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Abstract

We present new measurements of cumulative cross sections for the production of 139Ce and 149Tb by proton-
induced spallation of tantalum foil targets at different proton energies between 300 and 1700 MeV, using
the COSY synchrotron at FZ Jülich. Those measurements are presented in the context of the production of
medically-relevant radioisotopes for medical applications.
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1. Introduction

Nuclear medicine is an important branch of
medicine where radiopharmaceuticals are employed
to target specific metabolic actions or specific cell
types in the body for diagnostics or therapy. When a
single biomolecule is coupled with different radioiso-
topes to interchangeably perform therapy and diag-
nostics, then a so-called theranostics approach is pos-
sible, allowing a more personalised care for the pa-
tient [1].

In the last few years, a quadruplet of terbium iso-
topes has been identified for their high potential for
theranostics: 149Tb for α therapy and PET imag-
ing, 152Tb for PET imaging, 155Tb for SPECT imag-
ing, and 161Tb for β− therapy, Auger therapy, and
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SPECT imaging [1]. An experimental programme is
currently underway using neutron-deficient isotopes
provided from CERN ISOLDE [2, 3] and more re-
cently from CERN MEDICIS [4], while 161Tb is read-
ily available from neutron-irradiation facilities such
as the ILL in Grenoble (France). The production
method at ISOLDE and MEDICIS relies on the spal-
lation of tantalum foils induced by 1.4 GeV protons
from the CERN PSBooster. However, isobaric con-
tamination induced by direct isobars or by pseudo-
isobaric molecules (e.g. 155Tb vs. 139Ce16O) might
be collected as well [2, 5].

Furthermore, while the production rates at these
facilities are sufficient to sustain the local and Euro-
pean demand for pre-clinical research, they are not
suited for large-scale production for advanced clini-
cal trials and, later, treatment. Different approaches
are currently under investigation on how to upscale
the production, including proton-induced spallation
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of Ta followed by mass separation, but with a higher
primary beam intensity and optimised operational
conditions. An important parameter that determines
the production rates is the cross section. The spalla-
tion of Ta has been studied for various applications at
different energies in the past [6, 7, 8, 9], however dis-
crepancies by a factor 2 remain between the different
measurements in the case of certain Tb isotopes that
may impact future projects relying on those cross sec-
tions.

2. Experimental method

In order to resolve these discrepancies, we have per-
formed a study of the cumulative cross sections for
the production of radioisotopes in the proton-induced
spallation of Ta at the COSY accelerator facility in
FZ Jülich (Germany) [10]. Proton beams with ener-
gies ranging from 0.3 GeV to 1.7 GeV, and intensity
of the order of 100 pA were used to irradiate stacks of
Ta (measurement) and Al (normalisation) foils. The
stacks were composed of Ta foils with thickness of
12, 25, 25, 2, 6, 10, 25 µm in this order, followed by
Al foils with thickness 50, 50, 50 µm. Spallation re-
coil losses for products exiting a foil are mitigated by
the recoil capture from the preceding foil. The first
and last foils of each material were systematically dis-
carded due to an imbalance of these processes.

Each stack was irradiated once for a period of 2 to
5 hours at a fixed energy. The stacks were then re-
trieved from the irradiation point, separated, and the
foils of interest were distributed to different measure-
ment stations. The Al normalisation foils and the
25-µm Ta foils were studied by γ-ray spectroscopy
with one of four setups featuring a single coaxial high-
purity germanium (HPGe) detector. The 2- and 6-
µm Ta foils were studied by α-decay spectroscopy
using a passivated implanted planar silicon (PIPS)
detector. The total processing and transport time to
the start of the measurement was of the order of 30
minutes, from which the only α-emitting isotope with
a measurable activity was 149Tb. A typical α-decay
energy spectrum is shown in Fig. 1. The total mea-
surement time for each foil varied between 1 hour to 1
day. In the months that followed the irradiation, the

Figure 1: Alpha-decay energy spectrum from the 2-µm foil
irradiated at 1.1 GeV. The low-energy events are from β parti-
cles, while the events from 5000 keV upwards are background
from self-sputtered residues from a 241Am calibration source
and other long-lived activity in the chamber. The α-decay en-
ergy for 149Tb is marked at 3967 keV. The shape of the spec-
trum is well reproduced by the simulation of a homogeneous
source distributed across 2 µm of Ta.

2- and 6-µm foils were also measured with an HPGe
setup to study longer-lived activities.

3. Analysis and discussion of the results

The different spectra were analysed independently;
the γ rays and α particles were identified and linked
with the decay of the respective isotope. The in-
tensity of each transition was corrected for branching
ratio and detector efficiency in order to determine the
activity of each isotope at the time of measurement.
Radioisotopes which share similar γ-ray energies had
to be deconvoluted from each other.

Calculated foil activities at the time of measure-
ment were extrapolated back to the time at which
the proton irradiation ended (EOI). All cross sections
presented in the following are cumulative cross sec-
tions since these are most relevant for production esti-
mates at any facility. As a consequence, 149gTb mea-
sured 30 minutes after EOI or later includes feeding
all short-lived precursors (e.g., 149Dy, Ho, . . .β decay,
or 153Ho, Eu, . . .α decay, and any decay chain lead-
ing to the isotope of interest), and 139Ce activities
derived from measurements several weeks after EOI
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Figure 2: Cumulative cross section for the production of 149Tb
in the spallation of Ta. Two data points are shown for the
2- and 6-µm foils, in good intrinsic agreement. The data are
compared to the literature data [6, 7, 8]. The operation energy
for ISOL@MYRRHA and CERN ISOLDE are indicated with
dashed lines and the effective energy range with the arrow.

include similar contributions (e.g., 139Pr, Nd, . . .β
decay). Additionally, decay corrections during the
irradiation were taken into account, assuming con-
stant irradiation. The activities from the Ta foils
were normalised for the effective proton fluence with
the activities of 24Na in the Al monitor foils and their
known spallation cross sections [11].

Details of the analysis can be found in Ref. [12].
A full table of results covering the entirety of this
analysis will be published later. Here we present the
results on 149Tb and 139Ce, which may appear as an
isobar of 155Tb in the form of 139Ce16O.

In the case of 149Tb, the cumulative cross section
extracted with either the 2- or the 6-µm foils are in
good agreement with each other, see Fig. 2. The
values agree well with available literature data up
to 1 GeV. Beyond that energy, two data sets are
available and in disagreement [6, 8]. The new data
support the older data set from Winsberg [6]. Fur-
thermore, it suggests the operation energy at CERN
ISOLDE is not optimal as the cumulative cross sec-
tion already decreases beyond 1.3 GeV. Meanwhile,
a factor 2 can be gained between 0.6 GeV, the opera-
tional energy for the future ISOL@MYRRHA facility,

Results
• From the analysis of the decay spectra, 

activities were extracted and projected 
back to the irradiation time. Using the 
known cross sections for the production 
of 7Be, 22Na, and 24Na with protons on 
27Al, cumulative cross sections for the 
spallation of tantalum could be extracted.

• For the 6 µm foils, the extracted activities 
after >1 month delay were compared to FLUKA simulations, 
which rely on the best known cross sections, and those were found 
to be in good general agreement.

• A systematic comparison between the isotopes identified, ranging 
from 105Ag to 175Hf, has shown that discrepancies up to double the 
cross section can be found between the literature values and the 
current measurement, while some cross sections are in very good 
agreement.

• The results shown below are still preliminary but they show 
nonetheless that the spallation of Ta is a promising approach, and 
that operation at 600-800 MeV might be preferential for 155Tb.

Experimental considerations
• The measurement was performed at the COSY synchrotron in 

Jülich, Germany. A series of stacks of tantalum (measurement) and 
aluminium (normalisation) foils 
were irradiated at different 
energies ranging from 300 to 
1700 MeV.

• Large foils (25 µm for Ta, 50 µm for Al) were then 
studied with germanium detectors within a few 
minutes to hours from the irradiation to measure γ 
rays emitted by the radioisotopes produced in the 
foil. Thinner foils (2 µm and 6 µm of Ta) were studied 
in the same period with a silicon detector to 
measure α particles emitted by 149Tb. Those foils 
were further studied with germanium detectors in the 
months that followed the irradiation.

• Particular care was given to the detection efficiency of both 
measurement setups. For the silicon detector, systematic  SRIM 
simulations were performed to determine the impact of the foil 
thickness on the measured α-particle energy spectrum, showing 
that a clear separation could be obtained between α and β particle 
emitted from the 2 µm foils.

Tb isotopes for medical applications
• In nuclear medicine, radioisotopes are injected in the human body so that they may find their way to 

different locations, either by following metabolic actions (e.g. sugar derivative), by elemental preferential 
absorption (e.g. iodine to the thyroid, calcium to the bones), or by linking to a vector molecule such as 
hormones, peptides, or antibody fragments.

• Terbium (Z=65) is a lanthanide with interesting properties as a candidate element for nuclear medicine. 
Similarly to other lanthanides already used in nuclear medicine, it can be locked into a chelator to be 
bound to vector molecules. It also features 4 radioisotopes with interesting properties for nuclear 
imaging and therapy [1]: 149Tb for α therapy and PET imaging, 152Tb for PET imaging alone, 155Tb 
for SPECT imaging, and 161Tb for combined β- therapy, Auger therapy, and SPECT imaging. The 
ability to switch between imaging and treatment while guaranteeing the same pharmaco-kinetics 
ensures the success of patient selection for optimal treatment: this is the concept of theranostics.

• The issue is how to produce those radioisotopes and provide them to the medical community for research, and eventually for patient 
care. While 161Tb can be produced in nuclear reactors, the neutron-deficient isotopes are harder to produce and the spallation of tantalum 
targets is currently the most viable approach. However, the measured cross sections for the isotopes of interest vary greatly [2-5] and a 
dedicated study was necessary to settle this gap in the nuclear data knowledge.

References: [1] C. Müller et al, “A unique matched quadruplet of terbium radioisotopes […]”, The Journal of Nuclear Medicine 53 (2012) 1951-1959; [2] L. Winsberg, “Recoil studies of nuclear 
reactions induced by high-energy particles: !. Production of Tb-149”, Physical Review 135 (1964) B1105-B1118; [3] Yu.E. Titarenko et al, “Measurement and simulation of the cross sections for nuclide production 
[…]”, Physics of Atomic Nuclei 74 (2011) 551-572; [4] R. Michel et al, “ Cross sections for the production of radionuclides by proton-induced reactions […], Journal of Nuclear Science and Technology 39 (2002) 

242-245; [5] Yu.T. Miranov et al, “Features of investigation excitation function of nuclear reactions […]”, Conference on Nuclear Spectroscopy and Nuclear Structure 3-8 Sept 2001, 276-277.
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The terbium isotopes are often referred to as the Swiss Army Knife of nuclear medicine in reference to 
its matched quadruplet for imaging and therapy applications.

Ta Al

Stack of foils with thickness 12-25-25-2-6-10-25-12 µm for Ta and 25-25-25 µm for Al.

Schematic view of the germanium (top) and silicon (bottom) setups. The position of the sample 
(in green) can be precisely adjusted to evaluate the detection efficiency accurately.

Sample γ-ray energy spectrum for the 6µm foil irradiated at 1100 MeV. Sample α-particle energy spectrum for the 2µm foil irradiated at 1100 MeV.

Schematic representation of the activity related to a cumulative cross 
section: the production rate is calculated based on an estimated start 
activity assuming that only the isotope of interest is produced without any 
ancestry, hereby ignoring the contribution of shorter-lived parents.
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Figure 4.12: Cumulative cross section as a function of incident proton energy
for 149Tb [46, 1, 2].

is calculated, is the only one that was measured with a certain detector. If the efficiency
of this detector is underestimated, this would explain the here obtained results. One can
see that there is a discrepancy between different literature values. If the cumulative cross
section at 900 MeV is indeed wrong, the results presented here seem to favour the values
of Winsberg [1] and Miranov [2] over the values of Titarenko [46].

As a conclusion to this chapter, we can say that the analysis of �-ray energy spectra has
led to new cumulative cross section measurements. These measurements are performed
at different energies, compared to what is available in literature and, thus, complete
the existing data sets. The data on 139Ce shows that for the production of 155Tb by
proton induced spallation of Ta targets, operation at or below 800 MeV is preferable.
Therefore, ISOL@MYRRHA, which will operate at 600 MeV, will be almost optimal for
the production of 155Tb. There are still some uncertainties on the normalisation from the
measurements of the Al foils, specifically related to the activity of 24Na. These will be
addressed in the coming months.
Besides the results from the �-analysis, new cumulative cross section data on 149Tb is
presented. These results show that the literature values of Winsberg [1] and Miranov [2]
are preferred.

Comparison between the cumulative cross sections for the production of 155Tb and 139Ce, often 
found as an isobar in the form of 139Ce16O. The 155Tb data is still under analysis. Operation at 

energies below 800 MeV are beneficial to minimise the contamination.

Cumulative cross section for the production of 149Tb. The new data is in good agreement with the 
oldest data from Winsberg [2] and disagrees with the recent measurement by Titarenko [3]. The 

data are however still preliminary.Figure 3: Cumulative cross section for the production of 139Ce
in the spallation of Ta from this work compared to literature
data for the same isotope and for 155Tb [8, 9]. The operation
energy for ISOL@MYRRHA and CERN ISOLDE are indicated
with dashed lines and the effective energy range with the arrow.
This comparison shows that the purity of the produced 155Tb
sample can be increased by using a lower incident energy, such
as foreseen at the ISOL@MYRRHA facility.

and 1 GeV, for the EURISOL facility.
A comparison can be made between the cumula-

tive cross section for the production of 155Tb and
139Ce16O. Given that 139Ce is much lighter than
155Tb, more energy is required to boil off more nu-
cleons in the spallation process, and the peak of the
cross section is therefore shifted to a higher energy.
As such, it can be seen from Fig. 3 that the energy at
the ISOL@MYRRHA facility would be ideal to max-
imise the production of 155Tb while minimising the
molecular isobaric contaminants.

4. Conclusions and outlook

A systematic study of the cumulative cross sec-
tion of the proton-induced spallation of Ta has been
performed at the COSY synchrotron in FZ Jülich at
energies relevant for existing and future isotope sep-
aration online facilities. The results for 139Ce and
149Tb have been presented in the context of the pro-
duction of terbium radioisotopes for medical appli-
cations. The complete analysis of the radioisotopes

3



measured in the range A = 100−180 will be discussed
in a forthcoming publication.
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