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Introduction

Since the discovery of radioactivity, the scientific community has realized the
potential applicability of radioisotopes to Nuclear Medicine, both for diagnostic
and/or therapeutic purposes. Different applications were soon identified for
selected natural radioisotopes, depending on their physical properties, as their
half-life and the energy of the particles emitted in the decay (a, 87, 57, v
and Auger electrons). The scenario was further enriched by the discovery of
artificial radioactivity and by the development of the technologies that led in
the following years to nuclear reactors and cyclotrons.

In this context it is interesting that one of the first methods to produce
medical radionuclides, namely the radionuclide generator, was invented at the
beginning of the last century, even before important studies and developments
in Modern Physics, like for example the discovery of the neutron, the devel-
opment of Quantum Mechanics or the construction of the first cyclotrons. In
a generator, the nuclide of interest is obtained from the decay of its parent
nucleus with a timing schedule dictated by the natural half-lifes involved: the
first generator device was based on the ?2Ra/???Rn decay chain and, since the
product could be made available each day, it was also named “milk cow”.

Nowadays, this production route is referred to as an indirect method and
is often presented as a third option alongside the use of nuclear reactors or cy-
clotrons, which instead allow the direct production of radioisotopes. Radioiso-
tope generators have been developed and contribute to the production of some
of the most widely used radionuclides, such as the “™Tc from Mo/ Tc
generator, ®Ga from %Ge/%Ga or ?°Y from *Sr/*Y and many others. Obvi-
ously, in these systems, the progenitors of the nuclides of interest are produced
using reactors or cyclotrons. The latter are steadily increasing as they allow
to overcome certain limitations presented by the use of reactors, like the high
costs for the materials and for the reactor maintenance as well as the safety
of the involved workers. Great interest is currently devoted to the study of
reactions to produce innovative radionuclides using cyclotrons of low energy
(typically available in hospitals) or of medium energy (in research centres)
and possibly also natural targets, further reducing the target production and
enrichment costs.



Recently the attention of the applied nuclear physics community, involv-
ing the International Atomic Energy Agency (IAEA), the European Council
for Nuclear Research (CERN) and the National Institute for Nuclear Physics
(INFN) to cite a few, has been particularly involved in the production of ra-
diopharmaceuticals that can be used in theranostics. This term is the fusion
of two words, therapy and diagnosis, and refers to the use of a single molecule
carrying particular radionuclides that emit radiation useful both for therapeu-
tic and diagnostic purposes. The use of this new term was firstly reported in
1998 by John Funkhouser, even if already in 1941 the concept of using radioac-
tive iodine (*3'1), for imaging and treatment of patients with hyperthyroidism
and later thyroid cancer, was applied by Saul Hertz. Only later (in 1951)
the U.S. Food and Drug Administration (FDA) approved sodium iodide for
use in patients with thyroid disease, and from there the investigation of new
theranostic nuclides has increased, initially with the use of neutron-induced
reactions in nuclear reactors to produce for instance 3'I and ®Re. Coming to
recent times, charged-particles-induced reactions are prevailing and alternative
routes are studied to produce the already established radionuclides as well as
new promising ones (like ’Cu and 7Sc) with physical and biological features
of great interest for medical applications. For this reason different projects
have been proposed by international research groups and an example is given
by the project REMIX (Research on Emerging Medical radlonuclides from the
X-sections), which has been recently funded by INFN. The project is focused
on the production of a variety of different theranostic radionuclides, in par-
ticular terbium (Tb) that is a very interesting element. In the periodic table
terbium is the only element with four radionuclides (14°Tb, 2Th, %5Tb and
161Th) that can be used for different purposes in medicine: to perform diag-
nosis with Positron Emission Tomography (PET) and Single Photon Emission
Computed Tomography (SPECT), and therapy with o and = particles and
with Auger electrons.

This thesis presents how the knowledge of the nuclear reactions and ra-
dioactive decay physics is at the foundations of medical radionuclide produc-
tion. Specifically, a simulation study of the following generator reactions is
described to indirectly produce Tb (T;/,=>5.32 d):

p+""Th — Dy+51 — T, (1)
d+"Tb — YDy+6n — Tb, (2)
a+"Gd — YDytazzr — PTh (3)

In all cases, by using protons, deuterons and « particles on different natural tar-
gets, the aim is to produce '»Dy which, decaying with an half-life T /2=9.9 h,
generates the nuclide of interest, 1°>Th. All the three reactions have been stud-
ied experimentally and the measurements available in literature show that the
cross section peak of %Dy lies in the region from 30 to 70 MeV. Therefore the
nuclide has to be produced and studied with an intermediate energy cyclotron,



like for example the Selective Production of Exotic Species (SPES) cyclotron
of the INFN National Laboratories of Legnaro (INFN-LNL), operating in the
range of 35-70 MeV. The reaction represents an opportunity also from the nu-
clear physics points of view, since new measurements and studies are necessary
to identify the optimal conditions for the production of '**Tb with high purity:
the number of produced nuclides have to be carefully evaluated, considering
the problem of the different channels generated in the reaction and taking into
account the radioactive decay chains that also produce contaminants.

In the first chapter, after an introduction to the subject, the description
of the terbium nuclides useful in nuclear medicine is presented. The physical
principles of the SPECT imaging technique in which *Tb will find its main
use are also reviewed. An overview of the available experimental data for each
reaction is also shown to get the first general insights for the theoretical inves-
tigation of the three reactions. In particular, new experimental measurements
are planned in the REMIX project, but are not available yet and they could
not be used to support the calculations. In the second chapter an overview
of the theory of nuclear reactions is discussed, with emphasis on the aspects
that have been particularly important in this study, namely the optical poten-
tial, the rotational effects due to the collective motions of heavy nuclei, the
pre-equilibrium process and the nuclear level density of the produced nuclides.
Attention is also given to the features provided by the nuclear reaction code
TALYS which has been used to obtain the results. In this context the defini-
tions of the important quantities, such as yields and purities, are presented in
a general formalism applicable both to direct and indirect productions.

In the last three chapters the original results of the thesis are presented.
In particular in Chapter 3, on the basis of the theory presented, an accurate
analysis of the cross sections is shown, also with a comparison with standard
calculations. Cross section plots are presented and discussed for each reac-
tion and the values of the TALY'S parameters found in this study are reported
allowing the replicability of the obtained results. In Chapter 4 the results
of the calculation of the activities and purities of the final product are pre-
sented. A particular methodology to optimize the production of a medical
radionuclide is presented for the first time: a multi-criteria analysis is applied
to select yield and purities achievable in the optimal conditions for each gener-
ator. Different scenarios are explored within the limits posed by the European
Pharmacopoeia. For the reactions with protons and « particles, the results are
compared with the experimental yields and purities found in the literature in
similar conditions. For deuterons, this work represents the first quantitative
study for the production of *Tb. In the last chapter, the three generators
are compared among each other and with the direct production route via the
(p,n) channel on '**Gd, which is today the only practical way to produce *Th
in hospitals for clinical use. This allows to find the most promising reaction



for the production of %Tb and to indicate in the conclusions guidelines to
optimize the production of **Tb.



Chapter

Theranostics and terbium

In the last years the interest for applications of Nuclear Physics to Medicine
has incredibly increased and has provided an effective contribution to help
physicians to improve health conditions of cancer patients. The attention has
been focused on the study of the effect of ionizing radiation on living systems.
In general two are the possible approaches: the use of external radiation, like
X rays in radiation therapy or charged particles (protons and other ions as car-
bon) in hadrontherapy; the use of internal radiation with radioactive nuclides
administered to patients. In particular, the production of innovative radioiso-
topes, which can be obtained by irradiating a target with projectile beams of
specific current and energy, has raised the attention of the community [1, 2]. In
nuclear medicine radioactive isotopes have represented powerful tools [3] since
the discovery of radioactivity thanks to the creation of radiopharmaceuticals.
These drugs are mainly composed of a radioactive nucleus which is part of
an atom bound to a specific molecule with chemical and biological features to
match a targeted cell. Depending on the half-life and on the energies of the
emitted particles, the radionuclides can be used in:

e diagnosis: to study possible critical pathologies and the metabolic effects
of the radionuclides used in therapy, using v emitters for SPECT (Single
Photon Emission Computed Tomography) or also positron emitters for
PET (Positron Emission Tomography).

e therapy to treat cancer cells using o, 57, Auger and/or internal conver-
sion electrons.

Among the different techniques used in Nuclear Medicine, the use of ra-
diopharmaceuticals is increasingly growing thanks to the development and im-
provement of the technologies of nuclear reactors and accelerators applied to
the production of radioisotopes. In general, research on new imaging radionu-
clides involves the investigation of nuclei with radiation similar in energy and
intensity to the one of the most common radionuclides already used in clin-
ics. The reasons are mainly two and are related to both imaging and therapy.



1. Theranostics and terbium

Nuclide | Ty2 Decay | Eg+ (max) (keV) | E, (keV) (%)

mode
64Cu | 12.7h | B+ (17.8) 653 1346.0 (0.53)
67Cu | 2.58 d | 5~ (100) 577 184.6 (48.6)
49Sc 3.9h | BT (94.3) 1470 1157 (99.9)
17Sc 3.35d | 5~ (100) 610 159.4 (68)
1241 418 d | pT(22) 2137 602.7 (61)
1317 8.02d | 5~ (100) 607 364.5 (82)

Table 1.1: Main decay data of few theranostic pairs [5].

For diagnostic purposes, the same detectors can be used: some of them (scin-
tillating crystals) are already well established and used thanks to their high
detection efficiency and energy resolution of the emitted gamma rays. The
most used nuclides are *F for PET and *™Tc for SPECT. The properties
and use of the latter radionuclide are described in Section 1.2.1. In therapy,
radionuclides with similar features (emitted particles and their energies) can
induce the same effect after their interaction with matter (tissues and biologi-
cal structures). In particular, the ionizing radiation interacts with the medium
and releases energy, stopping inside it or continuing to travel, depending in
general on the incoming energy and on the thickness of the material. From
a physical point of view there are two important quantities useful for both
external and internal radiotherapy. They are the range of the particle (the
average distance travelled by the particle in the medium) and the Linear En-
ergy Trasfer (LET) defined for charged particles as the mean energy loss per
unit path length. The latter quantity allows to describe the distribution of
the energy released in the tissues. Radionuclides emitting particles with short
range and high LET can damage irreversibly the biological structures near the
concentration region of the injected radiopharmaceutical. An example of this
effect is shown in Section 1.2.2. On another hand, from a biological point of
view, a further important and useful quantity (especially used in external ra-
diotherapy) is the Relative Biological Effectiveness (RBE), which is the ratio
between the dose of a reference radiation (typically X-rays or y-rays) and the
dose of a radiation of interest, to obtain the same biological effect (isoeffect).
It is a dimensionless quantity that requires the specification of the type of
radiation, of the type of the target cell/organ and of the biological endpoint
(DNA strand breaks, mutations, ... ). If one of these quantities is not fixed,
different RBE definitions can be obtained [4].

On this basis, few nuclides can be found that provide both diagnostic and
therapeutic radiation and can be used to achieve a more personalized treat-
ment for the patient. This represents the theranostic approach and is realized
using a single radionuclide with different decay modes or a couple of radioiso-
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1.1. The Swiss Army knife for nuclear medicine

Nuclide | Ty2 Decay E. <Eg > E, L,
mode and | (MeV) | (MeV) | (MeV)
branching

M9Th | 412 h | « (16.7%), | 3.967 | 0.730 | 165.0 | 26.4
BT (83.3%) 352.2 | 294

388.6 | 184
652.1 | 16.2
12Th | 17.5h | BT (100%) - 1.140 | 271.1 | 9.5
344.3 | 63.5
586.3 | 9.2
7789 | 5.5
1%5Th | 5.32d | EC (100%) - - 86.6 32
105.3 | 25.1
180.1 | 7.5
262.3 | 5.3
ITh 1 6.91d | B~ (100%) - 0.154 25.6 | 23.2
48.9 | 17.0
74.6 | 10.2

Table 1.2: Decay characteristics of the four terbium radionuclides [6, 8, 9.
(EC=electron capture)

topes of the same chemical element (or of different elements but with similar
chemical properties). In this way, the labelled-radiopharmaceuticals have the
same biological distribution and their concentration is localized in the same
regions inside the human body. Different elements are currently investigated
and few matched pairs of radionuclides are found for this purpose, like Cu-
67Cu, 449Sc-47Sc and '2*I-'3'] to name a few, for a combination of PET and
internal radiotherapy (Tab. 1.1). However also single radionuclides are used,
as the case of ""Lu which is a 3~ emitter and has y-rays suitable for SPECT
imaging [5].

In this work the attention is focused on terbium due to its very interest-
ing properties for theranostics applications in nuclear medicine [6, 7, 8]. In
the following, the potentialities of some terbium isotopes are presented with
particular consideration on '*>Tb, illustrating its innovative production routes.

1.1 The Swiss Army knife for nuclear medicine

Recently, many groups have carried out studies on innovative theranostic ra-
dionuclides and have identified terbium as a very promising and versatile el-

ement for medical applications thanks to its four interesting radioisotopes:
9T, 152Th, 155Th, 61Th. Their physical properties, reported in Tab. 1.2,

7



1. Theranostics and terbium

® PET @ Beta Therapy
® SPECT Alpha Therapy
@ Auger e Therapy

Figure 1.1: Principal clinical applications of terbium radionuclides.

make them suitable for PET, SPECT, Auger electrons and a— and f—particle
therapy [8, 9, 10] (as represented in the Fig. 1.1). For this reason terbium is
referred to as the “Swiss Army knife” for nuclear medicine [7].

A first in-vivo study has been performed by Miiller et al. [8] confirming
the potential use of these radionuclides in Nuclear Medicine, alone or com-
bined in matched pairs for theranostic applications. In particular, Ref. [8] has
represented the first report on the pre-clinical application of the four terbium
radioisotopes using the same targeting agent, suggesting further studies on
these radionuclides and on new tumor-targeting molecules.

The radionuclide 9Th emits short range o particles [11] which are char-
acterized by a high LET that allows to induce critical DNA damage in cancer
cells. Among radiolanthanides *Tb is the only one suitable for o therapy
thanks to its half-life of 4.14 h, as already proved in literature [8, 12|. More-
over it is also a positron emitter and its potential application for PET imaging
has been recently demonstrated [12], therefore allowing the use of a single
radionuclide for imaging and « therapy.

The radionuclide *2Tb is suitable for PET imaging, since it emits positrons
of an average energy of 1.080 MeV. This nuclide has already been used for
preclinical studies [13] and also for the first human multimodal PET/CT scan
[14]. The latter study compares »?Tb with a common PET nuclide, ®Ga
(T1/2=68 min). Terbium provides a lower image quality with respect to Ga,
but can be really useful for pre-therapeutic dosimetry thanks to its longer
half-life.

The radionuclide *>Tb decays by electron capture and emits v rays suitable
for SPECT imaging without high radiation dose to the patient and can be used
for pre-therapeutic imaging and dosimetry like 2Th. Moreover this nuclide
emits also Auger electrons [15, 9] (4.84 keV and 34.9 keV) and therefore can
be used for targeted therapy.

The radionuclide *''Tb decays emitting 3~ particles and has physical prop-

8



1.2. Why 1%Tb? SPECT and Auger therapy

erties very similar to 17"Lu (which is a 3~ emitter commonly used in clinics with
T1/2=6.6443 d). However its peculiar feature is also the emission of conver-
sion or Auger electrons which makes this nuclide therapeutically more effective
than 1""Lu. Moreover it emits also v rays suitable for SPECT and therefore
can be used for dosimetry imaging [16].

All the studies performed until now demonstrate the successful use of Th
radionuclides and open the way for their clinical applications. Nevertheless, to
overcome the current theoretical model uncertainties and experimental data
scarsity, further investigations of innovative nuclear reaction routes for high
yield, radionuclidic purity and specific activity are required.

1.2 Why »Tb? SPECT and Auger therapy

This thesis is focused on the study of different generator-based nuclear re-
actions to accurately describe the cross section and to identify the optimal
conditions for the production of ¥>Tb, useful for SPECT imaging and Auger
therapy. Therefore, before the detailed description of this work presented in
the following chapters, a brief overview of the SPECT imaging technique and
of therapy with Auger electrons is given here to draw the attention to the im-
portance of this theranostic nuclide. For completeness, the characteristics, the
advantages and limitations of Single Photon Emission Computed Tomogra-
phy (SPECT) imaging are reported in Tab. 1.3 and are compared to the ones
of other very common diagnostic techniques: Computed Tomography (CT),
Magnetic Resonance (MR) and Positron Emission Tomography (PET). With
reference to Tab. 1.3 and to Ref. [17], SPECT and PET are based on the use of
radiopharmaceuticals and are used in various applications, especially to study
biological and metabolic processes in oncology, cardiology and neurology, to
name a few. On the other hand, CT and MR are predominantly used for
anatomical /morphological imaging and among these two techniques MR offers
a higher soft tissue contrast. Both techniques have a greater spatial resolution
(< 100pm) with respect to PET and SPECT, and are based on a different
mechanism. Indeed CT is based on the use of an external X-ray source, while
MR does not exploit ionizing radiation. Moreover, recent improvements on
MR show its potential use also on functional studies of the brain.

1.2.1 SPECT: definition, functioning and innovations

SPECT is an imaging technique based on the use of a radiopharmaceutical
containing a y-emitter. This exam provides functional and metabolic informa-
tion of a region of the human body, revealing for instance inflammations or, in
more serious cases, also the presence of tumors. The emitted gammas can be
revealed with the use of a gamma camera as shown in Fig. 1.2, that rotating
180° allows to obtain three-dimensional image of the scanned organs (or also
projection on specific planes). The gamma camera is made up of a number

9



1. Theranostics and terbium
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1.2. Why 1%Tb? SPECT and Auger therapy

&9

detector
collimators

reconstructed

180° :
image

sinogram

Figure 1.2: Schematic representation of SPECT imaging technique. At each
position, the gamma camera, composed by the collimators and the detector,
allows to collect the projection of the scanned object p(r, ). The gamma
camera, rotating of 180°, provides a set of projection profiles (the sinogram).
From the sinogram, using reconstruction algorithms, the image of the scanned
object is obtained. [18].

of components, like collimators, detector and electronics to build a signal and
send it to a computer that convert it to an image.

The collimators are structures interposed between the patient and the de-
tector. Their main function is an accurate spatial localization of the v source
and of the tumour, and they have to be as close as possible to the patients
in order to maximize the spatial resolution. The collimators are made of ma-
terials with high atomic number and high density and they are characterized
by thousands of holes separated by septa. The gamma is emitted isotropically
by the radionuclide administered to the patient. Only the v rays emitted in
a specific direction pass through the holes and contribute to the final image,
while all the others are absorbed by the septa whose thickness depends on the
used radionuclide: more energetic the nuclide is, the thicker the septa have
to be. Therefore, the collimators absorb lots of the radiation emitted by the
patient and this results in images with less morphological details. The use of
the collimators represents the main issue of SPECT and also its difference in
comparison to PET, that on the contrary offers higher quality images. Once
the v-rays pass through the collimator, they arrive to the detector where they
lose energy by Compton and/or photoelectric effects. The detector usually is a
scintillator crystal (sodium iodide doped with thallium, for example) and it is
coupled with a photo-multiplier tube that converts the photons into electrons
and, through a cascade, generates an electric signal.

Commonly, in hospitals SPECT scanners are composed of two or three
head cameras which allow to reduce the acquisition time, and in which the
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1. Theranostics and terbium

Nuclide | Ty | Decay mode | E, (keV) | L,

9mTe | 6.02h | IT (100%) 141 | 89%
1231|1322 h | EC (100%) | 159 | 83%
Ui | 2.80d | EC (100%) | 171 | 91%

245 94%

Table 1.4: Physical properties of the y-emitters commonly used in clinics [20].
(EC=electron capture, IT=internal transition)

collimators can have different geometries: also the holes of the collimator can
have different sizes depending on the particular organ to scan and on the used
radionuclide. At each position of the gamma cameras, 2D projections of a slice
of the part of the human body under exam are acquired forming a sinogram.
With reference to Fig. 1.2, the projections are collected in the (r,¢) system
which is rotated with respect to the system of the object but is fixed with
respect to the gamma camera. From the sinogram, by using methods for
image reconstruction, like the filtered back-projection [18; 19], the image of
the scanned part is finally obtained.

An important aspect of the SPECT technique relies on the fact that the
~-rays can pass through several organs with different specific densities. There-
fore a correction for the attenuation of the 7-rays is necessary and can be
obtained by adding a CT to the SPECT imaging. SPECT/CT represents a
multimodal imaging technique that allows to better localize the source of the
~-rays emission. The attenuation of the ~-rays is described by the following

relation:
[(t) = [0 eZi _Mxi,

where [ is the initial intensity, u; is the effective attenuation coefficient of
a tissue and z; is the distance travelled by the ~-ray in the tissue. From
the measured intensity I, an array of attenuation coefficients is obtained for
each slice of the scanned organ and is used to correct the emission counts
obtained from SPECT, resulting in a attenuation-corrected SPECT image.
With a similar approach, as a secondary effect, an image with more detailed
information is obtained that contains both functional and structural features,
for a better understanding of the clinical picture.

With respect to PET, SPECT still represents the predominant technology
due to the lower costs of SPECT cameras and the higher availability of ~
emitters. Moreover, this technique is constantly improving thanks to emerging
developments that are due to the use of new radionuclides and to technological
innovations, since new instrumentation (like new scintillating materials and
semiconductor detectors) is needed to detect ~y-rays with energies different
from the ones of the most common SPECT radionuclides.

At the moment, three are the radionuclides that are commonly used in clin-
ics for SPECT imaging: ™ Tc, 23T and "'In. Their main physical properties
are reported in Tab. 1.4. The radionuclide '**I is used in clinics for thyroid
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1.2. Why 1%Tb? SPECT and Auger therapy

Electron capture
=
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Formation of vacancy X-ray and Auger electron
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Figure 1.3: The emission of Auger electrons is a secondary effect after a vacancy
in the inner shell is created due to electron capture or to internal conversion
processes [24].

examinations especially when combined with the 5~ emitter 31, that was
the first radionuclide used in clinics for thyroid malignant diseases [21, 22].
However, approximately 85% of all nuclear imaging examinations are based
on the use of %"Tc [23]. This relies on its large availability since it can be
easily produced with the generator system Mo /%™ Tc, but especially on the
different developed molecules that deliver the radionuclide to specific regions
of the human body as described in Ref. [23]. Besides these two radionuclides,
H1Tn has revealed to be interesting to study infectious diseases due to its longer
half-life that allows to study long biological processes. 'In is also frequently
used for dosimetry studies even if its combination with the very used therapy
radiolanthanide '""Lu is not optimal due to their chemical diversity. Indeed
their combined use may result in different bio-distributions and may introduce
errors in the reconstruction of the image of the treated organ.

A similar problem can be solved using the lanthanide *>Tb which is suitable
for investigations of biological activities over several days thanks to its longer
half-life. This radionuclide allows the use of the same detectors of the three
common SPECT nuclides, since the energy of their y rays is similar (as shown
in Tab.1.2 and Tab.1.4). Moreover it can be coupled with ""Lu or better with
its other isotope, 1®1Th, for a very precise diagnostic imaging.
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1. Theranostics and terbium

p- particles a particles Auger electrons
LET: 0.2 keV/um LET: 50 - 230 keV/um  LET: 4 - 26 keV/um
range: 50 pm - 12 mm range: 40 - 100 pm range: 0.002 - 0.5 pm

Figure 1.4: Comparison of range and LET of 5~ particles (A), a particles
(B) and Auger electrons (C) as shown in Ref. [26]. Since the range is small,
the radionuclide emitting Auger electrons should be placed very near or better
inside the cell nucleus to damage DNA.

1.2.2 Auger therapy

Many radionuclides used for SPECT imaging (such as '23I, " Tc, 2'In, and
also 1°°Tb in future) emit also Auger electrons as a result of their decay through
electron capture and/or internal conversion. Indeed these processes create a
vacancy in an inner electron orbital which can be filled by the decay of an
electron of a higher shell, characterized by a lower binding energy as shown
in Fig. 1.3. In the transition of this electron, energy is emitted as X-ray or is
transferred to another electron which is ejected. The ejected electron is referred
to as Auger electron and has lower energy (< 25 keV), which is deposited over
very short distances (nanometer scale, like the size of a cell nucleus). The short
range of Auger electrons yields high linear energy transfer (between 1 and 23
keV/um [25]) and thus they are extremely useful in cancer treatment especially
when are emitted in proximity of cancer cell membrane or cell DNA. In Fig. 1.4
the comparison of the effect of a and S~ particles and Auger electrons to DNA
is shown with the values of the corresponding LET and range.

As reported in Ref. [25], different in-vitro studies have been performed that
have shown that Auger electrons can kill cancer cells by inducing lethal damage
to DNA. Also preclinical in-vivo studies of mice have revealed the feasibility
of the use of Auger electrons, showing the inhibition of the tumor growth and
minimal toxicity of normal tissues. Besides these, only few clinical studies have
been performed with promising results achieving tumor remission or improving
the survival in patients.

The main issue is still represented by the delivery of a compound containing
an Auger electron emitter to the target cell nucleus. In general this represents
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1.3. The INFN REMIX project

Primary beam =) = Hot & thick

(lightions) =

Isotope
separator

Radioactive
lon Beam

Figure 1.5: Schematic representation of the ISOL technique as used in the
ISOLPHARM porject of LNL-INFN [28].

an open problem in Nuclear Medicine, both for imaging and therapy, and dif-
ferent investigations are done considering also the possible use of nanoparticles.
They can allow the realization of very interesting structures that can help to
achieve different concepts:

e theranostics, using diagnostic and therapeutic radionuclides (also chem-
ically different);

e multimodal imaging, considering elements with specific physical proper-
ties that can be used to perform different imaging techniques, for instance
SPECT/CT/MRI/FI (Fluorence imaging) [27].

Therefore, further investigations have to be performed to improve the tech-
nology of the imaging techniques, to find new strategies for the targeted drug
delivery and also to select and produce innovative medical radiopharmaceu-
ticals. Regarding the last aspect, there are different research groups operat-
ing worldwide to investigate theranostic radionuclides and in particluar I am
involved in the Italian project REMIX (Research on Emerging Medical ra-
diolsotopes from the X-sections) financed by the INFN (National Institute of
Nuclear Physics).

1.3 The INFN REMIX project

REMIX is a part of the SPES' /LARAMED project that has the goal to iden-
tify possible production routes for 4’Sc, *Tb and '®'Th by using accelerators.

Thttps://www.Inl.infn.it /en/spes-2/
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1. Theranostics and terbium

LARAMED (LAboratory of RA-dioisotopes for MEDicine) [29] is a new ac-
tivity that was established a few years ago at Legnaro National Laboratories
of INFN (LNL-INFN) where a 70 MeV cyclotron has been installed. The
aim of LARAMED project is to study the applications of Nuclear Physics to
Medicine, in particular the development of production methods of new medical
radionuclides, such as *"Tc, 6"Cu, 4"Sc, °29Mn, *Tb and '6'Tb to name a
few.
In general, there are two techniques to produce medical radionuclides:

e ISOL (Isotope Separation On Line) technique, which consists in the
use of accelerated particle beams on a specific target held at high tem-
perature. In this way, thanks to diffusion and effusion processes, the
produced radioactive species are released from the target surface and
are transferred to an ion source, where atoms are ionized, extracted, re-
accelerated and selected by a mass separator. The separation provides
a single-mass nuclide beam collected onto a dedicated target that will
be dissolved to finally obtain only the desired radionuclide. A schematic
representation of this technique is shown in Fig. 1.5, used in the ISOL-
PHARM porject of LNL-INFN [28].

e direct activation technique, which is the traditional method to produce
medical radionuclides and differs from ISOL since it does not use a mass
separator. After the selection of a particular nuclear reaction, an acceler-
ated particle beam is impinged on the specific selected target producing
the nuclide of interest. The nuclide is identified and quantified by high
precision gamma spectroscopy with HPGe (High Purity Germanium) de-
tectors. Also other chemical elements are produced inside the target and
chemical dissolution and elution processes are necessary to separate the
desired element. In the ideal case of a perfect chemical procedure, the
final product is composed of the nuclide of interest as well as of its iso-
topes (the contaminants), since no mass separation is performed. In a
more realistic situation however, in the final product also isotopes dif-
ferent from the required element could be present. Fig. 1.6 shows the
different steps of this technique as reported in Ref. [30].

Among International Research Centers, for example CERN exploits the
ISOL technique in one of its facilities (MEDICIS) [31], while in the Paul Scher-
rer Institute (PSI) [32, 33] the direct activation technique is used.

At the LNL-INFN both methods can be used: the REMIX project is based
on the second technique which usually offers a final product with higher yield,
but lower purity and lower specific activity with respect to the ISOL technique,
due to the presence of the contaminants. In this case, an accurate investigation
of the nuclear reaction is essential to select the optimal irradiation condition
to maximize the production of the nuclide of interest while minimizing the
co-production of contaminants.
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1.3. The INFN REMIX project
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Figure 1.6: Schematic representation of the different steps of the direct acti-
vation technique [30].

A project like REMIX is by nature interdisciplinary, since it requires the
expertise on different disciplines [30]:

e material science and engineering for the selection and design of the tar-
get, which must be as chemically pure as possible or also isotopically pure
in the case is made of an enriched isotope. The target must be charac-
terized by a high stability, high melting point and also with a specific
thickness to optimize the production of the nuclide of interest. Several
tests are performed to validate the targets, that for the REMIX project
are mainly produced with the High Energy Vibrational Powder Plat-
ing (HIVIPP) deposition for metallic powders and with the SPS (Spark
Plasma Sintering) technique using of a sintering machine (TT_Sinter [34])
[35] built in the Pavia unit of INFN useful for oxide powders sintering.

e nuclear physics to study the irradiation of the target both experimentally
and theoretically. Theoretical studies and simulations help to suggest en-
ergy windows for new experimental data measurements. Moreover these
studies allow also to identify the optimal production conditions for high
yield and purity. I contribute with my work to this part, describing spe-
cific nuclear reactions with nuclear reaction codes based on theoretical
models. In this context, experimental data help to constraint and tune
the models to obtain a coherent and global representation of the cross
sections of both radioactive and stable nuclides produced in a given re-
action. From the experimental point of view, the targets, after their
preparation, are irradiated using the stacked-foils target technique that
consists in the use of a layered set of thin target foils, among which mon-
itor and degarder foils are interleaved. The monitor foils are used to
assess the beam intensity while the degrader foils to reduce and control
the incident beam energy upon each target foil. In this way, each thin
target foil is activated by an incident beam characterized by a specific
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1. Theranostics and terbium

energy. Therefore, in a single irradiation, the whole stack allows to mea-
sure cross sections at different energies. The activation of each foil is
measured by v-spectroscopy and, after the data analysis, measurements
of the cross section of the produced radionuclide are obtained and can
be compared with the theoretical curves.

e radiochemistry and radiopharmacy to explore all the possibilities to
extract the element of interest and also to recover the target material for
recycling it for other productions. This step is particularly important for
enriched targets.

e biomedical physics and medicine for quality control studies. Accurate
activity, radionuclidic purity and specific activity measurements are cru-
cial for dosimetry calculations and evaluations in order to assess the
validity of the considered nuclear reaction.

Different units of INFN (Milano, Pavia, Padova, Ferrara and Legnaro) co-
operate to fulfill the goals of the project which benefits also of the collaboration
with the GIP ARRONAX (Saint-Herblain, France), the Sacro Cuore Don Cal-
abria Hospital (SCDCH, Negrar, VR, Italy) and the Istituto Oncologico Veneto
(IOV, Padova).

In this framework, my contribution concerns the investigation and simu-
lation of nuclear reactions for the production of *Tb. In particular I have
explored three generator-based reactions using natural targets (natural ter-
bium is monoisotopic and is made 100% of °Tb):

p+"Th — Dy+5n — °Th,
d+"™Tb — "Dy+6n — Tb, (1.2)
a+ "Gd — YDy+4axr — 5Th.

They consist in a two step reaction chain: the production of **Dy (the
generator with T/ =~ 9.9 h) which decays 100% by electron capture in '*>Th.
Generators have been the first method used for the production of medical ra-
dionuclides, even before the construction of cyclotrons. Thereafter generators
have been widely developed and still contribute to the production of some of
the mostly used radionuclides, as the *™Tc from “Mo/%™Tc generator, since
they can provide a continuous source of the radionuclide of interest far away
from the production site. Indeed, the parent nuclide (*?Mo) is usually placed
in an apparatus that allows the separation and extraction of the daughter
(99mT¢), even many times a day. In particular from the physical point of view,
as for all generators systems, the timings for the chemical separation processes
must be accurately analysed to optimize the production.
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1.4. Review of experimental data

1.4 Review of experimental data

In the investigation of a nuclear reaction, a first step is represented by the
analysis of the experimental data if they are available. Indeed, as described in
the previous section, they can help the theoretical groups to refine the models
for a better description of the excitation functions and for accurate calculations
of important quantities related to the production of a radionuclide. Therefore,
considering the energy of the LNL-INFN cyclotron (70 MeV), some nuclear
databases like EXFOR and Data Explorer, both of the IAEA (International
Atomic Energy Agency) [36, 37], have been consulted in the energy range 1-
100 MeV to extract the available data for the three generator reactions. In the
REMIX project, new measurements are planned for the reaction with protons
by the experimental group of Milano, thus these new data are not available yet
and can not be used to support the calculations and the theoretical modeling
presented in this thesis.

All the available experimental data are shown in the next pages in a com-
pact way. In the third chapter these plots will be considered one by one in
comparison to the theoretical curve obtained with the modeling approach that
will be presented in the next chapter.

Reaction with protons

For the reaction with protons, in 1971 Lebowitz et al. [38] performed the
first measurements of cross sections for the production of *"Dy, while in 2007
Hassan et al. [39] measured the cross sections of *Dy. Their works have been
followed by the studies of:

e Steyn et al. in 2013 [40] for 53Dy, %Dy, "Dy, 199Dy, 53Th, '55Tb,
156Tb and 151Gd 153Gd.

e Engle et al. in 2016 [41] for 53Dy, 155Dy, 57Dy, 159Dy, 151Th, 52Th,
153Tb 154Tb 155Tb 156Tb 158Tb and 147Gd 149Gd 151Gd 153Gd.

e Tarkanyi et al. in 2017 [42] for 53Dy, 155Dy, 7Dy, 19Dy, 152Th, 153Th,
AT, 155Th, YTh, Tb, ''Gd, '"*Gd and for some metastable state
of terbium, 1?4m2Th, 156miT} 156m2T}

All these data are shown in Fig. 1.7-1.8. Only the data of Hassan et al.
show a slightly different behaviour with respect to the other datasets, which
in general are in good agreement with each other. An accurate theoretical
modeling is necessary to reproduce the tail and the peaks of the cross sections,
which are dominated by two different processes that will be discussed in the
next chapter: the pre-equilibrium process is predominant in the description of
the tails while the compound nucleus mechanism for the peaks.
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1. Theranostics and terbium

Reaction with deuterons

Concerning the reaction with deuterons, less experimental data are available:
recent measurements have been performed mostly by Tarkanyi et al. in 2013
[43] for 55Dy, 7Dy, %Dy, %5Th, 56Th, 9Th and %*Gd. Some channels
have been studied in the past by Duc et al. (1968) [44] for "Dy, **Dy and
10Th and Siri et al. (1970) [45] for "Dy and '°Th. Very recently, in 2019
also Ichinkhorloo et al. [46] performed some measurements, for "Dy, 59Dy
and 60T,

As shown in Fig. 1.9, only for 1*"Dy the data seem in good agreement, while
an evident discrepancy among the datasets is visible for '**Dy and '°Tb. In
particular the data of Duc et al. are lower with respect to the others. The
disagreement and the shortage of data suggest the need of new experimental
measurements in order to better refine the theoretical models and accurately
estimate the quantities of interest. In order to describe theoretically these
reactions, another mechanism has to be taken into account: the break-up pro-
cess that will be described in the next chapter and will be considered in the
modeling study.

Reaction with a particles

For the reaction with « particles, in 1973 Thakur [47] performed measurements
only for "Dy. Other data have been found in literature in the studies of:

e Gayoso et al. (1996) [48] for *3Tb, 1°Tb, 156Th, 158Th, 180T, 161 Th:

e Ichinkhorloo et al.(2021) [49] for Dy, *"Dy, * Dy, 1%3Th, °Tb, 6T,
160Tb 161Tb.

e Moiseeva et al. (2022) [50] with data for %Dy, *"Dy, 193Th, 54Th,
155Th, 156Th, the metastable states of terbium %™ Tb, %4m2Th and
159G,

As for the reaction with protons, also in this case the available experimental
data (shown in Figs. 1.10-1.11) are in general in good agreement with each
other and the only exceptions are represented by '®'Tb and '®Th. Besides
the cited nuclear reaction processes, attention has to be focused also on an
accurate selection of the models and on the different physical features of the
nuclei, like their deformation.

A study of the generator system %*Dy /1% Tbh was performed by Steyn et al.
and by Moiseeva et al. for the reactions with protons and « particles respec-
tively. Using a fit of their data, they showed a first calculation of activities and
purities. Their study opens the way for the exploration of new possible scenar-
ios for the production of '**Tb and represents the starting point of my thesis.
To our knowledge, for the reaction with deuterons, no study of the generator
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1.4. Review of experimental data

system is present in literature, therefore this thesis shows for the first time the
analysis performed starting from the available data and the calculations for
the indirect production of *>Tb.

In the next chapter a description of the theory of nuclear reaction is pre-
sented to understand the method and approach used for the description of
the cross sections of several radionuclides produced in the three considered
reactions. Subsequently, the obtained results are shown as well as also the
calculations for the optimal irradiation conditions for the production of **Tb.
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Chapter

Nuclear reaction modeling for Tb
production

In this chapter a brief overview of the theory of nuclear reactions is presented
with a description of the different processes involved, like the optical poten-
tial and the compound, pre-equilibrium and direct mechanisms. In particular
reference is made to two nuclear reaction codes: the analytical TALYS and
the Monte Carlo PHITS, that provide complementary approaches in the study
of the production of radionuclides. Finally, the definitions of the quantities
of interest in the field of medical radionuclides are introduced, namely yield,
radionuclidic purity and isotopic purity.

2.1 Theory: optical potential, direct reactions, com-
pound nucleus and pre-equilibrium processes

It is well known that an incident particle impinging on a target nucleus can
produce a variety of final states, depending on the beam and the target charac-
teristics. Different mechanisms describe the various phenomena and scenarios
that can take place on the interaction between the projectile and the target.
In particular at low energies the most probable event is the scattering and two
possibilities can be observed: the elastic scattering when the internal states of
the colliding particles are unchanged; the inelastic scattering when the target
nucleus is in an excited state and the emitted particle is released with less en-
ergy compared to the elastic case. At higher energies, a nuclear reaction occurs
forming a final state different from the entrance channel. A classification of the
nuclear reaction mechanisms can be given in terms of both the time scales and
the number of collisions with the target nucleons (intranuclear collisions). In
general, short reaction times and few collisions are related to direct reactions,
while the opposite case (long times and many collisions) to the compound nu-
cleus reactions. Moreover, an intermediate state can be observed, namely the
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2. Nuclear reaction modeling for Tb production

Double differential cross section for 1**Tb(p.x) at 50 MeV
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Figure 2.1: Double differential cross section simulated with the TALYS code
(described later) for incident 50 MeV protons on 9Th. The colors indicate
the different contributions (compound, pre-equilibrium and direct) to the total
reaction cross section. In this case, the major contribution is given by the pre-
equilibrium process.

pre-equilibrium process. When many collisions occur, a statistical approach
is required for an accurate description of the involved processes. These three
mechanisms are also characterized by different angular distribution as shown in
a typical double differential cross section (Fig. 2.1): isotropic emission at low
energy for the compound nucleus reaction; forward-peaked emission at high
energies for the direct reaction; slightly anisotropy at intermediate energies for
the pre-equilibrium process.

Optical potential

In a more formal and precise way, the mechanisms are described by means
of theoretical models and all the theory is based on the initial description of
the interaction with a particular potential, namely the optical potential. 1t has
been introduced initially to describe the elastic and inelastic scattering and
then it has extended to include also nuclear reactions. The potential can de-
scribe the Coulomb interaction between two charged particles and therefore the
deflection of the projectile due to the Coulomb potential of the target nucleus.
Moreover it contains also further additional terms to describe the effects of
the interaction due to the nuclear potential, which becomes relevant once the
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Figure 2.2: General scheme of the reaction mechanisms [51] that describes the
initial interaction by means of the optical potential and then the role of direct
(D), pre-equilibrium (P) and compound (C) processes in the description of a
nuclear reaction and the outgoing particle spectra.

projectile energy is high enough to penetrate the Coulomb barrier. In general
the optical potential is a complex mean field potential and is composed of two
parts: a real one, that provides information about the elastic contribution of
the interaction, and an imaginary part that describes all the non-elastic chan-
nels (the reaction channels). It represents the first step in the description of a
nuclear reaction as represented in Fig. 2.2. The optical models can be divided
in two main groups: phenomenological and microscopic models. In the first
case, parametric functional forms have to be postulated and then adjusted to
experimental data until a good agreement is obtained. The potential can be
written as [52]:

U(r) =Ug(r) + Ur(r) + Up(r) + Uso(r) + Ua(r). (2.1)
where:
e Uy represents the elastic scattering;

e U7 is the nuclear term that describes the absorption in the whole volume
of the nucleus;

e Up is another nuclear term that describes the absorption in the surface
of the nucleus;

29



2. Nuclear reaction modeling for Tb production

e Ugp is the spin-orbit term, necessary for the interaction of the spin of
the projectile and the momentum of the target nucleus;

e U¢ is the Coulomb potential, essential for charged incident particles.

Each term depends on different parameters (as the radius of the nucleus and
the diffuseness of the potential, up to more than 20 overall parameters) and
on the availability of experimental data. Due to its high accuracy, the optical
model is the most used one.

An alternative is represented by the microscopic approach that can deter-
mine the optical model potential without any knowledge of experimental data.
Similar models provide a description also for nuclei far away from the valley of
stability, but normally with a lower accuracy with respect to the phenomeno-
logical models.

The Schrodinger equation expressed with the use of this potential can be
solved with the partial-wave expansion analysis [53, 54] that returns quantities
useful for the other mechanisms. Indeed, the wave functions are useful for the
description of the direct reactions and, from the solution of the equation, the
cross sections for the elastic and non-elastic contributions can be obtained. The
reaction cross sections can be expressed with dependence on the transmission
coefficients 71; that describe the loss of flux in the elastic channel. On one
hand these coefficients are the essential components in the formalism for the
compound nucleus and, on the other hand, the reaction cross sections are
crucial for the description of the pre-equilibrium process.

Therefore, the use of a proper optical potential is extremely important for
a global description of a nuclear reaction, since all the other mechanisms rely
on this model.

Direct reactions

These reactions are generated by the interaction between the projectile and one
or few nucleons of the target. Thus they involve momentum transfer only to
nucleons on the surface of the target nucleus: for this reason they are referred
to as peripheral reactions.

The theoretical tools commonly used to describe these reactions are the Dis-
torted Wave Born Approximation (DWBA) and the coupled-channels methods
[55, 51, 56]. The former is particularly effective for spherical or near-spherical
nuclei for which the nuclear radii in the expression of the optical potential are
described as R; = r; AY/3 (where A is the mass number and r; ~ 1.25 fm).
But in some cases the nuclei are deformed in their ground state and exhibit
rotational bands (excited states) that are strongly coupled to the ground state.
These deformations are due to the nucleons collective motion and have been
observed in many even-even nuclei. The spectra of the low-lying excited states
of these nuclei undergo a transition from the typically vibrational spectrum
to a typical rotational one. This aspect can be observed by considering the
ratio between the energies of the first 4 and 27" states, Ry = E(41)/E(2%)
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Figure 2.3: Ratio Ry = E(47)/E(2") for the lowest 2% and 4" states of
even-even nuclei. The lines connects sequences of isotopes [53].

as shown in Fig. 2.3. The ratio is constant around 3 for 150 < A < 190
and A > 230, while is roughly 2 for A < 150. Moreover a larger electric
quadrupole moment is observed for A > 150, and this suggests that nuclei
exhibit a transition from a spherical (or nearly spherical) to a deformed shape
[53]. In this context, the more general coupled-channels method has to be used
to describe simultaneously both the elastic channel and the other channels that
generate these collective phenomena. In particular, the method consists in an
approximation of the infinite possible couplings of the internal states of the
projectile and the target nucleus. Only few channels are considered: those
that are known experimentally or are expected theoretically to be strongly
coupled [57]. These coupling have an important impact on the optical poten-
tial where an additional potential U, is present and the elements of the optical
potential can be expressed in terms of radii expanded in multipoles as:

Ry =1 AY? [1+ > m/;)((z)], (2.2)

A=24,...

where the Y functions are the spherical harmonics and (3 are the deformation
parameters that can be predicted from theoretical models, but can be derived
also from analysis of experimental angular distribution [51, 56]. In general, [,
and (4 are important in the description of the inelastic scattering while higher
order deformations are smaller in magnitude. More complex expressions can
be written instead of Eq. 2.2 especially in the asymmetric rotational model
where, in addition to the deformed ground state, also the vibrational states
are included [51].

In the reactions studied in this thesis, some even-even nuclei lay in the
mass number range 150 < A < 190, thus are characterized by a R4/, around
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2. Nuclear reaction modeling for Tb production

7 N 8 8 8 90 92 94 96

64 (Gd) | 1.81 2.02 2.19 3.01 3.24 3.29 3.30
66 (Dy) | 1.81 2.05 2.24 293 3.21 3.27 3.29

Table 2.1: Experimental values of the ratio R4/, for some even-even nuclei
involved in the reaction of this work. The collective properties (rotational for
N >90) have to be considered in the cross section calculations.

3 and therefore by rotational properties, like dysprosium and gadolinium. In
particular Tab. 2.1 shows that the ratio sharply increases for N > 90 neutrons,
indicating that the transition from the spherical to the deformed shape in
isotopes of Gd and Dy occurs at N = 90. For this reason the study of direct
reactions with a coupled-channels formalism is essential to consider carefully
the cross section of the nuclides of interest. Different codes have been developed
to solve the dynamic equation with this formalism, as discussed later.

Compound nucleus

As cited before, for low energies (few tenths of MeV), the projectile is absorbed
in the target, performs many collisions and shares its kinetic energy among all
the constituent nucleons of the target, forming a compound nucleus (CN).
This nuclear reaction can be described as a 2-step process: the formation of
a compound nucleus a + A — C* and its decay C* — b + B, after reaching
the statistical equilibrium of the whole system (known as thermalization of the
compound nucleus). The presence of collisions and the time scale (~ 1078 s)
result in a loss of memory of the compound nucleus C* about the entrance
channel a + A, as stated by the independence hypothesis (formulated by N.
Bohr [58]): the probabilities of the exit channels are therefore independent of
the entrance ones and the decay of C* depends only on its properties. Thus
the cross section can be factorized in two terms in following way:

OCN — UaAPbB (23)

where P,p indicates the probability of the transition C* — b+ B*. This hy-
pothesis was verified and validated experimentally by Ghoshal [59] considering
reactions with protons on 3Cu and « particles on %°Ni.

As cited before, the transmission coefficients calculated using the optical
potential are extremely important to determine the compound nucleus cross
section. This is the main idea behind the Hauser-Feshbach formalism, in which
the cross section can be written as [60, 61]:

S 2] +1 T () (T, (8)) W 5 4
“ ;25: Grei+) yaey o Y

@,
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pre-equilibrium processes

This expression depends on the spin of the projectile (s), of the target (/) and
of the compound system (.J), on the transmission coefficients for entrance, exit
and intermediate channels (a, b and ¢) and on the so-called width fluctuation
correction factor W, g, where a and § indicate the spin-angular momenta
recombinations of the binary fragments in the entrance and exit channels.
The correction factor has been introduced to take into account the deviations
in realistic cases from the independent hypothesis. Specifically, at very low
energies, interference phenomena between the entrance and exit channels may
occur and may be either constructive or destructive. In general, the correction
factor results in an enhancement of the elastic channel and a decrease of cross
sections in other competing exit channels.

Moreover, also the average of transmission coefficients appears in Eq. 2.4
and has been added to take into account the continuum of many overlapping
levels in the residual nucleus. Therefore, the transmission coefficient is aver-
aged over the residual nuclear level density p:

E+AFE
T (8) = / T)™(8) p(E, J. ) dE. (2.5)

E

The nuclear level density is given by the number of excited levels per unit
of energy:
dN(E, J,m)
dE

and also in this case different models have been developed from phenomenolog-
ical to microscopic ones. In the first case, the models are mainly based on the
description of the nucleus as a Fermi Gas (and on variations of this approach),
where the level density can be written as:

1 2J+41 [_ﬂ} VT exp [2val)]

e N VT EPLEVay] 2.7
NG R 202 | 12 /AU (2.7)

p(E, J )= (2.6)

p(E, J )=

The nuclear level density depends on the parameter a = %2 (g=+9,) with g (g,)
the spacing of the proton (neutron) single particle states near the Fermi energy.
The level density is expressed by the dependence on the effective excitation
energy U = F — A, where A is an empirical parameter related to the pairing
energy shift due to the odd-even effects in nuclei. By summing over the parity
and over the (2J 4 1) projections of the angular momentum, the state density

can be obtained:
V7 exp [2Val]

PB) = 5 —gagi (2:8)
through which the parameter a is determined by fitting the available experi-
mental data for each considered nucleus.

On the other hand, the microscopic models are based on the variational
Hartree-Fock method, and the level densities are retrieved only numerically.

In any case the choice of the level density model plays an important role in the
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2. Nuclear reaction modeling for Tb production

description of the compound nucleus and therefore of the total reaction cross
section. Different example of this dependence and extensive discussion will be
presented in the results section of the thesis.

Pre-equilibrium process

The pre-equilibrium reaction model embodies features of direct and compound
nucleus mechanisms, as shown for example in the angular distribution: the
anisotropy indicates the existence of a process preserving part of the memory
of the entrance channel, like direct reactions.

According to this mechanism, the incident particle is absorbed into the
target nucleus, but shares its energy with only few nucleons and not with
the entire system. Thus the particle loses only part of the initial energy and
direction. However, the system decays into the final channel much before the
statistical equilibrium is reached.

The cross section is calculated using the probability of the particle emission
from the composite system, as a function of time and emission energy. To
calculate pre-equilibrium cross section many different models were formulated:
classically (the exciton model) and quantum-mechanically (multi step models).
The exciton model was the first model that has been introduced, and it has
been later improved with successive refinements to take into account more
physical features in order to improve its predictive power [62]. The quantum-
mechanical models can be subdivided into MultiStep Compound (MSC) and
MultiStep Direct (MSD) according to which energy region has to be considered:
low or high energy region. The multistep models represent a more natural link
to the theories for compound nucleus and direct reactions (which are described
by quantum-mechanics) and, even if they give a more precise information about
the angular distribution [51, 56], they are more complex and less flexible [62].
In this section only the exciton model is briefly presented, while for a complete
description please refer to Refs. [63, 64, 65].

This model is based on the concept of excitons that are the set composed
by the particles above and the holes below the Fermi level. Once the projec-
tile enters the nucleus, it interacts with the particles of the Fermi sea, and in
the first step a state is formed with a number of excitons N = 3. This state
is the first one possibly subject to particle emission, but subsequent multiple
collisions of the projectile with the target nucleons can occur resulting in con-
figurations with different number N. In general, the number of excitons can
change by AN = 2 when a new particle-hole pair is created, by AN = —2
when an existing particle-hole pair annihilates or by AN = 0 when trivially the
number is unchanged. Thus the cross section of this reaction is obtained con-
sidering the time evolution of the number N as the reaction progresses step by
step through the intranuclear interactions, in the assumption of an equal prob-
ability of different particle-hole configurations with the same number N. A
schematic representation of the flow of the reaction is shown in Fig. 2.4, where
the probability of emission of a particle is non-zero for each stage. Moreover,

34



2.2. Models: the TALYS code

—>0 /emission
L emission
_ _ _ _ _e "
[ )
® o
"""""" Ep I I
etc...
E— — _——
1pOh 2plh 3p2h
® p: particle O h: hole

Figure 2.4: Schematic representation of the flow of the exciton model for the
pre-equilibrium process [51, 56]. On the left the initial stage is represented with
the entrance of the projectile in the target (1 particle 0 holes, thus N = 1).
Then the projectile interacts with nucleons and different particle-hole pairs can
be created (N = 3,5,...). Apart the first stage, in all the others the probability
of emission of a particle is non-zero.

for high incident energies the composite nucleus is so excited that can decay
also by further particle emissions (multiple emissions). The integration over
time of the probability of these transitions allows to obtain an energy-averaged
emission spectrum. A similar model is suitable to be implemented in codes as
described in the next section, where the attention is focused on the parame-
terization of the transition rates between two exciton states that are in general
calculated starting from the Fermi’s golden rule:

L VE w, (2.9)

h

where the dynamics of the interaction is described by the matrix M that has
to be well parameterized, while w represents the final state density!.

All these processes (i.e. direct reactions, compound nucleus and pre-equilibrium
mechanisms) contribute to the final description of a nuclear reaction and, to
ease the calculations of the involved physical quantities, different calculation
codes were developed. Thanks to these tools they have become in the last
years an accessible theoretical reference for the nuclear Physics community, in
particular for the research on medical isotopes.

2.2 Models: the TALYS code

TALYS [51, 56] is a software for the simulation of nuclear reactions that
includes many state-of-the-art nuclear models to cover most of the reaction

'Tn this equation, the notation of the TALYS manual is used
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p/n d a
model model model
KD | 1 | Normal deuteron potential [70] | 1 Normal alpha potential [51]
JLM | 2 Daehnick et al. [71] 2 McFadden and Satchler [72]
3 Bojowald et al. [73] 3 | Demetriou and Goriely, tab. 1 [74]
4 Han et al. [75] 4 | Demetriou and Goriely, tab. 2 [74]
5 Haixia An et al. [76] 5 | Demetriou and Goriely dispersive [74]
6 Avrigeanu et al. [77]
7 Nolte et al. [78]
8 Avrigeanu et al. [79]

Table 2.2: Optical potential models used in TALYS for protons and neutrons
(p/n), deuterons and « particles. KD: Koning-Delaroche, JLM: Jeukenne,
Lejeune and Mahaux. The default models are highlighted.

mechanisms encountered in light-particle induced nuclear reactions. TALYS
provides a complete description of all reaction channels and observables and
in particular takes into account all types of direct, pre-equilibrium, and com-
pound mechanisms to estimate the total reaction probability as well as the
competition between the various open channels: in particular the code is able
to calculate total and partial cross sections, residual and isomer production
cross sections, discrete and continuum ~ ray production cross sections, energy
spectra, angular distributions, double-differential spectra, as well as recoil cross
sections.

The code is optimized for incident projectile energies ranging from 1 keV up
to 200 MeV on target nuclei with mass numbers between A = 12 and A = 339.
It includes photon, neutron, proton, deuteron, triton, *He, and alpha particles
as both projectiles and ejectiles, and single-particle as well as multi-particle
emissions and fission. All experimental information on nuclear masses, defor-
mation, and low-lying states spectra is considered, whenever available. If not,
various local and global input models have been incorporated to represent the
nuclear structure properties, optical potentials, level densities, y-ray strengths,
and fission properties.

For each process described in the previous section, all the cited models
are implemented in the code (like the Hauser-Feshbach formalism, the exciton
model, the MSC/MSD model, and different models for the level density). For
the optical potential, the phenomenological Koning-Delaroche model [66] has
been implemented in addition to the microscopic JLM (Jeukenne, Lejeune and
Mahaux) model [67, 68, 69] for protons and neutrons, while a wider choice
is available for deuterons and « particles. Tab. 2.2 summarizes the optical
potential models (the default options are highlighted) implemented in TALY'S
for incident neutrons, protons, deuterons and « particles. They are particularly
relevant in this thesis for the study of the three generator reactions.

Besides the use of the code as a tool to study nuclear reactions, there is
also the possibility to use it together with other tools that perform an auto-
matic global optimization to experimental data and that determine the nuclear
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model based covariances. In this way TALYS can be used to generate nuclear
reaction data libraries, as TENDL (TALYS-based evaluated nuclear data li-
brary) [80], to provide information for new nuclear technologies. This library
is increasingly growing and is one of the most used, especially in the field
of medical radionuclide production: it represents a theoretical reference for a
comparison with experimental data or for a preliminary analysis of nuclear re-
actions when data are not available. Moreover, in support of this aspect, in the
TALYS code routines devoted to medical radionuclide production have been
implemented and can be used to calculate activities of the nuclides produced
in a given reaction. However, in some cases, the constructed data library, or
the default TALYS calculation, does not provide an adequate description of
particular cases and specific refinements have to be performed.

Indeed, in general, to treat a nuclear reaction computationally consider-
ing all the possible physical properties, different considerations have to be
made from both a numerical and a physical point of view, before the actual
calculation is performed. Hereafter a brief description is shown about the con-
siderations performed and used in this study, while for a complete technical
description of the code it is suggested to refer to the manual [51]. This step
is essential to optimize the TALYS code results by tuning the code on the
specific problem under exam: only looking to these details allow to go beyond
the mere execution of the code and to reach a deeper comprehension of the
underlying physics.

2.2.1 Numerical considerations: energy binning

The first consideration regards the treatment of the formation and decay of
the compound nucleus from a numerical point of view. Indeed, the compound
nucleus can be formed in any energy level and its decay occurs by means of
gamma de-excitation. Theoretically, this stage proceeds through a cascade of
consecutive photon emissions, until the ground state is reached. All photons
are emitted isotropically, since from the evaporation stage no information on
the residual nucleus spin and polarization is available. The cascade is assumed
to be statistical as long as the excitation energy is high enough to allow the
definition of a continuous nuclear level density. Below a (somewhat arbitrary)
threshold, the cascade goes through transitions between discrete levels, while
the last steps consist of transitions among these levels, down to the ground
state.

To perform the calculations in a computer program the continuum must
be discretized in excitation energy bins. In TALYS, transitions from the con-
tinuum are treated statistically, due to many overlapping levels, and when
known levels are tabulated, the cascade is forced to pass through them. In this
code the user can choose between two different binnings: linear or logarithmic,
controlled with the equidistant option. The two binnings generate different
gamma intensities in the nucleus spectrum: this reflects in different cross sec-
tions for all nuclei. The effects of the choice of a particular binning are more
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important at high energy, but are also visible down to threshold.

This behaviour (that can be seen as problem or as a “feature” of the code)
is known to the authors of TALYS: the default for the equidistant option
has changed with time. The first version of the code, TALYS 1.0 (2007),
was released with linear bins, while the logarithmic ones were introduced with
TALYS 1.6 (2013). The default option was the logaritmic binning until the
latest version currently available, TALYS 1.96 (2021), when linear binning was
restored to be the default option since an equidistant energy grid was reported
to produce better agreement of the cross sections with experimental data [51].
Neither option is right or wrong, and, indeed, the authors have given to the
users the possibility to choose among the two binnings.

Anyway, in general, the choice of the proper binning has always been an
open problem without a unique solution, since it depends from case to case.
Therefore it is evident that the number of bins is a crucial parameter that
affects the accuracy of the results. TALYS, concerning the linear binning,
offers two possibilities:

e the use of a constant number of bins (this is the default, with the keyword
bins 40);

e the use of an energy dependent algorithm that produces a reasonable
number of bins that take into account the fact that more bins are needed
when the incident energy increases:

2

— 2.10
E? + 602 ( )

Npings = 30 450

achievable using bins 0.

The produced number of bins is close to the commonly accepted values pro-
vided by other statistical and data analysis codes, such as ROOT for example,
that follows the rule n. of bins ~ v/n. of entries.

The choice of the binning has been extremely important in this study. As
it will be shown, in the analysis of the cross sections for all the three nuclear
reactions we achieved a better agreement with the experimental data by first
fine tuning the TALYS binning options. As following steps, we made other
considerations on the physics of the studied reactions.

2.2.2 Physical considerations on the different nuclear processes
Direct reaction with deformations

The first physical consideration refers to the use of the coupled-channels formal-
ism to describe direct reaction for deformed nuclei. Indeed, as explained before,
the various nuclei produced in the considered reactions, lay in the mass number
range 150 < A < 190, and this formalism has to be considered. Usually the
coupled-channels calculations are based on rotational optical potentials where
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the radius has the expression of Eq. 2.2, while the Koning-Delaroche optical
potential (the one used in this work) is known to be spherical. Nonetheless,
TALYS allows to perform coupled-channels calculations through the ECIS-06
code [81, 82], (one of the different and available codes used in this context):
an empirical modification is done in order to describe the deformation of the
nuclei [51]. In particular, for rotational non-fissile nuclides, like the ones in-
volved in this work, TALYS uses the Koning-Delaroche potential and subtracts
15% from the parameter (d;) that adjusts the width of the imaginary surface
potential Up of Eq. 2.1, if rotational levels are included in the coupling scheme
databases inside the code. Probably more accurate approaches will be devel-
oped in future, but at the moment this empirical method produces interesting
results. Specifically, TALYS prepares the input file for the ECIS code once
specific keywords are activated. The most relevant ones are:

e spherical, to treat all nuclei as spherical and perform DWBA calcu-
lations for the direct reactions. It is a boolean keyword and its default
value is spherical n;

e rotational, to enable or disable rotational optical model and coupled-
channels calculations for the various particles in the calculations, pro-
vided a coupling scheme is given in the deformation database available
inside the code. The default value is rotational n p, thus performing
the calculations considering only neutrons and protons and not complex
particles;

e autorot, to enable automatic coupled-channels calculations for nuclide
with A > 150. In this case, the lowest rotational band is identified by
inspecting the discrete levels database. Also this keyword is boolean and
its default value is autorot n;

e maxrot, to specify the maximum number of excited levels to consider in
a rotational band in the coupled-channels calculations. The default value
is 2 and the maximum is 10;

e maxband, to specify the maximum number of vibrational bands to be
included in the rotational coupling scheme. The default value is 0 and
the maximum is 10.

In this work the combination of rotational and autorot is used to force
the code to perform coupled-channels calculations, starting from the lowest
rotational energy levels, as shown in the next chapter. In particular the last
two parameters have been thoroughly evaluated and the default values have
been used. In this way, the theory is exploited considering correctly the physics
of the problem without empirical or handmade modifications of the optical
potential parameters.

Considerations can be made for all the other nuclear reaction processes, for
a proper use of the options of the code to better describe the cross sections.
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Pre-equilibrium process: exciton model parameterization

Following the procedure described in Ref. [83], the attention is mainly focused
on the pre-equilibrium mechanism and on the variation of its parameters, that
allows to avoid a greater “change of the physics” (as reached with an excessive
variation of the optical potential or level density parameters), but instead al-
lows to vary the evolution and the emission rate that are not known accurately.

As we have seen before, the exciton model is implemented in the TALYS
code with a proper parameterization of the transition rates. More specifically,
considering a proton (m)-proton (m) collision that creates a new particle-hole
pair (1p) the corresponding transition rates is written, according to Eq. 2.9
and using the notation of the TALYS manual, as:
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AP = - M2 w (2.11)

where the final state density w depends on the exciton state configuration and
excitation energy, as formulated by Dobes and Bétdk [84]. In TALYS, the
matrix is re-written in terms of a total average matrix M?:

M?, = Ryy M? (2.12)

where  and y denote any combination of proton 7 and neutron v, while R,
is a free parameter with the following default values that can be varied in
TALYS:

R.,=10 R, =10 R,=10 R, =15 (2.13)

For the matrix M? a semi-empirical expression has been written and has been
shown to work for incident energies between 7 and 200 MeV:

Cy A 1,62 x 107
= T4y
A (EE +10.7Cy)

n

M2

(2.14)

where A and A, are the mass number of the target and of the projectile while
n is the total exciton number. The other parameters C, Cs, C5 are adjustable
constants equal to 1 by default and they can be varied using the following
keywords: M2constant, M21limit, M2shift. In particular, an increase of the
overall constant C'; corresponds to a lowered energy tail, while an increase of Cy
(that controls the asymptotic behaviour) allows to prevent an overestimation
of the tail. On the other hand, C3 has effect on the energy of the system and
the corresponding keyword M2shift can be used to vary the strength of the
exciton model along the energy axis of the projectile [83].

Among the pre-equilibrium models implemented in the code, the exciton
models based on Eq. 2.14 can be invoked with the preegmode keywords, in
particular with preeqmode 1 or preeqmode 2 for analytical or numerical so-
lution of the equations respectively. There is also a third option for the pre-
equilibrium process based on the exciton model, in which the transition rate
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2.2. Models: the TALYS code

is related to an average optical model potential depth instead of an average
squared matrix. In this approach, the final expression of the cross section
depends only on a single parameter whose values can be varied in the code
using again the keyword M2constant [51]. Moreover, in the “standard” ver-
sions of TALYS, developed and mantained by the three authors Arjan Koning,
Stephane Hilaire and Stephane Goriely, there is also one last option of the
pre-equilibrium models: the microscopic multi-step direct/compound model,
whose cross sections can be rescaled with M2constant. However, in this thesis
the special version of TALYS (v. 1.95G, handled by the Institute for Neutron
Physics and Reactor Technology [85]) is used since it allows to consider an ad-
ditional model for the pre-equilibrium process. This model, called Geometry
Dependent Hybrid (GDH) model, is very similar to the exciton model, but
the description of the interaction is performed with an explicit dependence on
the geometry of the system [86, 87, 88, 89, 90|, by means of the initial impact
parameter and of the distribution of the nuclear density. In particular the
dependence of these two quantities allows to obtain a better description of the
high-energy tail. Initially, a nuclear code was created upon this model (the
ALICE code [91]) and only later it has been implemented inside the modern
TALYS code. However, in TALY'S the parameters of this model are not easily
accessible by the user and the model is offered as a “black-box”. Therefore
the attention is focused on the exciton models, considering also the multiple
emissions (with the multipreeq and mpreeqmode keywords) and the spin dis-
tribution for the residual nuclei (invoked with preeqspin), for an improvement
of the cross sections, as discussed in the next chapter.

Other processes induced by complex particles

When considering reaction induced by complex particles, as deuterons and «
particles, other phenomena may occur, like:

e stripping reactions: one or more nucleons are transferred to the target
from the projectile (ex. ¥9Th(d,p)'Th);

e pick-up reactions: one or more nucleons are transferred from the target
to the projectile (ex. »Th(p,d)**Tb);

e break-up reactions, when a break-up of the projectile into one or more
fragments occurs (ex. d + *Th =Dy + n);

e knock-out reactions: a single nucleon or a light cluster is removed from
the target by the projectile during their interaction (ex. "*Gd(«, x)'**Gd).

In particular the break-up process plays an important role in this work.
This direct-like process has been initially observed by Oppenheimer [92] and
later explained by Dancoff [93] and Serber [94]. Their theories are based re-
spectively on the Coulomb excitation of the deuteron (elastic break-up) and on
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2. Nuclear reaction modeling for Tb production

the nuclear process in which the proton (or neutron) is “stripped” away from
the neutron (non-elastic break-up). In the latter description, either the en-
ergy, a particle or both are transferred to the target nucleus through a nuclear
interaction, and the total cross section exhibits particular features. The en-
ergy distribution of protons (or neutrons) is centered around half the deuteron
energy and the angular distribution of protons is highly forward peaked. The
current models are based on the Serber theory (and on further corrections
to include the elastic break-up, as the one proposed by Glauber [95]) and
they include semi-empirical formulae fitted to experimental data. Examples
of these recent models are the one proposed by Kalbach [96] and the one
by Avrigeanu [97, 98, 99|, but these phenomenological approaches not always
show good agreement with neutron yield data. This is due to the fact that
they were mostly fit to (d,p) and (d,n) reaction data on medium-mass nuclides
and might give different results on lighter or heavier nuclei. Moreover, this
discussion regards also « particles which have double the charge of a proton,
leading to a much stronger Coulomb interaction. Consequently also for these
reaction binary breakup and fragmentation processes in the target are very
important and other specific models have been developed for this case. In
general different parameterizations were provided by the authors to improve
the agreement with experimental data and all these models are available in
the TALYS code. Therefore different parameters have been added to take into
account the contribution of these processes and they can be invoked with the
Cstrip?, Cknock and Cbreak keywords.

The values of all the pre-equilibrium parameters can be varied, within their
limits, to better reproduce the cross sections in comparison with available
experimental data, and have been extensively considered in this work.

Level density models and parameters

In addition to the variation of the parameters of the pre-equilibrium process,
also minor changes on the level density can be made to locally adjust the cross
sections of specific nuclides maintaining the global description.

There are six models for level density implemented inside the code: three
phenomenological and three microscopic. Among them, the attention of this
work has been focused on the three microscopic ones due to their higher flex-
ibility and modernity. In particular, as described in the manual [51] and also
in RIPL (Reference Input Parameter Library) [100], theoretical level densi-
ties pyray (calculated with Hartree-Fock methods) are tabulated and can be
re-normalized with the following scaling function:

p(E, J,7) =exp (c/E—p)purm(E, J, 7). (2.15)

By using this relation, depending on the two parameters ¢ and p, a new level
density can be obtained for a specific nuclide. The pairing shift p allows to

2this keyword is used for both the stripping and pick-up reactions
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Figure 2.5: Values of the parameters obtained in the fitting of Hartree-Fock
method to the experimental data on the low-lying levels and the neutron res-
onance spacings [100].

retrieve the level density from the tables at a different energy, while ¢ is simi-
lar to the level density parameter a of the phenomenological Fermi Gas model
(Eq. 2.8): it acts as an overall normalization parameter, increasing or decreas-
ing the magnitude of the tabulated level density [101, 102]. In particular, these
parameters can be varied within the range [-10,10] and their adjustment allows
to reproduce as well as possible both discrete levels and the mean resonance
spacings for the RIPL library. Usually a smaller range is sufficient, as indicated
in Fig. 2.5 that shows the values of the parameters obtained in the fitting of
Hartree-Fock method to the experimental data on the low-lying levels and the
neutron resonance spacings. The parameter ¢ remains often close to zero and
this indicates that the normalization does not modify the energy dependence
of the microscopic model. The variation of these parameters has consequences
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Figure 2.6: Comparison of cumulative number of levels (colored lines) of %Tc
with experimental data (black points) for three different level density mod-
els: CTM (Constant Temperature Model) and BFM (Back-shifted Fermi gas
Model) are phenomenological, while HFM (Hartree-Fock Method) is micro-
scopic. The details of this figure can be found in the TALYS manual [51].

mainly on two observable quantities: the cumulative of the levels and the re-
action cross sections. The cumulative of the levels is obtained by integrating
the level density over the energy:

E+AE
N(E) = / p(E"dE' (2.16)
E

and, as the cross section, can be compared with experimental data as shown,
for example, in Fig. 2.6. In order to obtain a better agreement between the
theoretical cross section and experimental data, the variation of ¢ and p should
be performed considering simultaneously both the cross section and the cumu-
lative. This should be done to avoid too large modifications of the description
of the cumulative of levels that contains information of the nuclear structure.
Moreover, the TALYS code is very flexible and offers the possibility to con-
sider, in a single run, different level density models per each nuclide involved
in a given reaction. Thanks also to this possibility, the variation of the two pa-
rameters represents a minor change that is done a posteriori to improve locally
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the description of the reaction.

2.3 A Monte Carlo approach: the PHITS code

Besides nuclear reaction codes, like TALY'S, many other tools, like Monte Carlo
codes, can be used when preparing for the production of radionuclides. These
codes are normally used to simulate and study high energy physics problems,
but are becoming an option also in the field of low energy physics with the re-
finements of their models. Examples of common Monte Carlo code used also in
low energy physics are MCNP [103], FLUKA [104], GEANT4 [105] and PHITS
[106]. In particular PHITS (Particle and Heavy Ion Transport code System)
is a general purpose Monte Carlo code developed and maintained mainly by
JAEA (Japanese Atomic Energy Agency) in collaboration with other Japanese
research centres like KEK and RIST and many other institutes. The code is
used for modelling particle transport and interaction with matter covering an
extended range of applications: accelerator shielding, calorimetry, dosimetry,
detector design, radiotherapy, space radiation and more. It can deal the trans-
portation of all the particles over wide energy range (from 0.1 meV for neutrons
to 1 TeV per nucleon for incident nuclei). Therefore the code allows to perform
a realistic simulation of a nuclear reaction by defining the beam profile, the
geometry of the target and by specifying if the target is a pure element or a
compound. Therefore PHITS, as many other Monte Carlo codes, allows to
reproduce a counting experiment and to calculate the reaction cross section
by its very definition. Indeed, the code calculates and returns the number of
nuclides N, for each chemical species produced in the reaction. From this,
knowing the properties of the beam like the number of projectiles N; and their
energies, and the properties of the target, like its density p, its mass M, its
thickness Az and the number of the diffusive centers in the target f, the cross
section can be calculated with its definition formula:

N,

o—
fN;p % Ax

where N4 is the Avogadro number. In particular, the code provides a statistical

uncertainty associated to the number of nuclides N,: this will reflect in the

final calculation of the cross section.

Anyway, to calculate N, the code relies on data libraries and on different
models which can be chosen for the description of a nuclear reaction. In the
energy range considered in this work (1-100 MeV), the default model used for
light particle induced reactions (from proton to « particles) is the INCL (Intra-
Nuclear Cascade of Liege) [107] coupled with the generalized evaporation model
(GEM) [108, 109], as presented in the manual. For neutron induced reactions,
the default is that the INCL coupled with the GEM is used for energies above
20 MeV, while below 20 MeV the JENDL-4.0 library is used. The combination
of these models allow to describe the formation and decay of the intermediate
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system composed by the projectile and the target nucleons, tracking in time
all their possible interactions. Therefore these models embody (not explicitly)
the three reaction mechanisms described before: the formation and decay of
the compound nucleus, the pre-equilibrium process and the direct reaction.

However, with respect to TALYS, PHITS provides fewer models, whose
parameters can not be easily varied to obtain a better description of the cross
sections. Nevertheless, in the latest versions, these codes allow to use tabulated
cross sections, that can be calculated for instance using TALYS, instead of the
models, to simulate the experiment. In addition, TALYS may be coupled with
INCL codes in future [56] to treat the pre-equilibrium mechanism both at
lower and higher energies (over 200 MeV). In this way these codes combine a
stronger theoretical description (provided by the nuclear reaction code) with all
the useful information and quantities involved in an experiment (provided by
the Monte Carlo codes). Therefore they allow to avoid wrong predicted yields
or also higher production of undesired nuclides, that are important aspects in
this field, as will be shown in the next section.

Moreover, PHITS allows to calculate also important quantities like the
yield and the activity for each produced nuclide at times specified by the user,
following its decay chain using the DCHAIN-SP module. Therefore this code
can be used alone or combined with a nuclear reaction code to study the
production of medical radionuclides.

In this thesis, this code has not been deeply investigated (as done for the
TALYS code for the cross sections), due to the greater complexity to access and
modify the parameters of the used theoretical models: in PHITS only a few
global control parameters to choose among the different models are available
for the normal user in the input file. A more advanced approach would still
be possible, since the source code is available and could be modified and re-
compiled. However this is not recommended and not attempted in this thesis,
where PHITS has been used to perform the same yields and purities calcula-
tions carried out with TALYS and to verify the results with an independent
code, as often done in the literature [110, 111, 112, 113].

2.4 Production studies

As described in the previous sections, both TALY'S and PHITS provide routines
to study the production of medical radionuclides, calculating some quantities
like yield and activity of each nuclide produced in a given reaction. However
other quantities have to be calculated, like the purity of the final product in
view of its clinical applications. Moreover, these codes do not treat the cases
of generator systems, but only the direct production of radionuclides. For this
reason, the problem has to be delineated and the quantities of interest have
to be properly studied and implemented in a specific code for an appropriate
treatment of the cases under consideration, especially to evaluate the timings
of the chemical separations.
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2.4.1 Production rates and Bateman equations

The production of a nuclide with cyclotrons is obtained with the interaction
of a beam of particles of different energies with a target. The expression of its
production rate is the following[61]:

po_fo Na /E J(E)( & )_1dE (2.17)

ZpTOj |e| A Eout ptdx

where [j is the charge beam current (measured in ampere), 2,.,; the atomic
number of the incident particle, e the electron charge, N the Avogadro num-
ber, A the target atomic mass, E;, and E,,; are respectively the energy of the
incident particles (corresponding to the maximum value of the energy window)
and the energy of the outcoming particles calculated by taking into account
the thickness of the target. o(F) is the cross section of the considered reac-
tion, and pf% is the stopping power. Its expression is given by the Bethe-Bloch
formula [114], that, without the shell and density corrections, is:

dE 7 2? 2me V20 Wnas
— = QWNArgmGCQZ% log(—m i ;_}2

ol ) —28%. (2.18)

It describes the energy loss of the incident particles in the target (due to their
interaction with the target atoms) as a function of the travelled distance and
of the density of the target (p;). In this equation r. is the classical electron
radius, m,. the electron mass, ¢ the speed of light in the vacuum, Z and A the
atomic number and atomic mass of the target, z and v are the charge and the
velocity of the incident particle. The quantities § and ~ are the relativistic
factors:

p=- -
—c v = 1—52'

I is the mean excitation potential (expressed in eV), calculated with the em-
pirical relation:

I

7= 9.76 + 58.8 Z 11 eV Z>13
I 7

- = 12 + 7 eV Z <13

Winae 1s the maximum energy transfer to an electron of the target by the
incident particle with mass M in a single collision:

Omc? B2

Wmax =
1+ 295 4 (%e)?

that, if M > m,, can be simplified as:
Wmaa} = 2m662/8272'
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Thus the production rate R depends on the properties of both the absorb-
ing material (the target) through the quantities Z, A, p;, I and the projectile
by Zproj, Io, v and indirectly by its mass M which appears within the kinematic
parameters 3 and v: 5y = p/M c.

Note that the expressions of the production rate (Eq. 2.17) and of the
stopping power formula (Eq. 2.18) apply only for the case of pure elements,
while for compound targets the number of atoms of the desired elements in
the molecule has to be considered. More specifically Eq. 2.17 becomes:

(B -1
JR— NAC"/ a(E)<dE) dE, (2.19)

Zproj |6| Amol Eout Ptdff

where a; is the number of the atoms of the desired element in the target
molecule and A,,, is the average molar mass of the target. The formula of
the mass stopping power is corrected by replacing Z, A, I with their effective
values [114]:

Zi a; ZZ In [l

Zeff:ZGiZi Aeff:ZQiAi lnIeff: fo

where ¢-index refers to the different elements in the target.

These expressions are used in the case of the reactions with Gd, since the
considered target is gadolinium oxide (GdyO3) where a; = 2 and A,,,; depends
on the isotopic abundance of Gd in the target.

Starting from the production rate, another important quantity can be cal-
culated: the yield, which is often used in the field of medical radionuclide
production. The yield is defined as the number of nuclei produced per induced
electric charge, is measured in nuclei/C or MBq/pA and is calculated using
the following formula for the case of pure elements:

R 1 Ny /E (dE)l
S g -4 o(E dE. 2.20
Ol it ) ML (2:20)

As the rate, also the yield depends on the thickness of the target and we
can refer to three different cases:

e thin target yield: when the target is thin and the energy loss of the
incident particle is negligible (E;, ~ E,,;). The cross section is constant
and there is a low production of radionuclides. Usually a thin target is
used for cross section measurements.

e thick target yield: when the target is thick and the energy lost by the
incident particle in the target is no longer negligible (E;, > FE,,). The
yield is calculated using exactly Eq. 2.20. This is the case considered for
the production of radionuclides.
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e integral yield: when the target has such a thickness that the incident
particle loses all its energy and is stopped inside the target, or when the
output energy FE,,; is less than the threshold energy of the reaction. Tar-
gets of this type are used to compare different reactions that contribute
to directly produce the same radionuclide.

In the literature different definitions of yield can be found with an explicit
time dependence. They are often used to estimate the quantity of radionuclide
produced and available at a given time. To define some of the more commonly
used quantities for medical radionuclide production, i.e. activity and “FEnd-Of-
Bombardment” yield, the time evolution of the number of nuclei produced in
the reaction has to be considered, by solving in general the Bateman equations
[115].

Different cases can arise, but the time evolution of a specific nuclide, pro-
duced with a rate R; and that decays with decay constant \;, can be described
in general in the following way:

dN;(t)

= R MNi() + XJ: fij M N, (2.21)

where f;; represents the branching fractions of other possible nuclei N; (in-
cluding metastable states) that, decaying, can produce the considered nuclide
N;. From Eq. 2.21, the simplest cases can be easily found concerning;:

e stable isotopes:
dN;(t)

= R,
dt
e radionuclides produced only by a single reaction:
dN;(t)
—= =R, — M N,(t
o (2)

The solution of Eq. 2.21 is obtained by solving numerically the correspond-
ing differential equation system that can be handled in algebraic way using
matrices as described in Ref. [116]. In general, in order to write such a system,
the decay chains of the involved radionuclides have to be carefully taken into
account.

In this work the attention is focused on the following reactions:

p+Th — Dy+5n — Th, (2.22)
d+™Tb — "Dy+6n — Tb, (2.23)
a+ "Gd — "Dy+azzr — Th. (2.24)

Therefore the aim is initially to produce *Dy and looking at the decay scheme
shown in Fig.2.7, its production and decay is simply described by a single
equation:

dN1s5p
Ty = Risspy — Msspy Nisspy
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STABLE

Figure 2.7: Decay scheme of **Dy as an example of decay chain for the case
of interest. The figure is obtained with a program that automatically draws
the decay chains and writes the corresponding decay constant matrices (see
Appendix A).

which is valid until the end of the irradiation. After this time, the equation is
formally similar, but the production rate vanishes: the equation describes only
the decay of the produced *°Dy. On the other hand, always looking to Fig. 2.7,
the production and decay of **Tb is described by the following system:

{dtNl55Dy = Risspy — Misspy Nisspy

d¢Nisste = Risste — Msste Nisste + f1550y—15576 M550y NisspDy

that can be rewritten as:

(dtN155Dy) _ <R155Dy> n ( — 155Dy 0 ) (N155Dy)

dy N1ss1h Riss7h +f155Dy—155T6 M55y —AssTn ) \ Nissth )
This system can be solved using the standard analytical methods or also some
computational routines, if one is interested in the direct production of **Tbh
as indicated by the presence of the production rate Ris57,. Nevertheless, this

thesis is focused on the indirect production of %*Tb, described by a slightly
different system that will be presented and discussed in the next chapter.

To generalize and ease the problem of writing and solving similar differential

equation systems also for more complex cases, I have implemented a procedure
in a Python script that, combining a recent nuclear database [117] with the
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output of a TALYS run, draws the decay chains of the nuclides produced in
a given reaction. This tool allows to avoid the manual search of the needed
information on the available online services (like Nudat or the LiveChart of
TAEA). The same program allows also to obtain with each graph the corre-
sponding decay constant matrix that is used for the numerical solution of the
system. See Appendix A for a schematic description of the script to plot these
graphs.

2.4.2 Yields and purities

The solution of the system is used for the calculations of the other useful
quantities, as the activity:

Ai(t) = N Ni(t), (2.25)
and from that also the “End-Of-Bombardment” yield:
At
YEOB = Altzor) fOB) (2.26)
0

defined as the activity per unit of current, calculated at the end of the irra-
diation. Among all the definitions of yields available in literature [118], other
very useful quantities can be defined. One is the saturation yield:

A;(t — 00)

Iy ’
that is defined for a very long irradiation time, or more practically for an
irradiation time much longer than the half-life of the product. In this condition
the production rate and the decay rate of the product are in equilibrium [118].
On the other hand, another quantity is the physical yield, defined as:

_ d(Ai(8)/1o)
phys dt

(2.27)

Qsat =

. (2.28)
t=0
Usually it is combined with the previous definition of integral yield, resulting
in the ntegral physical yield: this is one of the most used quantity in the field
of medical radionuclide production. It allows a general and precise comparison
of different production routes, based on the use of different projectiles and
targets, for the direct production of a specific radionuclide. Moreover, other
combinations can be defined to compare generator-like reactions, as it will
described in Chapter 5. In general, from such a comparison, the reaction
with higher value of yield is preferable. However, these quantities have to be
calculated not only for the radionuclide of interest but also for all its isotopes
(the contaminants).

Indeed, as presented in the previous chapter, this work contributes to the
activities of the REMIX project which is based on the direct activation tech-
nique. Therefore, it is not possible to extract only a single nuclide, since radio-
chemistry allows to extract the chemical element we are interested in (*°Tb
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in our case) with all its isotopes. They decay emitting radiation of different
types that could be harmful to the patient: therefore their production must be
carefully evaluated and minimized. For this purpose, an accurate analysis has
to be performed for all the parameters that affect the yield as: the energy and
the current intensity of the incident beam, the irradiation time, the cooling
time (waiting time after the irradiation), the target properties (as its thickness
and composition). In particular, an approximate indication of the best energy
or energy window (and thus of the thickness of the target) can be obtained
with a preliminary analysis of the cross section ratio between the cross section
of the nuclide of interest and the sum of the cross sections of all the nuclides
of the considered chemical element:

0;
Zj o;
In practice three quantities are very useful in this context: isotopic purity,
radionuclidic purity and specific activity.
The isotopic purity (IP) and the radionuclidic purity (RNP) are defined by the
ratios:

T =

(2.29)

N()
IP(t) = SN0 (2.30)
RNP(t) = i) (2.31)

2. 45()

that show at a specific time t, respectively, the amount of the produced
nuclide ¢ and its purity among all the other nuclides of the same element. In
particular, the ideal case of RNP = 1 indicates a product composed only of
the nuclide of interest, therefore emitting only the desired radiation. Values
of RNP < 1 indicate the presence of contaminants, which could emit harmful
radiation to the patient or not useful for clinical purposes. Among these two
quantities, the European Pharmacopoeia has imposed a lower limit over the
radionuclidic purity: it must be greater than or equal to 99% [119].

Another useful quantity is the specific activity defined as:

A
a Zj m;
the ratio between the activity of the nuclide of interest and the mass of all the
produced nuclides of the same species. Also this quantity describes the amount

of the produced nuclide 7 among its isotopes, more from a radio-chemical point
of view.

SA(t)

(2.32)

In the next chapter all the results, obtained on the basis of the theory
and codes described here, will be shown and analyzed for all the reactions
with protons, deuterons and « particles. The first step is represented by an
accurate description of the experimental cross sections using the nuclear code
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TALYS, to define the routes and calculations for an optimal production of
155Tb.
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Chapter

Cross section results

In this chapter the results of the study of the cross sections are presented and
compared with the experimental data for all the three reactions considered in
this work. On the basis of the theory presented in the previous chapter, a
study has been performed for each specific reaction by using the TALYS code,
selecting the proper models and varying (when necessary) their parameters to
obtain a better description of the cross sections especially of the dysprosium
isotopes.

Indeed, since the considered reactions are generator-based reactions, the
attention has to be focused initially both on Dy and on its isotopes because,
after the irradiation, they will be extracted from the target and by decay
produce the nuclide of interest (1*>Tb) and all its contaminants. In particular
among all the different dysprosium nuclides produced in the reactions, only
four radionuclides are relevant for this study: *3Dy, Dy, *"Dy and %Dy,
for which experimental data are available, with the exception of 3Dy in the
reactions with deuterons and a-particles, as shown in the review of the data in
the first chapter. Many nuclides are stable (1*Dy, %Dy, 19Dy, 161Dy, 162Dy,
183Dy and '%*Dy), one (***Dy) has a very long half-life (T, >~ 3 My) and all
the others are produced at energies higher than the ones achievable with the

INFN-LNL SPES cyclotron (70 MeV).

An accurate description of the cross sections is extremely important since an
underestimation or overestimation could lead to wrong calculations of activities
and purities.

An important note is necessary at this point: this study is concerned to
the practical applications of the final product, i.e. %°Tb, and an accurate
description of the cross section of every reaction channel involved in the related
decay chains is not the main goal of this thesis. Nevertheless, for completeness,
the effect of the used improvement approach has been examined considering
also other nuclides for which experimental data are available, like terbium and
gadolinium.
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Figure 3.1: Different combinations of pre-equilibrium and level density model
with default options for optical potential and energy binning.

3.1 Reactions with protons

The reaction with protons on natural terbium has been the first reaction stud-
ied in this work and its analysis has revealed insights and properties useful also
for the other two reactions. For this reason, the main steps of the used pro-
cedure for the investigation of this reaction are shown to clarify their meaning
and impact on the cross sections. Initially different TALYS calculations have
been performed to explore all the possible combinations of pre-equilibrium and
level density models, while using the default options, for all the other models
(like the optical potential) and also for the excitation energy binning. This
first investigation has been carried out to outline the physical situation and
the behaviour of the models in comparison with the data, as shown in Fig. 3.1
for the case of 3Dy. The theoretical curves do not reproduce the position of
the peak of the cross section and, instead, appear to be shifted to the left with
respect to the different available experimental data which are in agreement
with each other. From this step the approach for a better description of the
cross section has been set up, following a procedure similar to the one pre-
sented in Ref. [83]. The behaviour of the theoretical curves has been greatly
improved initially with considerations of numerical nature, using the linear
binning which is not the default option in the version of the code used in this
work. In particular a better description has been obtained with a number
of bins given by the energy dependent algorithm which produces the results
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Figure 3.2: Different combinations of pre-equilibrium and level density model
with default options for optical potential but with equidistant excitation energy
binning (the combination of equidistant y and bins 0 has been used).

shown in Fig. 3.2.

Moreover the coupled-channels approach has been used since the considered
nuclides are known to be deformed, resulting in a further slight shift to the right
of the curves. This is mainly caused by the modifications of the parameters of
the imaginary part of the optical potential implied by the automatic coupled-
channels calculations, which have been activated using the following keywords:
rotational n p d a and autorot y. These commands allow to enable the
calculations starting from the lowest rotational band for the various particles
that can appear in the calculations, that is neutrons, protons, deuterons and
a-particles. The inclusion of *H and ®*He has been considered as well, but
no difference has been observed in the cross sections of all the considered
nuclides: however their exclusion in the calculations has allowed to reduce the
computational time.

The effect of these improvements can be noticed from Figs. 3.3-3.4 for %°Dy
and 53Dy respectively. In these figures the curve obtained considering both
linear binning and the deformation of the nuclides is shown and compared
to the one obtained without these considerations, for simplicity only for a
combination of pre-equilibrium and level density models. The improvements
are remarkable especially for **Dy, but also the cross sections of the other
dysprosium nuclides (*"Dy and '%*Dy) have been well reproduced.

Only after the global choice of binning and the inclusion of rotational effects
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Figure 3.3: Effects of initial improvements for 1*>Dy. Purple line: linear bin-
ning and coupled-channel calculations; green line: logaritmic binning without
deformation effects. Here, for simplicity, the comparison is shown only for a
single combination of pre-equilibrium and level density models.
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Figure 3.4: Effects of initial improvements for 1°*Dy. Purple line: linear bin-
ning and coupled-channel calculations; green line: logaritmic binning without
deformation effects. As in the previous figure, only a single combination of
pre-equilibrium and level density models is considered.
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Figure 3.5: Comparison of the adjustment of the pre-equilibrium parameter
M2constant to 1.4 (purple line) with respect to its default value (green line).

for the involved nuclides, a specific combination of pre-equilibrium and level
density models has been selected and used in subsequent studies. Regarding
the level density, which is an essential ingredient for the compound nucleus
theory and for the description of the peaks of the cross sections, in general
the microscopic models perform better than the phenomenological models. In
particular, the most recent model (ldmodel 6) has been chosen for all the
nuclides produced in the reaction because on average it describes better all
the cross sections. Moreover, even if the microscopic level densities are devel-
oped considering the collective effects as stated in RIPL [100], in this work
better results have been obtained forcing the code to consider the collective
enhancement of the level density using colenhance y.

In addition to the level density, the strength function is an important quan-
tity to model the gamma emissions in the de-excitation process of the com-
pound nucleus. In this reaction, the same theoretical model of the level density
has been used for this quantity, with strength 8.

On the other hand, among the pre-equilibrium models implemented in the
special version of the code used in this work, the attention has been focused
on the exciton model instead of the quantum mechanical model, which is not
properly effective in this case, and of the Geometry Dependent Hybrid model
since its parameters are not easily accessible. The third option for the exciton
model (preeqmode 3) has been used varying its single parameter M2constant
that has important effects on the cross sections. Indeed, it has been observed
that an increase of M2constant results in a decrease of the cross section tail of
199Dy and in an increase of the peak magnitude of the cross section of the other
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3. Cross section results

dysprosium nuclides. The parameter can be varied from 0 to 100, with 1 as the
default value. In this study, the parameter has been modified and adjusted to
M2constant 1.4, since with the default value the TALYS curve overestimates
the experimental cross section of 1Dy, as shown in Fig. 3.5. Therefore the
adjustment corresponds to a very small variation from the default value and
provides a significant result. In order to compensate for the increased peak of
the other dysprosium nuclides further parameters have been considered for the
pre-equilibrium process and in particular for the stripping reactions. The final
result has been obtained using Cstrip d 4.2 which affects the cross section
of the (p, d) channel (for the production of ®Tb) and produces effects also
on other channels like (p, xn) for the production of dysprosium nuclides. This
behaviour could be explained considering that for these direct-like reactions
all the intermediate states are taken into account in the calculations. Indeed,
deuterons could be formed in intermediate states during the formation and de-
excitation processes of a specific nuclide. In these cases deuterons could also
absorb energies higher than their binding energy (~ 2.2 MeV) and therefore
they could split into a neutron and a proton. The latter could have not enough
energy to cross the Coulomb barrier and remains inside the nucleus while the
neutron could escape. Additional pre-equilibrium model changes have also in-
cluded the selection of the multiple exciton model (mpreeqmode 1), for the
description of multiple pre-equilibrium reactions, the microscopic particle-hole
state density (phmodel 2) and the default option for the pre-equilibrium spin
distribution.

Finally, as described in the previous chapter, also the scaling transformation
of the level density has been considered:

p(B,J,7) = exp (e /E = p) prnt (B, J, ),

after the inspection of the cumulative of the levels of the dysprosium nuclides.
The theoretical curve, calculated using the default level density parameters
tabulated inside the code, is not in agreement with the experimental cumula-
tive only for 1%¥Dy. Moreover only the cross section of 1**Dy required a minimal
adjustment to reduce the effects of the variation of the pre-equilibrium parame-
ters. Therefore, the values of the ¢, p parameters have been selected to improve
the description both of the cumulative and of the cross section of **Dy and
their optimal value are: ¢ = —0.4 and p = —0.6.

In Fig. 3.6 the comparison of the experimental cumulative and the theoret-
ical calculations is shown for all the four relevant dysprosium radionuclides. In
particular for 3Dy also the calculation with the default parameters is shown
with a clear discrepancy with respect to the experimental cumulative and to
the curve obtained with manual modification of the parameters.

All the parameter changes are listed in Tab. 3.1 and the TALYS calcula-
tions, produced with these new modifications, are plotted in the following fig-
ures and are referred to as “TALYS modified”, in comparison with the TENDL—
2021 curve. The latter is based on TALYS-1.96 calculations performed consid-
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Figure 3.6: Theoretical and experimental cumulatives of levels for the four
relevant dysprosium nuclides. The Theoretical curves (green lines) are obtained
without any variation of the tabulated values of the level density ¢ and p
parameters. The TALYS modified curve (purple line), instead, is obtained
with ¢ = —0.4 and p = —0.6.

ering adjustments of different parameters for a global and general description
of various reactions induced by the particles handled by the code.

The found solution is not intended to be unique: other combinations of pre-
equilibrium and level density models adjustments as well as variations of the
parameters of the Koning—Delaroche optical potential have been considered.
However, among the different considered analyses, the described solution is the
optimal one in terms both of the number of parameters and of the deviation
from the default values.

The results in Figs. 3.7-3.10 are referred to the cross sections of the dyspro-
sium nuclides. From these plots a better description of the cross section of the
dysprosium nuclides is clearly evident: in particular for **Dy our approach
accurately reproduces the measurements, while TENDL overestimates the ex-
perimental data. This will have an impact on the quality of *Tb produced
with this route as it will be shown in the next chapter.
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3. Cross section results

Parameter Value
equidistant vy

bins 0
rotational npda
autorot y

preeqmode 3
MZ2constant 1.4

Cstrip d4.2
preeqspin n
mpreeqmode 1

phmodel 2

ldmodel 6
colenhance y

strength 8

ctable 66 153 0.4
ptable 66 153 0.6

Table 3.1: TALYS parameters adjustment used in this work to reproduce the
experimental data of the ' Tb(p, x) reaction.
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Figure 3.7: Comparison of TALYS modified and TENDL curves with experi-
mental data for 1**Dy.
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Figure 3.8: Comparison of TALYS modified and TENDL curves with experi-
mental data for 1*>Dy.

159Tb(p,31’1)157Dy
1400 T T I
TALYS -
1200 TENDL —
o Tarkanyi 2017 b
£ 1000 - Lebowitz 1971 “
o Engle 2016 (cum)
2 800 Steyn 2013 (oxide) N
o Steyn 2013 (metallic)F
2 600 - _
]
© 400 - n
@)
200 n
0 na — =
0 20 40 60 80 100

Energy (MeV)

Figure 3.9: Comparison of TALYS modified and TENDL curves with experi-
mental data for 1*"Dy.

63



3. Cross section results

159Tb(p,n)159Dy
250 T T I I
TALYS modified -
TENDL -
o 200 - Tarkanyi 2017 bt [
E Engle 2016 (cum)  +=
S 150 Hassan 2007 |
.2 Steyn 2013 (metallic)r
= %
)
“ 100 | .
7
e
O 50 .
0
0 20 40 60 80 100
Energy (MeV)

Figure 3.10: Comparison of TALYS modified and TENDL curves with exper-
imental data for *°Dy.

The used approach has created effects also on the cross sections of terbium
and gadolinium nuclides, that have not been considered in the analysis. The
optimal solution indeed has been found with regard only of the dysprosium
nuclides that are the relevant ones in this study. However, for completeness,
in Figs. 3.11-3.13 the comparison between TALYS modified, TENDL and the
available data are shown for different terbium and gadolinium nuclides. In
these figures the TALYS modified curve seems to better reproduce, on aver-
age, the trend of the cross sections, even if in some cases, like for *Tb, the
new curve overestimates the cross sections. This behaviour is mainly due to
the variation of the pre-equilibrium parameters that have a global effect on
all the produced nuclides in the given reaction, like a higher prediction of the
cross section tail for 1*>The“™  Probably, the inclusion of isospin (not yet im-
plemented in the code) and the variation of many other parameters, including
the level density parameters for several nuclides, could improve the description
of the terbium and gadolinium nuclides, but, as stated, this was not the main
goal of this work.
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Figure 3.11: Comparison of TALYS modified and TENDL curves with experi-
mental data for 'The™ (a), 152Thew™ (b), 193 Theum (¢), 153Th (d), Th (e)

and P4m2Th (f).
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Figure 3.12: Comparison of TALYS modified and TENDL curves with experi-
mental data for 15 Theum (a), B5Thind (b), 156Th (¢), P61 Th (d), 156m2Th (e)

and 158

Tb (f).
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Figure 3.13: Comparison of TALYS modified and TENDL curves with exper-
imental data for 7Gd®™ (a), M9Gd™ (b), 'Gd®™ (c) and 53Gd“™ (d).

Validation

In order to evaluate from a quantitative point of view the goodness of the
results obtained with the found set of parameters, the same approach used in
the literature to test new TALYS adjustment calculations has been considered
and applied in this work.

In particular, as described in [83], based on the work of the authors of the
code [120, 121], a total chi-square, x2 ,, is used to compare the TENDL and the
“TALYS modified” curves for all the channels, i.e. considering all the produced
radionuclides, using the following expression:

N,
1 c
2 § 2
Xtot - NC g chc (3]‘>

where N, is the number of all the reaction channels, x? is the chi-square
value per channel and w, is a weight that is used to normalize data belonging
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to different reaction channels. In the literature two methodologies are usually
considered in order to stress the importance of the calculations to the most
prominent channels:

e “Cumulative ¢” weighting, that acts as an area normalization. Its ex-
pression is:

i o
= N, —Np i (3.2)
D1 2t OF
where O'%’i is the TALYS cross section evaluated at the energy of the point

1 for each channel ¢, while Np is the number of data points of all the
experimental datasets per channel.

We

e “Maximum o” weighting, that is the fraction between the TALYS max-
imum cross section reached in each channel and the sum of the TALYS
maxima of all the channels. The expression is:

c
UT,ma:v

Ne ¢ :
Zc:l OT,maz

(3.3)

We =

The latter is suggested to strengthen the significant parameter adjustments, if
any, for the reproduction of large compound peaks at low energies. However,
in this work the compound peaks have not been predominant in the analysis
of the cross sections of the relevant nuclides and, therefore, the “Cumulative
o” weighting has been used.

For each channel, x? is calculated without exclusion of any data and is
given by:

L QA (T — 07\

2 zp

=S (e T 3.4
NP ;( AO'E:):p ) ( )

where o7, are the experimental cross sections and Aoy, their uncertain-
ties, while o7 are the TALYS cross section calculations. In particular, for an
accurate determination of x2, both the uncertainty on the cross section and on
the energy (if available) have been considered by combining them in quadrature
as described in Ref. [122]:

Ao?® = (Aam%)Q + (Ac,)? (3.5)

where AUI% is the indirect contribution from the uncertainty in z (i.e. in
energy) to the total uncertainty in y (i.e. in cross section) using a first-order
approximation.
In Tab. 3.2 the comparison of the total chi-square confirms that “TALYS
modified”, produced by realistic analysis driven by numerical and physical con-
siderations, gives a better global description of the cross sections with respect
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TALYS modified 2, TENDL x2,
1.7 3.6

Table 3.2: Total chi-square describing the goodness of the TALYS modified
and TENDL curve for the 1 Th(p, x) reaction. An improvement of ~53% has
been achieved.

to the standard TENDL curve: an improvement of ~53% is achieved. This
result is notable considering that the model optimization has been obtained
for only the dysprosium nuclides, varying few parameters, and is certainly a
more reliable and general approach with respect to the mere interpolation of
experimental data.

3.2 Reactions with deuterons

The same procedure described in the previous section has been applied also
for the reaction with deuterons.

As presented in the first chapter, for this reaction few experimental data are
available only for seven reaction channels for the production of: '**Dy, ¥"Dy,
159Dy, 15Tpewm 156 160TH and 1%3Gd. Moreover, for some nuclides, the
data are very scattered and thus not in agreement with each other. Therefore
the analysis of the cross sections has been more difficult: anyway the study has
led to an improvement in the description of the cross sections for the produced
nuclides.

The first step in the analysis of the cross sections has been represented by
the investigation of the behaviour of the five models of the optical potential
for deuterons implemented in the TALYS code. In Fig. 3.14, the comparison
of these models is shown for the case of %Dy, keeping the default options
for all the other parameters. From the figure, the curve obtained with the
default option, deuteronomp 1, fails in the description of the cross section
while all the others are close one each other. Among the models, deuteronomp
4 and deuteromomp 5 are the most recent ones. Since the former seems to
overestimate less the cross section, not only for *Dy but also for the other
nuclides, it has been chosen for the description of the reaction. In particular,
deuteronomp 4 corresponds to the model of Han et al. [75], which has been ob-
tained in a similar way to the well-known Koning—Delaroche potential. Indeed
it results from a global fit of the potential parameters for reactions induced by
deuterons, with energy from threshold to 200 MeV, on nuclei within the mass
number range 12<A <209, and considering the experimental data of deuteron
total reaction cross sections and elastic scattering angular distributions.

Similarly to the case of the reaction with protons, a comparative study
between the logaritmic (default) and liner binning has been considered, and
better results have been obtained with the linear binning using the same en-
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Figure 3.14: Comparison of the five deuteron optical potential models imple-
mented inside the TALYS code for %°Dy.

ergy dependent algorithm presented before (bins 0). Moreover the options
rotational n p d aand autorot y have been used also for this reaction for
the automatic coupled-channels calculations, since the reaction involves the
same deformed nuclides of the previous case. These choices have the same
effects described for the reaction with protons: a slight shift to the right of the
curves.

Regarding the pre-equilibrium models, the default option (preeqmode 2)
has been selected without any variation of the parameters of the matrix el-
ement (i.e. M2constant, M2limit and M2shift). Other parameters, like
mpreeqmode, preegsin, phmodel, ...for example, have been considered but
no apparent change has been observed. However, since this reaction is induced
by deuterons, the break-up process has been examined with particular atten-
tion. As described in the previous chapter, two models are available inside the
TALYS code: the Kalbach phenomenological model (which is the default op-
tion) and the microscopic Avrigeanu model. Both models have been considered
using the breakupmodel keyword and their comparison is shown in Fig. 3.15.
In this context the default option clearly describes better the trend of the data,
while the other model may require some adjustments from the theoretical point
of view, which can be done by the authors of the model: there is no way for
a TALYS user to improve it. Nevertheless, for some nuclides, like **Dy and
160Th that correspond to the (d, n) and (d, p) channels respectively, an attempt
has been performed to improve the description of their cross section, adjusting
the break-up parameter with the Cbreak n and Cbreak p keywords. In this
context, the attention has been focused not only on dysprosium nuclides but
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Figure 3.15: Comparison of the two deuteron break-up models available inside
the code.

also on 1%Tbh, because the break-up process involves both the (d, n) and (d, p)
channels and they result strictly correlated. In particular the change from the
unity (default value) of this parameter and its adjustment to Cbreak n 0.53
and Cbreak p 1.25 have been made to reduce the cross section of Dy while
increasing the one of 1°Tb.

Concerning the level density, the 1dmodel 6 has been given the best agree-
ment with data almost for all the produced nuclides. The TALY'S code allows
to choose a specific level density model per nuclide allowing to tailor the models
to individual reaction channels: this possibility has been investigated by mixing
parametrization among different nuclides. Among the various combinations,
the choice to use ldmodel 5 only for "Dy and **Dy while keeping ldmodel
6 for all the other nuclides has produced the best results. This change has
allowed to soften the high-energy tail of these two dysprosium radionuclides,
whithout any visible effect to the other reaction channels. Finally, another
consideration has been made for the level density, regarding the ¢ and p pa-
rameters. Looking to the cumulative of the four relevant dysprosium nuclides,
a good agreement has been observed for *Dy, "Dy and Dy between the
theoretical curve and the experimental cumulative. For the case of 1**Dy the
same picture of the reaction with protons has been faced: a discrepancy in
the description of the cumulative of the levels from theoretical point of view.
But in this context experimental data are not available for the cross section
of 153Dy. Therefore the effects of a variation of the level density parameters
could not be assessed by looking at the cross section. However, the same pa-
rameters found for the protons reaction have been used also here, motivated
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3. Cross section results

by the following considerations:

1. the level density is a property of every nuclide and is independent of the
particular reaction from which is produced.

2. TALYS provides, per each nuclide, tables containing values of the ¢, p
parameters that depends on the specific considered microscopic model.
They are used by default and therefore their values are always the same
for every reaction.

3. In the reaction with protons, 1dmodel 6 has been optimized for 3Dy
and new values of the two parameters have been found. Consequently,
these new values could be used whenever considering 1dmodel 6 for the
production of 3Dy, as in the study of the reaction induced by deuterons.

Needless to say, the picture is complex and this consideration is not to be
intended as absolute. Indeed, looking to the nuclide chart, for many nuclides
the theoretical predictions of the cumulative are usually not in agreement with
the observed levels, even if the default values of the parameters are obtained
after a renormalization of the microscopic models to experimental data for
thousands of nuclei (see Fig. 3.16 that shows the comparison between the
theoretical and experimental cumulatives presented in RIPL Ref. [100]).

Parameter Value
equidistant y

bins 0
deuteronomp 4
rotational npda
autorot y

Cbreak n 0.53
Cbreak d 1.25
ldmodel 6

ldmodel 5 66 159
ldmodel 5 66 157
ctable 66 153 0.4
ptable 66 153 —0.6

Table 3.3: TALYS parameters adjustment used in this work to reproduce the
experimental data of the ' Tb(d, x) reaction.

In Fig. 3.17 the comparison of the theoretical predictions calculated in
this work, and the experimental observed levels is shown for the four relevant
dysprosium nuclides, while in Tab. 3.3 all the parameters used in this reaction
are summarized.

In Figs. 3.18-3.20 the comparison of the TALYS modified and TENDL
curves is shown for the dysprosium nuclides while in 3.21 the one for terbium
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1000,

10

=1
TTITI T TTTImr T T TTT]

")

10

=]

1wy

ey

T T T T T

nye)

T I
*Pb (-2.5 MeV

)

1 | | 1
o] 1 2 3 4 5 1 # 3 4 1 2 3

Excitation energy E (MaV) Excitation energy E (MaV) Excitation enargy E (MaV)

.

Figure 3.16: comparison between the theoretical (black lines) and experimental
(red lines) cumulatives presented in RIPL, Ref. [100] on page 3163. In many
cases, the tabulated values of the ¢ and p parameters do not allow a proper
description of the number of observed levels.

and gadolinium nuclides. Also for this reaction an average better description
of the cross section has been obtained. Unfortunately, the TALYS modified
curve does not reproduce well the cross section of **Dy and of Tb. The
main problem is given by the very scattered data, but it is challenging to
predict accurately and simultaneously both the (d, n) and (d, p) channels and
to obey at the same time the spectra fits of Kalbach. Therefore, more work
is probably needed both from the theoretical and the experimental points of
view to improve the agreement for these specific channels [56].
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Figure 3.17: Comparison between the theoretical predictions and the exper-
imental observed levels for the four relevant dysprosium nuclides. For "Dy
and Dy ldmodel 5 has been used, while 1dmodel 6 for all the other nu-
clides. The TALYS modified prediction is the same of the reaction induced by
protons.
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Figure 3.18: Comparison of TALY'S modified and TENDL cross section curves
with experimental data for 1*°Dy.
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Figure 3.19: Comparison of TALYS modified and TENDL cross section curves
with experimental data for 1*"Dy.
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Figure 3.20: Comparison of TALY'S modified and TENDL cross section curves
with experimental data for 1**Dy.
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Figure 3.21: Comparison of TALY'S modified and TENDL cross section curves
with experimental data for 1*>The“™ (a), 1%Tb (b), 1Tb (¢) and "3Gd (d).

Validation

TALYS modified and TENDL calculations are compared by means of the total
chi-square metrics, described in the previous section. For this reaction the
old data of Duc et al. have not been considered in the calculation of %, to
avoid infinities, since they are given without cross section uncertainties. In the
following table the values of X%, show that with the few performed adjustments
an improvement of ~38% has been obtained. In this case, however, the TENDL

curves described already quite well the cross sections given the few available
experimental data.

TALYS modified 2, TENDL x2,
1.3 2.1

Table 3.4: Total chi-square for the »9Th(d, x) reaction. An improvement of
~38% has been achieved.
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3.3. Reactions with « particles

1520q 1%4Qd 15%Gd B5Qd 157Gd 18Qd 160Gq
0.002 0.0218 0.1418 0.2047 0.1565 0.2484 0.2186

Table 3.5: Isotopic composition of "*Gd

3.3 Reactions with o particles

This reaction differs from the previous ones not only for the incident particle,
but also for the considered target, "**Gd, which is not monoisotopic but has a
broader composition. As presented in Tab. 3.5, in a natural gadolinium target
there are seven gadolinium isotopes that can contribute to the formation of
the same nuclides. Indeed, in the TALY'S code each of the following reactions
is considered and calculated individually: '%2Gd(a, x), "Gd(a, x), %Gd(a,
x), ¥Gd(a, x), ¥'Gd(a, x), ¥8Gd(a, x) and '°Gd(«, x). Only after the
calculations, a weighted sum is performed, using the weights of Tab. 3.5, to
derive the cross section of each nuclide produced by the "*Gd(a, x) reaction.
In this way, one has also the possibility to consider separately the contribution
of each gadolinium isotope. This may be useful if one is interested in the exam
of the production of a specific radionuclide starting from an enriched target.

The same procedure described in the previous sections has been used to
obtain a better description of the cross sections for different reaction channels
where experimental data are available. With respect to the previous reac-
tions, another important terbium radionuclide can be produced, namely %' Tb.
Therefore, the attention has been focused on the relevant dysprosium nuclides
(for the indirect production of *Tb), and also on '®*Tb and on its main con-
taminant '*Tb. The production of ' Tb is not the goal of this thesis, anyway
an attempt has been performed to obtain an accurate description also of its
cross section. Indeed, studies on its direct production by means of "*Gd(a,
x) have not been performed yet and only other direct reaction by means of
protons and deuterons have been considered [123].

For the improvement of the cross sections, the linear binning with the
default values of bins (bins 40 equal for all the energies) has been used in
addition to the automatic coupled-channels calculations (activated again with
rotational n p d a and autorot y), since we are still considering the same
nuclides of the previous reactions.

For the optical potential, the default option has been considered and used.
It corresponds to the most recent Avrigeanu model [77] that performs better
than the other available models. In particular it represents an improvement of
the previous optical potential [79] for o particles on nuclei with mass number in
the range from 45 to 209. The two main enhancements were the increase of the
surface imaginary-potential depth and the ~7% increase in value of the radius
for the surface imaginary part of this potential. The latter modification has
allowed to remove the underestimation of the cross section for well-deformed
nuclei. Moreover it has been used in accurate analyses to remove also the sig-

7



3. Cross section results

nificant underestimation of the a-particle emission obtained with the previous
model.

Regarding the pre-equilibrium, the default exciton model with transition
rates calculated numerically (preeqmode 2) has been used, but the parameters
of the matrix element M? have been varied. In particular the best results
have been obtained with M2constant 0.9 and M2shift 1.4. This change
had the effect to decrease the cross section of 9Tb, adjusting it to recent
data. Moreover also the stripping process with tritium as outgoing particle
(Cstrip t 2.0) have been considered, especially to increase the cross section
of 1®1Th while keeping almost unchanged all the other reaction channels. Also
Cknock a 0 has been used to remove a little “unphysical” hump around 25 MeV
observed in different channels and not reproduced by the experimental data.
The reset of this parameter of course decreases the cross sections of "*Gd(a,
a x) reactions like "*Gd(a, a x)""?Gd. However, as it will be shown in the
next plots, even TENDL performs very poorly showing an odd behaviour. An
attempt to include also this channel in the current analysis has been made
with scarce results: any adjustment of the parameters has produced drastic
effects on the more important channels for this study. Therefore the found
values of the parameter has been kept optimal, since the aim of this thesis is
the indirect production of *>Tb.

Finally, considerations on the level density have been made similarly to the
case of deuterons. For almost all the nuclides 1dmodel 5 has been used forcing
the collective enhancement of the level density, while for %Dy, 15Dy, 153Tb,
155, 196Th, 160Th and '5'Tb ldmodel 6 has been chosen. Moreover, with
the same assumption explained in the reaction with deuterons, ¢ = —0.4 and
p = —0.6 have been used also here for 1**Dy, even if experimental data are not
available for this channel. However, for this reaction the cumulative cross sec-
tion of 3¥Th is available, that is the sum of Tb and '**Dy (the progenitor)
cross sections. Therefore the variation of the level density parameters of 3Dy
have produced visible and positive effects in the cumulative cross section of
153Th, confirming the choice made for the use of the new found level density
parameters. Nevertheless, also the p parameter of '!Tb has been varied for
a slight improvement in the description of its cross section without an exces-
sive large modification of the cumulative theoretical prediction, as shown in
Fig. 3.22.

The set of the adjusted parameter used in the analysis of this reaction is
summarized in Tab. 3.6, while in Figs. 3.23-3.28 the comparison of the TALYS
modified and TENDL curves with the available experimental data is shown.
Again there are few experimental data sets and they are not in great agreement
with each other for many channels. In particular the point of Moiseeva et al.
around 55 MeV is odd due to the very large uncertainty, as reported also in
their paper (Ref. [50]) and the old data by Gayoso et al. seem to describe very
differently the cross section if compared with the new data by Ichinkhorloo et
al., especially for 1 Tb.
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Figure 3.22: Comparison of the experimental and theoretical cumulatives for
161Th. In this work an improvement has been obtained with p = —0.2 (purple
line) with respect to default values (green line).

Parameter  Value Parameter Value
equidistant y ldmodel 6 66 153
rotational npda | Idmodel 6 66 155
autorot y ldmodel 6 65 153
M2constant 0.9 ldmodel 6 65 155
M2shift 1.4 ldmodel 6 65 156
Cstrip t 2.0 ldmodel 6 65 160
Cknock al ldmodel 6 65 161
ldmodel 5) ctable 66 153 0.4
colenhance y ptable 66 153 0.6
ptable 65 161 —0.2

Table 3.6: TALYS parameters adjustment used in this work to reproduce the
experimental data of the "*Gd(«, x) reaction.
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Figure 3.23: Comparison of TALYS modified and TENDL cross section curves
with experimental data for 1*>Dy.
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Figure 3.24: Comparison of TALY'S modified and TENDL cross section curves
with experimental data for 1*"Dy.
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Figure 3.25: Comparison of TALY'S modified and TENDL cross section curves
with experimental data for 1**Dy.
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Figure 3.26: Comparison of TALYS modified and TENDL cross section curves
with experimental data for '*3Tb (a), **Tb (b).
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Figure 3.27: Comparison of TALYS modified and TENDL cross section curves
with experimental data for P4™'Th (a), 14m2Th (b), P>Thewm (c¢), 1¥5Thind
(d), ¥5Tb (e) and 8Tb (f).
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Figure 3.28: Comparison of TALY'S modified and TENDL cross section curves
with experimental data for 5Tb (a), 1*®*Tb (b), 1°Tb (c), > Tb*™ (d) and
1%9Gd (e).

Validation

The total chi-square has been calculated also for this reaction considering all
the data and the values for TALYS modified and TENDL are reported in
Tab. 3.7. The x2, values are below the unity because of the large cross section
uncertainties of the data by Moiseeva et al. and also Gayoso et al., but also
in this case an improvement has been achieved. It is around 22%, therefore
is slightly lower than the ones obtained with the reaction with protons and
deuterons. Indeed, in this reaction, the TENDL curve seems to globally de-
scribe well the trend of the experimental data, even if for some nuclides, like
for "Dy and Dy, it underestimates the cross section while TALYS modi-
fied performs better. Anyway new experimental measurements are demanded
to describe in more accurate way the cross sections of the different produced
nuclides. Indeed new experimental measurements may help theoreticians to
constraint the parameters of their models and a more extensive study may
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TALYS modified 2, TENDL x2,
0.9 0.7

Table 3.7: Total chi-square for the "*Gd(a, x) reaction. An improvement of
~22% has been achieved.

lead to new solutions.

For the moment, the calculations of this study represent an improvement,
especially for the dysprosium nuclides, for all the three considered reactions in
view of the indirect production of !*Tb. The analysis has been performed to
avoid erroneous physical description of the reactions and limiting as much as
possible the underestimation/overestimation of the cross sections. The current
calculations, referred to as “TALYS modified”, have allowed to obtain curves
that represent the starting point to compute the different and useful quantities
(activities and purities).

84



Chapter

Production studies of 1°°Tb

The results, obtained in the previous chapter with the analysis of the cross
sections of the reactions, are used to investigate the optimization of the **Tb
production process. In the first part of this chapter the generator system is
described in general terms by identifying the variables needed for the calcula-
tion of the physical quantities of interest, like activities and purities. In the
second part, a particular approach based on the multi-objective optimization
methods, which is applied for the first time in this field, is used to optimize
simultaneously the quality and the quantity of the final product.

4.1 Chemical separation model

As described in the first chapter, this work is based on the direct activation
technique. During the irradiation of the target many nuclides of different
chemical elements are produced.

If one is interested in the direct production of *>Tb, whose contribution is
cumulated with the decay of its progenitor (1*Dy), only a single radiochemical
process is needed to extract all its isotopes from the target.

On the contrary, if the generator system is considered, ®*Dy has to be
extracted first and ®Tb is extracted from the isolated dysprosium when suf-
ficient quantity of terbium is produced by the decay of its progenitor.

Different variables are involved in all the steps of this process that is rep-
resented schematically in Fig. 4.1:

e the incoming energy E;, of the projectile, the current Iy of the incident
beam, the outgoing energy E,,; (or the thickness of the target) and the
irradiation time t;...q represent the variables that characterize the irra-
diation step;

e the At; and Aty times describe the chemical processes. The former
includes the time for the removal of the target from the beamline after
the end of bombardment (referred to as “waiting time” in Ref. [40]) and
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Figure 4.1: Schematic representation of the Dy /Tb generator divided in three
main parts: irradiation, determined by incoming energy E;,, by beam current
Iy, outgoing energy E,,; and by irradiation time t;..qq (tpop and t;...q have the
same meaning and are interchangeable); first processing for the separation of
Dy from the target characterized by At; time; second processing for extraction
of Th from isolated Dy, characterized by Aty time.

the time for the chemical separation. The latter includes the optimal
time for the maximum growth of *Tb and the time required for the
second chemical separation.

In addition, from the experimental point of view, in a realistic production
process a precise control of all the experimental setup is extremely relevant.
The homogeneity, the thickness and the spatial position of the target (mainly
the angle at which it is mounted) as well as the spatial distribution of the
energy beam can highly affect the yield and especially the radionuclidic purity.
Of course also the irradiation time and the beam energy should be maintained
constant during each irradiation when producing radionuclides for medical use,
and all these factors will play a role in the final production yield measurements.

4.1.1 Energies for the production rate

The incoming and the outgoing energies are the key ingredients for the calcu-
lation of the optimized production rate as defined in Chapter 2 (Eq. 2.17):

po_fo Na /E U(E)< & )_1dE, (4.1)

Zp’roj |6| A Eaut ptdl‘

valid for the case of a pure element. The two integration limits represent
the energy window that has to be carefully selected to maximize the indirect
production of '»Tb and to minimize the co-production of its contaminants.
Therefore the attention initially should be focused on the progenitors of the
terbium nuclides. A preliminary idea of the energy window can be obtained by
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4.1. Chemical separation model

the inspection of the cross section ratio between **Dy and all the dysprosium
radionuclides produced in the reactions:

0155 pyy
Zj 03Dy

The TALYS modified calculations have been used to evaluate this ratio, shown
in Fig. 4.2-4.4 for all the three considered reactions. In particular, the best
case is represented by the reaction with protons with a maximum over 0.8,
while the worst one is represented by the reaction with « particles. This is due
to a higher formation of the contaminants of 1*>Dy especially for the reaction
with « particles due to the varied composition of "*Gd. Anyway an energy
window can still be selected around the peak since it corresponds to the case of
higher production of *Dy with respect to its contaminants. For each reaction
two considerations are important:

r

(4.2)

e an attempt has been made to avoid an excessive production at higher
energies of other dysprosium radionuclides with respect to the relevant
ones (like 12Dy, 51Dy, ...), since this can affect the final result;

e for a comparison with the literature, the window has been selected to
include also the energy range used by Steyn et al. (Ref. [40]) and Moi-
seeva et al. (Ref. [50]) for indirect production of **Tb with protons and
« particles respectively.

In particular, for the reaction with protons only the four relevant radionuclides
(153Dy, 15Dy, "Dy and '%Dy) are produced in the selected energy window 35—
60 MeV, with deuterons also '%2Dy is produced in the range 40-70 MeV, while
for the case of o particles also Dy, *°Dy, %'Dy and 2Dy are produced,
especially from %2Gd(q, x), in the range 20-70 MeV.

These ranges have been explored in the optimization study to select the
two integration limits of the rate for an optimal production of *>Thb.

4.1.2 Decay schemes and processing times for Bateman equa-
tions

As described in Chapter 2, the rate is used to calculate the time evolution of
the produced dysprosium nuclides, by means of the Bateman equations that
have been written after the analysis of the decay schemes, which are shown
in detail in Appendix B. Among them, the stable isotopes and also **Dy are
not relevant since they do not produce terbium nuclides. Only the branches
of the decay chain that describe the production of the terbium nuclides (and
not the whole decay chains) are taken into account. In particular, in this
context the aim initially is to solve the decay equations only for the dysprosium
radionuclides.

In a first step the equations have been solved analytically focusing the
attention on the dependence on the different times and only subsequently they
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Figure 4.2: Cross section ratio for the reaction with protons. The selected
energy window is 35 — 60 MeV.
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Figure 4.3: Cross section ratio for the reaction with deuterons. The selected
energy window is 40 — 70 MeV.
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Figure 4.4: Cross section ratio for the reaction with a particles. The selected
energy window is 20 — 70 MeV.

have been implemented in a code, solving the same problem numerically with
the algebraic method shown in Chapter 2. In this way the code has been tested
and now it is suitable to be used also for other studies for the production of new
radiopharmaceuticals. Nevertheless, the analytical solutions have allowed to
perform important considerations that are not clearly evident in the numerical
approach regarding the involved times. Therefore in the following the first
method is shown, illustrating the important observations carried out in the
study, starting from the direct production of the dysprosium nuclides at the
beginning of the irradiation and arriving to the final extraction of the terbium
nuclides, according to the time stream of Fig. 4.1 where tgop = tirrad-

In general, for all the dysprosium nuclides the differential equations have
the same analytical form:

dNp,
dt

where Rp, is the given by Eq. 4.1. The previous equation has the following
solution:

= —|—RDy - ADyNDy for 0 S t S tirrad (43)

_ Rp,

= Ao

Npy(t) (1 — e_’\Dyt) for 0<t<tirad- (4.4)

After the irradiation, the production rate vanishes and the nuclides decay
according to the decay equation:
dNp,
dt

= _/\DyNDy for t> Lirrad- (45)
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4. Production studies of *®Tb

From this point, the dysprosium nuclides have to be extracted from the
target and at the end of the first chemical separation process, which in general
occurs at time t] = t;rqq + Aty, the number of available dysprosium nuclei is:

NDy(ﬁ) = NDy(tirrad)ei)\Dy Aty . (46)
Beyond this time, the final and explicit expression of Np, is:

_ Rp,

Y

(1 _ 6_)\Dy tirrad) 6_>\Dy Aty 6_)‘Dyt' (47)

Only from this step the production of terbium nuclides, produced by the
decay of their progenitors, can be studied. The differential equations for the
growth and decay of the terbium nuclides can be written as:

dNpy
dt

= _)\TbNTb + ny%Tb )\DyNDy fOI‘ f{ S t S t;, (48)

where fp,_, is the branching ratio of the decay of dysprosium into terbium
and t3 = tirrqa + Aty + Aty, which is the final time when the terbium nuclides
are finally extracted from the isolated dysprosium. Indeed, for ¢ > 5 the
generator system is terminated: terbium is no more produced, but it can only
decay, according to the common decay equation:

dNry
dt

= — Ay N1y for t> t; (49)
These two equations (4.8 and 4.9) have the following solutions:

R
NTb(t) = W 1— G_ADytirrad)e_ADyAtl (6—)\Dyt _ e_ATbt)’ (4‘10)
Tb — ADy

NTb(t) — f;\)yﬁib)\RDy 1 — e_)‘Dytirrad)e_/\DyAtl (e—ADyAtQ _ e—)\TbAtz) 6_/\Tbt.
Tb Dy
(4.11)

These equations depend on:

e the production rate of the progenitor, that includes the cross section of
the progenitor, the energy window and the beam current, which is a
multiplicative factor and can be fixed;

e the irradiation and the processing times as arguments of different expo-
nentials.

Regarding the times, the values of t;...q4, At; and Aty are unknown, but
different choices can be made in view of the optimization of the activity of
155Th, calculated using its definition: A = AN. Looking at the previous
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4.1. Chemical separation model

equation, a condition for the optimization of the amount of the final product
can be given by considering:

4.12

{ADy tirrad > 1
that corresponds to an ideal case with a very long irradiation time and an
instantaneous combination of the removal of the target from the beamline and
the separation of the dysprosium nuclides. Studies on the partial derivative
of Nr, with respect to t;...q and then to At; reveal that finite and realistic
optimal values can not be found for these two times. Nevertheless this ideal
case is useful for the comparison of the three reactions and, moreover, other
reasonable assumptions can be performed, as it will be described in the next
section.

For the second processing time, instead, a different analysis can be made.
The starting point is represented by the activities for dysprosium and terbium
nuclides calculated from Egs. 4.7, 4.10:

Apy(t) = RDy(l — e Dy t"”“d) e Dy Atp=ADy t (4.13)

ATb(t> _ ng/;\—)Tlf\’I)“\b RDy 1 — e*ADytirrad)e*)‘DyAtl (e*ADyt o e*)\Tbt)' (414)
Tb Dy

These equations are referred to the same timeline (¢ > ¢7) and allow to
constrain the second processing time by taking into account that Agy(t) can
be written in terms of Ap,(¢). In particular, considering a new time zero after
the first chemical separation, that corresponds to fix t; = 0, Apy(t) is given by
the following expression:

Any(t) = —‘i’:;iﬁf";gb Apy(0) (e7rpvt — g7Amty, (4.15)
Y

Specializing the situation to *Tb, for which fp, 7, = 1, the growth and
decay of the nuclide of interest can be described by means of the ratio between
the activity of > Tb and the activity of its progenitor evaluated at this new
time zero:

A155Tb(t) )\155Tb

— “Asspylt o= Ass gt 4.16
A155Dy(0) Aiss Ty — )\155Dy ¢ ! € ) ( )

This ratio depends only on the decay constants and on time: no dependence on
the irradiation parameters (the presence of the production rate has vanished),
thus it is equal for all the three reactions. This function, that is represented in
Fig. 4.5, can be studied analytically to detect the presence of a maximum that
would correspond to the optimal At, time. Indeed, the sum of the waiting
time after the first chemical separation and the time required for the second
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Figure 4.5: Plot of the ratio describing the growth and decay of **Tb inde-
pendently of the irradiation conditions. The dotted vertical line indicates the
maximum, ¢, =~ 39.6 h, which corresponds to the value of optimal At, time.

separation should be around this value. From the study of its first derivative
it results that a maximum exists:

o In )\155Tb —In >\155Dy
maxr —

~ 39.6 h. (4.17)

Aisspp — /\155Dy

This procedure is general and is always applied in the study of a generator sys-
tem to identify the optimal Aty time. After these considerations a comparison
with the literature can be made.

Comparison with the literature

A comparison with Steyn et al. for protons [40] and Moiseeva et al. for
a particles [50] has been performed, while no study has been found for the
reaction with deuterons. In particular, the values of some variables, involved
in the calculation of the quantities of interest, are not explicitly given in the
cited papers. Therefore a meticulous study has been performed to recover their
results and discover the used values of the variables.

For the reaction with protons, the authors have performed an estimation of
Aisspy(t) starting from a fit of their experimental measurements using specific
values for Fi,, Eou, tirrad, At; and Aty but Iy is not given. Consequently,
in this work the same fit has been performed (Fig. 4.6) and the calculations
have been carried out using the same values of the variables and considering
Iy = 1pA. Since the current is a multiplicative factor in the expression of the
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Figure 4.6: Comparison between TALYS modified curve and the fit of Steyn
experimental measurements. The calculation of the activity starting from the
fitted curve has allowed to determine the probable current that Steyn et al.
have used in their paper.

activity, the ratio between the activity calculated by Steyn et al. and the one
obtained in this work, with the described method, corresponds to the value of
the current that has been considered by the authors of the papers:

’ !

ASteyn [0 [0
— = — = —— ~106. 4.18
Aour fit, 1A IO 1ILLA ( )

After this step, the TALYS modified cross sections have been finally used
and the calculations have been performed within the same conditions reported
in the article and with Iy = 106puA. The results are shown in Tab. 4.1, and
they are in good agreement one each other. The main differences are due to
a mild overestimation of the TALYS modified cross section of Dy (obtained
in this work) in the energy window 50-35 MeV with respect to the fit of only
the Steyn experimental measurements, as represented in Fig. 4.6

For the reaction with « particles the situation is more complex since many
information extremely useful for the calculations are not clearly reported. In
particular the activities seem to have been calculated starting from the thick
target yields, but the methods used for their calculations and the outgoing
energy (probably fixed to 20 MeV) are not made explicit. Moreover, the fi-
nal activity of »Tb has been calculated 40 h after the end of bombardment.
Therefore, the specific values of At; and Aty are not given and many combina-
tions of these times can be considered with the constraint that their sum must

93



4. Production studies of *®Tb

be equal to 40 h. Only with the ideal case of At; = 0 h and Aty = 40 h a value
for the activity has been found close to the one of Moiseeva et al. as shown in
Tab. 4.2, while for other combinations smaller values have been obtained.
With respect to the examples shown in the literature, to have a wider view
of different '®*Tb production scenarios an analysis have been performed by
varying the relevant variables, namely E;,, Eou, tirraq and Aty, while in this
work Aty has been fixed to 39.5 h and I has been kept constant to 1 pA.

Ein_Eout tirrad + Atl + Atg [0 This Work Steyn [40]
50-35 MeV | (10 + 1.5 + 39.5) h | 106 A | 40.4 GBq | 39.8 GBq

Table 4.1: Comparison of the activity of *Tb using the same values of the
variables of the example found in the literature for the reaction with protons.

Eii—FEout | tirraa + At + At I This Work | Moiseeva [50]
6020 MeV | (12 + 0+ 40)h |50 uA | 0.95GBq | ~ 1 GBq

Table 4.2: Activity of *Tb in the ideal case of At; = 0 h used to compare
the value obtained with TALYS modified and the one of the example found in
the literature for the reaction with « particles.

4.2 Yield and purities optimization

Before the description of the strategy used for the optimization of !%*Tb, also
the calculation of the integral physical yields have been carried out for the
dysprosium nuclides, using the definition discussed in Chapter 2:

d(Ai(t)/1o)

OzphyS = dt (419)

t=0

In particular, since this quantity is evaluated at the beginning of the irradi-
ation, it has to be calculated only for radionuclides that are directly produced,
like dysprosium nuclides. Using Eq. 4.4, the physical yield is:

Apy R
Qphys = % (4.20)

Fixing F,, = 0, the quantity can be plotted as a function of E;, and
namely is defined as the “integral physical yield”. It has been calculated for
the dysprosium nuclides for each considered reaction and the results are shown
in Figs. 4.7-4.9. The reactions with protons and deuterons produce higher
quantity of dysprosium nuclides with respect to the reaction with «a particles.
In particular the yield of "Dy is higher than the one of »>Dy since "Dy
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Figure 4.7: Integral physical yield for the different dysprosium radionuclides
produced in the reaction with protons, with energy from 0 to the maximum
value selected with the cross section ratio.

has a higher cross section, but they show a similar trend because they have
comparable half-lives (Ty/2 = 8.14 h for "Dy and Ty/2 = 9.9 h for **Dy).
Unfortunately from the figure it appears evident that an energy window with
only the production of %Dy (that would corresponds to the production only
of 1 Tb) cannot be found. This confirms the preliminary idea obtained from
the study of the cross section ratio. However, despite the presence of other
nuclides, it is important to select an energy window in which the derivative of
the physical yield of Dy is higher than the one of all the other dysprosium
nuclides. This would result in a more favourable condition for the production
of 1Dy and therefore of the nuclide of interest.

Moreover, until now only the activity (or the yield) has been considered,
but also the purities have to be calculated and the suggestion of the European
Pharmacopoeia [119] (radionuclidic purity greater than or equal to 99%) has
to be taken into account. The situation can be described in terms of different
variables (Ei,, Fout, tirraa and Atq), from which A(t), IP(t), RNP(t) and
also SA(t) have to be calculated, according to their definitions explained in
Chapter 2:

IP(t) = ZNN—T;%) (4.21)
RNP(t) = gz—f;%), (4.22)
SA(t) = Awory(t) (4.23)

a Zj Mty
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Figure 4.8: Integral physical yield for the different dysprosium radionuclides
produced in the reaction with deuterons, with energy from 0 to the maximum
value selected with the cross section ratio.
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Figure 4.9: Integral physical yield for the different dysprosium radionuclides
produced in the reaction with « particles, with energy from 0 to the maximum
value selected with the cross section ratio.
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4.2. Yield and purities optimization

4.2.1 Pareto frontier

The presented picture is complex and a strategy has been considered, following
in general the multi criteria analysis problems faced for instance in engineering
[124], but also in many other different areas (like finance and economics, to cite
a few). The goal of these problems is the simultaneous optimization of many
functions, namely multi-objective optimization or Pareto optimization, to find
optimal solution in presence of trade-offs between two or more functions [125].
When considering the maximization of only a function, the maximum can be
uniquely found if the function is regular and if a maximum exists. However,
when considering the optimization of two or more functions, a single solution
can not be determined, but a set of solutions (called “Pareto optimal” or also
“non-dominated” solutions) can be identified. They are equally good in the
sense that no improvement in value of one objective function can be obtained
without worsening the value of one (or more) of the other objective functions.
An example of multi-objective optimization problem is the maximization of
the performance of a car while minimizing emissions and production cost.
Another example is represented by the maximization of the production of a
medical radionuclide while minimizing the co-production of its contaminants,
that is equivalent to the simultaneous maximization of the activity and of the
purities.

Multi-objective optimization problems have been faced for a long time and
researchers carry on finding new efficient algorithms to solve them, like evo-
lutionary algorithm [126] and deep learning methods [127]. Herein a detailed
description of the mathematical methodology or of the properties of the algo-
rithms is beyond the goal of this work, and only the important and general
aspects are presented and applied in the context of the thesis. The starting
point is represented by the analysis of the functions in order to select only the
relevant ones. Moreover also the ranges of the variables have to be carefully
chosen to avoid the exclusion of possible optimal solutions and to reduce the
computational time.

In the context of this work, the maximization of the radionuclidic purity
is not necessary and in particular could also be detrimental. Indeed, in the
calculations the constraint on this quantity (RN P > 0.99) has to be respected
[119] and it is already close to the highest possible value (the unity).

In addition, another interesting observation can be made regarding the
specific activity that can be explicitly written in terms of the number of nuclides
and of their molar mass M,y as:

155 N155
SA®t) = 2 ks ;;f). (4.24)
Zj T Na

In the ideal case of the production of only the nuclide of interest the previous

expression becomes:

)\155 N155 t
SAyoa(t) = 22T (1) (4.25)

M55, Nisspy,
Ny
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Variable reaction range step
p 35 MeV — 60 MeV | 1 MeV
E;, and E, d 40 MeV — 70 MeV | 1 MeV
Q@ 20 MeV — 70 MeV | 1 MeV
Tirrad p,d, o 0.5h—=10h 1h
Aty p,d, a 0.5h — 100 h 1h

Table 4.3: Ranges of the variables that have been chosen for the calculations
of the activities and purities. Both incoming and outgoing energy have been
varied within the same range, considering only the physical cases: E;, > Eyy.
All the combinations of the values have been explored.

and is referred to as “no-carrier added” (NCA) specific activity [128]. In this
field, the ratio between SA and SAyca gives information about the percent-
age of '5Tb that is realistically produced with respect to the ideal case (cor-
responding to its 100% production):

SA(t) _ M155Tb NISSTb(t)
SANCA(t) Zj Mij Nij .

(4.26)

The ratio is very similar to the expression of the isotopic purity and has a
similar meaning. Consequently it is useless to maximize both I P and SA (or
better SA/SAnca), and in this work the former has been preferred. However
the study can be easily carried out also using the latter ratio.

Therefore the multi-objective optimization problem reduces to a “bi-criteria
optimization”, since the aim now is to maximize simultaneously the activity
and the isotopic purity while respecting the constraint RNP > 0.99. The
problem can be expressed mathematically as:

max A155Tb
max [P (4.27)
RNP > 0.99.

Of course the quantities have to be evaluated at the same time, and the final
t5 time has been chosen as done similarly in the literature (see for example by
Steyn et al. [40]).

To solve this problem, instead of using the modern algorithms cited above,
a more “classical” or “traditional” approach has been considered since the com-
plexity of the problem (related essentially to the number of the objective func-
tions) has been reduced.

The first step has been represented by the selection of the ranges of the
variables, that are reported in Tab. 4.3 for all the three reactions. Then a
database of the quantities A, TP, RN P, SA have been created exploring all
the combinations of the variable values within their limits, but considering
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4.2. Yield and purities optimization

Ein | Eout | tirraa | At | A IP | RNP | SA

40 | 25 1 1 | ## | ## | ## | ##
40 | 25 1 2 | HH | HH | #HH | #HH

025 | 10 | 4 | 4% | #F | #F | #F

ST AT | 3 | 4 | #E | BE | FE | #F

Table 4.4: Schematic structure of the created database that contains the values
of the variables used for the calculations of the corresponding functions. All the
possibilities of Tab. 4.3 have been considered, keeping only the combinations

for which RNP > 0.99.

only those combinations for which RNP > 0.99. The calculations have been
stored with a structure similar to the one shown in Tab. 4.4. Each row of
the database contains the values of the variables and the corresponding values
of the activities and purities. From this file, the couple of points (A, IP) of
each row can be plotted in the A — I P plane. From the plot the optimal set
of solutions for this problem, (the set is called also “Pareto frontier”), can be
easily found.

All the results are shown in Figs. 4.10-4.12 for the three considered re-
actions. The blue opened circles represent all the available solutions of the
calculations, which have been obtained varying the variables within their lim-
its, and all they respect the condition RN P > 0.99. The red points, instead,
are the Pareto optimal solutions: they actually compose the frontier of the
graph, with all the good (A, IP) couples that solve the problem. In particu-
lar, among the different non-dominated solutions, for simplicity the attention
has been focused on the two extremes (A and C), that represent the best case
for the purity and for the activity respectively, and on a compromise solution
(B). This trade-off solution has been found considering the intersection be-
tween the frontier and the line that connects the worst case (0, 0) to the ideal
point (Aaz, I Praz), that corresponds to the one with the best values of activ-
ity and purity obtainable with the considered ranges for the variables. When
the intersection point is not found, the closest point to the line is chosen. The
values of these three points are reported in Tab. 4.5 for the three reactions,
indicating not only the activity and the purity of each case, but also the values
of the variables used in the calculations as well as the corresponding values of
RN P, of SA and of the thickness of the considered target.

In particular, for all the three reactions the case of the maximum purity is
obtained with a very small energy range, corresponding to a thin target and
this scenario appears not favorable for the production of **Tb. On the other
hand, the case of the maximum activity is obtained with a very short At; time
for the reaction with protons and deuterons, resulting in a probable unrealistic
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Figure 4.10: Results of the simultaneous maximization of activity and purity
with RNP > 0.99 for the reaction with protons. All the solutions of the
calculations are represented with blue opened circles, while the Pareto optimal
solutions with red points. The green diamond represents the ideal case with
with (Apaz, I Pnaz) coordinates. Three specific cases are pointed out: A and C
refer to the best solutions for the purity and the activity respectively; B refer
to a trade-off solution, as described in the text.

scenario: the procedure of the removing of the target from the beamline and
the separation of the dysprosium nuclides may be hardly performed in 0.5 h.
The trade-off solution instead could represent a more feasible solution.

Anyway all the points of the frontier are equally valid and more realistic
scenarios can be found. In this regard, the described approach is powerful since
it allows to create a complete database (created only once) which can be used
for other bi-criteria analyses. Indeed, for instance, one can solve the problem
of the simultaneous maximization of RNP and IP, or of A and SA. On the
other hand, the database allows also to apply filters to the columns to select
only the combinations with specific values of the variables or of the functions.
For instance, colleagues from the radiochemistry and dosimetry groups could
suggest to consider particular values for the At; time or a lower limit for the
specific activity. In this way preferences can be expressed and in general the
more constraints one fixes on the database the more limited the Pareto frontier
will be.
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Figure 4.11: Results of the simultaneous maximization of activity and purity
with RN P > 0.99 for the reaction with deuterons. The same notations of the
previous figure has been used.

o + MlGd

0.2

Isotopic Purity

All solutions
Optimal solutions e
Ideal solution o
| I I I I

0 0.5 1 1.5 2 2.5 3 3.5 4
Activity (MBq)

0.1

Figure 4.12: Results of the simultaneous maximization of activity and purity
with RN P > 0.99 for the reaction with « particles. The same notations of the
previous figure has been used.
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reaction | case | E; (MeV) | Eour (MeV) | tipraq (h) | Aty (h) | A (MBq) | IP | RNP | SA (MBq/g) | Az (mm)
A 51 50 0.5 62 0.06 0.93 | 0.9999 | 5.44 x10° 0.195
p B 60 43 10 1 829 0.84 | 0.996 4.9 x10° 3.35
C 60 35 10 0.5 919 0.73 1 0.9962 | 4.28 x10° 4.6
A 62 61 0.5 72 0.02 0.8 |0.9996 | 4.66 x10° 0.136
d B 66 53 10 1 403 0.61 | 0.992 3.55 x10° 1.8
C 66 40 10 0.5 527 0.45 | 0.993 2.62 x10° 3.16
A 49 48 0.5 44.5 0.0025 | 0.44 | 0.998 2.6 x10° 0.018
o B 53 45 10 10 3.2 0.37 | 0.99 2.16 x10° 0.144
C 52 43 10 8 3.8 0.35 | 0.99 2.04 x10° 0.16

Table 4.5: Values of the variables and of the functions for the three cases (A, B, C) for each reaction. The thickness of the target
has been calculated using the ATIMA web tool developed and maintained by GSI Helmholtz Centre for Heavy Ion Research
(https://web-docs.gsi.de/ weick/atima/).
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Figure 4.13: This figure represents the same plot of Fig. 4.10, showing, with
a colorscale, also the dependence of the thickness of the target (Az) for each
solution.

Moreover, the solutions can also be graphically represented in other ways
using, for example, colorbars to show the variability of the solutions with re-
spect to a specific variable or function, or instead with the use of heatmaps.
For instance, all the solutions for the reaction with protons can be represented
with the dependence on the thickness of the target, as shown in Fig. 4.13.
The figure points out that larger targets (Axz > 2 mm) allow to obtain high
values of both activity and isotopic purity. This behaviour is also confirmed
by Fig. 4.14 that shows the variability of the SA/SAynca ratio in the E;,—F,u
plane for the reaction with protons under specific time conditions: t;...¢ = 10 h
and At; = 1.5 h.

In this work, a particular code has been written that allows to create a
dashboard and to interact dynamically with the database, exploring many
different possibilities. Needless to say that other ranges could be chosen for
the variables, as considering also t;...q €ven to 100 h, or using smaller time
steps.
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Figure 4.14: Another example of a plot that can be obtained from the database.
This figure shows, in the F;,—FE,, plane, all the combinations of the energies
for the reaction with protons, with RN P > 0.99, t;.,eq = 10 h and At; = 1.5 h.
The colors show the variability of the value of the ratio SA/SAyca.

The used approach is particularly suitable when only two functions are
considered, while for a higher number of functions more complex algorithms
should be used. However, the described approach is general and is innovative
in this field: it can be used also for the study of other radionuclides, directly or
indirectly produced. As an example, in Appendix B the results obtained with
this approach are shown for the reaction '°Gd(c;, t)''Th that has been stud-
ied by re-scaling the cross section of the "*Gd(«, x)'!'Th reaction, described
in Chapter 3.

Finally, from the results shown in the figures and in the table, the reaction
with protons seems to represent the most promising route for the production of
155Th among the three considered generator reactions. However, these routes
have been compared with the standard **Gd(p, x)'**Tb reaction whose results
have been published very recently [129], as it will be shown in the next chapter.
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Chapter

Comparative analysis of optimized
oo production routes

In the previous chapters, the accurate analysis of the cross sections has led
to optimized calculations of activities and purities for *Tb, for all the three
generators. In this chapter, we perform comparative analyses to complete the
study of the three indirect production routes. In particular, in the first part
of the chapter the comparison with standard calculations (such as the ones
provided by the available online tools by IAEA [130] or the simulated data
libraries distributed as TENDL, upon which many calculations found in the
literature are based) is shown to further assess the effects of the used approach.
Then, the three generators are compared to each other in order to find the most
promising route for the production of *Thb.

Finally, in the second part of the chapter we show the problem of the pro-
duction of the nuclide of interest from a different but complementary point of
view, like the one of a nuclear physician. The purely theoretical (and phys-
ical) description carried out so far is based on the identification of the best
parameter values that optimize *Tb production in each considered reaction.
Nevertheless, it is interesting to examine the problem also in a more prac-
tical way, for example by considering the need to treat as many patients as
possible, with lower activity values and without waiting for too long. This
approach will allow to identify and explore additional peculiar features of the
three generators.

5.1 Comparison with standard calculations

In Chapter 3 the validation analyses have shown that the TALYS modified
curves offer a better description of the cross sections for each generator than
the TENDL curves. Additionally, it is now important to evaluate the effects

of these improvements on the cross sections by comparing the calculations of
activity and purity of **Tb evaluated using both TALYS modified and TENDL
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5. Comparative analysis of optimized **Tb production routes

cross sections. In particular, the recent tool developed by TAEA, Medical
Isotope Browser (here briefly referred to as ISOTOPIA, which is the name
of the webpage) [130, 131, 132], has been considered since it automatically
uses by default the TENDL cross sections. In addition, also the Monte Carlo
approach has been taken into account and calculations obtained with PHITS
are also added to the comparison between TALYS modified and TENDL.
With ISOTOPIA the user can retrieve the calculation of the activities at
the end of bombardment for all the products of a reaction by specifying few
parameters: the projectile, the target (and eventually also its composition),
the incoming energy, the outgoing energy (or the thickness of the target),
the current and the irradiation time. Using the PHITS code the same user
can proceeds similarly, defining the target as a cylinder of arbitrary radius
(e.g. 1 cm) with the desired thickness, considering a pencil beam with specific
energy and indicating the current and the irradiation time. However, both
ISOTOPIA and PHITS do not allow to study indirect productions, but they
provide the activity of the progenitor at the end of bombardment, Ap,(tgos).
Consequently, terbium activity can be calculated at the end of the second
chemical separation (i.e. at t = t5 = t;raq + Atq + At) by using this equation
(see Chapter 4):
Apy(t5) = foy—1b A1

= ———— Apy(tegon)e

7)\DyAt1 efADyAtQ o 67)‘TbAt2 ) 51
>\Tb - ADy ( ) ( )

The following values have been chosen for simplicity:

e E;,~E,;=60-35 MeV for protons, E;,~E,.,;=66-40 MeV for deuterons
and E;,—E,;=52-43 MeV for « particles;

o [p=1 pA, t;rq¢=1 h and At;=11.5 h for each reaction.

The results are shown in Tab. 5.1 and confirm what has been observed with
the analysis of the cross sections: the TALY'S modified curves used in this work
allow to obtain greater values of activities and purities with respect to the one
based on the TENDL curves. Moreover, the cross section improvements are
more evident especially for the reaction with protons, while for the other two
the results of this work and ISOTOPIA are similar. On the other hand, PHITS
gives a description similar to ISOTOPIA only for the reaction with protons,
while it shows a very different behaviour with the other two generators. In
particular, it probably underestimates the cross section of **Dy with the re-
action with deuterons, while overestimating it for the one with a particles.
Regarding the latter reaction, the agreement between TALYS modified and
the experimental estimations performed by Moiseeva et al. [50], shown in the
previous chapter in Tab. 4.2, confirms the choice to use the TALYS modified
cross section in this study. Moreover, in general, both ISOTOPIA and PHITS
do not satisfy the RNP requirement and the explanation relies on a higher
production of contaminants, in particular of 1**Dy, as shown in Tab. 5.2. In-
deed, as described in the previous chapters, among all the other dysprosium
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5.2. A promising reaction for 1%*Tb production?

Reaction Code A (MBq) | IP | RNP | SA (MBq/uA)
This work | 57.15 | 0.75 | 0.997 | 4.4 x10°
p ISOTOPIA 47.2 0.71 | 0.976 4.15 x10°
PHITS 41.6 0.7 1 0.986 4.07 x10°

This work 32.8 0.48 | 0.995 2.77 x10°
d ISOTOPIA 30.9 0.40 | 0.977 2.33 x10°
PHITS 16.5 0.40 | 0.980 2.28 x10°

This work 0.4 0.35 | 0.990 2.03 x10°
o) ISOTOPIA 0.4 0.36 | 0.980 2.08 x10°
PHITS 2.1 0.39 | 0.950 2.25 x10°

Table 5.1: Comparison of the results obtained in this work with the standard
calculations of ISOTOPIA and PHITS.

Reaction This work ISOTOPIA PHITS
p 7.30 MBq 51.47 MBq 26.89 MBq
d 748 MBq 32.3 MBq 14.82 MBq
o 0.16 MBq 0.37 MBq 5.2 MBq

Table 5.2: Comparison of the activity of '**Dy at t=tgop = 1 h. In this work
the lowest values are obtained and this reflects to a higher prediction of RNP.

nuclides 53Dy is the main contaminant of *Dy and an overestimation of its
cross section (see Fig. 3.7) clearly have radical effects on the purity of the final
product.

Consequently, the results of ISOTOPIA and PHITS, that are not based
on a careful analysis and tuning on experimental data of the cross section,
would suggest to exclude all the three generators as not promising for clinical
applications of 1°>Tb, due to insufficient RNP. This further reinforces the cross
section analysis performed in this work and makes the calculations based on
TALYS modified more accurate than the other ones.

5.2 A promising reaction for '*>Tb production?

5.2.1 Comparison of generators

In the field of production of medical radionuclides, reactions are usually com-
pared using the integral physical yield (Eq. 4.19), but for generators this defi-
nition loses its meaning since it is evaluated at the beginning of the irradiation.
Therefore this quantity is suitable in studies of radionuclides that are directly
produced, while with generators a new method must be found. The study
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5. Comparative analysis of optimized **Tb production routes

described in the previous chapter has showed that for each reaction there are
several possibilities for the production of **>Tb, but to compare them from a
theoretical point of view, it is useful to take the expression of the activity per
unit current evaluated at the end of the second chemical separation, 7.e. at
t =15

ATb@;) . ny—>Tb /\Tb RlDy
Iy ATy — Apy

(1 _e—ADytirmd) e~ ADyAll (e_ADyAtZ _e—ATbAtz) ’ (52)

where R'Dy indicates the production rate per unit of current. On the basis of
Eq. 2.17, its expression is given by:

R, =f__1 N /E a(E)( & >_1dE. (5.3)

I~ arolel A Ju,, 7 i

and it is calculated with a specific energy window that corresponds to a target
thickness such that the beam is completely stopped inside it, representing
therefore an “integral yield”, using the definitions presented in Chapter 2. More
specifically, E,,; is set at the threshold energy of each reaction, while FE;,
is identified in the range previously found ([35-60] for protons, [40-70] for
deuterons and [20-70] for « particles) in order to maximize the activity, always
respecting the condition RNP>0.99.

Then, we can consider the ideal case discussed in Chapter 4 for the production
of 1% Tb (long irradiation time and instantaneous chemical separation process,
Eq. 4.12) that can be described by the following limit:

/
*
lim ATb(t2) _ ny*}Tb )\Tb RDZ/ e—)\DyAtQ _ 6_>\TbAt2

tirrad—+00 I N ATp — A
Rt 0 >~ ADy

) =al (5.4)

sat*

In this way, Eq. 5.4 expresses a “saturation integral yield” (in MBq/pA unit),
in accordance with the definitions described in Chapter 2 and in Ref. [118],
and makes it possible to compare reactions under similar conditions.

The results are compared in Tab. 5.3, where it is evident that among the
reactions the one with protons appears clearly as the best in terms both of yield
and purities. This is due to the considered energy window that corresponds to
a very thick target (~ 4.5 mm), able to tolerate also high current values and
capable of a higher production of %*Tb, by a factor of approximately 100 with
respect to the reaction with a and 1.66 with respect to the one with deuterons.
Moreover from 60 MeV to 35 MeV fewer contaminants are produced in this
reaction than in the other two. Indeed, the reaction with deuterons allows to
obtain a high yield, but a very low isotopic purity, due to a higher production
of the stable "9Tb from the decay of its progenitor *°Dy.

On the other hand, the reaction with « particles offers the lowest yield
of 1%°Tb and does not satisfy the RNP>0.99 requirement. Indeed, the varied
composition of natural gadolinium (discussed in Chapter 3) results in a greater
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5.2. A promising reaction for 1%*Tb production?

reaction p d «
Ein—Eun (MeV) 60-35 67-38 53-12
Ax (mm) 4.6 3.5 0.55
alnt (MBq/pA) 1891 1139 19

IP 0.7 0.41 0.07
RNP 0.997 0.992 0.98
SA (MBq/g) 4.07 x10° | 2.37 x10° | 4.27 x10®

Table 5.3: Comparison of the three reactions by means of the saturation in-
tegral yields explained in the text. Regarding the energies, E,, refers to the
threshold energy, while for the thickness of the target the ATIMA web tool
has been used (https://web-docs.gsi.de/ weick/atima/).

production of contaminants and At; must be greater than zero in order to
reach higher values of radionuclidic purity. A deeper study of this route has
allowed to verify that At; = 15 h is the minimum value of the first processing
separation time for which RNP= 0.99 in the energy range 53-12 MeV, but with
this choice the saturation integral yield and also the isotopic purity decrease
with respect to the ideal case: A = 6.67 MBq/uA and TP ~ 0.03.

To improve the results with a we have also considered the use of an en-
riched gadolinium target in an attempt to get new insights and refine the
comparison. Consequently, a further study has been performed by rescaling
the TALYS modified cross sections of the " Gd(«, x) reaction to simulate the
1%5Gd(a, x) reaction, where the target is 100% enriched. This represents an
ideal picture currently not experimentally feasible, even if targets with lower
1%5Gd enrichment are commercially available, as the one used by Dellepiane
et al. (its composition is reported in Tab. 5.4) to study the direct production
of "Tb with the > Gd(p, x) reaction [129], which will be considered in the
next section. In this thesis, both enrichment cases have been explored and the
results of their saturation integral yields are shown in Tab. 5.5. These two
reactions allow to obtain higher values of yield than the one with "*Gd, and
in terms of purities they compete with the reaction with protons. Neverthe-
less, the achievable yield is still the lowest in comparison with the other two
reactions that are based on the use of a natural target. In addition, taking
also into account the possible higher costs for the target enrichment and for
the beam current, these routes are less advantageous with respect to the one
with protons, which still is the most promising.

5.2.2 Comparison with direct production on enriched targets

As also mentioned in the previous chapters, generators are not the only way
to produce radionuclides, and many studies of direct production can be found
in the literature. The three reactions studied in this work allow also the direct
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1520 154Qd 19%Qd %%Qd BTCd B8Gd 19Gq
natural 0.002  0.0218 0.1418 0.2047 0.1565 0.2484 0.2186
1%Gd-enr  <0.0002 0.005 0.919 0.0587 0.0081 0.0065 0.0027

Table 5.4: Comparison of the composition of natural gadolinium and the com-

mercially available target (http://www.isoflex.com/), enriched in °Gd, used
in Ref. [129].

reaction a + Gd (100% enr.) | a + Gd (91.9% enr.)
EinEen (MeV) 59 34 59 28

Ax (mm) 0.42 0.5

alnt (MBq/pA) 136 127

P 0.914 0.74

RNP 0.992 0.991

SA (MBq/g) 5.35 x10° 4.32 x10°

Table 5.5: Comparison of the reactions with « particles on "*>Gd 100% enriched
and with the commercially available enrichment [129].

production of ®Tb, as shown in Chapter 3 with the cross sections plots.
Nevertheless, in addition to the nuclide of interest also many other terbium
nuclides are produced, that can affect the purities. Specifically, among them
the worst contaminant is represented by '"Tb due to its half-life (T =
5.35 d) that is almost equal to the one of Tb (Ty, = 5.32 d). If the
cross sections of the contaminants are comparable with that of 1*>Tb, the final
product does not satisfy the RNP>0.99 requirement. This is precisely the
case with the considered reactions and therefore other nuclear reactions, based
on highly enriched targets, have to be carefully investigated for the direct
production of %*Tb.

As stated before, the '*>Gd(p, x) reaction has been selected as a promising
route and very recently the first experimental measurements of cross sections
and integral physical yields have been performed [129, 133] in the energy range
from 5 MeV to 18 MeV, covering the region of the >Tb cross section peak.
This reaction is particularly interesting since it allows the production of **Tbh
using low-energy cyclotrons, like the ones available in hospitals. Another ad-
vantage is represented by the use of a high enriched target in '**Gd, which
should increase the production of !*Tb while reducing the presence of the
contaminants.

Different estimations of the **Tb yield have been performed also to study
the feasibility of this route with medical cyclotrons and the obtained yield is
around 3.3 MBq/uAh. Using the definitions of yields [118], from this yield the
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saturation activity can be evaluated:

(oat = O‘Z’% ~ 608 MBq/A. (5.5)
This value indicates that, considering the same enriched target, the %*Gd(p,
x) direct reaction is more advantageous than the '*Gd(a, x) indirect reaction.
Indeed, even if the cross sections are high in both cases, the total range of
a particles is much shorter than that of protons. This effect produces fewer
nuclides in the '*Gd(a, x) reaction and therefore a smaller yield with respect
to the reaction induced by protons [134]. Nevertheless the *>Gd(p, x) reaction
does not allow to respect the RNP constraint: the purity ranges from around
50% at the end of bombardment to 94% at 96 h after the beginning of the
irradiation. Unfortunately, this is mainly caused by the presence of '%Tb
which can not be removed from the sample due to its half-life [129].

Probably higher enrichments may provide the desired RNP, and conse-

quently further studies are demanded in this context to find the minimal
percentage in the enrichment of the target to fulfill the requirement on the
radionuclidic purity. Moreover, theoretical studies for the reproduction of the
cross sections, as done in this work (see Chapters 2 and 3), will help to evaluate
more precisely the activities and the purities, and also dosimetry studies will
establish the impact of Tb if administered to a patient.
In summary, as emerged from this last comparison, the main problem for the
direct production of Tb is its main contaminant, Tb, with similar half-
life. With the generators, Tb can not be produced at all by the decay of the
isolated dysprosium: %Dy is stable, as many other dysprosium nuclides. This
explain the high RNP values obtained with all the three reactions studied in
this work.

Therefore from these results at the moment the generator reactions are the
more favourable for the production of '**Tb and the one with protons seems
currently the best route, that allows to obtain 115 MBq with [P=0.7 and
RNP=0.996 at the final time t= 14 1.5+ 39.5 h= 42 h considering the energy
range E;,—F,,=60-35 MeV and [y=1 puA for the beam current.

5.3 Additional analysis in a realistic scenario

So far the comparison has been made from a theoretical point of view consider-
ing the optimum value for the second processing time Aty = 39.5 h. However,
the problem of producing **Tb could also be seen from the point of view of a
nuclear physician, who is focused on a different optimization: instead of hav-
ing an optimal activity with a single extraction, the aim may be to perform as
many extractions as possible from the same generator, obtaining *>Tb more
often even if characterized by a lower activity. Indeed, the main advantage of
a generator is the possibility to have an apparatus that can deliver the nuclide
of interest constantly and for a long time. In this way it can be used in the
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Figure 5.1: Example of the re-evaluation of the activity of 1*>Th as a result
of many extractions with A~ 0.9-1 GBq each. The times for the extractions
are indicated by the grey dotted lines and their values are reported in Tab. 5.6
together with the corresponding values of activity and purities.

clinic for many days and for many patients, each of which may require the
administration of different values of activity depending on the organ to scan
and also on the weight of the patient [135, 136].

Therefore the results and the equations obtained in this work could help
physician to plan the diagnostic and /or therapeutic treatment of patients, since
a nuclear physicist can select the most promising reaction and then can provide
the physicians with a “timetable” for the extractions of %*Tb, according to
needs.

Here in the following a short example shows a way of “milking” the generator
as much as possible, referring to the milking analogy of the Ra-Rn generator
mentioned in Chapter 1 [137].

One can consider the generator with protons using the following irradiation
parameters that could describe a realistic production scenario: t;...¢ = 1 h,
[(=50 pA, E;,—F,;=60-35 MeV and At; = 4 h. Indeed, the experimental
studies of Steyn et al. have shown calculations with higher current and irradi-
ation time, while in the work of Moiseeva et al. a shorter time have been used
experimentally for the first chemical separation (At; = 1.5 h). Therefore the
selected values can be considered more than adequate for a realistic production
of ¥ Tb with the generator.

At the end of the first chemical separation (at ¢ = 5 h), the available
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t*(h) Aty (h) A (GBq) IP RNP

2.5 2.5 0.96 0.73 0.993
5.5 3 0.94 0.74 0.994
9.5 4 0.98 0.75 0.995
15 5.5 0.97 0.76  0.996
23.5 8.5 0.92 0.78 0.997
52 28.5 0.9 0.80 0.998

Table 5.6: Example of times of extractions of ®*Tb with the corresponding
values of its activity and purities, with reference to Fig.5.1. In particular, re-
garding the At time, for the first extraction it corresponds to the optimal time
t*, while for the other case is given by the difference between the corresponding
optimal time and the previous one.

quantity of 1*Dy is A ~ 77 GBq from which the optimal value of the activity
of %Th is A~ 4.83 GBq, obtainable at t = t5 = 5+ 39.5 h. If the physicians
need a particular value of the activity, different extractions can be performed
considering these steps:

1. the activity of "Tb as a function of the time after the first chemical
separation has to be taken into account. As done in the previous chapter,
for simplicity, a new time zero can be fixed at t=t] =5 h;

2. looking to the trend of the function, the time corresponding to the desired
activity, t* can be identified for the first extraction of terbium from the
isolated dysprosium. This corresponds exactly to a new Aty time.

3. At this time, inside the apparatus, of course, terbium is no more present
and the activities of the dysprosium nuclides decrease by e*Pvt".

4. Consequently, from this time forward, the activities of terbium have to
be re-evaluated considering the new values of Ap, and then all these
steps can be repeated again.

An example of this procedure, considering the same timeline, is shown in
Fig. 5.1 that describes the activity of 1*>Tb after each separation. The values of
the optimal times and the corresponding activities and purities are reported in
Tab. 5.6 where also the At; times are indicated. In particular, since the curves
are shown with the same timeline, for the first extraction Aty corresponds
exactly to the optimal time t*, while for the other ones it is obtained from the
difference between the corresponding optimal time and the previous one. The
values of the table indicate that 6 patients could be treated with A ~ 0.9 GBq
each for a total amount of ~ 5.7 GBq, higher than the optimal value obtainable
with a single separation. For ¢ > 52 h similar values of the activity can no
longer be achieved, as suggested by the last line in the figure that remains
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Figure 5.2: Time dependence of the radionuclidic purity for the six cases re-
ported in Tab. 5.6.

below 0.5 GBq, but many other extractions with very low values (< 100 MBq)
can be performed if needed. On the other hand, of course, different timetables
can be planned if higher or lower values of activities are required. In this way,
the desired values of the activity can be obtained with high purities without
waiting for days. Indeed, as indicated in Tab. 5.6, the first five extractions can
be made in a single day.

Moreover, in view of the clinical use of *Tb, it is interesting to moni-
tor how long the radionuclidic purity remains over 0.99. For this reason, one
can study the time dependence of the radionuclidic purity of the six cases of
Tab. 5.6, starting when each nuclide is extracted from the generator. The ob-
tained curves are shown in Fig. 5.2 where the rise is due to the decay of 1*3Th
which vanishes faster than '*Tb, while the decrease of the curves is the result
of the presence of the long half-life contaminant (**"Tb, Ty /2 ~71 y) and of the
decay of 1»Tbh. From the figure it is evident that RNP remains over 0.99 for
~37.5 days (900 hours), i.e. about 7 times the half-life of ' Th, which ensures
the use of this radionuclide also to study long biological processes. In addition,
this result confirms the possibility to perform further multiple (low-activity)
extractions of 1%°Thb with RNP>0.99 for about a month.

Therefore, on this basis, generators prove to be excellent instruments to

be used in nuclear medicine, and those described in this work seem to be
interesting to increase the availability of > Tb for its clinical applications.
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Conclusions

This thesis presented a simulation study of three generator—based nuclear re-
actions on natural targets for the production of **Tb. The work extends the
recent studies of these generators, from the description of the cross sections to
the calculations of activity and purities of the final product.

For the cross sections, an attempt has been made to give a description of the
problem driven mainly by physical principles: this allowed, for each reaction, to
give a theoretically consistent and strong representation of the cross sections
of the main dysprosium nuclides. In particular, the inclusion of rotational
effects and the variation of the pre-equilibrium parameters, together with the
use of an equidistant binning for the de-excitation energy and the optimization
of the 3Dy level density, have improved the agreement of the cross sections
with the experimental data, as also verified by the calculation of the total chi-
square. Remarkable results have been obtained for the reaction with protons
and deuterons, while a slight enhancement have been achieved for the one with
« particles.

Thereafter, a study was conducted to understand the dependence of the ac-
tivities and purities on the incoming and outgoing energies and on irradiation
and radiochemical separation timings. In particular, starting from the new
cross sections, activity and purity have been calculated considering accurately
the decay schemes. More specifically, the optimal time for the extraction of
terbium from the isolated dysprosium has been determined (Aty = 39.6 h) by
considering the decay characteristics of ! Tb and of its progenitor. From this
step, an optimization study has been performed by exploring different combi-
nations of E;,,, Eout, tirreq and Aty, and the comparison with the experimental
estimations found in the literature (based on empirical interpolations of the
experimental data) confirms and reinforces the reliability of the work done on
the cross sections.

In this analysis, an original approach has been used for the first time in this
field, obtaining the so-called Pareto frontier: a set of many solutions that simul-
taneously maximize both activity and isotopic purity, while at the same time
respecting the condition on radionuclidic purity (RNP>0.99). The method is
so general that it can also be applied to direct production studies, and more-
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over, the codes of this work have been written with a general formalism so that
they can also be used in other studies for the production of further innovative
medical radionuclides.

From the analysis of the three production routes

p+ "Th — YDy+5n — 19Tb, (5.6)
d+""Th — 'Dy+6n - °Tb, (5.7)
a+ "Gd — Y Dy+azr — Th. (5.8)

conclusions can be drawn. In general all the three reactions are interesting
for the indirect production of **Tbh. The generator with protons, is the most
promising one since it allows to achieve very high values of activity and purities,
much better than those obtainable with standard production routes based on
the use of enriched targets. Regarding the reaction with deuterons, this thesis
shows for the first time the calculations of activities and purities and indicates
quantitatively that is a very interesting route, but also that new experimen-
tal measurements are needed, in particular for *3Dy, to better assess all the
calculations. The reaction with « particles seems the least promising, but
higher purities and activities can be obtained using enriched targets, obviously
increasing the costs.

In conclusion this study has shown the possibility to use these generators
to produce '"*Tb, in realistic scenarios, and that the indirect production via
the %Th(p, 5n) reaction is a significant improvement, both in terms of yield
and purity, with respect to the other channels and to the low energy ®>Gd(p,
n) direct production.
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Appendix A

Schematic description of the decay graphs

I have developed two Python scripts to create graphs that represent the pro-
duction and decay of nuclides specified by the user. The starting point is rep-
resented by the use of a recent nuclear database [117] (available at this webpage
https://www-nds.iaea.org/amdc/ame2020/nubase_4.mas20.txt), whose struc-
ture is shown in Tab A1l. The first script works on this database, mainly with
pandas and numpy libraries, to generate a new file with the needed informa-
tion, as represented in Tab. A2.

The second script is based on the pandas, numpy, pygraphviz libraries and
allows to fulfill different tasks. It can be used to automatically:

e plot graphs of decay chains of desired nuclides, (therefore the children
nuclei) but also the possible parent nuclides that decaying can naturally
produce the specified nucleus (see Fig. A1-A2);

e combine the previous point with the output of the TALYS code (see
Fig. A3).

The graphs are produced with a continuous search in the Tab. A2: the
nuclide of interest is firstly searched in the “Nuclide” column retrieving the
corresponding child, which in turn is searched in the first column, to complete
the decay chain until a stable child is found. Similarly, to plot also all the
progenitors of the nuclide of interest, initially the script looks for the nucleus
in the “Child” column retrieving the corresponding parent (that is found in the
first column), which in turn is searched in the “Child” column again, and so
on.

Concerning the last point, in the energy range used in the TALY'S calcula-
tions, only certain nuclides are produced depending on their energy thresholds
and the code produces many different files in a single run. In particular, the
file regarding the residual nuclei production cross sections are indicated as
rpZZZAAA tot for total and ground state cross section if no metastable state
exists, or rpZZZAAA.LMM on the contrary where Z is the atomic number, A
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the mass number and M is the number of the metastable state.
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611

001 [ 0000 | In | 80713181 | 0.0004 | 609.8 | s | 0.6 | 1/2+* | 06 | 1932 B-=100
001 | 0010 | 1H | 7288.971064 | 0.000013 | stbl 1/24% | 06 | 1920 | 1S=99.9855 78
002 | 0010 | 2H | 13135.722895 | 0.000015 | stbl 1+*% | 03] 1932 | 18=0.0145 78
003 | 0010 | 3H | 14949.81090 | 0.00008 | 12.32 | y | 0.02 | 1/24+%* | 00 | 1934 B-=100
003 | 0020 | 3He | 14931.21888 | 0.00006 | stbl 1/24% | 98 | 1934 | 1S=0.0002 2
003 | 0030 | 3Li |  28670# 20004 | p-unst 3/2-4 | 98 p?
004 | 0010 | 4H 24620 100 139 |ys| 10 2. | 08| 1981 n=100

Table A1l: Excerpt relative to the lightest nuclei of the nuclear database available at the webpage https://www-nds.iaea.org/
amdc/ame2020/nubase_4.mas20.txt. The columns refer respectively to: the mass numer (AAA), the atomic number (ZZZi)
specifying also the metastable states, the name of the isotope, the mass, its uncertainty, the half-life, its unit, its uncertainty,
the spin and parity of the nuclide, the Evaluated Nuclear Structure Data File year, the year of the discovery, the decay mode
with the branching ratio or the isotopic abundance. The # symbol indicates that the information is obtained from systematics.

Nuclide T12 Lambda Branch | Child Thalf | Mode
1H stable 0.0 99.9855 | stable | stable IS
2H stable 0.0 0.0145 | stable | stable IS

3H 3.8852e+08 | 1.7840546192929202e-09 100 3He 12.32 y b~
4H 1.3900e-22 | 4.986670363740614e+21 100 3H 139.0 ys n
5H 8.6000e-23 | 8.059850936743551e+21 100 3H 86.0 ys 2n
3He stable 0.0 0.0002 | stable | stable IS
4He stable 0.0 99.9998 | stable | stable IS

Table A2: Portion of the file obtained with the first python script that manipulates the database shown in the table above.



175m1Hg

171Hg

70.0 ps 340.0 ns

) .

1T p o
100% 100% 100% 100%
160m1Re 164m1Ir 167Pt 171m1Au 171m1Pt
2.8 us 70.0 ps 915.0 ps 1.036 ms 901.0 ns
1T o o o 1T o
100% 4% 100% 60% 100% / 100%
160Re 167m10s
611.0 ps 672.0 ns
p o o o IT o
89% 100% #3.5% 89% 100% / 86%
156Ta 156m1Ta 163Re 163mIRe 1670s
106.0 ms 360.0 ms 390.0 ms 214.0 ms 839.0 ms
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100% B2% 66% 100% 51%

155Hf 159Ta 159m1Ta
843.0 ms 1.04s 560.0 ms

Bt Bt o
66% \45% 14%
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Figure Al: This picture shows the decay of "Dy (circled in red) and its
production by the decay of other nuclei in nature (part 1). The plot is auto-
matically created by the Python script.
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155Gd
STABLE

Figure A2: This picture shows the decay of Dy (circled in red) and its
production by the decay of other nuclei in nature (part 2, continued from Fig.
A1). The plot is automatically created by the Python script.
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Figure A3: Production and decay chain of **Dy considering only the nuclei
produced in the reaction with proton on %*Tb. This graph is obtained com-
bined the one of the previous figure with the output of the TALYS code.

The Python script reads the output of the code and creates the graphs
verifying whether among the nuclides produced in the reaction there are par-
ents of the specified nucleus. Therefore the final graphs represent not only the
decay but also the production of specific nuclei in a given reaction. The second
script allows also to obtain the matrix of the decay constants corresponding to
a specific graph. For instance, the script generates automatically Fig. A3 and
the following matrix:

—35640 0 0
135640 —459650 O (5.9)
135640 1% 459650 0

that with symbols corresponds exactly to the matrix of the graph Fig. A3:

—A155Dy 0 0
+ f155Dy—155Tb M550y —A155Tb 0 (5.10)
+ f155Dy— 15516 Msspy  + f155T0—155Gd AssTn 0

The matrix is extremely useful for the calculations and solutions of the Bate-
man equations for the production and decay of the several nuclides produced
in a given reaction.

Therefore the code allows to perform this tedious tasks automatically replacing
the manual search of the needed information, easing and speeding up all the
work.
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Appendix B

In the following all the decay schemes of the different dysprosium nuclides
(from Dy to %1Dy) produced in the considered reactions are shown. The
plots have been obtained using the programs described in Appendix A.
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149Sm
STABLE

145Nd
STABLE

STABLE

142Nd
STABLE
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144Sm
STABLE

143Pm
265.0d

o
0.0000011%

147Sm
106.6 Gy

STABLE

140Ce
STABLE
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L+

o
99.9906% \0.0094%

o
0.00043%

141Pr
STABLE

STABLE
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142Nd
STABLE
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161Gd
3.646 m

6.948 d

156Dy
STABLE

B-
100%

163Dy
STABLE

B-
100%

162Dy
STABLE

164Dy
STABLE
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Production of °'Tb

As discussed in Chapter 3, also '°'Tb has been considered, since it can be
produced with the reaction a+"*Gd. The cross section of the terbium nuclides
have been re-scaled considering the reaction with an enriched target: a +169
Gd. From the study of the cross section, the energy window 20-40 MeV is
interesting to be explored since the production of **'Tb is higher than the one
of 1°Tb, its main contaminant, as shown in the following figures.

160Gd(a,x) 1 60Tb
90
80

[ [
| [TALYS modified — |

60
50 -
40 -
30 -
20 -
10 -

Cross section (mb)

0 20 40 60 80 100
Energy (MeV)

Figure B.1: Cross section of 1Tb from the o +!° Gd reaction.

160Gd(a,x) 16T

I I
[TALYS modified — |

Cross section (mb)
~
o
[

0 20 40 60 80 100
Energy (MeV)

Figure B.2: Cross section of '%'Th from the a +1%° Gd reaction.
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Variable range step
E;, and E,; | 20 MeV — 40 MeV | 1 MeV

Tirrad 0.5bh—=10h 1h

Aty 0.5 h — 100 h 1h

Table B.1: Ranges of the variables that have been chosen for the calculations
of the activities and purities, as presented in Chapter 4.

Moreover, this route allows also to exhibit the use of the innovative tech-
nique for the simultaneous maximization of A and I P in a direct production of
a medical radionuclides. Therefore the same procedure described in Chapter 4
has been used also here.

In Tab. B.1 the ranges of the variables used in the calculations are shown.
The following figure includes the results of all the calculations and the values
of the three solutions are reported in the next table. Unfortunately, it seems
that this route is actually not so promising for the production of ' Tb, even if
it is more favourable than other routes, like the ones with deuterons on natural
dysprosium [138] or with deuterons on '°Gd [123], because from the case of
maximum activity the corresponding integral physical yields can be calculated:
0.09 MBq/pAh or 25 MBq/C.

o + "Gd
0.9
0.8 |
0.7 |
>
= 0.6 |
=]
A 05 |
)
§-' 0.4 § |
2 03 |
]
0.2 All solutions & T[]
0.1 Optimal solutions ® ||
' Ideal solution &
0 | | |
0 0.2 0.4 0.6 0.8 |

Activity (MBq)

Figure B.3: Solutions of the calculations for the optimal production of %'Th
from the o +%° Gd reaction, where for simplicity ¢;,rqq has been fixed to 10 h.
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case | E; (MeV) | Egur (MeV) | tipraa (h) | Aty (h) | A (MBq) | IP | RNP | SA (MBq/g) | Az (mm)
A 37 35 10 5 0.24 0.83 | 0.99 3.6 x10° 0.03
B 39 30 10 d 0.84 0.79 | 0.99 3.43 x10° 0.13
C 39 20 10 4.5 0.89 0.77 | 0.99 3.33 x10° 0.25

Table B.2: Values of the variables and of the functions for the four case represented in the previous figure, moving from left
to right, for descending IP values. The thickness of the target has been calculated using the ATIMA web tool (https://web-
docs.gsi.de/ weick/atima/).
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