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A B S T R A C T

155Tb [t1∕2 = 5.32 d, E𝛾 = 87 keV (32%); 105 keV (25%) (IAEA, 2021)] is a novel promising radionuclide
for theranostic applications in nuclear medicine. Its physical properties make it suitable for single photon
emission computed tomography (SPECT) imaging, while its chemistry allows it to be used as a diagnostic
partner for therapeutic radiolanthanides or pseudo-radiolanthanides, such as 177Lu and 90Y. Moreover, 155Tb
could be used as a precise diagnostic match for the 𝛽−-emitter 161Tb, opening doors for the true theranostics
concept. The availability of 155Tb in quantity and quality suitable for medical applications is an open issue
and its production with medical cyclotrons via the 155Gd(p,n)155Tb and 156Gd(p,2n)155Tb nuclear reactions
represents a possible but challenging solution. For this purpose, an accurate knowledge of the production
cross sections is mandatory. In this paper, we report on the measurement of the production cross sections
of 155Tb and other terbium radionuclides formed by proton irradiation of 𝑛𝑎𝑡Gd2O3, 155Gd2O3 and 156Gd2O3
enriched targets, performed at the Bern University Hospital cyclotron laboratory. On the basis of the obtained
results, the production yield and purity were calculated to assess the optimal irradiation conditions. The results
of several production tests are also presented.
. Introduction

Single photon emission tomography (SPECT) was one of the first
olecular imaging techniques using radioactive tracers to evaluate

iological, physiological and biochemical processes. Although positron
mission tomography (PET) imaging presents greater sensitivity and
esolution, SPECT is still widely used in clinical oncology (Hicks and
ofman, 2012) thanks to the relatively low cost of SPECT cameras and

he large availability of radiotracers that can investigate a vast range
f biological processes.

The most widely used radionuclide in clinical diagnostic nuclear
edicine is 99𝑚Tc, which is produced by elution from 99Mo/99𝑚Tc

enerators. Despite the almost ideal characteristics of its physical decay
t1∕2 = 6.02 h, E𝛾 = 141 keV), it presents a different chemistry com-
ared to other commonly used radiometals, which makes it difficult to
se as a diagnostic partner in theranostic pairs. Furthermore, there is
till a lack of a suitable radionuclide for SPECT that can be used as

∗ Corresponding author.
E-mail address: gaia.dellepiane@lhep.unibe.ch (G. Dellepiane).

a diagnostic match for the therapeutic radiolanthanides 177Lu (t1∕2 =
6.65 d) and 166Ho (t1∕2 = 1.03 d) and for the pseudo-radiolanthanide
90Y (t1∕2 = 2.67 d). In this context, 155Tb is one of the most promising
candidates. It is characterized by 𝛾-rays of 87 keV (32%) and 105 keV
(25%), ideal for most SPECT cameras, by negligible branching ratio
of high energy 𝛾-emissions and by the absence of 𝛽−∕𝛽+-particles in
the final state. The relatively long half-life of 5.3 days should allow to
successfully follow slow metabolic processes (Vermeulen et al., 2012).

Finally, 155Tb could be used as a precise theranostic match for the
𝛼-emitter 149Tb (t1∕2 = 4.12 h) (Müller et al., 2012) or the 𝛽−-emitter
161Tb (t1∕2 = 6.95 d (Durán et al., 2020)), which have recently been
produced and tested in preclinical studies (Baum et al., 2021; Favaretto
et al., 2021b; Gracheva et al., 2021; Müller et al., 2019).

The main deterrent to a wider use of 155Tb-labelled radiotracers in
nuclear medicine is the limited availability of this radionuclide.
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Fig. 1. Preparation of a target for cross section measurements: (a) empty aluminium disc; (b) aluminium disc filled with Gd2O3; (c) aluminium disc covered with a thin aluminium
foil.
Table 1
Gadolinium isotopic percentages in natural, enriched in 155Gd and 156Gd gadolinium oxide powder purchased
from Isoflex (http://www.isoflex.com/). The values in parentheses are the uncertainties referred to the last
digits of the value.

152Gd 154Gd 155Gd 156Gd 157Gd 158Gd 160Gd

Natural [%] 0.20 2.18 14.80 20.47 15.65 24.84 21.86
155-enr. [%] <0.02 0.5 91.90(30) 5.87 0.81 0.65 0.27
156-enr. [%] <0.01 0.05 0.87 93.30(10) 4.38 1.08 0.32
Table 2
Investigated Tb radionuclides and their decay properties used to assess the produced activities (IAEA, 2021).
The values in parentheses are the uncertainties referred to the last digits of the value.
Nuclide Half-life Decay mode: [%] E𝛾 [keV] Branching ratio [%]
153Tb 2.34(1) d EC + 𝛽+: 100 212.00(2) 28.5(19)
154Tb 21.5(4) h EC + 𝛽+: 100 1291.31(13) 6.9(5)

154𝑚1Tb 9.4(4) h EC + 𝛽+: 78.2 540.18(6) 20(3)
IT: 21.8 – –

154𝑚2Tb 22.7(5) h EC + 𝛽+: 98.2 426.78(7) 17.3(12)
IT: 1.8 – –

155Tb 5.32(6) d EC: 100 105.318(3) 25.1(13)
262.27(1) 5.3(3)

156Tb 5.35(10) d EC + 𝛽+: 100 534.29(6) 67(6)
156𝑚1Tb 24.4(10) h IT: 100 – –
156𝑚2Tb 5.3(2) h IT: 100 – –
Fig. 2. The front cover (a) and the back part (b) of the coin target (24 mm diameter,
2 mm thick).

Different channels for the production of 155Tb are reported in the
literature, such as the irradiation of 𝑛𝑎𝑡Eu2O3 targets by 27 MeV 𝛼-
particles (Kazakov et al., 2018) and the high-energy proton-induced
spallation of Ta targets followed by ionization and mass separation
(Müller et al., 2012, 2014; Fiaccabrino et al., 2021; Webster et al.,
2021). The latter route, however, seems not to be a viable option for
the production of large quantities of 155Tb due to the currently poor
efficiency of the collection process (Fiaccabrino et al., 2021).

The production of 155Tb by cyclotron was also investigated, both
indirectly via the decay of its precursor 155Dy (Steyn et al., 2014)
and by means of the direct 155Gd(p,n)155Tb and 156Gd(p,2n)155Tb
reactions (Vermeulen et al., 2012; Steyn et al., 2014; Dmitriev et al.,
1989). Nevertheless, the production of high 155Tb activities via proton
irradiation of highly-enriched 155Gd and 156Gd oxide targets and its
subsequent radiochemical separation from the target material and im-
purities have only recently been explored (Favaretto et al., 2021a). In
2

this respect, a research program focused on the production of 155Tb
in quantity and quality suitable for clinical applications is ongoing
at the medical cyclotron in operation at the Bern University Hospital
(Inselspital) (Braccini et al., 2011). The aim of the present study is
to evaluate the production cross sections of 155Tb and other terbium
radioisotopes formed irradiating gadolinium oxide targets in order
to maximize the produced activity while minimizing the impurities.
Optimal conditions for the production of 155Tb were assessed through
the study of the thick target yield and purity. Finally, highly-enriched
155Gd2O3 and 156Gd2O3 targets were irradiated at the Bern medical
cyclotron to demonstrate the feasibility of the process with such an
accelerator.

2. Materials and methods

2.1. The Bern medical cyclotron laboratory

The Bern medical cyclotron laboratory features an IBA Cyclone
18/18 HC providing proton beams with a nominal energy of 18 MeV
and beam currents from a few pA to 150 μA (Auger et al., 2015).
This facility is characterized by two bunkers with independent access,
allowing to perform both multi-disciplinary research activities and 18F-
labelled PET tracers routine production, performed by the spin-off
company SWAN Isotopen AG.

The beam is brought to the second bunker by means of a 6-m-long
external Beam Transfer Line (BTL) (Braccini, 2013), which was used for
the measurements presented in this paper. The beam energy extracted
to the BTL was measured to be (18.3 ± 0.4) MeV (Nesteruk et al., 2018;
Häffner et al., 2019).

http://www.isoflex.com/
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Fig. 3. Decay scheme of 153Tb.

Fig. 4. Production cross section of 153Tb from 𝑛𝑎𝑡Gd2O3 (a), 155Gd2O3 (b) and 156Gd2O3
(c) targets, whose isotopic compositions are reported in Table 1.
3

Table 3
Results of the exponential fit performed on 154Tb ac-
tivities as a function of time. 𝜆(154Tb) is the theoretical
decay constant of 154Tb reported by IAEA (IAEA, 2021).
a b 𝜆(154Tb)
[kBq] [E-6 s−1] [E-6 s−1]

0.66 ± 0.02 8.98 ± 0.27 8.96 ± 0.17

Table 4
Results of the exponential fit performed on 156Tb ac-
tivities as a function of time. 𝜆(156Tb) is the theoretical
decay constant of 156Tb reported by IAEA (IAEA, 2021).
a b 𝜆(156Tb)
[kBq] [E-6 s−1] [E-6 s−1]

1.217 ± 0.004 1.53 ± 0.01 1.50 ± 0.03

An IBA Nirta Solid Target Station (STS) is installed on one outport of
the cyclotron to irradiate solid materials and it is customized in order to
minimize the dose to the personnel. In particular, a mechanical transfer
system (named Hyperloop) (Dellepiane et al., 2021) was developed and
installed by the Laboratory for High Energy Physics (LHEP) group to
load the station without entering the cyclotron bunker. Moreover, the
STS is equipped with a pneumatic target transfer system (STTS) by
TEMA Sinergie that allows sending the shuttle containing the irradiated
target either to one hot cell in the nearby GMP radio-pharmacy or to
a receiving station located in the BTL bunker. In the latter case, the
material can then be transported to external laboratories or transferred
to the physics laboratory, located near the two bunkers, to be mea-
sured by gamma spectrometry. For this purpose, a N-type high-purity
germanium (HPGe) detector featuring the Genie2K analysis software
and the Microsoft Excel application Excel2Genie (Forgács et al., 2014)
was used. The detector efficiency up to 10 cm distance was assessed
using a multi-gamma source, the activity of which is known with an
uncertainty below 1%.

To experimentally assess the produced activity at the End of Beam
(EoB), the receiving station in the BTL bunker was equipped with a
system based on a 1 cm3 CdZnTe (CZT) crystal. Its efficiency calibration
was performed experimentally with the HPGe detector, considering that
the target always has the same size and lands in the same place and
with the same orientation. The system allows assessing the produced
activity with an accuracy of a few percent (Dellepiane et al., 2021a).

2.2. Materials and procedure for cross section measurements

The experimental method used in this work was the same as that de-
scribed in our previous publications (Carzaniga et al., 2017; Carzaniga
and Braccini, 2019). It was developed by LHEP and it is based on the
irradiation of the full mass of a thin target by means of a constant
surface density proton beam.

The beam profile was monitored on-line by a UniBEaM detector,
a non-destructive two-dimensional beam profiler based on scintillat-
ing doped silica fibers passing through the beam. The UniBEaM was
conceived by LHEP (Auger et al., 2016) and commercialized by the
company D-Pace (Potkins et al., 2017).

To perform irradiations below 18 MeV, the beam energy was de-
graded by means of aluminium attenuator discs placed in front of
the target and was determined using the SRIM-2013 Monte Carlo
code (Ziegler and Manoyan, 1988).

Cross sections were measured by irradiating natural, enriched in
155Gd and enriched in 156Gd gadolinium oxide targets supplied by
Isoflex, USA, whose isotopic compositions are reported in Table 1. The
produced activity was then assessed by means of gamma spectrometry
with the HPGe detector. The target holder was a 2 mm thick aluminium
disc with a 0.6 mm deep pocket of 4.2 mm in diameter (Fig. 1-a) in
which the material was deposited by sedimentation from a suspension
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Fig. 5. Decay scheme of 154Tb (a), 154𝑚1Tb (b) and 154𝑚2Tb (c).
Fig. 6. Tb-154 activity as a function of time.

of a few milligrams of Gd2O3 in ethanol absolute (Fig. 1-b). Once the
ethanol had completely evaporated, the deposited mass was assessed
with an analytical balance (Mettler Toledo XS204 DeltaRange). The
targets were then covered with a 13 μm thin aluminium foil for pro-
tection (Fig. 1-c). Since the thickness of the targets was estimated to be
of the order of few tens of μm, the beam energy was considered constant
within the uncertainties over the full irradiated mass.

2.3. Materials and procedure for terbium-155 production tests

Production test targets were prepared by compressing approxi-
mately 40 mg of enriched material with the application of an axial force
of 2 tons for 5 s. The obtained disc-shaped pellet (6 mm in diameter,
0.3 mm thick) was placed in a special capsule – called coin – consisting
of two aluminium halves held together by permanent magnets, as
shown in Fig. 2. To optimize the production yield and the radionuclidic
purity, the thickness of the front part is used to adjust the energy of
the protons reaching the target. The back part hosts the pellet and an
O-ring to prevent the escape of molten material or any gas produced
during the irradiation. This novel kind of capsule was developed by
LHEP to irradiate materials in form of powder compressed in pellets. It
has been successfully used to produce 68Ga and 44Sc (van der Meulen
et al., 2020).

For each enriched material, three production tests were performed
with the BTL. The coin (Fig. 2) was placed in an adapted target
holder and positioned in the station used for cross section measure-
ments (Dellepiane et al., 2021b). In this configuration, high beam
intensities cannot be achieved as the station does not have a cooling
system. The low activity produced allowed to measure the pellets with
the HPGe detector immediately after the end of irradiation, without
incurring high dead times.

Two additional production tests were carried out by irradiating
155Gd2O3 targets in the STS to investigate the possibility of producing
155Tb with medical cyclotrons. In this case, the irradiated targets were
successively delivered to the BTL bunker and measured with the CZT
detector in order to have a benchmark of the produced activity. When
the activity was low enough not to saturate the HPGe detector, the
pellets were measured again by gamma spectrometry over several days.
4

Fig. 7. Production cross section of 154Tb from 𝑛𝑎𝑡Gd2O3 (a), 155Gd2O3 (b) and 156Gd2O3
(c) targets, whose isotopic compositions are reported in Table 1.
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Fig. 8. Decay scheme of 155Tb.

Fig. 9. Production cross section of 155Tb from 𝑛𝑎𝑡Gd2O3 (a), 155Gd2O3 (b) and 156Gd2O3
(c) targets, whose isotopic compositions are reported in Table 1.
5

3. Data analysis and results

3.1. Cross section measurements

Two campaigns of cross section measurements were carried out. In
the first case, the samples were irradiated for an average of 10 min at
about 2.5 nC and then measured with the HPGe detector. In particular,
each sample was measured within 12 h after EoB to detect the short-
lived radionuclides and successively after about 30 h to estimate the
activity of the long-lived ones.

In the second case, the samples were irradiated for an average of
20 min at 6 nC and measured repeatedly with the HPGe detector.
Thirty-minute measurements were taken for ∼100 h after EoB in order
to study the activity of the radionuclides as a function of time. In all
measurements the dead time was below 1%. The 𝛾-lines used to identify
the radionuclides of interest are listed in Table 2 (IAEA, 2021).

The systematic uncertainty in cross section measurements was ob-
tained by summing all the contributing uncertainties in quadrature
and was estimated to be about 7%, including the uncertainty on the
flatness of the beam (5%), the beam current integration (1%), the HPGe
detector efficiency (3%) and the target mass measurements (up to 3%).
In case of 154𝑚1Tb and 156Tb the main experimental uncertainty was
due to the branching ratio of the 𝛾-line (∼15% and ∼9%, respectively).
In case of 156𝑚1Tb and 156𝑚2Tb the main contribution was given by the
uncertainty on the EoB activity provided by the exponential fit (up to
30% and 15%, respectively).

Terbium-153

In the investigated energy region, 153Tb is mainly produced from
154Gd and 155Gd via the reactions (p,2n) and (p,3n), respectively. 153Tb
has a half-life of 2.34 d and decays through EC (100%) to 153Gd (IAEA,
2021) (Fig. 3).

The measured cross sections are presented in Fig. 4 and the nu-
merical data are reported in Appendix (Table 8). The two sets of
measurements are in good agreement for 𝑛𝑎𝑡Gd and 155Gd. In case of
156Gd, it was not possible to observe 153Tb during the second campaign,
due to the too short duration of the HPGe acquisitions. Our data
are in good agreement with the experimental values available in the
literature (Vermeulen et al., 2012). TENDL calculations are also in
agreement with our results.

Terbium-154, Terbium-154m1 and Terbium-154m2

Two reactions produce 154Tb in the energy range of interest, namely
154Gd(p,n) and 155Gd(p,2n). During the irradiation, the ground state
and two metastable states, denoted as m1 and m2, are populated
(Table 2). The m1 state decays through EC (78%) and IT (22%) into
154Gd and the ground state of 154Tb, respectively. The m2 state decays
mainly through EC (98%) into 154Gd (IAEA, 2021) (Fig. 5).

The second measurement campaign allowed to analyse the 154Tb
activity as a function of time (Fig. 6). The measured values were fitted
with the exponential function

𝐴(𝑡) = 𝐴(𝐸𝑜𝐵) ∗ 𝑒𝑥𝑝(−𝜆𝑡) (1)

where 𝐴(𝐸𝑜𝐵) (fitting parameter a) and 𝜆 (fitting parameter b) are the
EoB activity and the decay constant of 154Tb, respectively. The results
of the fit are reported in Table 3.

It was proven that the contributions of the m1 and m2 states to the
ground state of 154Tb are negligible, as the latter does not deviate from
its characteristic exponential trend.

The results of the cross section measurements are presented in Fig. 7
and compared with data reported in the literature (Vermeulen et al.,
2012; Challan et al., 2007) and the predictions of TENDL, finding a
good agreement. For completeness, the numerical values are reported
in Appendix (Tables 9–11). It was not possible to observe 154𝑚2Tb in
the second measurement campaign, due to its low activity and the too
short measurements of the HPGe detector.
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Fig. 10. Decay scheme of 156Tb (a), 156𝑚1Tb (b) and 156𝑚2Tb (c).
Fig. 11. Tb-156 activity as a function of time.

Terbium-155

In the investigated energy region, 155Tb is produced by the reactions
154Gd(p, 𝛾), 155Gd(p,n), 156Gd(p,2n) and 157Gd(p,3n). It has a half-life
of 5.32 d and decays through EC (100%) to 155Gd (IAEA, 2021) (Fig. 8).

The results of the cross section measurements are presented in
Fig. 9. For completeness, the numerical values are reported in Ap-
pendix (Table 12).

In case of 155Gd, the cross section presents a peak at around
11.5 MeV, corresponding to 447 mbarn, while in case of 156Gd, the
cross section increases over the investigated energy region.

Our data are in good agreement with the experimental values
available in the literature (Vermeulen et al., 2012). TENDL calculations
are also in agreement with our results.

Terbium-156, Terbium-156m1 and Terbium-156m2

Four reactions produce 156Tb in the energy range of interest, namely
155Gd(p, 𝛾), 156Gd(p,n), 157Gd(p,2n) and 158Gd(p,3n). By irradiating
gadolinium oxide targets, the ground state and two metastable states,
denoted as m1 and m2, are populated (Table 2). Both the m1 and m2
states decay through IT (100%) into the ground state of 156Tb (Fig. 10),
causing an increase in its activity. The absence of gamma emissions
makes it difficult to measure the contribution of the metastable states.
For this reason, two different approaches were used. In the first mea-
surement campaign, since the m1 and m2 states have a much shorter
half-life than the ground state, 156Tb activity was measured after a
sufficiently long time to consider the metastable states decayed. The
cross section thus obtained, however, includes the 156Tb ground state
produced by the proton irradiation and that produced by the decay
of the states m1 and m2. The second campaign aimed to measure the
cross sections of the cyclotron-produced 156Tb and of the m1 and m2
states. The activity evolution of the 156Tb ground state over the decay
time depends on the activities EoB of the three populated states and is
6

Fig. 12. Production cross section of 156Tb from 𝑛𝑎𝑡Gd2O3 (a), 155Gd2O3 (b) and
156Gd2O3 (c) targets, whose isotopic compositions are reported in Table 1.
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Fig. 13. Thick target yield and purity for 155Gd2O3 (a) and 156Gd2O3 (b) thick targets (isotopic compositions reported in Table 1), calculated from the measured cross sections.
Fig. 14. Production yield and purity for 155Gd2O3 (a) and 156Gd2O3 (b) targets of about 40 mg (isotopic compositions reported in Table 1), calculated from the measured cross
sections.
Fig. 15. Terbium impurities as a function of time for 155Gd2O3 (a) and 156Gd2O3 (b) targets of about 40 mg (isotopic compositions reported in Table 1), calculated from the
measured cross sections.
described by the Bateman equation

𝐴0(𝑡) =𝐴0(0) exp(−𝜆0𝑡)+

+
𝜆0

𝜆0 − 𝜆𝑚1
𝐴𝑚1(0)[exp(−𝜆𝑚1𝑡) − exp(−𝜆0𝑡)]+

+
𝜆0

𝜆0 − 𝜆𝑚2
𝐴𝑚2(0)[exp(−𝜆𝑚2𝑡) − exp(−𝜆0𝑡)]

(2)

where 𝑡 is the decay time and 𝐴𝑖(0) and 𝜆𝑖 are respectively the EoB
activity and the decay constant of the 𝑖-th state (ground state, m1 and
7

m2). The activity of the total 156Tb was repeatedly measured during the
decay time and then fitted with the three-parameter function reported
in Eq. (2) (fit1 in Fig. 11). The three parameters correspond to the
activity EoB of the populated states. For all the starting materials, an
increase in activity was observed in the first 20 h, due to the decay
of the metastable states. After a certain time, the equilibrium condition
was reached and the activity started decreasing with the decay constant
characteristic of 156Tb ground state.
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Fig. 16. 155Tb yield and purity as a function of time for 155Gd2O3 (a) and 156Gd2O3 (b) targets of about 40 mg (isotopic compositions reported in Table 1), calculated from the
measured cross sections.
Fig. 17. Coin with a ∼240 μm covering lid, containing a 155Gd2O3 pellet (a); coin with a 7 mm hole in the covering lid, containing a 156Gd2O3 pellet (b).
This method allowed to calculate the cross sections of the cyclotron-
produced 156Tb, the 156𝑚1Tb and the 156𝑚2Tb. The latter isotope was
only observed by irradiating samples of 156Gd2O3.

The equilibrium condition was proven by fitting the data measured
for t>teq with the two-parameter exponential function in Eq. (1) (fit2
in Fig. 11), where 𝑎 and 𝑏 are the EoB activity and the decay constant
of 156Tb, respectively; the results of the fit are reported in Table 4. It
should be noted that in this case the EoB activity refers to the total
156Tb. The results of the cross section measurements are presented
in Fig. 12. The data obtained with the first method are shown as
‘‘156Tb-tot: method 1’’ and are compared with data available in the
literature, measured with the same procedure (Vermeulen et al., 2012).
For completeness, the numerical values are reported in Appendix
(Tables 13–16).

The cross sections of total 156Tb measured with the two methods
are found to be compatible within the uncertainties. In case of natural
material, our results are in good agreement with data published in
the literature (Vermeulen et al., 2012) and with the predictions by
TENDL. For both 155Gd2O3 and 156Gd2O3, TENDL predictions are in
good agreement with our results are for energies below 11 MeV, while
at higher energies some discrepancies are observed.

To the best of our knowledge, no cross section data were reported
in the literature for 156𝑚1Tb and 156𝑚2Tb prior to our study.

3.2. Study of production yield and purity

In order to optimize the production of 155Tb, a study of the Thick
Target Yield (TTY) and of the purity was performed. From the cross
section measurements, the TTY can be calculated using the following
formula:

𝑇𝑇𝑌 (𝐸) = 𝜆 ⋅
𝑁𝐴 ⋅ 𝜂
𝑚𝑚𝑜𝑙 ⋅ 𝑞 ∫

𝐸

𝐸𝑡ℎ

𝜎(𝐸′)
𝑆𝑝(𝐸′)

𝑑𝐸′ (3)

where 𝜆 is the decay constant, 𝜎(𝐸′) the cross section as a function
of the proton kinetic energy 𝐸, 𝑆𝑝(𝐸′) is the mass stopping power
of the target material, 𝐸 is the threshold energy of the considered
8

𝑡ℎ
reaction, 𝑁𝐴 the Avogadro constant, 𝑚𝑚𝑜𝑙 the average molar mass of the
target material, 𝜂 the number of target atoms of the desired species per
molecule and 𝑞 the charge of the projectile. The mass stopping power
was calculated using SRIM.

Given a sample containing a mixture of 𝑁 radioisotopes, the purity
of the radionuclide of interest X is given by

𝑃𝑋 =
𝐴𝑋

∑𝑁
𝑖 𝐴𝑖

(4)

where 𝐴𝑖 is the activity of the 𝑖-th radionuclide. The thick target
production yields and the purities for 155Tb using the 155Gd and 156Gd
target materials defined in Table 1 as a function of the impinging proton
energy are shown in Fig. 13.

If a thin target is used, so that the protons are not stopped therein,
the production yield, Y(E), can be defined as

𝑌 (𝐸) = 𝑇𝑇𝑌 (𝐸) − 𝑇𝑇𝑌 (𝐸𝑜𝑢𝑡) (5)

where 𝐸𝑜𝑢𝑡 is the proton energy after the target, determined by using
SRIM.

The production yield and purity as a function of input energy,
considering 155Gd2O3 and 156Gd2O3 targets of 40 mg, are shown in
Fig. 14.

In the first case, the highest isotopic purity is obtained for an
impinging energy of about 11 MeV. Above this value the reaction
155Gd(p,2n)154Tb causes a considerable increase of the total cross
section of 154Tb and 154𝑚1Tb (Fig. 7). Around the threshold, a small
change in the input energy leads to a significant change in the produced
activity, resulting in an uncertainty on the radionuclide purity of the
sample. The optimal entry energy was therefore set at 10.5 MeV and
production tests were carried out around this value.

In case of 156Gd, the highest 155Tb production yield and isotopic
purity can be reached irradiating targets with the maximum achievable
impinging energy. Using pellets of about 40 mg the output energy
is above 14 MeV, minimizing the production of 156Tb. To achieve
better isotopic purity and/or larger 155Tb activities, higher energies
(e.g. 24 MeV) can be evaluated.
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Table 5
Irradiation parameters, 155Tb production yield and purity obtained irradiating 155Gd2O3 targets (Table 1) in the BTL. The
values in parentheses are the yield calculations based on the cross section measurements.

E𝑖𝑛 m Q Y(155Tb) P(EoB) P(96h)
[MeV] [mg] [μAh] [MBq/μAh] [%] [%]

Irradiation 1 10.5 ± 0.4 37.0 ± 0.5 (5.3 ± 0.3) E-3 3.4 ± 0.2 53.3 ± 0.5 93.4 ± 0.1
(3.1 ± 0.3) (53 ± 4) (93 ± 1)

Irradiation 2 10.4 ± 0.4 47.0 ± 0.5 (1.51 ± 0.08) E-3 3.4 ± 0.2 54.3 ± 1.2 93.2 ± 0.3
(3.0 ± 0.3) (51 ± 4) (92 ± 1)

Irradiation 3 10.4 ± 0.4 40.0 ± 0.5 (1.06 ± 0.05) E-3 3.5 ± 0.2 54.9 ± 1.3 93.5 ± 0.3
(3.0 ± 0.3) (52 ± 4) (92 ± 1)
Table 6
Irradiation parameters, 155Tb production yield and purity obtained irradiating 156Gd2O3 targets (Table 1) in the BTL. The
values in parentheses are the yield calculations based on the cross section measurements.

E𝑖𝑛 m Q Y(155Tb) P(EoB) P(96h)
[MeV] [mg] [μAh] [MBq/μAh] [%] [%]

Irradiation 1 18.2 ± 0.4 37.5 ± 0.5 (2.0 ± 0.1) E-3 12.7 ± 0.6 46.5 ± 0.8 87.2 ± 0.3
(13.0 ± 0.8) (48 ± 2) (89 ± 2)

Irradiation 2 18.2 ± 0.4 35.8 ± 0.5 (2.6 ± 0.1) E-3 11.0 ± 0.6 46.4 ± 0.9 87.9 ± 0.3
(12.4 ± 0.8) (48 ± 2) (89 ± 2)

Irradiation 3 18.2 ± 0.4 41.0 ± 0.5 (1.10 ± 0.06) E-3 14.3 ± 0.7 46.9 ± 0.8 87.6 ± 0.2
(14.0 ± 0.9) (48 ± 2) (89 ± 2)
Table 7
Irradiation parameters, 155Tb production yield and purity obtained irradiating 155Gd2O3 targets (Table 1) in the STS. The
values in parentheses are the yield calculations based on the cross section measurements.

E𝑖𝑛 m Q Y(155Tb) P(EoB) P(96h)
[MeV] [mg] [μAh] [MBq/μAh] [%] [%]

Irradiation 1 10.9 ± 0.5 38.0 ± 0.5 2.4 ± 0.7 3.3 ± 1.0 – 94.0 ± 0.6
(3.6 ± 0.4) (54 ± 4) (93 ± 1)

Irradiation 2 10.5 ± 0.5 38.0 ± 0.5 0.7 ± 0.2 2.4 ± 0.7 – 92.1 ± 0.1
(3.0 ± 0.3) (52 ± 4) (92 ± 1)
p
o
o
r
w

1

Considering an input energy of 10.5 MeV for 155Gd and 18.2 MeV
or 156Gd, an EoB purity of about 52% and 49%, respectively, can be
eached (Fig. 14). This is due to the large production of short-lived
mpurities, in particular 154𝑚1Tb and 156𝑚2Tb, that could be eliminated

after less than one week of decay (Fig. 15). As a consequence, the ra-
dionuclidic purity increases over time reaching in three days a constant
value of ∼91% and ∼86% for 155Gd and 156Gd, respectively (Fig. 16).
The only remaining impurity in the sample is 156Tb, which has an
almost identical half-life to 155Tb (Table 2), preventing its removal on
he basis of its decay time.

.3. Terbium-155 production tests with the BTL

On the basis of the results obtained with the study of the yield
nd purity, the optimal conditions for the production of 155Tb were
ssessed. Several irradiations were performed with the BTL from both
55Gd2O3 and 156Gd2O3 targets. The low activity produced made it
ossible to measure the samples with gamma spectrometry immediately
fter the end of irradiation, allowing to study the production of short-
ived radionuclides. Two additional tests were carried out with the STS,
rradiating 155Gd2O3 targets to investigate this production route with
edical cyclotrons. In all measurements the dead time was below 5%.

55Gd2O3 targets

In order to evaluate the cross section measurements in the energy
ange of interest, three production tests were carried out in the BTL
y irradiating 155Gd2O3 targets of about 40 mg with energies around
0.5 MeV. The pellets were placed in coins with ∼240 μm covering lids
Fig. 17-a) and additional aluminium attenuators were placed in front
f the target to degrade the beam to the optimal energy. Irradiations
ere performed with currents on target of ∼7 nA for about 22 min.
9

The 155Tb yield and the radionuclidic purity obtained for each
roduction are reported in Table 5 with the correspondent parameters
f irradiation. The values in parentheses are the yield calculations based
n the cross section measurements. Results for the other produced
adionuclides are reported in Appendix (Table 17). A good agreement
as found between the three tests and with the expected yield values.

56Gd2O3 targets

Three production tests were performed with the BTL irradiating
about 40 mg 156Gd pellets. In order not to degrade the energy of the
beam, the pellets were placed in a coin with a 7 mm hole in the front
part (Fig. 17-b); the coin was then covered with a 13 μm aluminium
foil to prevent the target material from escaping during the irradiation.
This results in an input energy of (18.2 ± 0.4) MeV.

Irradiations were performed with currents on target of ∼7.5 nA for
about 16 min.

The 155Tb production yield and the radionuclidic purity obtained
for each production are reported in Table 6 with the correspondent
parameters of irradiation. The values in parentheses are the yield
calculations based on cross section measurements. Results for the other
produced radionuclides are reported in Appendix (Table 18). A good
agreement was found between the three tests and with the expected
yield values.

3.4. Terbium-155 production tests with the STS

Two more irradiations were carried out with the STS to demonstrate
the feasibility to produce 155Tb via the 155Gd(p,n)155Tb nuclear reac-
tion with a medical cyclotron. They were performed with current on
target of 2.4 μA and 0.7 μA for 70 and 40 min, respectively.

Both targets were measured with the CZT detector immediately after

irradiation and subsequently with the HPGe detector. Due to the high
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Table 8
153Tb production cross sections.

E 𝑛𝑎𝑡Gd(p,x)153Tb 155Gd(p,x)153Tb 156Gd(p,x)153Tb
[MeV] [mbarn] [mbarn] [mbarn]

9.0 ± 0.4 No signal – –
11.9 ± 0.4 – 0.8 ± 0.2 0.12 ± 0.05
12.1 ± 0.4 1.4 ± 0.2 1.0 ± 0.3 –
12.5 ± 0.4 2.9 ± 0.3 – 0.22 ± 0.05
13.0 ± 0.4 7.0 ± 0.8 2.2 ± 0.4 0.36 ± 0.08
13.8 ± 0.4 – – 0.39 ± 0.04
14.5 ± 0.4 10.9 ± 1.0 2.7 ± 0.7 0.44 ± 0.09
15.5 ± 0.4 13.8 ± 1.0 3.1 ± 0.3 –
15.8 ± 0.4 13.1 ± 1.3 3.3 ± 0.7 0.49 ± 0.08
17.1 ± 0.4 19.0 ± 1.8 5 ± 1 0.5 ± 0.2
17.5 ± 0.4 – – 0.7 ± 0.2
18.2 ± 0.4 24.6 ± 1.5 5.5 ± 0.6 1.0 ± 0.2

Table 9
154Tb production cross sections.

E 𝑛𝑎𝑡Gd(p,x)154Tb 155Gd(p,x)154Tb 156Gd(p,x)154Tb
[MeV] [mbarn] [mbarn] [mbarn]

7.4 ± 0.4 – No signal –
7.7 ± 0.4 – 0.2 ± 0.1 –
9.3 ± 0.4 No signal – –
10.2 ± 0.4 – 1.0 ± 0.3 –
10.8 ± 0.4 – 3.1 ± 0.5 –
11.5 ± 0.4 6 ± 1 23 ± 4 –
11.9 ± 0.4 – 51 ± 6 –
12.1 ± 0.4 9 ± 1 62 ± 4 –
12.3 ± 0.4 – – 0.6 ± 0.2
12.5 ± 0.4 16 ± 2 – –
12.7 ± 0.4 – 75 ± 13 –
13.0 ± 0.4 22 ± 4 99 ± 17 1.4 ± 0.4
14.0 ± 0.4 – – 1.7 ± 0.2
14.5 ± 0.4 31 ± 5 168 ± 24 –
15.5 ± 0.4 31 ± 2 175 ± 11 –
15.8 ± 0.4 30 ± 4 192 ± 22 2.5 ± 0.5
17.1 ± 0.4 40 ± 4 188 ± 13 3 ± 1
18.2 ± 0.4 46 ± 5 224 ± 14 2.7 ± 0.7

activity produced, the first target could be measured about one week
after EoB, making the detection of short-lived radionuclides impossible.
In the second case, the target was measured about 2 days after EoB
and the activities of 154Tb, 154𝑚1Tb and 154𝑚2Tb were assessed. For both
samples, the 156𝑚1Tb and 156𝑚2Tb states were considered to be fully
decayed and the EoB activity of the total 156Tb is therefore reported.

The 155Tb production yield and the radionuclidic purity obtained
or each production are reported in Table 7 with the corresponding
arameters of irradiation. The values in parentheses are yield calcu-
ations based on cross section measurements. Results for the other
roduced radionuclides are reported in Appendix (Table 19). A good
greement was found between the measurements performed with the
wo detectors and the results are compatible within the uncertainties
ith the yield calculations based on the measured cross sections.

. Conclusions and outlook

Terbium is one of the most promising radionuclides for theranostic
pplications. In particular, 155Tb is suitable for single photon emission
omputed tomography (SPECT) and can be used a precise diagnostic
atch for the 𝛽−-emitter 161Tb.

The cross sections of the 155Gd(p,n)155Tb and 156Gd(p,2n)155Tb nu-
lear reactions were measured at the Bern University Hospital cyclotron
aboratory. Despite the use of target materials highly enriched in 155Gd
nd 156Gd, numerous terbium radioisotopes are produced. This makes
he precise knowledge of the cross sections crucial to optimize the
roduction yield of 155Tb and the radionuclidic purity.

In particular, the long-lived 156Tb cannot be removed from the
ample by means of its decay time, forming the main impurity. Besides
10

t

Table 10
154𝑚1Tb production cross sections.

E 𝑛𝑎𝑡Gd(p,x)154𝑚1Tb 155Gd(p,x)154𝑚1Tb 156Gd(p,x)154𝑚1Tb
[MeV] [mbarn] [mbarn] [mbarn]

5.8 ± 0.4 0.12 ± 0.04 – –
6.2 ± 0.4 – 0.07 ± 0.02 –
6.8 ± 0.4 – 0.11 ± 0.02 –
7.1 ± 0.4 0.54 ± 0.05 – –
7.7 ± 0.4 1.1 ± 0.2 0.4 ± 0.1 –
7.9 ± 0.4 – 0.5 ± 0.1 –
8.7 ± 0.4 – 1.0 ± 0.2 –
9.0 ± 0.4 2.2 ± 0.2 – –
9.7 ± 0.4 2.7 ± 0.5 1.3 ± 0.4 –
10.0 ± 0.4 – 1.3 ± 0.1 –
10.2 ± 0.4 – 1.5 ± 0.3 –
10.8 ± 0.4 – 5 ± 1 –
11.5 ± 0.4 9 ± 2 37 ± 6 –
11.9 ± 0.4 – 68 ± 11 0.6 ± 0.1
12.1 ± 0.4 17 ± 1 98 ± 7 0.7 ± 0.1
12.3 ± 0.4 – – 1.1 ± 0.2
12.5 ± 0.4 30 ± 5 – –
12.7 ± 0.4 – 171 ± 29 –
13.0 ± 0.4 48 ± 8 183 ± 38 2.2 ± 0.5
14.0 ± 0.4 – – 3.1 ± 0.5
14.5 ± 0.4 56 ± 9 346 ± 66 3.4 ± 0.6
15.0 ± 0.4 – – 5 ± 1
15.5 ± 0.4 71 ± 5 358 ± 28 4.4 ± 0.3
15.8 ± 0.4 62 ± 10 422 ± 71 5.5 ± 0.9
17.1 ± 0.4 89 ± 15 480 ± 46 6 ± 1
17.5 ± 0.4 – – 6 ± 1
18.2 ± 0.4 113 ± 8 572 ± 47 6.9 ± 0.5

Table 11
154𝑚2Tb production cross sections.

E 𝑛𝑎𝑡Gd(p,x)154𝑚2Tb 155Gd(p,x)154𝑚2Tb 156Gd(p,x)154𝑚2Tb
[MeV] [mbarn] [mbarn] [mbarn]

9.7 ± 0.4 – 0.3 ± 0.1 –
10.2 ± 0.4 – 0.5 ± 0.1 –
11.5 ± 0.4 0.4 ± 0.1 – –
11.9 ± 0.4 – 0.8 ± 0.2 0.15 ± 0.01
12.3 ± 0.4 – – 0.3 ± 0.1
12.5 ± 0.4 0.4 ± 0.1 – –
13.0 ± 0.4 – 1.5 ± 0.9 0.4 ± 0.1
14.0 ± 0.4 – – 0.6 ± 0.1
14.5 ± 0.4 1.0 ± 0.3 6 ± 2 –
15.8 ± 0.4 1.4 ± 0.3 – 0.9 ± 0.2
15.8 ± 0.4 – 7 ± 2 0.9 ± 0.4
17.1 ± 0.4 3.0 ± 0.4 13 ± 2 1.0 ± 0.3
18.2 ± 0.4 4.3 ± 0.7 18 ± 3 0.7 ± 0.2

the ground state, the two metastable states 156𝑚1Tb and 156𝑚2Tb are also
populated, causing the total activity to increase over the time. Prior to
the present work, no cross section data were reported in the literature
for this process.

On the basis of the obtained results, a study of the production yield
and purity was carried out for the first time to determine the optimum
irradiation conditions. For both nuclear reactions, several tests were
performed in the Beam Transfer Line (BTL) to assess the correctness of
these calculations.

The production route 155Gd(p,n)155Tb was also investigated with
the solid target station to study the feasibility of the process with med-
ical cyclotrons as the one in operation in Bern. The 156Gd(p,2n)155Tb
oute requires a higher beam energy and can be achieved with research
yclotrons (Favaretto et al., 2021a) or commercial cyclotrons that can
rovide 24 MeV protons.

As expected from the measured cross sections and previously re-
orted investigations (Vermeulen et al., 2012; Dmitriev et al., 1989),
he 156Gd(p,2n)155Tb nuclear reaction generated higher 155Tb produc-
ion yields than the 155Gd(p,n)155Tb. In both cases, radionuclidic purity
s strongly dependent on the chosen energy range and on the decay
ime (Figs. 14 and 16). Considering an input energy of 10.5 MeV and
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Table 12
155Tb production cross sections.

E 𝑛𝑎𝑡Gd(p,x)155Tb 155Gd(p,x)155Tb 156Gd(p,x)155Tb
[MeV] [mbarn] [mbarn] [mbarn]

5.1 ± 0.5 0.4 ± 0.1 – –
5.8 ± 0.4 1.4 ± 0.2 3.4 ± 0.5 –
6.2 ± 0.4 – 11.4 ± 0.8 0.21 ± 0.03
6.8 ± 0.4 – 23 ± 2 –
7.1 ± 0.4 10.5 ± 0.7 – –
7.4 ± 0.4 – 79 ± 12 –
7.7 ± 0.4 13 ± 1 87 ± 8 0.8 ± 0.1
7.9 ± 0.4 – 98 ± 7 1.0 ± 0.2
8.7 ± 0.4 – 170 ± 15 1.4 ± 0.2
9.0 ± 0.4 27 ± 2 – –
9.3 ± 0.4 – 222 ± 21 –
9.7 ± 0.4 37 ± 3 304 ± 37 4.2 ± 0.6
10.0 ± 0.4 – 314 ± 21 5 ± 1
10.2 ± 0.4 – 345 ± 35 –
10.6 ± 0.4 – – 48 ± 4
10.8 ± 0.4 – 396 ± 35 –
11.5 ± 0.4 79 ± 7 403 ± 36 146 ± 15
11.9 ± 0.4 – 397 ± 37 207 ± 18
12.1 ± 0.4 89 ± 5 339 ± 22 266 ± 14
12.3 ± 0.4 – – 284 ± 26
12.5 ± 0.4 122 ± 10 – –
12.7 ± 0.4 – 262 ± 28 –
13.0 ± 0.4 153 ± 13 204 ± 31 411 ± 37
13.8 ± 0.4 – – 548 ± 50
14.5 ± 0.4 149 ± 12 177 ± 26 576 ± 50
15.0 ± 0.4 – – 614 ± 53
15.5 ± 0.4 168 ± 9 167 ± 8 768 ± 44
15.8 ± 0.4 157 ± 13 145 ± 17 815 ± 71
17.1 ± 0.4 193 ± 16 125 ± 9 881 ± 73
18.2 ± 0.4 248 ± 14 128 ± 8 973 ± 81

Table 13
156Tb production cross sections.

E 𝑛𝑎𝑡Gd(p,x)156Tb 155Gd(p,x)156Tb 156Gd(p,x)156Tb
[MeV] [mbarn] [mbarn] [mbarn]

5.8 ± 0.4 – – 5.4 ± 0.3
6.2 ± 0.4 – 0.57 ± 0.04 –
7.1 ± 0.4 5.2 ± 0.4 – –
7.9 ± 0.4 – 8.0 ± 0.5 47 ± 3
9.0 ± 0.4 13.7 ± 0.8 – –
10.0 ± 0.4 – 13.2 ± 0.9 150 ± 8
12.1 ± 0.4 49 ± 3 13.2 ± 0.9 170 ± 9
15.5 ± 0.4 81 ± 4 15 ± 1 73 ± 4
17.1 ± 0.4 – 16 ± 2 –
18.2 ± 0.4 95 ± 6 19.8 ± 1.0 57 ± 3

Table 14
156𝑚1Tb production cross sections.

E 𝑛𝑎𝑡Gd(p,x)156𝑚1Tb 155Gd(p,x)156𝑚1Tb 156Gd(p,x)156𝑚1Tb
[MeV] [mbarn] [mbarn] [mbarn]

5.8 ± 0.4 No signal No signal 1.2 ± 0.5
7.9 ± 0.4 No signal No signal 7 ± 3
10.0 ± 0.4 No signal No signal 19 ± 7
12.1 ± 0.4 No signal No signal 10 ± 3
15.5 ± 0.4 No signal No signal 6 ± 2
18.2 ± 0.4 No signal No signal 4 ± 2

18.2 MeV for 155Gd and 156Gd, respectively, and a decay time of about
6 h, in the former case a radionuclide purity of ∼93% was observed,

compared with ∼88% in the latter case. In both samples, 156Tb was the
nly relevant impurity.

A possible solution could be the purification of the final product us-
ng an off-line mass separation technique (Talip et al., 2021) to isolate
11
Table 15
156𝑚2Tb production cross sections.

E 𝑛𝑎𝑡Gd(p,x)156𝑚2Tb 155Gd(p,x)156𝑚2Tb 156Gd(p,x)156𝑚2Tb
[MeV] [mbarn] [mbarn] [mbarn]

5.8 ± 0.4 – – 3.8 ± 0.5
6.2 ± 0.4 – 0.71 ± 0.08 –
7.1 ± 0.4 6 ± 1 – –
7.9 ± 0.4 – 5 ± 1 32 ± 3
9.0 ± 0.4 16 ± 1 – –
10.0 ± 0.4 – 9.5 ± 1.4 89 ± 8
12.1 ± 0.4 27 ± 4 9.2 ± 1.2 68 ± 5
15.5 ± 0.4 36 ± 4 5 ± 1 36 ± 3
17.1 ± 0.4 – No signal –
18.2 ± 0.4 69 ± 7 No signal 25 ± 2

155Tb, which however would result in a reduction of the production
yield due to the current low efficiency of the process.

Further studies will be required to establish the impact of 156Tb in a
ypothetical clinical setting by investigating how this radioisotope can
ffect patient from a dosimetry perspective.

The results reported in this paper contribute to pave the way
owards to use of medical cyclotrons to produce 155Tb for theranostics
n nuclear medicine and future potential clinical applications.
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Table 16
Total 156Tb production cross sections.
E 𝑛𝑎𝑡Gd(p,x)156Tb (tot) 155Gd(p,x)156Tb (tot) 156Gd(p,x)156Tb (tot)
[MeV] [mbarn] [mbarn] [mbarn]

5.1 ± 0.4 0.31 ± 0.07 – 1.1 ± 0.2
5.8 ± 0.4 0.9 ± 0.1 0.3 ± 0.1 9.5 ± 0.8
6.2 ± 0.4 – 1.2 ± 0.1 12.9 ± 1.5
7.1 ± 0.4 11 ± 1 – –
7.4 ± 0.4 – 6.5 ± 0.8 –
7.7 ± 0.4 10 ± 1 – 60 ± 7
7.9 ± 0.4 – 12.0 ± 0.7 77 ± 5
8.7 ± 0.4 – 11 ± 1 130 ± 14
9.0 ± 0.4 29 ± 2 – –
9.3 ± 0.4 – 15 ± 2 –
9.7 ± 0.4 37 ± 4 19 ± 3 219 ± 24
10.0 ± 0.4 – 22 ± 1 224 ± 12
10.6 ± 0.4 – – 282 ± 32
10.8 ± 0.4 – 25 ± 3 –
11.5 ± 0.4 71 ± 8 21 ± 2 –
11.9 ± 0.4 – 21 ± 2 268 ± 30
12.1 ± 0.4 81 ± 7 20 ± 1 234 ± 12
12.5 ± 0.4 94 ± 10 – –
12.7 ± 0.4 – 17 ± 2 –
13.0 ± 0.4 88 ± 10 12 ± 2 208 ± 24
14.0 ± 0.4 – – 161 ± 19
14.5 ± 0.4 96 ± 11 15 ± 2 115 ± 13
15.0 ± 0.4 – – 104 ± 12
15.5 ± 0.4 111 ± 6 21 ± 1 101 ± 6
15.8 ± 0.4 100 ± 11 16 ± 2 106 ± 12
17.1 ± 0.4 115 ± 13 17 ± 2 90 ± 10
17.5 ± 0.4 – – 84 ± 9
18.2 ± 0.4 117 ± 9 15 ± 1 85 ± 5
Table 17
Irradiation parameters, radioisotope activities and 155Tb purity obtained irradiating
155Gd2O3 targets (Table 1) in the BTL. The values in parentheses are the yield
calculations based on the cross section measurements.

Irradiation 1 Irradiation 2 Irradiation 3

E𝑖𝑛 [MeV] 10.5 ± 0.4 10.4 ± 0.4 10.5 ± 0.4
m [mg] 37.0 ± 0.5 47.0 ± 0.5 40.0 ± 0.5
Q [μAh] (5.3 ± 0.3) E-3 (1.51 ± 0.08) E-3 (1.06 ± 0.05) E-3

Production yield [MBq/μAh]

155Tb 3.4 ± 0.2 3.4 ± 0.2 3.6 ± 0.2
(3.1 ± 0.3) (3.0 ± 0.3) (3.0 ± 0.3)

154Tb 0.12 ± 0.01 0.058 ± 0.011 0.050 ± 0.011
(0.05 ± 0.02) (0.050 ± 0.018) (0.050 ± 0.018)

154𝑚1Tb 0.53 ± 0.03 0.22 ± 0.01 0.21 ± 0.01
(0.21 ± 0.04) (0.20 ± 0.04) (0.20 ± 0.05)

154𝑚2Tb 0.023 ± 0.003 0.014 ± 0.004 0.014 ± 0.004
(0.023 ± 0.003) (0.014 ± 0.004) (0.014 ± 0.004)

153Tb No signal No signal No signal
(0) (0) (0)

156Tb-tot 0.23 ± 0.01 0.24 ± 0.01 0.24 ± 0.01
(0.22 ± 0.02) (0.21 ± 0.02) (0.21 ± 0.02)

156Tb 0.14 ± 0.01 0.14 ± 0.01 0.14 ± 0.01
(0.16 ± 0.01) (0.16 ± 0.01) (0.16 ± 0.01)

156𝑚1Tb No signal No signal No signal
(0) (0) (0)

156𝑚2Tb 2.2 ± 0.1 2.5 ± 0.2 2.6 ± 0.2
(2.6 ± 0.4) (2.7 ± 0.4) (2.7 ± 0.4)

Purity 155Tb [%]

EoB 53.3 ± 0.5 54.3 ± 1.2 54.9 ± 1.3
(53 ± 4) (51 ± 4) (52 ± 4)

96h 93.4 ± 0.1 93.2 ± 0.3 93.5 ± 0.3
(93 ± 1) (92 ± 1) (92 ± 1)
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Table 18
Irradiation parameters, radioisotope activities and 155Tb purity obtained irradiating
156Gd2O3 targets (Table 1) in the BTL. The values in parentheses are the yield
calculations based on the cross section measurements.

Irradiation 1 Irradiation 2 Irradiation 3

E𝑖𝑛 [MeV] 18.2 ± 0.4 18.2 ± 0.4 18.2 ± 0.4
m [mg] 35.8 ± 0.5 37.5 ± 0.5 41.0 ± 0.5
Q [μAh] (2.0 ± 0.1) E-3 (2.6 ± 0.1) E-3 (1.10 ± 0.06) E-3

Production yield [MBq/μAh]

155Tb 12.7 ± 0.6 11.0 ± 0.6 14.3 ± 0.7
(13.0 ± 0.8) (12.4 ± 0.8) (14.0 ± 0.9)

154Tb 0.24 ± 0.01 0.22 ± 0.02 0.24 ± 0.02
(0.25 ± 0.09) (0.24 ± 0.09) (0.27 ± 0.09)

154𝑚1Tb 1.34 ± 0.08 1.20 ± 0.07 1.61 ± 0.09
(1.25 ± 0.21) (1.19 ± 0.20) (1.36 ± 0.24)

154𝑚2Tb 0.06 ± 0.01 0.06 ± 0.01 0.07 ± 0.01
(0.07 ± 0.02) (0.07 ± 0.02) (0.08 ± 0.03)

153Tb 0.018 ± 0.002 0.015 ± 0.002 0.017 ± 0.001
(0.021 ± 0.006) (0.021 ± 0.006) (0.023 ± 0.006)

156Tb-tot 1.7 ± 0.1 1.3 ± 0.1 1.8 ± 0.1
(1.3 ± 0.2) (1.3 ± 0.1) (1.5 ± 0.2)

156Tb 1.22 ± 0.06 0.93 ± 0.05 1.31 ± 0.07
(0.96 ± 0.09) (0.91 ± 0.08) (1.05 ± 0.09)

156𝑚1Tb 0.36 ± 0.12 0.32 ± 0.12 0.39 ± 0.11
(0.36 ± 0.14) (0.34 ± 0.13) (0.40 ± 0.15)

156𝑚2Tb 11.3 ± 0.7 9.7 ± 0.6 12.5 ± 0.8
(11.1 ± 1.0) (10.5 ± 1.0) (12.2 ± 1.1)

Purity 155Tb [%]

EoB 46.5 ± 0.8 46.4 ± 0.9 46.9 ± 0.8
(49 ± 3) (49 ± 4) (48 ± 4)

96h 87.2 ± 0.3 87.9 ± 0.3 87.6 ± 0.2
(89 ± 2) (89 ± 2) (89 ± 2)
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Table 19
Irradiation parameters, radioisotope activities and 155Tb purity ob-
tained irradiating 155Gd2O3 targets (Table 1) in the STS. The values
in parentheses are the yield calculations based on the cross section
measurements.

Irradiation 1 Irradiation 2

E𝑖𝑛 [MeV] 10.9 ± 0.5 10.5 ± 0.5
m [mg] 38.0 ± 0.5 38.0 ± 0.5
Q [mC] 2.4 ± 0.7 0.7 ± 0.2

Production yield [MBq/μAh]

155Tb 3.3 ± 1.0 2.4 ± 0.7
(3.6 ± 0.4) (3.0 ± 0.3)

154Tb No signal 0.044 ± 0.013
(0.071 ± 0.011) (0.051 ± 0.007)

154𝑚1Tb No signal 0.15 ± 0.04
(0.27 ± 0.05) (0.20 ± 0.05)

154𝑚2Tb No signal 0.017 ± 0.005
(0.025 ± 0.005) (0.018 ± 0.005)

156Tb-tot 0.21 ± 0.06 0.16 ± 0.05
(0.24 ± 0.02) (0.21 ± 0.02)

Purity 155Tb [%]

EoB – –
(54 ± 4) (52 ± 4)

96h 94.0 ± 0.6 92.1 ± 0.1
(93 ± 1) (92 ± 1)
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