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Abstract The physical properties of 149:152:155.161Tp enable their use in both diagnostic and therapeutic applications in the field
of nuclear medicine. For this reason the optimization of the production routes of these radionuclides is of widespread interest
in research. In this work, the feasibility of the production of >3Tb and '®!Tb via the nuclear reactions induced by deuterons on
dysprosium target with natural isotopic abundances has been discussed. The cross sections of "*'Dy(d,x) reactions have been studied
in the 12.5-32 MeV energetic range with the stacked-foil technique and the corresponding Thick Target Yields have been obtained.
The presence of terbium and dysprosium contaminants (12¢-190Tb, 135:157.159Dy) has been evaluated too.

1 Introduction

For long time in nuclear medicine, radionuclides have been categorised as diagnostic or therapeutic according to their physical
properties and consequently they have been used for labelling different radiopharmaceuticals. However, the use of the same radio-
pharmaceutical for both diagnosis and therapy, namely for “theranostic”, provide some relevant advantages. In fact, by using the
same targeting agent, the distribution of the radioactivity within the human body that is measured with a PET (Positron Emis-
sion Tomography) or a SPECT (Single Photon Emission Computed Tomography) scanner, undergoes only minor variations in the
therapeutic phase. This leads to a more accurate dosimetry in the latter phase [1]. Moreover, if two different radioisotopes of the
same element are used as a theranostic couple, the labelled-radiopharmaceuticals appear to be chemically indistinguishable by the
biological mechanism in which they are involved and the radioactivity distribution remains unchanged.

The growing interest of the scientific community on the terbium family is justified by the fact that it presents four medically
relevant radioisotopes, namely '“*Tb, 152Tb, '5>Tb and 9! Tb, that could be employed either in diagnostic and therapy, and thus
becoming a powerful theranostic tool in nuclear medicine [2].

1497 (1,=16.7%, Iec, p+=83.3%, T1 /2= 4.118 h [3]) has been proposed for targeted alpha therapy and preclinical studies have
been performed [4, 5]. Alpha particles have the advantages of being short ranged and having high LET (Linear Energy Transfer), in
the case of *°Tb those values are 25 um and 140 keV/um, respectively [6]. The short range of alpha particles permits to bind cancer
cells with low harm to healthy tissues, while high LET particles induce a high number of double-strand breaks in DNA that the cell
is not able to repair in an efficient way leading to the death of the cell. These features are particularly useful for the treatment of small
metastasis [7]. The full theranostic potential of this isotope has been proved by showing the feasibility of alpha-PET preclinical
studies due to competing 8*-decay [8].

1527 ( Iee p+=100%, T1 2= 17.5 h[3]) has suitable physical characteristics for PET imaging. It has been used to label DOTANOC
[9] for preclnical PET studies in small animals, and for the first human PET/CT scan with 152Th labelled PSMA-617 [10]. The
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image quality is not high as the one that can be obtained using conventional ®® Ga-PSMA-11, but it has been highlighted its potential
use in pre-treatment dosimetry of radiolanthanides therapy.

155Th (Iee= 100%, Ty/2= 5.32 d [3]) emits y-rays suitable for SPECT studies and no B*/B~ are emitted [11]. It has been
demonstrated at preclinical level that this isotope produces good quality SPECT images and it may represent a good alternative to
"n in the diagnostic phase of the therapy with radiolanthanides [1].

161Th (1 p—=100%, T} 2= 6.89 d [3]) has decay properties (half-life, beta energy and chemical properties) similar to the well-
established '7"Lu (1 ﬁ_ = 100%, T1/2=6.6443 d) [12], but it also emits low energy Auger and conversion electrons (~ 2.24 e~ /decay)
[13] that have a high therapeutic potential due to the high LET (4-26 keV/um) and the short range (<1um) [14]. Electrons with
these characteristics release the whole energy within a single cancer cell or a small group of them [15]. Moreover, low energy y-rays
are emitted (E, = 74.56711 keV I, = 10.2%) that make it possible to perform SPECT acquisitions. The latter feature enabled Baum
et al. [16] to demonstrate the feasibility of human therapeutic treatment with lolp,

The major challenge for the diffusion of the above-mentioned terbium radioisotopes in the clinical practice is related to the
difficulty in obtaining them in high amount (~ GBq) and with high radionuclidic purity. Comprehensive reviews of the production
routes of terbium isotopes have been drawn up by Qaim et al. [17] and by Naskar et al. [2]. ISOL technique exploits spallation
reactions induced by very energetic protons (e.g. Ep= 1.4 GeV at CERN-ISOLDE [18]) coupled with online separation of isotopes.
This technique has been used to obtain enough activity of terbium to perform pre-clinical studies [19]. The drawback of this
technique is the very limited number of dedicated facilities [2] like CERN MEDICIS (Medical Isotopes Colleced from ISOLDE)
[20] in Switzerland. Only '®' Tb can be produced with (n,y) reaction on highly-enriched '9°Gd targets [12]. To this day the studied
production routes with light charged particles (p,d, o) are not able to provide Tb quantities that fulfil the clinical requirements. The
need for further studies on innovative production routes has been highlighted in the literature [1].

This work aims to determine the cross sections of nuclear reactions induced by deuterons on "Dy in the 12.5-32-5 MeV
energetic range of the incident beam, with particular attention to the production of 13161 Tb and their long lived contaminants. At
present, only one study has been done by Tarkanyi et al. [21] investigating the same reactions up to 50 MeV. The goal of the present
experiment is to verify the nuclear data that are present in the literature and to provide more dense dataset to better estimate the
Thick Target Yield (TTY).

2 Materials and methods

The excitation functions were experimetally determined by using the stacked-foils technique. Four different stacks have been
prepared, each of them containing four "#' Dy targets. The structure of the stack consists of an alternation between Dy-Al and
Ti-Al couples, where the aluminium foils are used as catchers and monitors and titanium foils as monitors. Moreover, three or four
aluminium foils have been used as degrader before each Dy foil to reach the desired incident energy on the following Dy target.

The dysprosium (purity 99%, nominal thickness 25um and 50m), aluminium (purity 99.999%, nominal thickness 16um, 25
and 50pm), and titanium (purity 99.9%, nominal thickness 20pm) foils were purchased from Goodfellow Corporation (Hamburg,
Germany). For each of them the uniformity was verified using an analogical specimeter and the mass-thickness was determined by
measuring the mass and the area: Ti, 8.09 mg- cm~2; Al in the range between 4.47—43.18 mg- cm~2. The dysprosium targets were
measured individually due to the lower uniformity on the whole foil, obtaining mass-thicknesses in the range between 19.3—44.7 mg-
cm™2. The uncertainty on these values is lower that 1%. Then squares were cut with 2.5 x 2.5¢m? dimensions in order to be placed
in a metal sample holder for the irradiation.

2.1 Irradiation setup

The irradiations were carried out by accelerating deuterons with the high intensity cyclotron (IBA-C70XP, K=70) of GIP ARRONAX
research centre in Saint-Herblain (FR) [22].

The stacks were positioned in air at a distance of about 7 cm from the end of the beam line, which is closed by a 50 um Kapton
window. The shape and the position of the beam were checked by irradiating an Al,O3 scintillating foil.

Four irradiations with different incident beam energies were performed on a total of 16 natural dysprosium targets, covering
the energy interval between 12.5 and 32 MeV, with a constant current of about 150 nA for a duration of 1 h. The initial energies
have been selected by ensuring that the energy range of two consecutive irradiation sessions share at least one point as reported in
Table 1. During the irradiation, the beam current stability was monitored using a beam dump combined with a current integrator.
The integrated charge and the beam energy were verified by comparing the experimental cross sections of the monitor reactions
natTi(d,x)*V and "*Al(d,x)**Na with the IAEA recommended ones [23]. The results are reported in Figs. 1 and 2. The agreement
between the experimental data and the recommended curves is high. In particular, there is low or no discrepancy between various
irradiation sessions, increasing the reliability of the obtained results.
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Table 1 Medium energy of the E; (MeV) Er(MeV) E3 (MeV) E4 (MeV)
deuterons in each dysprosium foil
18t Stack 31.8+0.7 30.2+£0.8 28.7+0.8 27.1+0.8
ond giack 28.6 £0.6 27.1+0.6 25.6£0.7 24.0+0.7
3rd §eack 248 +£0.5 23.0£0.6 21.1£0.6 19.0 £ 0.6
4th geack 19.8£0.5 17.6 £0.5 153+£0.5 12.8£0.5

Fig. 1 Cross section of the
monitor reaction "% Ti(d,x)*3 V.
The experimental results are
compared with the JAEA
recommended curve [23], dashed
line corresponds to the IAEA
uncertainty band. All the points
are contained within the error band
and no discrepancies are present
between the points obtained in
different irradiation sessions

Fig. 2 Cross section of the
monitor reaction "¥Al(d,x)?4Na.
The experimental results are
compared with the IAEA
recommended curve [23], dashed
line corresponds to the IAEA
uncertainty band. There is major
agreement between the
experimental data and the
recommended curve
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The activity measurements of the targets were performed without any chemical processing at the LASA Laboratory (INFN and
Physics Department of University of Milano, Segrate, MI) employing high purity germanium (HPGe) detectors. Each detector was
calibrated in energy and efficiency with certified '>2Eu and '3*Ba sources (CercaLEA, France and Amersham, UK). '33Ba point
source has been used in order to determine the efficiency at low energy exploiting the 53.162 keV (I,=2.14%), 80.99 keV (1,,=32.9%)

and 160.61 keV (1,,=0.638%) gamma-ray lines.

The measurements started two days after the bombardments and continued for about 3 — 4 months, in order to collect a large set
of data to reduce the uncertainties on the quantities of interest. The duration of the measurements ranged between 30 min — 2 d. The
source-detector distance was chosen in order to obtain a dead time of the detectors always lower than 3%.

The radionuclides for which the cross sections were measured are shown in Table 2 with their nuclear data [3], contributing

reactions and the related threshold energies.

@ Springer
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Table 2 Nuclear decay data and Nuclide Half-life Ey (keV) 1, (%) Contributing reactions Eipr(MeV)
contributing reactions [3]. The
most intense y-rays are reported. 1557 5.32d 86.545 32.03 156 Dy(d, 2pn) 8.906
T vl dee e o wosmL by s
180.103 7.45 10 py(d, 2p5n) 38.58
15671 535d 88.9667 17.67 136Dy, 2p) 1.89
ec, B+ (100%) 199.2132 40.92 138Dy, a) 0
262.579 5.766 158 Dy(d, 2p2n) 18.02
356.426 13.6 10 Dy(d, 2pan) 31.60
42238 7.9 191 Dy(d, 2p5n) 39.99
534.318 66.59 156my 7 156 T
1065.15 10.77 156m1 75 5156 7
1154.19 10.37
1159.04 7.34
1222.36 31
1607, 72.3d 86.7882 13.8 162Dy, ) 0
B~ (100%) 197.0352 5.18 10Dy, 2p) 151
298.58 26.1 161 py(d, 2pn) 9.90
879.383 30.1 162 py(d, 2p2n) 18.11
962.317 9.81 163 Dy(d, 2p3n) 24.42
966.171 25.1 164 Dy(d, 2pan) 32.06
1177.962 14.9
1271.88 7.44
16175 6.88d 25.6515 232 183Dy, a) 0
B~ (100%) 48.91562 17 161Dy, 2p) 2.17
74.56711 10.2 12 py(d, 2pn) 1037
13 Dy(d, 2p2n) 16.69
164 Dy(d, 2p3n) 24.33
155 py 995 226.918 68.4 156 py(d, p2n) 11.79
B+ (100%) 1155.47 2.08 158 Dy(d, pan) 27.92
1550 155 py
157 py 8.14 h 326.16 92 18 Dy(d, p2n) 11.41
B* (100%) 10Dy (d, pan) 25.00
161Dy, p5n) 33.39
157H0 *)157 Dy
19 py 144.4d 58 222 158Dy, p) 0
ec (100%) 160 py(d, p2n) 8.96
161Dy, p3n) 17.35
192Dy(d, pan) 25.56
163 Dy(d, pSn) 31.87

190 159 py

3 Results

The determination of the cross section has been done by measuring the activity produced on each thin foil in a highly reproducible
geometry: the targets have been positioned on top of a spacer with the beam entrance side facing the detector. The cross section
o (E) (mb) is computed through Eq. (1) [24]:

NCounts, M-Z- e
gy-I,-LT-Q X\-Nj-pdx

o(E) = - D(RT) - Gtiry) - 2 M
where NCounts,, is the net photo-peak counts at the energy E,,, E (MeV) is the mean energy of the deuteron beam within the thin
foil, ¢, is the efficiency of the HPGe at the energy E,, I,, denotes the absolute abundance of y, LT is the Live counting Time (s),
RT is the Real counting Time and is given by the sum of LT and the dead time DT, t;,, (s) is the duration of the irradiation, At
is the time between the End-Of-Bombardment and the beginning of the measurement, therefore the factor e* 2! corrects for the

@ Springer
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Table 3 Experimental cross Eq(MeV) AE (MeV) Cross section o + Ao (mb)

section of the reactions

n”tDy(d,X)lnyb 1557, (cum) 156y, 16074, 1617y,
31.8 0.7 0.63 +0.03 0.48 £0.02 4.1+0.2 2.69 +£0.10
30.2 0.8 0.63 £0.04 0.306 £ 0.012 3.8+0.2 2.66 +£0.12
28.7 0.8 0.61 £0.04 0.190 £ 0.008 35+£0.2 243+0.12
28.6 0.6 0.62 £0.04 0.170 £ 0.010 34+£02 2.44£0.11
27.1 0.6 0.56 +0.03 0.108 £ 0.006 2.99+0.18 2.07+£0.12
27.1 0.8 0.54 +0.03 0.106 £ 0.006 2.97+0.17 2.12+0.12
25.6 0.7 0.46 +0.03 0.057 £ 0.006 2.51+0.15 1.96 £0.10
24.8 0.5 0.45 +0.02 0.061 £ 0.002 2.45+0.15 1.96 +0.07
24.0 0.7 0.38 £0.02 0.036 £ 0.004 2.25+0.014 1.86 £0.09
23.0 0.6 0.31£0.02 0.0273 £ 0.0016 2.10£0.13 1.86 £ 0.07
21.1 0.6 0.20 £0.01 0.0179 £ 0.0012 1.85£0.11 1.77 £0.07
19.8 0.5 0.12+0.01 0.0115 £+ 0.0007 1.62 +0.09 1.62 +0.07
19.0 0.6 0.061 £ 0.002 0.0139 £ 0.0007 1.46 +0.09 1.38 £ 0.07
17.6 0.5 0.033 £ 0.002 0.0099 £ 0.0006 1.31 £ 0.07 1.17 £ 0.06
153 0.5 0.021 £ 0.003 0.0066 £ 0.0004 0.82 £0.05 0.76 £0.03
12.8 0.5 0.007 £ 0.002 0.0113 £ 0.0009 0.52 £0.03 0.51£0.02

decay during the time At, Q is the integrated charge of the deuteron beam (C), Z-e is the deuteron charge (C), M is the atomic mass
(g mol™1), Ny is the Avogadro number (atoms- mol~!) and p dx is the experimental mass-thickness (g- cm™2) of the foil. Two
correction factors are used, namely the decay factor D(RT) that corrects for the decay during RT, and the growing factor G(t;,,) that
takes into account the decay during t;,,. Those two dimensionless factors are defined as:

A-RT
D(RT) =+ @
— e
and
A tirr
Gltirr) = T 3)

The factors that contribute to the uncertainty budget are reported by Manenti et al. [25]. In particular, the uncertainty on the NCounts,,
has been kept lower than 7%, with a overall uncertainty of (3 — 10)% depending on the radionuclide.

The experimental excitation functions are reported in Figs. 3, 4, 5, 6, 7, 8 and 9, compared with a previous nuclear dataset from
Tarkanyi et al. [21]. The numerical results are listed in Tables 3 and 4. Theoretical simulations with default options were performed
with EMPIRE—3.2.3 [26] and TALYS 1.96 [27] computer codes. Despite the good simulation results for the other reactions, the
former code does not describe properly the experimental results of " Dy(d,x)!¥¥ Tb reactions, and generally it overestimates the
experimental results. It is possible that the default options are not appropriate for the modelling of the nuclear properties of terbium
nuclei. Nevertheless, they are reported in Figs. 3, 4, 5 and 6 for the sake of completeness.

3.1 ™ Dy(d,x) > Tb(cum)

The cross section reported in Fig. 3 refers to the cumulated production of 3>Tb by means of the direct production via the "* Dy(d,x)
155Tb and of the contribution of the decay of '3°Dy. To measure the cumulative cross section a time of about 10 half-lives of !3°Dy
has been waited.

Two y emission has been used to determine its activity on each foil: E,=105.305 keV (I,,=25.1%) and E,=180.103 keV
(I,=7.45%). The most intense y-ray emission at E, =86.545 keV (I,,=32.03%) could not be used due to the superposition with y-ray
emission at E, =86.7882 keV (I,,=13.8%) of '9°Tb (T ,=72.3 d).

This is the only reaction with a terbium radioisotope as product that the EMPIRE 3.2.3 code with default options is able to
describe properly. This is probably due to the fact that the main contribution to the production of '3 Tb is given by the decay of
155Dy as it can be deducted from the comparison between the cross sections (see Table 3 and 4).

The accordance with the other experimental results and with TALY'S 1.96 calculations is low. However, as explained in Sect. 2.1,
due to the experimental procedure that has been followed, the confidence in the results is high. Moreover, there is accordance between
the activity measured with the two gamma-rays selected and low uncertainty is obtained by performing different repetitions of the
measurements.

@ Springer
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Table 4 Experimental cross E (MeV) AE (MeV) Cross section o &+ Ao (mb)
section of the reactions
nat Dy (d,x) 1YY Dy 155Dy (cum) 157Dy (cum) 159Dy (cum)
31.8 0.7 0.66 £+ 0.05 1.20+0.12 144+6
30.2 0.8 0.60 +0.05 1.29 +£0.09 115+5
28.7 0.8 0.60 £ 0.06 1.43+0.11 9+5
28.6 0.6 0.58 +0.03 1.38 £ 0.06 101£5
27.1 0.6 0.51£0.03 1.20 £ 0.05 69+ 3
27.1 0.8 0.52 £0.04 1.20 £ 0.10 705
25.6 0.7 0.44 +£0.03 1.05 £ 0.07 47+2
24.8 0.5 0.44 +0.02 1.02 £ 0.05 383+1.6
24.0 0.7 0.38 +£0.02 0.96 + 0.05 31.1+1.4
23.0 0.6 0.317 +£0.015 0.82+0.04 269+1.2
21.1 0.6 0.164 £ 0.007 0.61 +0.03 19.9+0.9
19.8 0.5 0.113 +£0.005 0.48 +0.02 18.5+0.8
19.0 0.6 0.078 £+ 0.004 0.349 +£0.016 153+0.7
17.6 0.5 0.020 £ 0.001 0.213 +£0.010 14.1+0.5
15.3 0.5 0.203 +0.010 13.3+0.6
12.8 0.5 0.236 +0.012 10.8£0.4
Fig. 3 Cumulative cross section of "aDy(d,x)"**Tb (cum)
the reaction "% Dy(d,X)ISSTb. The T T T T T T T T T T T T
experimental results are compared 07T o Presentwork ]
with the data of Tarkanyi et al. 4 Tarkanyi etal. (2014)
[21] and with the theoretical 06 .~ Eﬁggéjg_s -
simulations. An eye-guideline ,’
(solid line) has been added to 995l s
easily visualise the data. Low £ ’
accordance is detected between 5 04l i
the experimental data, the previous B
dataset and the TALYS 1.96 code 8
603k -
[%2]
o
Co2} -
0.1 B
00 1 1 1 1 1

EMCadal]
10 12 14 16 18 20 22 24 26 28 30 32 34
Energy (MeV)

3.2 "'Dy(d,x) 1% Tb

156Th (T /2=5.35 d) is the main contaminant in the production of 155Tb due to its similar decay time. The activity was determined by
using the 199.213 keV (I,,=40.9%) and the 534.318 keV (I,,=66.59%) y -ray emissions. The results are shown in Fig. 4. There is low
accordance with the previous experimental data and with TALYS—1.96 calculations. EMPIRE 3.2.3 computer code overestimates
the experimental data.

3.3 "' Dy(d,x)'%°Tb

Due to the long decay time of '%Tb, it is generally considered to be the main contaminant of the therapeutic '®! Tb [28]. The most
intense y-ray emissions of '°*Tb are the same of the co-produced °%"+8)Ho (T, /2(160’” Ho)=5.02 h), thus to determine the activity
of 10Tb a whole week from the end of the irradiation was waited to make sure that '90"+8)Ho completely decayed. The 298.58
keV (I,=26.1%) and the 879.383 keV (I,=30.1%) y-ray emissions has been used to calculate the activity. The cross section is
presented in Fig. 5. It is in agreement with the results of Tarkanyi et al. [21], but the simulation codes does not reproduce correctly
the experimental data. In particular EMPIRE 3.2.3 code overestimate the experimental results and cannot be seen in the graph for
energy higher than 13 MeV.
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Fig. 4 Cross section of the
reaction "4 Dy(d,x) !0 Tb. The

natDy(d,X)156Tb

0.7 T T T T T T T T T T T T
experimental results are compared
with the data of Tarkanyi et al. 06 L e .';;:::;l?:l (2014) ; |
[21] and with the theoretical ’ — — TALYS 1.96 :
simulations. An eye-guideline - EMPIRE-3.2.3
(solid line) has been added to 505 b
easily visualise the data 3
So04r g
3
o)
® 03 i
)
2]
o
©02F -
0.1 B
) T E
10 12 14 16 18 20 22 24 26 28 30 32 34
Energy (MeV)
Fig. 5 Cross section of the ”atDy(d, X)160Tb
reaction any(d,X)l()OTb. The 5 T T T T T T T T T T T T
experimental results are compared '
with the data of Tarkanyi et al.
[21] and with the theoretical a4l i
simulations. An eye-guideline
(solid line) has been added to =
easily visualise the data. The 3
simulation performed with c3r T
EMPIRE 3.2.3 exceeds the scale 2
used to properly visualise the o P
excitation function 62k i
Al
9 g
G
1+ 9 Present work
A Tarkanyi et al. (2014)
— — TALYS 1.96
_ - - - - EMPIRE-3.2.3
L =
1 1 1 1 1 1 1 1 1 1 1 1

0
10 12 14 16 18 20 22 24 26 28 30 32 34
Energy (MeV)

3.4 "a'Dy(d,x)!1Tb

The only y-ray emission associated with the decay of '°!'Tb that can be efficiently detected by a p-type HPGe detector is the one
at 74.56711 keV (1,=10.2%). The experimental results are reported in Fig. 6. They are compatible with the existing dataset [21],
while the agreement with the TALYS 1.96 simulation is low. In the inset of Fig. 6, there is the same graph with a different scale that
permits to appreciate the large overestimation that the EMPIRE 3.2.3 code introduces.

3.5 " Dy(d,x) ' Dy (cum)

The cross section of the reaction "% Dy(d,x) '3’ Dy, cumulated with the contribution of the decay of the co-produced '3 Ho, is reported
in Fig. 7. 1Dy decays ec, 8% (100%) with a half-life of 9.9 h. The y-ray used to evaluate the activity has energy E,=226.928
keV (I,,=65.4%). The results are compatible with the cross section measured in the previous dataset [21], taking into accounting the
error bars, and with the calculation of EMPIRE—3.2.3. The accordance of the simulation performed with TALYS 1.96 is low.

Moiseeva et al. [29] demonstrated that >>Dy can be employed as a generator for '3Tb. However, this production pathway
(" Dy+d) gives rise to the co-production of other radioisotopes of Dy as 37Dy that decays with a similar half-life (8.14 h)
producing 37 Tb, and this would result in a low specific activity of the eluted solution.

3.6 " Dy(d,x)'*'Dy (cum)

The decay of '>’Dy comes with an intense y-ray emission at E, = 326.16 keV (I, =92 %) that has been used to calculate the cross
section of the reaction "*Dy(d,x)!*"Dy (cum). It is not possible to separate the contribute of the direct reaction from the indirect
production via the decay of 157Ho due to the short half-life of the latter (T s2=12.6 min). The excitation function is reported in
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Fig. 6 Cross section of the natDy(d,x)'®'Tb
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Fig. 7 Cumulative cross section of ”a‘Dy(d,x)155Dy (cum)

the reaction "/ Dy(d,x)!3°Dy.
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Fig. 8 Cumulative cross section of naDy(d,x) "Dy (cum)
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Fig. 8. The compatibility with the other experimental data and with the simulations is high at low energies, while at energies higher
than 24 MeV the results of the present experiment show a different behaviour. The confidence in the results of the present work is
high because the data in the energy range down to 24 MeV result from the overlapping of three different irradiation sessions (see
Sect. 2.1) and low discrepancies are present between them.
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Fig. 9 Cumulative crosslsection of "aDy(d,x) "Dy (cum)
the reaction nm.Dy(d,X) 59Dy F— T T T "~ T T "~ T T "~ T "~ T T T3
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139Dy is a long lived radioisotope of dysprosium (T ,2=144.4 d) and decays via electron capture. The most intense y-ray is
emitted at the energy of 58 keV and has an intensity of 2.22 %. The experimental data are reported in Fig. 9. The accordance
with the experimental results from Tarkanyi et al. [21] and with the theorical calculations performed with both TALYS 1.96 and
EMPIRE—3.2.3, is good. However, it should be noticed that experimental data present a low energy plateau that is not described
by the codes. As seen in Table 2, different reactions with low or no threshold are possible and the description of these production
routes may not be well reproduced by the theoretical calculations.

3.8 Thick Target Yield

The TTY, Y(E,AE), has been calculated as reported in Eq. (4) [30]:

_ Na-x [E , dE’
Y(E,AE)=—"— /E_AEU(E)S(E/), )

where E’ is the integration variable, E is the incident energy, AE is the energy loss within the thick target, S(E) is the mass stopping
power of the deuteron beam through the target at the energy E (S(E)=dE/d(px)), while the other terms have been defined in Eq. (1).
In the case of total absorption, the lower limit of integration is zero for reaction without threshold, otherwise it is equal to E;j,.

The calculated TTYs in the condition of total absorption are reported in Fig. 10 in the case of terbium radioisotopes, and in
Fig. 11 in the case of the other contaminants. The calculation has been extended in energy down to zero, with exception of 1557,
155Dy and 37Dy for which a threshold energy is present.
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Fig. 11 Thick Target Yield in the Integral Thick Target Yield
total absorption condition for the 2
production of 133:157.159Dy L
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In condition of total absorption the TTY of '!Tb is of 5.4 MBq-C~! at 32 MeV or, equivalently of 1.94-1072 MBq in 1 h of
irradiation at 1 pA. This rate is too low compared to the activities that are required for pre-clinical and clinical applications (~GBq).
The same is true for >Tb, whose TTY is of 1.3 MBq-C~! (4.68-10~3 MBq/uA-h) at 32 MeV in condition of total absorption.

The co-production of '°OTb and of '3Tb is unavoidable with a natural dysprosium target and it is not possible to separate them
chemically. Moreover, it is reasonable to state that the cross section of the production of 157Tp (T4 ,2=T1y) and of 1581 (T 12=180
y) is not negligible and their presence reduces the radionuclidic purity and the specific activity [31] of the product.

4 Conclusion

The possibility to produce two of the four theranostic relevant radioisotopes of terbium via deuterons irradiation of natural dysprosium
targets has been discussed in this paper. The cross section of the nuclear reactions % Dy(d,x)'3> 161 Tb in the energetic range of 12.5
—32 MeV has been measured, and the coproduction of terbium and dysprosium contaminants (1> 10Tb and 135157159 Dy) has been
evaluated too.

The experimental excitation functions have been compared to a previous dataset by Tarkanyi et al. [21] resulting in a general
agreement with some exceptions for >>Tb and '3"Dy. The accordance with the theoretical simulation performed with EMPIRE
3.2.3 and with TALYS 1.96 using default options is for the most part insufficient.

The TTY, in condition of total absorption and with the entrance beam energy of 32 MeV, is generally low: it has been estimated to
be 5.4 MBq-C~! in the case of '01Tb and 1.3 MBq-C~! for !33Tb. The order of magnitude of the TTY of co-production of terbium
contaminants is comparable to the former and this make even more challenging the use of this production route.

The indirect production route of Tb via the decay of >Dy has been evaluated too. However the TTY of the production of
157Dy is higher that the one of the radionuclide of interest. It should be considered the possibility to enrich the target in 1’°Dy. Even
if it is impossible to avoid the co-production of 7Dy, further studies on enriched targets could highlight energy ranges in which is
possible to obtain a 1>3Dy-!13>Tb generator with high specific activity of the final product.

Ultimately, this work achieved the goal to provide new and denser nuclear data that will allow more precise theoretical calculations
on terbium and dysprosium nuclei.
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