
HAL Id: hal-04197419
https://hal.science/hal-04197419

Submitted on 23 Oct 2023

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Study of terbium production from enriched Gd targets
via the reaction 155Gd(d,2n)155Tb

Yizheng Wang, Thomas Sounalet, Arnaud Guertin, Etienne Nigron, Nathalie
Michel, Ferid Haddad

To cite this version:
Yizheng Wang, Thomas Sounalet, Arnaud Guertin, Etienne Nigron, Nathalie Michel, et al.. Study of
terbium production from enriched Gd targets via the reaction 155Gd(d,2n)155Tb. Appl.Radiat.Isot.,
2023, 201, pp.110996. �10.1016/j.apradiso.2023.110996�. �hal-04197419�

https://hal.science/hal-04197419
https://hal.archives-ouvertes.fr


Study of terbium production from enriched Gd targets via the reaction 155Gd(d,2n)155Tb 
Yizheng Wang a, Thomas Sounalet a, Arnaud Guertin a, Etienne Nigron b, Nathalie Michel a,b, 

Férid Haddad a,b 
a Subatech, UMR 6457, IMT Atlantique, CNRS/IN2P3, Nantes Université, 4 rue Alfred Kastler BP20722, 44307 

Nantes Cedex 3 France 
b ARRONAX Cyclotron, 1 rue Aronnax, CS10112, 44817 Saint-Herblain Cedex, France 

(*corresponding writer, email address:wangy@subatech.in2p3.fr 
Present address: 4 rue Alfred Kastler, 44307 Nantes, France) 

 

Abstract 

The terbium (Tb) family has attracted much attention in recent years thanks to the diagnostic 
and therapeutic applications of the quadruplet 149Tb, 152Tb, 155Tb and 161Tb. However, the 
shortage of Tb supply is one of the main reasons hindering its clinical applications. To increase 
its availability, this work proposes to use enriched gadolinium (Gd) targets to produce some Tb 
isotopes (149Tb, 152Tb, and 155Tb) via proton-or-deuteron-induced reactions in cyclotrons, the 
involved reactions are 152Gd(p,4n)149Tb, 152Gd(p,n)152Tb, 155Gd(p,n)155Tb and 155Gd(d,2n)155Tb. 
The production of the Auger and gamma emitter 155Tb is first taken as a case study because the 
enrichment level of 155Gd target is higher (92.8%) compared to other stable Gd isotopes. Using 
enriched thin Gd-containing targets, cross-sections of the reaction 155Gd(d,x)153,154,155,156Tb 
have been measured at the GIP ARRONAX cyclotron facility with a beam energy ranging from 
8 MeV to 30 MeV. This measurement is helpful to estimate the production yield and the purity 
of 155Tb, and also to determine the irradiation parameters for large production batches. A thick 
enriched 155Gd2O3 target has been then irradiated with an incident energy of 15.1 MeV and a 
beam intensity of 368 nA for 1 h. The production yield of 155Tb is 10.2 MBq/µAh at End Of 
Bombardment (EOB) and the purity is 89% after 14 days of decay. These experimental values 
are consistent with estimations. A comparison of the deuteron-induced and proton-induced 
production routes is also presented in this paper.  

Keywords: terbium production, enriched gadolinium target, cross-section measurement, 
deuteron irradiation, theranostics radioisotope, cyclotron-produced radionuclide 

1. Introduction 

Theranostics, a combination of a diagnostic test and a therapeutic process, was first proposed 
in the 1990s (Herzog et al., 1993) and developed rapidly in the last decade. In nuclear medicine, 
the core idea behind the theranostics is to use a pair of radionuclides with similar chemical 
properties to achieve the diagnostic and the therapy  (Yordanova et al., 2017). The first proposed 
theranostics radionuclide pair is the 86Y/90Y pair for the treatment of breast cancer (Herzog et 
al., 1993). Since then, several radionuclide combinations have been investigated or suggested, 
such as 68Ga/177Lu, 44gSc/47Sc, 64Cu/67Cu, 83Sr/89Sr and 124I/131I (Qaim et al., 2018). The interest 
in terbium radionuclides has grown considerably, with multiple potential applications identified 
for specific isotopes. For example, 149Tb has shown promise as a candidate for targeted alpha 
therapy (Beyer et al., 2004), while 152Tb could be used in Positron Emission Tomography (PET) 
imaging (Müller et al., 2012). Additionally, 155Tb has potential applications in the Single-



photon Emission Computed Tomography (SPECT) imaging (Müller et al., 2014) and Auger 
therapy (Duchemin et al., 2016), and the 161Tb is being considered as a complement to 177Lu 
for β-therapy (Müller et al., 2012, Baum et al., 2021). This is why terbium is called the “Swiss 
knife” of nuclear medicine. However, applications of Tb radionuclides are limited nowadays 
because of their low availability. 
Several production routes, using nuclear reactors or accelerators, have been developed to 
produce Tb radionuclides. For example, nuclear reactors are used to produce 161Tb through the 
reaction 160Gd(n, γ)161Gd → 161Tb. Despite an indirect production route, the production yield 
of 161Tb is large: with 33 mg of highly enriched 160Gd2O3 target, the production of 161Tb can 
reach up to 20 GBq (Gracheva et al., 2019). Meanwhile, other Tb radionuclides, such as 149Tb, 
152Tb, and 155Tb, are mostly produced by spallation reactions on natural tantalum targets 
through the reaction natTa(p,x)149,152,155Tb. This production route has several limitations: on  one 
hand, there are few high-energy accelerator facilities; on the other hand, this route needs an 
expensive online mass separation procedure to isolate the desired radionuclide with, today, a 
low efficiency (Duchemin et al., 2020). Heavy-ion-induced reactions have also been considered 
to produce 149Tb and 152Tb (Lahiri et al., 1999; Nayak et al., 1999; Allen et al., 2001; Maiti, 
2011). However, most of these studies were from two decades ago, the authors did not study 
impurities and purification issues, and the yield of 152Tb was relatively small. Furthermore, the 
limited number of heavy ion accelerator facilities is also a disadvantage of this production route.  
As an alternative, the use of light-charged particles has been studied in recent years to produce 
Tb radionuclides. Natural Gd target was first considered (Vermeulen et al., 2012; Tárkányi et 
al., 2013; Szelecsényi et al., 2016; Duchemin et al., 2016; Formento-Cavaier et al., 2020), but 
it shows poor yield and low purity. Therefore, enriched gadolinium targets may overcome these 
two issues, the involved reactions are 152Gd(p,4n)149Tb (Steyn et al., 2014), 152Gd(p,n)152Tb 
(Güray et al., 2015), 155Gd(p,4n)152Tb (Steyn et al., 2014), and 155Gd(p,n)155Tb (Dellepiane et 
al., 2022). Besides this, light-charged particles induced reactions require relatively low energies 
(5-70 MeV), especially for 152Tb and 155Tb (5-12 MeV), starting from enriched 152Gd and 155Gd 
respectively, that are reachable for many biomedical cyclotrons. Therefore, this production 
route has the potential to increase Tb supply given the large number of accelerator centers that 
continue to expand each year.  
The above reactions use only protons. Despite cross-sections of deuteron-induced reactions are 
often greater than those of proton ones, leading to more productive production routes, research 
on deuteron-induced reactions is rare. Hence, the objective of this study is to explore the 
deuteron production route on enriched gadolinium to produce terbium radionuclides. For this, 
the production of 155Tb is taken as a case study. In this case, targets contain enriched 155Gd and 
the nuclear reaction of interest is 155Gd(d,2n)155Tb. There are three main steps in this work: first 
measuring the production cross-section of this reaction and all parasitic ones especially those 
leading to Tb isotopes, second estimating the production yield and purity of 155Tb based on the 
obtained cross-section values and finally performing a thick target irradiation to validate our 
calculated yields and prepare for large batch production. Thin enriched Gd-containing targets 
were used for cross-section measurements while a thick enriched 155Gd2O3 pellet was used for 
thick target irradiation. 

2. Materials and methods 



Target preparation 
The enriched 155Gd2O3 powder, provided by TraceScience, has an enrichment level of 92.8%. 
The isotopic composition of the enriched Gd is shown in Table 1. The proportion of 156Gd is 
still quite large (5.7%) while the proportion of other isotopes 157,158,160Gd is less than 1%. This 
powder is noted as *Gd2O3 in this work.  

Table 1 Isotopic composition of the enriched *Gd2O3. 

Isotope 155Gd 156Gd 157Gd 158Gd 160Gd 

Proportion (%) 92.8 5.7 0.8 0.5 0.2 
 
Using this enriched powder, thin targets were first prepared for cross-section measurements 
through the co-electrodeposition technique where Gd2O3 and nickel are used. In this technique, 
Ni from alkaline Ni2+ electrolyte is deposited and at the same time, *Gd2O3 particles mixed in 
the electroplating solution are transported mechanically into the Ni deposit. The obtained target 
is a Ni-*Gd2O3 composite deposit. The substrate is a 50-µm-thick gold foil provided by 
Goodfellow (99.95% purity). Details of experimental parameters and the proof-of-concept were 
presented in a previous work (Wang et al., 2022). Using this technique, 10 targets were prepared 
for this work, noted as target #1 to #10. For each target, the diameter was about 1.5 cm, the 
thickness varied between 8 µm and 18 µm along with the duration of the deposition process 
(from 35 to 60 min) leading to a Gd content  between 0.7 mg and 2.0 mg. This Gd content was 
measured by the Thermo Scientific iCAP 6000 Series Inductively Coupled Plasma - Atomic 
Emission Spectrometry (ICP-AES) after the dissolution of the targets in 10 mL of 12 M HCl. 
The photo of one thin target (target #4) is shown in Fig. 1. 

 

Fig. 1 The photo of a thin target (target #4) made by co-electrodeposition technique. The thickness is 
18 µm and the diameter of the deposit is 1.5 cm.  

For thick target irradiation, an enriched *Gd2O3 target was prepared by the pelletizing method. 
The principle is to convert fine powder into a pellet by compressing and molding. Using 0.63 g 
of enriched *Gd2O3 powder, a pellet with a diameter of 20 mm and a thickness of 390 µm was 
made under 600 bar (Fig. 2 (a)). The pellet was first wrapped by hand in two 10-µm-thick 
aluminum (Al) foils (Fig. 2 (b)) provided by Goodfellow (99.1% purity). Then the assembly 
was pressed for 60 s under 600 bar (Fig. 2 (c)) to finally get a tightly wrapped pellet (Fig. 2 (d)).  



 

Fig. 2 Packaging process of the thick *Gd2O3 pellet: (a) the enriched pellet made by the press; (b) the 
hand wrapped pellet by two aluminum foils; (c) the wrapped pellet in the press die; (d) the tightly 

wrapped pellet after the compression. 

Preparation for cross-section measurements 
The stacked foils technique was used to measure cross-sections. Each stack was composed of 
two targets, two groups of titanium (Ti) and nickel (Ni) monitor foils, and an Al degrader foil. 
All foils were supplied by Goodfellow, the purity is above 99.95% for Ti and Ni, and 99.1% 
for Al. The stack was encapsulated and sealed in a stainless steel metal ring capsule with a 20-
µm-diameter hole in the center. The assembly was placed in air 6 cm downstream of the beam 
output window (a 50 µm thick Kapton foil). The schematic diagram of a stack and a photo of 
target and the capsule are presented in Fig. 3.  

 

Fig. 3 (a) Schematic diagram of the stack composition used for a typical experiment where two targets 
were irradiated simultaneously. The size and thickness of the foils are not drawn according to the real 

scale. (b) Photo of the stack (without the first Ti foil) and the two parts of the capsule. 

The irradiation process was carried out at GIP ARRONAX cyclotron facility. Ten thin targets 
were irradiated by pair in 5 experiments (see details in Table 2), referenced as experiment A, 
B, C, D and E, over a period of few months. The Gd content was measured by ICP-AES after 
irradiation. The incident energy hitting the target was estimated by TRIM (Ziegler et al., 2010), 
the energy at the middle thickness was taken to represent the incident energy in the target. As 
shown in Table 2, neighbor data points were measured in different irradiation experiments in 
order to prevent any systematic error coming from one experiment. For each experiment, the 
beam intensity was about 50 nA and the irradiation time was 30 min.  
The cross-section determination remains the same as the one used in our previous work (Wang 
et al., 2022) and is based on eq.1: 

𝜎𝜎 (𝐸𝐸) =
𝐴𝐴𝐴𝐴𝐴𝐴(𝐸𝐸) ∙ 𝐴𝐴

𝜒𝜒 ∙ 𝐼𝐼 ∙ 𝑁𝑁𝐴𝐴.𝜌𝜌 · 𝛿𝛿𝛿𝛿 · (1 − 𝑒𝑒−𝜆𝜆𝜆𝜆) 
 (𝑒𝑒𝑒𝑒. 1) 



where Act (E) (Bq) is the activity of Tb radionuclides produced at energy E, A (g.mol-1) is the 
molar mass of the target nuclei, 𝜒𝜒 (%) is the purity of the target, I (s-1) is the number of projectile 
per second hitting the target, NA (atom·mol-1) is the Avogadro number, ρ (g.cm-3) is the target 
material bulk density, δx (cm) is the thickness of the target, λ (s-1) is the decay constant of Tb 
radionuclides, and t (s) is the irradiation time.  
The activity Act (E) was measured by a CANBERRA high-purity germanium detector (HPGe). 
Two reference sources, with the same geometry as the samples, were used for energy and 
efficiency calibrations: one 152Eu source for calibrating solid samples (monitor foils) and one 
multi-gamma source (210Pb, 241Am, 109Gd, etc) provided by GIP ARRONAX for calibrating 
liquid samples (targets). The dissolved target sample was placed in contact with the detector 
head. The data acquisition began 20 h after the end of bombardment (EOB) for the first target 
and 38 h after the EOB for the second target. The counting duration was between 8 h to 14 h 
for each sample. The dead time was between 1% to 5%. The investigated Tb radionuclides are 
153Tb, 154gTb, 154m1Tb, 154m2Tb, 155Tb, and 156Tb, their decay information and reaction 
information are listed in Table 3. The Eγ and Iγ listed in the table are gamma energy and 
associated emission intensity that we used to determine the radionuclide’s activity. 

Table 2 Target information of the irradiation for enriched targets. 

Experiment Target number Gd content (mg) Energy (MeV) 
A 1 1.5 8.1 ± 0.4 
B 2 1.0 10.4 ± 0.4 
C 3 1.6 11.2 ± 0.4 
B 4 1.5 12.4 ± 0.3 
D 5 1.2 14.0 ± 0.4 
A 6 1.5 14.2 ± 0.3 
C 7 2.0 16.0 ± 0.3 
D 8 1.4 19.4 ± 0.3 
E 9 0.7 24.4 ± 0.4 
E 10 0.7 29.7 ± 0.3 

Table 3 Decay information and relative reactions of terbium radionuclides, 48V and 58Co (“Decay data 
search,” n.d.; “NuDat 3,” n.d.). The Ethreshold represents the threshold energy of the reaction to produce 
the ground state radionuclide. 

Radionuclide Half-life 
T1/2 

Eγ (keV) Iγ (%) Nuclear 
Reaction 

Ethreshold 
(MeV) 

153Tb 2.34 d 212.00 28.5 
155Gd (d,4n) 
156Gd (d,5n) 

 

20.17 
28.81 

 

154gTb 21.5 h 1291.326 6.9 155Gd (d,3n) 
156Gd (d,4n) 
157Gd (d,5n) 

 

13.16 
21.81 
28.25 

 

154m1Tb 9.4 h 540.18 20 
154m2Tb 22.7 h 426.78 17 



155Tb 5.32 d 180.08 
 

7.5 
 

155Gd (d,2n) 
156Gd (d,3n) 
157Gd (d,4n) 
158Gd (d,5n) 
160Gd (d,7n) 

 

3.88 
12.52 
18.96 
27.00 
40.56 

 

156gTb 5.35 d 534.29 
1222.44 

67 
31 

    155Gd (d,n) 
156Gd (d,2n) 
157Gd (d,3n) 
158Gd (d,4n) 
160Gd (d,6n) 

 

0.00 
5.52 
11.96 
20.00 
33.56 

 

156m1Tb 24.4 h 49.630 74.1 

156m2Tb 5.3 h 88.4 1.15 

48V 15.97 d 
983.525 
1312.105 

99.98 
98.2 

natTi(d,x)48V 0.00 

58Co 70.86 d 810.7593 99.450 natNi(d,x)58Co 0.00 

The number of projectile per second hitting the target I is determined using monitor foils 
through the reference reactions natTi(d,x)48V and natNi(d,x)58Co. The decay information for 48V 
and 58Co are also listed in Table 3. Titanium monitor foils were measured by the same detector 
19 days after EOB to allow the full decay of 48Sc (T1/2 = 43.67 h, E = 983.526 keV, Iγ = 100.1%) 
and avoid interferences (Nigron et al., 2021). Similarly, nickel monitor foils were measured 2 
months after EOB to avoid interferences of 56Ni (T1/2 = 6.075 d, E = 811.85 keV, Iγ = 86.0%) 
(Hermanne et al., 2013). All monitor foils were counted from 8 h to 14 h at 19 cm from the 
detector. The dead time is close to 0%. 

Methods for production yield and purity estimation  
Using the measured cross-sections, the production yield and the radionuclide purity were 
estimated and later used to determine irradiation parameters and to optimize thick target 
production. 
The production yield represents the efficiency of the production during an irradiation process, 
it can be estimated as eq.2:  

𝑌𝑌(𝐴𝐴) =
𝜒𝜒 ∙ 𝑁𝑁𝐴𝐴 · 𝜆𝜆
𝑍𝑍 · 𝑒𝑒 · 𝐴𝐴

�  
𝐸𝐸0

𝐸𝐸1

𝜎𝜎(𝐸𝐸)
𝑑𝑑𝐸𝐸/ 𝑑𝑑𝛿𝛿

 𝑑𝑑𝐸𝐸 (𝑒𝑒𝑒𝑒. 2) 

where 𝜒𝜒 (%) is the enrichment level of the target, NA (atom·mol-1) is the Avogadro number, λ 
(s-1) is the decay constant of Tb radionuclides, Z is the charged state of the accelerated ion, e is 
the elementary charge, A (g.mol-1) is the molar mass of the target nuclei, E0 (MeV) is the 
incident beam energy impinging the target, E1 (MeV) is the beam energy after crossing the 
target (MeV), E1 is zero while the charged particles is stopped in the target; σ (E) (cm2) is the 
cross-section at energy E, and 𝑑𝑑𝐸𝐸

𝑑𝑑𝑥𝑥
 (MeV·cm-1) is the linear energy transfer. The unit of the 

production yield is MBq/µAh. 
In this work, the Radionuclide Yield Calculator (RYC) program was used to estimate the 
production yield (Sitarz, 2019). It is a free GUI program developed by GIP ARRONAX. It uses 



SRIM module to calculate the stopping power of the projectiles and calculates the production 
yield and activity of radioisotopes based on irradiation parameters and excitation functions. 

Preparation for thick target irradiation  
The enriched thick *Gd2O3 target was encapsulated in a stainless-steel capsule. A Ti foil 
(supplied by Goodfellow, 99.95% purity) with a thickness of 10 µm was put before the enriched 
pellet in order to get a measurement of the incident beam intensity through the monitor reactions 
natTi(d,x)48V and natTi(d,x)46Sc. The schematic diagram of the assembly (a) and the photo of the 
target and the capsule (b) are shown in Fig. 4. 

 

Fig. 4 (a) Schematic diagram of the assembly of Ti foil and pellets in the capsule. The size and 
thickness of the foils are not drawn according to the real size. (b) Photo of the stack (without the Ti 

foil) and a part of the capsule. 

The assembly was irradiated by deuterons for 1 hour: the incident energy hitting the enriched 
target was (15.1 ± 1.5) MeV, the exit energy was (8.6 ± 0.2) MeV, and the beam intensity was 
(368 ± 26) nA.  
After irradiation, the whole assembly was stored in a lead pot during 9 days for decay. Then the 
enriched pellet and aluminum wrapping foils were dissolved in 100 mL of HCl with a 
concentration of 2 mol/L. The dissolved solution was diluted by a factor 100. Three aliquots 
were collected for measurements. The data acquisition was performed 9 to 14 days after EOB 
depending on the aliquot. Each counting was made in contact with the detector and lasted 24 
hours. Dead times were 10%, 9%, and 6%, respectively. Reported activities of measured 
radionuclides correspond to the average values of the three counts. 

3. Results and discussion 

Cross-section measurements 
In this study, the radionuclide of interest is 155Tb and it was presented in all irradiated targets. 
Meanwhile, certain radionuclides, which were considered as impurities, such like 153Tb, 154gTb, 
154m1Tb, 154m2Tb, and 156gTb, were also measured in several targets. The obtained cross-section 
values and associated uncertainties are listed in Table 4. Data from the TENDL-2021 data 
library (“TENDL-2021 nuclear data library,” n.d.) was used to compare with the measured 
results, the composition of each Gd isotope in the target was taken into account. Comparisons 



on 153Tb, 154Tb (including 154gTb, 154m1Tb and 154m2Tb), 155Tb, and 156gTb are respectively shown 
in Fig. 5, Fig. 6, Fig. 7, and Fig. 8. 

Table 4 Cross-sections of the reaction *Gd(d,x)Tb 

153Tb: 

The 153Tb (T1/2 = 2.34 d) was only detected in two targets at high energies (24.4 MeV and 29.7 
MeV). This is expected as the threshold energy of *Gd(d,x)153Tb is 20.17 MeV (Table 3). Fig. 
5 shows the comparison between our measured values (black points) and the TENDL-2021 
calculation (black curve). The global trend of TENDL-2021 calculation is in general consistent 
with that of our measurements. At 29.7 MeV, the measured cross-section is 837.6 mb, which is 
in agreement with the value of TENDL-2021 (875.4 mb) considering the associated 
uncertainties of the measured value. At 24.4 MeV, our measured value (98.3 mb) is smaller 
than that of TENDL-2021. Additional data points above 20 MeV are necessary to determine 
precisely the position and amplitude of the maximum of the cross-section. 

154gTb, 154m1Tb and 154m2Tb: 

The 154Tb have three longer lived (half-life longer than 9h) states:  a ground state 154gTb and 
two metastable states, 154m1Tb and 154m2Tb. The 154m2Tb decays to 154Gd (ε = 98.2%) and 154m1Tb 
(IT = 1.8%), meanwhile, the 154m1Tb decays to 154Gd (ε = 78.2%) as well as the ground state 
154gTb (IT = 21.8%), and 154gTb decays with almost 100% ε to 154Gd and less than 0.1% β- to 
154Dy (Vermeulen et al., 2012; Tárkányi et al., 2014; Formento-Cavaier et al., 2020). The 
Bateman equations were used to estimate the cross-section of these three states. As the threshold 
energies for *Gd(d,x) 154g,154m1,154m2Tb are 13.16 MeV, 13.27 MeV and 13.57 MeV respectively, 
154g,154m1,154m2Tb can theoretically be produced when the incident energy is larger than 13.57 
MeV. However, according to Table 4, the three states were detected only in three targets at high 
incident energy (above 19.4 MeV). The cross-sections of 154m2Tb, 154m1Tb, and 154gTb are 
maximum at 24.4 MeV, the values are 76.6 mb, 116.9 mb, and 134.4 mb, respectively. The 
TENDL-2021 calculation was compared with the measured results (Fig. 6). The calculations 
are represented by curves while the measurements are represented by points. As it can be seen 

Energy 
(MeV) 

σ 153Tb  
(mb) 

σ 154m2Tb  
(mb) 

σ 154m1Tb  
(mb) 

σ 154gTb  
(mb) 

σ 155Tb  
(mb) 

σ 156gTb  
(mb) 

8.1 ± 0.4 - - - - 72.8 ± 9.2 23.1 ± 2.7 
9.0 ± 0.4 - - - - 170.3 ± 18.6 41.6 ± 4.5 

11.2 ± 0.4 - - - - 256.5 ± 24.9 53.0 ± 5.2 
12.4 ± 0.3 - - - - 471.3 ± 48.2 57.3 ± 5.9 
14.0 ± 0.4 - < 5.1 < 19.2 < 5.0 720.8 ± 67.4 78.2 ± 7.4 
14.2 ± 0.3 - < 5.1 < 19.2 < 5.0 797.9 ± 77.8 83.1 ± 8.1 
16.0 ± 0.3 - < 5.1 < 19.2 < 5.0 709.0 ± 66.3 71.4 ± 6.7 
19.4 ± 0.3 - 31.6 ± 3.5 104.5 ± 14.8 188.0 ± 26.6 501.0 ± 49.9 62.8 ± 6.2 
24.4 ± 0.4 98.3 ± 12.7 43.8 ± 6.3 79.9 ± 11.5 51.3 ± 7.4 343.4 ± 46.7 56.4 ± 6.1 
29.7 ± 0.3 837.6 ± 78.8 76.6 ± 9.8 116.9 ± 17.0 134.4 ± 19.5 180.6 ± 24.0 37.2 ± 4.1 



in the figure, the measured cross-sections for 154m2Tb and 154gTb are much smaller than those 
provided by TENDL-2021 calculations, while for 154m1Tb, the TENDL-2021 values agree with 
our higher energy data points. In all this case, also, additional dedicated experiments will be 
needed to acquire more data points.  

155Tb: 

The cross-section of the reaction *Gd(d,x)155Tb weas successfully measured in all targets. 
Values and associated relative uncertainty are listed in Table 4. It can be seen from the table 
that the cross-section increases from 8.1 MeV to 14.2 MeV where it reaches the highest value 
of 797.9 mb, then as the energy continues to increase, the cross-section decreases. The 
uncertainties are between 9% and 14%, the highest relative uncertainty values are for targets 
having the lowest Gd content (Table 2) which is somewhat expected.   
When the incident energy impinging the target is smaller than 12.52 MeV, the only reaction 
that can produce 155Tb is 155Gd(d,2n)155Tb. Knowing the 155Gd proportion in the enriched target 
which is 92.8%, the cross-section of this reaction for a target containing 100% 155Gd can 
therefore be deduced. The results are shown in Table 5. These values are the first experimental 
cross-section values for this reaction. 

Table 5 Cross-section of the reaction 155Gd(d,2n)155Tb converted from measured values of 
*Gd(n,x)155Tb. 

Energy (MeV) σ 155Tb (mb) 
8.1 ± 0.4 78.4 ± 9.9 
9.0 ± 0.4 183.5 ± 20.0 
11.2 ± 0.4 276.4 ± 26.8 
12.4 ± 0.3 507.9 ± 51.9 

Table 4 and Table 5 present cross-section data based on a reference half-life of Nudat 3.0. 
However, recent work by Collins et al. (Collins et al., 2022) updated the half-life of 155Tb to 
5.2346(36) d, which differs from the NuDat 3.0 value of 5.32 d. To compare the impact of this 
update, we compare the measured cross-section data using both half-life values in Fig. 7. As 
can be observed, the updated half-life leads to a slight decrease in cross-section values. 
Additionally, the comparison between our measurements and the TENDL-2021 calculations is 
also presented in the same figure. Overall, the measured results are consistent with TENDL-
2021 calculations. However, TENDL-2021 values tend to overestimate the cross-sections when 
energy is between 10 MeV and 16 MeV, particularly at 11.2 MeV, where the calculated value 
is nearly twice the measured value. The same overestimation can also be observed in Fig. 8. 
Meanwhile, above 16.0 MeV, the measurements and the values from the database are in good 
agreement.  

156gTb: 

The radionuclide 156Tb also has a ground state 156gTb (T1/2 = 5.35 d) and two longer-lived 
metastable states, 156m1Tb (T1/2 = 24.4 h) and 156m2Tb (T1/2 = 5.3 h). The 156m2Tb decays with 
almost 100% to the 156m1Tb, and the 156m1Tb decays 100% to the ground state 156gTb. The gamma 



energies of the two metastable states are low (Eγ = 49.630 keV for 156m1Tb and Eγ = 88.4 keV 
for 156m2Tb), making them difficult to measure.Therefore, only the ground state was measured 
in this work. Since all targets were measured at least 20 h after the EOB, the increase of 156gTb 
activity due to decay of metastable states small (Dellepiane et al., 2022). The 156gTb was 
detected in all target, this is consistent with value of the threshold energy to produce 156gTb 
(Table 3). The cross-section increases with the incident energy and reaches to the maximum 
value of 85 mb at 15 MeV, then it decreases as energy continues to increase. TENDL-2021 
calculation is in overall agreement with our measured values, except for values at around 11.2 
MeV and 12.4 MeV, the calculation overestimates the cross-sections (Fig. 8).  

 

Fig. 5 Comparison of measured cross-section (black points) and TENDL-2021 values (black curve) of 
the reaction *Gd(d,x)153Tb. 



 

Fig. 6 Comparison of measured cross-sections and simulated values of the reaction 
*Gd(d,x)154g,154m1,154m2Tb. The curves represent TENDL-2021 values and the points represent the 
measured values. 

 

Fig. 7 Comparison of measured cross-section (square or triangle symbols) and TENDL-2021 
calculations (black curve) of the reaction *Gd(d,x)155Tb. Black square symbols present cross-section 
values use half-life of NuDat 3.0 while orange triangle symbols use half-life measured by Collins et al.. 



 

Fig. 8 Comparison of measured cross-section (black points) and TENDL-2021 calculations (black curve) 
of the reaction *Gd(d,x)156gTb. 

Production yield and purity estimation  
Using our measured cross-sections, fitted excitation functions can be estimated using the 
Experimentally Modified Gaussian (EMG) distribution model. In this work, except for the 
radionuclide of interest, 155Tb, the production yield of 156gTb has also been investigated since it 
is the only impurity that cannot be removed by decay or chemical separation. The fitted 
excitation functions of *Gd(d,2n)155Tb and *Gd(d,n)156gTb are respectively shown in Fig. 9 (A) 
and (B). 

 
Fig. 9 Fitted excitation function of 155Tb (A) and 156gTb (B) using the Experimentally Modified Gaussian 
(EMG) distribution model.  

From these fitted excitation functions, the production yields have been estimated using eq.2. 
Fig. 10 shows the RYC estimation of the production yield, the continuous line and the dashed 
line represent respectively the production yield of 155Tb and 156gTb using our measured data. It 



should be noted that the value plotted for a given energy in the figure is determined assuming 
that the target thickness is large enough to stop the beam in it. For 155Tb, the production yield 
increased slowly when the incident energy increase from 8 to 13 MeV, then, the production 
yield increases rapidly as the energy continues to increase at 13-19 MeV and finally slow down 
at 19-30 MeV. From this curve, it is possible to determine the value for any energy interval 
(incident energy E0, output energy E1) by just making the difference between the yields 
corresponding to E0 and E1.  

From the RYC simulation of production yields, the ratio of the production yield of 155Tb to the 
production yield of 156gTb can thus be estimated for our target material *Gd (Fig. 11). The ratio 
increases from 60% to 89% when energy increases from 9 MeV to 18 MeV, and remains 
unchanged from 18 MeV to 22 MeV, then the ratio slightly decreases to 87% when energy 
increases to 30 MeV. This ratio helps to estimate the purity of 155Tb after the decay of 153Tb or 
154Tb (in general several days after the EOB) as 156gTb and 155Tb have similar half-lives and 
decay will not affect it. Going to higher enrichment of the target material will help increase the 
purity. However, with deuteron beam, even in the case of a 100% enrichment, there will be 
156gTb produced limiting the final purity to 95%. 

 

Fig. 10 RYC simulation of production yield of 155Tb (continuous line) and 156gTb (dashed line) using 
measured data. 



 

Fig. 11 The ratio of the production yield of 155Tb and 156gTb as a function of energy using the data 
simulated by RYC. 

Thick target production 
When the incident energy hitting the enriched target was (15.1 ± 1.5) MeV and the exit energy 
was (8.6 ± 0.2) MeV, experimental production yields of the enriched *Gd2O3 target at EOB 
were estimated to be 10.2 ± 0.7 MBq/µAh for 155Tb and 1.3 ± 0.1 MBq/µAh for 156gTb. These 
experimental production yields show a very good agreement with the one calculated from our 
cross-section data using RYC which are 10.1 MBq/µAh and 1.2 MBq/µAh for 155Tb and 156gTb 
respectively. This agreement shows a great consistency between all our experiments.  
The purity of 155Tb, which is defined in this work to be the ratio of the activity of 155Tb to the 
total activity of all radionuclides (154m1,m2,gTb, 155Tb and 156gTb), was estimated according to the 
first counting and using the decay equations. The change of purity over time is shown in Fig. 
12. It is clear that the purity increases with cooling time (decay of 153Tb and 154Tb) but in low 
proportion: from 9 days after EOB to 14 days after EOB, the purity increases from 87.6% to 
88.6%. The purity remains almost unchanged after 14 days. The final production yield for 155Tb 
is (3.2 ± 0.2) MBq/µAh after 9 days of decay and (1.6 ± 0.2) MBq/µAh after 14 days of decay. 



 

Fig. 12 Purity changes of 155Tb as a function of time after irradiation. The purity here is defined as the 
ratio of activity of 155Tb and other radionuclides (154m1,m2,gTb, 155Tb and 156gTb), it is estimated by decay 

equations. 

The experimental production yield of 155Tb has also been compared with proton-induced 
production route 155Gd(p,n)155Tb (Dellepiane et al., 2022). The comparison is presented in 
Table 6. It can be seen that, under the respective optimum experimental conditions, the 
production yield of deuteron-induced reaction (this work) is nearly three times higher than that 
of proton-induced reaction. However, the purity obtained with deuteron is smaller than that 
obtained in the proton production route. The latter being able to benefit more from an increase 
of the 155Gd enrichment. 

Table 6 Comparison of different production routes of 155Tb 

Production route 
Target mass 

(mg) 
Beam incident energy 

(MeV) 

Production yield 
EOB 

(MBq/µAh) 

Maximum 
purity 
(%) 

155Gd(d,2n)155Tb 630 15.1 10.2 ± 0.7 89% 
155Gd(p,n)155Tb 37-40 10.4 3.4 ± 0.5 93% 

4. Conclusion and perspectives 

In this work, we explore the potential of an alternative method to produce Tb radionuclide with 
light-charged-particle-induced reaction on enriched Gd target. The production of 155Tb using 
deuteron beam was taken as a case study. 
Using 10 enriched thin Gd targets, the cross-section of the reaction 155Gd(d,2n)155Tb was 
measured at GIP ARRONAX cyclotron facility at low energy (8-30 MeV) as well as those of 
other terbium isotopes that will have a direct impact on the purity of the final product. A 
particular attention has been devoted to 153Tb, 154Tb and 156gTb. The first two impurities have a 



relative shorter half-life as compared to 155Tb, and their amount can be reduced by allowing 
decay. However, the latter, 156gTb, has a half-life similar to 155Tb and is produced on the same 
energy range as 155Tb, it will remain the main contaminant to deal with.  From our cross-section 
measurement values, the production yield and the ratio between 155Tb and 156gTb were estimated 
allowing to characterize the purity of the final product.  
For thick target production, one enriched *Gd2O3 target was irradiated by deuteron beam with 
a beam intensity of 368 nA for 1 h. The thick production yields of 155Tb and 156gTb were 
experimentally measure to be respectively 10.2 MBq/µAh and 1.3 MBq/µAh at EOB. After 14 
days of decay, the purity of 155Tb was measured to be 89%. These results are in agreement with 
calculated value obtained starting from experimental cross-sections values and using RYC 
calculations. This thick target experiment shows the good consistency of our work and the 
reliability of our cross-section experiments. Compared to proton-induced reaction, the 
production yield with deuteron is three times higher, but the final purity of 155Tb is lower. 
In summary, this work exemplifies the interest of light charged particle irradiation of enriched 
gadolinium target to produce efficiently terbium radionuclides. Deuteron-induced reaction on 
Gd target can be a route for Tb production as it is often more productive than the proton one. 
However, purity of the final product must be looked carefully. Better purity will require higher 
enrichment level of gadolinium isotopes. Improvement of mass separation can also help if 
yields are improved.  
Only one low intensity thick target production test was carried out in this work and it will be 
interesting to investigate further high intensity production yield of terbium from enriched 
gadolinium target by working on enriched metallic gadolinium targets and on dedicated targetry 
systems to allow high intensity irradiations.  
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Figure Captions 

Fig. 1 The photo of a thin target (target #4) made by co-electrodeposition technique. The 
thickness is 18 µm and the diameter of the deposit is 1.5 cm.  

Fig. 2 Packaging process of the thick *Gd2O3 pellet: (a) the enriched pellet made by the press; 
(b) the hand wrapped pellet by two aluminum foils; (c) the wrapped pellet in the press die; (d) 
the tightly wrapped pellet after the compression. 

Fig. 3 (a) Schematic diagram of the stack composition used for a typical experiment where 
two targets were irradiated simultaneously. The size and thickness of the foils are not drawn 
according to the real scale. (b) Photo of the stack (without the first Ti foil) and the two parts 
of the capsule. 

Fig. 4 (a) Schematic diagram of the assembly of Ti foil and pellets in the capsule. The size 
and thickness of the foils are not drawn according to the real size. (b) Photo of the stack 
(without the Ti foil) and a part of the capsule. 

Fig. 5 Comparison of measured cross-section (black points) and TENDL-2021 values (black 
curve) of the reaction *Gd(d,x)153Tb. 

Fig. 6 Comparison of measured cross-sections and simulated values of the reaction 
*Gd(d,x)154g,154m1,154m2Tb. The curves represent TENDL-2021 values and the points represent 
the measured values. 

Fig. 7 Comparison of measured cross-section (square or triangle symbols) and TENDL-2021 
calculations (black curve) of the reaction *Gd(d,x)155Tb. Black square symbols present cross-
section values use half-life of NuDat 3.0 while orange triangle symbols use half-life measured 
by Collins et al.. 

Fig. 8 Comparison of measured cross-section (black points) and TENDL-2021 calculations 
(black curve) of the reaction *Gd(d,x)156gTb. 

Fig. 9 Fitted excitation function of 155Tb (A) and 156gTb (B) using the Experimentally 
Modified Gaussian (EMG) distribution model.  

Fig. 10 RYC simulation of production yield of 155Tb (continuous line) and 156gTb (dashed 
line) using measured data. 

Fig. 11 The ratio of the production yield of 155Tb and 156gTb as a function of energy using the 
data simulated by RYC. 

Fig. 12 Purity changes of 155Tb as a function of time after irradiation. The purity here is 
defined as the ratio of activity of 155Tb and other radionuclides (154m1,154m2,154gTb, 155Tb and 
156gTb), it is estimated by decay equations. 
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