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Abstract

Terbium is considered a promising element for theranostic applications in
nuclear medicine due to its four medically-relevant radioisotopes: '**Tb,
152Th, 155Th and '®'Tb, each suited for different diagnostic or therapeutic
uses. Despite its potential, the clinical adoption of terbium is hindered by the
lack of large-scale production methods for these isotopes. This work presents
the first comprehensive study of nuclear cross-sections for "Eu(a, x) reac-
tions, using europium oxide targets, in the energy range of 20-65 MeV for
>>Th production. Theoretical simulations using TALYS 1.96 were per-
formed, highlighting the need for further model refinements. Additionally, we
employed the Non-dominated Sorting Genetic algorithm II (NSGA-II) to
optimize the production parameters for '>Tb on enriched '**Eu targets. These
findings contribute to optimizing production routes for terbium isotopes,
supporting future developments in nuclear medicine.
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1. Introduction

Terbium is a promising theranostic element as it presents four radionuclides with potential
applications in nuclear medicine, namely 149Tb, 152Tb, 155Th and '*'Tb [1].

9T (1, = 16.7%, Lo, g+ = 83.3%, T, ;» = 4.118 h [2]) has been suggested for the purpose
of targeted alpha therapy together with its potential application in PET analysis of the
radiopharmaceutical distribution due to the complementary 3'-decay [3]. '*Tb
(lec,+ = 100%, Ty, = 17.5h [2]) has suitable physical characteristics for PET imaging in
pre-treatment dosimetry of radiolanthanides therapy [4, 5]. 55Tb (1. = 100%, T, 2=75.32d
[2]) has been suggested for SPECT studies [6] due to his ~-rays emissions
(E,=105.305keV and E, = 86.545keV [2]), while the emission of Auger electrons open
the possibility to use this radionuclide as a therapeutic agent. '°'Tb (I3 = 100%,
T/, =6.89d [2]) presents an intense emission of low energy Auger and conversion elec-
trons that happens to have a high therapeutic potential due to their high LET [7]. The
presence of low energy vy-rays (E,=74.56711keV I,=10.2% [2]) makes it possible to
perform SPECT acquisition during the therapy [8]. Thus, terbium is a theranostic element,
considering the possibility to use these set of radionuclides for both diagnosis and therapy.

The main limit to the spread of terbium in the clinical practice, apart from 161Tb, is the
unavailability of a production process at large scale of these radionuclides. Many different
reactions induced by light ions (protons, deuterons and alpha particles) on different targets
have been investigated, including natural gadolinium [9—13] or enriched gadolinium (***Gd
[14], 'Gd [12, 15-18], '3°Gd [12, 16, 17], '°Gd [19]), natural dysprosium [20, 21],
enriched °'Eu [22, 23] and very recently on enriched 153gy [24]. The use of ISOL technique
lead to the production of pure terbium isotopes, but limited quantities can be produced and
only few centers worldwide have the required instrumentation, preventing the spread of the
clinical use of terbium. Extensive reviews of the production methods may be found in
literature [13, 25-27].

In this study, cross-sections of nuclear reactions induced by «-particles on natural
europium targets are measured for the first time. A discussion regarding the optimization of
the production of '>>Tb on enriched '**Eu targets is presented.

2. Experimentals

The cross-sections of the "Eu(a, x) nuclear reactions have been determined across an
energy range spanning from 20 to 65 MeV, employing the stacked-foils technique. Four
distinct stacks were assembled, each housing 4-5 europium foils, whose fabrication is
described in section 2.1. Accompanying, there were 50 pm kapton foils serving as catchers
before the europium foil so prevent eventual loss of powder during the irradiation and the
measurements, alongside with aluminum (purity >99.0%) and copper foils (purity
>99.95%) (Goodfellow Cambridge Ltd., Ermine Business Park, Huntingdon, England) of
various thicknesses played dual roles, monitors and energy degraders within the exper-
imental setup.
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Figure 1. Example of our "Eu,0; target. (left) Picture of one of the targets. (right) SEM
acquisition of a portion of the sample. The nanoparticles of "Eu,O; are clearly visible. The target
results uniform at the scale of interest.

2.1. Europium target preparation and characterization

Europium oxide ("*Eu,05) targets were prepared by blade coating of a slurry containing
"Eu,03 nanopowder (purity >99.995%—Nanografi Nano Technology, Germany) and Na-
CMC (TCI Chemicals) as binder. Typically, 7.44 g of a 2.5% wt. Na-CMC aqueous solution
were added to a ball-milling zirconium oxide jar (50 ml capacity) along with 7.4 ml of water,
6 g of "™ Eu,0; particles and 6 zirconium oxide spheres. A homogeneous slurry was obtained
by ball-milling at 200 rpm in a planetary ball milling (TOB New Energy) for 2h. The
viscous slurry was uniformly coated on Al foil by blade coating at 100 pm wet thickness,
room dried for few h and finally overnight dried in vacuum at 70 °C.

"Eu,0; distribution was observed by JEOL JSM 7100F scanning electron microscope
(SEM) with a magnification of 850x at 15kV acceleration voltage. At the scale of interest
for the irradiation (beam diameter of 1 cm) the target resulted uniform as it can be seen in
figure 1.

The precise mass amount of europium present in the sample has been determined with the
Thermo Scientific iCAP 6000 Series Inductively Coupled Plasma—Atomic Emission
Spectroscopy (ICP-AES). A mass of 1.56 +0.01 mg of powder was scratched from the
surface of a non irradiated targets and dissolved in 6 ml of 5M HNOj; and diluted to avoid
saturation of the instrumentation. The percentage in mass of europium was obtained to be
Mmewg, = (78 £ 2)% of the total mass of powder deposited on the targets. This value has been
assumed to be the same for all targets, as they were all produced together from the same
mixture of europium oxide powder and Na-CMC aqueous solution.

2.2. Irradiation setup

Irradiations were executed using the high-intensity cyclotron (IBA-C70XP, K =70) at the
GIP ARRONAX research center in Saint-Herblain (FR) [28]. Employing a “He®" beam with

3
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Figure 2. Comparison of experimental cross sections for monitor reactions, "“Al(c, x)**Na (black
points), "'Cu(a, x)*’Ga (blue points), and "*Cu(c, x)**Ga (red points), with IAEA-recommended
values (black, blue, and red lines, respectively) [30]. The shaded bands around the curves indicate
the one-standard-deviation uncertainty in the recommended values.

a fixed energy of 67.5 + 0.5 MeV, different entrance energies on the stack were achieved by
introducing thick aluminum foils in front of the stack. The stacks were positioned at a
distance of 5 cm from the 50 pm kapton exit window of the cyclotron beam line. The shape
and position of the beam were meticulously verified when tuning the beam by irradiating an
Al,Oj5 scintillating foil. The energy of the beam impinging on each target of the stack was
determined using SRIM software [29].

A total of four irradiation sessions over a period of 4 months were conducted on 18 natural
europium targets, spanning an energy interval from 20 to 65 MeV. Each session maintained a
constant current of approximately 100nA for a duration of 1h. The selection of degrader
thickness ensured overlap in the energy range between irradiation sessions. Throughout the
irradiation process, beam current stability was closely monitored using an instrumented beam
dump in conjunction with a current integrator. Verification of integrated charge and beam energy
was performed by comparing experimental cross-sections of monitor reactions ("*Al(cv, x)**Na,
"UCu(a, x)*°Ga and "Cu(cy, x)®’Ga) with IAEA-recommended values [30]. The comparison is
reported in figure 2, where an excellent agreement between the experimental data (points) and
the recommended curves (lines) can be noted.

2.3. Measurements

Activity measurements have been performed approximately 1 h after the irradiation, and in
any case after the time needed to keep the dead time lower than 5%. Measurements have
been repeated continuously for 2 weeks after each irradiation to reduce the uncertainty of the
result and to follow the decay of each radionuclide. Short term gamma spectrometry mea-
surements were performed at GIP ARRONAX using two Canberra HPGe detectors (n-type)
calibrated using certified point sources of '**Eu and **' Am (LEA-CERCA, France). The first
source permits to calibrate the detectors in the 121.8-1408.0 keV energy range, while the
latter permits to calibrate at lower energy using the peaks at 26.3keV (2.27%) and at

4
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Table 1. List of detected radionuclides: symbol, decay mode, half-life, gamma
emissions used to determine the activities alongside their characteristics [2], and
production reactions involved. Peaks labeled ‘a’ are combined in a single peak with
intensity equal to the sum of the intensities and as energy the average energy weighted
for the intensity, while peaks labeled with * are peaks with superposition with others
radionuclides. Uncertainties on E., and I, values are italicized and pertain to the last
significant figures.

Nuclide T E, L, Contributing Ew
(keV) (%) Reactions MeV)
1562y 5.35d 534.29 6 67 6 133Eu(a, n) 9.09
e.c., 3 100% — 1065.11 15 10.8 10 136miy, (I7) —
o o o 156m2y (IT) o
155Th 5.32d 105318 3 25.1 13 I3Eu(a, 2n) 16.13
e.c., 100% — — — — —
154m2y, 22.7h 346.70 4° 69 7 BlEu(a, n) 10.33
ec., A" — 72251 1.14 53Eu(a, 3n) 25.46
98.2%
IT 1.8% — 873.21 4 344
154mly, 94h 346.70 4° 1.6 3 BlEu(a, n) 10.33
ec., A" — 540.18 6 203 S3Eu(a, 3n) 25.46
78.2%
IT 21.8% — 72251 0.37 11 — —
— 873.21 4 9.2 16 — —
15421y 21.5h 722.12 8 776 BlEu(a, n) 10.33
e.c., A 100% — 873.21 4 535 3Eu(a, 3n) 25.46
o o . 154mlpy (IT) o
o . . 154m2 (IT) .
153Tp 2.34d 212.00 2 28.5 19 S1Eu(a, 2n) 17.38
e.c., 37 100% — — — 153Bu(a, 4n) 32.51
1527 17.5h 411.1165 13 361 SlEy(a, 3n) 26.23
e.c., 37 100% 764.89 7 2747 153Bu(a, 5n) 41.13
151y 17.609h  251.86310 26.3 11 SlEy(a, 4n) 33.51
e.c., 8" — 252.3% 0349 153Bu(a, 6n) 48.63
99.9905%
a 0.0095% — 252.4%5 0.062 14 — —
— 287.357 1 28.3 12 — —
— 616.561 15 104 4 — —
— 731.2%5 0.62 14 — —
— 731.227°11 773 — —
1507 3.48h 638.050 16 72 10 SlEu(a, 5n) 4226
e.c., A 100% — — — 3Eu(a, 7n) 57.38
a 0.0007% — — — — —
1497y, 4.118h 352.24 2 29.8 7 BlEy(a, 6n) 50.10
e.c., — — — 133Eu(a, 8n) 65.21
83.3%
a 16.7% — — — — —
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Table 1. (Continued.)

Nuclide T E, L Contributing Ew
(keV) (%) Reactions (MeV)
1532Gd 2404d  97.43100 21 30.0 6 BlEu(a, d) 12.72
e.c., 100% — 103.18012 17  22.13 BB, n+1 2147
o o o 153y, (5+, o
100%)
_ _ _ 153m1Gd .
(IT, 100%)
_ _ _ 153m2Gd _
(IT, 100%)
151G4 123.9d 153.60 1 6.2 4 BlEwa, n+1n 2146
e.c., 100% — 174.70 1 29620 'SBu(a, 3n+1)  36.59
— 24329 3 564 ISty (gt —
6.6%)
— 307.50 1 1.04 7 SiTp (87, —
99.99%)
199Gd 9.28d 149.730 10 48426 “'Bu(a, 3n+1 3695
e.c., A7 100% — 298.633 5 27915  'SBu(a, Sn+1  52.07
— 346.650'1° 23.7 13 19971p (8t —
83.3%)
o o o 149mp (ﬁ+, .
99.98%)
1498y 93.1d 277.089 10 4.18 4 SIgy 14.63
(o, a+ 2n)
e.c., 100% 327.526 10 4755 133gy 29.75
(o, o+ 4n)
o . . 14954 (5+7 o
100%)
L48Ey 545d 550.28412 99 3 Slgy 38.12
(o, a+ 3n)
e.c., 37 100% — 553.231414 12.9 22 153gy 23.00
(o, a + 5n)
— 553.26015 5.0 22 148mpy, —
(IT, 100%)
— 629.987 8 71.9 22 — —

59.5keV (35.9%). Moreover, after 3 months, the measurements continued at LASA
laboratory (Segrate, MI) to determine the activity of produced long lived radionuclides. In
this case three ORTEC HPGe detectors (p-type) calibrated with two point-like sources of
2By and '*Ba (LEA-CERCA, France) were employed. Both calibration and activity
measurements were performed in the same geometry, with the source—detector distance
always kept larger than 19 cm in order to minimize true-coincidence summing effects.

The list of radionuclides of which the cross-section has been determined is reported in
table 1 alongside with their nuclear properties, the gamma rays used to determine the
activity, the nuclear reactions involved in the production and the respective threshold

energy [2].
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Table 2. Cross-sections of the "*Eu(c, x1n)**Tb nuclear reactions (Part 1). The cross-
sections are expressed in mb.

E+ AE 156g,cumqy, 1551 154m2q, 154m1, 154g7,
(MeV)
21 £ 4 52 +£3 259 + 8 84 +08 12245 29+ 5

25+ 4 182 £ 1.0 520 +£20 3.8+03 43 £2 11+3
28 £3 110 £1.0 560+20 13111 144+ 14 37£5

33+£3 65 £08 182 %38 515 560 + 40 98 £+ 11
36 £ 3 54£07 118%5 66 = 5 680 + 30 125 £ 20
37+ 2 53£06 81 £5 73+ 6 790 £30 124 £ 15
39+2 4.6 £ 0.8 60 £ 5 66 £+ 4 700 £ 30 127 £ 20
42 +£2 3602 453 +£18 56 £ 3 620 + 40 99 + 14
442 £ 1.9 28 £05 34 +£2 38£3 412 £ 16 77 +£7
46.2 £ 1.7 2.1 £06 35+£2 30£3 330 £+ 30 62 + 13

485+ 1.6 2604 247+11 18113 203+ 18 29+ 6
515+ 14 24+£06 249+08 145+13 141+ 14 15+7
548 £ 12 21£07 176 £1.0 93+£038 94 £+ 9 19+6
569 £+ 1.1 22£07 164 £ 1.1 82+ 15 79 £ 8 16 + 4
59.6 £ 0.9 22+£05 132+04 8.1+0.7 68 + 6 12+ 4
61.5 £ 0.8 2.1 £07 11+2 82+ 14 61 £ 6 13£5
63.3 £ 0.7 31£03 106 %10 73£10 54+6 13£5
65.1 £ 0.6 33+£04 11.1 £08 55+£10 46 £ 5 10 £ 4

3. Results

The production cross-sections o(E) (mb) were determined using the following expression:

M - Ze C
ANy-px-mpyg-Q LT-¢-1,

o(E) = - e . D(RT) - G (tiyy) - 1077 (D

Here, E (MeV) represents the mean alpha beam energy within the target foil, C is the net
count at the photo-peak energy E., ¢ is the detector efficiency calculated at energy E., I,
denotes the gamma emission probability at energy E., LT (s) is the live time of the mea-
surement and mg,q, is the percentage in mass of Eu within the target. The term RT (s) is the
real time of the measurement (comprising LT and the dead time). M stands for the atomic
mass (in gmol ") of europium, Ze is the alpha particle charge (C), X is the decay constant
(sfl) of the measured radionuclide, and Q refers to the total incident alpha beam charge (C).
Furthermore, N4 is Avogadro’s constant (mol™ ), #,,, (s) represents the irradiation time, and
tgec () is the delay time between the End Of Bombardment (EOB) and the start of the
measurements. Two multiplicative factors are applied: the growth factor G(¢,,), which
accounts for the decay of the produced radionuclide during irradiation, and the decay factor
D(RT), which considers the decay during the measurement period [31]. The mass thickness
px (gem™?) is calculated as the ratio of the target’s mass to its surface area. The mass is
measured using a precision scale with a sensitivity of 107> g, while the surface area is
determined by measuring the length of the square target’s sides with a caliper having a
sensitivity of 10~ mm.

The experimental cross-section values, are reported in tables 2, 3, 4 and 5. The excitation
functions are presented in figures 3—22. In the same figures, the curves obtained with TALYS

7
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Table 3. Cross-sections of the "*Eu(c, x1)**Tb nuclear reactions (Part 2). The cross-
sections are expressed in mb.

Eﬂ: AE 153Tb 152Tb 151Tb ISOTb I49Tb
(MeV)

21+ 4 183 £+ 6 — — — —

25+4 474+ 18 — — — —

28 + 3 600 £20 44 +5 — — —

3343 286 £ 10 352 + 18 — — —

36+£3 193 £7 509 £ 17 — — —

37+£2 154 £6 — 942 — —

39 +£2 1666 560 £30 29 +2 — —

42+£2 307+ 11 530+£30 121 +12 — —
442419 489 +£18 410+ 11 276 £ 11 — —
462 +17 678+ 11 350+ 15 413 + 11 — —
4854+ 16 710+£30 237+14 511+18 6.0+ 1.1 -
S15+14 746 £9  267+15 580+£12 216+ 1.4 —
548+£12 553 £9 3754+10 471+£18 41219 —
569+ 1.1 435 £19 5104+30 391 +£15 48+2 -
59609 317 £9 578419 315+ 11 565+14 39+05
61508 242 £11 5804+25 280+£13 50+£2 60406
633407 193 £3 560430 275+12 438+ 1.1 72408
65.1 £0.6 149 £17 520420 301 £16 377+17 96+ 1.0

Table 4. Cross-sections of the "Eu(a,x)'**Gd and "*Eu nuclear reactions. The cross-
sections are expressed in mb.

E + AE 153g,cumGd 151,cumGd 149,cumGd 149,cumEu 148Eu
(MeV)

21 + 4 192 £ 4 — — — —

25+ 4 492 + 8 — — — —

28£3 621 + 11 — — — —
33+£3 314 £ 6 2.0+ 0.2 — 2.1 +£05 —

36 £3 221 £5 — — 7+3 —

37+ 2 185 + 4 9.6 + 0.7 — 53+02 —

39+£2 195 £5 309 + 1.1 — 64 + 0.5 —

42 + 2 341 + 5 124 £ 3 — 99 +£13 0.5+0.2
442 +19 531 £ 11 251 £ 4 — 17+£3 22+03
462 £17 746 £ 12 407 £ 7 — 22.0 £ 0.9 47 £03
485+t 1.6 75714 493 £ 12 — 25+3 9.7 +£0.2
515+ 14 853 +£16 594 £ 15 — 22+£3 18.8 £ 0.7
548 £ 1.2 655 +£8 504 £ 11 — 26 £ 6 254 £ 0.5
569 £ 1.1 542£10 437+ 7 27 +03 32+9 279 £ 0.2
59.6 £ 09 418 £8 369 £ 7 11.8 £ 04 52+7 29.5 £ 0.8
615+ 08 341 +£2 343 £ 8 314 £ 1.6 66 + 4 277 £ 0.5
63307 299 +£6 344 £ 11 63 +4 103 £ 11  27.7 £ 0.6
651 £ 0.6 264 +3 374 £ 5 107 £ 3 146 £ 11 272 £ 0.5




J. Phys. G: Nucl. Part. Phys. 52 (2025) 115102

M Colucci et al

20

natEU(OL,X)MgTb

-
o]

- - -
N > [}
T T T

Cross-section (mb)
>
T

@ Present work

TALYS 1.96 - default

X%

I

=X ]

55

60

65 70

Energy (MeV)

Figure 3. Cross-section for the "*Eu(c, x)l49Tb reaction. The curve obtained with TALYS 1.96
nuclear code run with default options are compared with the experimental results.

Table 5. Independent cross-sections of the "“Eu(c, x)"°>'31149Gd™ and '“Eu'™
nuclear reactions. The cross-sections are expressed in mb.

E iAE 153ngind ISIGdind I49Gdind I49Euind
(MeV)
33+£3 26+ 12 — — 2.1+05
36 + 3 26 + 8 — — 743
37+£2 29 + 8 — — 53+02
39 +£2 27 £8 — — 6.4 £05
42 +2 31+ 12 — — 99+ 1.3
442419 38 £21 — — 17+£3
462+17 62416 — — 22.0 £ 0.9
485+ 1.6 40+ 29 — — 25+ 3
515+ 1.4 100 + 18 — — 243
548 £ 12 96+ 12 29 + 21 — 26 £ 6
569+ 1.1 100220 444+16 27+03 29 +£9
59609 98 £12 52413 85+£07 39 +£7
61508 96+£11 61+15 263+£17 32 +4
633+07 104+6 67+17 57+4 33 4+ 11
651406 114+£17 72417 99+3 28 £ 12

1.96 code [32, 33] ran with default settings are compared with the experimental data. A
systematic energy shift of about 5 MeV between TALYS predictions and experimental data
is observed, in agreement with the findings of Kormazeva et al [24], suggesting that future
works should improve the level density and a-optical model parameters for a better theor-

etical description.



J. Phys. G: Nucl. Part. Phys. 52 (2025) 115102 M Colucci et al

"atEy(a,x)0Tb

60 e Presentwork 4
TALYS 1.96 - default -

50 | 1. + _

Cross-section (mb)
3 8 5

-
o
T

0 1 1 1 1
40 45 50 55 60 65 70

Energy (MeV)

Figure 4. Cross-section for the "Eu(c, x)!°°Tb reaction. The curve obtained with TALYS 1.96
nuclear code run with default options are compared with the experimental results.
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Figure 5. Cross-section for the "Eu(c, x)!°!Tb reaction. The curve obtained with TALYS 1.96
nuclear code run with default options are compared with the experimental results.

3.1. Uncertainty estimation for cross section measurements

The uncertainty associated with cross section measurements is evaluated by propagating the
errors of the relevant physical quantities. The absolute uncertainty in the cross section,
denoted as ¢, is calculated using the following expression:

ex \? e\ €0 2 eme V'
€y = (_A) + (_”) + (_) + (M) .o )
A pxX 0 MEu%

10
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Figure 6. Cross-section for the "Eu(c, x)lssz reaction. The curve obtained with TALYS 1.96
nuclear code run with default options are compared with the experimental results.
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Figure 7. Cross-section for the "“Eu(a, X)'3Tb reaction. The curve obtained with TALYS 1.96
nuclear code run with default options are compared with the experimental results.

Here, ¢; represents the uncertainty associated with the quantity i. Specifically, the
uncertainty in the activity A is computed via:

eces €1, ’ e\
e = +=] +(=) -4 3)
CPS L, €
In this context, the count rate per second (CPS) is given by CPS= %, where C is the
number of detected counts and LT is the live time. The uncertainty in the gamma emission
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Figure 8. Cross-section for the "“Eu(a, x)'**™Tb reaction. The experimental data are compared

with TALYS 1.96 nuclear code predictions.
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Figure 9. Cross-section for the "“Eu(c, x)">*™'Tb reaction. Experimental data are compared with
TALYS 1.96 nuclear code predictions.

probability 7, is obtained from evaluated nuclear data libraries [2], and the detector efficiency
uncertainty e, is typically below 3%, varying with photon energy. The charge uncertainty ¢,
accounts for both measurement precision and systematic effects from reference data, such as
those recommended by the IAEA [30].

Equation 2 assumes statistical independence of the contributing uncertainties. In practice,
A and Q are both dependent on the detector efficiency (specifically through ') and are
therefore expected to be positively correlated. This common dependence on £ ' indicates
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Figure 11. Cross-section for the "*Eu(ca, x)'>Tb reaction. The curve obtained with TALYS 1.96
nuclear code run with default options are compared with the experimental results.

that their covariance is positive. Since in equation 1 the cross section scales as o < A/Q, one
has do/0A > 0 and 0o /0Q < 0. Accordingly, in the full error propagation the covariance
term is negative and thus reduces the combined uncertainty. As our measurements did not
provide paired determinations allowing a reliable estimate of the covariance, we set it to
zero, which yields a conservative (upper-bound) uncertainty for o. For the other terms
independence remains a reasonable assumption.
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Figure 13. Cross-section for the "“Eu(q, x)'°%® ““™Tb reaction. The cumulative results include
contributions from two metastable states.

Repeated measurements of the same cross section contribute to lowering the overall
uncertainty, with relative errors commonly falling within the range of 4% to 20%. However,
higher uncertainties may arise when the independent production cross section of a radio-
nuclide is inferred from cumulative measurements, particularly when contributions from
parent radionuclides must be subtracted.

When the activity of a radionuclide is derived from repeated measurements or from
multiple gamma peaks, the uncertainty of the weighted mean is estimated as the greater of

14
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Figure 14. Cross-section for the "™Eu(a, x)'** ““™Gd reaction, including contributions from the
decay of "**Tb.
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Figure 15. Cross-section for the "™Eu(c, x)'*’Gd™ reaction. The curve obtained with TALYS 1.96
nuclear code run with default options are compared with the experimental results.

the following two formulas:

)
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Figure 16. Cross-section for the "“Eu(c, x)'>" ““Gd reaction, including contributions from '*'Tb
decay.
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nuclear code run with default options are compared with the experimental results.
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Figure 18. Cross-section for the "Eu(a, x)'** “Gd reaction, including contributions from '*Tb decay.
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Figure 19. Cross-section for the "Eu(c, x)'**Gd™ reaction. The curve obtained with TALYS 1.96

nuclear code run with default options are compared with the experimental results.

where p is the weighted mean, x; denotes the ith measurement (or gamma peak), and ¢; is its
associated standard uncertainty [34].

3.2. "Ey(a, xn)"*°Th

The cross-section for the production of '**Tb is shown in figure 3. TALYS 1.96 simulations
overestimate the experimental values.
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Figure 20. Cross-section for the "*Eu(q, x)148Eu reaction. The curve obtained with TALYS 1.96
nuclear code run with default options are compared with the experimental results.
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Figure 21. Cross-section for the "“Eu(c, x)'*** ““™Eu reaction, including contributions from '*°Gd
and "Tb decays.

The detection of '**Tb is particularly challenging due to its low cross-sections, short half-
life (T, =4.118 h), and the presence of gamma emissions in a high-noise energy region
affected by Compton scattering. Consequently, data acquisition was limited to energies down
to 59 MeV. In the presented energy range, the production of '**Tb is entirely due to the
S1Bu(a, 6n) reaction (Ey, = 50.1 MeV), as production from the 153gy isotope is not possible
below the threshold energy of 65.2 MeV.
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Figure 22. Cross-section for the "Eu(c, x)'*’Eu™ reaction. The curve obtained with TALYS 1.96
nuclear code run with default options are compared with the experimental results.

3.3. ™'Ey(a, xn)°°Th

Figure 4 presents the cross-section for the '>°Tb production. Theoretical calculations using
the TALYS 1.96 nuclear code with default settings failed to replicate the experimental data
accurately.

3.4. "Eu(a, xn)"*'Tb

The measured cross-section for '>'Tb production is presented in figure 5, along with TALYS
1.96 simulation results. The code describes the overall cross-section shape and intensity well,
but an energy shift of approximately 5 MeV is observed. The observed energy shift is clearly
visible not only in this cross-section, but also consistently across all the following ones. This
suggests that the shift is not an experimental artifact, especially since it is already present at
high energies where the energy determination is largely reliable. The production route via
151Eu(a, 4n) and 153 Eu(a, 6m), as listed in table 1, are discernible in the double-peak
structure of the excitation function.

3.5. " Ey(a, xn)1%?Th

The cross-section for the production of "?Tb is illustrated in figure 6. TALYS 1.96 results
follow the experimental trends but are shifted to lower energies. The reaction channels
15 lEu(a, 3n) and 153Eu(a, 5n) contribute to the observed double-peak structure.

3.6. "Eu(a, xn)"%°Th

The production cross-section of '>>Tb is presented in figure 7. Although TALYS 1.96
simulation reproduces the general shape of the cross-section, it underestimates the intensity
of the peak and it is shifted to lower energies.
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3.7. "™ Ey(a, xn)?*Tb

The determination of the cross-sections for the production of the two metastable states of
54Tb is complex due to the overlapping -ray emissions which originate from the same
daughter nuclide '>*Gd. The ~-ray transitions used for analysis are provided in table 1. In
particular, the peak at 540.18 keV is exclusively associated with the m1 state and was used to
determine the production cross-section of '**™'Tb. To determine the activity of the m2 state
for each target, the counts of the 346.70keV peak were corrected to account for the
contribution from the m1 state to the same emission. This gamma line was chosen due to the
relatively low intensity of the m1 contribution, which helps to minimize the error associated
with the subtraction of counts. Moreover, the five point at higher energy have been corrected
for the presence of '*°Gd emitting gamma rays at the same energy (E,=346.650keV,
1,=23.7 %).

TALYS 1.96 predictions agree reasonably well with the experimental data for the pro-
duction of '**™Tb reported in figure 8.

Figure 9 shows the production cross-section for '>*™'Tb. TALYS 1.96 significantly
underestimates the experimental data.

Determining the production cross-sections of the ground state of '>*Tb presents sig-
nificant challenges. These include overlapping spectral peaks, substantial uncertainties in
nuclear data (see table 1), and discrepancies in decay schemes and half-lives proposed by
various authors, all of which hinder the establishment of a reliable dataset for this excitation
function.

The branching ratios of the isomeric transition (IT) process for the metastable state were
first measured by Lau et al [35]. According to their findings, the probability of the transition
my — my is 1.8%, while the Live Chart of Nuclides library reports that the m, isomer decays
directly to the ground state [36]. For the transition m; — g, Lau et al [35] determined a
probability of 21.8%, whereas Bak et al [37] reported a lower value of 15%. Furthermore,
the NUBASE2020 evaluation of nuclear physics properties [38] suggests a different ordering
of the three isomers of '>*Tb, asserting that the available experimental data are insufficient to
unambiguously identify the ground state. Additionally, the IT probability for these isomers is
reported as either unknown or negligible.

In this study, our observations align with the hypothesis of a low or negligible contrib-
ution of '*™Tb (half-life: 9.4 h) to the growth of "**&Tb (half-life: 21.5 h), consistent with
results reported by Dellepiane et al [12]. In their investigation, the activity of '>*¢Tb as a
function of time exhibited a simple exponential decay curve, which is incompatible with the
expected ground state activity growth due to an IT intensity of Iyr = 21.8% from ">*™'Tb.
The absence of such growth strongly indicates that the contribution of '>*™!Tb to the ground
state is negligible.

Due to limited measurements, typically only 3—5 data points within three days post-EOB,
we were unable to fully track the decay. Nevertheless, when including contributions from
metastable states, the derived activity values of 1542Th at EOB often exhibited time
dependencies or values compatible with zero, suggesting that the observed ground state
activity primarily originates from metastable state decay, which is unlikely. Conversely,
when the contribution of >*™'Tb was excluded, the AF°B(!5*¢Tb) values measured at dif-
ferent times post-EOB were mutually consistent.

This assumption, while strong, highlights the need for future studies to refine the gamma-
transition intensities of 154Tb, elucidate relationships between its isomeric states, and
reconcile discrepancies in half-lives and branching ratios reported in the literature. These
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efforts are essential to achieve a more accurate determination of the excitation function and
production cross-sections of '3*¢Tb.

Another source of uncertainty is the half-life of '*™'Tb, initially accepted as 9.4 h 4 [2]
but recently re-evaluated to 9.994 h 39 [39]. For this analysis, we used the former value.
Additionally, uncertainties in gamma-emission intensities, which can reach up to 20%,
further contribute to the overall uncertainty.

The production cross-section of '**¢Tb is shown in figure 10. TALYS 1.96 nuclear code
overestimate of a factor 2 the experimental points.

3.8. "Eu(a, xn)"%°Th

The cross-section for the production of '*>Tb is presented in figure 11. This reaction pri-
marily proceeds via 153Eu(a, 2n), while the 15 lEu(a, %) contribution is negligible, as con-
firmed by simulations and the results from Gyiirky et al [40] and from Moiseeva et al [22].
Figure 12 presents the experimental data from Gyiirky ef al (2010) [40], compared with
TALYS 1.96 predictions and the theoretical contribution of '>*Eu relative to '>'Eu. This
theoretical value was obtained by calculating the ratio between the production cross-sections
of '*>Tb on '>*Eu and '*'Eu, based on TALYS 1.96 simulations. The use of this approach is
supported by the good agreement observed between the theoretical predictions and the
experimental data in both figures 11 and 12. The results suggest a minimal impact from '>'Eu
in the studied energy range. This is supported by the fact that Moiseeva et al [22] which
reported no production of '*>Tb through the reaction '>'Eu(a, 7) in the 19-60 MeV energy
range.

3.9. "Ey(a, xn)"%%9Th

°Tb has two metastable states in addition to its ground state. However, determining the
production cross-sections of 156mly, (T1=24.4h) and 156m2y, (T12=35.3h) was not
feasible. The primary challenge for '*°™'Tb is that its characteristic gamma emission at
49.630keV overlaps with the x-ray emissions of Tb, Gd, and Eu. For 156szb, the only
reported gamma emission at 88.4keV has an intensity of less than 1.15% [2], though a
precise value is not available in the literature.

The cumulative cross-section for 15(’gTb, which includes contributions from metastable
states, was determined by starting the measurements of the activity of '3°¢Tb 8 d after the
irradiation and it is presented in figure 13. TALYS 1.96 predictions show good agreement
with the experimental data, although the code underestimates the cross-section at the energy
of 21 MeV.

3.10. "™'Eu(a, x)'*°Gd

The cumulative production of '*°Gd, including the decay contribution of '**Tb, is shown in
figure 14. Measurements were taken one week post-irradiation to ensure complete decay of
the parent nuclide, also minimizing background noise. TALYS 1.96 predictions under-
estimate the experimental results.

The independent cross-section of production of '*’Gd in shown in figure 15. Also in this
case the simulations underestimate the data.
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3.11. ™Ey(a, x)"°'Gd

The production of '*'Gd is primarily due to the decay of '>'Tb, as confirmed by comparing
figure 16 and figure 5. The cross-section values were measured 1-4 months post-irradiation,
ensuring accurate cumulative measurements.

The independent cross-section of production of '*'Gd in shown in figure 17 where it is
compared to the TALYS 1.96 simulation curve that slightly overestimate our results. It was
possible to determine the independent cross-section only down to 55 MeV since for lower
energies the uncertainties were too high with respect to the value.

3.12. "Euy(a, x)"%°Gd

The cumulative production cross-section for '>*Gd, including the decay contribution of '>>Tb,
is shown in figure 18. Measurements were taken more than 1 month post-irradiation,
ensuring accurate data.

The independent cross-section of production of '*>Gd in shown in figure 19 where it is
compared to the TALYS 1.96 simulation curve that underestimates our results but shows a
similar trend. It was possible to determine the independent cross-section only down to
32 MeV. The excitation function shows a scattered behavior around 50 MeV and high
uncertainties coming from the error propagation rule.

3.13. "™'Eu(a, x)'*8Eu

The cross-section for the "**Eu production is shown in figure 20. TALYS 1.96 presents the
energy shift common also to all the previous data, and underestimate the shoulder region
between 55-60 MeV.

3.14. "'Eu(a, x)"*°Eu

The cumulative cross-section for '* Eu, originating from the decay chain
1497 — 19Gd — '*°Eu, is presented in figure 21. The predictions of TALYS 1.96 match
well with the experimental results.

The independent cross-section of production of "*’Eu in shown in figure 22 where it is
compared to the TALYS 1.96 simulation is in agreement with the experimental data.

4. Production of '**Tb from highly enriched '>*Eu targets

The production of '>>Tb is of significant interest due to its potential applications in nuclear
medicine, particularly in theranostic approaches where it can be used alongside other terbium
isotopes for imaging and therapy. While various production methods exist, the direct route
via the ">*Eu(q, 2n) reaction offers a potential advantage in terms of simplicity and the
possibility of obtaining '>>Tb in a NCA form. However, optimizing this production pathway
requires careful assessment of yield, radionuclidic purity, and feasibility under practical
irradiation conditions.

The end-of-bombardment (EOB) thick target yield, TTY®®® (in MBqpA™), which
quantifies the activity produced per unit of beam current, depends on irradiation time in a
nonlinear fashion. It is related to the physical yield via the following equation [41]:
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In this equation, aypys (in MBq C™") is the physical thick target yield [41], E is the incident
energy of the alpha particles, AE is the energy dissipated in the target material, and %%
represents the mass stopping power. The constants Na, M, A, Z, and e correspond respec-
tively to Avogadro’s number, molar mass, decay constant, atomic number of the incident
particle, and the elementary charge, as previously defined in equation (1).

To evaluate the viability of the approach presented in this work, we estimated the yield
and purity of '3Tb assuming an ideal 100% enriched '>*Eu target. The following hypotheses
were considered to establish a simplified model for the reaction dynamics and to assess the
impact of potential contaminants:

1. Production of > Tb. Tt is assumed that '>>Tb is exclusively produced via the '>*Eu(a,
2n) reaction within the studied energy range. This assumption is corroborated by
TALYS 1.96 nuclear reaction modeling, which accurately reproduces the '>'Eu(a, 7)
cross-section data from Gyiirky e al [40]. Contributions to '>>Tb production at energies
above 20 MeV are considered negligible.

2. Production of "*Th Isomers. All '>*Tb isomers produced above the threshold energy for
the '>*Eu(a, 3n) reaction (25.5MeV) are attributed solely to this process, neglecting
contributions from “'Eu(, n). This assumption is both conservative and reasonable.
Experimental data and simulations (figures 8, 9, 10) indicate that, above 25 MeV, only a
diminishing tail remains of the '**Tb production curve associated with '>'Eu. If a
fraction of '>*Tb is indeed produced via °'Eu, its exclusion from the '*>*Eu target would
increase the purity of '>>Tb, as '>*Tb acts as a contaminant.

3. Exclusion of ">>Tb. Since no reliable assumptions can be made for the production of
153Tb on enriched '>’Eu, the analysis is restricted to energies below the threshold of the
33Eu(a, 4n) reaction (32.5 MeV), where '>>Tb production is energetically impossible.

The irradiation time has been chosen to be 10 h to perform a comparison with the data
from [24]. However a longer time may be advantageous both in terms of yield and purity
since the production of '3*Tb isomers reach the saturation value in a shorter time, increasing
the ratio between '>>Tb and "***Tb activities.

The activity per unit of current at EOB of '*>Tb produced in these conditions is reported
in figure 23. The yield obtained in this study is 10%-20% lower compared to the values
reported by Kormazeva et al [24] over the entire investigated range. This slightly lower
yields can be ascribed to the denser energy sampling around the '>>Tb excitation-function
maximum in that work. In our case, a finer energy grid was not feasible because a-particle
straggling would have introduced large uncertainties in the effective beam energy. At
overlapping energies, the cross sections remain consistent within uncertainties after rescaling
for the isotopic enrichment with data of Kormazeva et al [24].

4.1. Optimization methodology

In this study, we employed the Non-dominated Sorting Genetic algorithm IT (NSGA-II) to
optimize the production parameters for '>>Tb. NSGA-II is a widely recognized multi-
objective evolutionary algorithm renowned for its efficiency in handling complex
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Figure 23. Activity per unit of current of '>>Tb at the EOB, as function of the incident alpha beam
energy and of the loss of energy within the target. A 10 h long irradiation has been assumed. The
black contour lines correspond to iso-yield curves, with the labels indicating the activity per unit
current at EOB along each contour.

optimization problems involving conflicting objectives [42]. The algorithm operates by
iteratively evolving a population of potential solutions through selection, crossover, and
mutation, guided by non-dominated sorting and crowding distance mechanisms to ensure
convergence towards a diverse Pareto-optimal front.

The optimization process was structured as follows:

1. Decision Variables. The key parameters influencing '>>Tb production—beam energy E,
target thickness S, and post-EOB cooling time —were selected as decision variables.
Their ranges were set according to the activity grid used for interpolation:
E € [20.5, 32.5] MeV, S corresponding to an energy loss AE € [0.5 — 13] MeV, and
t € [0, 864000] s (0-104d).

2. Objective Functions.

— Yield maximization: Y(E, S, t) = A;s5(?), i.e. the activity of 55T} after cooling time 7,
obtained from interpolation of the thick-target yield grid and propagated in time
using the decay equations.

— Purity maximization: P(E, S, ) = Ayss(f) />_:A,(f), where the denominator includes all
isotopic contaminants. P was clipped to the interval [0, 1] to avoid spurious values.

To fit the NSGA-II minimization framework, the fitness vector was defined as

F(E,S, t)=(=Y(, S,t), —P(E, S, 1),

with equal weighting of the two objectives. No normalization was applied, since NSGA-II
handles differently scaled objectives via Pareto dominance.

3. Algorithm Configuration. The NSGA-II parameters were set to ensure convergence
while maintaining computational efficiency. Specifically, we employed a population size
of 100, 200 generations per run, simulated binary crossover with probability 0.9 and
distribution index 7. = 15, and polynomial mutation with probability 0.2 and
distribution index 7,, = 20. The algorithm was implemented using the pymoo
optimization library in Python [43]. Two constraints were enforced: (i) E — S > 19 MeV
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Figure 24. Pareto front obtained from the optimization process. Each point represents a trade-off
between '>>Tb yield and radioisotopic purity. The gray region represent region where Radioisotopic

Purity is higher than 97 %, while the green region cover the points where yield is higher than
20 MBqpA™.

to ensure validity of the interpolation domain, and (ii) P > 0.90 to guarantee minimum
purity. With this configuration, results from 30 independent runs with distinct random
seeds produced overlapping Pareto fronts, demonstrating the absence of seed

dependence and confirming the algorithmic robustness of the optimization procedure
(see section 4.3).

By applying NSGA-II, we effectively navigated the trade-offs between yield and purity in
5Tb production, identifying a set of Pareto-optimal solutions that offer a spectrum of
choices depending on specific application requirements. This methodology underscores the

utility of advanced multi-objective optimization techniques in radionuclide production
processes.

4.2. Optimization results

The optimization process yielded a Pareto front that illustrates the trade-off between the two
competing objectives: maximizing the yield of '>>Tb and enhancing its radionuclidic purity.
The Pareto front, shown in figure 24, provides a set of non-dominated solutions where any
improvement in one objective results in a compromise in the other.

This visual representation facilitates the selection of production parameters based on
specific application requirements, balancing yield and purity as needed.

The obtained points have been filtered by considering the following constrains: Yield
higher than 20 MBq pA™', Radioisotopic Purity greater than 97% and a decay time longer
than 2 h to ensure the time needed for the target manipulation. These constrains lead to an
energy of the beam of 28.5 MeV and a loss of energy of 5 MeV that corresponds to a mass
thickness of 44.6 mgcm 2 of Eu metal form, i.e. 85um of Eu considering the nominal
density of 5.244 g cm > with a yield of 27 MBq pA™". If we consider an oxide target, a mass
thickness of 40.0 mg cm > are required to degrade the energy from 28.5 MeV to 23.5 MeV,
equivalent to 54 um of europium oxide assuming the density of 7.4 gcm . In this case the
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Yield is reduced to approximately 21 MBq uA™" considering the difference in thickness and
the factor mg,q, = 0.86% obtained as ratio between two times the molar mass of Eu and the
molar mass of Eu,O3. The Radioisotopic Purity obtained in both conditions is of 97% at the
EOB that remains constant during the time given the negligible contribute of the '3*Tb
isomers and the comparable half-life of '3**Tb that represents the main contaminant at all
cooling time. In practical scenarios, where enrichment levels of >*Eu reach 99.8% as
reported by Kormazeva et al [24], the eventual presence of '>'Eu in the target may affect the
radioisotopic purity: it would lead to the co-production of '>*Tb that is not possible to
remove chemically or by decay considering its half-life of 2.34 d. Nevertheless, experimental
results on realistic targets indicate that the fraction of '*Tb remains below 0.1% in this range
[24], so the overall impact on radioisotopic purity is minor. There is accordance between the
results presented here and the one obtained by Kormazeva et al (2024), that determined a
percentage of *°Tb between 3% and 5% when irradiating enriched 'Eu in this energy
range [24].

The energy required for the alpha beam is similar to the one that is commonly used to
produce the therapeutic relevant radionuclide 2H AL [44].

In table 6, the results of this work are compared with other direct production routes of
'55Th. While some of the proposed routes yield higher production rates, none of the direct
nuclear reactions achieves a radionuclidic purity as high as 97 %. It should be noted,
however, that in this work a target composed of 100 % enriched 153y was assumed, whereas
other studies based on '>>Gd or '"°Gd used the highest enrichment levels currently available.
Nevertheless, [24] succeeded in obtaining '**Eu-enriched targets up to 99.8 %, a value very
close to the one assumed in this study. On the other hand, enriching targets in '>>Gd or '*°Gd
is more challenging due to their low natural isotopic abundances, maximum enrichment
obtained currently are 91.9 % for '*>Gd and 93.3 % for '°°Gd [12]. In presence of '*°Gd,
156Th will always be produced [13]. It has been demonstrated that, in the case of the ]55Gd(p,
n)'*Tb reaction, '°>Tb can be produced with a quality suitable for medical applications
using low-energy proton beams and '*>Gd-enriched targets, provided that the '*°Gd impurity
content does not exceed 2%. Under these conditions, the increase in patient dose due to
contaminant radioisotopes remains below the 10 % threshold [18]. The production of '>>Tb
through the '>>Gd(d, 2n) reaction has also been investigated, as reported by Wang ez al [15].
In this case, long decay times of about 14 d (about 3 half-lives of '°>Tb) are required to reach
a radionuclidic purity of 89%, which however comes at the cost of reduced yield.

Compared to the indirect route '>*Tb(p, 51)'>’Dy — '*>Tb [31], which provides both
higher yield and purity but requires very thick targets and two separation steps, the direct a-
induced route on enriched '*’Eu is less productive but technically simpler and uniquely
allows the production of no-carrier-added (NCA) '3>Tb, an important advantage for medical
applications. Simple strategies of chemical separation of Tb from Eu target have already
been discussed in the literature [45], and are not addressed in detail here. These factors
support the consideration of this route as a promising alternative for '>Tb production.

The results should be verified experimentally by performing irradiation runs of thick
targets of enriched '>*Eu. Alpha particles in the considered energy range have a high LET,
which typically limits the maximum beam current that can be safely applied to the target due
to thermal constraints. A detailed thermal analysis was not attempted in this work, since the
target stability depends not only on the matrix material (Eu,O3) but also on the specific
preparation technique and the cooling design adopted by each facility. As such, meaningful
simulations (e.g. ANSYS-based) can only be performed once the actual target configuration
is defined. We therefore limited our discussion to underlining the importance of thermal
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Table 6. Comparison of different various production methods for '>>Tb. Only the Qphys

other works. The decay time to reach the maximum purity has been reported (fg). ® In the case of the indirect process, the activity per unit of
current in an irradiation scenario of 30 h and a waiting time between the two required separation procedure of 40 h is reported, since a definition of

physical yield for the indirect process is not possible.

EOB

has been reported to be compared with the results from

Process Source Energy Target form Target thickness ];J?yBs tq RNP
(MeV) (jum) (MBqpA™h™)
5Gd(p, n) [12] 10.5 ('33Gd)Gd,04 300 3.4 4d 93%
156Gd(p, 2n) [12] 18.5 (13°Gd)Gd, 04 300 14.3 4d 89%
15Gd(d, 2n) [15] 15.1 ('*Gd)Gd,04 390 10.2 14d 89%
3Eu(a, 2n) this work 28.5 metal '**Eu 85 2.8 / 97%
133Eu(a, 2n) this work 28.5 (**Eu)Eu,0;4 54 2.2 / 97%
9Tb(p, 5n)'%°Dy [31] 59 Tb,0; 3000 1200 / >99.9%
MBqpA~' @
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Figure 25. Comparison of Pareto fronts under two robustness analyses. (a) Algorithmic robustness:
Pareto fronts from 30 runs with distinct random seeds (A fixed). Fronts obtained with different
random seeds are essentially overlapping, indicating absence of seed dependence. (b) Physical
sensitivity: Pareto fronts from 30 Monte Carlo scenarios with perturbed decay constants (£5%).

constraints, and we note that future investigations on target engineering and cooling stra-
tegies will be essential to complement the present nuclear data.

4.3. Robustness and sensitivity analysis

We assessed two distinct sources of variability affecting the Pareto front in the
(Yield, Purity) objective space:

1. Algorithmic robustness. variance induced by the evolutionary optimizer. In this case, all
decay constants were fixed to their nominal values, and 30 independent NSGA-II
optimizations were performed with different seeds (1000-1029).

2. Physical sensitivity. propagation of experimental uncertainty in the nuclear decay data.
Here, the decay constants {\;} were perturbed with multiplicative Gaussian noise (log-
normal approximation) with relative standard deviation o,y = 5%. For each scenario,
the optimizer seed was held fixed in order to isolate the effect of A\ perturbations.

Figure 25(a) illustrates the dispersion of Pareto fronts obtained with 30 distinct seeds. The
following behaviors have been observed:

1. Across seeds, Pareto fronts remain tightly clustered around the nominal front.
Occasional outliers can be observed, corresponding to under-converged runs, which
typically vanish when the evolutionary budget (population size and/or number of
generations) is increased.

2. No systematic bifurcations of the front were observed once convergence was ensured,
confirming that the optimization procedure is robust to stochastic variation.

Under +5% perturbations of the decay constants, the Pareto fronts remain tightly grouped
around the nominal curve (figure 25(b)). The deformation is not a uniform shift but rather a
tilt of the front: purity is marginally improved at the low-yield /high-purity end, while yield

is slightly increased at the low-purity /high-yield end. The Pareto knee remains essentially
preserved.
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5. Conclusion

This study represents the first comprehensive investigation into the nuclear cross-sections of
"Bu(q, x) reactions, focusing on the production of medically relevant terbium isotopes over
an energy range of 20-65 MeV. By employing europium oxide nanopowder targets and
advanced gamma spectrometry techniques, we have successfully determined excitation
functions for various terbium isotopes and non isotopic contaminants. The consistent
~5MeV energy shift observed between TALYS calculations and the measured excitation
functions highlights the need for future theoretical work focused on refining level-density
models and a-optical potentials, in order to achieve improved predictive accuracy.

The consideration that '>>Tb production can be attributed mainly to the '>’Eu(a, 2n)
reaction paved the way for optimizing production routes using enriched '>*Eu targets. Multi-
objective optimization using NSGA-II demonstrated that high yields and radionuclidic purity
(97%) of '5>Tb are achievable under beam energy and energy loss within the target con-
ditions of 28.5 and 5 MeV respectively. These results underscore the potential of alpha-
particle irradiation as a viable method for producing high-purity '>>Tb. Importantly,
robustness and sensitivity analyses confirmed that the optimization outcomes are stable with
respect to both algorithmic stochasticity and £5% uncertainties in decay data, further
strengthening the reliability of the proposed optimization method.

Comparison with other direct production routes, including proton and deuteron-induced
reactions on gadolinium targets, reveals that the proposed method offers competitive yields
and superior radionuclidic purity, considering the present enrichment possibilities of targets
of '>Gd, without requiring extended decay times.

Future work should focus on scaling up the production using enriched europium targets
and conducting irradiation studies with optimized parameters to validate the predicted yields
and purities. As alpha particles impose stricter thermal constraints, preliminary thermal
characterization of Eu,0Oj3 targets a function of temperature and density is recommended to
ensure safe and efficient irradiation conditions. Additionally, further investigations into the
decay schemes and isomeric states of '>*Tb that represents a key source of uncertainty in the
theoretical determination of the purity of the final product. These efforts will contribute to
establishing reliable production methods for terbium isotopes, thereby accelerating their
integration into clinical settings for diagnostic and therapeutic purposes.
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