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TARGETRY OF RARE ISOTOPES AT PSI 

Emilio Andrea Maugeri and Dorothea Schumann (PSI) 

The Paul Scherrer Institute, PSI, hosts one of the most powerful proton accelerator worldwide with a beam of 590 
MeV in energy at a current up to 2.4 mA, feeding different facilities such as a proton therapy station, a meson pro-
duction facility, and a neutron production source (Swiss Spallation Neutron Source (SINQ)), where neutrons are pro-
duced via spallation of a solid high Z target. Both high energetic neustrons and protons impinge on different structural 
materials and these interactions could result in formation of radioisotopes, some of which are very exotic and could 
be used for important applications e.g. in nuclear physics and astrophysics, and environmental science. The ongoing 
project ERAWAST (Exotic Radionuclides from Accelerator Waste for Science and Technology) [1] aims to identificate 
and separate these scientifically relevan radioisotopes. Futhermore, both proton accelerator a SINQ offer the oppor-
tunity of production of specific radionuclides via ad hoc irradiation campains.  

In the last decades the Isotope and Target Chemistry group at PSI, has gained a unique and world-wide recognized 
experience in radionuclide separation and purification from irradiated material, and target preparation. 

This contribution presents the most important techniquests that have been recently developed and implemented at 
PSI for target preparation, based on molecular plating and casting. These techniques allowed producing several tar-
gets, which have been used or are going to be used in different nuclear physics and astrophysics experiment, such as 
the production of 7Be targets, see Figure 1 a and b [2-3], used for the measurement of 7Be(n,α)4He [4] and 7Be(n,p)7Li 
[5] cross sections in the energy range of interest for the Big-Bang nucleosynthesis. 

Another important aspect that will be presented in this talk is the importance of implementation of new target char-
acterization methods. In this context, two methods, based on alpha spectrometry coupled with the advanced alpha-
spectroscopy simulation program, and radiographic imaging, respectively, will be presented. 

 

               
Figure 1: a (left): Droplets of 7Be(NO3)2 placed onto the sLD-PE film, from [2]. b (right): Be molecular plated onto 5 
µm Al backing, from [3]. 

 

This presentation will end with an extended discussion about what the authors consider necessary for a productive 
collaboration between target maker and target user. 

____________________________________________ 

[1] D. Schumann et al., Radiochim. Acta 101, 501 (2013).  
[2] E.A. Maugeri et al., JINST 12, P02016 (2017). 
[3] E.A. Maugeri et al., Nucl. Instrum. Methods Phys. Res A 889, 138 (2018). 
[4] M. Barbagallo et al., Phys. Rev. Lett. 117, 152701 (2016). 
[5] L. Damone et al., Phys. Rev. Lett. 121, 042701 (2018). 
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THICKNESS AND UNIFORMITY ANALYSIS OF THIN AND HEAT RESISTANT  
TARGETS 

V. Capirossi (DISAT – Polytechnic of Turin, Italy; INFN – Sezione di Torino, Italy), D. Calvo (INFN – Sezione di 
Torino, Italy), F. Iazzi (DISAT – Polytechnic of Turin, Italy; INFN – Sezione di Torino, Italy), F. Pinna (DISAT – 

Polytechnic of Turin, Italy; INFN – Sezione di Torino, Italy) for the NUMEN Collaboration, and V. Rigato (INFN – 
Laboratori Nazionali di Legnaro, Legnaro, Italy) 

The NUMEN Experiment, based at INFN-LNS (Catania), aims to get information on the Nuclear Matrix Elements of 
the Neutrinoless Double Beta Decay by measuring the cross-section of Double Charge Exchange (DCE) reactions hav-
ing the same initial and final states [1]. Since DCE reactions are rare (cross sections ranging from few nb/sr to some 
μb/sr), very intense ion beams are required to collect a statistically significant set of data, in a reasonable time. For 
this reason, beam intensity will reach 50 μA with energy in the range 15 - 60 MeV/u. Some of the planned reactions 
that will be studied are: 116Cd(20Ne,20O)116Sn, 130Te(20Ne, 20O)130Xe, 76Ge(20Ne,20O)76Se, 116Sn(18O, 18Ne) 116Cd, 76Se(18O, 

18Ne) 76Ge.  

The energy of the reaction products must be measured with high resolution. To fulfil this requirement, the target 
must be thin to minimize dispersion and straggling effects on the ejectile energy; the energy resolution is also influ-
enced by the target thickness uniformity. Due to the small thickness, a mechanical support is necessary for the target. 
On the other hand, very intense ion beams will release a large amount of heat inside the target, which must be rapidly 
dissipated. Therefore, the isotope will be deposited on a Highly Oriented Pyrolytic Graphite (HOPG) substrate that 
quickly transfers the heat outside the target system, thanks to its high surface thermal conductivity [2]. The target 
thickness will be of a few hundreds of nm, depending on the isotope, while the HOPG will be around 2 μm thick. 

Prototypes of Germanium and Tellurium targets have been deposited with Electron Beam Evaporation process, 
whose parameters have been optimized. 

In the NUMEN Experiment the reaction final nuclei can be produced in different final states; a good energy resolution 
is needed to distinguish between the ground state and the first excited states to deduce the corresponding DCE cross-
sections. Unfortunately, the deposition technique does not guarantee a perfectly uniform target thickness. Such sur-
face non-uniformity can be qualitatively inspected by Field Emission Scanning Microscopy (FESEM): images of the 
best Tellurium and Germanium target prototypes will be presented in the talk. 

In order to evaluate both thickness and uniformity of the targets, measurements have been performed on the targets 
by means of the Alpha-Particle Transmission (APT) technique. The energy distribution of the alpha particles passing 
through the target shows a peak, which corresponds to the most frequent thickness; the width is related to the 
thickness spread. An experimental set-up has been designed, using a 241Am alpha-source and a silicon detector to 
measure the energy of the transmitted alpha particles. Some tests have been made with Rutherford Backscattering 
(RBS) technique on the same target samples, to evaluate the systematic error of the alpha-measurements. The RBS 
and APT results on the thickness of target prototypes will be presented, together with non-uniformity APT results. 
Also the theoretical demonstration of the relation between the energy spectrum and the thickness spectrum, if using 
a detector with good energy resolution (sigma around 5 keV), will be described. 

In order to evaluate the dispersion and straggling effects on the resolution of the measurements of the DCE products 
energy, due to the thickness and to the thickness non-uniformity, a Monte Carlo code has been implemented. The 
measured parameters of the thickness distribution have been inserted as input data of the simulation for different 
values of the relative branching fractions of ground, first and second excited states. The obtained spectra give infor-
mation about the resolution between two levels. The results are promising and will be shown in the talk. 

 

____________________________________________ 

[1] F. Cappuzzello et al., Eur. Phys. J. A 54, 72 (2018).  
[2] V. Capirossi et al., Acta Physica Polonica B Vol. 51 (2020) No 3, in pubblication. 
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ANALYSIS OF THIN TB/PD INTERMETALLIC TARGETS PREPARED BY THE  
COUPLED REDUCTION REACTION 

N. Cerboni (ETHZ/PSI), B. Szeker (ETHZ/PSI), R. Dressler (PSI), P. Steinegger (ETHZ/PSI), E. A. Maugeri (PSI) 

Thin intermetallic layers may be a viable alternative to the largely used molecular plated samples in various nuclear 
physic and radiochemistry studies. Examples concern targets for the production of superheavy elements with heavy 
ion beams [1,2] or thin specimen for nuclear data measurements. In fact, intermetallic targets have shown better 
chemical as well as mechanical stability, and they feature a higher thermal and electrical conductivity [3]. 

The herein presented work aimed to produce thin intermetallic layers of the noble metal Pd with Tb via molecular 
plating, followed by coupled reduction, i.e., a thermal treatment at 1100 °C under H2 atmosphere. In particular, the 
radioisotope 149Tb was used to follow the diffusion of Tb through Pd by means of α-spectroscopy as a function of the 
heating time. Our findings are backed by a thorough analysis via the simulation software AASI [4], SEM/EDX as well 
as radiographic imaging. 

 
____________________________________________ 

[1] I. Usoltsev et al., Nucl. Instr. and Meth. in Phys. Res. A, 691, 5 (2012). 
[2] I. Usoltsev et al., Nucl. Instr. and Meth. in Phys. Res. B, 318, 297 (2014). 
[3] C.C Koch, Mater. Sci. Eng. A, 244, 39 (1998). 
[4] T. Siiskonen et al., Prog. Nucl. Sci. Technol., 2, 437 (2011). 
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PREPARATION AND CHARACTERIZATION OF PU-239 AND PU-240 RECOIL ION 
SOURCES PROVIDING U-235M AND U-236 FOR LASER-SPECTROSCOPIC STUDY 

L. E. Reed (U. Mainz), A. Raggio (U. Jyväskylä), D. Renisch (U. Mainz, Helmholtz Institute Mainz (HIM)), M. Block 
(U. Mainz, HIM, GSI), Ch. E. Düllmann (U. Mainz, HIM, GSI), J. Julin (U. Jyväskylä), M. Kivekäs (U. Jyväskylä), 
M. Laitinen (U. Jyväskylä), C. Mokry (U. Mainz, HIM), I. D. Moore (U. Jyväskylä), I. Pohjalainen (GSI), J. Runke 

(U. Mainz, GSI), T. Sajavaara (U. Jyväskylä), P. Thörle-Pospiech (U. Mainz, HIM), J. Warbinek (GSI 

Alpha-decaying radioisotopes can be used as sources for their daughters, which can emerge from thin films contain-
ing the mother isotope. Such recoil sources provide free atoms or ions of hard-to-obtain nuclides. One such example 
is U-235m, with a half-life of 26 min [1]. It decays by conversion electron emission to the U-235 ground state. The U-
235m is the second-lowest known isomeric state (after the 8.1 eV Th-229m isomeric state), located at 76.7 eV exci-
tation energy [2-4]. It is available as the alpha-decay daughter of Pu-239, which populates the isomer with a branch-
ing of 99.8% [1]. This isomeric state and its hyperfine structure are in the focus of collinear laser spectroscopy (CLS) 
at Univ. Jyväskylä, Finland. To enable these studies, nineteen Pu-239 recoil ion sources with activities in the range of 
60 – 190 kBq were prepared by the molecular plating (MP) technique [5-6] at Uni. Mainz, Germany. The interest in 
these ultra-low-lying isomers, which bridge nuclear and atomic physics and are of interest in the particle physics 
community, arises from the inclination to e.g., develop nuclear clocks with the potential to outperform current 
atomic clocks by employing nuclear transitions rather than transitions in the electron shell [3]. To provide U-236 
which has no hyperfine structure, Pu-240 recoil ion sources were prepared. This will be used as a reference ion for 
both yield studies as well as CLS. 

In MP, the isotope of interest is dissolved in an organic solvent and is then electrodeposited onto a conductive cath-
ode backing, creating a uniform thin layer [5-6]. MP is an attractive method for the production of recoil ion sources 
providing a high rate of daughter isotopes [7]. High deposition yields of ≥ 90 % can be achieved in a single deposition 
step, it is a reliable technique, and the deposited layer generally is well bonded onto the backing. Since its develop-
ment in the 1960s by Parker and Falk, the method has been optimized, e.g., in Mainz by Vascon et al., who investi-
gated substrate roughness, plating solvent, applied current density, and electrolyte concentration to produce 
smooth, crack-free sources [6, 8-9].  

The rate at which the daughter nuclides become available for CLS studies is a key performance indicator of the pro-
duced recoil ion sources. During MP, parameters such as total activity plated, source homogeneity, substrate rough-
ness, and plating solvent can greatly influence the recoil efficiency and hence the daughter nuclide emission rate. 
Therefore, the plating method needs to be optimized to establish the best parameters for more efficient recoil ion 
sources. 

At INTDS 2022, the production and characterization of Pu-239 and Pu-240 recoil ion sources by MP from N,N-Dime-
thylformamide (DMF) will be discussed. Various sources differing in dimension, activity, substrate, and drying proce-
dure have been prepared, giving rise to Pu-239 and Pu-240 recoil ion sources with a striking variety of colors. Sources 
have been characterized using radiographic imaging, alpha- and gamma spectroscopy, scanning electron microscopy 
(SEM), and Rutherford backscattering spectrometry (RBS). The latter renders Pu the heaviest element to date to have 
been measured by RBS at Univ. Jyväskylä. Finally, the current status and plans of Pu-239 recoil ion source production 
and characterization will be discussed at the conference, including the new Detection of Internal Conversion Elec-
trons (DICE) apparatus established at Uni. Mainz for the experimental determination of U235m recoil efficiencies via 
the detection of the emitted conversion electrons. 

This project has received funding from the European’s Union Horizon 2020 Research and Innovation Programme 
under grant agreement number 861198 project ‘LISA’ (Laser Ionization and Spectroscopy of Actinides) Marie 
Sklodowska-Curie Innovative Training Network (ITN). 

_________________________________________ 

[1] E. Browne and J. K. Tuli, Nucl. Data Sheets, 122, pp. 205-292 (2014). 
[2] T. Sikorsky et al., Phys. Rev. Letters, 125 (14), pp. 142503, (2020).  
[3] F. Ponce et al., Phys. Rev.C, 97 (5), pp. 1-4, (2018). 
[4]  L. von der Wense and B. Seiferle, The European Phys. Journ. A, 56 (11), pp.1-58, (2020). 
[5] W. Parker and R. Falk, Nuc. Instrum. and Meth., 16, pp. 355–357, (1962). 
[6] A. Vascon et al., Nuc. Instrum. and Meth. in Phys. Research A, 696, pp. 180-191, (2012). 
[7]  K. Eberhardt et al., AIP Conf. Proceed., pp. 030009, (2018). 
[8]  A. Vascon et al., Nuc. Instrum. and Meth. in Phys. Research A, 714, pp.163-175, (2013). 
[9] A. Vascon et al., Nuc. Instrum. and Meth. in Phys. Research A, 721, pp. 35-44, (2013). 
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ESTIMATION OF THE THICKNESS DISTRIBUTION OF THE EVAPORATED  
MATERIAL BASED ON LAMBERT'S LAW 

Anna Stolarz (Heavy Ion Laboratory, University of Warsaw, Warszawa, Poland) 

Majority of the nuclear physics experiments are performed with isotopicaly enriched target material which usually is 
very expensive. Often the required target parameters (especially thickness) impose the preparation method. In case 
of target formation by a vapour deposition the material consumption can be minimised by applying the small distance 
between substrate and vapour source or by applying the crucible with narrow exit. But, as well known, evaporation 
set-up with small distance or from crucible with narrow exit entails the significant variation in the thickness of the 
deposited material even over relatively small area. 

 

Figure 1: Roughs of material distribution deposited from flat (a) and tube-shape (b) crucibles 

In case of open vapour source the deposited material shows much higher thickness homogeneity but this option 
results with much higher material consumption than use of the tube-shape or pin-hole crucible 

The thickness fluctuation/material distribution can be estimated employing Lambert’s emission law known in optics. 
The law defines the light intensity at a point  on the illuminated surface as proportional to the cosine of the angle 
between the normal to the source surface and the incident light ray. For point light source is described by 

Φ× = Φ0 cosθ 

where Φ0 is the intensity of the light flux emerging from the source, Φ× is the intensity of the light flux at point . 

The distribution of the material which grows on a substrate depends on the distribution of vapour stream emerging 
from vapour source. Similarly to the light intensity, the amount of the deposited material depends on vapour stream 
intensity and for deposit on a flat substrate the deposit thickness variation between the centre and the border of the 
deposit can be estimated applying the cosine law: 

I(α) = I0 cosn α 

where I(α) and I0 are the vapour stream intensities at angle α and 0 and n ≥ 1 depends on the vapour source type 
which can not be treated as point source. 

 
Figure 2: Evaporation geometry 

 

The material distribution deposited from various types of the crucibles and at various distances of the vapour source 
and substrate will be discussed.  
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CLUSTER SIZE DETERMINATION OF A CLUSTER-JET TARGET USING  
SHADOWGRAPHY MEASUREMENTS 

Hanna Eick, Philipp Brand, Christian Mannweiler, Sophia Vestrick, and Alfons Khoukaz (WWU Münster) 

Cluster-jet targets from the WWU Münster are important components of several experiments at different research 
facilities. A great advantage of this type of targets is a density of 2∙1015 at/cm2, which is achieved at a distance of 
more than 2 meter behind the nozzle. This feature makes the cluster-jet targets suitable for experiments that require 
a high luminosity in combination with 4π detection systems like, e.g., the future PANDA experiment at FAIR in Darm-
stadt. 

It is important that all properties of the targets are known precisely in order to be able to adapt them optimally to 
the required conditions of the various experiments and to be able to carry out experiments successfully.  

Several of the Münster cluster-jet targets are in operation at different research centers for testing new ideas and 
new components as well as for optimizing and to perform experiments in various fields of physics. One of the cluster-
jet targets will be the phase-1 target of the PANDA experiment. For this experiment it is mandatory to understand 
the temporal substructure, since a quasi-continuous cluster beam crossing the accelerator beam is preferable to a 
situation of a granular target stream consisting of few large clusters. It is also of great interest to find out how the 
residual gas background at the interaction point is formed and whether there is an evaporation of clusters. To find 
answers to these important questions measurements were performed with one of the Münster cluster-jet targets. 

The mentioned cluster-jet target is mounted at the HHU Düsseldorf where it is used in combination with the 200 TW 
ARCTURUS laser system to investigate the laser-cluster interaction. In this context measurements are performed in 
order to study the properties of the clusters themselves. These properties include the size of the clusters and their 
size distribution as well as the amount of gas in which the measured clusters are embedded. 

The method used for this purpose is based on the shad-
owgraphy principle, in which images were taken during 
the illumination of the cluster beam by <30 fs ultrashort 
ARCTURUS laser pulses. The evaluation of cluster diame-
ters has to be automated due to the large number of rec-
orded photos. For this reason, special selection criteria 
are developed to distinguish between real clusters and 
background such as interference and diffraction rings. 

After applying the selection criteria, the diameters are de-
termined by means of a fit. Thanks to the rich recorded 
data base, a good estimation for the size distribution can 
be found.  

Using this, the volume density for different parts of the 
cluster beam can then be determined and compared to 
the expected values. 

This presentation provides an overview of the evalua-
tion method and presents the results of these analyses. 
First results show an average cluster size in the order of 
a few micrometers, which will also be of high interest 
for other installations using cluster beams. 

  

Figure 1: Shadowgraphy image on which clusters are 
visible as dark spots. 
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THE MAGIX JET TARGET – A WINDOWLESS TARGET FOR HIGH PRECISION  
EXPERIMENTS AT AN ENERGY-RECOVERY LINAC 

P. Brand, S. Vestrick, and A. Khoukaz (WWU Münster) 

The MAGIX (MAinz Gas Injection target eXperiment) experiment will be located in the energy-recovery arc of the 
new MESA (Mainz Energy-recovering Superconducting Accelerator) facility. This state-of-the-art electron facility with 
its innovative design will allow to regenerate the energy of the electrons for the acceleration of other electrons und 
thus, allows for very high intensities of up to 10 mA in the low energy region of up to 105 MeV. With this powerful, 
low energy electron beam MAGIX aims for precision experiments like, e.g., the determination of the proton form 
factor via electron-proton scattering, the measurement of the astrophysical S-factor for the reaction 12C(α,γ)16O in 
inverse kinematics, and the search for dark photons via the visible and invisible decay. 

For this purpose, a powerful target is required that fulfills 
several challenging requirements. The target must not be as 
thick as most solid targets, because otherwise the principle 
of an energy-recovery linac (ERL) would not work. Further-
more, a cell target which is commonly used in combination 
with liquified gases is also not feasible, since here the inter-
action of the low-energetic electrons with the cell would in-
troduce an intolerable background and would cause a large 
energy loss. Following these requirements, a windowless tar-
get is needed, that should work with several gases/liquids 
and has a small vertex size, which is necessary for a spec-
trometer setup as it is planned for MAGIX. For the planned 
experimental program, a target thickness of more than 1018-

 atoms/cm2 will be needed. 

All these requirements are fulfilled by the versatile MAGIX 
jet target [1]. This target uses a two-stage cold head to cool 
down various gases like, e.g., hydrogen, helium, nitrogen, ox-
ygen, or argon, down to cryogenic temperatures. Most of the 
gases can even be liquified, which will result in a smaller jet 
divergence and higher thickness. The cooled gas (or liquid) is 
then guided under pressures of up to 20 bar through a con-
vergent-divergent nozzle, leading to a supersonic jet that 
propagates into the vacuum chamber where the interaction 
with the electron beam will take place about 5 mm behind 
the nozzle exit. For operation parameters close to the vapor 
pressure curve or even in the liquid regime, also the cluster 
production can set in. Here, clusters of thousands up to mil-
lions of gas atoms or molecules are formed. Due to their high mass, these clusters will not be affected by scattering 
at the residual gas, so that the resulting cluster-jet will show a very small divergence over a long distance. 

The resulting jet using hydrogen as target gas was studied intensively by, e.g., elastic electron-proton scattering at 
the existing electron facility MAMI in Mainz. With input of these measurements also numerical CFD (computational 
fluid dynamics) simulations could be performed which lead to an optimized nozzle design for significant improvement 
of the target performance [2, 3]. These optimized µm-sized nozzles could be produced in our institute according to 
the simulation results. The performance of the target using different gases with the optimized nozzle design as well 
as the results of the nozzle optimization will be presented. 

____________________________________________ 
[1] S. Grieser et al., Nucl. Instr. Meth. A. 906, 120 (2018).  
[2] P. Brand, Master’s Thesis, WWU Münster (2019). 
[3] S. Schlimme et al., Nucl. Instr. Meth. A. 1013, 165668 (2021). 

 
  

Figure 1: CAD drawing of the MAGIX jet target (cre-
ated by D. Bonaventura, WWU). 
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THE MÜNSTER CLUSTER-JET TARGET FOR THE FUTURE PANDA EXPERIMENT 

S. Vestrick, P. Brand, D. Bonaventura, H. Eick, C. Mannweiler and A. Khoukaz (WWU Münster, Germany) 

The PANDA experiment will investigate proton-antiproton collisions 
with the utmost precision at the antiproton storage ring HESR at 
FAIR. It aims to address fundamental questions of QCD, i.e., mainly 
the theory of strong interaction and hadron physics [1,2]. The anti-
protons with a beam momentum of up to 15 GeV/c will interact 
with protons delivered by a cluster-jet target. Due to the 4π detec-
tor surrounding the interaction point the cluster source and beam 
dump each need to be located in a distance of more than 2 m to the 
interaction point connected by a narrow jet beam pipe. For the suc-
cess of this experiment it is indispensable to achieve world record 
target thicknesses in such large distances to the nozzle and develop 
a new state-of-the-art cluster-jet target. 

A first prototype cluster-jet target was set up in Münster. Here, first 
investigations on beam properties were performed and the design 
target thickness of 4.5 × 1015 atoms/cm² at the later interaction 
point in more than 2 m distance to the nozzle was reached [3]. 
Based on the obtained insights into cluster-jets and setup handling, 
the final Münster Cluster-Jet Target was designed which is topic of 
this presentation. 

Within the cluster-jet target, hydrogen is cooled down to tempera-
tures ranging from 20 to 40 K and pressed with 5 to 20 bar through 
a convergent-divergent Laval nozzle expanding into a first vacuum 
chamber (fig. 1). The resulting cluster-jet is separated from the gas 
background by a skimmer and afterwards tailored by a collimator, 
each optimizing the vacuum conditions. After a transition vacuum 
chamber, the cluster-jet is injected into the accelerator vacuum. 
With movable skimmer and collimator and a nozzle tilting system, 
the jet can be aligned within its beam pipe, crossing the interaction 
point after 2.25 m and entering the beam dump after in total nearly 
5 m. 

Three differentially pumped beam dump stages are separated by 
adjustable orifices allowing to minimize the gas backflow (fig. 2). 

Within the first stage an absolute thickness monitor system is in-
stalled. Two orthogonal rods are moved one after another stepwise 
through the cluster-jet. Impinging clusters lead to a pressure in-
crease proportional to the density of the cluster-jet. Furthermore, 
an MCP can be moved into the cluster-jet allowing for an online ver-
tex zone visualization. In combination with an electron gun a total illumination of the cluster-jet is possible which is 
a useful tool in aligning the cluster-jet through its narrow beam pipe and is a further way of determining the cluster-
jet density. Additionally, by pulsing the electron gun the MCP system can be used for a precise velocity measurement 
of single clusters, which is needed for the thickness determination.  

This state-of-the-art cluster-jet target setup and the implemented innovative beam diagnostic tools are topic of this 
presentation.  

____________________________________________ 
[1] PANDA Collaboration et al, Strong Interaction Studies with Antiprotons, arXiv: 0903.3905 (2009). 
[2] G. Barucca et al., “PANDA Phase One”, European Physics Journal A57, 44, arXiv: 2101.11877 (2021). 
[3] S. Grieser, Doctoral thesis, WWU Münster (2018)

 
Figure 1: Cluster-jet source. Cooled hydro-
gen is pressed through a laval nozzle re-
sulting in a defined cluster-jet propagating 
from top to bottom. 

 
Figure 2: Beam dump. After crossing the 
accelerator beam the cluster-jet is 
dumped in the differential beam dump al-
lowing for minimal gas backflow. Several 
beam diagnostic tools are implemented. 
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A NOVEL TECHNIQUE FOR THE PRODUCTION OF ROBUST ACTINIDE TARGETS 
USING SOLUTION COMBUSTION SYNTHESIS (SCS) AND ELECTROSPRAYING 

TECHNIQUES 

S. Dede (Texas A&M University, University of Notre Dame,) Jordan Roach, Ashabari Majumdar, Khachatur  
Manukyan, and Ani Aprahamian (University of Notre Dame) 

Over the last couple of decades, tremendous progress has been made towards the improvement of the detection 
and acceleration systems used in nuclear science research. Nuclear science experiments rely on various projectile 
and target combinations for the extraction of key nuclear cross-section and structure information. The success of 
these experiments though depends highly on the characteristics of targets with specific and well-defined properties. 
Unfortunately, the art of targetry has not made equally significant advances for the past several decades. This work 
reports on the implementation of new approaches from material science towards the production of robust targets 
with controlled thicknesses. Targets with actinide materials are challenging to make and ones of greatest demand.  
These types of actinide targets are important for stockpile stewardship as well as  nuclear structure studies. Actinides 
are typically low in abundance in nature and sometimes radioactive, thus rendering the most common target prepa-
ration techniques highly ineffective.  In this work, we have utilized solution combustion synthesis (SCS) in conjunction 
with electrospray deposition of chemically reactive layers that can be converted to actinide oxides by simple heat 
treatments, producing actinide targets efficiently using the very minimum in starting materials. We show that these 
targets are robust, uniform, and have the desired thicknesses.  They can then be used for experiments in Nuclear 
Astrophysics, Nuclear Structure Physics, as well as stockpile stewardship needs. Our targets were tested for robust-
ness using an Ar2+ beam at the NSL at the University of Notre Dame and the neutron beam at the Los Alamos National 
Laboratory (LANL) using the DANCE detector array. We report on the resulting detailed characteristics of the targets 
we produce. 

This work is funded by the NNSA (DE-NA0003888). 
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DEVELOPMENT OF A MODULAR HIVIPP SYSTEM 

Connor Mohs, Ravi Gampa, John Greene, and Matt Gott (Argonne National Laboratory) 

High Energy Vibrational Powder Plating (HIVIPP) is a target production technique established by Isao Sugai [1] that 
uses the vibrational movements of particles in a static electric field as a method of deposition. When this effect is 
sandwiched between two substrates, typically thin metal foils, thin films of these particles can be deposited on these 
substrates. A system was developed at Argonne with a modular target chamber to enable the use of this technique 
with radioactive materials. The chamber can be removed from the system and transferred to a radiological space for 
material handling. Once verified the chamber exterior is clean, the chamber can be transferred back to the system. 
Details of system development and initial experimental testing will be presented. 

This material is based upon work supported by the U.S. Department of Energy, Office of Science, Office of Nuclear 
Physics, under Contract No. DE-AC02-06CH11357. This research used resources of ANL’s ATLAS facility, which is a 
DOE Office of Science User Facility. 

____________________________________________ 
[1] Sugai, Isao. “An application of a new type deposition method to nuclear target preparation.” Nuclear Instruments & Methods in Physics 

Research Section A-accelerators Spectrometers Detectors and Associated Equipment 397 (1997): 81-90. 
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THE INFLUENCE OF WATER AND CARBON DIOXIDE CONTENT IN SOLVENTS 
ON LANTHANIDE THIN FILMSPRODUCED BY MOLECULAR PLATING 

E. Artes (JGU Mainz, HI Mainz, Germany), P. Cavallo (JGU Mainz, Germany), Ch. E. Düllmann (JGU Mainz, GSI 
Darmstadt, HI Mainz, Germany), B. Lommel (GSI Darmstadt), C.-C. Meyer (JGU Mainz, HI Mainz, Germany), C. 

Mokry (JGU Mainz, Germany), D. Renisch (JGU Mainz, HI Mainz, Germany), J. Runke (GSI Darmstadt, Germany), 
E. Schaffner (JGU Mainz, Germany), A. Seibert (JRC Karlsruhe, Germany), C. Trautmann (GSI, Darmstadt, TU 

Darmstadt, Germany) O. Walter (JRC Karlsruhe, Germany), Alexander Yakushev (GSI Darmstadt, Germany) 

Superheavy elements are produced via heavy-ion fusion reactions when irradiating actinide targets with intense ion 
beams and these targets are usually produced by molecular plating (MP)[1,2], which is based on an electrochemical 
deposition process, and need to withstand the intense ion bombardment. The element of interest is initially dissolved 
in dilute nitric acid and a small volume is then transferred into an organic solvent such as isopropanol or isobutanol[3]. 
Despite its long use, details of the MP process such as the exact nature of the deposited species, are still not fully 
understood. The deposition yields obtained are only partially reproducible and the films often suffer from organic 
residue [2,4] and solvent induced cracking. 

To improve our understanding of MP actinide films, systematic studies were carried out with different concentrations 
of water and CO2 in the solvents using the controlled atmosphere inside an argon-filled glovebox. In two different 
experiment series, the chlorides and nitrates of terbium were dissolved in an alcoholic mixture of isobutanol and 
isopropanol with <50 ppm water content. We observe clear effects of water and CO2 content on the deposition yield 
and the quality of the films. Confirming earlier observations of Raman spectroscopy[4], our films do contain organic 
residue, carbonates[4], oxides and hydroxides but do not show cracked solvents[2]. 

We ascribe these bands to formates, since first GIXD measurements of thulium thin films indicate the presence of 
formates. 

Since very low potentials prevail at the cathode during the MP process, the presence of water, which is introduced 
with the element of interest and resides in technical grade solvents, leads to hydroxide ion formation and to hydrogen 
evolution. The former result in high pH values at the cathode. If the potential is low enough and the environment is 
basic enough, CO2 is reduced to formates, as the corresponding Pourbaix diagram[7] shows. These conditions are 
present at the cathode during MP. 

Given this, and to improve our understanding of the MP process and the chemical and physical properties of the 
produced thin films, several terbium and thulium thin films were produced by MP with different defined concentra-
tions of water and CO2 in the solvents. The experiments were carried out in a controlled atmosphere inside an argon-
filled glovebox. In two different experiment series, the chlorides and nitrates of Terbium were dissolved in an alco-
holic mixture of isobutanol and isopropanol with <50 ppm water content. Several experiments were done, in which 
the concentration of water and CO2 in the plating solution was systematically changed. Observations show, that 
changes in the water and CO2 content affect the deposition yield and the quality of the films quite dramatically.  

The yield was determined indirectly by performing neutron activation analysis (NAA) of the supernatant solution 
before and after the MP using the research reactor TRIGA Mainz. Terbium chloride was activated beforehand so the 
homogeneity of the lanthanide in the thin film could be investigated by using radiographic imaging (RI). The layer 
morphology was studied using scanning electron microscopy (SEM). 

Raman and infrared (IR) spectroscopy were performed in an attempt to characterize the anionic species in the thin 
film. By varying the water and CO2 concentrations in the different deposits, the ratios of the different species were 
investigated. Finally, XPS measurements were carried out. 

At the conference the influence of water and CO2 present in the solution on the MP process will be discussed. 

____________________________________________ 
[1] Parker, W. & Falk, R., Nucl. Instr. Meth., 16. Jg. (1962).  
[2] Vascon, A. et al., Nucl. Instr. Meth. Phys. Res. A 696, (2012). 
[3] Eberhardt, K. Nucl. Instr. Meth. Phys. Res. A 590, (2018) 
[4] Meyer, C.-C. et al. Nucl Instr. Meth. Phys. Res. A 1028, (2022) 
[5] Choi, J., et al. J. Nanomater 2016, (2016) 
[6] Kurth, F., et al. "Electroplating of neodymium iron alloys." IEEE 11, 2016 
[7] König, M. et al. iScience 19, (2019) 
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SPHERICAL POWDERS: CONTROL OVER THE SIZE AND MORPHOLOGY OF 
POWDERS FOR ADDITIVE MANUFACTURING AND ENRICHED STABLE ISOTOPE 

NUCLEAR TARGETS 

M. Zach, D. Brashear (Oak Ridge National Laboratory), Ł. Żrodowski, B. Kalicki, M. Sołowiow (AMAZEMET War-
saw University of Technology), S. Adler (A3DM Technologies) 

Metal powders are the fundamental starting point for many nuclear target fabrications. Elemental powder properties 
can differ drastically from batch-to-batch, even when using the same method. Therefore, the variation in morphology 
and size of metal powders can cause variability in quality and yield inconsistent results with otherwise proven tech-
niques for manufacture of targets. Additive manufacturing has additional requirements for higher quality and more 
uniform feedstock. The production of spheroidized powders with uniform, reproducible properties and a narrow size 
distribution represents unexplored opportunities for experiments. Such opportunities include experimenting with 
solid metals that can now flow like liquids, new options for powder handling and dispensing, and new methods for 
target fabrications using additive manufacturing. 

The Stable Isotope Materials and Chemistry Group at Oak Ridge National Laboratory obtained an AMAZEMET  
rePowder ultrasonic metal atomization tool for creating limited batches of fully dense, free flowing, spherical pow-
ders of extremely rare materials, such as isotopic materials that have a narrow size distribution. This presentation 
and manuscript present early results from several materials that were produced, explore the anticipated limits of this 
instrument with extremely rare materials (e.g., enriched stable isotopes), and highlight research into new fabrication 
techniques that provide additional options beneficial to the international nuclear target community. 

 
   

 
Figure 2: Early production of powders from the AMAZEMET rePowder ultrasonic atomization tool. (Left: Solid Si 
flowing like a liquid from a vial; Middle: silicon powder produced; Right: size distribution of particles n = 1049.)    

____________________________________________ 
This work is supported by the U.S. Department of Energy Isotope Program, managed by the Office of Science for 
Isotope R&D and Production. 

Figure 1: Simple test comparison for flowabil-
ity of two different powders showing how the 
shape of the grains can greatly affect the abil-
ity to be handled in a controllable manner. 
Flowability and predictability of powder 
movement are required for additive manufac-
turing. (Left: milled Bi0.6Sb1.6Te3 powder; 
Right: commercially available, grade 304 
stainless steel powder.) 

photo: Fred List, III (ORNL) 
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DEVELOPMENT OF A LOW-LOSS, MINIMAL EXPOSURETECHNIQUE FOR  
THALLIUM FOIL FABRICATION 

J. Conner (Oak Ridge National Laboratory), M. Zach (Oak Ridge National Laboratory), D. Blackburn (Oak Ridge 
National Laboratory) 

Despite its availability as a solid bead or ingot, nonisotopic thallium metal is no longer commercially produced to 
customer specifications as a foil or other more complex target forms due to its high toxicity and tendency toward 
contamination. To conduct fundamental studies on the material, three other national laboratories approached the 
Stable Isotope Materials and Chemistry Group at Oak Ridge National Laboratory (ORNL) to provide the technical 
services required for their research and develop a safe method for the individuals to process the material. There was 
a focus on minimizing loss during fabrication for future applicability using isotopically enriched 203Tl and 205TI. Thallium 
was processed at ORNL as recently as 2007, but changes in the understanding of the material and safety culture at 
ORNL required the creation of a new procedure. The resulting conservative approach includes safeguards for 
containment of vapors during melting, contamination of equipment, and formation of the similarly toxic oxide. 

In this talk and article the team will describe the process of fabricating more than 40 foils (Fig. 1). The commercially 
sourced metal was consolidated into an ingot by melting the material in a special tube furnace under a reducing 
atmosphere. The resulting ingot was cold rolled using a work-hardened stainless-steel pack and oil lubricant before 
cutting the final foils to 2.5 cm × 2.5 cm × 50–75 mg/cm2. The appropriate safeguards used at each step are also 
outlined to ensure the safe and consistent production of these high-quality foils. The low-loss process enables future 
requests for isotopic thallium and other hazardous and rare materials with a high potential for contamination. 

 
Fig. 1: (A) Fabricated foils (42) as sent to customers, and (B) finalized foil sealed in Kapton tape and attached to plastic 
frame  

____________________________________________ 
This work is supported by the U.S. Department of Energy Isotope Program, managed by the Office of Science for 
Isotope R&D and Production. 
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NOVEL ACTINIDE TARGET MAKING METHOD: SPIN-COATING ASSISTED 
 COMBUSTION SYNTHESIS  

Ashabari Majumdar (Univ. of Notre Dame), Khachatur Manukyan, Wanpeng Tan, Stefania Dede, Jordan Roach, 
Aaron Couture, Peter Burns, Ani Aprahamian 

Investigation of actinide nuclei have immense importance in field of fundamental sciences as well as applications 
including stockpile stewardship and harvesting energy in nuclear reactors. However, traditional methods of target 
making fall short in making stable, uniform and cost-efficient actinide targets due to various reasons. A novel target 
making method has been developed specifically for actinides, combining spin-coating and solution combustion syn-
thesis (Fig. 1) at the nuclear science laboratory of the University of Notre Dame. Several high-quality UO2 targets has 
been prepared using this rapid and cost-effective method which offers a precise tuning of the thickness of (~30-1000 
nm) of the targets. These targets are found to be uniform (<3% thickness non-uniformity), isotopically pure and re-
producible (<1% deviation) after characterizing with electron microscopy, X-ray fluorescence and α-spectroscopy. [1] 
Stability of the targets are tested by bombarding high energy Argon ions and neutrons on them at the University of 
Notre Dame and Los Alamos Neutron Science Center rspectively. In both cases it is found, the targets do not lose 
material during the irradiations. However, interesting morphological and structural changes are observed after the 
ion and neutron irradiations. The effect of different backings on the UO2 targets are also determined. This talk sum-
marizes this novel method of uniform, stable and pure UO2 target preparation which can be utilized for producing 
other exotic actinide targets required in nuclear experiments. 

 

 

 
Figure 1: UO2 target making procedure with solution combustion synthesis and spin coating 

 

____________________________________________ 
[1] A. Majumdar et al., ACS Appl. Mater. Interfaces, 13, 35153-35164 (2021). 
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TARGETS FOR RADIOISOTOPE PRODUCTION, NEUTRON SCATTERING,  
NUCLEAR DATA MEASUREMENTS, AND EXPLORING THE LIMITS OF THE  

PERIODIC TABLE  

Kristian Myhre (ORNL) 

A broad range of science and technology areas irradiate targets. Each application has its own unique requirements 
for the composition, shape, and performance of the targets. Although most targets are solid, liquid and gas targets 
are not uncommon. Targets for radioisotope production via neutron or charged particle irradiation as well as for the 
production of neutrons via spallation often have pathlengths greater than a few millimetres. Targets for charge strip-
ping and nuclear physics research (e.g. Super Heavy Element synthesis, cross section measurements, etc.), however, 
are typically thin with pathlengths less than a hundred microns. This talk will highlight Oak Ridge National Labora-
tory’s contributions in the area of targets for nuclear applications with a focus on current research and development. 
This discussion will span topical areas including targets for radio-isotope production, neutron scattering, nuclear data 
measurements, and nucleosynthesis. High-priority re-search areas for the field of nuclear targetry will be identified 
and discussed. 

 

ACTINIDE AND LANTHANIDE TARGET DEVOLPMENTS USING A  
DROP-ON-DEMAND PRINTING SYSTEM 

D. Renisch (JGU Mainz, HI Mainz, Germany), C. Bruhn (JGU Mainz, Germany), H. Dorrer (JGU Mainz, Germany), 
Ch. E. Düllmann (JGU Mainz, HI Mainz, GSI Darmstadt, Germany), K. Eberhardt (JGU Mainz, Germany), R. Haas 
(JGU Mainz, HI Mainz, GSI Darmstadt, Germany), B. Kindler (GSI Darmstadt, Germany), B. Lommel (GSI Darm-
stadt, Germany), J. Lukacova (JGU Mainz, Germany), C.-C. Meyer (JGU Mainz, HI Mainz, Germany), Ch. Mokry 
(JGU Mainz, HI Mainz, Germany), T. Schwab (JGU Mainz, Germany), Ch. Sirleaf (JGU Mainz), J. Runke (JGU 

Mainz, GSI Darmstadt, Germany) 

Actinide and lanthanide targets with specific requirements regarding thickness, homogeneity, chemical purity, me-
chanical stability, and backing properties are applied in a multitude of physics and chemistry experiments. A novel 
target preparation method based on inkjet printing was developed recently in the Nuclear Chemistry unit at Johannes 
Gutenberg-University Mainz. It is based on a combination of a nanoliter dispenser with an x-y-translation stage [1]. 
This so-called “Drop-on-Demand” (DoD) system can handle aqueous as well as organic solvents and is applicable to 
various substrates, e.g., metal, polymer, or carbon foils. The wetting behavior of the surface is a key parameter de-
termining the size and the quality of the deposition after evaporation of the drop. It depends on substrate-specific 
properties including hydrophobicity and roughness, as well as on the viscosity and surface tension of the solution. 
Specific alteration of the physical and chemical properties of the backing is achieved, e.g., by sputtering of thin metal 
layers on top of the substrate or by anodic oxidation of the surface prior to the printing process. By choosing appro-
priate conditions, it is possible to obtain circular deposits with a diameter as small as 300 µm. Even smaller spot sizes 
are expected when using a picoliter printing system, which is currently being set up. By depositing large numbers of 
drops, large-area targets covering up to a few cm² can be produced. Characterization of the produced layers was 
performed using atomic force microscopy, contact angle measurements, scanning electron microscopy with energy 
dispersive X-ray spectroscopy, radiographic imaging, as well as alpha- and gamma-spectroscopy. 

Examples of ongoing and future experiments, where DoD-targets are in use, will be presented. This includes the 
production of neutron-deficient actinides in the p + Th-232 reaction at U. Jyväskylä, Finland; Cm-248 and Cf-252 
fission fragment sources for JRC Geel, Belgium; muonic-atom spectroscopy of Ra-226 and Cm-248 at PSI Villigen, 
Switzerland [2], as well as Ho and Dy microsamples for high-precision mass measurements with PENTATRAP at MPIK 
Heidelberg, Germany, for the ECHo collaboration [3]. Investigations to study the performance of DoD-targets under 
the influence of various particle beams online and offline [4] have been performed. 

The current status of the novel DoD method, including studies on its aptitude for actinide and lanthanide target 
production compared to other methods like molecular plating [5], will be described. 

____________________________________________ 
[1] R. Haas et al., Nucl. Instr. Meth. Phys. Res. A 874, 43-49 (2017) 
[2] A. Adamczak et al., EPJ Web of Conferences 193, 04014 (2018) 
[3] Ch. Schweiger et al., Rev. Sci. Instrum. 90, 123201 (2019) 
[4] C.-C. Meyer et al., Nucl. Instr. Meth. Phys. Res. A 1028, 166365 (2022) 
[5] J. Runke et al., J. Radioanal. Nucl. Chem. 299, 1081-1084 (2014) 
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PRODUCTION OF POWDER TARGETS FOR NEUTRON INDUCED CROSS  
SECTIONS MEASUREMENTS 

A. Moens1, R. Eloirdi2, A. Kellerbauer2, R. Malmbeck2, G. Sibbens1, D. Vanleeuw1 
1European Commission, Joint Research Centre, Directorate G, Retieseweg 111, B-2440 Geel, Belgium 

2European Commission, Joint Research Centre, Directorate G, P.O. box 2340, D-76125 Karlsruhe, Germany 

Nuclear powder targets for neutron-induced cross section measurements were prepared by canning and pressing. The 
choice of production technique was chosen in function of the type of nuclear experiment and the quality of the pow-
der.  

This paper describes the process applied for the production of stable and radioactive powder targets by canning and 
pressing. Special attention goes to the difficulties encountered during the preparation process of 239PuO2 pellets. In-
vestigation was done to see if the mechanical instability of the 239PuO2 pellets was related to the presence of impuri-
ties. Analysis of the PuO2 material was performed by scanning electron microscopy with energy dispersive X-ray spec-
troscopy, by inductively coupled plasma mass spectrometry, X-ray diffraction and by thermal analysis.  

 

 

 

 

APPLICATION OF MULTIPLE SOURCE PREPARATION PROCEDURES ON ENVI-
RONMENTAL SAMPLES IN ALPHA-SPECTROMETRY  

M. Abubakar (Ghana Atomic Energy Commission) M. Rozmaric (Environmental Protection Agency, Ireland) 

Different source preparation procedures for determination of uranium radioisotopes in environmental samples by 
alpha spectrometry are presented. Addition of 232U tracer was followed by the preconcentration of radionuclides of 
interest from the samples by co-precipitation on Fe(OH)3 at pH 9 using ammonia solution. The uranium extracts were 
obtained by column separation using UTEVA resin after which the uranium sources from the samples were prepared 
using either electrodeposition or micro-coprecipitation with LaF3 before counting. The procedures were tested on 
spinach, soil, tap water and waste water from the mine and the results obtained were obtained are compared. 

 

____________________________________________ 
[1] E. P. Horwitz et al., Anal. Chim. Acta., 25−37 (1992).  
[2] O. Jung-Suk et al., Evaluation of three electrodeposition procedures for uranium, plutonium and americium. Appl. Radiat. Isot. 87, 233–237 

(2013). 
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METHOD FOR RELEASING THE CARBON FOIL FROM THE SUBSTRATE 
H. Hasebe, H.Okuno, H. Imao, N. Fukunishi, M. Kase, and O. Kamigaito (Nishina Center for Accelerator-Based Sci-

ence, RIKEN) 

In 1999, we started developing long-life carbon foils (C-foils) for the charge strippers at RIKEN RI Beam Factory. The 
C-foils thinner than 100 µg‧cm−2 have been fabricated by the arc discharge deposition method [1]. In this case, the C-
foils can be successfully released from the substrate using NiCl2 and LaCl3 as the releasing agents. However, by this 
method, C-foils with the thickness exceeding 100 µg‧cm−2 are unexpectedly removed from the substrate during dep-
osition process, and the foils cannot be formed adequately. This is the reason that we have adopted the magnetron 
sputtering method [2] to fabricate thicker C-foils, even though this method is not simple. One of the reasons of the 
difficulty of fabricating C-foils by this method was that we had no suitable release agent. Especially, chloride affects 
badly on the foil. After many trials, we have developed the best way for the magnetron sputtering deposition. Our 
original method with the new releasing agent will be presented. 

____________________________________________ 

[1] H. Hasebe et al., Proceedings of 17th International Conference on Cyclotrons and Their Applications (Cyclotrons 2004), Tokyo, Oct. 2004. 
p.313.  

[2] H. Hasebe et al., Nucl. Instr. and Meth. A 655 (2011) 57. 
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PREPARATION OF DIFFERENT CARBON STRIPPER FOILS AND APPLICATION IN 
BEAM DIAGNOSTICS 

B. Lommel, E. Celik Ayik, A. Hübner, B. Kindler, T. Reichert, R. Singh, J. Steiner, B. Walasek-Höhne, V. Yakusheva 
(GSI) 

The production of carbon stripper foils that are mounted at different locations of the heavy-ion accelerator is an 
important task of the target laboratory and the process for the preparation of carbon foils is constantly improved [1, 
2]. Recently, we tested additional heat treatment of the carbon stripping foils following our standard procedure to 
reduce stress in the foils, since the performance and the durability of those stripping foil is a crucial factor for an 
effective operation. We investigated the properties of foils produced some time ago and of foils freshly produced 
with the standard procedure, and foils treated thermally after the standard procedure. 

For the beam diagnostic group at GSI radiation resistant target materials for transverse ion beam profile measure-
ment is an ongoing research topic [3]. In that framework, the feasibility of Optical Transition Radiation (OTR) gener-
ation due to ion beam interaction with metal target for beam profile determination has been investigated [4]. Here, 
carbon stripper foils are applied to enhance the OTR signal. 

The differently prepared foils were applied in many different experiments of the beam diagnostic group [5, 6]. We 
describe the performance of the foils during irradiation and compare the features after operation.  

____________________________________________ 

[1] Preparation of self-supporting carbon thin films; B. Lommel, W. Hartmann, B. Kindler, J. Klemm and J. Steiner; Nucl. Instr. and Meth. A 480, 
199-203 (2002). 

[2] Development of carbon foils with a thickness of up to 600 μg/cm2 
Birgit Kindler, Willi Hartmann, Annett Hübner, Bettina Lommel, Jutta Steiner; Nucl. Instr. and Meth. A 613, 126-130 (2010). 

[3] P. Boutachkov, A. Reiter, B. Walaek-Höhne, M. Saifulin, E.I. GorokoeR.A. Rodnyi, I. Venevtsev; “Radiation Hardness investigation of Zinc 
oxide fast scintillators with relativistic heavy ion beams” IBIC 2019 Proceedings  

[4] Beata Walasek-Höhne et al. „Pilot Studies on Optical Transition Radiation Imaging of Non-Relativistic Ions at GSI” BIW 2012 Proceedings 
[5] R. Singh and T. Reichert; “Longitudinal charge distribution measurement of nonrelativistic ion beams using coherent transition radiation”. 

Phys. Rev. Accel. Beams 25, 032801 – Published 23 March 2022  
[6] R. Singh, T. Reichert  and B. Walasek-Hoehne; „Transition radiation based transverse beam diagnostics for non relativistic ion beams”. 

Transmitted to arXiv:2104.08487  [physics.ins-det] https://doi.org/10.48550/arXiv.2104.08487  
 

 
 

INSTALLATION AND COMMISSIONING OF THE STRIPPING FOIL SYSTEM IN 
THE NEW CERN PS BOOSTER 160 MEV H− INJECTION REGION 

C. Bracco, L. Jorat, E. Renner and W. Weterings (CERN, Geneva, Switzerland) 

During Long Shutdown 2 (LS2) at CERN, the new Linac4 (L4) accelerator was connected to the PS Booster (PSB) to 
inject 160 MeV H− beam into the 4 superposed PSB rings. In order to achieve this, a completely new H− charge-
exchange injection chicane system [1], with 200 µg/cm2 carbon stripping foil units, to convert the negative hydrogen 
ions into protons, by stripping off the electrons, has been installed. Beam commissioning of this system started in 
December 2020 and different types of foils have been used for this purpose. In parallel, stripping efficiency measure-
ments, of different foils types, continued to take place with the stripping foil test stand [2] in the L4 Transfer Line. 
This paper briefly recalls the final design, and installation of, the main components in the PSB injection region, before 
reporting on the important results obtained during measurements and commissioning with beam. 

____________________________________________ 
[1] W. Weterings et al., doi:10.18429/JACoW-IPAC2019-WEPMP039 (2019). 
[2] W. Weterings et al., J. Radioanal. Nucl. Chem. 305 (2015) 831-835. 
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https://arxiv.org/abs/2104.08487
https://doi.org/10.48550/arXiv.2104.08487


30th Conference of the International Nuclear Target Development Society INTDS2022 

30 

 

OVERVIEW AND STATUS OF FRIB CHARGE STRIPPER AND CHARGE SELECTOR 

T. Kanemura, N. Bultman, M. LaVere, R. Madendorp, F. Marti, T. Maruta, Y. Momozaki1, J.A. Nolen1, P.N. Os-
troumov, A.S. Plastun, X. Rao, H. Ren, A. Taylor, J. Wei and Q. Zhao (Facility of Rare Isotope Beams, Michigan 

State University, East Lansing, MI, USA)(1also at Argonne National Laboratory, Lemont, IL, USA) 

The Facility for Rare Isotope Beams (FRIB) at Michigan State University is a 400 kW continuous-wave heavy ion linear 
accelerator facility [1]. Heavy ion accelerators normally include a charge stripper to remove electrons from the beams 
to increase the charge state of the beams thus to increase the energy gain. After the charge stripper, there is a charge 
selector, which is to select the wanted charge state(s) of the stripped beam for further acceleration. The unwanted 
charge states stop at the charge selector. The charge stripper and charge selector are two major devices in the FRIB 
driver linac which intentionally intercept the beams during normal operations, and thus possess technical challenges 
in terms of thermal and radiation damages. During future full power operations, 450 W power deposition (56 
MW/cm3 in density) at the stripper and 40 kW power deposition (17 MW/cm3 in density) at the charge selector are 
expected. The beam energy at these devices is 17-20 MeV/u. For the charge stripper, we have developed a state-of-
the-art liquid lithium charge stripper (LLCS) for high power operations up to 400 kW, and successfully commissioned 
it with heavy ion beams (36Ar, 124Xe and 238U beams) [2]. We have also implemented a backup rotating carbon foil 
charge stripper to enhance the stripper availability. For the charge selector, we have commissioned and used a water-
cooled static slits that can be used with 10-kW-at-target beams. To absorb higher power beams, the device will need 
to be upgraded based on operational experiences. In this paper, we report the overview and status of FRIB’s charge 
strippers and charge selector. 

 

____________________________________________ 
[1] J. Wei et al., Mod. Phys. Lett. A, Vol. 37, No. 09, 2230006 (2022). 
[2] T. Kanemura et al., Phys. Rev. Lett., 128, 212301 (2022).  
 
This work is supported by the U.S. Department of Energy Office of Science under Cooperative Agreement DE-SC0000661 
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IMPROVEMENTS IN IRIDIUM TARGET CHEMISTRY 

Athena Marenco, Evelyn Bond, Gencho Rusev, Todd Bredeweg (ORNL) 

The purpose of this research is to optimize the dissolution and separation chemistry of iridium targets and prepare 
the iridium for analysis by a silicon drift detector. Iridium is important because it was used as a radiochemical detector 
in nuclear device tests to assist in the understanding of the neutron energy spectrum and is still used today as a 
spectral index for energy integral nuclear physics measurements at reactor facilities. Improvements in iridium chem-
istry techniques of irradiated iridium salt pellets and irradiated foils will be discussed. LA-UR-22-24938 

 
 
 
 
 
 
 
 

 

ELECTRODEPOSITION OF IRIDUM FOR TARGET MANUFACTURING 

N. Kheswa (NRF-iThemba LABS), Q. Vokwana (NRF-iThemba LABS) & S. Buwa (NRF-iThemba LABS) 

Electrodeposition process has been used with the aim to produce 123Ir target which is required to be used in a nuclear 
physics experiment to search for wobbling bands in 193Au, 193Ir(α, 4n) 193Au. In this contribution, all the methods and 
solvents employed in order to dissolve iridium are highlighted. Electrodeposition setup results with challenges en-
countered during the development process will be discussed in detail.  

 

____________________________________________ 
[1] Balcerzak, M.  Analytical Sciences.  (2002).  
[2] T. Jones. Feature. (2004). 
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DESIGN OF THIN TARGETS FOR THE NUMEN EXPERIMENT 

F. Pinna1,2, V. Capirossi1,2, D. Calvo2, M. Cavallaro3, F. Delaunay3,4,5, M. Fisichella3, F. Iazzi1,2, A. Massara3 on 
behalf of the NUMEN Collaboration 

1DISAT - Politecnico di Torino, Torino, Italy, 2INFN Sezione di Torino, Torino, Italy, 3Istituto Nazionale di Fisica 
Nucleare, Laboratori Nazionali del Sud, Catania, Italy, 4Dipartimento di Fisica e Astronomia, Università di Catania, 

Catania, Italy, 5LPC Caen, Normandie Université, ENSICAEN, UNICAEN, CNRS/IN2P3, Caen, France 

This work is being developed within the NUMEN project, a challenging experiment which aims to measure the cross 
section of Double Charge Exchange (DCE) reactions [1]. For this purpose, the isotopes 48Ca, 48Ti, 76Ge, 76Se, 82Se, 96Zr, 
100Mo, 106Cd, 116Cd, 110Pd, 110Sn, 116Sn, 124Sn, 128Te, 130Te, 130Xe, 136Xe, 148Nd, 150Nd, 154Sm, 160Gd, 198Pt will be irradiated 
with 18O or 20Ne. The development of this kind of targets must accommodate a number of constrains, due both to 
the involved physics and to the experimental setup itself. Most of the studied reactions have a cross section of just a 
few nb/sr, thus a high statistic is needed. Also, the resolution of the reaction products’ energy must be enough to 
distinguish among the recoiling nucleus excited states. For this latter reason, the targets have to be thin, few hun-
dreds µg/cm2. Therefore, the only viable way to collect the desired statistic is to use intense ion beams, up to 1013 
pps, but such approach has a few downsides. The first and most striking is the heat deposited by the beam, which 
would easily compromise the target integrity. Conventional solutions, like rotating targets, couldn’t be applied due 
to room availability in the scattering chamber, which must also house other components. Also, γ-rays detectors will 
be used nearby the target, and a cumbersome target system would interfere with γ-rays detection. An efficient way 
to dissipate heat has been found in the use of special graphite backing, named HOPG, held by a copper sample holder 
coupled to a powerful cooling system. A systematic study of substrates of diverse thicknesses and grade have been 
carried out, the thickness ranging from 2200 µg/cm2 to backings thinner than 500 µg/cm2. First prototypes of targets 
were produced using natural sources of Te, Sn, Ge, Mo, Cd, and Se. Targets are deposited on the substrate by PVD 
techniques, mainly Electron Beam Deposition and Thermal Evaporation. Although calculations showed that the HOPG 
substrate strongly enhances the targets’ heat dissipation capability, the inert surface of HOPG somewhat hampers 
the deposition. In fact, the target thickness homogeneity is another key factor to preserve the energy resolution. A 
great effort was put into producing the most uniform target achievable. Improvements were made by controlling the 
temperature at which the depositions are performed, and by interposing a buffer between the target and the back-
ing. So far, Cr proved to be a good buffer material; for instance, it considerably enhances the uniformity of Sn and Ge 
target. However, it could limit the energy measurements, since the reaction channel 52Cr(18O, 18Ne) 52Ti interferes 
with some of the reactions of interest. Other kind of buffers (such as C, Mn, Al) have been explored, and results will 
be shown. In this work, the constraints in the development of NUMEN targets and the proposed solutions will be 

presented. Results obtained for some elements of interest will be presented as well. 

____________________________________________ 
[1]  F. Cappuzzello et al., Eur. Phys. J. A 54, 72 (2018).  
 
 
 

Figure 1: SEM image of a 319 µg/cm2 thick Ge deposition on a 
1100 µg/cm2 HOPG backing. 
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FABRICATION AND CHARACTERIZATION OF HIGH PURITY 93Nb TARGET ON 
LEAD BACKING 

Anand Pandey1, Ravi Bhushan1, Aman Rohilla2, C. Majumder3, S. Chakraborty4, R.P. Singh4, Abhilash S. R.4 and 
S.K. Chamoli1 

Nuclear Physics experiments often require thin self-supporting targets. However, the choice of the target and its 
specifications depend on many factors like the physics problem to be addressed, geometry of the experimental setup, 
availability of material, physical and chemical properties of the material, the operational difficulties in handling the 
target etc. In experiments where the task is to extract the level lifetimes of the excited nuclear states, the choice of 
target becomes very specific. To measure the lifetimes of excited nuclear states in the range of few femtoseconds, 
the Doppler shift attenuation method (DSAM) is applied [1]. In this method of measurement, essentially, a thin target 
(thickness ~ 1 mg/cm2 or less) on a thick backing foil (thickness ~ 5 -10 mg/cm2) of high density material (e.g. gold, 
lead, etc.) is required. One of the important requirement of DSAM measurements is that the target and the backing 
foils must be of uniform thickness and properly stuck to each other at all points. Little bit of unevenness in the thick-
ness of foils, especially in the backing foil, or little bit of gap between the two foils is good enough to spoil the meas-
urements. So extreme care is needed while preparing target for the DSAM measurements. In the present work, we 
report the making of one such target for the DSAM lifetime measurements at the Inter University Accelerator Facility 
(IUAC), Delhi, India. In this activity a thin target of 93Nb was fabricated on relatively thick lead backing using rolling 
machine (shown in Figure 1) available at the IUAC, Delhi [2]. The fabrication of target was done in two steps. In the 
first step, a thin foil of (mono-isotopic) 93Nb and thick sheet of (natural) Pb material were rolled down separately to 
thickness ~1.3 mg/cm2 and 13 mg/cm2 respectively. To ensure uniformity of thickness of the foils, some novel meth-
ods like heating of rolling pack to a temperature of ~ 600 0C to maintain flatness of the pack during rolling, the use of 
alcohol drops during rolling and the use of butter paper have been applied. As lead is a soft material, so gentle rolling 
in small steps was adopted to ensure the uniformity of thickness of the lead sheet. In the second step, both foils were 
kept over each other and rolled together to form backed target. This step was the most difficult one. While there was 
no issue with the proper sticking of the two foils as lead material is soft and therefore adhere to Nb foil well, the real 
challenge was to control the thickness of the lead sheet. On rolling the composite target foil under pressure, there 
was little effect on the Nb foil but Pb sheet was expanding too much and sticking to the surface of the rolling SS sheet 
too. To avoid sticking of Pd sheet and therefore wear and tear of Pd backing sheet, some novel methods like rolling 
with butter paper packing, use of alcohol from time to time, cutting the expanded portion of target from the sides 
and sometimes heating of SS packing plate were adopted. The good quality 93Nb target on thick backing Pd sheet 
obtained in the present work is shown in Figure 2. To check for the elemental purity of the target and the backing 
foils and the uniformity of their thickness, the prepared target was scanned with energy dispersive X-ray fluorescence 
(EDXRF) technique [3]. The prepared target foil has been successfully used in a recent DSAM lifetime measurements 
experiment at the IUAC, Delhi.            

 

 

 

 

 

 

 

 

 
                                                                                                          Figure 2: Picture of fabricated backed 93Nb target (left) 

and target frame after experiment (right). 

Figure 1: Photograph of rolling machine at IUAC. 

__________________________________________ 
[1] T.K. Alexander, J.S. Forster, Lifetime Measurements of Excited Nuclear Levels by Doppler-Shift Methods, Springer US, Boston, MA, 1978, 197. 
[2]  C.K. Gupta et al., Nuclear Instruments and Methods in Physics Research Section A 764 (2014) 273 -276. 
[3] Sanjiv Puri, et al., Nuclear Instruments and Methods in Physics Research Section B 111 (1996) 209. 
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SPANNING THE PERIODIC TABLE: AN OVERVIEW OF STABLE ISOTOPE  
TARGET FABRICATION AT ORNL 

C. Foster (Oak Ridge National Laboratory), J. Conner (Oak Ridge National Laboratory), M. Zach (Oak Ridge Na-
tional Laboratory) 

The Stable Isotope Materials and Chemistry Group at Oak Ridge National Laboratory (ORNL) manages the world’s 
most extensive inventory of stable isotopes and performs custom technical services to transform any material in 
inventory to the target form needed by the researcher. The extremely high value of the enriched stable isotopes 
means that this manufacture of targets is performed with minimal material loss during chemical conversions, 
fabrication of targets, and handling of enriched gases. The transformations to custom target forms include the 
following: (1) pyrochemical and thermal conversions; (2) inorganic compound synthesis; (3) powder metallurgy by 
pressing, melting, and/or sintering; (4) hot and cold rolling; (5) wire casting, rolling, swaging; (6) arc melting, casting, 
alloying, and drop casting; (7) ion beam and plasma sputtering; and (8) high vacuum evaporation. These techniques 
are performed with a unique set of equipment combined with analytical tools to ensure the target meets or exceeds 
customer expectations. 

This talk will feature an overview of the equipment used for stable isotope transformation at ORNL and several 
examples of recent targets produced by the group, including 171Yb wires, 62Ni pellets, and 25Mg foils. The targets 
discussed will cover the processes and equipment used for stable isotope manufacturing at ORNL and give a broader 
understanding of the lab’s thin film preparation techniques, preparation of high-purity and specialty materials, and 
development of highly material-conservative methods. 

 

____________________________________________ 
This work is supported by the U.S. Department of Energy Isotope Program, managed by the Office of Science for Isotope R&D and Production. 
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PREPARATION AND CHARACTERISATION OF HOPG-BACKED TARGETS FOR THE NUMEN PROJECT 

A. Massara1, M. Fisichella1, C. Agodi1, M. Cavallaro1, F. Cappuzzello1,2, F. Delaunay1,2,3, V. Capirossi4, F. Pinna4 
for the NUMEN Collaboration 

1Istituto Nazionale di Fisica Nucleare, Laboratori Nazionali del Sud, Catania, Italy, 2Dipartimento di Fisica e Astro-
nomia, Università di Catania, Catania, Italy, 3LPC Caen, Normandie Université, ENSICAEN, UNICAEN, 

CNRS/IN2P3, Caen, France ,DISAT - Politecnico di Torino, Torino, Italy 

The NUMEN project, hosted by the INFN-LNS facility (Catania) aims to access the nuclear matrix elements of neutri-
noless double beta-decay by measuring double charge exchange (DCE) reactions induced by intense beams (up to 
1013 pps) of heavy ions (12C, 18O and 20Ne) in the energy range 15-60 MeV/nucleon [1]. 

For this project isotopically enriched targets (for example 92,96,100Mo, 106,110,116Cd) are required which should be thin 
(a few hundred of μg/cm2) and uniform to preserve the resolution on the products energy measurements. Moreover, 
to dissipate the power released by the beam (about 0.5 - 1.6 W deposited in targets), the isotopic material of the 
target will be deposited on a substrate of Highly Oriented Pyrolytic Graphite (HOPG) [2], which with its high thermal 
conductivity (~2000 W/(m·K)) can guarantee the heat transfer towards a heat sink [3]. 

In this contribution, main problems faced for the development of these targets and possible solutions will be dis-
cussed, by taking as example the production of Cd and Mo targets. They have been manufactured at the target la-
boratory of INFN-LNS by the thermal evaporation technique, by using natural elements instead of isotopes for cost 
saving. As is well known, the structure of thin films can be affected by different factors, namely by the chemical and 
physical properties of the considered element, the film thickness, the characteristics of the substrate, the deposition 
rate and temperature, etc. Thus, for each material, several attempts are needed to define the parameters and pro-
cedures to obtain targets of the required thicknesses and uniformity. For example, it has been observed that in the 
case of the Cd the film adhesion can be improved by interposing a Bi buffer (layer of a few hundred Å), or that heating 
the HOPG substrate during the deposition of Mo can promote the formation of larger grains and facilitate coales-
cence among grains. The thickness measurements and the uniformity studies have been performed with a new sys-
tem developed at INFN-LNS, using alpha-particle transmission, which allows to scan the whole target with a precision 
of 1 mm.  The detail of this system will also be discussed in this contribution. Furthermore, the results of Rutherford 
Backscattering Spectroscopy and Field Emission Scanning Electron Microscopy for the characterisation of these tar-
gets will be presented. The experience obtained for these materials will be useful to produce other targets with 
similar requests. 

____________________________________________ 
[1] F. Cappuzzello, et al., Eur. Phys. J. A 54 (2018) 72. 
[2] F. Iazzi et al., Transactions on Engineering Sciences, Vol 116 (2017) 
[3] F. Pinna et al., Acta Physica Polonica B, 51 (2020) 
[4] F. Pinna, Phys. Scr. 95 (2020) 094002 
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HIGH- POWER TARGETS FOR THE PRODUCTION OF RADIOISOTOPE BEAMS 

A. Gottberg (TRIUMF, University of Victoria) 

The family of Radioactive Ion Beam (RIB) facilities is growing and gaining capabilities with new projects in preparation, 
such as RISP (IBS, Korea), SPES (INFN-LNL, Italy), TATTOOS (PSI, Switzerland), PTF (SCK CEN, Belgium) and expanding 
facilities like ARIEL (TRIUMF, Canada), FRIB (NSCL, USA), RIBF (RIKEN, Japan), CARIBU (ANL, USA) and others. Programs 
are based on the ISOL or fragmentation production techniques with broad physics programs with increasing interest 
in the development of theranostic nuclei for medical applications.  

Radioisotope production rates scale proportionally with primary beam intensity causing a desire to cope with ever-
increasing densities of deposited power inside of the target material. The ISOL technique relies on the diffusion of 
the produced radioisotopes from the target material into an ion source. To reduce the decay of short-lived isotopes 
during the slow diffusion process, materials are engineered to exhibit high fractions of open porosity and small par-
ticle sizes. To promote diffusion rates, targets are operated at high temperatures, limited by vapour pressure and 
melting point. The resulting materials are often refractory composites with competing phase assemblies to limit sin-
tering dynamics and avoid loss of porosity and growth of particle sizes. Physical, thermal, chemical and diffusion 
properties of these complex materials are typically unknown, especially in the extreme operation conditions such as 
GGy-level radiation and high temperatures, making dedicated development infrastructure and research campaigns 
indispensable. Studies are further impeded by the need of characterizing properties during and after irradiation and 
the resulting high levels of radioactivity of such samples.  

Experimental beamtime at RIB facilities is competitive, calling for “semi-offline” development infrastructure, where 
materials are activated and representative irradiation damage is accumulated parasitically before studying diffusion 
of relevant isotopes and the evolution of material thermos-mechanical properties caused by irradiation damage. The 
resulting capabilities are made available to the larger community to contribute to the development of targetry sys-
tems and nuclear materials.  

An overview of RIB facilities, their target materials and relevant properties, together with a cross section of ongoing 
R&D effort in the field will be presented.  
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REPARE: DESIGN OF A HIGH POWER SOLID TARGET 

G. Brunet, M. Michel (GANIL), G.DeFrance, V.Desmezières, B.Jacquot, C.Hocini, S.Ferey, J.Gueret, L.Rossard, 
M.Morisset, G.Fremont, S.Lecerf, T.André, C.Michel, P.Gangnant, JC Foy, R.Levallois (GANIL), F.Haddad, L.Per-

rigaud (ARRONAX), A.Cadiou (Subatech) 

The goal of the REPARE (Research and dEvelopment for the Produc-
tion of innovAtive RadioElements) project is to design a high power 
irradiation station to efficiently produce 211At, a very promising alpha 
emitter to treat numerous cancers. It was triggered by the availability 
of intense beam of light ion beams (alpha, lithium) delivered by the 
new superconducting SPIRAL2 linear accelerator at GANIL. 211At 
would be produced either directly in the 209Bi+alpha reaction or indi-
rectly in the beta decay of 211Rn produced in the 209Bi+6Li reaction, this 
latter option being called the generator option. The project includes 
the precise measurements of several cross-sections, the design of a 
high-power solid 209Bi target, the design study of a liquid target and 
the design of a generator. The present abstract focuses on the high 
power solid bismuth target. 

In order to produce a large amount of 211At (or 211Rn in the case of the 
generator option), the bismuth should be able to sustain the largest 
possible intensity. The SPIRAL2 LINAC will deliver intensity of the or-
der of 1 mAe (ie 3e15 pps). The main design specification for the tar-
get station is to be able to dissipate up to 10kW of incoming beam 
power. At the end of the irradiation, and after one hour cooling time, 
the targets have to be extracted and treated as fast as possible in or-
der to avoid unwanted decay losses of 211At (its half-life is 7.214 h). 

In this presentation, we will describe the various challenges we had to address and the technical solutions we pro-
posed. 

• The first challenge consisted in designing an irradiation station that can cool the bismuth to maintain it in its solid 
state, ie below its melting temperature of 271°C. To do this, we designed a system with 12 rotating, cooled targets. 
The number of 12 is a compromise between a large 211At production output and an efficient cooling. The most 
efficient cooling is obtained when the cooling water is in direct contact with the rear face of the target backing 
made of AlN. The target support has to press the sealing to sustain four bars of water pressure. Fluidic CFD simu-
lations, which takes into account rotation and cooling circuit of the targets have been performed. 

• The second challenge was to design a telemanipulating device to extract the targets from the station whilst pro-
tecting workers from the radiations.  

• We also had to synchronize the beam on the twelve rotating targets frequency and to avoid the activation of any 
other material. 

• And finally, we designed a system to monitor beam current on the rotating targets. 

The REPARE solid target project involves innovating design solutions and principles at the same time as managing 
risks by the set up of cost-effective tests. 
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THE PSI MESON TARGET FACILITY AND ITS UPGRADE IMPACT-HIMB 

D. Kiselev (PSI), P. Baumann (PSI), P. Duperrex (PSI), Malek Haj Tahar (PSI), S. Jollet (PSI), S. Joray, A. Knecht 
(PSI), D. Laube (PSI), D. Reggiani (PSI), D. Schumann (PSI), J. Snuverink (PSI), R. Sobbia (PSI), V. Talanov (PSI) 

The high intensity proton accelerator complex (HIPA) at the Paul Scherrer Institut (PSI) delivers a 590 MeV c.w. proton 
beam with currents of up to 2.4 mA (1.4 MW). Besides two spallation targets for thermal/cold neutrons (SINQ) and 
for ultracold neutrons (UCN), the beam feeds two meson production targets Target M and Target E [1,2]. Muons are 
produced either by decay-in-flight of pions (‘cloud muons’) or by stopped pion decay in the target. The muons pro-
duced close to the target surface, ‘surface muons’, can exit the graphite, while those deeper down are stopped. 

The targets consist of graphite wheels of effective thickness 5 mm (M) and 40 mm or 60 mm (E). The target stations 
M and E are of quite different design, however, both targets rotate at 1 Hz to dissipate the heat (20 kW/mA for the 
40 mm target E) by radiative cooling. The main radioisotopes produced in the graphite are 3H, 14C, 7Be and 10Be, the 
latter used to produce 10Be targets [2] while 3H as well as Li mostly evaporates at target temperatures of ~1700 K. 
Furthermore, 7Be determines the dose rate of the target, which after a day of cooling is about 1-3 Sv/h in close 
distance (~3 cm). When the target has to be exchanged to replace the bearings, the target-insert is transported in a 
well shielded exchange flask with remote control capabilities to the hot-cell, where the target is repaired by manip-
ulators. 

Both target stations operate quite reliable. Recent progress was made by a new type of bearings inherited from the 
meson production facility at J-PARC [4]. Further improvements at the target are monitoring of the beam position [5] 
as well as increasing the rate of surface muons up to 50 % with a slanted target type (s. Fig. 1 left). It is also foreseen 
for the upgrade of the target station M within the High Intensity Muon Beam (HIMB) aiming to increase the surface 
muons by two orders of magnitude. It is part of IMPACT (Isotope and Muon Production with Advanced Cyclotron and 
Target Technology) [6], a 60 MCHF Swiss Research Infrastructures Roadmap Application from PSI, University of Zurich 
(UZH) and University hospital Zurich (USZ) and aims to keep PSI at the forefront of research in material, particle 
physics and life science [7].  Here we concentrate on HIMB while TATTOOS is presented in [8]. 

 

 
Figure 1: Left: Slanted target type for Target E. Right: First layout for the new target station HIMB [7]. 

 

____________________________________________ 
[1] D. Kiselev et al., SciPost Phys. Proc. 5, 003 (2021). DOI: 10.21468/SciPostPhysProc.5.003 
[2] D. Kiselev et al., J. Radioanal. Nucl. Chem 305, 769 (2015).  
[3] S. Heinitz et al., Applied Radiation and Isotopes 130, 260 (2017). 
[4] S. Makimura et al., Proc. of the 14th Int. Conf. on Muon Spin Rotation, Relaxation and Resonance (μSR2017), JPS Conf. Proc. 21, 011058 

(2018) 
[5] P. Duperrex et al., Proc. Int. Conf. on Cyclotrons and their App. (Cyclotrons'19), Cape Town, South Africa, 2019. 
[6] IMPACT Project, https://www.psi.ch/en/impact 
[7] IMPACT Conceptual Design Report Editors: R. Eichler, D. Kiselev, A. Koschik, A. Knecht, N. van der Meulen, R. Scheibl, PSI Bericht Nr. 22-01  

(2022), https://www.psi.ch/en/media/71845/download 
[8] R. Eichler, “IMPACT-TATTOOS AS PART OF THE INFRASTRUCTURE ROADMAP SWITZERLAND INITIATIVE: CHALLENGES OF THE DESIGN CON-

CEPTS”, Talk at INTDS 2022. 
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IMPACT-TATTOOS AS PART OF THE INFRASTRUCTURE ROADMAP  
SWITZERLAND INITIATIVE: CHALLENGES OF THE DESIGN CONCEPTS 

R. Eichler (PSI & Univ. Bern), C. Baumgarten, D. Kiselev, A. Ivanov, S. Jollet, N. van der Meulen, D. Reggiani, J. 
Snuverink, H. Zhang, D. Laube (PSI) 

The High Intensity Proton Accelerator (HIPA) facility at the Paul Scherrer Institute (PSI) represents with its continuous 
proton beam of world-record power (1.4 MW), one of the strongest assets amongst the Swiss large-scale research 
infrastructures. A recent 60 MCHF Swiss Research Infrastructures Roadmap Application from PSI and the University 
of Zurich (UZ) was put forward for 2025-28. Named Isotope and Muon Production with Advanced Cyclotron and 
Target Technology (IMPACT, https://www.psi.ch/en/impact) it suggests the development of high-energy proton tar-
get stations for high intensity muon production (HIMB - High-Intensity Muon Beams) on one side and for isotope 
production (TATTOOS - Targeted Alpha Tumour Therapy and Other Oncological Solutions) on the other side. The 
unprecedented gain of this endeavour would be unseen muon intensities and large amounts of various radionuclides 
for radio-pharmaceutical and nuclear science use. The aim of this presentation is to highlight the scope of the TAT-
TOOS part of the proposal, since it offers unique opportunities for isotope production for fundamental and applied 
radiochemistry as well as other nuclear sciences. The main goal of TATTOOS is the production of isotopically and 
radiochemically pure radionuclides for radiopharmaceutical use. The production route over high-energy nuclear 
spallation allows for producing unprecedented activities of exotic radionuclides. Mass separation, applying the ISOL 
technology - pioneered at CERN (ISOLDE, https://isolde.cern) – in conjunction with fast and efficient radiochemical 
separation - a specialization of the Laboratory of Radiochemistry (LRC, https://www.psi.ch/en/lrc) at PSI - will deter-
mine the high isotopical and chemical purity of the product applicable for radiopharmaceutical use as well as funda-
mental research. Here, we present design challenges of such a high-power production facility and highlight selected 
scientific cases specifically of interest to the LRC and the collaborating Center for Radiopharmaceutical Sciences (CRS) 
at PSI. 

 

 
Figure 1: Overview sketch of the TATTOOS-facility. Note the transparent ground floor allows a glimpse into the base-
ment with the mass separator and array of shielded cells for radionuclide sampling and their radiochemical separa-
tion. 
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DESIGN, CONSTRUCTION, COMMISSIONING AND EARLY OPERATION OF THE 
THIRD-GENERATION N_TOF NEUTRON SPALLATION TARGET AT CERN 

R. Esposito, M. Calviani for the n_TOF third-generation spallation target project team (CERN, Geneva, Switzer-
land) 

The European Laboratory for Particle Physics (CERN) is equipped with a top-class, high-brightness, neutron spallation 
source dedicated to high-resolution neutron time of flight experiments: the n_TOF Facility.  

During CERN’s Long Shutdown 2 (LS2, 2019-2021), the n_TOF neutron spallation target has been exchanged and the 
facility is now operating with its third-generation target [1]. The neutron production target is based on a segmented 
pure Pb (>99.9%) core, cooled by gaseous nitrogen at atmospheric pressure. The target has been designed for a single 
bunch proton beam impacting on the production target at 20 GeV/c with up to 1013 protons/bunch, and with a bunch 
length of 6-8 ns RMS. The produced neutrons span 11 orders of magnitude in kinetic energy, from thermal to hun-
dreds of MeV and are serving two independent experimental stations plus an irradiation station close to the produc-
tion target. The neutrons are moderated by two independent moderator circuits, each one dedicated to an experi-
mental station, that can be filled with either by demineralized water or by borated water in saturation. 

The contribution will detail the physics optimization and engineering design processes that brought the facility from 
the second-generation target to the current evolutionary one. The work will include a description of the new target 
design features, its mechanical assembly, and its compliance with safety and physics performance requirements as 
well as the R&D which has been carried out, including beam testing at the CERN’s HiRadMat facility [2]. The contri-
bution will also detail the first hardware results coming from the 2021 facility commissioning, first radiation protec-
tion assessments in the target zone and from early operation in 2022. 

The paper will also discuss the plans for an autopsy of the second-generation target to investigate the status of the 
water-cooled monolithic Pb core after 10 years of operation and its impact on the radioactive waste characterization 
and in the operation of the third-generation target. 

____________________________________________ 
[1] R. Esposito et al., Design of the third-generation lead-based neutron spallation target for the neutron time-of-flight facility at CERN, Phys. 

Rev. Accel. Beams 24, 093001 (2021) 
[2] R. Esposito and M. Calviani, Design of the third-generation neutron spallation target for the CERN’s n_TOF facility, J. Neutron Res. 22, 221 

(2020) 
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A SPALLATION TARGET AT TRIUMF FOR FUNDAMENTAL NEUTRON PHYSICS 

Ruediger Picker, Sean Vanbergen, TRIUMF, Canada for the TUCAN collaboration 

Ultracold neutrons (UCN) provide a handle on the standard model of particle physics by providing very high precision 
measurements complementary to high-energy physics experiments. Our Japanese Canadian collaboration is building 
the TRIUMF UltraCold Advanced Neutron (TUCAN) source to provide unprecedented numbers of UCN to experi- 
ments. The first experiment will be a measurement of the neutron electric dipole moment. 

The technology of choice at TRIUMF is to free neutrons by spallation, then moderate them to cold neutrons using 
heavy water and liquid deuterium. Superfluid helium then converts the cold neutrons to ultracold neutrons which 
can be extracted to experiment via vacuum tubes. 

The spallation neutrons at TRIUMF are created using protons from its main cyclotron: it provides a current of up to 40 
µA of protons with a kinetic energy of 483 MeV for beamline 1U serving the UCN source [1]. One key ingredient is 
the target as shown in Fig. 1: a tungsten target, clad in a thin tantalum layer is enclosed in a stainless-steel flask and 
water cooled. The five tungsten blocks also double as beam stopper. 

After installing the beamline in the years 2014 to 2016 and producing first neutrons in 2016, a prototype UCN source 
was installed in 2017 and operated up to a proton current of 1 µA. A source upgrade to be installed in 2021 will exploit 
the full beam current of 40 µA. 

During the presentation we will describe the target and extraction system, explain the technology choices made and 
report results from commissioning. We will also provide a short outlook into the physics with ultracold     neutrons. 

 
 

Figure 1: End zone of beamline 1U at TRIUMF: spallation target assembly and target extraction mecha-
nism. Inset: tungsten target blocks. 

 
[1] S. Ahmed et al, Nucl. Inst. Meth. A, 927, 101-108 (2019). 
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A NEW CRYOGENIC TARGET AT LNL (CTADIR) 

M. Sedlák (LNL INFN), I. Zanon (LNL INFN), A. Gottardo (LNL INFN), A. Goasduff (LNL INFN), R. Pengo (LNL 
INFN), M. Rigato (LNL INFN), F. Crespi (Sezione di Milano INFN, Univ. Milano), I. Lombardo (Sezione di Catania 

INFN) 

Direct reactions of exotic beams with cryogenic targets are powerful tools for studying the single-particle structure 
of atomic nuclei using direct reactions in inverse kinematics. Reactions like (4He,3He) of (3He,d), where one neutron 
or proton is added to a heavier nucleus, are fundamental to explore the evolution of single-particle structure in neu-
tron-rich nuclei. The study of nuclei far from stability increasingly relies on measurements performed at exotic beam 
facilities, like upcoming SPES at LNL. These reaction Q-values are well matched with typical beam energies of the ALPI 
accelerator (10–15 MeV/u), which implies cross sections of several mbarns for neutron-rich ion beams.  However, 
the low intensity of exotic beams requires thick light targets to achieve the necessary luminosity. Feasible measure-
ments can be performed with beams down to an intensity of 100 pps, if the target has a thickness larger than 1020 
at/cm2.  In this context, the CTADIR [1][2] project has been developed, aiming at coupling a Helium cryogenic target 
with the AGATA [3] gamma-ray detector array and GRIT [4] silicon detector for light charged particles. With the CTA-
DIR cryogenic target, where helium is kept at temperatures < 10 K, the desired target density can be obtained within 
only 4 mm along the beam direction. The talk will describe the CTADIR construction, the status of the project, vacuum 
and cryogenic tests and the commissioning experiment planned for autumn this year. 

 

 
Figure 1: CTADIR without Havar windows assembled for cryogenic test under vacuum 

 

 

 

____________________________________________ 
[1] M. Sedlák et al., Nuovo Cimento C, In publication. 
[2] A. Goasduff et al., LNL Annual Report 262, 41 (2021) 
[3] S. Akkoyun et al., Nucl. Instr. Meth. A 668, 26 (2012) 
[4] J.-J. Dormard et al., Nucl. Instr. Meth. A 1013, 165641 (2021) 
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Ni TARGET DEVELOPMENT FOR TULIP PROJECT 

P. Jardin1, V. Bosquet1, S. Damoy, G. Frémont1, M. MacCormick2 
1 Grand accélérateur National d’Ions Lourds (GANIL) 2 IJCLab, Institut Joliot Curie Laboratory, 91406 Orsay 

Cedex, France 

The TULIP project [1] aims to produce radioactive ion beams of short-lived neutron-deficient isotopes using fusion-
evaporation nuclear reactions in an Isotope Separator On Line (ISOL) system. Ni target was chosen to produce Rb and 
Sn isotopes impinged respectively by Ne and Cr primary beams at energies close to the Coulomb barriers. Owing to 
the TISS configuration, the operational target temperature has to be close to 1300°C. Several tests have been per-
formed to determine a configuration able to cope with the constraints related to the TISS and to primary beams. 
After a brief description of the TULIP principle and objectives, the elaboration of the Ni target is presented.  

 

____________________________________________ 
[1] https://anr.fr/Projet-ANR-18-CE31-0023 
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WATER AS A TARGET FOR HEAVY ION IRRADIATIONS 

G. Severin (MSU, East Lansing, USA) 

The “isotope harvesting” project at NSCL/FRIB is progressing with heavy ion irradiations of a water target at succes-
sively higher beam powers. During the irradiations we are gathering data on the effects of radiolysis in the target and 
on the abundances of radioactive products. Most recently, with a complete mock-up of the FRIB beam dump water-
cooling system we have accepted a full power 48Ca beam (80 pnA, 140MeV/u) from the coupled cyclotron facility at 
NSCL. In total 1.7% of the incident 48Ca nuclei were converted to 47Ca. The 47Ca was then extracted from the water and 
used to make a generator of high-purity and high-specific activity 47Sc. To date we have also accepted 1H, 40Ca and 
78Kr beams with the aim of mimicking the conditions expected at FRIB as closely as we can ahead of FRIB commission-
ing. So far, the isotope harvesting project is successful in generating pure samples of radionuclides from the mix of 
reaction products that result from heavy ion irradiation of water. 
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ISOTOPE PRODUCTION AT PSI 

R. Dressler, D Schumann (PSI) 

High-energetic protons and secondary particles induce in matter the production of a big variety of radionuclides, 
some of them being very rare, exotic, and, in several cases, difficult to obtain by complementary reactions. These 
isotopes are of high importance in research fields like nuclear astrophysics, basic nuclear physics or environmental 
science, and sufficient sample material for scientific experiments is urgently needed.  

Highly-activated components stemming from the surroundings or parts of a high-power particle accelerator are a 
unique possibility to gain such valuable isotopes. The advantage of “mining” isotopes from waste materials consists 
in their principal availability, not requiring “extra” beam time. The challenge is their radiochemical isolation from the 
matrix. 

PSI operates the Spallation Neutron Source SINQ, which is driven by one of the most powerful high-energetic proton 
accelerators world-wide (590 MeV, up to 2.4 mA), and is therefore best-suited as a producer of such rare exotic 
radionuclides. In the frame of the ERAWAST (Exotic Radionuclides from Accelerator Waste for Science and Technol-
ogy [1]) initiative a complex program for isotope separation from different matrices has been established at PSI within 
the past decade.  

In figure 1, a schematic view of the PSI accelerator facilities is presented. The arrows point on special positions, from 
which usedful material can be extracted. Several sources for isotope extraction are discussed in the talk. 

 
Figure 1: Schematic view of the PSI accelerator complex and the sources for rare exotic isotopes.  

____________________________________________ 

[1] D. Schumann, J. Neuhausen, Accelerator waste as a source for exotic radionuclides J Phys. G: Nucl. Part. Phys. 35 (2008) 014046 
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A MISSING LINK: TOWARDS THE PREPARATION OF A 32SI TARGET FOR  
NUCLEAR ASTROPHYSICS EXPERIMENT 

M. Veicht (EPF Lausanne & PSI), I. Mihalcea, D. Schumann (PSI) 

Particle accelerator components have proven to be a valuable source for rare radionuclides, such as 26Al, 44Ti and 60Fe 
[1], as these parts have been exposed to high-intensity radiation for several years. In this regard, the Paul Scherrer 
Institute (PSI) operates a unique infrastructure which includes several particle accelerators, of which the 590 MeV 
ring cyclotron provides a proton beam of up to 2.4 mA and thus making it the world’s most powerful proton cyclotron. 
However, not only beam dumps have been of great interest [2] but also different materials, which are frequently 
used in dedicated irradiation programs at PSI, which provide further sources of rare and exotic radioactive nuclei [3]. 

In the following, we want to focus particularly on 32Si which is a very rare radionuclide, as its overall abundance on 
Earth is very low, due to an annual atmospheric input of only around 3 x 103 atoms cm-2 a-1 [1]. Thus, the artificial 
production of 32Si was facilitated by proton-irradiation of vanadium-discs over a period of two years in the frame of 
the SINQ Target Irradiation Program (STIP-6) using the 590 MeV ring cyclotron. As a result, approximately 2 x 107 Bq 
of 32Si are available and hence exceed previously reported [4] activities of 32Si by several orders of magnitude. In this 
regard, a sufficient amount of sample material is the key aspect, when performing experiments. With respect to 
nuclear astrophysics, only one attempt was made in order to measure the thermal neutron capture cross section [5]. 
Moreover, a recent study highlighted the importance of 32Si in silicon carbide grains that can provide constraints on 
the neutron density reached during SN explosion [6]. However, the authors conclude that a large uncertainty of the 
neutron capture cross sections in the 32Si region still remains unclear. It is evident that a critical review of such meas-
urements is of vital importance for nuclear astrophysics as this contributes to an improved understanding, such as 
the abundances of isotopes in the silicon region. 

In this work, we want to present a radiochemical separation procedure that allows the preparation of 32Si in a pure 
state by using cation- and anion-exchange chromatography in conjunction with extraction chromatography. Thereby, 
it was possible to separate silicon from the vanadium matrix as well as from spallation products (e.g. 3H, 22Na, 
44Ti/44Sc). As a result, final fractions of high specific activity (up to 55 kBq/ml) could be obtained, whereby silicon is 
present as hexafluorosilic acid (H2SiF6) in a 0.5M HCl-matrix. According to the processing of around 100 proton-irra-
diated vanadium discs, it will be possible to provide a world-wide unique amount of 32Si which in turn will allow basic 
scientific investigations and additionally allow to address a variety of missing data e.g the need of the redetermina-
tion of its half-life [7] and also the investigation of astrophysical-properties in order to measure with high accuracy 
the capture cross-sections based on: 32Si(n,γ)33Si besides other particle induced reactions. 

____________________________________________ 
[1] M. Ayranov & D. Schumann, Journal of Radioanalytical and Nuclear Chemistry, 286(3), 649-654 (2010). 
[2] D. Schumann & J. Neuhausen, J Phys. G: Nucl. Part. Phys., 35 (2008). 
[3] Z. Talip et al., Analytical Chemistry, 89(12), 6861-6869 (2017). 
[4] P. Polak et al., Radiochimica Acta, 38.2, 73-78 (1985). 
[5] P. Möller et al., Atomic Data and Nuclear Data Tables, 66(2), 131-344 (1997). 
[6] M. Pignatari et al., The Astrophysical Journal Letter, 771(1), L7 (2013). 
[7] L. Fifield & U. Morgenstern, Quaternary Geochronology, 4.5, 400-405 (2009). 



30th Conference of the International Nuclear Target Development Society INTDS2022 

53 

 

RADIOLYSIS IN A FLOWING-WATER TARGET DURING ISOTOPE HARVESTING 

Katharina A. Domnanich, Gregory W. Severin (Michigan State Univ., Facility for Rare Isotope Beams), 

When exotic, secondary beams are produced at the Facility for Rare Isotope Beams (FRIB), a majority of the primary 
beam will remain unreacted and will be stopped in a water-traversed, spinning drum of Ti64 alloy [1]. The dissipation 
of such large amounts of energy will induce the formation of a plethora of valuable radionuclides. Exploratory re-
search with the heavy ion beams from the National Superconducting Cyclotron Laboratory (NSCL) demonstrated the 
feasibility of a synergistic collection, and the process has been termed ‘isotope harvesting [2]. However, along with 
nuclear reactions, radiolysis reactions are also induced. From the generated radiolysis products, the molecular spe-
cies hydrogen, hydrogen peroxide, and oxygen exhibit sufficiently long lifetimes to accumulate in the irradiated water 
and possibly affect the harvesting chemistry [3,4].  

The formation of radiolytic H2, H2O2, and O2 was investigated during several heavy ion irradiations at the NSCL, as 
well as during a high intensity proton beam experiments at the Cyclotron Research Laboratory at the University of 
Wisconsin-Madison (UW). Experimental results confirmed that primary radiolytic yields alone were insufficient for 
predicting molecular product formation, and that homogenous phase chemical reactions needed to be considered.5 
To establish an improved understanding the underlying processes, the radiolysis reactions inside the flowing-water 
target during the proton beam irradiation were simulated. The simulation kinetically modeled the homogeneous 
phase of radiolysis in the flowing-water target. The results of the simulation agreed with experimental observations: 
lower quantities of H2, H2O2, and O2 were evolved compared with the primary-yield-based prediction. This under-
mines the considerable impact of homogeneous phase reactions on the chemical composition of the water within 
the high-intensity irradiation regime. Additionally, the simulations suggest that a simplified steady state model can 
adequately approximate the observations of the proton beam experiment. In the absence of additional experiments, 
the simulation provides a reasonable basis for predicting the hydrogen, hydrogen peroxide, and oxygen levels during 
heavy-ion irradiations at FRIB.  

 

 

[1] Avilov et al. Nucl. Instruments Methods Phys. Res. Sect. B Beam Interact. with Mater. Atoms 376, 24–27 (2016). 
[2] Abel et al. https://arxiv.org/abs/1812.03984 (2018). 
[3] Domnanich et al. Nucl. Instruments Methods Phys. Res. Sect. A Accel. Spectrometers, Detect. Assoc. Equip. 959, 163526 (2020). 
[4] La Verne. in Charged Particle and Photon Interactions with Matter (eds. Mozumder, A., Hatano, Y. & Katsamura, Y.) 1064 (CRC Press Inc., 

2010). 
[5] Abel et al. Nucl. Instruments Methods Phys. Res. Sect. B Beam Interact. with Mater. Atoms 478, 34–45 (2020). 
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PRODUCTION OF PB-203 FROM TARGET MANUFACTURING TO CHEMICAL  
SEPARATION Tl/Pb 

Thomas Sounaleta, Cyrille Alliotb, Nadia Audouinb, Nicolas Bozovicc , Ferid Haddada,b , Arnaud Guertina , Etienne 
Nigronb, Maryne Taroisb, Lucas Grangera 

a Subatech, UMR 6457, IMT Atlantique, CNRS/IN2P3, Université de Nantes, 4 rue Alfred Kastler BP20722, 44307 
Nantes Cedex 3 France ; b GIP ARRONAX, 1 rue ARRONAX, CS10112, 44817 Saint-Herblain Cedex, France ;c 

ORANO med 

Introduction 

Lead 212 (t1/2 = 10.6 h) and lead 203 (t1/2 = 51.9 h), can be used as a theranostic pair of isotopes for theranostic 
applications in nuclear medicine. 212Pb is obtained by decay of 224Ra and is used for alpha targeted therapy whereas 
203Pb is produced by proton irradiation of a thallium target and allows for single photon emission computed tomog-
raphy (SPECT) thanks to its 279.2 keV (80.9%) photons. Current production of Pb-203 uses natTl bombarded by a 
proton beam. In this work, we consider alternative production routes using enriched 205Tl deuteron beams in order 
to limit the level of 201Pb (t1/2 = 9.33h) impurities. Starting from cross section measurements, we have defined optimal 
production parameters and yields. In parallel, we have developed a manufacturing process of the target by electro-
plating as well as a separation chemical process using a Pb resin provided by Triskem. This scheme will allow us to 
produce 203Pb in the near future. 

Description of the Work 

The electrodeposition technique is used to prepare enriched Tl target for both cross section measurements and mass 
production. A pulse reverse potential is used to reduce Tl+ to Tl on gold substrate. The temperature and pH of the 
solution are fixed respectively at 20°C and 8. The solution contains EDTA as complexing agent, hydrazine to prevent 
Tl+ from oxidation to Tl3+ and Brig-35 as surfactant.  

For the study of 203Pb production cross sections and its impurities, a thin deposit of 205Tl (thickness ranging from 10 
µm and 15 µm) with a circular shape (4 cm2) has been made. Experiments were done with a deuteron beam whose 
energy is ranging from 22 MeV and 34 MeV.  

For the future routine production, a large deposit of enriched Tl is needed (14 cm2 area) that can fit inside our rabbit 
system. Thanks to the 15° tilted angle of the target, the deposit has an elliptical shape with semi-minor axis 1.1 cm 
and semi-major axis 4 cm. A maximum thickness of 125 µm is targeted to allow to benefit from the full cross section.  

After irradiation, the deposit is dissolved in 1 mol/L of hot nitric acid (70°C). The solution is first filtered to recover 
the precipitate of thallium nitrate, which is formed at ambient temperature. The solution is then poured in the col-
umn containing the Pb resin previously conditioned with 1 mol/L of HNO3. Tl is recovered by further eluting with 1 
mol/L of nitric acid whereas 0.001 mol/L of nitric acid is used to recover Pb. The recovery of Tl and Pb are above 95% 
without the presence of the impurities of Tl in the solution containing Pb.  

Conclusions 

Our results are promising to future routine production of 203Pb using enriched thallium target and deuteron beam. 
Based on our new set of data and the one in the literature, we have estimated the production of Pb-203 to be 191 
GBq at EOB after an irradiation of 15h at 100 µAh for 33 MeV deuteron beam. This work will be presented during the 
presentation 
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TARGET PREPARATION FOR RADIONUCLIDE DEVELOPMENT TOWARDS  
MEDICAL APPLICATION AT PAUL SCHERRER INSTITUT 

Z. Talip, C. Favaretto, P.V. Grundler, A. Sommerhalder, N. P. van der Meulen (PSI) 

Paul Scherrer Institute (PSI) has a High-Intensity Proton Accelerator (HIPA), where three accelerators (Cockroft Wal-
ton, Injector II, and Ring cyclotrons) are connected in series to increase stepwise the proton energy. Situated between 
the Injector II (72 MeV) and Ring cyclotron (590 MeV), the IP2 solid target irradiation station is dedicated to radionu-
clide development towards nuclear medical applications, utilizing 72 MeV protons at an intensity of ~50 µA [1]. At 
the IP2 facility, the 72 MeV proton energy can be degraded to lower energies using niobium disks, thus enabling 
investigation of different production routes of the desired radionuclides. 

PSI’s Center for Radiopharmaceutical Sciences is one of the few research organizations in Europe that is able to pro-
duce radiopharmaceuticals not only for research purposes, but also for clinical trials. The Radionuclide Development 
group is a joint group between the Center for Radiopharmaceutical Sciences and the Laboratory of Radiochemistry. 
The research focus of the group is the production and development of novel radionuclides for innovative radiophar-
maceuticals from targetry to preclinical applications. Currently, diagnostic positron-emitting radionuclides such as 
64Cu [2], 44Sc [3], 44Sc/43Sc [4] and the therapeutic Auger-electron emitter 165Er [5] are produced with high specific 
activity and purity suitable for their intended use in preclinical/clinical settings. In this presentation, the current state 
and future perspective of the targetry development for radionuclide production at PSI will be summarized. 

____________________________________________ 
[1] N. P. van der Meulen et al., 22nd International Conference on Cyclotrons and their Applications, Cape Town, South Africa, (2019) p. 24. 
[2] N. P. van der Meulen et al., J. Label Compd. Radiopharm. 62, 40 (2019). 
[3] N. P. van der Meulen et al., In. Proc. 17th International Workshop on Targetry and Target Chemistry, Portugal, August 2019. 
[4] N. P. van der Meulen and R. Hasler, Nucl. Med. Biol. 72-73, S9 (2019). 
[5] N. Gracheva, Ann. Rep. Lab. of Radio-Chem., PSI (2018) p. 58. 
  



30th Conference of the International Nuclear Target Development Society INTDS2022 

58 

 

STUDY OF LIQUID BISMUTH AS AN ALTERNATIVE TARGET FOR AT-211  
PRODUCTION 

T. Bigourdan (GIP ARRONAX), A. Cadiou (Subatech) and F. Haddad (Subatech & GIP ARRONAX) 

While the use of radionuclides for diagnostic purposes (Single Photon Emission Computed Tomography, SPECT, and 
Positron Emission Tomography, PET) is a mature field in nuclear medicine, the therapeutic use of alpha emitting 
radionuclides is still less evolved. Targeted Alpha Therapy aims at using locally highly cytotoxic properties of alpha 
particles by carrying them to specific sites of cancerous cells. This would allow maximize the efficiency of the 
treatment while reducing damages done to healthy tissues. Astatine 211 (T1/2 = 7.2h) is considered a promising 
candidate for such application thanks to its reasonable half-life and its decay modes. In the one hand, needs for At211 
for research and future medical applications is bound to strongly increase and in the other hand, new accelerators, 
including linear accelerators, able to deliver alpha beam at high intensities will be soon available . Thus, the REPARE 
project aims at improving At211 availability by – amongst other ways – developing technologies to improve 
production capacities through dedicated installation. 

At-211 is produced by an alpha beam impinging on bismuth thanks to the 4He+209Bi reaction. Among other 
parameters, beam energy must be carefully controlled to avoid production of contaminants such as 210At. One of the 
design explored in REPARE was to consider a liquid metallic target to increase theoretical allowable temperature, 
thus beam intensity, thus production rate. The purpose of this study was to consider various liquid target designs at 
a conceptual level to assess their feasibility and benefits compared to the solid target design already in use at 
ARRONAX that will be used as a reference. 

This paper provides with details on At-211 production constraint analysis and associated target design exploration. 
A mechanical and thermal sizing was then performed using mechanical Finite Element models (ANSYS Workbench) 
and Computational Fluid Dynamic models (FLUENT). Production rates were assessed accordingly. Results and the way 
forward are discussed as a conclusion. 

 
Figure 1: CFD visuals of a bismuth capsule 

 
_______________________________________________________________________________________ 

The REPARE project (Research and dEvelopements for the Production of innovAtive RadioElements) is supported by the French National Agency 
for Research (ANR). Project contributors are the GIP ARRONAX, the SUBATECH laboratory, the CERN and the GANIL. 
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NOVEL SOLID TARGET AND IRRADIATION METHODS FOR THERANOSTIC  
RADIOISOTOPE PRODUCTION AT THE BERN MEDICAL CYCLOTRON 

Gaia Dellepiane, Pierluigi Casolaro, Alexander Gottstein, Isidre Mateu, Paola Scampoli (a) and Saverio Braccini 
(Albert Einstein Center for Fundamental Physics (AEC), Laboratory for High Energy Physics (LHEP), Univ. of 

Bern) (a) Also at Department of Physics “Ettore Pancini”, University of Napoli Federico II, Complesso Universi-
tario di Monte S. Angelo, 80126 Napoli, Italy 

 
The production of medical radioisotopes for theranostics is essential for the development of personalized nuclear 
medicine. Among them, radiometals can be used to label proteins and peptides and their supply in quantity and 
quality for clinical applications represents a challenge. A research program is ongoing at the Bern medical cyclotron 
[1], where a solid target station (STS) with a pneumatic delivery system is in operation (Fig. 1 - left). A mechanical 
transfer system was developed by our group to load the target station without entering the bunker. The IBA Cyclone 
18/18 HC cyclotron provides 18 MeV proton beams up to 150 A and is used either for routine industrial production 
of F-18 labeled PET tracers or for multi-disciplinary research activities by means of a 6.5 m long Beam Transfer Line 
(BTL) ending in a separate research bunker [2]. 

 
Figure 1: The IBA Nirta solid target station with the pneumatic transfer system in operation at the Bern medical 
cyclotron (left). The magnetic target coin we developed to bombard enriched materials in compressed pellets (right). 

To bombard isotope-enriched materials in form of compressed powders, a specific target coin was realized (Fig. 1 - 
right). To assess the activity at End of Bombardment (EoB) by means of gamma spectroscopy, a system based on a 
~1 cm3 CdZnTe (CZT) semiconductor detector was developed. For an optimized production yield with the required 
radio-nuclide purity, precise knowledge of the beam energy [3, 4] and of the cross-sections [5, 6] is crucial. Specific 
methods were developed to assess these quantities. In particular, a target station was realized to measure nuclear 
reaction cross sections using materials in form of powder bombarded by a monitored flat beam. To further enhance 
the capabilities of solid target stations at medical cyclotrons, a novel irradiation system based on an ultra-compact 
~50 cm long beam line and a two-dimensional beam monitoring detector was developed to bombard targets down 
to few mg and few mm diameter [7]. Results on the production of Ga-68, Cu-61, Cu-64, Cu-67, Sc-43, Sc-44, Sc-47, 
Er-165 and Tb-155 are presented [8-13].  
____________________________________________ 
[1] S. Braccini, AIP Conf. Proc., vol. 1525, p. 144-150, Apr. 2013. 
[2] S. Braccini and P. Scampoli, CERN Courier, vol. 56 , pp. 21-23, Apr. 2016. 
[3] K. P. Nesteruk et al., Instruments, vol. 3(1), art. no. 4, Jan. 2019. 
[4] P. D. Häffner et al., Instruments, vol. 3(4), art. No. 63, 5 Dec. 2019. 
[5] T. S. Carzaniga et al., Appl. Radiat. Isot., vol. 129, pp. 96-102, Nov. 2017. 
[6] T. S. Carzaniga and S. Braccini, Appl. Radiat. Isot., vol. 143, pp. 18-23, Jan. 2019. 
[7] P.D. Häffner, et al., Appl. Sci. 2021, 11(6), 2452. 
[8] N. Gracheva et al., Appl. Radiat. Isotot., vol. 159, May 2020, 109079. 
[9] N. P. van der Meulen et al., Molecules 2020, 25(20), 4706. 
[10] G. Dellepiane et al, IL NUOVO CIMENTO C 2021, 44, 130. 
[11] C. Favaretto et al, EJNMMI radiopharm. chem. 2021, 6, 37. 
[12] G. Dellepiane et al, Appl. Radiat. Isot. 2022, 184, 110175. 
[13] Braccini et al, Appl. Radiat. Isot. 2022, 186, 110252 
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ON-LINE TEMPERATURE MEASUREMENT IN A WATER COOLED SOLID  
TARGET AT THE BC1710 CYCLOTRON 

I. Spahn (FZ Jülich), R. Rayaprolu (FZ Jülich), S. Spellerberg (FZ Jülich), S. Möller (FZ Jülich), Ch. Linsmeier (FZ 
Jülich), B. Neumaier (FZ Jülich) 

The generation of heat is a limiting factor for all radionuclide producing facilities in the world. Its compensation be-
comes especially important regarding the development of solid targets for research purposes, like cross section 
measurements and the investigation of novel production routes. Whereas knowledge of the thermal properties of 
targets and target materials are generally accessible, the effective temperature in a target holder and the actual heat 
dissipation under irradiation conditions are more difficult to investigate.  

Based on the solid target system constructed at the Baby Cyclotron BC1710 of the INM-5 at the Research Centre 
Jülich [1] a conventional foil stack holder made of copper was adapted to house two thermocouples (K and N type) 
in order to determine the effective temperature at two different positions during proton irradiation. The thermocou-
ples had an outer diameter of 0.5 mm and were inserted into the copper sample holder through drilled holes as 
shown in Fig. 1. They were connected to a data logger system with the capacity of on-line recording of the effective 
temperature at both points of measurement.  

Several irradiations were performed using protons of 17 MeV incident energy. The beam current varied between 0.5 
and 10 μA. The data logger was placed outside the target vault. Although that circumstance required the use of about 
10 m wires to connect the thermocouples, this measure appeared necessary to avoid potential radiation damage 
during the production runs of the cyclotron. The thermocouples themselves proved to be resistant to the radiation 
environment. An example of the thermocouple measurement during the irradiation of tungsten sample with 10 µA 
beam current is shown in Fig. 2. The initial bump at 8 hours was the locking on of the solid target onto the beam line 
and start of the cooling water circuit, which immediately dropped the sample temperature to 20°C. Once the beam 
is turned on, a rapid rise to 85°C was seen within the sample. As tungsten has a high thermal conductivity (170 W/m-
K), the drop in temperature within the sample could be neglected, and an irradiation temperature of 85°C was con-
sidered.  

Implementing the new, two-point temperature measurement system allowed on-line monitoring of the effective 
temperature within the solid target holder. Based on these results it shall be possible in future to design new target 
holder systems and to optimise cooling systems regarding e.g. flow and cooling power. Furthermore, the new set-up 
may provide experimental data for theoretical simulations concerning heat production and dissipation.  
 

 

 

 

 

 

 

 

 

 

 

 

____________________________________________ 
[1] S. Spellerberg et al., Appl. Radiat Isot., 104, 106-112 (2015).  
 
 
 
 

Figure 2: Temperature profile of proton irradiation of 
tungsten target. 

Figure 1: Illustration of thermocouples attached 
to copper target holder  
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TOWARDS RADIUM-226 TARGET DEVELOPMENT FOR PHOTONUCLEAR CROSS 
SECTION MEASUREMENTS 

H. Skliarova1, S. Heinitz1, D. Elema1, J. Heyse2, M. Kerveno3, A. Plompen2, G. Sibbens2, A. Tsinganis2, J. Wage-
mans1 

1 Belgian Nuclear Research Centre (SCK CEN), Boeretang 200, 2400 Mol, Belgium, 2 European Commission, Joint 
Research Centre (JRC), Retieseweg 111, 2440 Geel, Belgium, 3 Université de Strasbourg, CNRS, IPHC/DRS UMR 

7178, 23 Rue du Loess, F-67037 Strasbourg, France 

225Ac is a high-energy alpha-emitting radioisotope with potential therapeutic applications for cancer treatment. Its 
use nowadays is limited by the world availability of its precursor 229Th [1]. Accelerator-based production of 225Ac from 
226Ra targets is a possible solution to overcome this shortage but the production process represents a big technolog-
ical challenge, mainly related to 226Ra handling issues. SCK CEN focus is at the moment on the indirect production 
route via the 226Ra(γ,n)225Ra(β-)225Ac reaction using Bremsstrahlung photons from an electron accelerator. 

Existing data on integral 225Ra/225Ac photonuclear production yields are scarce [2, 3]. Up to date, no cross section 
measurements have been published for the 226Ra(γ,n) reaction. Thus, a detailed feasibility study on the photonuclear 
production route is required, including dedicated measurements of the 226Ra(γ,n)225Ra nuclear reaction cross-section. 
For this purpose thin, uniform and radon-tight targets containing mg amounts of 226Ra are required. A preliminary 
study to establish a suitable target manufacturing technique using analogue non-radioactive barium compounds is 
undertaken in order to guarantee safe and uniform deposition of thin targets suitable for cross section measure-
ments. 

In order to enable careful measurements of the 226Ra(γ,n) cross section, a collaboration with JRC Geel has been initi-
ated. Suitable 226Ra targets will be prepared and characterized with the aid of the JRC target preparation laboratory. 
Irradiations of targets with high energetic photons will be undertaken at the new electron beam-line of the GELINA 
facility and post irradiation analysis will be performed at JRC and SCK CEN. 225Ra/225Ac production yields will be meas-
ured as function of electron beam energy and the respective cross sections will be deduced with the aid of numerical 
methods.  

In this presentation, we would like to show recent and future activities at SCK CEN and JRC Geel towards 226Ra target 
developments and present the efforts to enable measurements of the photonuclear cross section of 226Ra. 

 

 

 
____________________________________________ 
[1] J. W. Engle, The Production of Ac-225. Current Radiopharmaceuticals, 11, (3), 173-179 (2018). 
[2] O. Maslov et al., Radiochemistry, 48, (2), 195-197 (2006). 
[3] G. Melville, et al., Applied Radiation and Isotopes, 65, (9), 1014-1022 (2007). 
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TARGETRY FOR THE IN-BEAM ACTIVATION OF TRACER PARTICLES FOR  
POSITRON EMISSION PARTICLE TRACKING 

T. W. Leadbeater, M. R. van Heerden, A. Buffler, J. Reich, A. Camroodien (Univ. Cape Town), G. F. Steyn (iThemba 
LABS) 

Positron emission particle tracking (PEPT) is a technique for tracking a single radioactively labelled particle with a PET 
scanner or positron camera [1]. The tracer particle is typically a glass or ceramic bead, spherical in shape with a 
diameter between 0.5 and 10 mm, labelled with a positron emitter such as 18F or 68Ga. The coincident detection of 
511 keV annihilation photons emitted by the tracer particle enables the non-invasive study of dense opaque flows 
[1]. A tracer particle acts as a small, neutrally buoyant flow follower in a viscous fluid, suitable to study fluid behaviour 
in granular beds, tumble mills and/or other granular flow systems. The technique is particularly useful in well-mixed 
systems where tracking a single particle over an extended time period can provide essentially the same information 
as observing the instantaneous motion of all the particles in the fluid – formally referred to as ergodic systems. Data 
collected from the single particle can provide time-averaged maps of velocity fields, the shape of dense flow regions, 
regions of low-velocity flow, observation of gravity dominated flows, etc. Modern PET scanners can achieve a   spatial 
resolution of about 1 mm roughly every millisecond with count rates up to several hundreds of thousands coincident 
events per second. Tracking of particles moving with velocities up to 10 m/s is therefore achievable [2].  

The University of Cape Town (UCT) established a PEPT facility at iThemba LABS in 2009, at which time they acquired 
an ECAT HR++ (Model: CTI/Siemens 966) PET scanner, to which a number of smaller PET systems [2] have been added 
since. The tracer particles used to date have mainly been alumina ceramic beads to which a small amount of SnO2 
ion exchanger containing 68Ga had been inserted in their centres. The 68Ga is regularly eluted from 68Ge/68Ga gener-
ators produced by iThemba LABS [3]. While these tracers have served the facility very well over the last decade, a 
need was identified to directly activate glass spheres with an alpha-particle beam, utilizing the reaction 16O(α,x)18F. 
This method exploits the high concentration of natural oxygen in glass as well as the relatively high cross sections for 
the formation of the positron emitter 18F.  

The cumulative excitation function of the 16O(α,x)18F reaction peaks at about 35 MeV, thus a target system had to be 
designed that will provide α-particles to the glass surface at about that energy. This was achieved by modifying a 
standard target holder [4] for the batch production of radionuclides at iThemba LABS. The entrance window thickness 
of the target holder was reduced as well as the wall thickness of the target capsule located in what is usually referred 
to as the “high energy slot” inside the holder. Normally, in the case of radionuclide production, the capsule serves to 
protect the target material from direct contact with cooling water. When activating glass beads, however, direct 
contact of the glass material with the cooling water is essential. The capsule is therefore modified by drilling a matrix 
of small holes through its front and side walls, resembling a kind-of “pepper pot” concept, through which cooling 
water can flow freely. The capsule therefore serves more like a cage holding the glass beads in the irradiation posi-
tion. Due to dead layers upstream of the beads (entrance window, cooling water layer, etc.) a significantly higher 
beam energy is required to reach the glass surfaces with the desired energy. The target holder and capsules were 
designed for a primary α-particle beam energy of 100 MeV. Multiple beads are simultaneously activated while the 
beam is swept in a circular fashion to increase the beam-strike area. This leads to a redundancy in activated beads, 
not all receiving the same amount of accumulated charge, but providing a spread of radioactivities from which a 
suitable candidate can be selected for the particular PEPT task at hand. 

During 2019 several successful bombardments were performed with 100 MeV α-particles delivered by the separated-
sector cyclotron (SSC) of iThemba LABS. A two-hour bombardment at a beam current of nominally 0.8 µA provides 
beads with activities up to ~ 110 MBq (3 mCi). For several hours after bombardment, over 90% of the measurable 
activation yield is contributed by 18F with the rest mostly from shorter-lived positron emitting species, which do not 
affect a PEPT investigation adversely. Aspects of this work and details of the targetry will be presented. 

 
____________________________________________ 
[1] D. J. Parker, Rev. Sci. Instrum. 88, 051803 (2017).  
[2] A. Buffler et al., Int. J. Mod. Phys. Conf. Ser. 48, 1860113 (2018). 
[3] M. R. van Heerden et al., Appl. Radiat. Isot. 158, 109044 (2020).  
[4] G. F. Steyn et al., Nucl. Instrum. Methods A 727, 131–144 (2013). 
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1ST STUDENT TARGET WORKSHOP AT ARGONNE NATIONAL LABORATORY 

Matt Gott and John Greene (Argonne National Laboratory), Scott Marley (Louisiana State University), Lauren 
McIntosh (Texas A&M University) 

The need for succession in the art of accelerator target preparation has always been of paramount importance to the 
low-energy physics community in general and to the International Nuclear Target Development Society (INTDS) in 
particular. Recently, this has been brought into perspective from faculty users of these targets from the standpoint 
of formal student training as none readily exists. As a first attempt to address this concern, The Center for Accelerator 
Target Science (CATS) at Argonne National Laboratory in conjunction with the Center for Excellence in Nuclear Train-
ing And University-based Research (CENTAUR) undertook the task of organizing an introductory student workshop 
to provide some basic instruction in target preparation techniques to interested students. 

The purpose of this Student Target Workshop was to allow exposure to graduate and postdoctoral researchers to the 
techniques and principles employed in the preparation of the accelerator targets needed for nuclear physics experi-
ments. It was anticipated to encompass both student lectures and especially target laboratory “hands on” training 
held over a 3-day period. Some of the topics included were; floating foils, and choosing the correct parting agent. 
Deposition techniques involving an actual gold target evaporation and casting of CD2 foils were covered. Other ac-
tivities included simple pack rolling and gravimetric thickness determinations and alpha particle energy loss meas-
urements. Finally, some discussion regarded the use of separated isotopic for preparing targets and the reduction 
techniques needed in their handling. 
____________________________________________ 
This material is based upon work supported by the U.S. Department of Energy, Office of Science, Office of Nuclear Physics, under Contract No. DE-
AC02-06CH11357. This research used resources of ANL’s ATLAS facility, which is a DOE Office of Science User Facility.  
The Center for Excellence in Nuclear Training And University-based Research (CENTAUR) is a multi-institutional effort supported by a Stewardship 
Science Academic Alliances (SSAA) grant from the Department of Energy’s National Nuclear Security Administration (DOE/NNSA) under Award 
Number DE-NA0003841.  
 
 
 

COLD-ROLLING A 54Fe TARGET FOR NUCLEAR STRUCTURE STUDIES AND  
STUDENT TRAINING 

Justin Diaz (San José State University), Matt Gott (Argonne National Laboratory), John P. Greene (Argonne Na-
tional Laboratory), Nicholas E. Esker (San José State University) 

The neutron deficient nuclei in the 100Sn region are an exciting area for nuclear structure studies.  This region is 
characterized by the N = Z symmetry line and the N = 50 and Z = 50 shell closures.  Though lighter N=Z nuclei (4He, 
16O and 40Ca) lie along the β-line of stability and are easily studied, the heaviest doubly magic and self-conjugate N=Z 
nuclei, 100Sn, is far from stability.  With its low production rate and proximity to the proton drip line, the nuclear 
structure of this region is still unknown experimentally.  To address this, the Esker group at SJSU is leading an exper-
imental effort at TRIUMF using the EMMA mass spectrometer and TIGRESS gamma-ray detector array to perform the 
nuclear structure study of 100In, the β-decay daughter of 100Sn.  This 54Fe(50Cr, p3n)100In fusion-evaporation study will 
require an 800 μg / cm2 self-supporting 54Fe target. 

In this talk, the production and characterization of the 54Fe target will be discussed.  The metal foil was prepared via 
cold-rolling, a technique that is as much an art as it is a science. To that end, the Esker group collaborated with the 
Center for Accelerator Target Science (CATS) of Argonne National Laboratory.  Argonne has long had a tradition of 
expert production of thin metal foils via rolling [1,2].  The free-standing 54Fe target was produced at Argonne, and 
characterized at SJSU.  In addition to supporting this nuclear structure study, this collaboration offered the oppor-
tunity for undergraduate student training.  Targetry offers an approachable and engaging way to introduce and train 
undergraduates in nuclear science. 

This work was generously supported by the INTDS through the Karasek Fund.  This research used resources of ANL’s 
ATLAS facility, which is a DOE Office of Science User Facility.  This abstract was not submitted to the previous call.  
____________________________________________ 
[1] F. J. Karasek, Proc. Of the Seminar on the Preparation and Standardisation of Isotopic Targets and Foils, Harwell, England, AERE-R 5097 

(1965) p. 111  
[2] J. P. Greene, P. J. Voss, K. Starosta. Thick backed carbon targets via mechanical rolling. J Rad Nucl Chem 299 (2014) p. 1121 - 1124 
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PREPARATION AND CHARACTERIZATION OF 82Se TARGETS WITH TRIGONAL 
HEXAGONAL CRYSTAL STRUCTURE FOR IN-BEAM NUCLEAR STRUCTURE  

EXPERIMENTS 

N.M. Florea, M. Bacalum, R.M. Marginean, N. Marginean, P. Mereuta, C. Mihai, D.A. Mirea, C.R. Nita, C. Petrone, 
C. Sotty, S. Vasilca, (IFIN-HH, Romania), M. Enculescu, E. Matei (NIMP, Magurele, Romania) 

 
In this study we report a novel approach in producing and characterize enriched isotopic selenium-82 (82Se) thin films 
with trigonal hexagonal crystal structure (t-82Se), the most thermodynamically stable form of the element. The ob-
tained t-82Se thin films are used as targets in accelerator based nuclear structure experiments. Several 82Se thin films 
with thicknesses around 5 mg/cm2 were deposited on 5 mg/cm2 tantalum (Ta) foils by vacuum evaporation-conden-
sation method. The condensed 82Se films exhibit unstable amorphous structure (a-82Se), therefore were converted 
to t-82Se by means of an appropriate vacuum heat treatment developed in the target laboratory from IFIN-HH. The 
microstructure, morphology and composition of the 82Se films were evaluated before and after the vacuum thermal 
treatment using Fourier Transform Raman Spectroscopy (FT-Raman), X-Ray Diffraction (XRD), Atomic Force Micros-
copy (AFM), Scanning Electron Microscopy (SEM) and Energy-Dispersive X-Ray Spectroscopy (EDX) techniques. Fur-
thermore, an in-beam γ-spectroscopy experiment performed at the 9-MV tandem accelerator of IFIN-HH confirmed 
that the thermally treated t-82Se films possess high durability and high purity with no detectable contamination and 
no mass loss. 

____________________________________________ 
This work was supported by a grant of the Ministry of Research, Innovation and Digitization, CNCS/CCCDI – UEFISCDI, project number PN-III-P1-
1.1-TE-2019-0337, within PNCDI III. 

 

 

 

 

 

PRODUCTION OF PbSe TARGETS FOR NEUTRON CAPTURE CROSS SECTION 
STUDIES 

E. A. Maugeri, N. M. Chiera, I. Danilov, (PSI), S. Heinitz (SCK-CEN), J Balibrea, C. Domingo Pardo, J. Lerendegui 
(IFIC / CSIC-University of Valencia, Spain), U. Koester (ILL) 

 

Being 79Se a branching point in the s-process path, the measurement of the cross section of the 79Se(n,γ) neutron 
capture reaction will allow for better understanding the s-process nucleosynthesis occurring in massive stars.  

In this project, it is suggested to study the 79Se(n,γ)78Se reaction by using two complementary techniques, namely 
the “direct method” and the “surrogate method”. With the first approach, an enriched 79Se target will be used for a 
direct (n,γ) cross section measurement via the TOF technique at the CERN n_TOF facility, Geneva. With the surrogate 
method, instead, the (2n) transfer reaction 78Se(18O,16Oγ)80Se will be studied at the Piave-Alpi INFN facility, Legnaro, 
Italy.  

For the accomplishment of these studies, 79Se and enriched 78Se targets are required. However, due to its relatively 
low melting point, a pure Se target is not suitable. Hence, a selenium compound more resistant to fusion was se-
lected, namely PbSe (melting point 1079 °C). PbSe targets will be prepared, starting from Se and Pb in their elemental 
forms, in three steps: 1- Synthesis of PbSe, 2- Purification of the synthesized PbSe, 3- Physical vapor deposition of 
PbSe on the target support foil.  

Here, preliminary results on the preparation and characterization of such targets will be presented. 
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COMPARISON OF BI2O3-TARGETS PRODUCED BY THERMAL EVAPORATION 
AND DC MAGNETRON SPUTTERING 

B. Kindler, B. Lommel, E. Celik Ayik, A. Huebner; J. Steiner, V. Yakusheva (GSI) 

For the nuclear chemistry and for the nuclear physics of the heavy elements bismuth is one of the key target materi-
als, as it is the heaviest stable element. As discussed earlier [1], [2] compound targets were developed to withstand 
higher intensive heavy ion beams.  

In the past Bi2O3, was evaporated from the tantalum crucible and deposited on carbon backings. As the melting tem-
perature of Bi2O3 is fairly high (817° C) the process is at the limit of the cooling features of the evaporation set-up. 
Therefore, we decided to test DC-magnetron-sputtering as an alternative production method. 

We will present results of the different behavior of the targets produced via alternative processes. 

 
____________________________________________ 
[1] B. Lommel, D. Gembalies-Datz, W. Hartmann, S. Hofmann, B. Kindler, J. Klemm, J. Kojouharova and J. Steiner; Nucl. Instr. and Meth. 

A 480,16-21 (2002). 
[2] B. Kindler, D. Ackermann, W. Hartmann, F. P. Hessberger, S. Hofmann, B. Lommel, R. Mann, J. Steiner; Nucl. Instr. and Meth. A 561, 107-

111 (2006). 
 
 

 

 

 

 

 

THE PREPARATION OF ISOTOPIC BORON TARGETS – SEARCHING FOR A MORE 
CONSISTENT APPROACH 

John Greene and Matt Gott (Argonne National Laboratory) 

The reliable availability of isotopic boron targets has gained in importance concerning light ion reactions withing the 
realm of nuclear astrophysics research and still remains somewhat elusive. An exhaustive approach was undertaken 
via electron beam evaporation to produce self-supporting and backed targets spanning quite a number of isotopic 
samples across a number of suppliers, resulting only in limited success. Details of the extensive sample preparation 
procedures undertaken and the experimental deposition techniques explored will be presented. 

 
 
____________________________________________ 
This material is based upon work supported by the U.S. Department of Energy, Office of Science, Office of Nuclear Physics, under Contract No. DE-
AC02-06CH11357. This research used resources of ANL’s ATLAS facility, which is a DOE Office of Science User Facility. 
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