the
method-inherent irradiation with the 3°Cl beam led to changes in the
layer morphology rather than in further information of the unaltered
layer. The applied ion dose corresponded approximately to that of the
TASCA experiment, so that the differences in irradiation could then be
analyzed in an experiment using the yBeam setup.

PIXE and SEM (Fig. 8) clearly show that the individual tiles of
the mudcracking of the thin films are strongly compressed by irradi-
ation. After irradiation they cover significantly less titanium surface of
the backing. PIXE and RBS spectra show that the relative amount of
thulium in these compacted tiles had increased. RBS spectra (Fig. 9)
show that mainly carbon and only little oxygen had been lost through
irradiation. The irradiation had thus driven the carbon out of the films.
However, it cannot be ruled out that the high carbon content of the non-
irradiated thin films comes from corrosion of the anode (glassy carbon).
Intercalated solvent (DMF) cannot be ruled out as a cause, since small
amounts of nitrogen was observed in the ERDA data but not in the RBS
data. Fluorine was visible in small amount in the ERDA measurements
but sulfur was completely missing, so that co-deposition of the triflate
can be excluded.

The IR and Raman measurements show that targets produced with
this method also have organic residues, such as carbonates. Other
chemical compounds like carboxylate [6] or formate [8] cannot be
clearly detected, but cannot be ruled out either.

As with the MP targets, it can be observed that the carbon-
containing species decrease with intensive ion irradiation and oxidic
species remain.

Prior to irradiation, the precise chemical composition of the thin
film remains unknown. However, as with MP targets, it is hypothesized
that organic species, including carbonates, carboxylates and formates,
are present in addition to oxide and hydroxide compounds. The irradi-
ation process has been observed to reduce the carbon content, which
suggests that the organic components are undergoing destruction and
are likely to be escaping as CO, in the process. The RBS data from
HZDR-1 demonstrate a general decline in carbon content, though it
does not reach zero. Organic species, including carbonates and for-
mates, also persist. Simultaneously, the relative oxide content in the
RBS measurements for HZDR-1 increases following irradiation. The IR
and Raman data of GSI-Tm-1 and GANIL-Tb-2 also demonstrate that
the carbon species decrease, though they do not entirely disappear.

10

The Raman data additionally indicates that the oxidic bands remain
present, suggesting a transformation of the layer into a purely oxidic
film. With higher ion beam intensities, the carbon content is further
reduced, indicating that the transformation into a pure oxidic film is
not spontaneous but rather a process.

5. Conclusion

The results show that thin films with up to 1600 + 100 % could be
produced consistently regardless of the shape and area of the deposition
surface. The thin films have demonstrated promising initial results
regarding their stability and suitability for use in ion beam experiments.

The targets showed gradual surface and chemical changes with
different ion beams and doses. It can be observed that the fraction of
carbon-containing species, which were present in the thin films after
deposition, decreased after irradiation and the oxidic species became
dominant. However, this change occurs relatively slowly. Carbon could
still be observed in the film after the irradiation, indicating that this
change depends on the energy and fluence of the ion beam. After
irradiation with 70Zn, there was an optical change in the GANIL-Tb-
1 targets, but this was barely noticeable in SEM compared to the
non-irradiated thin films. The structure of GANIL-Tb-1 did not change
significantly after irradiation with a 7°Zn ion beam with a fluence of
1x10M 'C‘r’n—"; under the microscope.

From this it can be concluded that the described method is promis-
ing for the production of targets for the production of superheavy
elements and that there are prospects that these thin films show sta-
bility in the ion beam similar to that of thin films produced using the
MP technique.
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