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 EDITORIAL 

 

Dear reader, 
 
Sad news reached us by the end of this year. Hans Ru-
dolf von Gunten, one of the founders of the Swiss Ra-
diochemistry died at age 93 in Nussbaumen. The calm 
and thoughtful and always friendly “Hansruedi” will 
stay in the hearts of those who had the privilege and 
pleasure to meet him or even to collaborate with him. 
Thank you Hansruedi for your all-time great support of 
Radiochemistry! 
My sincere thanks go to all my colleagues from our la-
boratory, department and institute for their patience 
and their professional attitude in these difficult times 
of pandemic. These were the pillars of our scientific 
success also this year that we intend to present here in 
this traditional form of the Annual report of LRC for the 
year 2021. We all have the privilege to live in very in-
teresting and exciting times, where great solutions 
must be found to fundamental things in people’s daily 
lives, such as energy, food, health, climate, and sus-
tainability. Our research work is part of this, if not di-
rectly then indirectly, through education and gain of 
fundamental knowledge. 
Despite the increasing number of cancelled confer-
ences our research work was very well presented at 
several occasions over remote channels or rarely also 
in person. I would like to thank all contributors for rep-
resenting our laboratory and our research so well. 

My special congratulations go to Cristina Müller and 
Nick van der Meulen for the “Triumph of Terbium” 
awarded with the EJNMMI Best Paper 2020 and to Nick 
van der Meulen’s joint success with the colleagues in 
Bern (S. Braccini et al.) on 44Sc yielding the IBA Best Pa-
per Award 2020. 
The public outreach is of increasing importance in sci-
ence. Our laboratory was able to present topics of 
Swiss radiochemistry at the SCIENTIFICA 2021 orga-
nized by ETH Zurich. Please accept my big applause to 
all presenters and particularly to Patrick Steinegger 
and Dominik Herrmann for the excellent preparation 
of the radiochemistry booth and materials. I think it 
was great to observe the stunned glances of people 

from all generations observing radioactivity from a dif-
ferent point of view, but scary. Well done! The 3Sat 
Nano TV show reporting on our success in applying 
BluAct Technologies’ milk-protein based filter material 
for radioactive waste concentration was well received 
and we got very positive responses for presenting “ra-
diochemistry at work”. 
Luckily, during a short relief from COVID restrictions, 
we were able to have a joint social activity that, as I 
feel, gave everybody a great motivation boost. Based 
on an initiative of Patrick Steinegger we were able to 
visit the Institute of Forensic Medicine where Michael 
Thali and Dominic Gascho gave us a great deep inside 
into their forensics work and introduced to us the 
modern possibilities. After this great experience we 
were able to do a short hike from Adliswil, Felsenegg 
to Uetliberg Kulm in perfect weather conditions. At the 
restaurant of Hotel UTO KULM we had a very nice re-
ception celebrating Alexander Vögele’s 50th birthday 
(Thank you Alex!), followed by a nice dinner. Let me 
share a photo here, expressing our will to overcome 
the situation to go back to a normal life: 
 

 

  
Last but not least, let me express my wish and hope for 
a further civilized handling of the pandemic situation, 
where societal and personal aspects of the problems 
and their solutions are reasonably balanced. Yes, we 
can influence this in a way with patience, successful 
work and by trying to be educated references. 
Have a good year 2022 and enjoy reading, 
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OBITUARY 

 

Hans Rudolf (Hansruedi) von Gunten (12.12.1928 – 7.12.2021)                                                                                                                                                    

 

Hansruedi von Gunten was the first full professor for Radiochemistry in Switzer-
land (University of Bern, 1971 – 1993). He studied chemistry at the University 
of Bern and finished his studies with a licence, including an experimental study 
on complex iron compounds in 1954, followed by a doctoral thesis under Profs. 
W. Buser and F. Houtermanns, which he finished 1956 - just before his success-
ful ascent of Mt. Everest on May 24, 1956. The topic of his thesis was the appli-
cation of 210Pb to study geochemical processes in volcanology.  

He then started his scientific career in 1957 at the former EIR (Eidg. Institut für 
Reaktorforschung in Würenlingen) and negotiated a one-year stay at the Ar-
gonne National Laboratory. He topped up his salary with small honorariums for 
talks on the Everest expedition, and he came to a certain fame in the commu-
nity. This was quite uncomfortable for him as he felt like an “exhibition piece”. 
He returned to Argonne National Laboratory in 1965/66, and he described this 
sabbatical as particularly educational, building the base for part of his later re-
search. EIR was renamed in 1988 to Paul Scherrer Institut, and Hansruedi 
worked first as group leader in the Abteilung Chemie, later on renamed laboratory for radiochemistry and en-
vironmental chemistry. He stayed at this institute until his retirement in fall 1993. With his employment at EIR, 
a nuclear research and technology-oriented institute, his scientific focus broadened and now also included nu-
clear fission studies using chemical techniques (nuclear chemistry).  

He started his academic career at the University of Bern in 1967 as a lecturer, and in 1969, he submitted a 
habilitation in which he discussed the double-humped mass distribution in nuclear fission at low energy. In 
1970, he became an associate and, in 1971, a full professor for Radiochemistry at this university. His employ-
ment as a full professor at the University of Bern was partly triggered by a very attractive offer at the Institute 
of Nuclear Chemistry at the University of Mainz, which he turned down partly on compassionate grounds.  

His research interest was remarkably broad. It included nuclear fission studies using novel techniques such as 
the spinner (developed by B. Hahn for experiments at CERN) to measure half-lives of spontaneously fissioning 
nuclides or search for long-lived superheavy elements in nature. Another focus was the determination of nu-
clear charge distributions in thermal neutron-induced fission of several nuclides such as 235U, 233U, 239Pu and 
249Cf, respectively. During a sabbatical leave to LBNL Berkeley in 1980/81, where he worked with the Nobel 
laureate Glenn T. Seaborg, he became involved in studies of nucleon transfer reactions in heavy-ion-induced 
reactions. Besides his scientific engagement in nuclear physics oriented research, he applied his knowledge to 
environmental sciences. There, his primary focus was the investigation of sorption processes of radionuclides 
on different minerals to contribute to the research activities at EIR/PSI in nuclear waste oriented topics. He also 
stayed interested in applications of 210Pb, e.g., using this natural radionuclide to determine accumulation rates 
of lake sediments or to determine the ages of glacier ice cores. Worth mentioning is his brilliant idea to use 
222Rn to determine the water inflow from the river Glatt into the nearby groundwater aquifer. This method is 
still used to measure the water exchange rates between rivers and adjacent aquifers.  

Mainly at University of Bern, because of the engagement of its physics department in lunar missions, he par-
ticipated in chemical studies of lunar samples, also to investigate evaporation/adsorption processes under at-
mospheric conditions of the moon.  

Besides his truly widespread scientific activities it is of utmost importance to mention his very kind and em-
phatic personality and his modesty. Generations of students in the field of radiochemistry and nuclear chemis-
try were impressed by his competence and guidance in all facets of professional problems. Moreover, he was 
always also interested in the private and personal situation of his students.  

H.W. Gäggeler, U. von Gunten  

Foto: Willy Brüchle, 20.4.2018 (Mainz  Univ.) 
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Wide bandgap semiconductors for α-spectroscopy beyond 200°C 

G. Tiebel (ETHZ/PSI), M. Carulla Areste (PSI/PSD), M. Camarda (SenSiC), R. Dressler (PSI), E. Griesmayer (CIVIDEC/TU 
Wien), D. Herrmann (PSI), P. Steinegger (ETHZ/PSI), C. Weiss (CIVIDEC/TU Wien), J. Wilson (ETHZ/PSI)

Introduction 
The determination of chemical properties of trans-
actinide elements (Z ≥ 104) is carried out at the so-
called one-atom-at-a-time level. Their scarce availa-
bility requires an efficient and fast identification us-
ing highly reliable, time-resolved α- and fission-frag-
ment-spectroscopy. The need for higher stationary 
surface temperatures in chromatographic investiga-
tions of so far uncharacterized transactinide ele-
ments demands for dedicated detector develop-
ments suitable for high-temperature environments. 
Currently used Si-based semiconductor solid state 
detectors (band gap of 1.11 eV [1]) are only operable 
up to ≈50°C. Single crystal, chemical vapor deposi-
tion (scCVD) diamond (band gap of 5.5 eV [2]), as a 
wide bandgap semiconductor, offers promising pro-
spects in this regard. The material’s suitability for 
temperatures of up to 200°C was shown [3]. 4H-SiC 
(band gap 3.27 eV [4]) represents another promis-
ing, less cost-intensive candidate for high tempera-
ture α-spectroscopy. Here, we present the current 
status of measurements performed with a 140-μm-
thin scCVD diamond-based detector and a 4H-SiC-
based detector. 

Experimental 
The heating setup and the source-to-detector con-
figuration corresponded to the one used in [3]. How-
ever, the bias voltage was applied to the front elec-
trode, while the signal was extracted from the rear 
side. Two sensors with outer dimension of 4.5 x 4.5 
x 0.1 mm3 (diamond) and 5 x 5 mm2 (4H-SiC) were 
used. The scCVD diamond sensor was set up in a par-
allel plate geometry with electrode dimensions of 4 
x 4 mm2. Meanwhile the 4H-SiC sensor was fabri-
cated as shown in [5]. A negative bias voltage of -150 
V was applied in both cases. The temperature was 
increased continuously from ≈20°C to about 500°C 
with a rate of ≈6°C min-1. The signal readout was es-
tablished via a CIVIDEC C2 broadband amplifier in 
conjunction with a LeCroy Waverunner oscilloscope. 
A minimum of 10000 signals were stored and ana-
lyzed with respect to their full widths at half maxi-
mum (FWHM) as well as their peak areas. Whereas, 
dark current measurements were conducted for the 
scCVD diamond-based sensor, comparable meas-
urements for the 4H-SiC-based detector are cur-
rently in progress. 

scCVD diamond-based detector 
The FWHM of the analog signal, as a measure for the 
drift time of electrons, was evaluated and plotted as 
a function of the sensor temperature (Fig. 1). The 
drift time gradually increases up to 150°C. Between 
150°C and 200°C a peak is visible. Above this temper-
ature threshold the drift time rapidly decreases up 
to 250°C before increasing again. 

  

 
The dark current shows comparable trends as the 
above-shown drift times in the investigated temper-
ature range (see Fig. 2). Between 100°C and 250°C, 
a clear and reproducible maximum of the dark cur-
rent is observed. With a stepwise heating (as op-
posed to the generally applied sweeping tempera-
ture mode), a maximum was reached at a somewhat 
lower temperature and amplitude. Thus, the effect 
causing an increase in dark current appears to be a 
time-delayed process, which seems distorted due to 
a comparably fast heating rate. In general, the ef-
fect(s) affecting the drift times and the dark current 

 

Figure 1: FWHM of the analog signals as a function of the 
sensor temperature (sweeping heating mode; bias volt-
age: -150 V); errors are too small to be shown. 

 

Figure 2: Dark current measurements of multiple experi-
ments as a function of temperature (lines: sweeping heat-
ing mode; dots: stepwise heating mode). 
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behavior is/are attributed to solid-state physical 
phenomena in the bulk of the sensor, which remain 
to be explained in the future. 

The peak area of the current signal, as a measure of 
the charge carrier collection efficiency, shows a ra-
ther stable behavior up to 240°C (see Fig. 3). At this 
temperature, an instantaneous decrease of the peak 
area to a continued stable behavior could be ob-
served up to 400°C (see added regression lines in the 
respective regions in Fig. 3). The lower but stable val-
ues at higher temperatures indicates an unper-
turbed operation of the sensor at a somewhat lower 
charge carrier collection. 

 

4H-SiC-based detector 
The first high-temperature experiments with 4H-SiC-
based detectors were performed in an analogous 
manner as in case of the scCVD diamond sensor. 

 
As seen from the drift time behavior up to 300°C, 
stable detector operation was observed (see Fig. 4). 
By exceeding this threshold, the sensor becomes un-
stable, before recovering for a short period at 
roughly 400°C. In contrast to the scCVD diamond-
based detector, the drift time for this material de-
creases abruptly with increasing temperature, only 

to increase again briefly at 400°C. The peak area is 
similarly stable and nearly constant up to 300°C (see 
Fig. 5). Above this temperature, a decrease of the 
peak area is observed, which briefly recovers around 
400°C (as it is the case for the electron drift times). 

 
Conclusion and outlook 
Previous experiments with scCVD diamond sensors 
encountered an upper temperature threshold for a 
stable detector operation at around 200°C. This lim-
itation has been surpassed with the herein pre-
sented experiments. In summary, current-sensitive 
measurements of α-particles-induced charge carri-
ers could be carried out with both sensor materials 
up to 500°C. Thus, both, the scCVD diamond-based 
and the 4H-SiC sensor provide stable operation be-
yond 200°C. The presented results are preliminary 
and further investigations are needed with both sen-
sor materials, in order to show the reproducibility. In 
the future, besides characterizing further and al-
ready available 4H-SiC-based detectors (in particular 
larger sensor areas), the level of understanding re-
garding the solid state effects at elevated tempera-
tures shall be improved. Furthermore, reliable and 
stable high-temperature contacting remains a prior-
ity to ensure the continuous, months-long operation 
of such wide band gap detector materials at elevated 
temperatures in the framework of gas-adsorption 
chromatography experiments with transactinide el-
ements. 

References 
[1] B. Streetman et al., Solid State Electronic Devices, 5th 

ed., Prentice-Hall, 2000 
[2] C. Kittel, Introduction to Solid State Physics, 9th ed., 

Wiley, 2018 
[3] B. Kraus et al., Nucl. Instrum. Methods Phys. Res., 

Sect. A., 989 (2021), pp. 164947 
[4] T. Kinoshita et al., Mater. Sci. Forum, 264-268 (1998), 

pp. 295-298 
[5] M. Jotterand et al., LRC Annual Report 2020 (2021), 

pp. 9-10

 

Figure 3: Peak areas of the analog signals as a function of 
the sensor temperature (sweeping heating mode; bias 
voltage: -150 V, electron drift mode); errors are too small 
to be seen. The dashed lines represent individually fitted 
linear regressions of the data of the two plateaus.  

 

Figure 4: FWHM of the analog signals as a function of the 
sensor temperature (sweeping heating mode, bias volt-
age: -150 V); errors are too small to be shown. 

 

Figure 5: Peak areas of the analog signals, as a function of 
the sensor temperature (bias voltage: -150 V); errors are 
too small to be shown. 
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Comparison of two setups for a next-generation vacuum adsorption chro-
matography experiment using MONTE CARLO simulations 

G. Tiebel (ETHZ/PSI), R. Dressler, R. Eichler (PSI), P. Steinegger (ETHZ/PSI)  

Introduction 
MONTE CARLO simulation-based (MCS) approaches 
are routinely used during analysis of gas-phase ad-
sorption chromatography experiments of super-
heavy elements (SHEs) [1]. The fundamental idea is 
to apply a microscopic-kinetic description of adsorp-
tion and desorption processes on an atomic scale 
[2]. This model can be used to describe both thermo- 
and isothermal chromatography experiments at am-
bient pressure as well as in vacuum. The half-lives of 
the investigated radioisotopes but especially the ad-
sorption enthalpies of the corresponding element 
have a decisive influence on the outcome of such ex-
periments. Aside of approaches employing gas-
catchers [3], vacuum chromatography experiments 
may allow for the characterization of SHEs with very 
short-lived radioisotopes in the millisecond regime 
(for more details see [4]). However, the stopping of 
nuclear reaction products in an evacuated environ-
ment remains a major challenge. On the one hand, 
produced radioisotopes of SHEs can be directly im-
planted in a so-called hot catcher following physical 
pre-separation. This approach requires a fast ther-
mal release of deeply implanted nuclear reaction 
products, while rising questions regarding long-term 
operation (>24 h). On the other hand, nuclear reac-
tion products may be thermalized and extracted as a 
low-energy ion beam using a gas-catcher. Such ions 
with translational energies in the keV-regime lead to 
a sub-surface implantation and thus to a presumed 
faster release [5]. The downside is a loss in efficiency 
due to the interposed gas-catcher with extraction ef-
ficiencies <30%. 

Here, we present the results of a MCS-based ap-
proach targeting two versions of a vacuum chroma-
tography setup employing a low-energy product ion 
beam (sub-surface implantation). These will help to 
decide on the  more favorable version of the two set-
ups for a next-generation isothermal vacuum ad-
sorption chromatography experiment. Stated goal is 
the verification of velocity of transported species in 
a vacuum chromatography experiment. 

The MCS algorithm 
The above-mentioned algorithm developed by 
I. Zvára and B. Eichler [1] was parallelized using Py-
thon to improve the calculation time. The much-im-
proved MCS code allows for continuous tracing of 
Cartesian coordinates of simulated particles in the 

three-dimensional space. With this approach, a de-
scription of axially asymmetric columns is feasible 
(e.g., a hole in the outer wall of a column). 

Two conceivable versions of an experimental setup 
have been considered in the herein discussed simu-
lations:  

A. A one-side open column with a detector facing 
the far end; a central hole in the detector serves 
as particle inlet (see Fig. 1, top). 

B. A two-side open column with a detector at either 
side; a hole in the center of the column serves as 
particle inlet (see Fig. 1, bottom). 

 
The dimensions of the above-presented settings 
were optimized with respect to the column length 
and the diameter (the diameter of the inlet hole re-
mains the same throughout all simulations). Since 
the distance between the inlet hole and the detector 
surface is decisive, the column length for setup B 
was doubled, thus allowing for a direct comparison 
between the two setups. The starting points of all 
particles were set as uniformly distributed coordi-
nates on the opposite side of the inlet hole (area di-
mension: projection of inlet hole). For each L/D-com-
bination for setups A and B, 10’000 atoms were sim-
ulated using the radioisotope 284Nh (nihonium, 
Z=113) with a half-life of 0.97 s [6], an adsorption en-
thalpy of -58 kJ mol-1 [7] and an isothermal temper-
ature of 1000°C (negligible retention loss). 

Results 
The relationship between the yield and the number 
of adsorptions is apparent: more adsorptions lead to 
a longer retention time and thus, to an increased 
probability of decay inside the column (i.e., lower 
yields). At the same time, a certain number of ad-
sorptions is instrumental in order to reliably probe 
the adsorption energy of the investigated SHE. 
Hence, a balance needs to be established between a 

 
Figure 1: Schematic sketch of the two setups with S indi-
cating the detector position, L the column length and D di-
ameter of the column (top: setup A, bottom: setup B; see 

    



8 
 

sufficient yield (>90%) and a minimum number of 
surface interactions. A further constraint was estab-
lished by the largest high-temperature alpha-detec-
tors currently available in our laboratory. As of now, 
these can only cover the exit of a column with a di-
ameter of 20 mm. The simulated yields for both set-
ups A and B behave similarly, showing an expected 
decrease with increasing column length at constant 
diameter (see Fig. 2 and 3). This is a direct conse-
quence of increasing retention times and the limited 
lifetime of the simulated particles. Thus, more parti-
cles decay in the column and are therefore not de-
tected at the outlet(s). Meanwhile, and likewise ex-
pected, the number of adsorption interactions in-
creases with increasing column length at constant 
diameter. The opposite case of an increasing column 
diameter at a constant column length leads to a 
higher yield, but less wall interactions. The parame-
ters of a chromatography column for setups A and B 
in consideration of the above outlined constraints 
(>90% yield and 20 mm diameter) is indicated ac-
cordingly (Figs. 2 and 3). 

 
Exiting particles through the inlet hole is of particular 
importance in case of setup B, as seen by comparing 
the simulated yields for both settings at low diame-
ters. In the case of setup B, a high number of wall 
interactions near the inlet leads to an increased 
probability for an escape through the very same inlet 
hole (comparably large inlet hole diameter to col-
umn diameter ratio). 

Conclusion and outlook 
In conclusion, setup A (axial insertion) shows a 
higher number of interactions (≈1000 for setup A 

and about 100 for setup B) under the considered 
constraints, thus favoring this setup. Moreover, 
setup A may be advantageous in terms of its seem-
ingly less complicated technical realization (e.g., only 
one isothermal zone and one detector). 

 
The gained knowledge will be used to for the optimi-
zation and realization of a next-generation vacuum 
adsorption chromatography experiment. For doing 
so we are currently planning a first experiment fol-
lowing a design approach according to setup A. First 
test experiment will be focusing on demonstrating 
the applicability of vacuum chromatography to radi-
onuclides with half-lives in the millisecond regime. 
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Figure 2: Results of the simulations of setup A (axial injec-
tion) with respect to the collected yield at the outlet (top) 
and the number of surface interactions (bottom) as func-
tions of the column diameter and length; mind the 
log(Number of adsorptions) in case of the lower graph. 

 

Figure 3: Results of the simulations of setup B (axial injec-
tion) with respect to the collected yield at the outlet (top) 
and the number of surface interactions (bottom) as func-
tions of the column diameter and length; mind the 
log(Number of adsorptions) in case of the lower graph. 
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Removal of 235U fission products from contaminated water using a whey-
protein-based activated charcoal hybrid filter material 

G. Tiebel (ETHZ/PSI), S. Bolisetty (BluAct Technologies GmbH/ETHZ), R. Eichler (PSI), L. Melnik (JINR/FLNR),  
R. Mezzenga (ETHZ), P. Steinegger (ETHZ/PSI)  

Introduction 
Radioactively contaminated wastewater is an im-
portant issue in the fields of, e.g., radiochemistry, 
nuclear medicine and nuclear energy. Therefore, 
techniques for the removal of radioactive contami-
nants are of great interest. In that regard, a relatively 
new approach is the application of a novel filtration 
material consisting of whey-protein-based amyloid-
fibrils mixed with activated carbon [1]. The applica-
bility of this filter material for the removal of radio-
nuclides from aqueous solutions has been success-
fully demonstrated [2,3].  

Whereas first experiments focused on filtering off in-
dividual radioisotopes of elements Tc and Cs, we 
show here the applicability of the above-mentioned 
filter material to a broad mixture of different radioi-
sotopes from a variety of chemical elements. For this 
purpose, the recently recommissioned PSI SINQ gas-
jet facility was used [4], which allows for the contin-
uous provision of fission products of 235U from the 
irradiation position to a radiochemical laboratory. 

Experimental 
A KCl-aerosol-loaded carrier gas (N2 at 0.9 L min-1, 
1.44 bar in the fission chamber) was used for the 
transport of the fission products. The neutron beam 
shutter was fully open throughout all experiments. 
While radioisotopes of volatile elements were trans-
ported directly, radioisotopes of non-volatile ele-
ments adsorb onto the aerosol particles. These aer-
osols were collected on a glass fiber filter for 30 
minutes (volatile radioisotopes are mostly not re-
tained). The collected salt aerosols were washed off 
the glass filter with 10 ml distilled water. After the 
recording of a γ-spectrum of the obtained solution, 
it was filtered through the hybrid filter material. The 
filtrate was then examined again by γ-spectroscopy. 

Results 
A variety of fission fragments could be identified in 
the originally prepared radioactive solution (Fig. 1, 
blue spectrum). Besides radioisotopes of non-vola-
tile elements, such as Mo, Ce or Sb, more volatile 
species were likewise identified (e.g., Kr or I). The so-
lution can be classified as weakly to moderately ra-
dioactive (≈1 mSv/h in close proximity). Thus, the di-
verse inventory may serve as a model for most radi-
oactive wastewaters, as encountered at, e.g., hospi-
tals, low-activity laboratories as well as in case of vo-
luminous liquid waste from nuclear power plants.  

 
After a single filtration step, the filtrate contained 
significantly less radionuclides, thus indicating an ef-
ficient filtration (Fig. 1, red spectrum) with a reduc-
tion of the activity by a factor of ≈50. Only isotopes 
of iodine and antimony managed to pass through the 
hybrid filter.  

Conclusion and outlook 
It has been shown that the whey-protein-based am-
yloid-fibrils activated carbon filters are well applica-
ble even to a broad mixture of radionuclides. With 
the removal of almost all chemical elements, these 
results indicate a low elemental selectivity, thus ren-
dering the filter material suitable for the use with 
low-activity wastewater. 

Future studies will investigate the filtration capacity, 
the long-term stability (e.g., radiation damage) as 
well as the extraction mechanism. The last point is of 
particular importance to understand the selectivity 
of the filter. 
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Figure 1: γ-spectrum (tlive=30 min) of the radioactive solu-
tion  before (blue) and after (red) filtration; for reasons of 
clarity only one radioisotope per element is labelled. Radi-
onuclides in the filtrate (red spectrum) are 133I (529.9 keV), 
130Sb (793.5 keV), 129Sb (812.8 keV) and 134I (847.0 keV). 



10 
 

Online Gas Chromatography with Tl/TlOH in Preparation for Nh/NhOH 

J. Wilson (ETHZ/PSI), N. V. Aksenov, Yu. V. Albin (FLNR/JINR), Z. Asfari (UDS), A. Y. Bodrov , G. A. Bozhikov, 
V. I. Chepigin, I. Chuprakov, S. N. Dmitriev (FLNR/JINR), R. Eichler (PSI), B. Gall (UDS), N. S. Gustova (FLNR/JINR), 
D. Herrmann (PSI), A. V. Isaev, A. Sh. Madumarov, O. N. Malyshev (FLNR/JINR), E. Pishchalnikova (FLNR/JINR, 
MSU), Y. A. Popov, A. V. Sabelnikov (FLNR/JINR), P. Steinegger (ETHZ/PSI), A. I. Svirikhin, M. G. Voronyuk 
(FLNR/JINR), V. Zobnin (MSU) 

Introduction 
Chemistry experiments with superheavy elements 
(SHEs) present multiple challenges ranging from low 
production rates to ambiguous chemical results. Alt-
hough results are still debated for flerovium (Z=114) 
[1], elemental copernicium (Z=112) has been chemi-
cally characterized successfully [2]. Currently, no 
conclusive chemical results have been obtained for 
nihonium (Nh, Z=113) [3,4]. With the help of the 
lighter homologs, chemistry experiments at the one-
atom-at-a-time level are carefully prepared before 
addressing the corresponding SHE. Here, we present 
the current state of preparation for a next nihonium 
experiment using its lighter homolog thallium in an 
isothermal gas adsorption chromatography study. 

Thallium has been the subject to multiple predic-
tions and experiments varying in agreement. In 
online vacuum chromatography experiments, the 
authors determined an adsorption enthalpy of ele-
mental thallium on quartz of −Δ𝐻𝐻𝑎𝑎𝑎𝑎𝑎𝑎

SiO2(Tl) =
158 kJ/mol [5]. This is in good agreement with theo-
retical predictions of −Δ𝐻𝐻𝑎𝑎𝑎𝑎𝑎𝑎

SiO2 = 150.2 kJ/mol using 
ADF BAND calculations on fused silica [6]. Offline 
chromatographic studies in the laminar flow regime 
found −∆𝐻𝐻𝑎𝑎𝑎𝑎𝑎𝑎

SiO2(TlOH) = 134 kJ/mol on likewise 
fused silica [7]. At this time no theoretical enthalpies 
have been published for TlOH on quartz. Unfortu-
nately, the offline and online results for TlOH did not 
readily agree [7,8]. It was theorized that an interfer-
ing Tl(III) species forms during online experiments. In 
fact, Tereshatov et al. showed the possibility of a 
predominant production of Tl(III) readily obtained at 
a cyclotron, i.e., a production pathway similar to the 
one discussed here [9]. Thus, to diminish the higher 
oxidation state, a hot tantalum getter was placed at 
the exit of the recoil transfer chamber to reduce all 
thallium before entering the subsequent chromato-
graphic section. Based on previous experiments, 
TlOH is expected to form in combination with a fused 
silica surface (even in reducing atmospheres) [7].  

Experimental Setup 
184Tl was produced at the U400 accelerator facility of 
the Flerov Laboratory of Nuclear Reactions (FLNR) in 
Dubna, Russian Federation. Further details regarding 
the production and physical pre-separation (SHELS), 
as well as the direct catch measurements, can be 

found in [8]. Direct catch measurements were car-
ried out at three different ion beam intensities, i.e., 
1.2 µA, 1.9 µA, and 3.1 µA. This resulted in 184Tl pro-
duction rates of 25 s-1, 38 s-1, and 67 s-1 respectively.  

 
Figure 6. Schematic of the chemistry setup shown with the 
T-shaped column; the reduction oven and the lateral dos-
ing of reactive gases represent the main changes in com-
parison with [8]. 

The above-mentioned major modification in com-
parison to earlier experiments concerned the inclu-
sion of a Ta getter. Thereto, a second heated section 
was included between the recoil transfer chamber 
(RTC) and the chromatography section (see Fig. 1). In 
order to dose O2 and H2O, T-shaped fused silica col-
umns were employed. This allowed for careful addi-
tion of reactive species without consuming the Ta 
getter itself. Due to the generally too short chroma-
tography section (construction limitation), the tem-
perature profiles were far from uniform (see Fig. 2), 
thus complicating data analysis. However, using the 
measured temperature profiles in conducted Monte 
Carlo simulations (MCS) allows for the extraction of 
meaningful thermodynamic data. 

Figure 2. Actual “isothermal” temperature profiles meas-
ured in steps of 100oC starting at the exit of the recoil 
transfer chamber; ‘Reduction’ refers to the Ta getter oven, 
‘Chromatography’ to the oven for chromatography, and 
‘Trap’ is the quartz wool plug for catching escaping radio-
nuclides in front of the HPGe-γ detector. 
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Simulations, following the approach outlined in [10], 
were used to reproduce the measured external 
chromatograms under full consideration of all exper-
imental parameters (e.g., gas flow and the tempera-
ture profiles). 

Results and Discussion 
Shown here are two external chromatograms as ob-
tained with one chromatography column (Fig. 3; 
mind experiment order). Ar (1 L/min) was flushed 
through the RTC (heated to 400°C), with an addition 
of O2 and H2O (0.1 L/min) through the secondary in-
let. The two distinct onsets pertain to two chemical 
species observed, i.e., likely TlOH and elemental Tl. 
The unexpected preservation of the latter is at-
tributed to the dehydroxylation of the fused silica 
surface around 400oC [11] with temperature and 
time. The reduced density of reactive surface sites 
seemingly helps to preserve Tl in its elemental state. 

The surface hydroxyl concentration does not stay 
constant with increasing temperature. In fact, it 
starts to decrease at 200oC and stabilizes around 
500oC [11]. Typical fused silica surfaces have a small 
film of water and many hydroxyl-groups. While the 
surface water is lost at ≈100oC, dehydroxylation is 
promoted with increasing temperature. At approxi-
mately 400oC, the number of hydroxyl surface con-
centration quickly decreases and the ability to rehy-
droxylate the surface reduces [11]. Multiple hydrox-
yls can bond on one silicon atom, but the final hy-
droxyl is the hardest to remove. Final hydroxyl re-
moval occurs through two pathways: chain or special 
adjacent ring formation. Chain adjacent hydroxyls 
form an unstable, easily decomposing 4-member si-
loxane ring, but spatially adjacent hydroxyls form a 
more favorable multimember siloxane ring [11]. 
Consequentially, there are still hydroxyls on the sur-
face even at 1000°C [11].   

The levelling off, in the case of experiments 6 and 7, 
as well as the immediate drop with experiment 8, 
shows the impact of disappearing hydroxyl-groups 
on the surface. As experiments 6 and 7 are assumed 
to be heavily affected by a progressing dehydroxyla-
tion, these two points were excluded from further 
analysis. The diminished hydroxyl-groups seem to al-
low Tl to be preserved in its elemental state and pass 
through the column without reacting to TlOH (see 
green curve/points in Fig 3). However, as there are 
still hydroxyls on the surface, TlOH may still form, 
thus creating an offset seen in the second set of 
points (see again green curve/points in Fig 3).   

Without considering this offset, MCS were carried 
out with dependent fits of both external chromato-
grams. The goodness of fit between experiment and 
simulations were evaluated using a minimum least-
squares method similar to the one described in [5]. 
This entails a large range of possible enthalpies and 

simulation scaling factors tested. The thereby de-
rived, preliminary adsorption enthalpies of both 
chemical species amount to: −Δ𝐻𝐻𝑎𝑎𝑎𝑎𝑎𝑎

SiO2(TlOH) =
132 kJ/mol and −Δ𝐻𝐻𝑎𝑎𝑎𝑎𝑎𝑎

SiO2(Tl) = 178 kJ/mol. Full con-
sideration of the mentioned offset due to persisting 
TlOH formation is on-going. 
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Figure 3. External chromatograms of thallium on silica in 
O2/H2O-added experiments (squares; left axis) overlapped 
with best current fit (based on MCS; lines; right axis). The 
experiment order is indicated with numbers and black ar-
rows. 

Conclusion 
Within one set of experiments, both Tl and TlOH 
were likely observed with isothermal gas chromatog-
raphy in preparation for an unambiguous chemical 
characterization of nihonium. Although data analysis 
is still on-going, these results illustrate the im-
portance of a thorough preparation for chemical 
characterization of nihonium. Only based on inten-
sive (online) studies with the lighter homologs ex-
periments can be designed that address conclusively 
chemical information for the corresponding SHE.  
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Electrochemical separation of Co-60 for radioanalytical applications 

P. Dutheil (ETHZ/PSI), D. Herrmann (PSI), P. Steinegger (ETHZ/PSI), M. Heule (PSI/ASI) 

Introduction 
The high activity of Co-60 in activated matrices (e.g., 
activated steel) can be a problem during routine ra-
dioanalysis of gamma- and beta-emitters in samples 
of different origin. A simple method for quantitative 
removal of Co-60 would reduce background level in 
gamma spectrometry significantly and avoid inter-
ference with minor beta emitters in liquid scintilla-
tion counting. Thus, a good chemical separation is 
required to provide a reliable quantification of other 
radionuclides. In contrast to well-established sepa-
ration procedures, such as ion-exchange chromatog-
raphy, precipitation and co-precipitation, extraction 
chromatography or liquid-liquid extraction, we ex-
plore here an electrochemical approach. Such elec-
trochemical systems exploit differences in electro-
chemical potentials for a different selectivity than 
traditional methods and have the advantages of be-
ing more readily automatized and they may be inte-
grated in flow-controlled systems. 

Transition metal ions can be separated by taking ad-
vantage of the difference of their respective reduc-
tion potentials [1]. As an example, cobalt is electro-
chemically reduced according to the following reac-
tion: 

Co2+ + 2 𝑒𝑒− → Co 

Since the standard reduction potential of Cobalt 
(−0.280 𝑉𝑉𝑣𝑣𝑎𝑎 SHE) is higher than that of other, more 
electropositive elements (e.g., for Cs with a standard 
reduction potential of 𝐸𝐸0 = −3.026 𝑉𝑉𝑣𝑣𝑎𝑎 SHE). Thus, 
Co-60 is expected to reduce readily onto a solid elec-
trode and to be separated from radionuclides of 
more electropositive elements such as Sr-90, Ba-
133, Cs-137 or Am-241. In order to investigate the 
feasibility of such an approach, cyclic voltammetry 
(CV) was used to study the reduction of cobalt on 
glassy carbon electrodes in different electrolytes. 
The outcome of the studies employing CV led in a 
second step to the implementation of a separation 
procedure using controlled-potential electrolysis. 
This procedure was used for the separation of se-
lected radionuclides. A simple example of which, i.e., 
the separation of carrier-added Co-60 from Cs-137 is 
presented here. 

Results 

Cyclic voltammetry 

Several CV cycles were carried out in different elec-
trochemical systems containing stable cobalt (CoCl2, 
Alfa Aesar). Investigations in acidic aqueous electro-

lytes (HNO3 and HCl, Merck) revealed that the reduc-
tion of cobalt happened simultaneously with the hy-
drogen evolution reaction, thus, making it difficult to 
determine the reduction potential in those media. In 
chloride containing aqueous electrolytes (KCl and 
NaCl, Merck), CV led to clear reduction and oxidation 
peaks (see Fig. 1). This allowed for choosing an ade-
quate electrode potential to be used in a second 
step in procedures of controlled-potential electroly-
sis. 

 
Figure 1: Cyclic voltammogram of 0.01 M Co2+ in 0.1 M KCl 
at a glassy carbon electrode (scan speed: 50 mV/s). 

Controlled-potential electrolysis 

Carrier-added Co-60 was electrodeposited at a 
glassy carbon electrode in 0.1 M KCl electrolyte at 
potentials < −1.35 𝑉𝑉𝑣𝑣𝑎𝑎 Ag/AgCl/3M KCl and recovered 
by electro-oxidation at  0.5 𝑉𝑉𝑣𝑣𝑎𝑎 𝐴𝐴g/AgCl/3M KCl in a 
clean 0.1 M HNO3 solution (see procedure outlined 
in Fig. 2). Recoveries in each fraction were measured 
with γ-spectrometry. The procedure yielded high re-
coveries (> 99%) for electrodeposition times in ex-
cess of 7 hours and allowed for good separation of 
Co-60 from individual co-contaminants like Cs-137, 
Ba-133, and Sr-85 (see Fig. 3). The procedure of con-
trolled-potential electrolysis required potentials 
lower than the one found by CV for an exhaustive 
electrodeposition. The reason for this is the decreas-
ing concentration of Co-60 in the mixture during the 
electrolysis shifting the Nernst potential and the dif-
fusion kinetics relevant for deposition. Eu-152 could 
not be separated from Co-60 and was partly co-de-
posited onto the electrode, probably because of hy-
droxide precipitation at neutral pH. This suggests 
that radioisotopes of chemical elements prone to 
hydrolysis (e.g., Am-241) might behave in the same 
way. Acidic solutions may be used to avoid such pre-
cipitations, probably at the expense of good current 
efficiency because of the simultaneously occurring 
hydrogen evolution reaction. 
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Conclusion and outlook 
The procedure of controlled-potential electrolysis 
was successfully used for the removal of Co-60 from 
simple mixtures of radionuclides at high yields. Such 
a separation scheme may be used in combination 
with traditional separation methods to provide com-
plete analytical procedures. In addition, an electro-
chemical flow-cell setup with a high surface-to-vol-
ume ratio will considerably increase the electrodep-
osition rate and allow for much faster separations 
[2]. A first flow-cell system was built recently and will 
be tested (see Fig. 4). 

 

 
The method explored here is highly dependent on 
the electrolyte, the working electrode material, the 

presence of coordinating ligands, and the concentra-
tion of the deposited element. Consequently, all pa-
rameters need to be considered to implement a se-
lective electrodeposition procedure for characteris-
tic samples. One should also keep in mind that mix-
tures of increasing complexity might behave differ-
ently because of the simultaneous deposition of 
other elements (e.g., Ni, Fe, or Cu). These 
parameters will be systematically studied, using the 
above-mentioned flow-cell system. 
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Figure 2: Electrochemical procedure, with A the reduction 
of Co-60 at a glassy carbon electrode (leaving Cs-137 in 
solution) and B the oxidation and removal of Co-60 into a 
second, clean solution. 

 

Figure 3: γ-spectra of a mixture of Co-60 (marked in red) 
and Cs-137 (marked in green) before and after separation 
with controlled-potential electrolysis in two fraction at 
−1.35 𝑉𝑉𝑣𝑣𝑎𝑎 Ag/AgCl/3M KCl for 8 hours. 

 

Figure 4: Cross-sectional view of the proposed design for 
the electrochemical flow-cell in thin-layer mode with 1 the 
working electrode, 2 the counter electrode, 3 the refer-
ence electrode and 4 the inlet as well as 5 the outlet; the 
same cell can be used in flow-through mode, where the 
electrolyte flows directly through a porous working elec-
trode. 
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Development of the Trace-gas Reaction Analyzer for Chemistry (TRACY) 

P. Ionescu (Univ. Bern/PSI), R. Eichler, D. Herrmann (PSI), P. Steinegger, G. Tiebel (ETHZ/PSI),  
A. Türler (Univ. Bern), J. Wilson (ETHZ/PSI)     

Introduction 
The study of newly discovered transactinide ele-
ments (Z ≥ 104) is a fundamental topic of radiochem-
istry. Beginning in the 1960s, scientists have been 
racing to create the next-heavy element in the peri-
odic table using heavy-ion-induced nuclear fusion-
evaporation reactions to achieve this goal [1]. The 
chemistry of these superheavy elements is of high 
interest as relativistic effects, increasing with atomic 
number Z, influence chemical properties. Although 
the drive to discover ever-heavier elements and 
their chemistry is strong, past experiments have 
been shown to distinctly suffer from residual impu-
rities in the mobile phase in gas-chromatographic in-
vestigations [2]. A need for better understanding the 
chemical behavior in single-atom gas chromatog-
raphy (GC) gave rise to the development of the 
Trace-gas Reaction Analyzer for Chemistry (TRACY). 
The system is capable of analyzing gas compositions 
of a chromatography experiment in real-time, while 
also being able to intentionally functionalize or dope 
the carrier gas. The system was intended for use in a 
joint experiment with the Japan Atomic Energy 
Agency (JAEA) at their Tandem Accelerator Facility 
using short-lived mercury radioisotopes, produced 
in nuclear fusion-evaporation reactions. However, 
due to travel restrictions in Spring 2021, the experi-
ment has been postponed. 

Experimental Setup 
The TRACY setup (see Fig. 1) for GC was modelled af-
ter the gas loop system of the Cryo On-Line Detector 
(COLD) used in the first successful chemical charac-
terization of Cn [4]. On-line, evaporation residues 
are thermalized in the carrier gas flushed through a 
recoil chamber. H2, O2 and H2O can be selectively 
dosed into the otherwise inert carrier gas (He/Ar 
mixture, 70/30), allowing to assess their effects on 
the transport yield. The evaporation residues are 
transported from the recoil chamber via an in-situ 
volatilization oven [5] followed by a Perfluoroalkoxy 
PFA capillary at room temperature to a COLD-like de-
tector array (half-sized version of the COLD). Thus, 
fusion products only come into contact with quartz 
and PFA surfaces before entering the detector array. 
The gas composition is monitored in real-time using 
an atmospheric pressure mass spectrometer (MKS 
Cirrus®2). Gas flows in the loop can be established 
between 0.8 l/min and 2.2 l/min. The setup offers 
particularly short dry-down times, i.e., the dew point 
reaches -100°C within less than 24 hours. 

  

Commissioning of TRACY at PSI (offline experiments) 
197mHg was produced at the IP2 beam line of the Paul 
Scherrer Institute in Switzerland via the nuclear re-
action nat.Au(p,n)197mHg to establish the transport ef-
ficiency of a carrier gas doped with oxygen as a con-
taminant (offline experiments). The irradiated gold 
foil with the embedded 197mHg was placed in a 
starter oven connected to the TRACY (instead of 13 
in Fig. 1) and heated to ≈500°C to release the radioi-
sotope into the gas stream. This mimicked the recoil 
chamber as used for online experiments with short-
lived radionuclides (e.g., radioisotopes of super-
heavy elements). The thermally released 197mHg was 
then transported to and collected on a charcoal trap 
(instead of 16 in Fig. 1), where it was quantified using 
γ-spectrometry.  

Results from preliminary tests 
The ability to dope and monitor the carrier gas in 
real-time was tested. The detection limit for the ox-
ygen and water content in the carrier gas was deter-
mined with respect to the mass spectrometric meas-
urements (the direct quantification of the gas com-
position by atmospheric mass spectrometry is not 
possible due to, e.g., quenching effects). 

Oxygen doping 

A series of well-known O2-volumes were added to 
the known 6.0 L total volume of TRACY. Based on a 

 

Figure 1: Schematic of the TRACY with 1 the mass flow con-
troller, 2 the buffer volume, 3 a pressure gage, 4 the vac-
uum pump, 5 a placeholder for optional equipment, 6 the 
SICAPENT® gas cleaning cartridge, 7 a particle filter, 8 the 
gas humidifier, 9 the Ta getter oven, 10 the SAES Mi-
croTorr 902 gas cleaning cartridge, 11 the dew point me-
ter, 12 the mass Spectrometer, 13 the recoil chamber (op-
tional), 14 the target (optional), 15 the aerosol filter oven 
(optional), 16 the α-particle & SF detector array (or general 
GC experiment), 17 a charcoal trap, 18 the loop pump(s). 
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series of different admixtures, a calibration curve 
was recorded (see Fig. 2). The oxygen detection limit 
was established to be 100 ppb. 

 

 
To determine the effect of the oxygen content on 
the transport efficiency of 197mHg from a simulated 
recoil chamber to the detector, relative transport ef-
ficiencies were measured (with respect to the lowest 
O2-content; see Tab. 1). 

 

Water doping 

In a second step, the humidifier was tested with re-
spect to its ability to control the water content in the 
carrier gas of TRACY. To do so, a second calibration 
curve was recorded in order to relate the added wa-
ter contents (determined using the dew point me-
ter) to the mass spectrometric measurements. The 
detection limit of water in the gas loop was deter-
mined to be > 600 ppb. 

Conclusion 
The TRACY gas loop was successfully built-up and 
used to selectively dope an otherwise inert carrier 
gas with water and oxygen contaminants. The detec-
tion limits of the used mass spectrometer in the cur-
rent setting for oxygen and water was established at 
≈100 ppb and ≈600 ppb, respectively. It has been 

demonstrated that the transport efficiency of 197mHg 
can be readily influenced by the addition of oxygen. 
Thus, the TRACY gas-loop system for GC experiments 
is not only suitable for the use in future online exper-
iments (e.g., at an accelerator facility), but also qual-
ifies for its employment in every-day offline investi-
gations (radiochemical laboratory). TRACY will proof 
instrumental for studying the effects on the 
transport yields in dependence of residual gas impu-
rities in experiment with single atoms. Furthermore, 
TRACY was designed in a compact form for easy 
transportability to international accelerator facilities 
(such as e.g., the Tandem Accelerator of JAEA). 
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Figure 2: Calibration curve for the careful oxygen additions 
to the total volume of the TRACY setup as a function of the 
corresponding mass spectrometric measurements (arbi-
trary units). 

TABLE 1: The relative transport efficiency of 197mHg with re-
spect to the oxygen content in the carrier gas. 

O2  
[PPM] 

RELATIVE TRANSPORT 
EFFICIENCY 

< 0.1 100% 

2720 (540) 56% 

≈500’000 1% 

 

 

Figure 3: Calibration curve relating the measurements of 
the dew point meter (H2O-content adjusted with humidi-
fier) to the mass spectrometry measurements. 
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First Results on the Characterization of Targets Prepared by the Coupled 
Reduction Method for Heavy-ion-beam Irradiations 

E. Pishchalnikova (FLNR/JINR, MSU), N. V. Aksenov (FLNR/JINR), R. Eichler, E. Maugeri (PSI), E. Müller Gubler 
(PSI/LNB), P. Steinegger, G. Tiebel, I. Zivadinovic (ETHZ/PSI) 

Introduction 
Currently, the synthesis of new superheavy ele-
ments in nuclear fusion-evaporation reactions re-
quires long-term irradiations of actinide targets with 
high-intensity heavy-ion beams. The induced stress 
(e.g., by the high temperatures, radiation-enhanced 
diffusion, sputtering and chemical reactions) leads 
to the destruction of the targets over time [1]. In-
creasing ion beam intensities of new accelerators, 
such as the DC-280 of the Flerov Laboratory in 
Dubna, intensify the problem, thus demanding for a 
stable target technology. It has been reported that 
intermetallic compounds exhibit superior properties 
[2]. The aim of this work is to refine the method of 
coupled reduction (CR), which was successfully em-
ployed for intermetallic target development in the 
past [3]. 

 
In order to prevent the target (radio)isotope to 
spread across the entire backing foil [3], we envisage 
to implement a layered structure of defined compo-
sition to confine the (radio)isotope of interest in a 
thin (inter)metallic Pd-layer on top of our backing foil 
(strategy outlined in Fig. 1). By combining this with a 
selected backing material (based on low/positive 
solid solution enthalpies as calculated by the 
MIEDEMA approach [4]) as well as under full consid-
eration of the conditions set for a target for synthe-
sis experiments (e.g., low Z), one may prevent the 
above-mentioned spreading of the target (radio)iso-
tope across the backing foil. Using an oxide layer be-
tween Pd and the backing could further improve 
constraining the target material in a thin metallic 
layer on the backing foil. However, this may come at 
the cost of mechanical stability. The targeted refine-
ment of the approach presented in [3] may lead to a 
suitable method for the preparation of high-power 

(radioactive) targets that meet the requirements of 
today’s experiments at new accelerator facilities. 

Experiment details 
Two samples resulting from two different CR ap-
proaches are presented. One was prepared accord-
ing to [3] for comparative reasons, using a 25 µm 
thick Pd foil (“Eu/Pd”). The second sample relied on 
the approach presented above, employing a thin Pd-
layer (800 nm) evaporated on a 25 µm Ni backing foil 
(Eu/Pd/Ni”). Nickel was chosen due to its low atomic 
number as well as based on the calculated much 
lower solution enthalpy of Eu at infinite dissolution 
in Ni of ∆𝐻𝐻𝑎𝑎𝑠𝑠𝑠𝑠

Eu/Ni(s) = −56 kJ/mol as compared to 
the value in Pd of ∆𝐻𝐻𝑎𝑎𝑠𝑠𝑠𝑠

Eu/Pd(s) = −333 kJ/mol  [4]. 
For both samples, europium was electroplated on 
palladium by molecular electroplating (MEP) in a 
Teflon cell with a diameter of 13 mm regarding the 
deposition area. Before deposition, the foils were 
cleaned with acetone and ethanol, followed by 10 
minutes in the UVO cleaner to remove organic sur-
face contaminations. Afterward, the samples were 
placed on a Ta boat inside a Ni tube before being 
subjected to CR in a flow of H2 at 1100°C (see Fig. 2). 

 
Both samples were analyzed by scanning electron 
microscopy (SEM; NVision40, Zeiss) coupled with en-
ergy dispersive X-ray spectroscopy (EDX). 

Results and discussion 
The SEM images of both samples before and after CR 
are shown in Fig. 3 (a, c vs. b, d). Before CR the sur-
face morphology of both samples Eu/Pd and 
Eu/Pd/Ni reveal an island-like structure, that is typi-
cal for target surfaces prepared by MEP using isopro-
panol as solvent [5]. After CR both samples have a 
metallic appearance. The corresponding SEM im-
ages illustrate the similar surface morphology modi-
fication after CR, when comparing the two samples. 
The surface of both samples is characterized by the 

 

Figure 1: Refinement strategy of CR using a thin layer of Pd 
deposited onto of a suitable backing foil (e.g., Ni): electro-
plated element (e.g., Eu) is envisaged to form an interme-
tallic compound with the underlying Pd by CR (A), whereas 
a diffusion into the backing foil (B) has to be minimized;  
diffusion of Pd into the backing is likewise unfavorable (C). 

 

Figure 2: Setup for CR with the sample (1), the Ta block (2), 
the sealed Ni tube (3), the furnace (4), the mass flow con-
troller (5), the vacuum pump (6), the gas supply line (7). 
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presence of clearly visible grain boundaries of the Pd 
crystal phase, which is typical for metals, metal al-
loys, or intermetallic compound surfaces. 

 
SEM images of the Eu/Pd/Ni sample with a 5000-fold 
magnification before (left side) and after (right side) 
CR are presented in Figure 4. We additionally studied 
the sample using EDX in order to identify the distri-
bution of different elements, namely Eu, O, Pd, and 
Ni. Before CR (see Fig. 3, left side), Eu and O are ob-
served in the same area, thus being deposited as hy-
droxidic/oxidic europium species, whereas Pd ap-
pears underneath these Eu-O-islands. These results 
are in good correspondence with [5]. The Ni Kα-signal 
from the backing foil was clearly distinguished too. 

After the CR process, the sample acquired the 
above-mentioned surface morphology with visible 
grain boundaries. EDX analysis revealed a homoge-
nous distribution of Eu, Pd, and Ni across the sample 
surface (see Fig. 4, right side) and the absence of ox-
ygen (represented by less than 1% of the mass con-
centration). It follows that the reduction of Eu and 
its subsequent diffusion in the underlying Pd-layer 
was successful. These observations for the Eu/Pd/Ni 
sample are in agreement with EDX measurements of 
the Eu/Pd sample, where obtained elemental maps 
feature a similar distribution regarding Eu, O and Pd 
before and after the CR process. 

Conclusion and Outlook 
We successfully produced a thin Pd-Eu-layer (likely 
an intermetallic phase) using refined CR approach 
(see Fig. 1). The obtained sample was characterized 
using SEM coupled with EDX. This analysis approach 
allowed for determining the surface morphology as 
well as the elemental distribution and indications on 
chemical compound formation. Further studies will 
analyze such samples by SEM coupled with EDX and 

the focused ion beam technique, in order to get in-
formation on the Eu distribution across the thickness 
of the sample. Additional XPS and XRD studies will be 
used to retrieve further chemical and crystallo-
graphic information, respectively. 
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Figure 3: SEM pictures of the Eu/Pd (top row) and the 
Eu/Pd/Ni (bottom row) sample, before (a, c) and after (b, 
d) the CR process for 30 min, respectively; photographs of 
each investigated sample are depicted on the top corner f 
each SEM picture. 

 

Figure 4: SEM images (top row) and EDX elemental maps 
of the Eu/Pd/Ni sample before (left side, a) and after (right 
side, b) CR; elemental EDX-maps of Eu (yellow), O (red), Pd 
(cyan), Ni (blue) are shown. 
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DGFRS III (GRAND) simulation using DSIM: The 48Ca on 242Pu reaction 
using a He-filled separator 

R. Eichler (PSI), P. Steinegger (ETHZ/PSI), O. N. Malyshev, A. V. Yeremin (FLNR/JINR)   

Introduction 

In the previous annual report [1], we have estab-
lished the DSIM code for the Dubna Gas-Filled Recoil 
Separator II simulating the trajectories of recoiling 
evaporation residues produced in heavy ion induced 
nuclear fusion-evaporation reactions from targets of 
variable thicknesses. This code is based on the ion 
transport code (BSIM), developed at LBNL for de-
scribing the Berkeley Gas-filled Separator [2]. Such 
simulations support the optimization of the mag-
netic field settings to obtain highest possible trans-
mission yields into the focal plane at desired image 
sizes. Furthermore, the simulation provides the en-
ergy distribution of the recoils arriving after their 
separation in the focal plane. The understanding of 
these parameters is crucial for the design of chemi-
cal devices: Their inner volume needs to be opti-
mized in order to minimize losses during gas-phase 
transport of thermalized nuclear reaction products 
[3]. Here, we present the results of simulations of 
the Dubna Gas-filled Recoil Separator III (GRAND), a 
new helium-filled separator recently commissioned 
at the Superheavy Elements Factory (SHE Factory) of 
the Flerov Laboratory of Nuclear Reactions, Dubna, 
Russian Federation [4]. A significant difference be-
tween the designs of separators DGFRS II and III is 
related to the additional, symmetric dipole magnet 
at the end of DGFRS III. This allows for switching be-
tween two separate focal-plane positions at ±15° 
bending angle. Whereas one is reserved for physics 
experiments, the second position is dedicated for 
chemical investigations. 

Simulation 

The initial ion distribution and trajectories of the nu-
clear reaction products at the beginning of the sep-
arator were generated for a 0.56 mg/cm2 242PuO2 
target using SRIM2013 [5]. Initially, starting points 
(i.e., points of creation) of evaporation residues in-
side the target need to be determined. This was 
achieved by calculating the energy loss of the inci-
dent 252 MeV 48Ca ion beam in the Ti backing 
(0.90 mg/cm2) as well as the 242PuO2 target. A super-
position with the known excitation function of the 
nuclear reaction [6] defines the local distribution of 
the origin of the recoiling products within the target 
within an assumed round beam spot of 5 mm inner 
diameter. The products are scattered through the 
remaining part of the target thickness losing part of 
their momentum, defining their magnetic rigidity. 
The most likely Bρ of the recoiling 287Fl into the 

0.7 mbar He was calculated as 2.179 Tm.The energy 
and angular distribution of 10’000 recoiling ions is 
calculated as input for DSIM using SRIM [6]. Subse-
quently, the statistical electron exchange and strag-
gling of the ion with the helium filling gas held at 
0.7 mbar [2] is superimposed with the momentum 
of the ions under the influence of the magnetic fields 
of the GRAND (QDQQD-type). The simulation gener-
ates detailed information about the place, their mo-
mentum in the separator as well as the energies of 
the recoiling ions in the focal plane, as function of 
the magnetic settings and the magnetic rigidity of 
the products. We will present here, results of simu-
lations using the evaporation residues produced in 
the nuclear fusion reaction Pu( Ca, 3n) Fl28748242  
(𝐸𝐸𝐶𝐶𝐶𝐶𝐶𝐶 = 242.5 MeV) [6] for the optimization of the 
forthcoming transactinide gas-phase chemistry ex-
periment at this dedicated facility with Fl/Cn.  
DSIM yields product distributions in the focal plane 
as functions of the transmission yields 

Results: 242Pu(48Ca, 3n)287Fl (prediction) 
The magnetic rigidity of the product is decisive for 
the magnet settings of D1 and D2, which was thus 
kept constant at D1 = 530 A and D2 = 447 A for 
both CONFIG I and CONFIG II, to position the prod-
ucts in the center of the focal plane. A screening for 
the optimum configuration of the quadrupole mag-
nets was performed to obtain the smallest focal 
plane images with the highest transmission yields. 
Therefore, a parameter sweep over quadrupole lens 
currents Q2 & Q3 (see Fig. 1) was performed using a 
constant setting for Q1 = 300 A. 
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Figure 1:  Collection efficiency into a 8 × 6 cm2, 
oval-shaped recoil chamber as a function of quadru-
pole lens currents Q2ℎ and Q3𝑣𝑣 (CONFIG I, upper 
panel) and Q2𝑣𝑣 and Q3ℎ (CONFIG II, lower panel) 

Thus, the “optimum” magnet current configurations 
of the GRAND separator with a QvDQhQvD (CONFIG 
I) and QvDQvQhD (CONFIG II) arrangement were de-
termined (see Tab. 1).  

TABLE 1: The currents for the quadrupole lenses in 
configurations CONFIG I and CONFIG II; a negative 
current corresponds to a horizontally focusing quad-
rupole. The dipole settings were set at D1 = 530 A 
and D2 = 450 A 

CONFIG Q1 Q2 Q3 

I 300 A -18 A 160 A 

II 300 A 220 A -165 A 

Thus, for both configurations the transmission effi-
ciencies as function of recoil chamber size was gen-
erally assessed (see Figure 2). Here, the simulated 
shapes of the optimized focal plane images for con-
figurations CONFIG I and CONFIG II of GRAND are 
shown. The optimization focus was put on the high-
est transmission yield into the smallest focal plane 
area. The planned chemistry experiment (spring 
2022) relies on a fast transport of short-lived 287Fl, 
having a half-life of about 0.5 s. Therefore, the flush-
ing time of the Recoil-Transfer Chamber (RTC) was 
investigated in [3]. From the herein derived focal 
plane image size at highest transmission yields, an 
optimum RTC covers an area of 8 × 6 cm2 in the fo-
cal plane of DGFRS III. Based on the obtained energy 
distribution of evaporations residues in the focal 
plane, a depth of 1.5 cm was chosen. Stopping range 
calculations of evaporation residues within the RTC 
volume will further support the selection of the gas 
mixture and the pressure in the RTC for a fastest 
transfer of Fl into the COLD array (thermochroma-
tography detector). Test experiments are planned at 
FLNR in spring 2022 to bolster the drawn conclusions 
by experimental data. 
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Figure 2: Distributions of 10’000 287Fl ions passing 
DGFRS III in the focal plane with a QvDQhQvD-con-
figuration (CONFIG I, upper panel) yielding 20% 
transmission and a QvDQvQhD-configuration (CON-
FIG II, bottom panel) yielding 23%. For configura-
tional details, refer to Tab. 1. 

With a transmission yield of 23% (CONFIG II) one 
would expect for the given conditions – assuming ion 
beam intensities of about 5 puA – up to three 287Fl 
ions entering the RTC [3] per day. 

The work was performed with support from the Rus-
sian Federation Scientific Research Work grant НИР 
№ 500/3652. 
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The Design and Analysis of a Recoil Transfer Chamber for Fl and Cn 

P. Steinegger (ETHZ/PSI), R. Eicher, D. Herrmann (PSI)   

Introduction 
In preparation of the first chemistry experiment at 
the new Superheavy Element Factory of the Flerov 
Laboratory of Nuclear Reactions (FLNR), Dubna, Rus-
sian Federation, a recoil transfer chamber (RTC) was 
designed. The design was optimized for fastest 
transport times of thermalized nuclear reaction 
products, e.g., 287Fl with 𝑡𝑡1/2 ≈ 0.3 s using finite ele-
ment analysis with COMSOL Multiphysics [1]. Com-
putations were carried out on the Euler cluster of 
ETH Zürich. 

Geometry of the Recoil Transfer Chamber 
The cross sectional area (gray area in Fig. 1 corre-
sponding to the Mylar® entrance window) of the RTC 
represents a compromise between largest coverage 
of the focal plane image size [2] of the Dubna Gas-
Filled Recoil Separator III (GRAND) and a smallest in-
ner volume of the RTC. The inner volume is further-
more restricted by the stopping range of the pene-
trating evaporation residues in an assumed argon at-
mosphere. 

 

The inner volume, as derived from Autodesk Inven-
tor, was simplified within COMSOL using a variety of 
virtual geometry operations (e.g., create composite 
faces). This led to a stable meshing procedure, 
needed for the following modelling steps. 

Internal flow 
The internal flow at 2 slm of argon was modelled us-
ing the kω turbulence flow model of the computa-
tional fluid dynamics (CFD) module of COMSOL (see 
Fig. 2). These required a manually introduced bound-
ary layer mesh, which was complemented by a CFD-
matched ultrafine mesh for the remaining volume.  

 
Whereas turbulences were aimed at in the circular 
volume directly after the four inlets to homogenize 
the inflow, a steady flow is needed in the ellipsoidal 
chamber for a smooth and uniform flushing-out of 
the thermalized nuclear reaction products (see 
Fig. 3).  

 
 

 

 

 

Figure 1: Sliced view of the inner volume of the RTC as a 
basis for the finite element analysis with the small blue ar-
rows indicating the argon gas flow (four identical inlets and 
one outlet with an inner diameter of 4 mm), the red arrow 
representing the pathway of arriving evaporation resi-
dues; the size of the ellipsoidal cross section of the RTC 
(gray area) is likewise indicates. The dashed violet line rep-
resents the ellipsoidal starting face (principal axes: 
70 mm × 50 mm) of the 10’000 particles used to simulate 
the flushing out times from different positions of the start-
ing face (i.e., different distances from the entrance win-
dow).  

 

Figure 3: Sliced view along the short axis of the ellipsoidal 
chamber showing the flow pattern inside the RTC at 2 slm 
of argon (4 inlets and 1 outlet); the resulting flow speeds 
reach values from 0 m/s (dark blue areas) up to  4 m/s 
(dark red areas).  

  

 

Figure 3: Side view along the short axis of the ellipsoidal 
chamber showing the stream lines (red lines) inside the 
RTC at 2 slm of argon (four inlets and one outlet).  
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Flushing-out times 
In order to derive associated transport  times of ther-
malized nuclear reaction products out of the pre-
sented RTC at 2 slm (standard liter per minute) ar-
gon, particle tracing calculation were carried out 
with the corresponding module of COMSOL. 
Thereto, the trajectories of 10’000 particles were 
computed at different injection depths representing 
different penetration length of stopped evaporation 
residues. At these injection depths each time 10’000 
particles were randomly distributed on an ellipsoidal 
face (principal axes: 70 mm × 50 mm) positioned at 
different distances (1 to 9 mm) from the entrance 
window (see Fig. 1). 

 
The parametric sweep (10’000 particles per distance 
of the starting face from the entrance window) of 
this time-dependent study was computed in steps of 
0.1 s in a time interval from 0 seconds to 2 seconds 
(see Fig. 4).  

Conclusions 
The results indicate that evaporation residues, which 
are stopped close to the entrance window, lead to 
longer residence times within the RTC. This would be 
particularly unfortunate for the rather short-lived 
287Fl with 𝑡𝑡1/2 ≈ 0.3 s. However, extrapolated stop-
ping range calculations for 287Fl using SRIM [3] lead 
to penetration depths between 3 and 8 mm (see Fig. 
5). The latter were based on an initial energy and an-
gular distribution of nuclear reactions products 
emerging at the focal plane of GRAND as obtained 
by the DSIM program [2].  

 

 
The same calculations have been carried out for 
slight modifications of the geometry presented in 
Fig. 1. These will be concluded in the beginning of 
2022, thus allowing for a swift production of the op-
timum RTC and its employment during the upcoming 
experiments with flerovium and copernicium in 
spring 2022.  
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Figure 4: Results of the parametric sweep (1 mm to 9 mm 
distance of the starting face from the entrance window) 
showing the relative yield, as collected at the outlet face, 
as a function of time.  

 
Figure 5: Penetration depth of 287Fl in the RTC at 1 bar ar-
gon after a 3 μm Mylar entrance window as obtained with 
SRIM (red dots lay outside of the RTC cross sectional area); 
the initial energy and angular distribution was obtained 
with DSIM [2].  
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First determination of the excitation function for the natV(p,X)26Al and 
natV(p,X)41Ca reactions at high proton energies  

M. Veicht (EPFL/PSI), I. Mihalcea (PSI), C. Vockenhuber, P. Gautschi, S. Maxeiner (ETHZ), J.C. David (Univ. Paris-
Saclay, IRFU, CEA), S. Chen (SFU), D. Schumann (PSI)  

Introduction 
From the very first experiment-based cross-section 
determination for spallation products from vana-
dium (natV) targets, reported in 1953 [1], an ever-in-
creasing number of spallation products have been 
investigated. Nevertheless, cross-section data for 
the production of 26Al and 41Ca from this target ma-
terial remain elusive. This lack of data is possibly 
caused by the difficulties in detection and quantifi-
cation of the two radionuclides as spallation prod-
ucts. 

The 26Al radionuclide, decaying with the emission of 
a very distinct, high energetic gamma-line at 1808.7 
keV (I𝛾𝛾 = 0.9976), has a relatively long half-life of 
7.17(24)·105 y. This makes activity determination us-
ing γ-ray spectrometry close to impossible unless a 
sufficient amount of this isotope is produced. Similar 
difficulties are encountered for 41Ca (T1/2 = 
9.94(15)·104 y), which decays via electron capture 
(X-rays with < 4 keV) only. To mitigate these issues, 
our focus was first on the radiochemical separation 
to produce pure fractions and secondly, to utilize ac-
celerator mass spectrometry (AMS) for determining 
the specific number of produced atoms with high 
precision and at a very low detection limit. Although 
AMS requires efforts in the sample preparation, it 
became more accessible and available for routine 
analyses. Measurement methods for the two pre-
sented nuclides were first developed by Kilius et al. 
1979 [2] and Fint al. 1936 [3] for 26Al, and 41Ca, re-
spectively. 

In this work, the excitation functions for 26Al and 41Ca 
were calculated using the Liège Intranuclear Cascade 
(INCL)/ABLA algorithm and compared to the experi-
mental values. Such experimental data are vital for 
nuclear databases and thus help improve the theo-
retical models. 

Experimental 
The target material consisted of discrete vanadium 
metallic discs (99.75% purity) with a diameter of 1.5 
cm and a mass averaging at 0.14 g. The origin of the 
irradiated targets, the irradiation conditions, and 
chemical processing down to the dissolution of the 
metallic vanadium targets have been previously re-
ported [4]. The development and implementation of 
the wet radiochemical separation process were also 
described in a previous report [5]. 

AMS sample preparation and measurement 

Following the radiochemical separation, the result-
ing 41Ca solutions were evaporated to dryness using 
5 ml conical glass vials by successively adding the so-
lution. To raise the temperature to 150°C, an electric 
heating mantle was used. The solid residues were 
dissolved in 0.5 ml H2O, and the resulting solutions 
were transferred into 2 ml centrifuge plastic vials. 
Moreover, 0.25 ml 1M HF was added, and the solu-
tions were left undisturbed overnight for CaF2 pre-
cipitation. The dispersion was then centrifuged, and 
the supernatant was discarded. The solid residue 
was dispersed again in 0.75 ml H2O, and the centrif-
ugation process was repeated. The obtained solids 
were dried for 24h at 80°C before being sent to 
ETHZ-LIP for the AMS analysis. The AMS measure-
ment was performed at the 300 kV MILEA AMS facil-
ity [6], following the procedure described by 
Vockenhuber et al. [7]. A 41K correction based on 39K 
measurement was applied using a factor of 0.05. 
Standards B10 and B9 were used for normalization. 
Nominal values are taken from [8]. A blank correc-
tion based on the average of three blanks was ap-
plied, and a sample scatter of 3% was added to the 
uncertainty budget. 

For the separated 26Al solutions, the initial sample 
volume of 30 ml was reduced to 5 ml by evaporation. 
The concentrated solutions are transferred to 50 ml 
conical centrifugation vessels, and for each, the pH 
is adjusted to 9.6(3) with a half-concentrated ammo-
nia solution. The resulting precipitate was allowed to 
settle overnight, the solution was centrifuged, the 
supernatant was discarded, and the solids were 
dried at 105°C in a glazed crucible for 12h. Once 
dried, the solids are calcined at 900°C for 8h before 
being sent for AMS analysis. The nominal 26Al/27Al ra-
tio of the internal standard ZAL94N is 4.80(18)·10-10. 
The nominal 26Al/27Al ratio of the internal standard 
ZAL02 is 4.64(1)·10-11. The internal standard is cali-
brated against the primary standard KN 01-4-1 
(nominal 26Al/27Al ratio 7.444(268)·10-11 by [9]). The 
half-life of 26Al was considered 0.705(24)·106 years. 

Results and Discussion 
The theoretical calculations predicting cross-section 
values for the natV(p,X)26Al and the natV(p,X)41Ca reac-
tions were performed using the Liège Intranuclear 
Cascade model INCL++ [10, 11] combined with the 
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de-excitation codes ABLA07 [12]. These combined 
models were previously used to calculate the pro-
duction yields in spallation reactions [13]. 

Generally, the AMS measurements provide isotopic 
ratios between the artificially produced nuclide and 
a naturally abundant one, present as an added car-
rier. For our experiments, the determined ratios 
were 26Al/27Al and 41Ca/40Ca. Their activity (A) was 
calculated according to Eq. (1) and Eq. (2): 

𝐴𝐴 𝐴𝐴𝑠𝑠26 = 𝐴𝐴𝐴𝐴26

𝐴𝐴𝐴𝐴27� ∙ 𝑁𝑁 𝐴𝐴𝑠𝑠27 ∙ 𝜆𝜆 𝐴𝐴𝑠𝑠26   (1) 

𝐴𝐴 𝐶𝐶𝑎𝑎41 = 𝐶𝐶𝐶𝐶41

𝐶𝐶𝐶𝐶40� ∙ 𝑁𝑁 𝐶𝐶𝑎𝑎40 ∙ 𝜆𝜆 𝐶𝐶𝑎𝑎41   (2) 

 
The obtained activity was then used to obtain the 
specific nuclide's production cross-section applying 
Eq. (3): 

𝜎𝜎 = 𝐴𝐴∙𝑒𝑒𝜆𝜆∙𝑡𝑡𝑤𝑤

𝑁𝑁𝑇𝑇∙Φ𝐸𝐸(1−𝑒𝑒−𝜆𝜆∙𝑡𝑡𝑖𝑖𝑖𝑖𝑖𝑖)
 (3) 

This equation was used and described in a previous 
report [4]. 

 

Comparing the predicted excitation function with 
the experimental values for the production of 26Al, 
the theoretical model seems to slightly underesti-
mate the cross-sections values at low proton ener-
gies (up to 200 MeV) and overestimate them at 
higher energies. Nevertheless, the experimental 
data confirm the predicted low reaction probability 
for 26Al production by vanadium spallation at inci-
dent proton energies below 200 MeV. In the case of 

41Ca production, the experimental values show an 
excellent agreement with the predicted theoretical 
model, confirming both the accuracy of the experi-
mental method as well as the predictive power of 
the theoretical model. A graphical representation of 
the excitation functions, showing both the experi-
mental and the predicted cross-sections values, is 
shown in Fig 1. 

Conclusions 
Seven vanadium targets were proton irradiated at 
discrete energies, up to 954 MeV. Following the ra-
diochemical separation, the number of produced 
26Al and 41Ca nuclides was determined using AMS. 
This allowed the calculation of the experimental 
cross-sections based on the nuclear reactions: 
natV(p,X)26Al, and natV(p,X)41Ca. The resulting excita-
tion functions were compared with theoretically cal-
culated ones and showed a very good fit for the pro-
duction of 41Ca, while slight differences are observed 
for the production of 26Al.  
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Solubility of cesium iodide in heavy liquid metals 

L. Liu (PSI), I. Zivadinovic (ETHZ/PSI), D. Herrmann, A. Vögele, J. Neuhausen (PSI)  

Introduction 
Heavy liquid metals (HLM) such as molten lead and 
lead-bismuth eutectic (LBE) present particular inter-
est as the coolant of generation IV nuclear reactors 
and accelerator-driven systems (ADS)  due to their 
good thermophysical properties (high boiling point 
and thermal conductivity). However, radionuclides 
present in the coolant, originating from the activa-
tion of the liquid metal itself and from potential con-
tamination with fission products, are a challenge for 
the safe application of these materials. It is therefore 
important to investigate the release behavior of 
these radionuclides from HLM. In the framework of 
the PASCAL project [1], we are interested in the ra-
dioisotopes of cesium and iodine, which are among 
the most problematic fission products. Compared to 
the single elements dissolved in LBE, modeling of the 
chemical equilibrium of the LBE/O/Cs/I system has 
indicated that Cs and I may show increased evapora-
tion attributed to the formation of CsI [2]. This pre-
diction needs to be experimentally verified, since it 
is not evident that the chemical equilibrium required 
to form CsI will be quickly established. In this con-
text, a primary work is to quantify the solubility of 
Cs-I compounds in heavy metals such as Pb, Bi and 
LBE. These measurements should provide infor-
mation on thermodynamic activity, which allows 
having a better understanding of their behavior. 

Experimental 
The LBE was supplied by the Belgian Nuclear Re-
search Centre in Mol (SCK·CEN) and represents the 
material to be used within the MYRRHA project [3]. 
The lead and bismuth samples used are lead gran-
ules (1-5 mm, 99.9999%) and bismuth granules (1-5 
mm, 99.9999%) purchased from Chempur. Cesium 
iodide (99.9%) was purchased from Alfa Aesar. All 
metals and chemicals were used without pretreat-
ment. Cesium iodide and the individual metal (Pb, Bi 
or LBE) with a mass ratio of roughly 1:100 were put 
into a quartz tube under ambient atmospheric con-
ditions. Note that the quartz tubes were washed 
with strongly oxidizing acids (mixture of H2SO4 (97%) 
and H2O2 (> 35%) with 2:1 volume ratio) and dried in 
a furnace at 100°C in order to get rid of potential sur-
face contaminations. The tubes were then sealed by 
a torch flame to get the ampoules under vacuum 
(pressure < 10-4 mbar). These sample-containing am-
poules were afterwards placed in a furnace whose 
temperature was set to 1000°C and were heated for 
24 hours. During this period, the samples were agi-

tated vigorously several times in order to mix the ce-
sium iodide and the metals. Finally, the ampoules 
were quenched from 1000°C to room temperature 
by putting them in a water bath. We obtained three 
metal rods corresponding to Bi-CsI, Pb-CsI and LBE-
CsI mixtures.  

The outside surfaces of metal rods were examined 
by Scanning Electron Microscope (SEM) and Energy-
Dispersive X-ray (EDX) techniques to identify the pre-
sent phases. The bulk metals inside the metal rods 
were taken out by an electrical drill. These wire-like 
samples were then sent to be activated by thermal 
neutrons at the SINQ facility at PSI, together with a 
pure cesium iodide reference sample. Two irradia-
tions were performed; the first one was 300 seconds 
in order to produce 128I, while the second irradiation 
lasted 10’000 seconds to produce measurable 
amounts of 134Cs. The activities of 128I and 134Cs at the 
end of the irradiations in the different metal-CsI 
samples as well as in the CsI reference sample were 
measured by γ-spectrometry. 

Results and discussions 

SEM and EDX characterizations 

Two samples have been examined so far: the LBE-CsI 
sample and the Bi-CsI sample (see Fig. 1). For both of 
them, two phases can be clearly observed from the 
SEM images, evident from the contrast. From the 
corresponding EDX analysis, one phase is mainly 
composed of the metal matrix (LBE or Bi), while the 
other one consists of Cs and I. Besides this, oxygen is 
also observed on the surface, especially on the Cs-I 
phase part. Based on these results, one can conclude 
that at the end of the reaction, there are still two 
phases (CsI and the metal), which means that CsI 
does not fully dissolve in the metal.  

 

Mole fractions of I and Cs in LBE, Pb and Bi 

Considering that the ratio between the activated ce-
sium and iodine in the metal samples should be the 
same as that in the reference CsI sample because 

 
Figure 1: SEM and EDX analysis of metal-CsI mixture sam-
ple. Left: LBE-CsI sample; right: Bi-CsI sample. 
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they received the same neutron fluence, the mole 
fraction of I (xI) and Cs (xCs) in the metal samples can 
be approximately calculated according to the follow-
ing equation (1) and (2); 

xI =
nI (metal)

nmetal
=

A
I128  

(metal)

A
I128  
(CsI)

× mCsI

MCsI
× Mmetal

mmetal
                        (1) 

xCs =
nCs (metal)

nmetal
=

A
Cs134  

(metal)

A
Cs134  

(CsI)
× mCsI

MCsI
× Mmetal

mmetal
                  (2) 

where nI (metal) and  nCs (metal) are the amounts of 
iodine and cesium in the metal sample, respectively; 
nmetal is the amount of the metal sample; 
A I128  (metal) and A I128  (CsI) are the activities of 128I at 

the end of the short irradiation in the metal and CsI 
samples, respectively; A Cs134  (metal) and A Cs134  (CsI) 

are the activities of 134Cs at the end of the long irra-
diation in the metal and CsI samples, respectively; 
mmetal and mCsI are the masses of the metal and CsI 
samples, respectively; Mmetal and MCsI are the molar 
mass of the metal and CsI, respectively.  

Finally, the experimentally determined mole frac-
tions xI and xCs in LBE, Pb and Bi are shown in the log-
arithmic scale in Figure 2. 

 
In all these three metals, xI is always clearly higher 
than xCs, while the exact values differ in different 
metals. In Pb and Bi, xI is roughly 4 times xCs, while 
this ratio is about 34 in LBE. These results imply that 
the dissolution reaction cannot be simply expressed 
as CsI(s,l) → Cs(metal) + I(metal), but other reac-
tions are also taking place. Considering that the ini-
tial materials were used without any pretreatment, 
the oxygen dissolved in the metals may play a role. A 
plausible explanation for the depletion of Cs in the 
metals may be the formation of CsxMyOz (M = Pb or 
Bi) compounds, which remain on the surface. In-
deed, information on this kind of Cs(Pb,Bi)-oxides ex-
ist in crystallographic databases, however their ther-
modynamic data is lacking. The only compound 

listed in the thermodynamic database implemented 
in HSC Chemistry [4] is CsBiO2, however only for a 
very narrow temperature range. Equilibrium calcula-
tions based on these data indicate that the for-
mation of this compound from mixtures containing 
CsI and oxygen-containing metals could indeed be 
possible. In order to confirm experimentally that ox-
ygen played a role in the reactions described above, 
the same experiments will be repeated using metal 
pieces as precursors, which have been reduced be-
forehand by pure H2 in the liquid state. They are sup-
posed to contain only minuscule amounts of oxygen 
[5].  

Conclusions 
The solubility of cesium iodide in lead, bismuth and 
lead-bismuth eutectic was investigated by mixing CsI 
salt and the corresponding metal at 1000°C. The 
mole fractions of Cs and I were determined by neu-
tron activation with the help of a referential CsI sam-
ple. The uneven ratios of xI and xCs in metals indicate 
that the involved reaction cannot be simply de-
scribed as dissolution of CsI in metal, but may also 
involve the formation of Cs(Pb,Bi)-oxides. More ex-
periments with metal samples with lower oxygen 
concentrations will be performed to verify this as-
sumption. 
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Figure 2: Mole fractions of Cs and I in LBE, Pb and Bi 
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Preparation of LBE samples containing refractory metals for volatiliza-
tion studies 

I. Zivadinovic (ETHZ/PSI), J. Neuhausen (PSI), P. Steinegger (ETHZ/PSI)  

Introduction  

Continuing previous studies [1], the HORIZON2020 
project PATRICIA aims, amongst other things, at fur-
ther investigating the release behaviour of different 
safety-relevant radionuclides from the liquid lead-
bismuth eutectic (LBE) employed as coolant in accel-
erator driven systems. Radioisotopes of refractory 
metals such as ruthenium, rhodium, rhenium and os-
mium fall into this category. Although the volatiliza-
tion of these elements in their metallic state is ex-
pected to be completely negligible due to their low 
vapour pressure, their volatile oxides are believed to 
be of potential concern. Therefore, it is planned to 
study the formation of such volatile compounds of 
these elements in contact with LBE and possibly 
quantify the release of these compounds with the 
help of radiotracers. The challenge for such studies 
lies in the production of LBE samples containing suit-
able radioisotopes of the aforementioned elements. 
A prerequisite for performing experiments that al-
low for the extraction of thermodynamic infor-
mation of the spallation and high-energy fission 
products in question is to ensure that the radiotrac-
ers form a homogeneous and dilute solution in liquid 
LBE. For this purpose, it is helpful to investigate the 
microstructure of such mixtures in order to try to 
grasp whether some kind of segregation phenomena 
affect the homogeneous distribution of the radioiso-
tope(s) in question. The most straightforward ap-
proach for producing LBE samples containing refrac-
tory radioisotopes in dilute conditions is to mix ele-
mental powders with molten LBE and subsequently 
irradiate the mixtures with neutrons. An alternative 
approach is the employment of a neutron activation 
of the refractory metals beforehand, followed by 
their addition to molten LBE in a second step.  

Sample preparation 
The phase constitution and microstructure evolution 
of LBE samples containing small quantities of refrac-
tory elements was studied. The nominal composi-
tions of the respective samples contained 2-atom% 
of the respective refractory metal. The LBE base ma-
terial used for all samples was supplied by the Bel-
gian Nuclear Research Centre (SCK·CEN). Rh powder 
(99.9%, Fluka), Ru powder (99.95%, abcr), Re pow-
der (99.9%, Fluka), and Os Powder (99.9%, Fluka) 
were used without pretreatment. Small chunks of 
LBE were filled into quartz tubes together with cal-
culated amounts of the metal powders. The tubes 

were evacuated (p < 10-4 mbar) and then sealed us-
ing an oxygen-hydrogen torch flame. Before use, the 
quartz tubes were cleaned by filling them with “pira-
nha solution” (i.e., a 2:1 volume ratio mixture of 97% 
H2SO4 and >35% H2O2) overnight in order to mini-
mize surface contaminations. The sealed and evacu-
ated ampules were annealed at 1000°C for at least 
18 h using a muffle furnace. During annealing, the 
liquefied samples were vigorously shaken multiple 
times to ensure a complete mixing of the chemicals. 
Afterwards, the samples were slowly cooled down to 
room temperature in ambient air.  

Polishing 

In order to properly investigate the microstructure, 
small vertical slabs of the as-cast samples were cut 
off with a cutting machine equipped with a diamond-
cutting blade. The cut samples where embedded in 
a cold hardening epoxy resin and cured overnight. 
The surface of the cured specimen was subsequently 
ground using progressively finer grit (up to P4000) 
and polished using diamond paste with decreasing 
grain size (6 µm, 3µm, 1µm and 0,25µm). During the 
polishing procedure the sample surfaces were re-
peatedly etched using an etching solution (mixture 
of HNO3, 65 %), acetic acid, H2O2, >35 % and deion-
ized water in a 2:2:2:5 ratio) to reveal the micro-
structure, since the soft LBE matrix tends to smear 
easily during polishing.  

Characterization 

The polished surfaces were characterized by em-
ploying scanning electron microscopy (SEM) and en-
ergy-dispersive X-ray spectroscopy (EDX). An accel-
eration voltage of 20 KV was used for the resulting 
pictures as well as their corresponding EDX map-
pings. In addition, powder X-ray diffraction (XRD) 
measurements using Cu K-α radiation with a wave-
length of 1.5406 Å as a source were performed for 
investigating the phase constitution of the samples. 

Results and Discussion  

For simplicity reasons we will focus in this report 
solely on the Ru-LBE samples. The results of the al-
loys containing the remaining above-mentioned re-
fractory metals will be discussed in a separate re-
port.  

The microstructure of the Ru-sample can be ob-
served quite clearly in the SEM picture (see Fig. 1). It 
is comprised of rod like primary crystals, which are 
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embedded in a soft metal matrix. With the corre-
sponding EDX analysis and mapping the primary 
crystals could be identified as a pure Ru-phase. The 
soft metal matrix on the other hand shows a typical 
eutectic morphology and consists of LBE. The con-
centration of Ru in LBE is below the detection limit 
of the EDS detector (approx. 1 atom-%) and thus 
could not be measured.  

 
The powder XRD measurements did confirm the 
presence of Bi and ε-phase that comprise LBE. The 
above observed Ru-phase could not be detected. 
This most likely can be attributed to the low quanti-
ties of sample powder and short measurement times 
used in the measurement. 

There could be two explanations for why large Ru 
crystals can be observed in our LBE samples. On the 
on hand the initial Ru powder could be simply sus-
pended and immobilized within the melt upon solid-
ification due to the vigorous shaking of the ampule 
and an incomplete dissolution of the initial Ru pow-
der. Another possibility would be the complete dis-
solution of the added elemental Ru at high temper-
ature and the subsequent re-precipitation from the 
melt as large primary crystals upon reaching its sat-
uration concentration in LBE as the temperature de-
creases. Given the fact that both, the binary Pb-Bi [2] 

and the Bi-Ru-systems [3], form low melting eutec-
tics, the latter assumption is more likely. Under 
these circumstances it is reasonable to assume that 
in the ternary Bi-Pb-Ru-system a ternary low-melting 
eutectic exists. This would ensure that at elevated 
temperatures a complete dissolution of all elements 
occurs. By further diluting the sample with pure LBE 
in order to achieve very dilute conditions, a homo-
geneous melt is guaranteed to form, which can be 
used to quantify the release of ruthenium from mol-
ten LBE in transpiration experiments [4]. 

Conclusion and Outlook 
In the next step, the preparation of samples contain-
ing 97Ru and 103Ru as radiotracers (produced by neu-
tron irradiation) will be attempted. Although the di-
rect neutron activation of the prepared inactive al-
loys is possible, it comes with a few downsides, such 
as an increased background of co-produced radio-
tracers within LBE. Thus, the neutron irradiation of 
elemental Ru and the subsequent production of the 
alloys is preferred. More importantly, it allows us to 
reach higher total activities of the desired Ru radio-
tracers, which can still be safely handled in the radio-
chemical laboratory. The samples produced in this 
way will be employed in evaporation experiments in 
order to measure the volatilization of Ru from LBE. 
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Figure 1: SEM picture of the polished Ru sample (a) and 
corresponding EDX mapping (b) with the concentration of 
Ru marked in cyan.  

a 
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Half-life measurement of 148Gd via the “direct method” 

N. M. Chiera (PSI), Z. Talip (PSI/CRS), R. Dressler (PSI), P. Sprung (PSI/AHL), D. Schumann (PSI)  

Introduction 
In the framework of the ERAWAST project [1, 2], the 
half-life (t1/2) of 148Gd was re-measured applying two 
different techniques, namely the decay method and 
the direct method. Preliminary results obtained with 
the decay method pointed to a half-life of 78.4 years, 
with a 13% uncertainty [3]. It is expected that further 
sequential sets of measurements will reduce the fi-
nal error.  

In this report, a preliminary result on the half-life of 
148Gd, obtained with the direct method, is presented.  

Experimental 
A scheme of the experimental steps for the meas-
urement of the half-life of the α-emitter 148Gd 
(Eα = 3.182 MeV [Iα = 100%]) is given in Figure 1. 

 

 
Separation: A pure Gd fraction containing 148Gd was 
retrieved from radioactive Ta samples applying the 
method described in [5]. During separation, the 
short-lived gamma-ray emitter 153Gd (t1/2 = 144.4 d, 
Eγ = 97.43 keV [29%]) was used for monitoring. The 
separated fraction, in 1 M HNO3, was analyzed by 
mass-spectrometry without further purification.   

Mass-spectrometry analysis: The absolute number 
of 148Gd atoms in the retrieved fraction was deter-
mined by “reverse isotope dilution” [6] and “gravi-
metric standard addition with an additional internal 
standard” [7] – here Eu. All analyses were conducted 

on the Nu Instruments Plasma 3 MC-ICP-MS collect-
ing simultaneously the signals at masses 142, 145, 
147-157, 159, 160, and 163. Analytes were intro-
duced in 0.28 M HNO3 using an Elemental Scientific 
APEX HF nebulizing system. Online instrumental 
mass discrimination was corrected online using Eu 
[8]. Successively, offline reprocessing adjusted and 
improved this correction using the relative magni-
tude of Gd [9] and Eu mass discrimination defined 
using mixed solution standards analyzed alongside 
the samples at matching intensities. 

Radioactive source preparation: A thin 148Gd α-
source was prepared with the molecular plating 
technique, using an aliquot (0.516547 g) of the Gd 
fraction. In order to estimate the number of atoms 
of 148Gd deposited on the carbon foil, the plating 
yield was calculated. The latter was determined by 
measuring the activity of the 153Gd γ-ray tracer con-
tained in the Gd sample before deposition, and com-
paring it to the activity of the 153Gd deposited on the 
carbon foil. Efficiency calibration was performed 
with a reference 133Ba (t1/2 = 10.54 y, Eγ = 80.99 keV 
[32.9%]) source certified by PTB, allowing for the 
quantification of the activity of the 153Gd tracer in 
both geometries (i.e., in solution and in the thin 
layer). 

The molecular plating cell used for the deposition of 
Gd on a carbon foil is described in [10]. The plating 
cell, the carbon foil (15 μm), and the Pt wire (anode) 
were rinsed with iPrOH. The copper block (cathode), 
was cleaned with citric acid 0.1 M, and successively 
rinsed with MilliQ-2 water and iPrOH, in this very 
same order. To maintain a constant temperature of 
15°C during deposition, the cell was implemented 
with a Peltier cooler at the cathode. The plating so-
lution was prepared as follows. The Gd aliquot was 
dried at 70°C under a N2-flow, and then dissolved in 
3 ml of 0.1 M HNO3. The solution was again evapo-
rated at 70°C under a N2-flow, re-dissolved in 10 ml 
of isopropanol (iPrOH), and put in an ultrasonic bath 
for 5 minutes at normal temperature and pressure 
conditions. Successively, the solution was trans-
ferred to the plating cell. The deposition of Gd on the 
graphite foil was achieved in 4 hours, by applying a 
constant voltage of 100 V (starting current: 
2.58 mA). The distance between the two electrodes 
was 10 mm.  

Activity measurement: The activity of the 148Gd 
plated on the graphite foil was quantified by α-spec-
trometry. The measurement was performed for 
500 s. The efficiency of the α-spectrometer was de-
rived by measuring the count rate of a certified 

Figure 1: Gd radionuclides were extracted from irradiated 
Ta samples [4] and separated from other lanthanides and 
spallation products by applying a series of ion-exchange 
chromatography using LN, DGA, SYKAM, and LN3 resins, in 
this order. An aliquot of the retrieved Gd fraction was used 
to determine the number of atoms contained in the frac-
tion itself. Successively, the very same Gd fraction was 
used to prepare a thin layer source by molecular plating. 
The α-activity of the so-prepared source was measured. 
Finally, the combination of the ICP-MS and the α-activity 
results allowed for an estimation of the half-life. Details for 
each procedure are given in the text.  
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241Am source with activity A = (535 ± 11) Bq at the 
time of the α-measurements.  

Results and Discussion 
Repeated mass spectrometry analyses at 1) high 
mass resolution, 2) medium mass resolution, and 3) 
low mass resolution settings yielded consistent re-
sults. Interferences from Nd, Sm, and Dy (stable Gd 
nuclides) were monitored and found to be insignifi-
cant assuming natural isotopic compositions. The 
obtained 148Gd/152,154-157Gd values of the pure Gd 
fraction, in conjunction with the content of stable 
152,154-157Gd nuclides from reverse isotope dilution 
using 148Gd as an isotope tracer and standard addi-
tion normalizing to both 151,153Eu, yielded overlap-
ping results for the number of 148Gd atoms. The con-
centration of 148Gd in the retrieved fraction was 
found to be 0.383 nmoles per gram of solution (sol-
vent: 1 M HNO3), with a combined uncertainty of 
1.17% (1 SD), as determined from Monte Carlo un-
certainty estimations.  

γ-spectrometric measurements of the Gd solution 
before electrodeposition obtained a 153Gd activity of 
(21.02 ± 0.23) Bq @03.03.2021. After molecular 
plating, the activity of the 153Gd tracer deposited on 
the foil was determined to be (0.31 ± 0.01) Bq 
@29.09.2021. Considering the decay of the 153Gd 
tracer between the activity measurement before 
deposition and the measurement after deposition 
(i.e., 210 days), a (2.71 ± 0.08)% plating yield was 
calculated. Therefore, the amount of 148Gd plated on 
the carbon foil corresponds to (3.23 ± 0.10) 
× 1012 atoms. From the α-spectrum (see Fig. 2) of the 
148Gd deposited on the graphite foil, it was possible 
to calculate a 148Gd activity of (954 ± 21) Bq.  

 

 
The half-life of 148Gd was obtained by applying Equa-
tion 1: 

𝑡𝑡1/2 =  𝑁𝑁∙ln (2)
𝐴𝐴

                            (1) 

Where N is the number of 148Gd atoms plated on the 
carbon foil, and A refers to their activity. 

In this work, a preliminary half-life value of 74.3 y for 
148Gd was determined, with an estimated total un-
certainty of 3.8%. This result is in perfect agreement 
with the t1/2 = (74.6 ± 3.0) y value from [11], currently 
reported in the ENDF/B-VIII.0 database, and it is as 
well in agreement, within the error bars, with the 
preliminary half-life value obtained by the decay 
method (i.e., 78.4 ± 10.2) y reported in [3]. 
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Figure 2: α-spectrum (measurement time: 500 s) of the 
electrodeposited 148Gd on a graphite foil. No other α-emit-
ters were detected. 



30 
 

Removal of 137Cs from radioactive aqueous samples by an innovative am-
yloid-carbon hybrid filter 

N. M. Chiera, R. Eichler (PSI), S. Bolisetty (BluAct Technologies  GmbH/ETHZ), R. Mezzenga (ETHZ), P. Steinegger 
(ETHZ/PSI)  

Introduction 
Among the different fission products in nuclear 
power reactors, caesium-137 (137Cs) is of particular 
importance. In fact, with a half-life of roughly 
30 years, this radionuclide represents the primary 
source of penetrating gamma (γ) radiation for dec-
ades after discharge of, spent nuclear fuel. Similarly 
to the other alkali metals, it is water-soluble and 
prone to bioaccumulation in marine and freshwater 
ecosystems due to its capability of substituting po-
tassium in living organisms. Although many methods 
are currently available for decontamination of radio-
active wastewater from nuclear fission products [1-
4], most of the existing technologies show strong 
limitations, such as low efficiencies, high production 
and operational costs, or slow kinetics. Recently, an 
innovative natural filter membrane based on a blend 
of whey protein amyloids and activated carbon was 
developed [5]. This filter material demonstrated to 
be applicable to a large variety of contaminants, in-
cluding viruses, under varied chemical conditions [6-
8]. In this work, preliminary tests on the perfor-
mance of the filter material were carried out by 
measuring the radioactivity of 137Cs before and after 
filtration of a radioactive sample in aqueous phase. 
The obtained results were published in [9]. 

Experimental 
Hybrid composite membranes having 10 wt.-% amy-
loid fibrils were prepared by initial mixing of a β-lac-
toglobulin solution, activated carbon and paper pulp 
in the ratio of 10:40:50 wt.-% respectively. Water 
was removed from this mixture by vacuum filtration 
followed by a pressing and drying process similar to 
paper manufacturing. The obtained membranes (3 
mm in thickness) were used without further purifica-
tion to filter the radioactive water samples contain-
ing 137Cs. Experiments were conducted with the sy-
ringe-aided setup shown in Fig. 1a. The hybrid mem-
brane filter was cropped to a disk with a diameter of 
50 mm (2.8 g in weight), and placed inside the filter 
holder (see Fig. 1b and 1c). γ-ray spectrometry using 
an HPGe detector in conjunction with the Genie2k® 
data acquisition software from Mirion Technologies, 
Inc. was utilized to monitor and quantify the amount 
of 137Cs in each sample. Radioactive test solutions 
were prepared by diluting 100 μL of a 137Cs stock so-
lution to 50 mL with ultrapure MilliQ water. Each 
test solution was acidified to a pH = 4 using 1 M HCl 

in order to mimic a corrosive environment. The re-
sulting average 137Cs activity per unit volume 
amounted to 2.5∙105 Bq·L−1. This is comparable to 
the highest measured concentration of 137Cs in the 
seawater just off the coast of the Fukushima Daichii 
Nuclear Power Plant one month after the accident 
[10]. After a pre-treatment of the filter with 5 mL 
MilliQ water at pH = 4, aliquots of 5 mL of the above-
mentioned radioactive sample solution were passed 
through the filtration cell by applying gentle pres-
sure with the syringe at a flux of approx. 1 mL·min-1. 
In a second step, the retention capacity of the mem-
brane was investigated by performing consecutive 
filtrations of carrier-added CsCl solutions (10 ppm) 
spiked with 137Cs for monitoring purposes.  

 

 
Results and Discussion 
The γ-spectrometric measurements demonstrated 
that after a single filtration cycle the 137Cs-content in 
20 mL of radioactively contaminated water is re-
duced by a factor of approximately 340 to about 700 
Bq·L−1, corresponding to a decontamination effi-
ciency of 99.7% (see Fig. 2a). According to the Inter-
national Commission on Radiological Protection, the 
guidance level value of 137Cs in drinking water 
amounts to 10 Bq·L-1 [11]. Hence, two consecutive 
filtering cycles are sufficient to render an initial sam-
ple of radioactively contaminated water suitable for 
human consumption. To clarify the role played by 
the amyloid fibrils in the adsorption process, reten-

Figure1: a) Syringe-aided filtration setup for the removal 
of 137Cs from aqueous samples; b) top view of filter disk 
(50 mm diameter); c) top-down view of the filter holder 
containing the amyloid-carbon hybrid filter. Figure taken 
from [9]. 
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tion experiments were performed with the same ty-
pology and mesh-size of filter support deprived of 
the amyloid-carbon hybrid admixture. As shown in 
Fig. 2b, the retention of 137Cs with the amyloid-car-
bon hybrid filter is about 100 times more efficient, 
clearly indicating that the protein aggregates are the 
main contributors to the chemical binding and re-
tention of Cs. Test experiments with macroscopic 
amounts of natCsCl solution (10 ppm) spiked with 
137Cs showed that, after six consecutive filtration cy-
cles of 5 mL each, 102 μg of Cs were retained, with-
out still reaching saturation. This indicates a specific 
sorption capacity of at least 36 μg of Cs per gram of 
filter material, at the applied conditions. Based on 
these results, it is expected that radioactivity levels 
up to 0.2 TBq per kilogram of filter material can be 
extracted from radioactively contaminated water in 
a single filtration step. 

 
For comparison, the Cs sorption capacities of various 
materials at pH = 4 and at room temperature are 
listed in Table 1. Different experimental settings 
(e.g., flux, pH of the filtered water, and the percent-
age of amyloids contained in the filter material) 
might further increase the observed sorption capac-
ity. The effective removal of 137Cs can be considered 
as a benchmark for the successful application of the 
above-mentioned filtering material in the cleaning of 
low- to medium-level radioactive aqueous waste 
containing fission products. Additional investigations 
on the stability of the amyloids against radiation 
damage (i.e., degeneration of the protein-based 
binding sites) are envisaged. This will help to under-
stand whether this filter material can be efficiently 
applied in the treatment of high-level radioactive liq-
uid waste as well. Finally, it is important to mention 
that, since the membranes are completely made of 
natural components, their controlled combustion to 

ashes further minimizes the final volume of radioac-
tive waste. 
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Figure 2: Activity of 137Cs in [Bq] before and after the filtra-
tion of a radioactive aqueous sample (volume = 20 mL) 
through a) an amyloid-activated carbon hybrid mem-
brane, b) a quartz fiber membrane. Uncertainties refer to 
counting statistics only. 

TABLE 1: Caesium sorption capacities of diverse filter ma-
terials at pH = 4 and T = 25 °C. (a)Potassium nickel hex-
acyanoferrate loaded-silica gels and chabazite; (b) 
PAN = polyacrylonitrile; (c) Hydrous manganese ox-
ide; (d) Hydrous stannic oxide. 

ADSORBENT CAPACITY 
(mg/g) 

CONTACT 
TIME 

KNiFC (a) 0.123 7 days 

CLINOPTILOLITES 1.31 48 hours 

MnO2-PAN (b) 0.942 35 min 

BENTONITE 0.54 7 hours 

HMO (c) 0.11 25 min 

HSO (d) 0.12 20 min 

AMYLOIDS (this 
work) 0.62 6 min 
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Separation and recovery of Se from PbSe 

N. M. Chiera, A. Vögele, D. Schumann (PSI), M. Veicht (EPFL/PSI)  

Introduction 
In a previous work [1], a technique for preparing en-
riched 208Pb78Se and 208Pb79Se targets for neutron 
capture studies was presented. Here, a method for 
extracting Se from (used) PbSe targets is discussed. 
The separation process can also be applied to the pu-
rification of elemental Se.  

Experimental 
The chemical separation of Se from PbSe was fol-
lowed by using radioactive Pb75Se as tracer. Pb75Se 
was produced by irradiation for 3600 seconds of a 
PbSe sample (total mass: 0.04 g) with thermal neu-
trons at the spallation neutron source SINQ, PSI. Be-
fore separation, the count rate of the main γ-ray 
lines of 75Se (t1/2 = 119.6 d, Eγ = 136 keV [59.2%]) was 
recorded. γ-spectrometric measurements were per-
formed with a Broad Energy Germanium (BEGe) de-
tector (Mirion Technologies Inc.). The energy cali-
bration of the spectrometer was done with a certi-
fied 152Eu standard γ-ray source from PTB. All γ-ray 
spectra were recorded and analyzed with the Ge-
nieTM 2000 Gamma Analysis software (Mirion Tech-
nologies Inc.). The separation and extraction of sele-
nium proceeded in two steps, as depicted in Fig-
ure 1. 

STEP A: Dissolution of PbSe. A mixed sample of PbSe 
and Pb75Se tracer (total mass: 0.05 g) was placed in-
side a 3-neck round-bottom glass flask immerged in 
a water bath kept at 80°C. The material was dis-
solved in modified aqua regia, i.e., by adding in this 
very same order conc. HCl (37%, Sigma-Aldrich), 
conc. HNO3 (EMPLURA®, Merck), and H2O2 (35%, 
Sigma-Aldrich) in a 4:1:1 ratio, under N2 flow 
(50 mL/min). Circa 12 mL of modified aqua regia 
were necessary to completely dissolve the PbSe 
sample in 1 hour. Undesired H2Se that might have 
been produced during dissolution was trapped in a 
glass bubbler filled with a saturated Na2SO3 (100% 
iodometric, Sigma-Aldrich) solution. 

STEP B: Extraction of Se. The dissolved PbSe was 
transferred to a glass beaker, and the solution was 
heated to 40°C while stirred with a magnetic hot-
plate stirrer. Successively, solid Na2SO3 quantum suf-
fit was carefully added with the immediate for-
mation of an insoluble red precipitate. The addition 
of solid Na2SO3 continued until no reaction was fur-
ther observed. Then, the beaker was removed from 
the heating plate, and cooled down to room temper-
ature. Afterwards, the content of the beaker, includ-
ing the red precipitate, was transferred into a sepa-
ratory funnel. 5 ml of MilliQ-2 water were used to 

rinse the beaker, and added to the separatory fun-
nel. Extraction of the red precipitate was performed 
with a volume of CS2 (ACS ≥ 99.9%, Sigma-Aldrich) 
equivalent to the aqueous phase (i.e., 17 ml circa). 
The collected CS2 was evaporated at room tempera-
ture inside a variable air volume fume hood, and the 
red evaporation residue was stored. The aqueous 
phase left in the separatory funnel was transferred 
back to the glass beaker, heated to 40°C while stirred 
with a magnetic hotplate stirrer. Successive steps of 
additions of solid Na2SO3 and extractions with CS2 
were repeated until 75Se in the aqueous phase was 
no longer detected. After five consecutive steps of 
the above-mentioned process, the γ-ray spectrum of 
the retrieved 75Se was recorded, allowing for its 
quantification.  

 
The purity of the separated Se was checked by ICP-
OES. For these measurements, an aliquot of 50 mg 
of separated Se was digested in 5 ml of aqua regia (4 
ml HCl + 1 ml HNO3). Successively, two samples for 
analysis, namely Se-I and Se-II, were prepared by di-
luting 0.01 ml of the digested Se sample with 2% 
HNO3 (prepared from conc. HNO3, TraceSELECTTM, 
Honeywell FlukaTM) to a final volume of 13.996 ml 
(dilution factor: 1400.5; acidity: ~0.32 M). The ICP-

  

Figure 1: Scheme of the two-step process for the separa-
tion and extraction of Se from PbSe. Further details are 
given in the text. 
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OES measurements were performed with a sequen-
tial ICP spectrometer (Agilent 5110, Agilent Technol-
ogies, Inc. U.S.A.), equipped with an Agilent SPS 4 
Autosampler. External calibration with Pb (1000(3) 
mg/l) and Se (1000(2) mg/l) standards (TraceCERT®, 
2% w/w HNO3, Sigma-Aldrich) was performed at 10, 
1, 0.1, 0.01, and 0.001 ppm.  

Results and discussion 
The only radioactive products obtained by irradia-
tion of natPb with thermal neutrons at our experi-
mental conditions are the quasi-stable 205Pb (t1/2 = 
1.5 × 107 y) and the short-lived 209Pb (t1/2 = 3.253 h), 
as a consequence of the neutron capture by the sta-
ble 204Pb and 208Pb isotopes, respectively. The calcu-
lated activities immediately after irradiation were 
(4.9 × 10-5) Bq of 205Pb and 19 kBq of 209Pb. However, 
after a cooling time of 24 hours, only 205Pb was pre-
sent, due to its longer half-life. Since the β- decay of 
205Pb is not accompanied by γ-ray emissions, the 
peaks in the γ-spectra therefore correspond only to 
the radiations emitted by 75Se. Integration of the 
main 75Se gamma line at 136.0 keV gave a count rate 
of (24 ± 0.3) cps before separation and (17 ± 0.5) cps 
after the removal of Pb, indicating thus an efficiency 
of the Se retrieval process of (70 ± 3)%. Due to the 
absence of γ-lines associated with radioactive Pb, γ-
spectroscopy allowed only for a quantitative estima-
tion of the Se obtained after separation, without 
providing any information on the purity of the re-
trieved Se. Therefore, ICP-OES analysis was per-
formed. The results, given in Table 1, indicate a pu-
rity of the separated Se of ≈99%.  

In the following, a reaction mechanism for the sepa-
ration of Se from PbSe is proposed. It is known that 
aqua regia dissolves several sulphide salts like galena 
(PbS), with release of H2S [2]. Being PbSe a chalco-
genide as PbS, the same effect is thus expected on 
selenide salts. However, for the purpose of this sep-
aration, losses of Se by formation of the volatile H2Se 
had to be prevented. This was achieved by oxidation 
of the selenide ion Se2- by addition of H2O2 during 
the dissolution process, leading to the formation of 
selenous acid:  

Se2- + 3H2O2 → SeO3
2- + 3H2O           (1) 

SeO3
2- + H+ → HSeO3

-                                                   (2) 

HSeO3
- + H+ ↔ H2SeO3                                                  (3) 

Even though the formation of volatile Se(IV) chlorin-
ated species cannot be excluded, their rapid decom-
position in water-based solutions occurs: 

SeCl4 + H2O → SeOCl2 + 2HCl           (4) 

SeOCl2 + 2H2O → H2SeO3 + 2HCl           (5) 

Successively, the addition of sodium sulfite pro-
moted the reduction of the selenous acid to ele-
mental Se, with concomitant oxidation of the sul-
fite(IV) ion to the sulfate(VI) one:  

H2SeO3 + 2Na2SO3 → Se↓ + 2Na2SO4 + H2O          (6) 

Following Ostwald’s rule of stages, the precipitated 
Se is in the form of its least stable allotrope, i.e., red 
amorphous selenium (red α-Se). Since during precip-
itation the solution was kept at 40°C, the change of 
phase from red α-Se to black amorphous selenium 
or trigonal selenium was prevented. This is crucial 
for the extraction step, since among all the Se allo-
tropes, only red α-Se is soluble in CS2. The high purity 
of the retrieved Se is explained by the fact that most 
of the contaminants (e.g., Co, Zn, Pb, etc.) are not 
soluble in CS2, whereas red α-Se is readily dissolved 
in this organic solvent. 
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TABLE 1: Concentration (in ppm) of Pb and Se in the sepa-
rated selenium fraction deduced by ICP-OES analysis. For 
each element, the measurements were performed at two 
wavelengths, as indicated. The standard deviation (SD, in 
ppm) of the calculated concentrations is given as well. 

 WAVELENGTH 

(nm) 

CONC. 

(ppm) 

SD 

(ppm) 

 
 
 

Se-I 

Pb (220.353) 0.003 0.001 

Pb (283.305) 0.005 0.001 

Se (196.026) 3.789 0.040 

Se (203.985) 3.818 0.042 

 
 
 

Se-II 

Pb (220.353) 0.003 0.001 

Pb (283.305) 0.004 0.001 

Se (196.026) 4.582 0.271 

Se (203.985) 4.606 0.271 
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Preparation and Characterization of Holmium Sources via Drop-On-De-
mand for Measuring the Electron Neutrino Mass 

N. Cerboni (ETHZ/PSI), E. Müller Gubler (PSI/LNB), D. Ferri (PSI/LBK), E. A. Maugeri (PSI)

Introduction 
The radioactive isotope 163Ho decays by electron 
capture (EC) with a proposed Q-value between 2.5 
and 2.8 keV [1]. This low transition energy makes 
163Ho an interesting candidate for the direct meas-
urement of the electron neutrino mass with a calori-
metric method. The HOLMES experiment is an inter-
national project aiming to perform this measure-
ment with a sub-eV sensitivity by implanting about 
300 kBq of 163Ho nuclei, equally distributed into an 
array of 1024 calorimetric pixels. The source of Ho 
consists of an Au plated Cu ring covered with the re-
quested activity of 163Ho and acts as a cathode in an 
ionization chamber. The release and ionization of 
holmium is carried out via Ar sputtering [2]. The 
method for the production of the 163Ho source has 
to fulfill three main pre-requisites: 

1. Uniform surface distribution to guarantee a ho-
mogeneous release of the 163Ho during the sput-
tering. 

2. Chemical homogeneity, to avoid chemical shift of 
the end-point. 

3. High yields, due to the elevated costs associated 
with the production of 163Ho. 

So far, sources, which have been produced by ther-
mal reduction [3] and molecular plating [4], do not 
satisfy all three criteria. In this work, the drop-on-de-
mand inkjet printing is considered as a promising al-
ternative deposition technique. Herein, we present 
a detailed chemical and morphological characteriza-
tion of the droplets produced by this method. 

Experimental 
The drop-on-demand inkjet printing consists in de-
positing one drop (5 µL) of an aqueous solution of a 
Ho salt (ca. 6 mM) deposited onto a solid substrate, 
which corresponds to the outer layer of the final 
source (Au). Subsequently, the droplet was dried in 
the air at room temperature. The used set up is di-
vided into two components: a dosage device 
(DOSTAL DOSY) and a 3D positioning system (High-Z 
100T), which is controlled remotely by WinPC-NC 
v.2.50/04 software. The homogeneity of both the Ho 
surface distribution and the Ho chemical speciation 
of three different salts, namely Ho(NO3)3 5H2O, 
HoCl3 6H2O  and Ho(OAc)3 xH2O, were investigated. 
Ho(NO3)3 was chosen because it is the result of the 
163Ho purification process, while HoCl3 and Ho(OAc)3 

show a stronger and weaker formation enthalpy, re-
spectively. The latter could facilitate the formation 
of metallic Ho during the sputtering. 

The deposited droplets were characterized by 
means of a scanning electron microscopy (SEM; 
Zeiss Nvision-40) coupled with energy dispersion 
spectroscopy (EDX; Oxford Instruments X-MaxN 50 
detector) and attenuated total reflection infrared 
spectroscopy (ATR-IR; Platinum ATR). In addition, 
time-resolved ATR-IR was used to follow the drying 
process. For this purpose, a drop was placed on the 
diamond crystal and spectra were measured every 
minute until the sample was dry. 

A final source was prepared by depositing 190 drop-
lets with approximately 3 µL each of Ho(OAc)3 onto 
a 100 nm Au layer deposited on a Cu block. This sam-
ple was sent to the National Institute of Nuclear 
Physics in Genova for a qualitative study. 

Results and Discussion 

Surface Distribution 

The morphology of the dried drops was investigated 
with SEM. The SEM images of both the Ho(NO3)3 and 
HoCl3 are depicted in Fig. 1(a) and (b), respectively. 
They show a compact deposit with a smaller diame-
ter than the wet drop by approximately one order of 
magnitude, while Ho(OAc)3 dries with a different 
mechanism, known as “coffee-ring effect”, resulting 
in the ring-shaped deposit displayed in Fig. 1(c). 

 
In our case, the latter drying mechanism is more fa-
vorable, as it leads to a lower Ho surface concentra-
tion, which would result in a slower and more con-
stant stream of sputtered material in the HOLMES 
experiment. It is worth noting that the Au surface of 
the backing is still visible in the middle of the 
Ho(OAc)3 droplet. This can be avoided by using a 
substrate with a more hydrophilic surface than Au, 
which results in a better spreading of the droplet on 
the surface. The chemical composition of the dried 
droplets was determined by measuring EDX spectra, 

 
Figure 1: (a), (b) and (c) SEM images of Ho(NO3)3, HoCl3 and 
Ho(OAc)3. The orange squares indicate the selected areas 
where EDX spectra were taken (see Fig. 2). 
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as shown in Figure 2. In all the three samples, char-
acteristic signals for Au (2.13 and 2.41 keV), Ho 
(1.05, 1.37 and 1.66 keV), O (0.525 keV) and C 
(0.27 keV) were observed. Additional peaks at 0.39 
keV, 0.175, 2.63 and 2.815 keV confirm the presence 
of N and Cl for the Ho(NO3)3 and HoCl3, respectively. 

 
Particular attention must be drawn to the C signal 
present in both Ho(NO3)3 and HoCl3 samples, which 
may be originated from C impurities on the Au sur-
face. Overall, these results indicate that the ele-
mental composition of the dried substances do not 
change upon drying. However, a more precise chem-
ical analysis is needed to confirm the chemical spe-
ciation. 

Chemical Homogeneity 

The drying mechanism of Ho(NO3)3 was monitored 
in-situ by time-resolved IR spectroscopy (see Fig. 3).

 
The IR spectrum of the droplet is dominated by the 
vibrational modes of H2O at ca. 3300 and 1630 cm-1 
together with the loss of absorbance below 900cm-1. 
As time increases, the intensity of the peaks slowly 
decreases, indicating the evaporation of H2O. A dras-
tic change in the spectrum is observed after ca. 35 
min when H2O is completely evaporated. The broad 
peak at ca. 3304 cm-1 converts into two signals at 
3392 and 3255 cm-1, indicating the transition from 

free to coordinated H2O. In addition, new peaks arise 
in the fingerprint region, which correlate to the vi-
brational modes of the ligand, in this case the NO3 
group. Similar behavior was observed for the HoCl3 
and Ho(OAc)3 samples. 

Figure 4 compares the ATR-IR spectra of the dried 
droplets of the three Ho salts and of the correspond-
ing reference materials. The main difference be-
tween the dried droplets and the references can be 
found in the relative peak intensity, which is proba-
bly caused by the change in coordination geometry 
of the Ho compounds as thin films, obtained after 
drying, versus the powders. Nevertheless, the iden-
tified vibrational modes of both the reference and 
deposited material correspond to those of the cor-
responding ligands (L) [5]. It is worth noting that the 
Ho-L bonds are only visible in the far IR range and 
hence not visible in Figure 4. Further investigations 
of the deposited material is currently evaluated by 
means of XRD and XPS. 

 

Yield 
An accurate determination of the yield was obtained 
by measuring the γ spectra of both wet and dried 
droplets containing 166mHo as tracer. The studies in-
dicate a deposition yield of about 100 %. 

Source 
A Ho source (100 nm of Au on Cu) was prepared by 
depositing 190 droplets of an aqueous solution of 
Ho(OAc)3 (ca. 3 µL each). The source was tested at 
the ion implantation set up located in Genova. Pre-
liminary results on this target show a significant sig-
nal intensity at the 165 m/z. 
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Figure 3: Time-dependent ATR-IR spectra of an aqueous 
solution of Ho(NO3)3. The red spectrum indicates the wet-
to-dry transition. 

 
Figure 4: ATR-IR spectra of the reference solids and the 
dried droplets of (a) Ho(NO3)3, (b) HoCl3 and (c) Ho(OAc)3. 
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Preparation of a thin 10Be target for nuclear structure experiments 

L. Tetley (Univ. York), E. A. Maugeri (PSI), M. Petri (Univ. York), D. Schumann (PSI)

Introduction  
The emergence of the complexity of nuclear struc-
ture from the fundamental interactions between 
protons and neutrons, is one of the central questions 
of modern nuclear science. Recently, the develop-
ment of chiral effective field theory (EFT) has ena-
bled the derivation of two-nucleon (NN), three-nu-
cleon (3N) and higher-body forces in a consistent, 
systematically improvable framework [1,2]. To sup-
port the developments of these calculations, cutting 
edge nuclear physics experiments measure key ob-
servables, that are sensitive to the subtle differences 
in the nuclear forces, in order to feedback to the cal-
culations and benchmark the theoretical frontier. 

Neutron-rich oxygen isotopes have proven to be 
ideal laboratories for the benchmarking of the chiral 
interactions. For the first time, valence space calcu-
lations with NN+3N forces were able to correctly 
place the oxygen dripline at 24O [3]. More recently, 
large-space ab initio calculations, where all nucleons 
are treated as explicit degrees of freedom, have con-
firmed those early results [4-6]. A crucial next step is 
to examine the role of 3N forces in other observa-
bles. Indeed, previous work on 21O has demon-
strated the sensitivity of 3N forces to spectroscopic 
observables, such as level lifetimes [7]. In this exper-
iment, we attempt an ambitious first measurement 
of lifetimes of excited states in 22O, populated via the 
10Be(14C,2p)22O fusion evaporation reaction, em-
ploying a radioactive 10Be target [8]. 

Target preparation 
The requirement of a thin, homogeneous 10Be target 
for the reaction necessitated the development of a 
novel 10Be target. The development and production 
of the target took place at PSI, where the 10Be is 
chemically extracted and purified from decommis-
sioned proton irradiated polycrystalline graphite tar-
gets, from the Swiss Muon Source (SμS) [9]. The iso-
topic composition of the beryllium extracted in this 
way is 9Be/10Be = 2.110 ± 0.063 [10]. 

The targets were prepared by the molecular plating 
technique, depositing 192 μg of beryllium in form of 
Be(OH)2 solution, onto a 7 mm diameter area of thin 
(1-2μm) platinum foils (see Fig. 1). A mixture of iso-
propanol (90 vol.-%) and isobutanol (10 vol.-%) was 
used as the solvent, with a constant 200 V applied, 
resulting in a current ranging from 0.45 mA to 0.13 
mA. The yield of the deposition was estimated to be 
30-40% via an activity measurement, reducing the 
estimated areal density of the 10Be in the target to 
< 30 μg/cm2.  

 
Figure 1: 10Be target on a 1μm platinum foil that was used 
in the experiment.  

Experiment 
The experiment took place in April/May 2021 at Ar-
gonne National Laboratory (ANL). A 14C beam with 
energies ranging between 50 MeV to 80 MeV was 
directed at the newly synthesised 10Be target. The γ 
-rays emitted by the decaying nuclear states were 
detected by the state-of-the-art tracking γ-ray de-
tector array GRETINA, which was coupled to the 
Fragment Mass Analyzer (FMA) to tag onto the out-
going 22O fragments. The lifetime of the state of in-
terest (3199 keV) was to be measured via the Dop-
pler Shift Attenuation Method (DSAM), by analysing 
the Doppler-Induced lifetime-sensitive line shape of 
the peak on the γ-ray spectrum.  

 
Figure 2: γ-ray spectrum of fusion evaporation residues 
with a mass over charge A/Q = 22/7, highlighting the po-
tential 3199 keV peak. 

Preliminary analysis of the data suggests that the 
cross-section of the 2-proton exit channel of the fu-

* 
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sion evaporation reaction was lower than first antic-
ipated, which combined with the low deposition 
yield of the 10Be has resulted in very few detected 
3199 keV γ-rays originating from 22O (see Fig. 2). 
Analysis is ongoing.  

Conclusion 
The development of a 10Be target enables a greater 
experimental accessibility to the neutron rich region 
of the nuclear chart. The preliminary analysis of the 
data indicates that the deposition of the 10Be onto 
the platinum foil was successful, albeit with a low 
yield. A potential 3199 keV transition from 22O was 
observed in the γ-ray spectrum, in addition to γ-rays 
originating from other channels exclusive to reac-
tions on 10Be. By altering the solvents used in the 
deposition, future developments of the target will 
have an improved yield, enabling thicker and more 
active targets. 
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MSU – PSI: a new collaboration for implementing three important nuclear 
science experiments, based on the development of a 10Be beam 

A. Villari (FRIB/MSU), D. Schumann, E. A. Maugeri (PSI) 

Introduction 

The completion of the Facility for Rare Isotope 
Beams (FRIB) project involves a transition from op-
erating NSLC’s Coupled Cyclotron Facility to the use 
of FRIB’s high-power superconducting linac and new 
rare isotope production facility. During this transi-
tion period FRIB’s reaccelerator facility ReA is being 
used in stand-alone mode for science experiments 
with stable and long-lived isotopes. For this purpose, 
a Batch Mode Ion Source (BMIS) was developed in 
collaboration with ISOLDE-CERN (see Fig. 1). BMIS 
uses ISOLDE target modules with the material for the 
desired beam loaded into the target container. 

As part of a collaborative effort, three 10Be samples 
with up to 10 ng were produced by the Paul-Scherrer 
Institute, delivered to MSU, and used in BMIS to pro-
vide beam for three important nuclear science ex-
periments. 

Experimental  
In the first experiment a 10Be beam with an energy 
of 9.6 MeV/u was used to study different channels 
of the 10Be+d reaction with the new solenoidal spec-
trometer SOLARIS in combination with an active tar-
get time projection chamber (AT-TPC). The second 
10Be experiment at 0.6 MeV/u aimed at understand-
ing the beta-delayed proton emission in 11Be, a very 
rare decay process. The latest experiment again 
used the SOLARIS spectrometer with a silicon detec-
tor array. This experiment with a 10Be beam at 9.6 
MeV/u aimed at gaining new insight into the 
12Be(t,p) reaction in background free conditions. 
10Be beam rates provided to the experiments ranged 
from 104 to 106 pps.  

The availability of 10Be samples from PSI was highly 
rewarding, not only for the successful outcome of all 
10Be experiments, but also for technical improve-
ments achieved during the course of operating. 
10Be was extracted from a carbon target used for the 
production of muon at the Swiss Muon Source of the 
Paul Scherrer Institute, as described in [1]. In partic-
ular, an aliquot of a purified 10Be batch was dissolved 
in HNO3, 0.1 M, obtaining a solution with a concen-
tration of 100 ng/mL. Three different tantalum cylin-
ders were filled with 0.1 mL of the obtained solution, 
respectively. The solutions were let dry at room tem-
perature under a flux of Ar, to avoid deposition of 
contaminant into the material.  

The cylinders were then encapsulated in larger con-
tainers and shipped to the Facility for Rare Isotope 
Beams of the Michigan State University.  

All the lab tools used were made in plastic or ceramic 
to prevent contamination of metals, especially tita-
nium. In fact, the beam is made using NF3 to convert 
10Be into 10BeF2, which has the same mass of natural 
titanium, i.e., 48. 

  

Results 
The three experiments were successfully concluded. 
The obtained promising results are currently under 
evaluation and will be soon available for publications 
emphasizing the success of this collaboration. 
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Figure 1: The BMIS system makes use of ISOLDE target 
modules coupled to front-end. Be-10 samples provided by 
PSI were loaded into the target container of the target 
modules to provide beams for reacceleration and use in 
nuclear science experiments.  
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First tests of the UoM Frisch-grid ionization chamber at the National Phys-
ical laboratory 

G. Lorusso (NPL), S. Bennett (UoM), A. Bennett, M. Bunce (NPL), E. A. Maugeri (PSI), A. Mcfarlane, A. Smith, 
G. Smith (UoM), D. Thomas (NPL), T. Wright (UoM) 

Introduction 
The goal of this project is twofold. Firstly, we wanted 
to test the performance of a double Frisch-grid ioni-
zation chamber newly developed by the University 
of Manchester (UoM) at fast neutron energies using 
238U(n,f) reference cross section. The second aim is 
to measure the 236U(n,f) cross section to address dis-
crepancies existing between previous measure-
ments. This project is the initial step of a longer-term 
plan to establish at NPL an absolute cross-section 
measurement capability useful for example to im-
prove reference cross sections.   

The experimental setup  
The novelty of the UoM chamber is the use of the 
relative timing of the charge integrated signals from 
a triply segmented anode to measure fission frag-
ments (FF) angular distribution. The advantage of 
this method is that it is independent on the FF en-
ergy, depends only on the geometry of the detector 
and the drift velocity of liberated electrons. The en-
ergy independence means that corrections for 
Frisch-grid inefficiency and gain matching of pre-am-
plifiers are not required. The chamber was installed 
at the NPL monoenergetic neutron facility, which 
consists of a 3.5 MV Van de Graaff accelerator pro-
ducing charged particle beams impinging on deuter-
ium or tritium targets located in the center of a low 
neutron-scattering bay (18 x 18 x 26 m3).  

236,238U targets  
One of prerequisite to be able to measure cross sec-
tion is the availability of thin targets. In our case the 
required targets were made at PSI, using molecular 
plating to deposit ≈700 µg of 236,238U on a 
180 µg/cm2 C-foil (see Fig. 1). The relatively large 
size of the target (30 mm diameter) required con-
struction of a dedicated cell. The targets were man-
ufactured and shipped to NPL in April 2021. Figure 1 
shows a picture of the 238U target mounted on the 
UoM fission chamber cathode. The total mass was 
determined using a defined-solid-angle alpha coun-
ter. This measurement showed contamination of 
234,235,236U, which are tolerable in terms of mass frac-
tion. Unfortunately, the contamination of 236U 
makes it difficult to quantify 235U. Despite its small 
mass, 235U needs to be characterized because of the 
possible presence of thermal neutrons. This was de-
termined to be ≈0.1% by mass spectrometry using a 
sample of U used for target manufacture. 

Measurements   
Measurements were completed for both targets us-
ing the reactions T(p,n)3He, D(d,n)4He, T(d,n)4He, 
with primary beams tuned to produce neutrons of 
2.5 MeV, 5 MeV, and 16.5 MeV, respectively. Fig-
ure 2 shows a picture of the experimental setup. 
Data analysis is currently ongoing but preliminary re-
sults for 238U show that the ratios of cross sections 
for the three energies agree with evaluations.  
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Figure 1: (left) 238U target mounted on the chamber cath-
ode, (right) target alpha spectrum. Very small tails confirm 
the quality of the thin deposition. The different colors cor-
responds to 238U (blue), 236U (orange), 234U (green), and 
235U (dotted red). 

Figure 2: experimental setup with the UoM chamber in the 
centre of the low neutron scattering bay. 
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Study of the 171Tm(n, γ) reaction with the DANCE array at LANSCE 

A. Stamatopoulos, A. Couture, P. Koehler (LANL), E. A. Maugeri, D. Schumann (PSI), C. Guerrero (UoS), C. Fry,  
E. Leal-Cidoncha, G. Rusev, J. Ullmann (LANL) 

Introduction 
The majority of elements heavier than iron were cre-
ated through the slow neutron capture process, 
commonly referred to as s-process [1]. The s-process 
proceeds by sequential neutron captures on a given 
elemental chain until the β-decay rate of the pro-
duced isotope exceeds the neutron capture rate. If 
the two rates differ substantially, the process follows 
the faster rate. If the β-decay and neutron capture 
lifetimes are comparable, however, a branching (a 
so-called “branch point”) forms and the abundance 
flow splits. These branch points are often the most 
interesting networks in the s-process as they offer an 
opportunity to study the physical environment, such 
as the neutron density or temperature.  While a 
plethora of studies have been completed on stable 
nuclei, only a limited amount of data sets on radio-
nuclides are available. Since branch-point nuclei are 
essential to better understand the dynamics of the 
s-process, their study is of vital importance. 
171Tm is a radionuclide in the 170-branching mass re-
gion with a 1.9-year half-life. The amount of Tm iso-
topes in the universe affects the abundance of the 
stable Yb isotopes, especially the one of 170Yb, which 
is an s-process-only nucleus. The knowledge, there-
fore, of neutron capture cross sections around the 
170-mass region, can provide information on the 
abundance of naturally occurring Yb isotopes. 

A study of the 171Tm(n,γ) cross section is currently 
ongoing at the Los Alamos Neutron Science Center 
(LANSCE) making use of the Detector for Advanced 
Neutron Capture Experiments (DANCE), a 4π gamma 
calorimeter consisting of 160 BaF2 crystals. 

Sample fabrication 
About 10 mL of 171Tm were recovered from a sample 
that was previously fabricated [2] in the Paul Scher-
rer Institute (PSI) and used at another study at 
n_TOF/CERN and SARAF [3]. A new 171Tm sample 
was fabricated at PSI, in TmCl3 chemical form. The 
radioactive material was deposited on a 3 μm thick 
Ti backing which was glued on an aluminum ring. The 
deposit itself is 4 mm in diameter. Figure 1 shows a 
171Tm drop, being deposited on the Ti backing. 

 

 
Figure 1: The 171Tm sample, in TmCl3 chemical format, was 
deposited on a 3 μm thick Ti foil. 

Sample irradiation at LANSCE 
The 171Tm(n,γ) measurement begun on November 
22nd, 2021 and is expected to finish on December 
21st, 2021. While the measurement is still on going, 
a preliminary reconstruction of the excitation func-
tion indicates that resonances can be resolved up to 
at least a few hundred eV, as shown in Figure 2. 

 
Figure 2: Preliminary results on the excitation function, re-
veal 171Tm resonances up to ≈400 eV. 

References 
[1] E. Burbidge et al., Rev. Mod. Phys., 29 (1957), pp. 547-

650 
[2] Stephan Heinitz et al., Radiochim. Acta, 105 (2017), 

pp. 801-811 
[3] C. Guerrero et al., Phys. Rev. Lett., 125 (2020), 

pp. 142701  
 

Ti back-
ing 

TmCl3 
droplet 



41 
 

Production of terbium-155 for application in nuclear medicine: a compar-
ison study on the possible production routes at PSI 

C. Favaretto (ETHZ/PSI), Z. Talip (PSI/CRS), H. Zhang (PSI/GFA), R. Schibli (ETHZ/PSI), R. Eichler, 
N. P. van der Meulen (PSI) 

Introduction 
155Tb (t1/2 = 5.32 d, Eγ= 87 keV [32%] 105 keV [25%] 
[1]) is a radionuclide potentially suitable in nuclear 
medicine towards the diagnosis of disease via single 
photon emission computed tomography (SPECT). 
Moreover, together with 161Tb, 155Tb can play an im-
portant role towards the radiotheragnostics con-
cept, as they form a perfect “matched pair”, with 
161Tb being a novel radionuclide produced at Paul 
Scherrer Institute (PSI) for β--therapy [2,3]. There-
fore, the availability of large quantities of 155Tb with 
adequate purity would be of particular value for clin-
ical application. The production of 155Tb via 
155Gd(p,n)155Tb and 156Gd(p,2n)155Tb nuclear reac-
tions, and the radiochemical separation thereof 
from the target material, were recently published 
[4]. The aim of this work was to increase the produc-
tion yield of the abovementioned nuclear reactions 
and to study a third possible production route at PSI: 
natTb(p,5n)155Dy → 155Tb. 

Methods 
The mass of the target material used for the 
155Gd(p,n)155Tb and 156Gd(p,2n)155Tb nuclear reac-
tions was increased from 40 mg to 100 mg, in order 
to increase the production yield. To maintain the 
same thickness of the target and in order to keep the 
same energy irradiation conditions, the diameter 
was increased from 6 mm to 10 mm, and the shape 
of the target capsule modified (Figure 1). The en-
riched gadolinium oxide targets (155Gd2O3 and 
156Gd2O3) were irradiated for up to 4 hours at PSI’s 
IP2 irradiation station, receiving 72 MeV protons 
from the Injector II separated sector cyclotron. Nio-
bium discs of thickness 3.4 mm and 2.4 mm, respec-
tively, were used as degraders to decrease the pro-
ton energy from 72 MeV to ~10 MeV for the (p,n) 
reaction and ≈ 23 MeV for the (p,2n) reaction. More-
over, the natTb(p,5n)155Dy → 155Tb indirect nuclear 
reaction was studied by proton irradiation of 40 mg 
terbium oxide targets for up to 2 hours at IP2 irradi-
ation station. After the irradiations, the targets were 
left to decay, before the 155Tb activities were deter-
mined by γ-spectrometry using a high-purity germa-
nium (HPGe) detector. 

 

Results and discussion 
In agreement with the previous results [4], the (p,2n) 
reaction yielded higher activities compared to the 
(p,n) reaction. In particular, with 4 hours irradiation 
of a 155Gd2O3 target, ≈ 90 MBq 155Tb was produced, 
while the same irradiation time on 156Gd2O3 targets 
yielded activities up to 1.7 GBq. With the increment 
of the target material and the target shape changes 
with respect to the previous study [4], the produc-
tion yield of the 156Gd(p,2n)155Tb reaction was dou-
bled, while the yield obtained from the 
155Gd(p,n)155Tb reaction did not increase. In addition, 
the irradiations of the 40 mg natTb4O7 targets pro-
duced ≈ 500 MBq 155Tb after 2 hours of irradiation, 
which is a production yield comparable with that ob-
tained with the (p,2n) reaction for 40 mg targets [4]. 
However, a decreased radionuclidic purity profile 
was observed for this indirect production route in 
comparison with the 155Gd(p,n)155Tb and 
156Gd(p,2n)155Tb nuclear reactions, respectively. In 
particular, higher activities of 156Tb were measured 
in the natTb4O7 irradiated targets compared to those 
observed in the gadolinium oxide targets after irra-
diation. 
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Figure 1: Open target capsule containing a 6-mm (a) and a 
10-mm (b) gadolinium oxide target nestled in an indenta-
tion. 
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Efficient production of high specific activity 167Tm at PSI and CERN-
MEDICIS 

Z. Talip (PSI/CRS), R. Heinke (CERN/KU Leuven), E. Chevallay, K. Chrysalidis (CERN), T. E. Cocolios (KU Leuven), 
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Introduction 
The application of radionuclides emitting Auger elec-
trons (AE) is a promising path in radiotherapy due to 
their high radiotoxicity in the vicinity of the cell nu-
cleus DNA [1,2]. Yet, the radiobiological effects are 
still to be fully understood. Due to their analogous 
coordination chemistry, radiolanthanides provide 
great potential for comparative clinical studies of the 
influence of AE. Following the clinical approval of 
177Lu (“LUTATHERA”®), research on no-carrier-added 
production of 175Yb, 169Er [3] and several Tb isotopes 
have been performed at PSI and CERN-MEDICIS, re-
spectively. 
167Tm is a candidate for combined medical diagnos-
tics and therapy (“theragnostics”) due to its suitable 
gamma emission for SPECT imaging accompanying 
the conversion/Auger electron emission. 

This report presents a synopsis of the recently-pub-
lished article on high-specific-activity 167Tm produc-
tion by proton irradiation of Er2O3 targets at PSI, fol-
lowed by mass separation at MEDICIS [4]. 

Mass separation efficiency 
Three natural Er2O3 targets were irradiated at the PSI 
IP2 irradiation station with 72 MeV protons from the 
Injector II cyclotron. A 2.4-mm Nb disc was used to 
degrade the proton energy to ≈ 22.8 MeV. Targets of 
≈ 30 mg each were exposed to 50 µA beam current 
for 8 h, resulting in 167Tm activities of ≈ 100 to 
150 MBq seven days after irradiation, after waiting 
for the co-produced 166Tm to decay. 

The irradiated Er2O3 pellets were sent to MEDICIS, 
without further processing, and mass separation 
was performed in a 60 keV ion beam magnetic mass 
separator [5], assisted by resonant laser ionization of 
thulium [6]. The ion beam was implanted into zinc-
coated gold foils, which were subsequently sent 
back to PSI for quality control. 

The separation efficiencies, defined as the ratio be-
tween total collected activity on the collection foils 
at end of the mass separation process with respect 
to the activity available in the irradiated Er2O3 pellets 
at the start of the process (also including decay over 
the ≈ 3-day process duration), varied between 
11(2)% and 20(3)%. 

This presents a significant difference to the previ-
ously measured ≈ 60% efficiency at a non-radioac-
tive 165Tm test run and particularly to values be-
tween 27% and 45%, measured by an in-situ γ-ray 
detector directly mounted to the implantation 
chamber during collections (“extraction efficiency”) 
as shown in Table 1, targets #1 - #3. 

 
It could be attributed to sputtering effects on the 
collection foils, leading to loss of already collected 
activity on the foils which then condensed on differ-
ent parts in the chamber. As a mitigation method, 
the collection was divided over multiple foils, reduc-
ing the ion beam exposure of each one to the possi-
ble minimum. In a follow-up study, aluminum and 
copper coatings were tested instead of zinc. While in 
the case of zinc, only around half of the 167Tm activity 
measured by the in-situ detector in the whole collec-
tion assembly was found on the foils (targets #2 and 
#3), for the case of aluminum this ratio increased to 
75% for similar operation parameters. For copper, 
less than 20% of the overall extracted activity was 
found on the foils (targets #4 and #5). With these 
findings, an overall separation efficiency on the foils 
in the order of 40% is projected. Further improve-
ments might be possible by investigating carbon as 
even more suitable implantation material and reduc-
ing the initial erbium content before the separation 
process, as the mass 167 ion beam comprises an up 

TABLE 1: Overview of mass separation process efficiencies. 
The significant difference between extracted and col-
lected activity is attributed to strong ion-beam sputtering 
on the zinc-coated collection foils. The relative effect was 
reduced using aluminum coatings (target #4), but more 
pronounced using copper (target #5). As #4 and #5 were 
only partially used for the respective tests, no total effi-
ciency can be given in either case. 

Target 167Tm act. 
(MBq) 

Extr. act. 
(MBq) 

Coll. act. 
(MBq) 

#1 83(8) 33.8 → 41% 9(2) → 11(2)% 

#2 77(7) 34.4 → 45% 15(2) → 20(3)% 

#3 123(12) 33.1 → 27% 19(3) → 16(3)% 

#4 n.a. 18.5 13.7 

#5 n.a. 18.5 3.1 
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to 1000-fold surplus of stable 167Er over 167Tm in the 
current production process. 

Sample characterization 
An irradiated test Er2O3 target and a selection of im-
planted zinc-coated foils were characterized by γ-ray 
spectrometry, ICP-MS, and ICP-OES at PSI for assess-
ment of the mass separation process quality. While 
for a foil implanted under good conditions in terms 
of sputtering and ion beam composition no 168Tm 
impurities could be detected three months after col-
lections (see Fig. 1), a respective impurity of 0.04% 
at end of collection was found for a foil with worse 
conditions. 

Measurements using the natural erbium also pre-
sent in the foils confirmed a reduced performance of 
a neighboring mass suppression factor of around 
200 for this foil, compared to around 1000 for good 
conditions. This can be explained as the sputtering 
effect is more pronounced in the center of the im-
plantation, where the desired species suffer more 
than the tailings from neighboring mass beams at 
the edges of the collection foils. Also, in this case, 
developments towards mitigation of sputtering will 
improve the process quality. 

The combination of resonant laser ionization of thu-
lium, yielding a 50 to 70-fold enhancement of thu-
lium ion production over unselective surface ioniza-
tion in the ion source, and favorable volatilization 
characteristics of thulium over erbium enable a 
more than 1000-fold suppression of erbium from the 
irradiated sample. Specific activities in the order of 
several MBq/μg 167Tm were achieved. Yet, additional 
erbium removal (at any stage) is required to provide 
samples suitable for preclinical studies. In addition, 
ICP-OES results showed that DGA resin is not suffi-
cient for the complete removal of zinc when dissolv-
ing the implanted samples, where a 167Tm loss of less 
than 2% was confirmed. 

Outlook 
To date, already the achieved separation efficiency 
of 20(3)% presents a record value for the MEDICIS 
facility with external activity sources. The develop-
ments in sputtering mitigation will help to improve 
the process also for other isotopes. Alternative 167Tm 
production paths such as using isotopically enriched 
erbium or ytterbium via 167Lu decay are envisaged 
and will allow for preclinical studies with already de-
veloped ligands for use in targeted tumour radio-
therapy. 
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Figure 1 : Gamma-ray spectra of an irradiated Er2O3 target 
upper panel) and a sample after mass separation (lower 
panel). Figure adapted from [4]. 
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Introduction 
The development of an efficient production route of 
the radionuclide 167Tm is relevant for a double appli-
cation in the medical fields of therapy and diagnos-
tics. In the latter, 167Tm can be used as a radiotracer 
for Single Photon Emission Computed Tomography 
(SPECT) due to the emission of a gamma-ray of 
207.8 keV with high intensity (Iγ = 42%) and half-life 
t1/2 = 9.25 d. Considering that 167Tm decays by elec-
tron capture (EC), it is additionally an Auger electron 
emitter, whose characteristics appear to be suitable 
for therapeutic applications [1]–[3]. Nonetheless, 
the radiobiological effects induced by the deposited 
dose of Auger electrons still need to be further in-
vestigated, thus, justifying the need to produce high 
activities in order to allow thorough assessments. 

Investigated routes 
In this study, five different production routes were 
investigated: 

1) 167Er(p,n)167Tm 
2) 168Er(p,n)167Tm 
3) natYb(p,xn)167Lu → 167Yb → 167Tm 
4) 171Yb(p,xn)167Lu → 167Yb → 167Tm 
5) natTm(p,3n)167Yb → 167Tm 

(167Er2O3 96.3%, 168Er2O3 97.2% and 167Yb2O3 95.5% 
enrichment, Isoflex, USA). 

Direct (cases (1), (2)) and indirect (cases (3), (4), (5)) 
production routes, using natural and enriched target 
material, were explored to maximize the final activ-
ity and minimize the radionuclidic impurities.  

Different irradiation parameters were tested for 
each of the listed routes at the IP2 irradiation sta-
tion, served with a 50 μA proton current drawn from 
the Injector II cyclotron at Paul Scherrer Insititute 
(PSI). Routes (1) and (2) were also studied with an 18 
MeV medical proton cyclotron in operation at the 
Bern University Hospital, where cross-section meas-
urements and production tests were performed. 

Comparison of different production routes 

The 72 MeV proton energy available at IP2 allows the 
possibility of studying a wide range of reactions, 
where proton energy degradation is obtained with 
niobium discs of various thicknesses. The proton en-
ergies employed for the listed routes vary between 
8.6 – 62.7 MeV at PSI, where discs of 6 and 10 mm 

diameter of different oxides were irradiated and 
their radionuclidic composition characterized via γ-
ray spectrometry using a HPGe detector. Error! Ref-
erence source not found.1 shows the highest activi-
ties produced at end of bombardment (EOB). 

Cross section measurements 

The reactions involving enriched materials of erbium 
oxides represent an interesting choice, since they 
can be triggered by proton energies available with 
medical cyclotrons [4]. For this purpose, they were 
also explored at the University of Bern, where addi-
tional cross-section studies were performed with a 
specific irradiation station located at the end of the 
Beam Transfer Line (BTL) that brings the proton 
beam to a research bunker with a neat control of all 
irradiation parameters [5].  

Several targets of erbium oxide of both enrichments 
were irradiated with various proton energies from 
18.2 MeV to 6.5 MeV, degrading the beam using alu-
minum foils. Immediately after irradiation, the gen-
erated activity was measured to detect and quantify 

TABLE 1: Maximum activities at EOB produced after 1 hour 
irradiation at PSI IP2 irradiation station. 

Prod. 
route 

Proton energy 
[MeV] 

Activity EOB 
[MBq] 

1 13.2 36 

2 18.4 195 

3 62.7 70 

4 53.2 118 

5 26.3 152 
 

Figure 1: Production cross section of 167Tm from enriched 
167Er2O3. 
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the radionuclidic composition of each sample, re-
trieving the cross-sections of not only 167Tm, but also 
of its impurities: 165Tm, 166Tm and 168Tm. 

It was observed that the theoretical calculations 
reported in the TENDL 2019 library [6] are in good 
agreement with experimental data (see Fig. 1 and 2). 

Afterwards, four production tests, two for each 
material composition, were carried out in the BTL to 
validate the excitation functions and to assess the 
amount of activity produced. 

TABLE 2: Experimental and theoretical (given between pa-
renthesis and in italic) production yields of 167Tm obtained 
using enriched 167Er2O3 and 168Er2O3 target materials. 

In Error! Reference source not found.2, the yields of 
production tests are reported with theoretical 

calculations based on the previously-investigated 
cross section. Typical proton currents in medical 
cyclotrons for solid target are around 25 μA, leading 
to activities of about 56 MBq and 208 MBq for 
167Er2O3 and 168Er2O3, respectively (for 1 hour irradia-
tion time). 

Conclusions and outlook 
The selected production routes have been thor-
oughly investigated, where routes (2), (4) and (5) 
gave promising results for additional analyses. Fur-
ther steps will involve the increase of irradiation 
time and the testing with larger targets to obtain 
higher activities, before proceeding with radiochem-
ical separation. 

Moreover, the irradiation of 168Er2O3 appears to be 
the most efficient production route employing a 
medical cyclotron. However, it is advisable to use 
proton beams with energy slightly higher than 18 
MeV to maximize the production yield. While the 
(p,n) reaction on 167Er2O3 can be exploited in any 
medical cyclotron, its cross-section peak is signifi-
cantly lower. 
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Material 167Er2O3 168Er2O3 

Proton energy [MeV] 12.6 18.2 

Production yield 
[MBq/μAh] 

Target 1 
2.4 ± 0.5 

(2.9) 

8.2 ± 1.6 

(9.4) 

Target 2 
2.1 ± 0.4 

(2.6) 

8.5 ± 1.7 

(9.9) 

Figure 2: Production cross section of 167Tm from enriched  
168Er. 
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lum: chemical separation and preclinical update 
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Introduction 
Terbium-149 is a particularly interesting radionu-
clide: it is one of four terbium radioisotopes that can 
be effectively utilized for medical purposes. It decays 
with 17% emission α-particle intensity (Eα= 
3.97 MeV). Its half-life is relatively short (4.1 h), how-
ever, it has no α-emitting daughters and, therefore, 
is potentially interesting for Targeted Alpha Therapy 
(TAT). Thanks to its β+-emission, its use has been 
demonstrated for positron emission tomography 
(PET), making it even more interesting as one can im-
age what one treats [1]. As in previous ISOLDE cam-
paigns, mass-separated beams of 149Tb were im-
planted into Zn-coated Au foils. With collections last-
ing 6 to 9 hours followed by 1 to 1.5 hours decay be-
fore shipping, up to 450 MBq 149Tb were transported 
to PSI. Due to logistics and the time taken to 
transport the collection from CERN to PSI, up to 
250 MBq arrived on site for processing.  

Methods 
A Zn layer with uniform thickness had been depos-
ited by physical vapour deposition on Au foils at 
CERN and, subsequently, used for the ion implanta-
tions. 

 

  

Upon arrival at PSI, the foil was removed, placed into 
a hot cell and introduced to the chemical separation 
system, where the Zn layer on the Au foil was dis-
solved in dilute nitric acid. The solution was neutral-
ized and loaded onto a small column containing 
Sykam macroporous strongly acidic cation exchange 
resin, as previously reported [1-3] (Fig 1, right). The 
desired 149Tb was eluted using α-HIBA and passed 
through a small column containing LN3 extraction 
resin. The final product was eluted using dilute HCl, 
where it could be utilized directly for radiolabelling 
of DOTATATE.  

Results and discussion 
The product was effectively separated from its 
(pseudo-)isobaric impurities and the Zn matrix, yield-
ing a chemically and radionuclidically pure product 
at a yield of ≈ 100 MBq 149Tb at End of Separation 
(EoS, see Fig. 2).  

 
Figure 2: γ-spectrum of the 149Tb final product 
(≈ 0.5 MBq, acquisition time 900 s), indicating its ra-
dionuclidic purity. 

The product in question was successfully used for la-
belling of DOTATOC at high molar activity of up to 20 
MBq/nmol (149Tb-DOTATATE) with radiochemical 
purity of > 99% (see Fig. 3).  

The latest run of experiments in the PSI/ISOLDE col-
laboration proved to be the most successful to date, 
with reproducibly harvesting 149Tb. The radionuclide 
was successfully used to label the desired ligands 
and the 149Tb-radiopharmaceutical evaluated pre-
clinically. While initial results appear encouraging, 
long-term therapy evaluation results are pending. 

 

 

Figure 1: ISOLDE collection chamber (top); 149Tb chemical 
separation system in a hot cell (bottom).  
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Figure 3: Representative chromatogram of the quality con-
trol performed by reversed-phase high performance liquid 
chromatography for [149Tb]Tb-DOTATATE (retention time 
tR = 10.9 min). Traces of unreacted terbium-149 appeared 
at tR = 3.2 min. 
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Study of radionuclides towards theragnostics with the Bern medical cyclo-
tron  
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Introduction 
Radionuclides for theragnostics are essential for nu-
clear medicine developments. Their production us-
ing solid targets is challenging and requires an accu-
rate knowledge of the production cross sections. A 
research program is ongoing at the Bern University 
Hospital (Inselspital), where an IBA Cyclone 18/18 
HC medical cyclotron (18 MeV proton beams, max 
150 µA, 8 out ports) is in operation [1]. The cyclotron 
is equipped with a Solid Target Station (STS) and a 6-
m Beam Transfer Line (BTL), bringing the beam into 
a separate bunker with independent access. To irra-
diate compressed powder pellets, a novel target coin 
was conceived and realized, together with methods 
to assess the production cross sections. 

Cross section measurements 
For an optimized radionuclide production, the pre-
cise knowledge of the reaction cross sections is cru-
cial. A novel method to measure cross sections using 
targets, in powder form, was developed by the La-
boratory for High Energy Physics (LHEP) group [2]. 
The targets are prepared by sedimentation from a 
suspension of a few milligrams of material in water 
or ethanol on an aluminum disc with a pocket (4.2 
mm in diameter, 0.6 mm deep) in its center. This re-
sults in a target thickness that is not precisely con-
trolled. The new procedure is then based on the ir-
radiation of the full target mass with a flat proton 
beam (Figure 1), instead of the usual method based 
on the irradiation of a homogeneously thick target.  
The beam is flattened by the optical elements of the 
BTL and its position and shape are monitored online 
with the UniBEaM detector [3,4], based on silica 
doped fibers passing through the beam. The proton 
current hitting the target is measured by means of a 
custom target station composed of a 6-mm-diame-
ter collimator, a target holder and an electron sup-
pressor ring. The collimator is grounded and pro-
vides a beam of controlled diameter, within which 
the beam flatness is better than 5%. The target 
holder is connected to an ammeter for current 
measurements on target. The electron suppressor 
ring is connected to a negative bias voltage to repel 
secondary electrons produced during the irradiation 
that would lead to an artificial increase in the meas-
ured beam current. The conductive parts of the tar-
get station are kept together by insulator compo-
nents. The beam energy is degraded by means of 

aluminum attenuator discs placed in front of the tar-
get and is determined using the SRIM Monte Carlo 
code [5]. The activated radionuclides are measured 
with a calibrated HPGe detector. With this method, 
the production cross section of several radionuclides 
(43Sc [2], 44Sc [2], 47Sc [6], 48V [2], 61Cu, 68Ga, 155Tb [7], 
165Tm, 167Tm and related impurities) was measured.  

Whenever possible, data are compared with TENDL 
theoretical predictions and/or other experimental 
data available in the literature (see Fig. 2). 

 
Figure 1: New cross section measurement procedure 
based on proton beams with a flat profile.  

 
Figure 2: Measured cross section for the reaction 
natTi(p,x)48V compared to IAEA reference data [2].  

Solid target developments 
The solid target station (STS) is installed on one out-
port of the cyclotron and allows the production of 
novel radionuclides by irradiation of solid material. 
To irradiate compressed-powder pellets or solid 
foils, a new target coin composed of two halves kept 
together by small permanent magnets (see Fig. 3), 
was conceived and realized by LHEP. Thanks to an 
accurate knowledge of the cross sections, the pro-
duced activity and the radionuclidic purity can be op-
timized by adjusting the energy of the protons 
reaching the target. The optimal energy is achieved 
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by choosing the appropriate material and thickness 
of the front part of the coin. The back part hosts the 
6-mm pellet and an O-ring to prevent the leakage of 
molten material or any gas produced during the irra-
diation. To limit overheating, the coin is water-
cooled and helium-cooled on the back and the front 
side, respectively.  

 
Figure 3: The coin target (24 mm diameter, 2 mm thick).  

The STS was complemented with a mechanical trans-
fer system (named Hyperloop [8]) designed by LHEP 
and with a pneumatic target transfer system (STTS) 
by TEMA Sinergie. The former allows one to load the 
target station without entering the cyclotron bun-
ker, minimizing the dose to the personnel. The latter 
is used to deliver the irradiated target either to a hot 
cell in the nearby GMP radio-pharmacy or to a recep-
tion station located in the BTL bunker. To assess the 
activity at the End of Beam (EoB) by means of 
gamma spectrometry, a system based on a 1 cm3 
CdZnTe (CZT) crystal was installed in the reception 
station. The detector was experimentally calibrated 
with a High Purity Germanium detector (HPGe) and 
allows the measurement of the activity produced 
with an accuracy of a few percent [9]. Thanks to 
these developments, several radionuclides have 
been produced at the Bern medical cyclotron with 
the solid target station, as reported in Table 1.  
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TABLE 1: Main achievements in non-standard radioisotope 
production obtained with the STS at the Bern medical cy-
clotron.  

Isotope Reaction Target Y [GBq/µAh] 
44Sc 
[10] 

(p,n) 
enr44CaO 

pellet 
0.6 

47Sc (p,α) 
enr50Ti  
pellet 

0.001 

48V (p,n) natTi foil 0.015 

61Cu (p,α) 
enr64Zn pel-

let 
0.08 

64Cu (p,n) 
enr64Ni 

deposition 
0.13 

68Ga (p,n) 
enr68Zn pel-

let 
6 

155Tb 
[11] 

(p,n) 
enr155Gd2O3 

pellet 
0.005 

165Er (p,n) natHo foil 0.015 

165Tm (p,2n) 
enr166Er2O3 

pellet 
0.07 

167Tm (p,n) 
enr167Er2O3 

pellet 
0.002 

 



50 
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Introduction 
A collaboration between PSI, Bern University and IRA 
sparked the interest in having a precise activity 
measurement of 44Sc sources generated at PSI for 
the calibration of gamma spectrometry systems and 
dose calibrator at Bern and PSI. This calibration will 
allow performing quick and practical on-site activity 
measurements of 44Sc sources generated in those fa-
cilities. 

IRA performed the precise activity measurement, as 
they are the designated Swiss laboratory for the pri-
mary standardization of radionuclides. The half-lives 
of 44Sc, and its associated impurity of 44mSc, were 
also determined by multiple techniques. 

The process was also a challenging experience in 
terms of logistics, as the source prepared at PSI was 
separated into three parts: one to be measured on-
site, another one to be delivered and measured at 
Bern University and the latter to IRA in Lausanne. 
The limiting factor was the half-life of 44Sc, of approx-
imately 4 hours.  

Source preparation at PSI 
Following production and purification of 44Sc at PSI, 
five different sources were prepared using the same 
solution: two glass vials, called production and peni-
cillin, and one plastic Eppendorf tube were each 
filled with 1 mL. In addition, two plastic Eppendorf 
tubes were filled with 0.02 mL. An aliquot of this so-
lution was sent to IRA (referred to as M44Sc_PSI). 

The glass vials and the Eppendorf tube were meas-
ured with the dose calibrator at PSI. The two low-fill-
ing Eppendorf vials were used for γ-spectrometry 
measurement at PSI and Bern University, respec-
tively.  

Source preparation at IRA 
The 44Sc source was received at IRA in the form of 
two solutions with different activity concentrations: 

1. M44Sc_PSI: 2 g of solution at 35 MBq/g 

2. M44Sc_PSI2: 0.5 g of solution at 2 GBq/g 

The first solution was diluted and split into two dif-
ferent concentrations to be measured inde-
pendently and corroborated accordingly by the 
measurements: M44Sc1 (3.256 MBq/g) and M44Sc2 
(0.814 MBq/g). From those two solutions, ampoules, 
liquid scintillation vials and plastic scintillation 
sources were prepared for activity concentration 

measurement together with two vials to check the 
radionuclidic purity in the HPGe spectrometer and 
solid sources to determine the half-lives (see Fig. 1). 

The second solution was stored until most of 44Sc de-
cayed in order to measure the 44mSc half-life a few 
days later. Two solid sources were prepared by dep-
osition onto plastic containers and measured using 
two methods in parallel. 

 

Radionuclide impurities 

Measurements were performed using a high-resolu-
tion HPGe gamma spectrometer and any other Sc 
isotopes found along with 44Sc, such as 44mSc, were 
reported at the specified reference date. 

Half-life measurements 

Ionization chambers measurements 

Several measurements were made with the two ion-
ization chambers belonging to IRA: CIR (reference 
ionization chamber) and TCIR (transportable refer-
ence ionization chamber). 

The CIR is a high-stability well-type 4πγ Centronic 
IG11, sealed and filled with Ar at 2 MPa pressure. 
The chamber is shielded by a 5-cm-thick lead cylin-
der and located in a temperature-controlled room. 
An automated electronic system measures the cur-
rent [1]. 

 

Figure 1: Scheme of source dilution for M44Sc1 solution 
and preparation of the measurement sources. M44Sc2 
was obtained by further dilution of M44Sc1 and the fol-
lowing source preparation is analogous to the one shown 
in this scheme.  
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vials for 4πβ-γ

coincidences and 
TDCR (triple-to-double 

coincidence ratio)

Vials for HPGe
γ-spectrometry



51 
 

 
 

The TCIR [2] is a sealed well-type 4πγ Centronic IG12 
filled with Ar at 2 MPa pressure. The ionization cur-
rent is read by a Keithley 6517B digital electrometer 
with fixed range. 

The decay rate was observed over periods of at least 
four half-lives for 44Sc (see Fig. 2) and two half-lives 
for 44mSc. The current was measured at regular inter-
vals and corrected for background, decay during 
measurement and saturation. Biexponential decay 
curves were fitted to the datasets corresponding to 
the measurements of 44Sc half-life to take the 44mSc 
impurity into account. 

 

Gamma spectrometry measurements 

Two γ-spectrometers were used to follow the decay 
rate of the sources for the same periods stated 
above. 

The first, a Scionix CeBr3 detector type 51B51/2M-
CEBR-E1, consists of a 51 × 51 mm CeBr3 crystal in-
tegrally coupled to a photomultiplier tube. This de-
tection system was housed at the bottom of a cylin-
drical shield covered with lead bricks. The detector 
output is connected to a dedicated Scionix preampli-
fier from where the signal is collected and fed into 
two parallel electronic systems [3,4]. The second is a 
Quartz & Silice 127-SPE-127 12.5 x 12.5 cm NaI(Tl) 
well-type detector connected to a NI digital elec-
tronics system. 

In these cases, the curves fitted were also double 
and triple exponential decay curves, including the 
decay-correction factors, for each measurement. 

Results and discussion 

The half-life values for 44Sc and 44mSc were deter-
mined. 

The uncertainties were evaluated taking into ac-
count high (residuals, counting statistics), medium 
(impurities) and low (background, timing, dead-
time) frequency components regarding the length of 
the measurement campaigns 

All the values agree except for the CIR measurement 
for 44Sc and the analogue CeBr3 measurement for 
44mSc. These cases will have to be addressed in more 
detail by the calculation of the residual autocorrela-
tion and study of the conditions during the measure-
ments. 

Activity concentration measurements 
Both solutions obtained from the original one sent 
by PSI where measured using different activity 
standardization techniques.  

4πβ-(PS)-4πγ(NaI) coincidence counting 

This system [5] is composed of a β-detector consist-
ing on a plastic scintillator with a dry radioactive de-
posit at its center, allowing full solid angle geometry. 
The scintillator is coupled to the window of a Photo-
nis XP3132 low-noise PMT that is inserted into the 
well of a Quartz & Silice 127-SPE-127 12.5 x 12.5 cm 
NaI(Tl) detector. This configuration places the radio-
active source at the bottom of the well, interacting 
with the γ-detector through 99.1% of the full solid 
angle. The scintillator crystal and the photomultiplier 
(RTC type XP2050) are housed within a cylindrical 
shielding. Analogue electronics was used to perform 
the signal processing and the efficiency variation 
achieved by electronic discrimination. A dead-time 
of 29 µs was used in both β- and γ-channels, and the 
coincidence window set at 1 µs. 

One source from M44Sc1 was measured in two γ-
energy regimes, a threshold at 364.5 keV and an-
other one at 661.7 keV. A source from M44Sc2 was 
measured with the threshold at 364.5 keV only. 
When taking the presence of the Sc-44m impurity 
into account and its non-equilibrium with the 44Sc it 
generates, the extrapolation curves of the 44Sc activ-
ity concentrations were found to be linear in all cases 
and yielded values compatible within 0.3%.  

4πβ(LS)-γ(NaI) coincidence counting 

The detection in the β-channel was performed by liq-
uid scintillation counting in an optical chamber, 
made with a fluoropolymer with a high diffuse re-
flectance, which houses two facing 2′′ Hamamatsu 
photomultiplier tubes working in coincidence to re-
duce noise levels. A NaI detector was placed directly 
under the 1.5 mm thick aluminum floor of the optical 
chamber. This detection system is located inside a 
large shielding enclosure with 5-cm-thick lead walls. 
The signal was processed with digital electronics 
modules by CAEN and the efficiency discrimination 

 

Figure 2: Decay data and fit with residuals for the determi-
nation of 44Sc half-life. The measurement was performed 
with the TCIR for 20h.  
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and coincidence counting with a LabVIEW code de-
scribed in [3] from the timestamp and amplitude list-
mode data obtained from the CAEN system. 

Liquid scintillation counting 

To perform liquid scintillation measurements, ali-
quots of the diluted M44Sc2 solution were dis-
pensed gravimetrically into vials prefilled with 14.5 
mL Ultima Gold cocktail, and topped up with variable 
volumes of ultrapure water to achieve a 6.5 % aque-
ous fraction. 

The TDCR method and the CIEMAT-NIST (CNET) 
technique were used. Three vials were measured on 
the IRA TDCR system [6] using a MAC3-module [7] 
with 100 µs resolving time. Voltage defocusing in 40 
V decrements was applied to change the triple and 
double coincidence detection efficiencies. Three 
other vials were also measured on the commercial 
TriCarb 2700 LS commercial counter, along with 
eleven quenched tritium samples, to determine the 
calibration curve for the CNET method. 

The TDCR triple and double detection efficiencies 
and the CNET double detection efficiencies were cal-
culated with IRA’s own Fortran code, which takes the 
PMTs asymmetry and the micelle effect into account 
[8].  

TDCR and CNET methods agree within 0.9 % and 
their average deviates by only 0.1 % from the 4πβ-
(PS)-4πγ(NaI) coincidence counting measurements.  

Reference ionization chamber 

The current produced in the CIR was measured for 
ISO, IER and BIPM ampoules. These three ampoules 
have different geometries and a dedicated calibra-
tion factor was calculated for each one using the re-
sults of the primary measurements. These geome-
tries will be used in the future for characterization of 
Sc-44 solution.  

Results and discussion 

The data are currently under evaluation and more 
calculations are still to be performed to provide a re-
liable result. 

Measurements at PSI 
The two glass vials and the Eppendorf tubes were 
measured at PSI with the dose calibrator and the re-
sults compared with the one obtained with primary 
measurement at IRA (Table 1). A difference of 10% 
for the glass vials and 8% for plastic Eppendorf was 
determined. This shows that the calibration factor 
currently used for the dose calibrator has to be cor-
rected. Two different factors could be used, one for 
the glass vials and one for the plastic Eppendorf. 

 

Conclusions 
Unfortunately, the level of 44mSc content was too 
high when the source arrived at IRA for the measure-
ments to deliver the typical uncertainty level in a reg-
ular standardization (order of 0.1% relative com-
bined uncertainty). Nevertheless, the measure-
ments were performed satisfactorily, and the antici-
pated relative uncertainty was ≈ 1%, which is within 
the expected range for a useful value to calibrate PSI 
and Bern University γ-spectrometers and dose cali-
brators. 
44mSc half-life value is comparable with the one re-
ported by NDS of 58.6(1). The half-life obtained, 
though, for 44Sc is 1.7% different from the reference 
value of 3.97(4) h [9]. According to the measure-
ments presented in this report and the result pub-
lished in 2016 of 4.042(25) h [10], a revision of the 
NDS value will be recommended. 

References 
[1] H. Schrader, Monographie BIPM-4: Activity meas-

urements with ionization chambers. Bureau Interna-
tional des Poids et Mesures, 1997 

[2] F. Juget et al. (2018), Appl. Radiat. Isot., 134 (2018), 
pp. 95-99 

[3] M. T. Durán et al., Appl. Radiat. Isot., 134 (2018), 
pp. 329-336 

[4] M. T. Durán et al., Appl. Radiat. Isot., 176 (2021) 
[5] Y. Nedjadi et al. (2012), Appl. Radiat. Isot., 70(1) 

(2012), pp. 249-256 
[6] Y. Nedjadi et al., Appl. Radiat. Isot., 97 (2015), 

pp. 113-117 
[7] J. Bouchard and P. Cassette, Appl. Radiat. Isot., 52(3) 

(2000), pp. 669-672 
[8] Y. Nedjadi et al., Appl. Radiat. Isot., 125 (2017), 

pp. 94-107 
[9] J. Chen et al., Nucl. Data Sheets, 112 (2011) 

pp. 2357-2495 
[10] E. García-Toraño et al., Appl. Radiat. Isot., 109 

(2016), pp. 314-318 
 
 
 

 

TABLE 1: Activity concentration (MBq/g) measured at PSI 
for the M44Sc_PSI solution 

 DOSE  
CALIBRATOR 

DIFF. WITH 
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