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155Tb is one of the most interesting radionuclides for theranostic applications. It is suitable for SPECT imaging
and it can be used as a true diagnostic partner of the therapeutic 4°Tb and 6 Tb. Its production by proton
irradiation using enriched '>°Gd and '°Gd oxide targets is currently being investigated and represents a
promising solution. To achieve the level of radionuclidic purity required in the clinical setting, the co-
production of Tb impurities has to be minimized. For this purpose, an accurate knowledge of the cross sections
of the nuclear reactions involved is of paramount importance. In this paper, we report on the assessment of
cross sections of the reactions 154Gd(p,xn)!53.154154m1.154m2 T, 155Gd(p,xn)!5!54m1.154m2155Th | 156 Gd(p,xn)!55156Th
and 1”Gd(p,2n)'>°Tb derived with a specific data analysis procedure developed by our group. This method
allows to disentangle the nuclear contributions from the production cross section by inverting linear systems
of equations and it requires the measurement of the cross sections from as many materials as the reactions
involved in the production of the radionuclide under study. For this purpose, the experimental data previously
measured by our group at the Bern medical cyclotron by irradiating natural Gd,Os, enriched '*°Gd,05 and
enriched 1%°Gd, 0, targets were used. For some of these nuclear reactions, cross sections were assessed for the
first time. On the basis of our findings, production yield and purity can be calculated for any kind of isotopic
composition of the enriched material.

1. Introduction In the case of diagnostic radionuclides, while the production of

152Tb remains an open scientific challenge, several production routes

Along with the growth of theranostics and personalized nuclear
medicine, terbium has attracted considerable interest because it of-
fers four radioisotopes with complementary physics characteristics for
medical applications: 149Tb, 152Tb, 155Tb and 16!Tb (Miiller et al.,
2012).

152Tb [t,,, = 17.5 h; EC, p*: 100%] and '5Tb [t;,, = 5.32 d;
EC: 100%] (IAEA, 2021) are currently under investigation for PET
and SPECT imaging, respectively, while **Tb [t, , = 4.12 h; EC, p*:
83.3%, a: 16.7%] and '®'Tb [t;,, = 6.95 d (Duran et al., 2020); p~:
100%] (IAEA, 2021) are respectively a and f~ emitters suitable for
radionuclide therapy.

Having identical chemical characteristics, terbium radioisotopes can
be used to label radiopharmaceuticals that undergo the same metabolic
processes, making it possible to predict whether a patient will benefit
from a therapeutic treatment based on nuclear imaging data. For this
to be possible, their availability in quantities and qualities suitable for
medical application is of paramount importance.
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for 155Tb have been proposed in the literature (Dmitriev et al., 1989;
Vermeulen et al., 2012; Steyn et al., 2014; Miiller et al., 2014; Kazakov
et al.,, 2018; Webster et al., 2021; Fiaccabrino et al., 2021). In par-
ticular, the production of high 155Tb activities via proton irradiation
of highly enriched °°Gd and '56Gd oxide targets and its subsequent
radiochemical separation from the target material and impurities were
reported by Favaretto et al. (2021). As part of the same project, a de-
tailed study of the terbium radioimpurities produced in the irradiation
was carried out to determine the optimal conditions for maximizing
155Th yield and radionuclidic purity (Dellepiane et al., 2022b). For this
purpose, the production cross sections of terbium radioisotopes from
natural Gd and enriched 155Gd and 15°Gd oxide targets were measured
at the Bern medical cyclotron laboratory, where an 18 MeV medical
cyclotron is in operation (Braccini et al., 2011).

In the case of natural Gd, O3, our results were compatible with other
experimental data reported in the literature (Vermeulen et al., 2012;
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Table 1
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Physical properties and main y-emissions of the investigated Tb radioisotopes (IAEA, 2021). BR is the branching ratio of the y-line. The values
in brackets are the uncertainties referred to the last digits of the value.

Radioisotope Nuclear reactions Half-life Decay mode: (%) E, (keV) BR, (%)
153Th 154Gd(p,2n) + 1*5Gd(p,3n) 2.34(1) d EC, p*: 100 212.00(2) 28.5(19)
154Tb 154Gd(p,n) + °Gd(p,2n) 21.5(4) h EC, p*: 100 1291.31(13) 6.9(5)
+.
154m1 T 154Gd(p,n) + 155Gd(p,2n) 9.4(4) h EF’ zﬁl ;878-2 540.18(6) 20(3)
+.
154m2 T 154Gd(p,n) + 5Gd(p,2n) 22.7(5) h fTC lﬁSI 98.2 ‘_‘26'78(7) i7'3(12)
155Tb 155Gd(p,n) + '°°Gd(p,2n) + %7Gd(p,3n) 5.32(6) d EC: 100 105.318(3) 25.1(13)
156Th 156Gd(p,n) + %7Gd(p,2n) 5.35(10) d EC, p*: 100 534.29(6) 67(6)
156ml T 156Gd(p,n) + %7Gd(p,2n) 24.4(10) h IT: 100 - -
156m2 T 156Gd(p,n) + '%7Gd(p,2n) 532 h IT: 100 - -

Table 2

Isotopic compositions of the natural Gd oxide powder purchased by GoodFellow
(https://www.goodfellow.com/) and of the enriched 1°Gd and '°Gd oxide powders
purchased from Isoflex (http://www.isoflex.com/). The values in brackets are the
uncertainties referred to the last digits of the value.

15264 154Gd  155Gd 156 Gq 157Gd 158Gd  160Gd
Natural (%) 0.20 2.18 14.80 20.47 15.65 24.84 21.86
155Gd-enr. (%) <0.02 0.5 91.90(30) 5.87 0.81 0.65 0.27

156Gd-enr. (%) <0.01 0.05 0.87 93.30(10) 4.38 1.08 0.32

Table 3
154Gd(p,2n)'53Tb and '5°Gd(p,3n)'>*Tb reaction cross sections.
E 154Gd(p,2n)]53Tb ]SSGd(p,Bn)lSSTb
(MeV) (mbarn) (mbarn)
11.5 + 0.4 - -
119 + 0.4 181 + 45 -
12.1 + 0.4 194 + 52 -
13.0 + 0.4 358 + 33 -
145 + 0.4 528 + 44 -
15.8 + 0.4 648 + 51 -
17.1 + 0.4 901 + 72 -
18.2 + 0.4 1098 + 118 5+2

Challan et al., 2007). In the case of the enriched materials, however,
it was not possible to make a comparison with the results obtained by
other groups (Dmitriev et al., 1989) due to differences in the isotopic
abundance of the irradiated materials. In fact, since all Tb radioisotopes
are produced by more than one nuclear reaction in the energy range of
interest (Table 1), the assessment of the nuclear contributions from the
production cross sections is challenging. For this purpose, our group
developed a specific data analysis procedure (Braccini et al., 2022;
Dellepiane et al., 2022a). This method requires to measure the cross
sections from as many materials with different isotopic compositions
as the reactions involved in the production of the radionuclide under
study, and it allows to disentangle the nuclear contributions from the
production cross section.

The aim of this study was to assess the cross section of the nuclear
reactions involved in producing terbium radioisotopes from Gd,O5 tar-
get irradiations, applying the new analysis method to the data already
published in Ref. Dellepiane et al. (2022b).

The knowledge of the nuclear cross sections is important since it
makes possible to determine the expected 155Tb production yield and
radionuclidic purity for any isotopic composition of the enriched Gd, 04
target used.

2. Material and methods

The data analyzed in this paper were measured at the Bern med-
ical cyclotron (Dellepiane et al., 2022b) by irradiating natural Gd
and highly enriched 1>>Gd and '°Gd oxide targets (isotopic compo-
sition in Table 2) with an experimental procedure developed by our
group (Carzaniga et al., 2017). This method is based on the irradiation
of the full mass of a thin target by a proton beam with a constant

surface distribution and has the advantage that the target has not to
be necessarily uniform in thickness, provided that the energy of the
protons can be considered constant within its mass.

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.

Since all Tb radioisotopes are produced by at least two nuclear
reactions in the energy range of interest (Table 1), a method based on
the inversion of a linear system of equations was applied to disentangle
the nuclear contributions from the production cross sections.

Considering two materials A and B with different known isotopic
compositions, in the case of two reactions (p,x) and (p,y) starting from
the ith and jth isotope, respectively, the following linear system holds
for a given beam energy:

{Géfm =00+ B o(p, )

(€8]
GIISOT =p7 o)+ ﬂf? -o(p,y)

where the experimentally measured production cross sections appear
on the left side of the equations and the reaction cross sections to be
determined on the right. ﬂfj'B is the abundance of the target isotope in
the considered material.

The uncertainties of the nuclear cross sections were derived by
considering the maximum and minimum value of the production cross
sections.

The isotopic abundances of Gd isotopes are considered error-free,
except for enrichment isotopes for which the uncertainty is provided
by the manufacturer.

3. Data analysis and results
Terbium-153

In the investigated energy region, 53Tb is mainly produced from
154Gd and '°°Gd via the reactions (p,2n) and (p,3n), respectively.
The latter has a threshold energy of about 18 MeV and was only
observed for the maximum reachable energy. The calculated nuclear
cross sections are presented in Fig. 1 and the numerical data are given
in the Appendix (Table 3). Our results are well reproduced by the
TENDL-2021 (Koning and Rochman, 2012) calculations. To the best of
our knowledge, no experimental data are available in the literature.

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

Three isomers of 1>Tb (ground state, m1 and m2) are produced in
the energy range of interest by the !34Gd(p,n) **Tb and
155Gd(p,2n)!5**Tb reactions. The threshold energy of the latter lies at
about 10.5 MeV.

The m1 state decays through EC (78%) and IT (22%) into 134Gd
and the ground state of 154Tb, respectively. The m2 state decays mainly
through EC (98%) into 154Gd. In our previous publication (Dellepiane
et al., 2022b), we proved that the contributions of the metastable states
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Fig. 1. '>*Gd(p,2n)'>*Tb and '>°Gd(p,3n)'3Tb reaction cross sections. The dots are the experimental points, the dashed lines are the TENDL calculations.
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Fig. 2. '5*Gd(p,n)'>*Tb and '5°Gd(p,2n)!>*Tb reaction cross sections. The dots are the experimental points, the dashed lines are the TENDL calculations.

to the activity of the ground state are negligible, thus each isomer can
be considered separately.

The nuclear cross sections are presented in Figs. 2-4 and the nu-
merical data are given in the Appendix (Tables 4-6). In both cases, it
was possible to calculate the cross sections of the 1>4Gd(p, (n) >**Tb
reaction only for energies below 10.5 MeV. Above this value, the
contribution of the 1>Gd(p,2n) reaction is strongly predominant for
all three investigated materials.

Terbium-155

In the investigated energy region, !°Tb is mainly produced by
the reactions 155Gd(p,n), 1°°Gd(p,2n) and 157Gd(p,3n). The last two

reactions have threshold energies at about 11 MeV and 17 MeV,
respectively.

In order to disentangle the three contributions, the production cross
sections measured from natural gadolinium oxide (Table 2) were also
considered.

The nuclear cross sections are presented in Fig. 5 and the numerical
data are reported in the Appendix (Table 7). In all three cases, the
TENDL calculations generally reproduce our data very well. The dis-
crepancy observed at around 13 MeV may be attributed to a limitation
of the analysis method used in this work, as the investigated cross
sections are nearly equivalent at that energy.

To the best of our knowledge, no experimental data are available in
the literature.



G. Dellepiane et al.

Fig. 3. '>Gd(p,n) "*"'Tb and '>°Gd(p,2n)">*"! Tb reaction cross sections. The dots are the experimental points, the dashed lines are the TENDL calculations.
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Fig. 4. 1>4Gd(p,n) *">Tb and '>°Gd(p,2n)"*">Tb reaction cross sections. The dots are the experimental points, the dashed lines are the TENDL calculations.

Terbium-156

Three isomers of 156Tb (ground state, m1 and m2) are produced
in the energy range of interest mainly by the >°Gd(p, (n) '**Tb and
157Gd(p,2n)!50*Tb reactions. The threshold energy of the latter lies at
about 10 MeV. Both the m1 and m2 states decays through IT (100%)
into the ground state, causing an increase in its activity, without any

y-ray emission.

In our previous publication (Dellepiane et al., 2022b), we evaluated
the production cross sections of the three isomers using a method based
on repeated measurements of the samples over time. We also deter-
mined the 156Tb cumulative cross section by measuring the samples
after a sufficiently long time to have the metastable states decayed.

Only the latter data were re-analyzed in this paper to assess nu-
clear cross sections, due to the larger number of measurements and
greater relevance in the !35Tb production for medical applications.
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Fig. 5. '5Gd(p,n)'*>Tb, 1%6Gd(p,2n)'*°Tb and '5’Gd(p,3n)!5>Tb reaction cross sections. The dots are the experimental points, the dashed lines are the TENDL calculations.
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Fig. 6. '°Gd(p,n)!°°Tb and ' Gd(p,2n)'°°Tb reaction cross sections. The dots are the experimental points, the line dashed lines are the TENDL calculations.
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Table 4 Table 7
154Gd(p,n)'5*Tb and '>>Gd(p,2n)'>*Tb reaction cross sections. 155Gd(p,n)'%°Tb, 1%°Gd(p,2n)'*>Tb and %’ Gd(p,3n)'>°Tb reaction cross sections.
E 154Gd(p,n)15“Tb 155Gd(p,2n)15“Tb E 155Gd(p,n)155Tb 156Gd(p,2n)155Tb 157Gd(p,3n)155Tb
(MeV) (mbarn) (mbarn) (MeV) (mbarn) (mbarn) (mbarn)
7.7 + 0.4 34 + 14 - 51+ 04 2.7 +0.7 - -
10.2 + 0.4 189 + 66 - 5.8 + 0.4 4.5 + 0.5 - -
11.5 + 0.4 135 + 33 24 + 4 6.2 + 0.4 13.1 + 0.8 - -
12.1 + 0.4 - 68 + 4 6.8 + 0.4 25+ 2 - -
13.0 + 0.4 - 108 + 18 71 +04 71 £ 5 - -
145 + 0.4 - 183 + 26 7.4 + 0.4 86 + 13 - -
15.5 + 0.4 - 190 + 12 7.7 £ 0.4 9 +5 - -
15.8 + 0.4 - 209 + 24 79 + 0.4 108 + 7 - -
17.1 + 0.4 - 205 + 14 8.7 + 0.4 174 + 12 - -
18.2 + 0.4 - 243 + 15 9.0 + 0.4 182 + 14 - -
9.3 +04 242 + 23 - -
9.7 + 0.4 280 + 18 - -
Table 5 10.0 + 0.4 350 + 22 - -
154Gd(p,n)"**"! Tb and '5°Gd(p,2n)"**"! Tb reaction cross sections. 10.8 + 0.4 431 + 38 - -
E 154Gd(p,n)154mlTb 155Gd(p’2n)154m1Tb 11.5 + 0.4 428 + 39 153 + 16 -
(MeV) (mbarn) (mbarn) 11.9 + 0.4 418 + 39 218 + 19 -
12.1 + 0.4 351 + 23 281 + 15 -
58 + 0.4 6+2 - 13.0 + 0.4 194 + 31 439 + 40 -
6.2+ 04 14+ 4 - 14.5 + 0.4 154 + 25 616 + 53 -
6.8 + 04 2+4 - 15.5 + 0.4 130 + 6 820 + 42 -
7.1+ 0.4 25+ 2 - 15.8 = 0.4 102 = 13 872 + 76 -
7.7 + 0.4 56 + 8 - 17.1 + 0.4 76 + 5 943 + 78 -
7.9+ 04 100 + 20 - 18.2 + 0.4 72£5 1035 + 65 161.5 + 0.4
8.7 + 0.4 200 + 40 -
9.0 + 0.4 101 + 9 -
9.7 + 04 134 + 22 - Table 8
10.0 + 0.4 260 + 20 - 156Gd(p,n)'°¢Tb and '*Gd(p,2n)'>°Tb reaction cross sections.
10.2 + 0.4 - 1.6 + 0.3 " v = —
10.8 = 0.4 - 5+1 pn)*°Th Gd(p,2n)>*Tb
115 + 0.4 _ 47 + 6 (MeV) (mbarn) (mbarn)
119 + 0.4 - 71 + 8 51+ 04 1.3 +0.2 -
12.1 + 0.4 - 104 + 5 5.8 + 0.4 5.8 + 0.4 -
12.3 + 0.4 - 126 + 23 6.2 + 0.4 17 + 1 -
125 + 0.4 - 203 + 34 71 +04 54 +5 -
12.7 + 0.4 - 186 + 32 7.4 + 0.4 111 + 14 -
13.0 = 0.4 - 247 + 28 7.7 + 0.4 53+ 4 -
14.0 + 0.4 - 356 + 57 79 + 0.4 103 + 5 -
145 + 0.4 - 381 + 39 8.7 + 0.4 160 + 11 -
15.5 + 0.4 - 452 + 19 9.0 + 0.4 142 + 10 -
15.8 + 0.4 - 475 + 46 9.3 + 0.4 256 + 34 -
17.1 + 0.4 - 557 + 42 9.7 + 0.4 211 + 15 -
18.2 + 0.4 - 721 + 31 10.0 + 0.4 289 + 10 -
12.1 + 0.4 241 + 11 202 + 30
13.0 + 0.4 209 + 24 288 + 32
Table 6 145 + 0.4 101 + 11 482 + 55
154Gd(p,n)">*Tb and '>°Gd(p,2n)">*">Tb reaction cross sections. 15.5 + 0.4 80 + 5 605 + 32
E 154Gd(p,n)' "2 Tb 155Gd(p,2n)! %" Tb 15.8 + 0.4 89 + 10 522 + 57
(MeV) (mbarn) (mbarn) 17.1 + 0.4 66 + 7 648 + 74
18.2 + 0.4 60 + 3 670 + 54
9.7 + 0.4 51 + 16 -
10.2 + 0.4 91 + 20 -
115 + 0.4 - -
119 + 0.4 - 17 + 1
12.3 + 0.4 _ 32409 group has developed a method based on the inversion of linear systems
13.0 + 0.4 - 47 + 16 of equations, which requires the measurement of cross sections from as
14.0 + 0.4 - 67 £ 9 many materials with different isotopic composition as the number of
1;? * g~: - 1‘1’; + ‘3‘2 reactions involved in the production of the radionuclide under study.
A+ 0. - + . . . . . .
182 + 0.4 _ 77 + 22 This method was applied to the terbium radioisotope production

The results are presented in Fig. 6 and the numerical data are given
in the Appendix (Table 8). For the 1°°Gd(p,n)!°®Tb reaction, TENDL
predictions are in reasonable agreement with our findings, whereas for
the 157Gd(p,2n)150Tb reaction a small overestimation can be observed.

4. Conclusions and outlook

Precise knowledge of the cross sections of nuclear reactions allows
to determine the producible radionuclide activity and purity. When the
radioisotope is produced by more than one reaction, decoupling the
nuclear contributions from the production cross section is complicated
and requires special data analysis procedures. For this purpose, our

cross sections previously measured by our group at the Bern medical cy-
clotron by irradiating natural Gd,0O5, enriched 1°°Gd,05 and enriched
156Gd, 04 targets. To the best of our knowledge, no other experimental
data are reported in the literature for the reactions and energy range
considered.

The results reported in this paper allow to calculate the °°Tb
production yield and the purity for any kind of enriched material and
contribute to optimizing the production of 155Tb for theranostics in
nuclear medicine by irradiating Gd targets with medical cyclotrons.
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