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Introduction

Radionuclides in medicine

Radioactivity, discovered by Henri Becquerel in 1896, has revolutionized the whole
scientific world and, especially, it played a fundamental role in the life sciences
starting from the last century until today. In particular, it is possible to say that
the impact of radioactivity on Medicine was extraordinary and it is precisely in
Nuclear Medicine, a well established branch of medicine, where radioactivity had,
and still has, its most important applications.

In fact, radioactivity is widely used as diagnostic and therapeutic powerful tool
in medicine. The reason for this importance is very simple: in the ideal physiologi-
cal experiment the subject or system should not be disturbed. Radioactive tracers,
due to their sensitivity and due to the fact that isotopic labelling does not signif-
icantly alter the chemical properties of the molecule, provide the perfect tool for
this approach. Thus, this is the reason why it didn’t take long, after the discovery
of radioactivity until it was used in life sciences [Stocklin et al., 1995].

Furthermore, radiation therapy has gained a greater and greater important role.
Actually, it is mostly performed using external beams (i.e. electrons, a-rays, y-rays
from radioactive sources or hadrons). In addition to external radiation therapy,
some radionuclides are used internally to achieve the therapeutic effect. This could
involve introducing a radionuclide in a given part of the body either mechanically
or via a biochemical pathway. The mechanical introduction takes place through
injection of conglomerates or colloids or as solids in the form of seeds or stents: 192Ir
implants are used in wire form to treat head, neck, ovarian, and breast cancers,
1257 and 193Pd implants are used to treat malignant tumours of the prostate during
their incipient phases. This form of therapy is often known as brachytherapy.

The use of a biochemical pathway to deliver a therapeutic radioisotope to a spe-
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cific organ is termed as endoradiotherapy or targeted radionuclide therapy. This
type of radiotherapy is a unique cancer treatment modality. It is systemic and non-
invasive; it delivers soluble radioactive substances to tissues either by ingestion or
via intravenous, intraperitoneal, or intratumoural administration of tumour tar-
geting carriers (such as antibodies or biocompatible materials). In systemic radio-
therapy, tumour targeting can be achieved by exploiting metabolic processes (e.g.,
31T for thyroid cancer, 2P for polycythaemia vera, '3'1 metaiodobenzylguani-
dine for neuroblastoma), extracellular mechanisms (e.g., boneseeking agents such
as radiolanthanide complexes with ligands bearing phosphonate groups, different
radiolabelled cells), or cell surface receptors (e.g., hormones, peptides, antibodies,
aptamers, liposomes, dendrimers). These techniques represent a new paradigm for
cancer treatment, and combine developments in molecular biology, nanotechnology,
nanomedicine, and radiopharmacy [Dearling and Pedley, 2007]. So target radionu-
clide therapy combines the specificity of cancer cell targeting with the anti-tumour
effects of ionising radiation.

The major criteria for the choice of a radionuclide for endotherapeutic use are
suitable decay characteristics and suitable biochemical reactivity. As regards decay
properties, the desired half-life is between 6 h and 7d and the emitted corpuscular
radiation should have a suitable linear energy transfer (LET) value and range in
the tissue. The ratio of non-penetrating to penetrating radiation should be high.
The daughter should be short-lived or stable. As regards biochemical reactivity,
the situation is similar to that for diagnostic radiopharmaceuticals. However, the
stability of the therapeutical is demanded over a much longer period than that in
the case of a diagnostic pharmaceutical. The basis for successful endoradiotherapy

thus incorporates:

e good and selective concentration and prolonged retention of the radiothera-
peutical in the tumour; typically, radiononmetals are excreted from the cells
again, while radiometals are trapped in the lysosomes, leading to longer tu-

mour retention times [Koppe et al., 2004].

e minimum uptake in normal tissue.

As a result of the above mentioned criteria, the choice falls on about 30 radionu-
clides [Qaim, 2016] for which two important parameters are the biological half-life,

correlated to the retention, and the ranges of the emitted particles are suitable.

Unlike conventional cancer therapies, targeted radionuclide therapy has the

potential to simultaneously eliminate tumour at the primary site and tumour that



CONTENTS 3

RS 100 cells

0.15 MeV p-

5.3 MeV a

AUGER-
electrons

Range[mm] 102 10- 10° 10' 102

Figure 1: Correlation between type and energy of corpuscular radiation and the range
in tissue [Stocklin et al., 1995].

has spread throughout the body (metastases), concentrating the radiation energy
in the tissues of interest without affecting surrounding healthy tissues.

The ranges of different types of emitted corpuscular radiation in the tissue are
shown in Figure 1. The Auger electrons have a range of about 10 um and can
have a therapeutical effect only if they reach the cell nucleus, e.g. by bringing the
radioactive source atom to the DNA. The a-particles, on the other hand, have a
range of about 100 pwm and can have a therapy effect already if they reach the
cell membrane, e.g. by attachment of the a-emitter to a receptor ligand. The
B~ -particles have ranges of about 1 mm and more, depending upon their energies.
They can lead to therapeutical effects even if they reach the cell environment. Evi-
dently, achieving the therapy effect with Auger electrons and a-particles involves a
very subtle approach and demands great skills in biochemistry, radiopharmacology
and radiotherapeutical production and application. In the case of 5~ -particles, the
therapeutic applications have been more straightforward, though not very specific.

In endoradiotherapy, the radioactive decay data thus play a very important role.
In particular, a knowledge of the energy and intensity of the ionising radiation is
crucial. The effect of low-energy but high intensity electrons, emitted following EC
and IT, is not negligible. For widely used therapeutic radioisotopes therefore all

sources of secondary electrons must be taken into account.

Nanotechnology and nanomedicine

Over the last few decades, nanotechnology has been frequently used for various

applications in different fields such as agriculture, textiles, forensic science, elec-
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tronics, the space industry, and medical therapeutics.

Nanomedicine can be defined as the design of diagnostic and/or therapeutic
devices on the nanoscale, the purpose being to improve transport and delivery of
active species within biological systems for the treatment, prevention, and diagno-

sis of disease.

Radiolabelled nanoparticle-based contrast agents are increasingly being used as
a valuable tool in biomedical research. Compared to conventional contrast agents,
nanoparticles promise to improve in vivo detection and enable more efficient tar-
geting due to increased circulation times, evasion of clearance pathways, and mul-
timeric binding capacity [Prokop and Davidson, 2008]. In fact, nanoparticles are
have sizes of less than 100 nm and they selectively increase the localisation and
concentration of radiopharmaceuticals in the tumour: the small size enables them
to penetrate the discontinuous endothelium lining the vasculature of tumour tissues
and accumulate there due to impaired lymphatic drainage and the enhanced per-
meability and retention effect effect [Ngoune et al., 2016]. In this way, nanocarriers
are able to carry high radioactive doses to the target cells, resulting in effective
tumour cell killing, even with relatively low levels of target receptor expression.
Furthermore, nanoparticles have high loading capacities, and, unlike antibodies for
example, they can carry more than one type of radioisotope: they are particularly
suited to targeted cancer therapy that requires a combination of radionuclides emit-
ting different energies.

Liposomes are small vesicles in which one or more concentric lipid bilayers en-
close discrete aqueous spaces; they are spontaneously formed when (phospho)lipids
are suspended in aqueous media. With respect to the radiolabelling strategy used
to incorporate/attach the radionuclide into/to the liposomes: the radionuclide can
be trapped in the inner aqueous cavity of the liposomes, trapped in the lipid mem-
brane, or attached to the surface of the liposome.

Aim of the Ph.D. work

In this work, I have decided to investigate the production routes of **™Tc, 89Zr
and 193Pd.

From a chronological point of view, my work started with the analysis of the op-
timization of the production of **™Tc, then I worked on '°*Pd and, at the end,

on ®¥Zr. Here, in this thesis, I decided to present them in a different sequence:
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for first a well known diagnostic nuclide (**™Tc, Chapter 4), a promising 3*-
emitter radionuclide for labelling monoclonal antibodies, bio-distribution studies,
and immuno-PET imaging (3°Zr, Chapter 5) and then a nuclide used for cancer
brachytherapy that has innovative strategy of use under development, for example
103pd@Au nanoparticles distributed in the diseased tissue (}°Pd, Chapter 6).

I decided to focus on these radionuclides because:

o technetium-99m is considered the “workhorse” of radiopharmaceutical imag-
ing. Nearly 80 % of nuclear medicine imaging procedures are currently per-
formed with ?°™Tc-labelled compounds. ?°™Tc has a favourable y-energy
(141 keV), which penetrates soft tissue but simultaneously delivers relatively
low radioactive doses to the patient or experimental animal. In addition,
it has a favourable half-life of 6.02 h and well-known coordination chem-
istry. In recent years there was a worldwide shortage of **Mo/%?™Tc, which
is produced in highly enriched uranium targets via fission of 2**U in nuclear
reactors. This shortage boosted the interest in verifying alternative routes.
One method is the cyclotron production of ?*™Tc¢ via the nuclear reaction
1000\ o(p,2n)29™ Tc;

e zirconium-89 has 23 % positron branching and emits a low-energy positron
(Eg+,maz = 0.897 MeV), which is favourable for achieving high spatial res-
olution in imaging studies. As I said before, its relatively long half-life
(78.4 h) makes it a useful candidate for labelling monoclonal antibodies,
bio-distribution studies, and immuno-positron emission tomography (PET)
imaging. Furthermore, it is possible to prepare simultaneously paramag-
netic and pharmaceutical probes of 3°Zr-labelled liposomes for simultaneous
PET and magnetic resonance tumour imaging. Cross-sections of the proton-
induced reactions on 3°Y were measured many times and the experimental
data are relatively consistent. In contrast, the excitation functions of the
deuteron-induced nuclear reactions are rather scattered and I have decided
to re-measure in detail excitation functions of the #Y(d,x) reactions up to
18 MeV;

e palladium-103 is a radionuclide having a half-life of 16.99 d and decaying
100 % by the electron capture (EC), which is suitable for brachytherapy, par-
ticularly for the prostate and eye cancer therapy. With the rapid development
of nanoscience and nanotechnology, it becomes appealing to make injectable
nano-scale brachytherapy seeds: a new strategy under development to replace

millimetre-size implants, consist in injecting radioactive NPs in the affected
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tissues. Nowadays, the development of '“*Pd@Au NPs distributed in the
diseased tissue, could increase the uniformity of treatment (compared with
massive seeds), while enhancing the radiotherapeutic dose to the cancer cells
(through Au-mediated radiosensitisation effect). Nowadays the most widely
used accelerator production method is based on high-flux, 18 MeV proton
irradiation of a '°*Rh target in cyclotrons. The use of a deuteron beam ap-
pears to be attractive for the production of this radionuclide since the (d,2n)
reaction cross section in the medium to high mass region is generally higher
than that of the (p,n) reaction.

The Chapters 1-3 will introduce the experimental parts that are described in
the later ones: I will present in Chapter 1 an elementary nuclear reactions theory,
in Chapter 2 the physical quantities that will be used in the Chapters 46 and in
Chapter 3 a description of the irradiation facilities.



Chapter

Elementary nuclear reactions theory

A nuclear reaction is a process in which a nucleus reacts with another nucleus, an
elementary particle, or a photon to produce, within a time limit of 107'2 s or less,
one or more other nuclei, and possibly other particles. The variety of reactions that
have been studied is bewildering, as may be readily perceived from a consideration
of the variety of bombarding particles available. They include neutrons, protons,
photons, electrons, various mesons and nuclei ranging from deuterons to uranium
nuclei.

The scientist who first discovered the phenomenon of nuclear reactions was
Rutherford, in 1919, when he observed that in the bombardment of nitrogen with
the 7.69 MeV « particles of RaC’(?'* Po), scintillations of a zinc sulphide screen
persisted even when enough material to absorb all the « particles was interposed
between the nitrogen and the screen. Further experiments proved the long-range
particles causing the scintillation to be protons, and the results were interpreted
in terms of a nuclear reaction between « particles and nitrogen producing oxygen
and protons [Friedlander et al., 1981, Rutherford, 1919].

From that moment on, a series of new nuclear reactions were discovered and

these led us to better understand the infinitely small world of the nuclei.

1.1 Enmnergetics of nuclear reactions

Reactions between an atomic nucleus and another particle are called, as said before,
nuclear reactions. In some such reactions, new nuclei are formed (nuclear transmu-
tations); in others, the original nucleus is excited to a higher energy state (inelastic

scattering); in a third situation, the nucleus is unchanged (elastic scaltering) (see
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§1.2). In any case, for a nuclear reaction to occur some conservation laws must be
valid [Choppin et al., 2002]:

e the conservation of total energy: AE=0
¢ the conservation of linear momentum: Ap=0
e the conservation of total charge: AZ =0
e the conservation of mass number: AA=0
e the conservation of spin: Al =0.

In this specific case I am especially interested in the first two quantities. So let us

analyse them.

1.1.1 The mass energy

Most nuclear reactions are studied by inducing a collision between two nuclei, where
one of the reacting nuclei is at rest (the target nucleus) while the other nucleus (the
projectile nucleus) is in motion. Such nuclear reactions can be described generically

as:

Projectile P + Target T — emitted particles X and residual nucleus R.

For example, the first reaction discovered, as discussed above, might occur by
bombarding 14N with a particles to generate an emitted particle, the proton, and
a residual nucleus, the '7O. A shorthand way to denote such reaction is, for the
general case,

T(P,X)R

or for the specific example

14N(a,p)170.
For the general nuclear reaction T'(P, X )R, neglecting the electron binding en-
ergies, the energy balance in the reaction is:
2 2 _ 2 2
mpc - +Tp+mpc” =mpe”+Tr+mxc” +Tx

where T; is the kinetic energy of the ith particle and m; represents the mass of the

ith species.
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Figure 1.1: Schematic diagram of a nuclear reaction.

The Q-value of the reaction [Loveland et al., 2006] is defined as the difference
in masses of the product and the reactants, that is:
Q:[mp +mT—(mx+mR)]C2=Tx+TR—Tp [MeV], (11)

and in general is:

Q= [mp+mT— (Zi:mxi +Zi:m3i)]c2.

Note that if @ is positive, the reaction is ezxoergic, while if @ is negative, the
reaction is endoergic. A necessary, but not sufficient, condition for the occurrence

of a nuclear reaction is:

Q+Tp>0.

This equation suggests that Q) is an important quantity for nuclear reactions.
However, I can show, using conservation of momentum, that only Tx and the
angle 0 of X with respect to the direction of motion of P suffice to determine @ in
these two-body reactions.
In a laboratory system, a typical nuclear collision can be depicted as shown in

Figure 1.1. Conserving momentum in the x direction, it is possible to write:

mpvp = Mxvx coslf + mrvUR cos ¢; (1.2)

conserving the momentum in the y direction:

0=-mxvxsinf + mgvgsin ¢ (1.3)

where m; and v; are the mass and the velocity of the ith species [Krane, 1988].
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y
X > X
Vi VCMO YQvem
(a) before collision (b) after collision
as seen in the laboratory
y
x M X cM
o > 0O .
e
(¢) before collision (d) after collision

as seen from the center of mass

Figure 1.2: Schematic view of a nuclear reaction in the laboratory and center of mass
system.

But, the momentum is p = mv = (2mT)"/2, so it is possible to substitute in the
equations (1.2) and (1.3) and obtain:

(mpTp)? = (mxTx)?cosd = (mrTr)"*coso (1.4a)
(mxTx)"?*sin0 = (mgpTg)"?sin¢. (1.4b)

If we now square the equations (1.4), sum them up and solve them for Tg, we have:

T mpr—Z(mprmXTX)l/QCOSH+mXTX
R =

(1.5)
0y

Finally, inserting the equation (1.5) in the (1.1), we can get the so-called @ equation:

2
Q= TX(l + m—X) —Tp(l — @) — —(mprmXTX)1/20059.
mp mp mp

The @ equation shows that if we are able to measure the kinetic energy of the
emitted particle X and the angle at which it is emitted in a reaction and we
presume to know the identities of the reactants and of the products involved in the

reactions, we can determine the @) value of the reaction itself.
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Now, in order to better understand how nuclear reactions work and, in particu-
lar, the quantities that play an important role, let us consider the same reaction as
described in the center of mass (cm) coordinate system (Fig. 1.2). In such system,
the total momentum of the particles is zero, before and after the collisions. Thus,

the kinetic energy of the center of mass is:

(mp +mq)vZ,
2

where vem = vpmp/(mp + mr) is the speed of the center of mass. We can now

Tern = [MeV],

write the kinetic energy of the cm as:

2
1 1

Tem = 5(mp +mT)[4mPvP ] = _mPUJQD(ng ) = Tlab(gmp )
2 mp +mr mp+mr

where Tj4; is the kinetic energy in the lab system before the reaction.

The kinetic energy carried in by the projectile, Tj4, cannot be fully dissipated
in the reaction. Instead, an amount T, must be carried away by the center of
mass. Thus, the available energy that must be dissipated is Tiqp — Tem = To- The
energy available for the nuclear reaction is @ + Tp; so, to make the reaction work,
the sum @ + Ty must be greater than or equal to zero. Finally, rearranging a few
terms of the previous equations [Ehmann and Vance, 1991], the condition to make
the reaction occur is:

Tp»-QIPTMT _ . [MeV]: (1.6)

mr
the minimum kinetic energy that the projectile must have to make the reaction
work is called the threshold energy F,. This is another important parameter in

order to comprehend the behaviour of a nuclear reaction.

1.1.2 The Coulomb barrier

In the previous section we concluded that a reaction occurs if the projectile has
a kinetic energy greater than the threshold energy of the reaction itself. This is
not completely true. In fact, if the projectile is a positively charged particle (i.e.
protons, alphas etc...), it experiences the Coulomb repulsion caused by the nucleus.

This means that the incoming projectile must possess sufficient kinetic energy
to overcome any repulsion [Choppin et al., 2002]. Let us understand the phe-
nomenon by using an example: consider a reaction of a positively charged particle

(mp,Zp,vp) with a target atom (mp, Zp,vr » 0). We can now make two simpli-
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Figure 1.3: Forces (a) and energy (b) conditions when a charged projectile (Zp,vp)
reacts with a target nucleus.

fying assumptions: the target nucleus is in the center of the coordinate system and
relativistic mass correction can be neglected. Since both projectile and target have

positive charges, they must repel each other according to the Coulomb law:

1 ZPZT62

FCoul =
dmey a2

where ¢ is 8.854187817...- 107*2F - m~! [Mohr et al., 2015]. This force is shown
as a function of the distance between the particles in Figure 1.3. At a distance
greater than the nuclear radius r,, only the Coulomb repulsive force is in operation;
however, for distances less than r, both the attractive nuclear force F,,¢ and the
repulsive Coulomb act upon the system. Thus, the total force (i.e. the solid line in
the Figure) is given by the sum of these two forces: Fiot = Frucl + Fooul. At some
particular distance called, r. the forces balance each other and, at shorter distances
(x < 1), the attractive nuclear force dominates. The distance r. is known as the
Coulomb radius; but to be more precise, 7. is the sum of the projectile and target
radii.

In Figure 1.3 we can observe the energy condition of the system when a charged
particle reacts with a target nucleus; at long distances from the target nucleus the
kinetic energy of the projectile is decreased due to the Coulomb repulsion. Since
for such distances the nuclear force can be neglected, the energetic equation can
be written as:

Epip = Enin + Ecou,

where EY,  is the original kinetic energy of the projectile and Ecyy is the Coulomb
potential energy, which depends on the distance:

1 Zp ZT62
4meg T

ECoul =-

[J].
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As the projectile approaches the target nucleus, the Coulomb repulsion causes
the potential energy to increase as the kinetic energy of the particle decreases.
If the kinetic energy reaches a value of zero at any distance greater than r., the
particle is reflected away from the nucleus before it is close enough to experience

the attractive nuclear force. Thus, a necessary condition for charged projectiles to

cause nuclear reactions is that Egm exceeds the Coulomb barrier height F.:
1 ZPZT62
By = — 22212
4meg Te

This is the general formula for the calculation of the Coulomb barrier. It is possible
to express the radius as a function of the mass number of the particles; experimen-
tally, the nuclear radius is given by r = roAY3 fm. But, in nuclear physics 7o
assumes three different values depending on which nuclear radius constants (i.e.
T's,Te,Tn) Im interested in. Experiments have indicated that the values of ro are
approximately 1.1 for the radius 75 of constant nuclear density, 1.3 for the Coulomb

radius 7. and 1.4 for the nuclear radius r,, which include surface effects.

Now, in order to calculate the Coulomb barrier let us use a model in which the
target nuclei and the projectile are just touching so that r. is taken as the sum of
the radii of the projectile and the target nucleus [Choppin et al., 2002]. With this
model, the Coulomb barrier energy is shown by the equation:

ZpZr

— 20T [MeV]. (1.7)
Ap(A + A7)

Ecb(min) = 1.109(AP + AT)
Ecp(min) is the minimum energy that a projectile of mass Ap and charge Zp must
have in order to overcome the Coulomb barrier of a target nucleus of mass Ar and

charge Zr in a collision.

It is important to note that the barrier exists both for the incoming projectile
and the emitted particle if the latter is charged. For this reason, a charged particle
has to be excited to a rather high energy level inside the nucleus before it can leak
through the barrier with appreciable probability.

Finally, a last consideration must not be forgotten: it has been found that
nuclear reactions sometimes occur at energy level less than that required by the
Coulomb barrier. This behaviour relates to the wave mechanical nature of the
particles involved in a nuclear reaction. As a projectile approaches a target nu-
cleus, the probability that there will be overlapping and, hence, interaction in their
wave functions, increases. This phenomenon is well known as the tunnel effect or
quantum-mechanical tunnelling, but it is important to stress that the probability

of this phenomenon occurring drops rapidly as the energy of the incoming particle
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decreases, compared to the value of the Coulomb barrier.

1.1.3 Summary

In the previous sections (see §1.1.1 and §1.1.2) it was shown that a reaction occurs

only if the kinetic energy of the incoming projectile is:
e larger than or equal to the threshold energy;
e in case of positive charge particle, not less than the Coulomb barrier.

I have also said that a reaction with a charged particle may happen even if the
kinetic energy is lower than the Coulomb barrier, thanks to the tunnel effect.
So, how can we describe the behaviour of the probability function that a nuclear
reaction occurs depending on the values of the threshold energy and the Coulomb
barrier? In order to understand the general behaviour of this function, we must
consider two different situations: the threshold energy is lower than the Coulomb
barrier or vice-versa.

In the first case (Fig. 1.4(a)) we see that in the energy interval between the Eyp
and the E.; the reaction occurs only due to the tunnel effect and so the probability
is very low. However, just after the Coulomb barrier the probability increases
rapidly to the maximum value.

In the second case (Fig. 1.4(b)), instead, the probability is zero until the Eyy

and then increases rapidly to the maximum value.

1.0 1.0

] E,<E

b=t
0,8

07
06
05

0,4

probability
probability

03

02

0,1

0,0

T T T T T T T T T T T T T T T T T

4 6 E 8 E 10 12 14 16 18 20 22 24 8 E 10 E“ 12 14 16 18 20 22 24 26
8 E, »

energy (MeV) energy (MeV)

(a) Example of probability function behavior for (b) Example of probability function behavior for
Etp < Ecp. Etn > Ecp.

Figure 1.4: Example of probability function behavior: in (a), Eip < Ecp, it is shown
how the function assumes low values in the interval between the theshold energy and the
Coulomb barrier where the tunnel effect dominates. For higher energies, the function
increases more rapidly. In (b), Ecp < Eyp, it is possible to see that the function starts
from zero and reaches the maximum very rapidly.
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What we have just shown are the very general cases for these two types of
reactions; of course, the probability function may have more than one maximum
value but what we wanted to stress is the behaviour of this function around the
threshold energy of the Coulomb barrier.

1.2 Mechanisms of nuclear reactions

Nuclear reactions can occur via different mechanisms: in Figure 1.5 the relation-

ships between the various nuclear reaction mechanisms are illustrated.

Considering a general nuclear reaction T(P,X)R, two broad groups of particle-
induced nuclear reactions may be identified: the ones in which the nuclei X and R
may be identical to P and T and all the others. Let us analyse these two families

focusing our attention on the second one.

1.2.1 Scattering reactions

Scattering reactions are a type of reaction in which an incoming particle is deflected,
or scattered away from the target nucleus. This interaction results in a change of
direction for the projectile involved, but no change in the identity of either the
incident particle or the target nucleus. Scattering reactions are either elastic or

inelastic [Ehmann and Vance, 1991].

INITIAL INTERMEDIATE FINAL
STAGE STAGE STAGE
nooor | oET
PARTICLE
DECAY OF
COMPOUND
NUCLEUS

COMPOUND
ELASTIC
SCATTERING

SHAPE ELASTIC
SCATTERING

Figure 1.5: Conceptual view of the stages of a nuclear reaction [Weisskopf, 1957].
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1.2.1.1 Elastic scattering reactions

In elastic scattering, the projectile-target system has essentially the same total
kinetic energy before and after the interaction (i.e. @ = 0). Small kinetic energy
losses, such as those to atomic or molecular excitations, may slightly alter the

energy balance. The general notation for elastic scattering is:
T(P,P)T.

What I have just explained suggests that in a strict sense, elastic scattering is not

a real nuclear reaction, but merely a “billiard-ball” scattering event.

1.2.1.2 Inelastic scattering reactions

In inelastic scattering, part of the kinetic energy of the projectile is transferred to
the target nucleus, as excitation energy, without changing the values of A and Z
of either the target or the projectile. The excitation energy can be emitted as ~y

photon (route a) or remanis in the target atom (route b):

P+T
T A Lo Py
b— P+T*

The latter exists in an excited state and may transform to the ground state quite
rapidly or may exist for a measurable time as an isomer !. In any case, the energy

relationships in inelastic scattering are the same as for other nuclear reactions.

1.2.2 Compound Nucleus and Direct reactions

When a projectile approaches a target nucleus, a two-body collision may occur
between the projectile and some nucleon of T', raising the nucleon of T' to an unfilled
level (Fig. 1.5). If the struck nucleon leaves the nucleus, a direct reaction is said to
have occurred; if the struck nucleon does not leave the nucleus, further two-body
collisions may happen, and eventually the entire kinetic energy of the projectile
may be distributed between the nucleons of the P +T combination leading to the

formation of a compound nucleus CN (Fig. 1.5).

L Any of two or more nuclei with the same mass number and atomic number that have different
radioactive properties and can exist in any of several energy states for a measurable period of
time.
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1.2.2.1 Compound Nucleus reactions

Most low-energy nuclear reactions proceed via formation of the compound nucleus
which model was proposed in 1936 by Niels Bohr [Bohr, 1936]. As an example
of this type of reaction, let us consider the first nuclear reaction discovered by
Rutherford:

UN+3He— [’F]" - N+ H

where the compound nucleus of fluorine is in square brackets to indicate its tran-
sitory nature and marked with an asterisk to indicate that is excited.

Let us now study this model a little closer: if the projectile has an incoming
kinetic energy El?:m greater than F.y(min), the attractive nuclear force dominates
and the particle is absorbed by the target nucleus. This means that the projectile
adds its kinetic energy and binding energy to the target nucleus so that the com-
pound nucleus is in an excited state and the nuclear excitation energy E.,. can be

expressed as:

Feve=Q+EY;,..

It should be noted that the height of the Coulomb barrier does not influence the
excitation energy of the nucleus in any other way than that the projectile must
have a kinetic energy greater than the E., before the reaction can occur.

The energy brought in by the projectile is transferred to the other nucleons
through numerous collisions until a state of equilibrium is reached; this implies two

important aspects:

e the compound nucleus represents a relatively long-lived reaction; in fact, we
can say that the CN must live for at least several times the time it would
take a nucleon to traverse the nucleus (i.e. 10722s). Thus, the time scale of

compound nuclear reactions is of the order of 10718-107165.

e the particle energy is distributed evenly or almost evenly to all nucleons of
the target so that, at this time, the original particle is undistinguishable
from the other nucleons, and the CN has no “memory” of how it was formed.
This phenomenon is called the Bohr independence hypothesis or the amnesia

assumption.

Now, if sufficient energy is present, eventually a nucleon or a composite of
nucleons will acquire enough energy to overcome nuclear binding forces and escape

from the nucleus. This process is called evaporation. If residual energy remains
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after one nucleon or composite unit has been evaporated, more may be emitted,
until there is too little energy left to cause particle emission: the nucleus may then
further de-excited via a gamma transition. Finally, the emission of neutrons from
compound nuclei is preferred over emission of protons and reactions such as (p,n)
and («a,n) are relatively probable if the energy of the incident particle is greater
than 1 MeV.

1.2.2.2 Direct reactions

Direct reactions do not result in the assimilation of the projectile into the nucleus.
Instead, the incoming particle interacts directly with the nucleons at the periphery
of the nucleus in a very fast process (» 10722s) that involves the prompt emission of
a nucleon. Thus, direct reactions happen in only one step, with no time for equili-
bration between the initial interaction and the resulting nuclear change. Therefore,
the nucleus has a sort of “memory” of how it was formed, and the decay modes
are related to the means by which the nucleus was originally excited [Ehmann and
Vance, 1991].

Two types of direct interactions are distinguished: knock-on reactions and trans-
fer reactions. Knock-on reactions may proceed in various ways: the incident particle
may transfer a part of its energy to a nucleon and continue on its way (inelastic
scattering). It may induce collective motion of the nucleus (vibration and rotation)
or it may be captured by the nucleus and transfer its energy to one or several nu-
cleons that leave the nucleus. The number of nucleon-nucleon collisions increases
with the increasing energy of the incident particles. It is important to underline
that this type of process is most commonly observed for projectiles with relatively
high energy (50 M eV and above) [Lieser, 2001].

Transfer mechanism can be divided into stripping and pick-up reactions. In
stripping, the target nucleus takes one of the nucleons away from the composite
incident particle. In a pick-up reaction, the projectile takes a nucleon away from the
target nucleus. In general, transfer reactions are most often observed for particles
with energies less than 50 MeV'.



Chapter

Fundamental physical,
radiochemical and quantitative

informations

In this chapter, the derived physical quantities that will be used in the future
calculations are introduced. The quantities I am going to define, in order to fully
describe the nuclear reactions I am interested in, are: the cross-section of nuclear
reaction, the stopping power, the range, the thin target yield and the thick target
yield.

Furthermore, the gamma spectrometry, the analytical technique at the basis of

every results, will be shortly discussed.

2.1 Cross-section

In view of the great variety of possible projectiles and targets, a broad definition is
desirable. Conventionally, a target has been hit if the interaction of the projectile
with the target has had some specific measurable effect. This means that the prob-
ability of a given nuclear reaction not only depends on the target, the projectile,
and their relative velocity, but also on the physical effect that I have decided to
monitor. The probability of a nuclear reaction is usually expressed in terms of
the cross-section reaction [Lilley, 2002]. Consequently, it is possible to talk about
scattering cross-sections, absorption cross-sections, energy-loss cross-sections, ion-

ization cross-sections, cross-sections for specific nuclear reactions and many others.
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Figure 2.1: Macroscopic target consisting of randomly placed microscopic targets, bom-
barded by a particle current.

The one I am interested in is the cross-section for a specific nuclear reaction.

For fundamental and practical reasons there is no way of experimentally deter-
mining microscopic cross-sections by bombarding one atom with only one projec-
tile. Instead, I utilize the statistical information extracted from a large number of

bombardments.

Suppose a macroscopic target is bombarded by a beam of projectiles spread
homogeneously over an area S4 (A in Fig. 2.1). If ¢ is the cross-section (area of
one nucleus), then the total area of the nuclei in the target is:

Snu,clei = zr Siwdx : NA [CmQ]

(2.1)

where N 4 = 6.0221415(10) x 10** mol~! [Mohr et al., 2015] is the Avogadro’s con-
stant, p is the target density (g/cm?), M is the atomic weight (g-mol™!) of the
element and dx is the target thickness. The quantity p-dx is known as areal den-
sity or massic thickness. The origins of this concept lie in the difficulty in making
an accurate estime of the real density p of the target. On the other hand, it is
possible to determine the mass m of the foil rather easily and then calculate the

areal density:

m g
de-p=— - 2.2
vp= g [m] (22)

Typical dimensions for material used in this work are of few mg/cm?.
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Furthermore, as just said above, the target area is:
Starget = SA [CmQ] . (23)

Thus, the probability P for one projectile to interact with a nucleus is:

Snuclei _ g-p: dx-Ngy
Starget M

P(1 projectile) = (2.4)

For accelerators, the beam intensity (i.e. particle current = number of particle per
unit time) Iy is expressed by:
i Q

_r_r -1
Iy = el [s7'] (2.5)

where ¢ is the beam current (A), ¢ is the projectile charge (C), e is the electron
charge (C), z is the charge in electron units of the particle and @ is the total charge
of the beam (C). It should be stressed that the change in current, dI = -1, passing
through a thin target layer of thickness dz, is infinitesimal (i.e. Iy » I) [Ehmann
and Vance, 1991].
Now, if N* is the number of the nuclei which interact with the beam, the
number of interactions per unit time is:
dil\; A ﬁ Nay_p [s7]. (2.6)

Equation (2.6) is valid if the following conditions occur:

e the number of nuclear reactions must remain small compared to the total

number of target atoms;

e the projectile energy must remain constant so that the cross-section reaction

also remains constant;

e the particle current does not decrease in passing through the target.

Frequently, the irradiated target consists of more than one nuclide which can cap-
ture bombarding particles to undergo reaction. So, the macroscopic cross-section,
which refers to the total decrease in the bombarding particle current, reflects the
absorption of particles by the different nuclides, in proportion to their abundance
in the target, as well as to their individual cross-section reaction. Assuming that
the target as a whole contains Ny atoms m™ with individual abundances w;, wo,
etc., for nuclides 1, 2, etc., the individual cross sections are o1, o2, etc. Thus, the

macroscopic cross-section ¥ is:
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ZZN\/O'* ENV in‘O'j [cm_l]. (27)
1

where ¢ is called the effective cross-section. For a target that has a geometrical

thickness x (m) we obtain:

I=Ipe™® [s_l] . (2.8)

The value X! is the average distance a projectile travels between successive colli-
sions with the target atoms (the mean free path).

2.1.1 Nuclear cross-section and irradiation yield

The production of a radioactive nuclide by irradiation in accelerator can be written
as:

T+P5 R YR, (2.9)

I am mainly concerned with the product Ry (produced at rate k), which is assumed
to be radioactive, decaying in a single step or via a chain of decays resulting in a
final stable nuclide.
The rate of the net production of the N; atoms of the product R; is the rate
of its production minus the rate of its decay:
% = k- ANy (2.10)
The rate of decay of radioactive nuclides is always proportional to the number of
the radionuclides. The proportionality constant is assigned usually by A and it is
called the decay constant. In almost all data tables ) is not given, but rather the
half-life ¢1/; of the radionuclide. The relationship between A and £/ is A-t1/5 =In2.
Integrating equation (2.10) between the limits of N7 = 0 (no radioactive nuclide
R exists at the beginning of the irradiation) and N; for an irradiation time ¢;..,

we obtain:

k

Ny =—
1 N

(1-eMtirr). (2.11)

N7 increases exponentially with time towards a maximum value (saturation limit),
which is reached when A1t > 1 (i.e. ti > t12/In2). In this case it is possible

to write:

N1 maz = — (2.12)
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Figure 2.2: Examples of the change in number of "*'Re (ti;» = 19.9 h) and '**/Re
(t1/2 = 90.64 h) atoms during and after irradiation.

However, if t;.,. < t1/2/1n2 it is possible to ignore the decay of the radionuclide
since the rate of its formation is much greater than its decay rate. So, by expanding
the exponential into a Maclaurin series, exp ™1t ~ 1 — \1t;,.,, the equation (2.11)

becomes:

N1 = kt’i'f‘T (fOI' ti?"r‘ << t1/2/1n 2) (213)

Furthermore, if we measure the irradiation time in number of half-lifes, a = t;,../t1 2,

we obtain:

Nl :Nl,mam (1_2_{1’)7 (214)

that shows that irradiation for one half-life (a = 1) produces 50 % of the maximum
amount, two half-lives gives 75 % and so on.

After the end of the irradiation time, the radioactive product nuclides continue
to decay according to their half-lives. I indicate this decay time after the end of
irradiation (termed the cooling time) as t.,o . The number of nuclides, which is a

function of the irradiation time ¢;.. and cooling time t.,0;, is now expressed by:

k

Ny=—
1 "

(1 _ 6—%1-&’,” ) e_)\l‘tuuol . (215)

The effect of the cooling time is shown in Figure 2.2 for two sample radionuclides.
Furthermore, we have to take into account the decay during the measurement.
If at the beginning of the measurement the radioactive nuclides are N; (eq. (2.15)),

after a counting time t.yn: they are:
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k v A “Ap-
Ny = Nle_)\l'tuuunt - (1 _ e_Al'tl'r'r‘)e A1 teool o A1 teount (216)
1

So, in the elapsed time t.ount, the number of the decayed radioactive nuclides is:

AN = Ny = Ny = )\ﬁl (1 _ e_)\l'ti'r'r) (1 _ e_)\l'tuuunt)e_)\l'tconl. (217)

But, usually, the radioactive decay rate A;, rather than the number of atoms Ny, is
measured. Recalling A = AN = -AN/At (with At = teount), equation (2.17) yields
the averaged activity during the measurement (counting):

k

)\1 ) tcount

Ay (1 _ e—kl-tirr) (1 _ e—kl-tcou,m ) e—kl'twol [Bq] (2.18)

This general equation represents the basic relationship for the production of ra-
dionuclides and for equations (2.5), (2.6) and (2.18):

A B o-p- dx - NA . Q A ( 1- e_)\'t'i'r“r ) ( 1- e_A'tcount

A teoot Bq). (2.1
M - ze - tipr )e [Bq] (2.19)

A t(:ount

In my experimental procedure, however, I am interested in evaluating the cross-

section o. Thus, from equations (2.19) we have:

A-M-ze

- G (tirr)  D(teount) - €00 2], 2.20
O ar Na o G ltirm) Dlteount) e [em’] (220)

with the correction growing factor:

_ A tirr
G(tirr) = m, (2.21)
and the correction decay factor:
A teou
D(tcoum‘,) = count (222)

]_ — e_A'tcount ’

The evaluation of the activity A is presented in §§ 2.5 and 2.6.

2.2 Stopping power and range

All of the charged ions that I will consider have positive charges. Energetic charged

ions move through material on essentially straight trajectories, giving up or losing
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Figure 2.3: A scattering event with momentum transfer P, perpendicular to the beam
direction.

Figure 2.4: Trajectory of a moving ion past an electron.

kinetic energy through collisions with the atomic electrons of the material. In
comparison, an ion is rarely scattered by the Coulomb potential of a nucleus, and
even more rarely does a nuclear reaction take place. Nuclear reactions are excluded
when the initial kinetic energy of the heavily charged particle is lower than the
Coulomb barrier and the threshold energy (as summarized in § 1.1.3).

Thus, the ions interact with an extremely large number of electrons and the
average behavior of the ions as they pass through matter can be examined. The
rate at which charged particles lose energy as they travel through a given material
is called the stopping power of that material. The stopping power is made up of two
parts: the electronic stopping power, due to the interaction with the atomic elec-
trons of the material, and the nuclear stopping power . This equation is expressed
by:

a5 _

d electronic T Snuclear N SelectTonic

[]WeV]

cm

, (2.23)

where the electronic stopping power is always much larger than the nuclear stopping
power [Krane, 1988]. The minus sign of the rate indicates that the ions are losing
kinetic energy. The nuclear stopping power is not zero, of course, because we know
that nuclear reactions take place, even if they are rare. The stopping powers are
functions of the mass, the charge, the ion velocity and the atomic number of the
target together with its density.

Niels Bohr suggested that the energy loss rate could be simply described as

the series of impulses delivered to individual electrons by the ion [Bohr, 1913].
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Imagine an ion moving on a straight-line trajectory past an electron (Fig. 2.3): a
net impulse to the electron will occur perpendicular to the trajectory of the ion
because any impulse, caused by the approaching ion, will be cancelled by that of
the receding ion. It can be shown [Loveland et al., 2006] that the energy gained by a
single electron (lost by the ion) in one encounter depends on the impact parameter
b (Fig. 2.4) as:

272%et

AE(b) = p—TEE

(2.24)

where v is the velocity of the ion, and m. is the mass of the electron. The number
of electrons in a cylindrical ring with a radius between b and b + db and thickness

dz is 2w N bdbdx, where N, is the electron number density. Consequently,

~dE(b) = AE(b)N.2ndbdx. (2.25)

This expression should not be integrated from b = 0 to b = oo but only from the range
bmin 10 bmas [Loveland et al., 2006] that corresponds to the initial assumptions
regarding the ion and the electron, so that:

dE 4drz%et brnaz

-—— = N1 . 2.2
dz 777/ev2 . bm7n ( 6)

The minimum impact parameter will correspond to those collisions in which
the maximum amount of kinetic energy is transferred to the electron. Due to
the conservation of momentum, the maximum energy transferred to an electron is
Tnaz = 3me(27v)? [Amaldi, 1971] where we have included the relativistic factor
(ie. v = (1-p%)""2 where 8 = v/c) due to the low mass of the electron. Thus,

substituting the energy loss at a given impact parameter into the equation (2.24):

2 2.4
Traz = AE(bmzn) = & eQ = 2")/2m€’02 (227)
mevzbnnn
we find that:
2
M

The maximum impact parameter has to be estimated from different considera-
tions. The basis of this process is that the ion rapidly moves past the electron and
delivers a sharp impulse to the electron. The electrons are bound in atoms and,
thus, are orbiting with their own characteristic frequencies or time scales. Thus,
the time for the ion to cross the atom should be less than the average time for an

electron orbit; otherwise, the collision will not be adiabatic or “rapid”. The time for
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the ion to move past can be estimated as the ratio of the impact parameter to the
ion’s velocity and the average orbital time for an electron will clearly depend on the
chemical element, as there will be an average radius and velocity. These considera-
tions induced Bohr to evaluate the stopping power with a classical formula. Bohr’s
formula has been superseded by the expression derived by Bethe and Bloch [Bethe,
1932] based on momentum transfer in a quantum mechanically correct formalism.

Their expression with the expanded form of the electron number density is:

2
(_%)Bethe-moch = 47TNAr§mecgpi;2 [ln (%) - 52] , (2.29)
where 7, = €% /m.c? = 2.8179402894(58) x 1071°m [Mohr et al., 2015] is the classical
radius of the electron, p is the density of the stopping medium with atomic number,
Z, mass number, A, and ionization potential, I. Finally, T},., is the maximum
energy transfer, encountered above. Various formulas are available to give the
average variation of the ionization potential for the chemical elements. For example,

in the Thomas-Fermi model, the expression is given by [Amaldi, 1971]:

1210-Z  [eV]. (2.30)

The modern form of the stopping power includes two corrections [Loveland
et al., 2006]. The first one is applied at high energies at which the polarization of
electrons by the electric field of the moving ion tends to shield distant electrons.
This correction depends on the electron density. Furthermore it is a subtractive
term and given the symbol §. The second correction is applied at low energies when
the collisions are no longer adiabatic, similar to the limit introduced by Bohr. This
correction is termed the shell correction as it depends on the orbital velocities of
the electrons. It is also a subtractive term and given the symbol C. If we include
all the constants, the modern form becomes:

( dE =0.3071

__) MeV-em? Zz2 [1 (Tmam)_ﬁg 6 C
dx /Bethe-Bloch

WNE i

which has the dimensions of MeV /em when the usual form of the density in g/cm?
is used. The actual evaluation of this function is complicated due to the detailed
variation of the ionization potential and the two correction terms. In practice,

several computer codes and detailed tables of the stopping powers are available.

Sometimes, for example, when combining materials, it is more useful to use the

stopping power divided by the density, p, and report the mass stopping power as:
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Figure 2.5: Density of ionization along the path of a particle stopping in air. The Bragg
peak in the ionization density is evident. [Holloway and Livingston, 1938]

2
1dFE [MeV cm ] (2.32)

pde g

Looking at the these equations for the stopping power, it can be seen that they
all have a part that depends on the moving ion and another part that depends on
the stopping medium. Concentrating on the part that depends on the ion, it can
be written:

dE  2* 9 9
-2 S A)g(2), (2.33)
in which we can convert the factors of v? into kinetic energy, F, by suitably applying
factors of %mi(m. The function g(Z) collects all the variations of the absorbing
medium. The revised expression shows that the energy loss rate will be proportional

to the mass of the ion:

dE  AZ? ( v22F
o< In

At low ion velocities (E/A <10 MeV/A), the In(y?2E/A) term is approximately
constant and then the stopping power is inversely proportional to the kinetic energy:

dE  AZ?
ol
dz E
Thus, a more energetic ion will tend to lose energy at a lower rate than a less

energetic ion. Note that the relativistic terms, v* = 1/(1-?) and 8% = Z—i, in

(2.35)

the parentheses, were ignored. These terms produce a minimum in the complete
function near § ~ 0.96 and a small rise at higher velocities. (Particles with 5 ~ 0.96

are called minimum ionizing particles.)
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The energy loss rate begins to increase dramatically as 5 — 0, but, more im-
portant, the charge state of the ion starts to decrease as the ion captures orbital
electrons causing the rate to drop. The ion rapidly loses energy at the end of its
range and stops rather suddenly. The energy loss for a particle near the end of
its range is shown in Figure 2.5. The resulting peak in the energy loss function,
just before the end of the charged particle’s range, is called the Bragg peak. The
fact that charged particles deliver a significant fraction of their kinetic energy at
the end of their range makes charged particles useful for radiation therapy. All
of these conditions for the stopping power only apply to pure chemical elements.
The stopping power of a compound or any complicated mixture will depend on the
overall density and the relative numbers of electrons from each chemical element.
Recognizing that the ionizing radiation will usually move through macroscopic dis-
tances, we can use an averaging procedure called Bragg’s rule (eq. (2.36)) [Amaldi,

1971]. The average mass stopping power is:

(lﬂﬁ) :E:Ez(ﬂﬁ) (2.36)
pAX Jiorar G pj \dX
where wj, pj, and so forth, refer to the fraction by mass of element j-th in the
entire mixture and its elemental density. The summation is done for all the ele-
ments in the mixture. Thus, if the mixture were a pure compound, then we would
combine the numbers of each element in the molecular formula. If the mixture had
several components, then we would combine the masses of each element from all
the components, and so on, to get an overall mass stopping power.

The range or distance that a heavily charged particle will travel through a
material can be obtained by integrating the energy loss rate along the path of the
ion. In the approximation that the ion follows a straight-line trajectory, then the

range for a given kinetic energy, R(T'), would be given by the integral [Sigmund,
2006]:

}HT):/JL(QE)ldE (2.37)
0 dx

where the function dE/dx is the appropriate function for the ion in the material.
There are two difficulties in applying this simple integral formula: the ions will suf-
fer a different number of collisions with atomic electrons, and, more importantly,
the ions will undergo some scattering from the Coulomb fields of the atomic nuclei.
The multiple Coulomb scattering leads to an effect that the ion’s trajectory is not
straight, but rather, is made up of a series of straight line segments. Thus, the
apparent range or the projection of the range onto the initial velocity vector of the

ion will not be a single value, but rather, will consist of a statistical distribution of
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Figure 2.6: Intensity distribution or attenuation curve is shown as a function of absorber
thickness for a typical energetic heavy ion penetrating into a metal. The effect of range
straggling is indicated by the Gaussian distribution of ranges.

values. Thus, the distribution of ranges is due to range straggling. It is important
to note that the size of range straggling will grow as an ion penetrates into the
material because it will literally add up. The range of an ion and its fluctuations
are integral quantities, whereas the energy loss rate and its fluctuations are differ-
ential quantities. It is still true that Coulomb and nuclear scattering are relatively
rare, so that the range straggling for typical ion energies in metals is only a small
percent of the range. The qualitative features of the range distribution and the
attenuation curve for a typical heavily charged particle are shown in Figure 2.6.
Heavily charged particles penetrate uniformly into matter with essentially no at-
tenuation in intensity until they are nearly at rest; at this point, the intensity of

moving ions rapidly drops to zero.

It can be seen from the integral form of the range as a function of initial kinetic
energy, given above, that R o< aE® (Fig. 2.7). The exponent should be of order 2
at low energies where the energy loss rate is dominated by the 1/32 or 1/E term.
The range—energy relationships are very useful in determining the kinetic energies

of particles by measuring the attenuation curves.

As a final point (more practical) is related to the use of the stopping power and
ranges of charged particles, as the best method to calculate the amount of energy
deposited in a thin foil. Clearly, the ion will slow down as it passes through the
material so that the energy loss rate will change as the particle passes through the
foil. Thus, the average energy loss rate should be used. However, since the function
is not linear, a technique to determine the average is required. The main interest
is for thin foils in which the initial, average, and final energy loss rates are nearly
the same. In this case of a thin foil [Loveland et al., 2006], the following expression

can be used:



2.2 Stopping power and range 31

o INISIL_I(|ZON //
L
/%Deul ron: //

/ Tritons

Range (um)
5
S

Alphas|

5 10 20 50
Particle energy (MeV)

Figure 2.7: Range-energy curves for some charged particles in silicon. Note the data
has the form R oc ¢ E® with a similar exponent for all ions. [Skyrme, 1967]
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Figure 2.8: Graphical representation of the range-energy evaluation.

AB(Az) - (‘i—f) As. (2.38)

It should be verified that the final rate is approximately equal to the initial rate:

dFE dE
&= - = . 2.39
( dx )initial ( dx )ﬁnal ( )

If the energy loss rates are not substantially different, then the average rate can
be obtained from the initial rate by the following approximation procedure. The
technique relies on determining the ranges of ions in graphs or tables of ranges
as follows (Fig. 2.8): imagine that an incident particle with an energy Ey passes

through some material with thickness x. These are the “known quantities”. The
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particle will emerge from the foil with an energy FE;, which should be determined.
The total range, R;, of the ion in the material can be found from tables. The
particles that emerge from the foil will have a residual range equal to Ry —z. The
range table or graph can be used to determine E; that corresponds to the range
Ry = Ry — x. The slowing down and averaging of the energy loss rate will be
contained in the range function and do not have to be explicitly evaluated.

For practical purpose, range-energy tables or relationships are among the most
commonly used tools. The largest collection of data on stopping powers and
ranges of ions in matter is that of Ziegler and Biersack contained in the computer
SRIM/TRIM programs [Ziegler et al., 2010].

2.3 Thin target yield

Thin target yield (tty) y(F) is a function of projectile energy. It is defined as the
slope at the origin of the growing curve of the activity per current unit (A/7) of a
radionuclide versus the irradiation time (¢;..) for a target in which the energy loss
is insignificant compared to the projectile energy [Bonardi, 1987]. In practice, the
tty is defined as the second derivate of A/i respect to the particle energy and the
irradiation time, which is calculated when the irradiation t¢;.. tends toward zero
(i.e. End Of Instantaneous Bombardment, EOIB):

0?(Afi) Bq
E)=y(E —y(B,0) = | =L 1| 2.40
W) =u(sors =u(E0) = 00| RG] e
Counsidering equations (2.18) and (2.6) and applying the (2.40) leads to:
O'*(E)NA/\
E)y= ——""A—"— 241
y(E) ML (1) (2.41)

where E = (E) is the “average” projectile beam energy (MeV) in the thin target. In
such situation, the equation (2.38) is a good approximation. In addition, pdx = pAx
can be measured by using equation (2.2) and AFE can be easily calculated by the
difference of ranges of incoming and outgoing particles in the target using the

technique previously shown in Figure 2.8.

2.4 Thick Target Yield

The Thick-Target Yield (TTY) Y (E,AF) is defined as a two parameter function
of incident particle energy E (MeV') on the target and the energy loss in the target
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Figure 2.9: Example of calculated thick-target yield as a function of target thickness
(in MeV) for ™ Tec production [Bonardi et al., 2002].

itsell AE (MeV') [Bonardi, 1987], according to the equation (2.42), that holds in
the approximation of a monochromatic beam of energy E not affected by either

intrinsic energy spread or straggling:

v(E,AB) - [ iE y(x)de [%] . (2.42)

Note that the integrand y(x) represents the tty of equation (2.41). In case of total
particle energy absorption in the target (i.e. energy loss AFE = E), the function
Y(E,AF) reaches a value Y(E,E - Eyp,), for AE = E — Ey,, that mathematically
represents the envelope of the Y(E,AF) family of curves. This envelope is a
monotonically increasing curve, never reaching neither a maximum nor a saturation
value, even if its slope becomes insignificant for high particle energies and energy
losses. Equation (2.42) states, obviously, that the production yield of a thick-
target does not increase further if the residual energy in the target is lower than

the nuclear reaction energy threshold, Fyy,.

The expressions of thin-target yields y(F) are analytically or numerically in-
tegrated at given intervals obtaining the groups of curves reported in Figure 2.9.
In the same picture, the first and second calculated loci of the maxima of Thick-
Target Yields are represented (the second maximum is present only in some cases).
These maxima correspond to couples of optimized values (E, AFE), having different

values for each different radionuclide.
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2.5 ~v-spectrometry with HPGe detectors

The evaluation of the samples activity, and of all physical quantities linked to it
(cross-sections and target yields), was done by using gamma spectrometry’. Thus,
it is necessary to describe some important aspects dealt with this technique and,
especially, with the detector calibration.

A modern gamma-ray spectrum is, in essence, a list of numbers of pulses mea-
sured within small consecutive pulse height ranges. Detector calibration allows the
~-ray spectrum to be interpreted in terms of energy and amount of activity. This
is possible thanks to two main tasks: the energy calibration (i.e. the relationship
between channels and energy) and the efficiency calibration (i.e. the relationship
between number of counts and disintegration rate).

In order to calibrate the detector, in gamma spectrometry, it is extremely im-
portant to consider the quality of the nuclear data® used in the calibration process.
This means that it is necessary to choose a Nuclear Database and then use it for

all measurements: both for the detector calibration and for the spectra analysis.

2.5.1 Efficiency calibration

The term “efficiency” is used in many contexts and has many different meanings.
In experimental physics, it is generally defined as the ratio between the response of
the instrument and the value of the physical quantity that is measured. In gamma
spectrometry the intention is to relate the peak area in the spectrum to the amount
of radioactivity it represents. For this reason, we need the absolute full-energy peak
efficiency e: this relates the peak area to the number of gamma-rays emitted by
the source.

The absolute efficiency is generally defined as the ratio of the number of counts

detected in a peak to the number emitted by the source:

events registered

€= .
events emitted by source

This function depends upon the geometrical arrangement of the system source-
detector and upon the probability of an interaction in the detector itself. So,
the absolute efficiency can be factored into two parts: the intrinsic efficiency ;¢

and the geometrical efficiency or acceptance €geom. Thus € is, then, given by the

IFor a complete treatment of the topic see Debertin and Helmer 1988, Gilmore 2008, ICRU
1994, Knoll 2000.

2The interesting nuclear data useful to the detector calibration are v-ray energies, their prob-
ability of emission and the half-life of the nuclide.
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product:

€ =E&int " Egeom-

The intrinsic efficiency relates the counts in the spectrum to the number of

~-ray incidents on the detector:

events registered

Sint = events hitting the detector;

this probability depends on the cross-section interaction of the incident radiation
on the detector medium. The intrinsic efficiency is, thus, a function of the type of
radiation, its energy and the detector material.

The geometrical efficiency, instead, is that fraction of the source radiation which
is geometricaly intercepted by the detector. This depends entirely on the geomet-
rical configuration of the detector-source system.

Since it is quite impossible to separate the two elements of the absolute effi-

ciency, I have decided to fix the geometry and, thus, evaluate ¢.

2.5.1.1 Absolute full-energy peak efficiency

The absolute full-energy peak efficiency is the parameter with the most significance
in practical gamma spectrometry. The calculation of ¢ is straightforward. It is the
ratio of the number of counts detected in a peak to the number emitted by the

source:

cps
€= A'_If
where cps are the counts per second (i.e. the full-energy peak count rate), A is
the source activity (Bq) and I, is the probability of emission of the particular
gamma-ray being measured (i.e. gamma-ray abundance).

Thus, in order to obtain the efficiency calibration curve, I have used two certified
calibration sources: 12 Eu and 33 Ba.

Each radionuclide’s spectrum, collected considering the same geometry and
same duration, was analysed. In particular, I computed the absolute efficiency for
all the more important gamma emissions. In fact, it is conventional to construct an
efficiency curve by measuring many v-rays and plotting efficiency against energy
(Fig. 2.10).

It is evident that the relationship is approximately linear in a bilog scale over
much of the commonly used energy range, from 150 to 2000 keV'. Below 150 keV,
the efficiency falls due to absorption in the detector cap and dead layers. This is

the critical part, specifically in corrispondence to the so-called “knee”, where the
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Figure 2.10: Efficiency curve obtained combining the values of two calibration sources
such as 2 Ev and '**Ba.

accuracy of the efficiency curve must be as high as possible. In fact, in this region,
a tiny mistake, both in the choice of the peak area and of the fitting function, may
imply significant differences in the final value of the efficiency itself. This means
that the mathematical function I use to fit the experimental data also plays an
important role in gamma spectrometry. Furthermore, it is important to recognize
that none of the possible fitting equations has any theoretical basis. They are all
simply empirical relationships which may fit the experimental data to a greater
or lesser degree. A higher-order polynomial function will certainly be able to fit
all the slight variations in the data better than a lower one and will give a better
“goodness-of-fit” factor. This is the reason why I have chosen this type of function

for log(e) against the peak energy E (in keV):

6 24 a a as a
R ) E+ao+33 +24 4 95 4 96
E(E) = 62’;1 ‘ = M ETRTE TR T s TR 5 (243)

where a; are the best fitting coefficients.

One of the advantages of this polynomial expression is that it is usually applied
as a single equation covering the whole energy range of interest (i.e. typically up
to 2000 keV).



2.6 Experimental activity, cross-section and yield evaluation 37

2.6 Experimental activity, cross-section and

yield evaluation

After the introduction of the main parameters relating to gamma spectrometry, I
am able to evaluate unknown activities of given samples measured using the same
geometry of the calibration sources. If C, are the counts per second registered by
the detector:

events registered _
C, = — [s7], (2.44)
where LT is the live time of the detector, i.e. the time period in which the detector
really works (LT < tcount), defined e(E,) as the total efficiency at energy E, and

I, as the abundance of the gamma-ray, the activity is given by:

C

A= m [Bq]. (2.45)

Since I am interested in the evaluation of the cross-section o, inserting equation
(2.45) in (2.20), I obtain the experimental value:

cy Me
o=
e(Ey)- Iy \QNspx

"D(RT) - G(tipy) - eMteoot [m?]. (2.46)

Now, combining this formula with equation (2.41), the experimental thin target

yield becomes:

C 1076 Bgqg
E)= ——2——— D(RT) G(tirs) - e "o [7] 2.47
WE) = 5 gap DD Gltar) ¢ L] )
and, for the Thick-Target Yield (eq. (2.42)), it can be concluded that:
C 1076 Bq
Y(E)= —2——— . D(RT) - G(tipy) - e teoe! [—] 2.48
(B)= g D) Gltin) g (2.48)

These formulas are the basis of my experimental evaluations and analysis that will

be presented in the next chapters.
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2.7 Main radiochemical parameters

In the radiochemical and radiopharmaceutical industry, the concepts, and sub-
sequent specification used for determining the purity of the radiopharmaceutical
product, are of concern to both the regulator and the producer.

In this section I present the fundamental quantities involved in the evaluation

of pharmaceutical qualities.

2.7.1 As, CA and IDF

In nuclear and radiochemistry the concepts of specific activity, radioactive concen-
tration, isotopic and non-isotopic carrier, carrier-free and no-carrier-added are of
paramount relevance. In fact, traces of carrier are easily introduced in the radioac-
tive preparations: they may be present in the target material, in the equipment
and chemicals used in target processing, and, finally, they may also be produced
by side nuclear reactions induced in the target by nuclear activation, sometimes
followed by a decay chain. Moreover radionuclides, particularly short-lived ones,
may be present as ultra-traces, as is evident from the basic equation (2.49) relating

activity to number of radionuclides. Thus, the radionuclide mass is given by:

activity (Bq) -tz (s)
In2-N4

Amount (mol) = (2.49)

where N 4 is the Avogadro’s constant (mol™?).

2.7.1.1 Ag specific activity

In many relevant applications of radionuclides a specific activity (Ag) as high as
possible is envisaged [de Goeij and Bonardi, 2005b]. The use of radiotracers with
high specific activity plays a fundamental role. In fact for biological studies, it
is very important that there is no deviation from the normal physiological state:
if, to produce the required tracer activity, the chemical level of the compound
given to an organism greatly exceeds the normal physiological or chemical level,
the therapeutical effects or diagnosis are open to question. So, the specific activity
of the tracer compound must be sufficiently high for the total chemical level to be
administered to be within the normal range.

In the last decades many efforts have been made to develop new nuclear pro-
duction methods without intentional addition of isotopic carrier. The radionuclides
obtained in this way are named no-carrier-added (NCA). The isotopic carrier is the
total number of atoms (or mass) of the same element (same Z) present in a radioac-

tive preparation. Unfortunately, NCA is a qualitative definition and in most prac-
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tical cases the radionuclide concerned is diluted in a mixture of both radioactive
and stable atoms of the same element.

We define quantitatively the specific activity of a radionuclide with a 100 %
radionuclidic purity (see § 2.7.2), under the assumption that a free isotopic exchange
is provided in the radioactive preparation and that only stable isotopic carrier is

present, as:
N(t)-A

Ag (t) =

where N(t) is the number of atoms of the radionuclide concerned at time ¢ (s),
m(t) is the total mass (kg) of all atoms (both stable and radioactive) of same Z
present in radioactive preparation at time ¢ and A = In2/t;, is the decay constant
(s71) of radionuclide with half-life t1/2 (s). In the case of accelerator-produced
radionuclides, the order of magnitude of As (NCA) is very often in the M Bq-ug™"
to GBq- ug~! range.

In a few selected cases, a radionuclide can be considered absolutely free of
isotopic carrier. In such cases the radionuclide of atomic mass M (kg -mol™') is

named carrier-free and its Ag is calculated as:

Ng-A
M

As(CF) = [Bq-kg™]. (2.51)
This parameter is a constant for each nuclide and, for example, for '93Pd is
2.76 GBq - ug™.

In order to complete the definitions related to Ag(t), it should be realized that
in many cases, a suitable amount of isotopic carrier is added intentionally during the
radiochemical processing of a radionuclide. The main aim of this procedure is either
to increase the radiochemical yield of the separation of a specific radionuclide from
a mixture of both stable and radioactive elements or compounds, or the preparation
of a labelled chemical species with a concentration representative of investigation
carried out. A radionuclide obtained in this way is named carrier added (CA) and
its specific activity is defined Ag(C A); the numerical relation between the different
types of specific activity is: Ag(CA) « As(NCA) < As(CF).

2.7.1.2 (4 activity concentration

Activity concentration C4(t) of a radionuclide at time ¢ is defined as the ratio
between the activity A (Bq) of radionuclide and the mass (kg) or volume (m?) of

substrate or solvent in which the radionuclide is diluted [Bonardi et al., 2004]:

activity of radionuclide

Ca(t) = [Bq-kg']or [Bg-m™].  (2.52)

mass or volume of substrate
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Sometimes the two quantities Ag(t) and C4(t) are considered as synonyms and
seem interchangeable, even though the definitions of these two quantities are com-

pletely different.

2.7.1.3 IDF': isotopic dilution factor

Further on, a relevant dimensionless quantity that can be introduced in order to
express quantitatively the degree of isotopic dilution of a radionuclide is the isotopic
dilution factor IDF(t) [Bonardi and de Goeij, 2005]. This is the ratio at time
t after end of radiochemical processing (EOP), including labelling, if applicable,
of a radionuclide, between the number of all atoms (both stable and radioactive)
isotopic with radionuclide of interest and the number of atoms of radionuclide itself.
The IDF(t) at the EOP is denoted by IDF. It is easy to show that, under the
assumption that all isotopes are present in the same chemical form, the IDF'(t) is
the ratio between As(CF) and Ag(t), or:

number of stable and radioactive nuclides of the same Z

IDF(t
() divided by the number of atoms of the radionuclide

As(CF)
As(t)

Thus, the TDF(t) is a dimensionless quantity presenting always values not lower
than unity, while just in the case of a true CF radionuclide, the IDF(CF) is equal
to unity.

2.7.2 Radiopharmaceutical preparation

Production of radiopharmaceutical preparations has to respond to the character-
istics presented in the Pharmacopoeia. A relevant parameter presented in the
Phamacopoeia is the radionuclidic purity that is defined as the ratio, expressed
as a percentage, of the radioactivity of the radionuclide concerned to the total

radioactivity of the radiopharmaceutical preparation:

A*(t)

RN Py (t) = >, A,(0) 100 (2.53)
where A*(t) is the activity of the radionuclide of interest and A;(t) is the activity
of the j-th nuclide at a stated time ¢.

Another important parameter stated in the Pharmacopoeia is the radiochemical
purity, defined as the ratio, expressed always as a percentage, of the radioactivity of

the radionuclide concerned which is present in the radiopharmaceutical preparation
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in the stated chemical form, to the total radioactivity of that radionuclide present

in the radiopharmaceutical preparation.






Chapter

Irradiation facilities

The irradiations for my work were carried out with the cyclotron (Scanditronix
MC40, K = 38) of the JRC-Ispra (section 3.1) and with the cyclotron of the AR-
RONAX center, Saint-Herblain (FR) (IBA C70, section 3.2): after the closure of
the cyclotron of the JRC-Ispra from January 2015, I decided to move to the cy-
clotron of the ARRONAX center because its beam is similar to the SPES one
[Prete et al., 2014] that is being installed in the INFN national laboratory of Leg-
naro (LNL-INFN).

Even if there were a lot of differences in the irradiation conditions, I will show
(Chapter 6) that there is a good overlap between the experimental data obtained
from the Ispra and the ARRONAX irradiations.

3.1 Ispra cyclotron

The cyclotron of the Joint Research Centre (JRC) of the European Commission in
Ispra (VA, Italy) (Fig. 3.1), created in 1982, is used for materials research and for
the production of radionuclides for medical applications (diagnosis and therapy).

The accelerator, an AVF (isochronous) cyclotron, is a Scanditronix MC 40
model (K=38, beam current up to 60 nA), which is variable energy and accelerates
positive ions (protons, deuterons, alphas and >He?*). The relevant characteristics
of extracted beams are reported in Table 3.1.

3.1.1 Cyclotron Set-up

The irradiations, carried out with the cyclotron of JRC-Ispra, were at different

energies with a typical current of 100 nA. This cyclotron (Fig. 3.2) has 7 beam
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Figure 3.1: Ispra cyclotron building.

Table 3.1: Characteristics of the JRC Cyclotron extracted beam.

paste | Fos O e
p 8-40 60
d 4-20 30
alpha 853 30
SHe* 4-20 60

lines designed for different purposes. In my experiment, I used the beam line # 1
to study the excitation functions (Fig. 3.3). The beam line leaves the cyclotron

and is driven till the irradiation chamber.

The beam passes through a first collimator (Fig 3.4 point a, diameter 6 mm)
which stops the major part of the beam, especially the tails. In fact the beam profile
is not a trivial topic (see §3.3) in order to obtain a beam profile in its central part
as homogeneous as possible in order to irradiate the target surface with the same
intensity. So, this first collimator cuts off the lateral parts of the beam and, thus,
reduces its diameter. Since it blocks almost the entire beam, it heats up during the
irradiation process. It can be cooled down with water and in this case must be used
line # 2 that is suitable constructed. In my case the beam current is low enough

to use line # 1 without using of the cooling system. Usually, only one collimator is



3.1 Ispra cyclotron 45

(a) Control room. (b) Cyclotron.

Figure 3.2: Ispra (Va) cyclotron.

Figure 3.3: Beam lines # 1 e # 2 of the Ispra cyclotron.

not enough to properly modify the beam profile. This is the reason why there is a
second collimator (Fig. 3.4 point b), with a diameter of 5 mm, with the function

to further reduce the beam dimension and definitely cut off any residual tail.

Then, the beam enters in the Faraday Cup which collects the whole charge
produced inside in order to determine the integrated charge (Fig. 3.4 point ¢ and
Fig. 3.5). In these irradiations the Faraday cup consists of a magnet collimator,
the peculiarity of which is based in the insertion of two little magnets which goal is
the deflection of the secondary electrons produced during the collision so that only

the whole primary charge can be collected inside the Faraday Cup (Fig. 3.5 point
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Figure 3.5: Faraday cup.

a). In the middle of the cup, there is enough space where it is possible to introduce
various numbers of targets in agreement with the geometrical dimensions of the
targets themselves (Fig. 3.5 point b). Finally, if the energy of the beam is so high
that the material foil is not able to completely stop the beam, a beam stopper is

able to stop and collect all the residual charges (Fig. 3.5 point c).
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3.2 ARRONAX cyclotron

ARRONAX, an acronym for “Accelerator for Research in Radiochemistry and On-
cology at Nantes Atlantique”, is a high energy (70 MeV for protons) and high in-
tensity (2 x 375 pA for protons) multi-particle accelerator located in Saint-Herblain

(France). It began its hands-on phase in December 2010.

ARRONAX, an AVF cyclotron with 4 high hill sectors, is an IBA model Cyclone
70XP, which is variable energy and accelerates positive ions (protons, deuterons,
alphas and H}). The relevant characteristics of extracted beams are reported in

Table 3.2.
Table 3.2: Characteristics of the ARRONAX Cyclotron extracted beam.

parte | Pty (T W
p 35-70 375x2

d 15-35 50

alpha 70 70

H3 35 50

3.2.1 Cyclotron Set-up

The irradiations, carried out with the cyclotron of ARRONAX-Nantes (Fig. 3.6),
were at different energies with a typical current of ~ 150 nA. This cyclotron has
8 beam lines designed for different purposes: five vaults, dedicated to average and
high current, each house a single end-station and one vault, dedicated to low or
very low current, has three (Fig. 3.7).

The beam line is closed using a 75 pum thick kapton foil which makes a barrier
between the air in the vault and the vacuum in the line. The stacks were located
about 6-8 cm downstream in air (Fig. 3.8). A beam dump was placed after the

stack to control the intensity during the irradiation.

3.3 Beam profile

The beam profile is not a trivial issue. Ideally the beam profile must be flat. In my

experiments and spatially distributed in a homogenic way in order to activate in an
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Figure 3.7: ARRONAX experimental vault, at the top right in Fig. 3.6
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Figure 3.8: ARRONAX experimental irradiation station.
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Figure 3.9: ARRONAX experimental irradiation station.
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homogenic way the target. Unfortunately, this is very difficult to obtain and, in my
irradiations, I tested the distribution of the beam on the targets by the “picture”

of the beam done with a suitable instrumentation.

3.3.1 Cyclone

The Perkin Elmer Cyclone storage phosphor system (Fig. 3.10) performs film-
less autoradiographies. Reusable storage phosphor screens capture and store the
activity of samples which are exposed, as with film, in common film cassettes.

The screens are scanned by a laser focused to less than 50 um, and the latent
image is detected by unique confocal optics to create a high resolution digitized
image with quantitative data in the form of an image file.

Samples are exposed to the phosphor screens, which store energy in the pho-
tostimulable plate (PSP, BaF Br : Eu**). The ability of this phosphor to act as
an image storage device relies on the presence of the Fu?* dopant, the presence
of naturally occurring point defects in the crystal lattice, and a phenomena known
as Photostimulable Luminescence (PSL). When X or 7-rays are incident on the
phosphor they may further ionize the Eu?* cations to Eu>*. The fast electrons so
produced populate the conduction band from where they may either drop back to
recombine with Eu>* cations or become trapped in “colour centres”.

The colour centres of interest in PSL are known as F-centres and are caused by
the absence of halogen anions from their designated position in the BaF Br lattice.

i

e
“» x | j._.
Digital
Indirect
Imagiey

Figure 3.10: Perkin Elmer Cyclone.
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Figure 3.11: An energy diagram of the excitation and photo-stimulated luminescence
processes in a BaFBr : Eu®" phosphor. On the left, is the representation of the in-
teractions proposed by von Seggern. On the right, is the energy diagram proposed by
Takahashi. Incident X or v-rays form an “electron” latent image in a meta-stable F-
center site that can be processed with a low energy laser beam, producing the desired
luminescent signals. 7 is the decay constant of the process indicated above.

A F-Center is a type of crystallographic defect in which an anionic vacancy in a
crystal is filled by one or more electrons, depending on the charge of the missing
ion in the crystal. Electrons in such a vacancy tend to light in the visible spectrum,
so that a material that is usually transparent becomes coloured. Thus the origin
of the name, F-center, which originates from the German Farbzentrum.
The translation of this term also provides the synonym color center, which can also
refer to such defects. F'-centres are often paramagnetic and can then be studied
by electron paramagnetic resonance techniques. The resulting F'*-centres are long
lifetime traps into which electrons, having enough energy to enter the conduction
band, may fall. Once an electron becomes trapped in a F-center it may stay in that
meta-stable state until it is excited again into the conduction band by exposure
to laser light at 633 nm. From this point it may either fall back into an F-center
or recombine with Eu3* cations with the emission of blue light at around 390 nm
which is detected by a high quantum efficiency photomultiplier tube (PMT).

The important factors which make this phosphor suitable as an image storage

device are:

e the number of F-centres populated by electrons from the excitation process

is proportional to the received dose;

o the intensity of the luminescent light under PSL is proportional to the number

of F-centres containing trapped electrons;

e the F'-centres created by radiation are generally long-lived with a time con-



52 Irradiation facilities

stant of around a few hours at normal operating temperatures.

There are currently two major theories for the PSP energy absorption process
and the subsequent formation of luminescence centres. These include a bimolecular
recombination model [Takahashi et al., 1984], and a photostimulated luminescence
complex (PSLC) model [Von Seggern et al., 1988] shown in Figure 3.11. Physical
processes occurring in BaF Br : Eu®*, using the latter model appear to closely
approximate the experimental findings. In this model, the PSLC is a metastable
complex at a higher energy (F-center) in close proximity to an Eu’" — Eu?* re-
combination center. X or -rays absorbed in the PSP induce the formation of
“holes” and “electrons”, which activate an “inactive PSLC” by being captured by an
F-center, or form an active PSLC by formation and/or recombination of “exitons”
explained by F-center physics [Von Seggern et al., 1988]. In either situation, the
number of active PSLCs created (number of electrons trapped in the metastable

site) are proportional to the X or y-ray dose to the phosphor.

3.3.2 Beam “picture”

The beam picture was obtained in this way: the irradiated target was placed on
the Cyclone plate for some minutes in a completely dark room. Then, after this
exposure, the plate was analysed. It is important to stress that the beam shape
changes in each irradiation and this is demonstrated by the my beams “picture”
that show that the profile is not flat and repeatable.

In Figure 3.12, one of the JRC-Ispra irradiations, the activity distribution is not
uniform (the z-axis is the Cyclone unit Digital Light Unit, DLU), but it is quite
spread all along the diameter of the collimator even through there is a region with
a greater concentration of charge.

Also in Figure 3.13, two of the ARRONAX irradiations, the activity distribution
is not uniform. This may be due to the fact that the last collimator is not so close

to the target.

In any case, in the activity evaluation I chose to keep the source-detector dis-
tance sufficiently high to prevent possible mistakes due to the non-point-like beam
shape and, consequently, to the activity distribution.



3.3 Beam profile

(a) 3D beam profile. (b) 2D beam profile.

Figure 3.12: Beam “picture” of one of the JRC-Ispra irradiation.

28.7 MeV 34 MeV

15 mm
15 mm

15 mm 15 mm

(a) 28.4 MeV irradiation (b) 34 MeV irradiation

Figure 3.13: Beam “picture” of two of the ARRONAX irradiation.






Chapter

The excitation functions of

L00Mo(p,x)??Mo and

L00Mo(p,2n)??™mTe nuclear

reactions?

4.1 Introduction

99mTe is the most used radiotracer in nuclear medicine. This is due to multiple
advantages, not only from a physical and chemical point of view but also because
it is conveniently available through a %*Mo/?°™Tc generator system [Vértes et al.,
2011].

In recent years there was a worldwide shortage of **Mo/%™Tc, which is pro-
duced in highly enriched uranium targets via fission of *U in nuclear reactors
[Council of the European Union, 2010]. This shortage boosted the interest in ver-
ifying alternative routes [Nuclear Energy Agency, 2010, Wolterbeek et al., 2014].
One method is the cyclotron production of ?™Tc via the 1°°Mo(p,2n)?*™Tc nuclear
reaction.

As reported recently [Qaim et al., 2014] there are large discrepancies in pub-
lished data concerning the reaction cross section for the reaction °*Mo(p,2n)%?™Tc
[Alharbi et al., 2011, Challan et al., 2007, Gagnon et al., 2011, Khandaker et al.,
2007, Lagunas-Solar, 1999, Lagunas-Solar et al., 1991, Lebeda and Pruszynski,

LA large part of this chapter was published in Manenti et al. [2014]
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2010, Levkovski, 1991, Scholten et al., 1999, Takécs et al., 2003, Tarkinyi et al.,
2012, Wenrong et al., 1998].

Thus, the main goal of this work is to elucidate the discrepancies in litera-
ture by a careful determination of the excitation functions of the nuclear reactions
100Mo(p,2n)??™Te and °°Mo(p,x)?" Mo.

A particular emphasis is layed on an analysis of all the aspects involved in
the determination of the 1°°Mo(p,2n)?"™Tc cross-section in order to try to find an

explanation for the scatter of previously published data.

4.2 Experimental

I determined the excitation functions using the stacked-foil technique covering the
proton energy range from 8 MeV to 21 MeV. Stacks of thin foils consist of alternat-
ing high purity aluminium (as energy degrader foils inserted between Mo targets),
highly enriched molybdenum °°Mo and one titanium foil. In particular each stack
was composed of the same number of Mo and Al foils, i.e. four or five depending
on the irradiation energy, and by a Ti foil, inserted as final monitor foil in the
stack. %Mo targets (0.08 % “2Mo, 0.05 % %Mo, 0.1 % Mo, 0.11 % **Mo, 0.07 %
9Mo, 0.54 % “8Mo, 99.05 % °°Mo; Isoflex Isotopes, San Francisco, CA, USA) were
prepared with a nominal thickness of 20-25 um (~0.020-0.025 gem™ and a gen-
eral relative uncertainty of £2 %) in the nuclear target laboratory of the Legnaro
National Laboratory of National Institute of Nuclear Physics, Italy (LNL-INFN),
from 1%°Mo purchased as metallic powder. The powder was pressed to get small
pellets. The pellets were molten under vacuum by an electron beam and cooled
slowly in a nitrogen atmosphere. Due to the high surface tension of the molten Mo,
the initially flat pellet got a spherical shape during electron beam melting. Then,
the spherical pellets were laminated using the pack-rolling technique into the re-
quired foil thickness. The true value of target thickness was measured accurately
by weighing.

All irradiations were carried out with the cyclotron (Scanditronix MC40, K =
38, beam current up to 60 pA) of the JRC-Ispra at different incident energies with
a constant current of about 100 nA for a duration of 1 hour. The excitation func-
tions were obtained from seven foil stacks irradiated in seven different irradiation
experiments.

Each irradiation took place in an insulated target holder under vacuum, which
was designed as an elongated Faraday cup to determine the integrated charge of the
proton beam. In the Faraday cup a strong magnet was installed to avoid escaping

of scattered or backscattered electrons as the loss of such electrons could lead to a
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virtually larger proton dose on the foil stacks. Two coaxial Al collimators (5 mm in
diameter) were placed in front of the Faraday cup. Based on the distance between
the collimators and from the last couple of quadrupoles a maximum broadening the
beam of a few pm was calculated. The charge was integrated by a current integrator
(BIC Brookhaven Instruments Corporation, Austin, TX, USA; model 1000C), cali-
brated within 2 % uncertainty by an authorized calibration service (Nemko S.p.A.,

Biassono, MB, Italy): in my experiment I use the experimentally measured charge.

The reliability of the integrated current has been validated by the values of
the cross sections measured for ®® Ti targets used as monitor foils, compared with
the TAEA tabulated monitor reaction " Ti(p,x)V [Tarkanyi et al., 2001]. The
extracted beam energy, calibrated by a cross-over technique, has an uncertainty of
0.2 MeV [Birattari et al., 1992]. Mean proton beam energy and energy degradation
in each foil were computed by the Monte Carlo based computer code SRIM 2013
[Ziegler et al., 2010]. The uncertainty of the mean energy in each foil (+0.25-0.44
MeV) includes the energy uncertainty of the extracted proton beam energy, the
uncertainties in the mean mass thicknesses and the beam-energy straggling through
the target foils (+0.1-0.3 MeV). The activity was measured, without any chemical
processing, by calibrated high purity germanium (HPGe) detectors (EG&G Ortec,
15 % relative efficiency, FWHM = 2.2 keV at 1.33 MeV). The first measurements
of the samples were generally started within a few hours after end of bombardment
(EOB) and measurements continued periodically for about one month to follow the
decay of molybdenum-99: in general the counts in the peak in the region of interest
exceed 10 000.

The overall uncertainty of the determined cross-sections is caused by several
error sources in the measurement and evaluation process. Regarding the measure-
ment process, a typical component is related to the statistical error in the peak
counts: particular attention is given to reduce this value below 1%. All foils were
measured in the same geometrical position as that used for the calibrated sources
in the energy and efficiency calibration of the detectors in order to avoid correc-
tions for different geometries. The distance from the detector cap was sufficiently
high to reduce dead time and pile up errors to negligible values (< 0.1%). Other
significant error sources were: the target thickness and uniformity (< 2 %), the in-
tegrated charge (< 2%), the calibration sources uncertainty (1.5 % and 2.0 %) and
the fitting of the detector efficiency curves (< 1%), with a typical overall relative
error of 4.5 %.

The published data about the abundance of the gamma emissions and the half-
lives were considered as being exact. Decay characteristics for the radionuclides

investigated, as summarized in Table 4.1, were taken from Browne and Tuli [2011],
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Table 4.1: Decay data [Browne and Tuli, 2011] of °Tc and *°Mo radionuclides and
contributing reactions. Branching ratio (BR) is reported from ICRP [2008]. Energy
threshold (Ets) evaluation is based on Wang et al. [2012]

Nuclide ty;; (h) Contributing reactions E¢ (MeV) E, (keV) I, (%)

100 99 .
Mo 65.949 Mo(p,x)”" Mo 6.13 140.511 51
*Nb—~*Mo 181.1 6.142
100 99m
wmpd  6.0067 Mo(p,2n)™""Tc 779 140.511 89

BR=87.73%
99mTC

Mo 142.684  0.02225

*see section 4.3.2

F1000 o (p,2p)?? (M) Nb, Fy,=11.26 MeV

it is impossible to distinguish the 140.511 keV peak from the 142.63 keV one. We use the
cumulative intensities: 89.022 %.

ICRP [2008] and Wang et al. [2012].

4.3 Results and Discussion

The foils of the stacked foil targets were measured, positioning them on the detector
with the beam-on side showing towards the detector cup. The experimental cross-
sections ¢(E) [cm? = 10?7 mb] for each target were calculated from the thin-target
yield by the relationship [Bonardi, 1987]:

M-Z-e-AE

o(E) = yeos(E) - N Nn-pAz

(4.1)

where yrors (E) is the thin-target yield [Bq-(C-Mev)™] at the End Of Instantaneous
Bombardment, M denotes the atomic mass [gmol™!], E = (FE) is the “average”
proton beam energy in the “thin” target [MeV], e the electron charge [C], Z the
atomic number of the projectile, AE the beam energy loss in the target [MeV], A
the decay constant [s™] of the investigated nuclide, N Avogadro’s constant [mol™!]
and pAx the mass thickness [gem™2].

yroms(F) was calculated by the equation:

COUNTS, 1
e L-LT Q-AE

yrors(E) = -D(RT) - G(tiry) - M2 (4.2)

where @ is the integrated proton charge [C] (obtained from Faraday cup read-out
and confirmed by beam monitor reactions), COUNT'S., denotes the net photo-peak
counts at energy E, above the continuum background, I, the y-emission absolute

abundance, €, the experimental efliciency of the HPGe detector at the y-energy
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Table 4.2:

Experimental cross-sections (1SD) of the '°“Mo(p,2n)°*™Tc and
1000\ o(p,x) Mo reactions

Energy 9 Mo 99m e
(MeV) (mb) (mb)

8.12 £ 0.34 0.27 £ 0.01

9.40 + 0.29 84.20 + 3.90

10.58 £ 0.25  0.38 + 0.02 187.56 + 8.68
11.07 £ 0.37  0.77 £ 0.04  230.44 + 10.55
1212 £ 0.33  4.89 £ 0.20 297.30 + 13.61
1269 £ 0.34  8.40 £+ 0.42  306.29 + 14.02
13.12 + 0.30 1240 + 0.50 303.84 + 13.91
13.65 + 0.20 17.17 £ 0.94 32290 + 14.78
14.03 £ 0.38  21.41 + 1.01  311.09 + 14.28
14.60 £ 0.36  29.83 £ 1.40 307.79 = 14.09
1512 £+ 0.43 3859 £ 1.80 315.15 + 14.43
15.16 + 0.41 4242 + 1.96 320.87 + 14.69
15.65 + 0.41 4595 +2.13  291.34 + 13.34
16.18 + 0.38  55.28 + 2.55  292.15 + 13.38
16.70 £ 0.36  66.25 =+ 3.06  298.35 + 13.66
16.84 + 0.44 66.53 = 3.05 306.98 + 14.05
17.59 £ 0.41 7941 + 3.64 296.30 = 13.57
17.76 + 0.44  90.17 + 4.15  294.03 + 13.46
18.05 £ 0.39  94.55 + 4.33  302.88 + 13.87
18.77 + 0.42  104.17 + 4.78  269.70 + 12.35
19.74 £ 0.40 119.46 + 549 240.59 + 11.02
20.85 £ 0.43 153.07 £ 7.02  195.14 + 8.94

considered, LT the Live counting Time [s], RT the Real counting Time =LT + DT
[s] (where DT is the Dead counting Time), At the waiting time from the EOB [s],
tir the Irradiation Time [s]. The non-dimensional quantities D(RT') (the decay

factor to correct decay during counting time) and G(7) (the growing factor to

correct decay during irradiation) are defined as:

and

\-RT

D(RT) =~ r
A tirr

Gltin) = 7= N

(4.3)

(4.4)

I give the experimentally determined cross sections of the 1°°Mo(p,2n)?9™Tc

and 1°°Mo(p,x)?’Mo nuclear reactions in Table 4.2.



The excitation functions of 1°°Mo(p,x)* Mo and 1%°Mo(p,2n)??™ Tc nuclear

60 reactions
100 99
Mo(p,x) Mo
175 I I I I I
| m  Levkoski, 1991 %
O Lagunas-Solar et al., 1999
L
150 4 £ Sholtenetal, 1999
% Takics et al., 2003 ¥/
E % Khandaker et al., 2007 ,/' &
< Lebeda and Pruzynski, 2010 x 1/
1259 & Alharbietal, 2011 .
~ ,%zﬁ
i) ] ® Chodash et al., 2011 « , /
E # Gagnon et al., 2011 b2
~—~ }—;4 =
= 100 4| * Wenronget al., 2011 s
ks ©  Térkanyietal, 2012 %% < be
o 1 Qaim et al., 2014 *, (%
Q @ Manenti et al. k-
(/I) 75 4+ K o
1)
2 1 x4
© P
50 *e,
1 * g
25 py A
4 - % 8 td
i ~ )
01— poita® = 5
7 8 9 o 11 12 13 14 15 16 17 18 19 20 21
proton energy (MeV)

Figure 4.1: Excitation functions for '°°Mo(p,x)°°Mo nuclear reactions. For clarity,

literature data are presented without error bars.
fitted with a polinomial curve (---).

Only my presented data have been

The measured excitation functions are shown in Figures 4.1 and 4.3.

4.3.1 9°Mo

In addition to the direct formation of **Mo, the Mo cross-section contains also
the contributions of *®*Mo(p,2p)°*™&Nb (respectively t;/» = 2.6 m and t1/o = 15
s) after the total decay of the 99(m-&)Nbh. The cross-section values presented here

are normalized to targets consisting of 100 % enriched °*Mo.

General agreement is noted when comparing my data with Takacs et al. [2003],

Gagnon et al. [2011] and Lebeda and Pruszynski [2010]. Some disagreement at
higher energies may be justified if the contribution of the 1001\/Io(p,2p)99(m’g)Nb
(Etn=11.26 MeV) nuclear reaction has not been taken into account. This contri-

bution depends on the irradiation time and on the enrichment in Mo of the

target. In my case, due to the **(™&Nb very short half-life, the evaluation of

1000Mo(p,2p)*?(™8)Nb cross section was not possible.
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Figure 4.2: Example of a v-ray spectrum. The picture reports the emissions used to
determine the activity. The other emissions belong to: **Nb/%Tc, % Nb /% Tc, *Nb/** T,
938 Tc produced by the isotopes of molybdenum contained in the target in a non-natural
abundance and *’Rh and '°°Rh produced by the impurities contained in the target.

4.3.2 Determination of the absolute intensity 140.511 keV

~v-ray emission of °Mo

The decay chain of ?Mo and ?*™Tc creates a problem in the determination of the
intensities of y-rays: in this case the parent nuclide decays to the ground state of
the daughter through the isomer and at the same time bypassing it (Fig. 4.2). In
the previous papers, not all the author took in consideration this aspect and the
value of the absolute intensity of the 140.511 keV v-ray of °Mo was very scattered
ranging from an unknown value to 89.43 % (Table 4.3). On the other hand, this
value is important for the considerations presented in section 4.3.3. So I evaluated
this decay characteristic of Mo when it is in equilibrium with *°™Tc and I took
the 181.1 keV v-ray of *Mo as internal reference to calculate this relevant 140.511
keV line intensity.

The absolute intensity of the 140.511 keV y-ray of **Mo (I}¢5) is given by
Mo
Mo _ COUNTSi§, €151 ,no by

1o COUNTSYY €105 e ti%) tlT/Cz

"BR-115 5 (4.5)

where ¢ is the HPGe efficiency at the indicated energy, I f‘g[{’ is the absolute intensity
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of the 181 keV v-ray of Mo, BR is the branching ratio for the Mo decay to the
ground state of the daughter through the isomer **®Tc (BR = 87.73 %, Table 4.1)
and Mo and Tc are used as abbreviations for **Mo and ?°™Tc.

In this manner, I experimentally obtained the value of 5.1 +0.2% that is equal
to the one measured by Chen et al. [1985]: 5.10 £ 0.16 %.

4.3.3 99mTc

The determination of the °*Mo(p,2n)%*™Tc cross-section is not a trivial topic. In
fact, 9™ Tc emits only 140.511 keV and 142.63 keV photons and, as seen in section
4.3.2, there is the contribution of the same gamma emission due to the decay of
9 Mo.

Furthermore there is a contribution for the indirect production of *™Tc as a
result of "?Mo decay, both during and post irradiation and a possible contribution
for the production of °Nb.

%Nb has main ~-emissions of 141.2 keV (69.0 %) and 1129.1 keV (92.0 %) and
can be produced via the nuclear reactions *?Mo(p,dp+2pn)°Nb (E,=17.47 MeV),
%Mo(p,an)?°Nb (E¢,= 9.05 MeV) and **Mo(p,a2n)?°Nb (Eq,= 16.50 MeV).

In my experiment, I didn’t found evidence of the presence of the 1129.1 keV
y-emission and, for the E, max=21 MeV, °Nb has an activity limit [Gilmore, 2008,
section 5.6] at the EOB equal to 150 Bq, i.e. less than 0.007 % of the 9™ Tc activity:
this may be due to the small amount of contributing molybdenum isotopes.

So for the evaluation of the '“°Mo(p,2n)**™Tc cross-section, COUNTS, in

equation 4.2 is given by:

COUNTST4" = COUNTS - (CF, + CF>) (4.6)

where CF; is the correction factor for the interference of the 140.511 keV peak
arising directly from decay of Mo and CF5 is the correction factor for indirect
production of ?°™Tc as a result of Mo decay, both during and post irradiation.

These correction factors can be calculated as

Mo Mo
Agos - €140.5 - 11405 - LT L -AMeAt

CF, < 4.7

1T T DMo(RT) - GMo(ty,,) 0
Tec,ind C

CF, - AgGe 105 Iy s - LT Lo ATeAE (4.8)

DT('(RT) . ijo(tirr)
with
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Figure 4.3: Excitation functions for °°Mo(p,n)**™Tc nuclear reactions. For clarity,
literature data are presented without error bars. Only my presented data have been
fitted with a polynomial curve (---).
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These equations differ from the expression published in Lebeda and Pruszynski
[2010] and used in [Gagnon et al., 2011]: this is because I solve the exact differential
equation starting from the EOIB and not from the EOB. I think that, in the
experimental measurement of the cross section, the EOIB approach is the correct
one, but, for short irradiations (t; << 1/A°) the differences are negligible.

The numerical data of the cross-section are given in Table 4.2 and the measured
excitation functions are shown in Figure 4.3.

A large disagreement is noted when comparing the present data with previously
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Table 4.3: Relevant data: “” is for an information not explicitly reported in the previous paper, “NA” is for the information not available,
CF1 is the correction factor for the interference of the 140.511 keV peak (v') and CF2 is the correction factor for indirect production of ?°™Tc
as a result of “Mo decay, post irradiation (v) or both during and post irradiation (v'v). In the last two columns the are the energy and the
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maximum cross section.

99me Mo corrections maximum

Hios (%) | Iligs (%) IisY (%) BR (%) | CF1 CF2 | Ep(0max) (MeV)  Omax (mb)
Lagunas-Solar et al. [1991]* 89.07 88.7 6.3 87 - - w17 «290
Levkovski [1991] - - - - - - 15 305
Lagunas-Solar [1999] 89.0 88.7 6.3 87 v - «~16.5 «~365
Scholten et al. [1999] 89.06 - 6.07 - - v «17 «200
Takacs et al. [2003] 89 89.43 5.99 - - v « 16 «~210
Khandaker et al. [2007] 89.06 4.52 6.07 - ve ve ~18 «200

Challan et al. [2007] 89.06 - - - - - 13 - 18 350 — 380
Lebeda and Pruszynski [2010] 88.05 4.72 6.01 87.6 v oY « 16 «260
Alharbi et al. [2011] 89.06 89.43 5.99 - v v «~15 « 220
Gagnon et al. [2011] 89.08 4.52 5.99 87.6 v oY « 16 «~310
Tarkényi et al. [2012] 87.2 - 5.99 - - ~16 260
Qaim et al. [2014] 16-17 280
: «13.5 « 325

this work 89.002 5.1 6.142 87.73 v vy 19-18 285325

*this set is not reported in Figure 4.3

Tin this paper is reported also a 143 keV 4-line with a I,=6.4%
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reported data. This may be due to (i) a inaccurate determination of the calibration
curve (Ge detectors present maximum efficiency in the 140 keV region: this means
that it is necessary to be sure of the values obtained from the fitting function,
because it is not trivial to interpolate the data in this energy region), to (ii) the
use of different nuclear data or to (iii) not taking into account the correction for
the determination of the direct *™Tc production. In Table 4.3 I report the (i) and
(ii) relevant data, if they are provided by papers author. In particular, a less poor
agreement is noted when comparing only with Gagnon et al. [2011] and Levkovski
[1991]. This is somewhat strange because Levkovski paper is one of the older and
it is without details but, mainly to its minimality, it is not possible to say that he
didn’t apply corrections.

Moreover, the maxima of my experimental cross section are at lower energies than

the evaluated curve in Qaim et al. [2014].

4.3.4 Thin and Thick Target Yield

In order to make some more quantitative considerations for the production of "™ Tc
and ??Mo, it is useful to calculate the Thick-Target Yield Y (E,AFE)) that is de-
fined as a two parameter function of incident particle energy E (MeV) on the target
and energy loss in the target itself AE (MeV) [Bonardi et al., 2002] and holds in
the approximation of a monochromatic beam of energy E not affected by either

intrinsic energy spread or straggling.

I calculated the Thick-Target Yield for °°™Tc and **Mo: the experimental thin-
target yields of these radionuclides (Figg. 4.4 and 4.5) were fitted by the software
TableCurve 2D for Windows (Systat Software Inc). These mathematical functions
were integrated by MathCAD (PTC, USA) to bear the Thick-Target Yields in Fig-
ures 4.6 and 4.7.

In Figure 4.6 the calculated locus of maxima of Thick-Target Yield that corre-
sponds to couples of optimised values (FE, AF) is reported: this set of Thick-Target
Yields allows to calculate the optimum irradiation conditions in order to have ra-

diotracers with radionuclidic purity as high as possible.

Using Figures 4.6 and 4.7, it is possible to calculate the expected activity as
function of teoer and tiy, (e.g. Table 4.4).



The excitation functions of 1°°Mo(p,x)* Mo and 1%°Mo(p,2n)??™ Tc nuclear

66 reactions
100M0(p,2n)99mTc ‘
\ \
41 @ Manenti L
2,5x10 e Challan et al., 2007 % %

IO 4 ﬁ ; % 4
- 2,0x10 o S X

>

é) ] F%ﬁ_{ —e—ri >§
=3 4

% 1,5x10 Py

5 i —e—H

o

> 1 oxl0f i

s X / S

20

s . —e—

£ et

< 50x10° ==

bee
i —e—
e
0,0 . = .5i T T T T T T
8 10 12 14 16 18 20
proton energy (MeV)

Figure 4.4: **™Tc¢ experimental and fitted thin-target yield.
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Table 4.4: %™ Tc activity [GBq/100pA] for E = 14 MeV and AE = 5 MeV

tcool (h)
0 (EOB) 1 2 4 8

1 23.6 21.1 18.8 | 149 | 94

2 44.7 39.8 | 355 | 28.2 | 17.8

tiry (h)

4 80.2 71.5 | 63.7 | 50.6 | 31.9

8 130.8 116.5 | 103.8 | 82.5 | 52.0

Table 4.5: Decay data [Browne and Tuli, 2011, NNDC, 2016] of **¢Tc, **Nb and °"8Nb
radionuclides and contributing reactions. Branching ratio (BR) is reported from ICRP
[2008]. Energy threshold (En) evaluation is based on Wang et al. [2012]

Nuclide t1/2 Contributing reactions Eq, (MeV)  E, (keV) L, (%)
9Nb 23.35 h 199\ o(p,an)?*Nb 3.83 568.87 58.00
TN, 91 m 1000 o(p,a) "9 Nb 0 657.94 98.23

97Tm N}, 07N} *

1000 o(p,2n) "™ Te 7.79 89.5 6.5x 1074

99 5
¢Tc 2.11x10° y 9931 BR1227% 0y

99m TC—>99gTC

*t15(°"™Nb)=58.7 s

4.3.5 Radionuclidic impurities: 96Nb, 978:cumNb and 998Tc

My main motivation for this earlier work was to assess the level of the co-produced
998 T¢ contaminant and compare the technetium specific activity of the cyclotron
route to that which can be achieved with the current generator standard. Simul-
taneous to these initial irradiations to assess °*™Tc and Mo production follow-
ing proton irradiation of enriched °°Mo, I also evaluated the 1°°Mo(p,2n)8 T,
109Mo(p,an)®Nb, and °°Mo(p,a)?"Nb reaction cross sections. With the discus-
sions relating to the quality of cyclotron-produced **™Tc, these side reactions are

of great interest.

Decay characteristics for these radionuclides are summarized in Table 4.5.



4.3 Results and Discussion 69

Table 4.6: Experimental cross-sections 1090\ o(p,an)®Nb,

100M0(p’a)97g,cumNb and 100M0(p,2n)99gTC

(1SD) of the

Energy % Nb 978 Nb 9% e
(MeV) (mb) (mb) (mb)
8.12 £ 0.34 0,14 + 0.01
9.40 £ 0.29 0.68 + 0.04
10.58 + 0.25 1.52 + 0.08
11.07 + 0.37 1.95 + 0.09
12.12 + 0.33 3.35 £ 0.16
12.69 = 0.34 3.86 + 0.19
13.12 + 0.30 4.17 £ 0.20
13.65 + 0.20 5.08 £ 0.25
14.03 + 0.38 0.15 + 0.02 5.11 £ 0.24
14.60 £ 0.36  0.28 + 0.02 5.50 + 0.26
15.12 £ 0.43 0.55 = 0.03 6.11 + 0.30
15.16 + 0.41 0.62 + 0.04 6.08 + 0.29
15.65 £ 0.41 0.83 £ 0.04 5.37 £ 0.26
16.18 £ 0.38 1.33 £ 0.07 5.75 £ 0.28
16.70 £ 0.36  2.00 = 0.10 5.95 + 0.28
16.84 + 0.44 212 + 0.10 6.14 + 0.29
17.59 + 0.41 3.30 £ 0.16 5.83 £ 0.27
17.76 + 0.44 867.1 + 57.6
18.05 + 0.39 4.43 + 0.21 6.15 + 0.28
19.74 + 0.40 929.7 £ 61.1
20.85 + 0.43 570.6 + 44.2

In Table 4.6 there is the cross sections of the °*Mo(p,2n)**8Tc, 1% Mo(p,an)**Nb
and 1°°Mo(p,a)?"& U™ Nb nuclear reactions.

General agreement is noted (Figures 4.8 and 4.9) for both “Nb and °78:°“mNb
when comparing my data with Levkovski [1991], Lebeda and Pruszynski [2010] and
Gagnon et al. [2012].

4.3.5.1 998T¢

While the production of *®Tc and Mo may be quantified via y-ray spectrometry
using an HPGe detector, °*Tc does not emit any suitable v-ray for analysis with
this method. This mandated an alternative strategy for evaluating the ?°8Tc con-
tent and, ultimately, the excitation function. I utilized ICP-MS [Becker, 2003] for
this study. The direct *?6Tc excitation function was thus determined using ICP-MS

in combination with v-ray spectrometry to correct for the indirect **8Tc contribu-
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Figure 4.10: Excitation functions for '°*Mo(p,n)?*¢Tc nuclear reactions.

tions following decay of **™Tc and *’Mo: the samples were left to decay for more

than one year to allow for complete decay of the **™Tc and *?Mo reaction products.

To measure ?*6Tc, chemical separation of the technetium from the bulk of the
100\ o was necessary.
Technetium was extracted from the bulk molybdenum of the irradiated foils by
dissolution using 1 ml 30 % H205 and 3 ml 8N HNOj3 at 70 °C. Solutions were then
basified by the addition of 6N NaOH. Liquid-liquid extraction was carried out by
addition of 6 ml methyl ethyl ketone (MEK), an immiscible organic solvent, shak-
ing of the solution and subsequent removal of the top 3 ml of the organic layer.
Technetium oxide is soluble in MEK but not molybdenum oxide. After agitation,
the MEK will float to the surface of the aqueous solution and can be removed,
carrying with it the *®™Tc. This process was repeated three times. Eventually, the
MEK is evaporated leaving behind the technetium oxide.
These samples were measured by HR-ICP-MS at the Physics Department of the

University of Milano Bicocca.

The experimentally measured °°Mo(p,2n)*?8-4 Tc cross-section is summarized
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in Figure 4.10. Due to technical problem, we were able to measure only three sam-
ples and only one is energetically close to the data in previous literature: it is in
good agreement with that. Unlike the extrapolation of Gagnon et al. [2011], the
cross-section seems to increase and then decrease rapidly at the energy of 19-20
MeV.

4.4 Conclusions

With this study, I presented an experimental verification of the reaction cross
sections of the nuclear reactions 1°°Mo(p,x)??Mo and 1°°Mo(p,2n)?*™Tc and I gave
the solution of the exact differential equation starting from the EOIB.

It is my opinion that the best energy range range for the production of **®Tc¢ via
cyclotron route is 12-17 MeV. In fact, the cross section reaches its maximum value
in this energy range. Furthermore, for energies higher than about 17 MeV there
is a sharp increase of the side production of the long-lived radioisotopic impurities
due to the production of *Tc (1°°Mo(p,3n)%®Tc, E¢, =16.85 MeV).



Chapter

The excitation functions of the
3Y (d,2n)39Zr nuclear reaction

5.1 Introduction

Zirconium-89 is one of the most promising radionuclides for labelling monoclonal
antibodies, bio-distribution studies, and immuno-PET (positron emission tomog-
raphy) imaging [Bansal et al., 2015, Brasse and Nonat, 2015, Deri et al., 2013,
Knowles and Wu, 2012, Tolmachev and Stone-Elander, 2010].

Furthermore, a method to prepare simultaneously paramagnetic and pharmaceuti-
cal probes of 89 Zr-labelled octreotide liposomes for simultaneous PET and magnetic
resonance tumour imaging capabilities has been reported [Abou et al., 2013].

897r (t1/2=78.41 h, Tab. 5.1) decays by positron emission (22.3%) and electron
capture (76.6 %) to the stable isotope 3°Y [Mustafa et al., 1988]. 3% particle emis-

sion has a maximum decay energy of 900 keV.

The longer-lived isotope Zirconium-88, with a reasonably long half-life (t;/,—
83.4 d) and single gamma-ray emission (392.87 keV), is the only radioisotopic im-
purity in 8Zr produced by deuterons on 3°Y. It is used in extended experiments
such as animal bio-distribution studies and pharmacokinetic behaviour of labelled
antibodies [Meijs et al., 1997].
887r also provides the opportunity to produce significant amounts of monoisotopic
carrier free ®8Y from a 337r/®¥Y generator [Meijs et al., 1996].

Yttrium-88 (t;,,=106.65 d) is produced in large scale for investigation of the
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bio-distribution of Y (t1/,=64.1 h) labelled therapeutic compounds [Kobayashi
et al., 1999], for gamma-ray detector calibration source and for dose determination

in accelerator technology.

My work presents and discusses the experimental results with reference to the
cross-sections of the 3Y(d,2n)®Zr reaction in the 6-18 MeV energy range. The
earlier results for deuteron induced nuclear reactions on Y target were published by
Baron and Cohen 1963, La Gamma and Nassiff 1973, Bissem et al. 1980, Degering
et al. 1988, West et al. 1993, Uddin et al. 2007, Tarkanyi et al. 2005 and Lebeda

et al. 2015 and were rather scattered. Their data are compared with mine.

5.2 Experimental

I determined the excitation functions using the stacked-foil technique. Stacks of
thin foils consist of alternating high purity aluminium (as energy degrader and
monitor foils inserted between the Y and the Ti targets), yttrium and titanium
foil. In particular each stack was composed of the same number of Y and Al foils,
i.e. four or five depending on the irradiation energy, and by one Ti foils after each
Y/Al foils in the stack.

89Y targets (Goodfellow Cambridge Ltd., Ermine Business Park, Huntingdon
PE29 6WR, UK) had a nominal thickness of 25 ym. The true value of target
thickness was measured accurately by weighing: ~12.37 mg-cm™2 and a relative

uncertainty of +2 %.

The irradiations were carried out with the cyclotron of the ARRONAX center,
Saint-Herblain (FR) (IBA C70). The ARRONAX cyclotron delivers a deuteron
beam with an energy within +0.25 MeV [Haddad et al., 2008]. The stacks were
irradiated with an external deuteron beam, delivered by the ARRONAX cyclotron.
A 75 pm thick kapton foil closes the line and makes a barrier between the air in
the vault and the vacuum in the beam line. The stacks were located 82 mm down-

stream in air.
Two stacks were irradiated with a different incident energy in order to minimize
this energy dispersion and cover the energy range from 18 MeV down to 6 MeV.

Irradiations were carried out with a mean beam intensity of about 180 nA for 1 h.

During irradiation, an instrumented beam stop was used to control the beam
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Figure 5.1: Excitation functions for " Ti(p,x)**V nuclear reactions.

current stability. However, it was not used as a Faraday cup with precise intensity
measurements, since it is not under vacuum and is is not equipped with a device

to avoid escaping of scattered or backscattered electrons.

In this case, the titanium and the aluminium foils were used also as monitors
- 125 Ti(p,x)*®V and 27Al(d,x)**Na reactions, IAEA tabulated monitor reactions
[Tarkanyi et al., 2001] - for the exact determination of beam intensity and energy
(Figures 5.1 and 5.2).

Mean deuteron beam energy and energy degradation in each foil were computed
by the Monte Carlo based computer code SRIM 2013 [Ziegler et al., 2010]. The
uncertainty of the mean energy in each foil (+0.2-0.4 MeV) includes the energy
uncertainty of the extracted deuteron beam energy, the uncertainties in the mean
mass thicknesses and the beam-energy straggling through the target foils (+0.1-0.3
MeV).

The activity was measured at the LASA laboratory (INFN and Physics Dept.
of University of Milan, Segrate MI), without any chemical processing, by calibrated
high purity germanium (HPGe) detectors (EG&G Ortec, 15 % relative efficiency,
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Figure 5.2: Excitation functions for " Al(d,x)**Na nuclear reactions.

FWHM = 2.2 keV at 1.33 MeV). The first measurements of the samples were
generally started within within 48 hours after end of bombardment (EOB) and

measurements continued periodically for about six months (e.g. Fig. 5.3).

The overall uncertainty of the determined cross-sections is caused by several
error sources in the measurement and evaluation process. All foils were measured
in the same geometrical position as that used for the calibrated sources in the energy
and efficiency calibration of the detectors in order to avoid corrections for different
geometries. The distance from the detector cap was sufficiently high to reduce
dead time and pile up errors to negligible values (< 0.1%). Other significant error
sources were: the target thickness and uniformity (< 2%), the integrated charge
(< 2%), the calibration sources uncertainty (1.5 % and 2.0 %) and the fitting of the

detector efficiency curves (< 1%), with a overall relative error of 4-20 %.

The published data about the abundance of the gamma emissions and the half-
lives were considered as being exact. Decay characteristics for the radionuclides
investigated, as summarized in Table 5.1, were taken from Firestone et al. [1999]
and Wang et al. [2012].
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5.3 Results

I show the measured excitation functions in Figures 5.4-5.6 in comparison with the

literature data.The numerical data are collected in Table 5.2.
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Table 5.1: Decay data [Firestone et al., 1999] of Zr and Y radionuclides and contributing
reactions. The Ey;, evaluation is based on the mass defects of Wang et al. [2012].

Nuclide t1/2 Contributing reactions Eg, (MeV) E, (keV) Iy (%)
90Zr stable 89Y(d,n)?07Zr 0
897r 78.41 h 89Y(d,2n)8zr 7.4 908.96 99.87
887r 83.4d 89Y(d,3n)%8zr 15.50 392.87 97.31
88y 106.65 d 89y (d,x)88Y 5.34 898.04 93.7

Table 5.2: Experimental cross-sections (1SD) of the **Y(d,xn)®****Zr and **Y(d,x)%*Y

reactions

Energy 897y 887r 88y

(MeV) (mb) (mb) (mb)
6.03 £ 0.33 8.6 + 0.7
9.56 + 0.23  445.7 + 36.2 0.25 + 0.02
12.33 £ 0.20 728.5 + 59.2 3.8 +0.2
14.08 + 0.25 8537.1 + 69.6 7.6 +04
14.71 + 0.17  851.1 + 69.1 8.6 + 0.5
1564 £ 0.23 865.6 + 70.3 0.11 £0.02 99 =+0.6
17.09 £ 0.22 8953 £ 72.7 6.5 £ 0.5 14.8 + 0.9
1791 £ 0.21 901.2+73.2 208 =+17 215+1.2
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Figure 5.4: Excitation functions for Y (d,2n)*"Zr nuclear reactions.

5.3.1 89Y(d,2n)8%Zr

897r has a half-life of t1 = 78.41 h and can be produced through the (d,2n)
reaction. I assessed the activity through the 908.96 keV gamma line (I, = 99.87 %).
897r has a short-lived isomer 8™Zr (t; /2 = 4.18 m, isomeric transition probability
equal to 93.77 %) that was not measured: I measured a cumulative production of
89.mre7y

The measured experimental cross-sections are shown in Figure 5.4 together with
the data of the earlier study and curves of theoretical calculations with TALYS
codes (TENDL-2014). My cross-sections are in good agreement with the results of
Lebeda et al. 2015 and West et al. 1993. The prediction of TENDL-2014 is higher

than all the experimental data.

5.3.2 89Y(d,3n)38Zr

#87r has a half-life of t1/o = 83.4 d and can be produced through the (d,3n) reaction.
The activity was assessed through the 392.87 keV gamma line (I, = 97.31%).
My cross-sections (Fig. 5.5) are in good agreement with the two previous results in

the same energy range [Lebeda et al., 2015, West et al., 1993]. The experimental
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Figure 5.5: Excitation functions for %Y (d,3n)*®Zr nuclear reactions.

data in the studied energy range from the work of La Gamma and Nassiff [1973]

are higher than mine, while data from Tarkanyi et al. [2005] are lower.

5.3.3 89Y(d,x)%8Y

88Y can be produced through the (d,x) reactions.

88Y has a half-life of t1/2 = 106.65 d and the activity was assessed through the
898.04 keV gamma line (I, = 93.7%).

My cross-sections are, in general, in good agreement with the results of Lebeda
et al. 2015 and West et al. 1993 (Fig. 5.6). The experimental data in the stud-
ied energy range from the work of La Gamma and Nassiff [1973] and Uddin et al.
[2007] are lower than mine, while data from Tarkanyi et al. [2005] are higher. Also
TENDL-2014 is lower than my experimental points.

5.4 Conclusions

897r has a practical importance as it is widely used in the research of new radio-

therapeutics. The present excitation curve allows for calculating and optimizing
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Figure 5.6: Excitation functions for Y (d,x)**Y nuclear reactions.

batch yields of this radionuclide.

I presented measurement of the excitation functions of the deuteron-induced reac-

tions on 3%Y up to 18 MeV. Significant amounts of 9Zr can be produced at low

energy accelerators using yttrium as target and the possibility to involve radionu-

clidic impurities is very low in the energy range considered in this study.






Chapter

The excitation function and yield
for the 103Rh(d,2n)!3Pd nuclear

reaction

6.1 Introduction

193Pd (t1/,=16.991 d [Firestone et al., 1999]) decays almost exclusively (99.90 %),
by electron capture (EC) to 1°*™Rh (t1/2=56.12 min), which de-excites through in-
ternal transition (IT). As a result of these processes (EC and IT) Auger-electrons
and X-rays are emitted which are ideally suited for therapy. Taking into account
also the de-excitation of the “daughter” nuclide °*™Rh, every 100 decays of 1°3Pd
are accompanied by the emission of about 263 Auger electrons, 188 low-energy con-
version electrons and 97 X-rays National Nuclear Data Center [2016]. These decay
features and the practical absence of high-energy ~-rays make °3Pd particulary
suitable for interstitial brachytherapy: encapsulated in millimetre-size seed im-
plants it is used in prostate Yoshioka [2009], breast Pignol et al. [2006] or choroidal
melanomas Semenova and Finger [2013] cancer brachytherapy.

It has been shown that gold nanoparticles (Au NPs) distributed in the vicinity of
103pq radioactive implants can act as radiosensitivers that strongly enhance the
therapeutic dose of radioactive implants [Jones et al., 2010, Lechtman et al., 2011].
A new strategy under development to replace millimetre-size seeds [Moeendarbari
et al., 2016], consist in injecting radioactive nanoparticles in the affected tissues.
The development of '%*Pd@Au NPs distributed in the diseased tissue, could in-
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crease the uniformity of the treatment compared to larger seeds, while enhancing
the radiotherapeutic dose to the cancer cells through Au-mediated radiosensitisa-
tion effect.

The possibility to use this radionuclide for therapeutic purpose is strictly linked
to the feasibility of increasing the Specific Activity (Ag, the ratio between the ra-
dioactivity and the mass of the sum of all radioactive and stable isotopes of the
nuclide of interest de Goeij and Bonardi [2005a]), approaching the theoretical car-
rier free value of Ag(CF)=2.76 GBq-ug™.

Nowadays, 1°*Pd can be produced in reactors via the °2Pd(n,y) reaction with
a very low Ag or in no-carrier-added form with accelerators using proton induced
reactions [[INTERNATIONAL ATOMIC ENERGY AGENCY, 2006].

Irradiation of 100 % enriched palladium in palladium-102 (3.2 % natural abun-
dance) to saturation (¢, ~ 85d) in a nuclear reactor with a flux of 10'%-n s7!.cm=2
will lead to about 6.8 % of 19°Pd.

The most widely used accelerator production method based on high-flux 18 MeV
proton irradiation of a '®Rh target in cyclotrons [[NTERNATIONAL ATOMIC
ENERGY AGENCY, 2009, 2012] allows to reach a yield [Otuka and Takacs, 2015]
equal to 2.40 GBq-C™! (the yield for an energy irradiation of 50 MeV is 3.25
GBqC™).

The use of a deuteron beam appears to be attractive for the production of a
few radionuclides since the (d,2n) reaction cross-section in the medium to high
mass region is generally higher than that of (p,n) reactions [Qaim, 2016]. However,
studies on this alternative production methods using deuterons were scarce, and
only two studies were reported beginning of this research work [Ditréi et al., 2011,
Hermanne et al., 2002].

My work presents and discusses the experimental results with reference to the
cross-sections of the '®*Rh(d,2n)!%*Pd reaction and of the co-produced radionu-

clides in the 5-33 MeV energy range.

6.2 Experimental

The excitation functions were determined using the stacked-foil technique. Stacks
of thin foils consisted of alternating high purity aluminium (as energy degrader and
monitor foils inserted between the Rh and the Ti targets), rhodium and titanium
foils. In particular each stack was composed of the same number of Rh and Al foils,

i.e. four or five, depending on the irradiation energy, and (i) by a Ti foil, inserted
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as final monitor foil in the stack for the JRC-Ispra irradiations or (ii) one Ti foil
after each of the Rh/Al foils in the stack for the GIP-ARRONAX irradiations.

103Rh targets (Goodfellow Cambridge Ltd., Ermine Business Park, Huntingdon
PE29 6WR, UK) had a nominal thickness of 12.5 or 25 um (~15.1-31.7 mg-cm ™2
with a general relative uncertainty of +2 %: these values of target thickness used

in the calculation were measured accurately by weighing).

Low-energy irradiations were carried out on five stacks with the cyclotron (Scan-
ditronix MC40, K = 38) of the JRC-Ispra at different incident energies covering
the energy range from 16.6 MeV down to 5.2 MeV with a constant current of about
100 nA for a duration of 1 hour.

Each irradiation was carried out in an insulated target holder under vacuum, which
was designed as an elongated Faraday cup to determine the integrated charge of
the deuteron beam. Inside the Faraday cup a strong magnet was installed to avoid
escaping of scattered or backscattered electrons as the loss of such electrons could
lead to a virtually larger deuteron charge on the foil stacks. Two coaxial Al colli-
mators (5 mm in diameter) were placed in front of the Faraday cup. Based on the
distance between the collimators and the last couple of quadrupoles, a maximum
broadening of the beam of a few um was calculated. The charge was integrated
by a current integrator (BIC Brookhaven Instruments Corporation, Austin, TX,
USA; model 1000C), calibrated within 2% of uncertainty by an authorized cali-
bration service (Nemko S.p.A., Biassono, MB, Italy). The incident energy has an
uncertainty of +0.20 MeV [Birattari et al., 1992].

The reliability of the integrated current has been validated by the values of the
cross-sections measured for " Ti targets used as monitor foils, compared with the
TAEA tabulated monitor reaction ®*Ti(p,x)*®V [Téarkanyi et al., 2001].

Medium and high-energy irradiations were carried out with an IBA C70 cy-
clotron of the ARRONAX center, Saint-Herblain (FR). The ARRONAX cyclotron
delivers deuteron beam at variable energies with an energy uncertainty of +0.25
MeV [Haddad et al., 2008]. The stacks were irradiated with an external deuteron
beam. A 75 pum thick kapton foil is used as beam exit windows, separating the
beam line vacuum from atmospheric pressure in the vault. The stacks were located
68 mm downstream in air.

During the irradiation, an instrumented beam stop was used to control the beam
current stability. However, it was not used as a Faraday cup with precise intensity

measurements, since it is not under vacuum and is not equipped with a magnet to
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Figure 6.1: Excitation functions for " Ti(p,x)**V nuclear reactions.

avoid escaping of scattered or backscattered electrons.

In this case, it was mandatory to use titanium and aluminium foils also as mon-
itors to determine the experimental beam intensity value and energy from the
natTi(d x)*¥V and 27 Al(d,x)?*Na IAEA tabulated monitor reactions [Tarkényi et al.,
2001] (Figures 6.1 and 6.2).

Four stacks were irradiated with a different incident energy in order to minimize
energy straggling and to cover the energy range from 34 MeV down to 14 MeV,
with an overlap of more than 2 MeV with the JRC-Ispra irradiations. Irradiations

were carried out with a mean beam intensity of about 170 nA for 1 h.

Mean deuteron beam energy and energy degradation in each foil were computed
by the Monte Carlo based computer code SRIM 2013 [Ziegler et al., 2010]. The
uncertainty of the mean energy in each foil (+0.2-0.4 MeV) includes the energy un-
certainty of the extracted deuteron beam, as well as the uncertainties in the mean
mass thicknesses and the beam-energy straggling through the target foils (+0.1-0.3
MeV).

The activity of each radionuclides detected in each foil was measured at the
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Figure 6.2: Excitation functions for 2" Al(d,x)**Na nuclear reactions.

LASA laboratory (INFN and Physics Dept. of University of Milan, Segrate MI),
without any chemical processing, by calibrated high purity germanium (HPGe)
detectors (EG&G Ortec, 15 % relative efficiency, FWHM = 2.2 keV at 1.33 MeV).
The detectors were calibrated with certified 1*?Eu and '**Ba sources (CercaLEA,
France and Amersham, UK). All foils were measured in the same geometrical posi-
tion as that used for the calibrated sources in the energy and efficiency calibration
of the detectors in order to avoid corrections for different geometries. The distance
from the detector cap was sufficiently high to reduce dead time and pile up errors
to negligible values (< 0.1%). The first measurements of the samples were generally
started within a few hours (for the Ispra irradiations) or within 48 hours (for AR~
RONAX irradiations) after the end of bombardment (EOB). The measurements
continued for about six months in order to follow the decay of the main radionu-

clides and to let completely decay eventual “parent” radionuclides. (e.g. Figure 6.3).

The overall uncertainty of the determined cross-sections is caused by several
error sources in the measurement and evaluation process. Regarding the measure-
ment process, a typical component is related to the statistical error in the peak

counts: particular attention is given to reduce this value as low as possible (< 1 %—
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Figure 6.3: Examples of y-ray spectra for different targets and time.

18 %, depending on the radionuclides and on the energies). Other significant error
sources were: the target thickness and uniformity (< 2%), the integrated charge
(<£2%), the calibration sources uncertainty (1.5 % and 2.0 %) and the fitting of the
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detector efficiency curves (<1%), with an overall relative error of 4-20 %.

The published data about the abundance of the gamma emissions and the half-
lives were considered as being exact. Decay characteristics for the radionuclides
investigated, as summarized in Table 6.1, were taken from Firestone et al. [1999]
and Wang et al. [2012].

6.3 Results

The measured excitation functions are compared in Figures 6.4-6.13 with the lit-
erature data. The numerical data are collected in Table 6.2 and Table 6.3.

The cross-sections for Pd isotopes were also theoretically calculated with EMPIRE-
3.2.2 [Herman et al., 2007] in order to evaluate the best energy of irradiation to
obtain '°*Pd with the highest Ag (Section 6.3.7).

In spite of the differences in the irradiation conditions (see Section 6.2) there is
a very good overlap between the experimental data obtained from the JRC-Ispra
and the ARRONAX facilities.

6.3.1 193Rh(d,2n)'%3Pd

103pd has a half-life of t1/2 = 16.991 d and can be produced through the (d,2n) re-
action. The activity was determined from the 357.47 keV emission (I, = 0.0221 %).
The measured experimental cross-sections are shown in Figure 6.4 together with
the data of the earlier studies and curves of theoretical calculations with EMPIRE-
IT Menapace et al. [2008], EMPIRE-3.2.2 and TENDL-2015 [Koning and Rochman,
2012] codes. My cross-sections are in good agreement with the results of Hermanne
et al. [2002] (v data), while they are in the maximum about 15 % higher than those
of Ditroi et al. [2011]. The prediction of EMPIRE-3.2.2 and EMPIRE-II are close
to the experimental data, while TENDL-2015 underestimates the reaction cross-

sections at energies above 10 MeV.

In order to enable quantitative considerations for the production of '%3Pd, it is
useful to calculate the Thick-Target Yield (TTY); this was done using the poly-
nomial fit result of the experimental thin-target yields presented in Figure 6.5 and
integrating it up to a given deuteron energy. Figure 6.6 shows the resulting Thick-
Target Yield and, also, experimental Thick-Target Yields presented in literature
(Dmitriev et al. [1983, 1982] and Mukhammedov et al. [1984]) and the TAEA rec-
ommended one [INTERNATIONAL ATOMIC ENERGY AGENCY, 2012].

It is possible to see that there is a very good agreement between the experimen-

tal data sets and the curve related to the present work, while there are discrepancies
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Table 6.1: Decay data [Firestone et al., 1999] of Pd, Rh and Ru radionuclides and
contributing reactions. The E;;, evaluation is based on the mass defects of Wang et al.

[2012].
Nuclide t1/2 Contributing reactions Ey, (MeV) E, (keéV) Iy (%)
104pg stable 103Rh(d,n)'Pd 0
103pg 16.991 d 103Rh(d,2n)1%3Pd 3.62 357.47  0.0221
102pg stable 103Rh(d,3n)102Pd 11.39
101pq 8.47h 103Rh(d,4n)10t Pd 22.17 296.29 19.2
102mRh  3.742 a Tuli [2011]*  103Rh(d,p2n)1°?™Rh 11.91 697.49 43.9
103Rh(d,dn)!0?™ Rh 7.91
103Rh(d,t)19?2™Rh 1.53
102gRh 207 d 103Rh(d,p2n)'°28Rh 11.77 468.59 2.813
103Rh(d,dn)928Rh 7.77
103Rh(d,t)1928Rh 1.39
10ImRh 4.34 d 103Rh(d,p3n)''™Rh 19.52 306.85 87
103Rh(d,d2n) %™ Rh 17.25
103Rh(d,tn) 0™ Rh 10.87
101gRh 3.3a 103Rh(d,p3n)'°8Rh 19.36 197.6 70.88
103Rh(d,d2n)!0'8Rh 17.09
103Rh(d,tn) 08 Rh 10.71
100g Ry 20.8 h 103Rh(d,p4n)'°°8Rh 29.44 539.51 80.6
103Rh(d,d3n)!°%8 Rh 27.18
103Rh(d,t2n)1998 Rh 20.80
103Ru 39.26 d 103Rh(d,2p)1°®Ru 2.25 497.08 90.9

*The value reported in Firestone et al. [1999] is ~2.9 a: in this case we prefer to use a more

precise value from another database
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Table 6.2:

Experimental

cross-sections

(1SD)

18Rh(d,2p)'**Ru and '®*Rh(d,p5n)'°"¢Rh reactions

of the

103Rh(d,xn) 103,101 Pd,

Energy 101Pd 103Pd 103Ru 100th
(MeV) (mb) (mb) (mb) (mb)

5.23 £ 0.25 225 £ 28

6.53 £ 0.26 131.2 £ 6.5 0.011 + 0.002

7.37 £ 0.19 324.6 £ 15.2  0.020 + 0.001

7.75 £ 0.27 316.6 + 184  0.027 + 0.004

8.41 + 0.21 516.2 + 24.8  0.037 + 0.003

8.93 £ 0.28 604.2 £ 29.1 0.051 + 0.005

9.46 + 0.23 681.0 £ 34.2  0.057 + 0.005

10.00 = 0.30 800.0 = 37.3  0.064 + 0.005

10.50 + 0.24 845.2 = 40.8  0.078 + 0.006

11.13 + 0.33 0.087 + 0.005

11.51 £ 0.26 0.090 = 0.011

12.23 £ 0.34 0.102 + 0.006

12.53 £ 0.28 1166.9 + 53.8  0.106 + 0.006

13.22 £ 0.36 11275 + 52.4  0.108 + 0.006

13.56 + 0.30 1141.4 + 52.8  0.109 + 0.007

13.91 £ 0.34 1253.4 + 60.1  0.120 + 0.006

14.32 £ 0.34 1142.7 £ 103.5 0.125 + 0.014

14.53 + 0.30 1207.2 + 98.4  0.146 + 0.012

14.95 + 0.38 1261.1 + 58.3  0.149 + 0.008

15.53 £ 0.38 1107.8 + 51.4  0.140 + 0.007

15.65 £ 0.28 1090.3 + 88.9  0.157 + 0.013

16.10 £ 0.35 11271 + 52.8  0.196 + 0.010

16.50 £ 0.29 1043.7 £ 103.5 0.180 + 0.015

16.63 + 0.36 1040.3 £ 49.3  0.175 + 0.009

18.70 £ 0.26 743.4 + 62.6  0.326 + 0.028

21.29 = 0.25 392.8 £+ 64.9  0.628 + 0.052

21.65 = 0.39 374.4 £ 34.9 0.625 + 0.052

23.79 + 0.35 239.9 + 27.5 1.00 + 0.08

25.81 + 0.32 12.31 £ 1.12 208.0 + 24.5 1.37 £ 0.11

2771 £ 0.29  56.58 + 4.71 188.8 £ 23.4 1.68 + 0.14

27.95 £ 041  46.92 + 3.93 168.9 + 23.3 1.59 + 0.13

29.75 £ 0.39 121.6 £ 10.01 142.98 + 23.8 1.92 + 0.16 0.23 £ 0.03

31.48 + 0.37 194.85 + 15.96 140.5 + 30.9 217 +£0.18  0.68 £ 0.07

33.14 £ 0.35  266.15 + 21.73 96.3 £ 20.0 2.39 £ 0.19 1.36 £ 0.12
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Table 6.3:

Experimental cross-sections (1SD) of the '®*Rh(d,pxn)*Rh

Energy 102111Rh IOQth IOImRh 101th
(MeV) (mb) (mb) (mb) (mb)
7.37 £ 0.19 1.40 + 0.32
8.93 £ 0.28 1.91 = 0.18
9.46 + 0.23 2.04 £ 0.18
10.00 £ 0.30 0.23 £ 0.08 3.35 £ 0.55
10.50 £ 0.24 0.16 + 0.06 3.77 £ 0.22
11.13 £ 0.33 0.66 + 0.08 7.83 + 0.47
12.23 £ 0.34 0.81 + 0.20 9.69 + 0.60
12.53 £ 0.28 0.41 + 0.06 10.37 £ 0.72
13.22 £ 0.36 0.51 £ 0.06 11.09 £ 0.53
13.56 £ 0.30 0.74 £ 0.18 11.01 + 1.18
13.91 £ 0.34 0.67 + 0.08 13.51 + 0.69
14.32 £ 0.34 1.56 + 0.27 14.12 £ 1.39
14.95 + 0.38 1.46 + 0.20 15.40 = 0.88
15.53 £ 0.38 1.39 £ 0.11 15.21 £ 0.74
16.10 £ 0.35 2.35 £ 0.29 16.82 + 1.02
16.50 + 0.29 2.21 £ 0.26 17.61 = 1.53
16.63 + 0.36 2.19 + 0.16 16.89 + 0.88
18.70 £ 0.26 8.22 + 0.83 23.65 + 2.08
21.29 £ 0.25 33.56 + 2.75 32.69 + 4.78
21.65 + 0.39  35.74 + 2.96 39.06 + 3.33 1.07 + 0.09 0.50 £ 0.13
23.79 + 0.35 72.97 + 5.96 63.44 + 5.34 0.95 £ 0.08 1.08 £ 0.23
2581 +£ 032 113.35 +9.21 85.14 + 7.11 17.72 =+ 1.59 1.58 £ 0.16
2771 £ 0.29 14777 £ 12.02 104.99 £ 8.61  76.90 = 6.63 1.86 = 0.17
2795+ 041 13843 £ 11.25 97.40 + 7.97 64.68 + 5.59 197 +£0.18
29.75 £ 0.39 167.15 + 13.58 112.82 £9.22 114.10 £ 10.10 3.85 + 0.34
31.48 + 0.37 185.60 + 15.10 119.84 + 9.83 267.63 + 23.06 7.35 + 0.66
33.14 +£ 0.35 190.89 + 15.51 121.76 + 9.93 371.41 + 31.97 14.30 + 1.27
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Figure 6.4: Excitation functions for °*Rh(d,2n)'°*Pd nuclear reactions.
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with the TAEA curve.

6.3.2 193Rh(d,4n)'0'Pd

191Pd has a half-life of t1/ = 8.47 h and can be produced through the (d,4n)
reaction. The activity was assessed through the 296.29 keV gamma line (I, =
19.2%).

My cross-sections are in good agreement with the results of Ditréi et al. [2011]
(Figure 6.7). The prediction of EMPIRE-3.2.2 is in quite good agreement with the
experimental data.

6.3.3 193Rh(d,x)!°2meRh

102Rh can be produced through the (d,p2n), (d,dn) and (d,t) reactions.

192mRh has a half-life of t/o = 3.742 a and the activity was assessed through
the 697.49 keV gamma line (I, = 43.90 %).
My cross-sections are, in general, in good agreement with the results of Ditroi et al.
[2011] and Hermanne et al. [2002] (Figure 6.8).
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Figure 6.7: Excitation functions for '°®Rh(d,4n)'*' Pd nuclear reaction.

102¢Rh has a half-life of t; /2 = 207 d and its activity was determined from the
468.59 keV gamma line (I, = 2.813 %). Under my experimental conditions '°26Rh
is mainly formed directly because the contribution of the decay of the metastable
level is negligible (only 0.233 % IT and low ratio between the half-lives).
My cross-sections are in good agreement with the results of Hermanne et al. [2002]
(Figure 6.9). The discrepancy with Ditréi et al. [2011] can be explained taking
into account that Ditroi et al. used the 628.05 keV gamma line to determine the
activity but also '°?™Rh contributes to this emission (I, = 8.5 %) which may re-
sult in an overestimation of the °26Rh activity. It is possible to appreciate this
contribution at energies greater than 18 MeV: it is shown in Figure 6.8 that the

103Rh(d,x)°*™Rh cross-section starts to increase rapidly from this energy value.

6.3.4 193Rh(d,x)*'m&Rh

101Rh can be produced through the (d,p3n), (d,d2n) and (d,tn) reactions.

101mRh has a half-life of t1j2 = 4.34 d and the activity was determined from the
306.85 keV emission (I, = 87 %); '*'™Rh is also formed by the decay of the much
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Figure 6.9: Excitation functions for '°*Rh(d,x)'°*Rh nuclear reactions.
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Figure 6.10: Excitation functions for '®*Rh(d,x)'*"™“™Rh nuclear reactions.

35

shorter lived 1°*Pd (8.47 h, 99.731 %). Therefore, the measurements for this ra-

dionuclide were done once that '°'Pd was completely decayed in order to subtract

this contribution. My cross-sections are quite smaller than the results of Ditroi

et al. [2011] (Figure 6.10): this is because Ditroi et al. measured the cumulative

production of 1°T™Rh.

1018Rh has a half-life of t, /2 = 3.3 a and the activity was determined quantifying
the 197.6 keV emission (I, = 70.88 %). '°*8Rh is also formed by the de-excitation
of the shorter lived metastable level '°'™Rh and, also in this case, the measure-

ments for this radionuclide were done once that its metastable level was completely

de-excited. My cross-sections are in quite good agreement with the few data points

of Ditréi et al. [2011] (Figure 6.11).

6.3.5 193Rh(d,x)!0zcumRh

100Rh can be produced through the (d,p4n), (d,d3n) and (d,t2n) reactions.

100sRh has a half-life of t; /2 = 20.8 h and the activity was determined analysing

the 539.51 keV gamma emission (I, = 80.6 %)
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Figure 6.11: Excitation functions for '®*Rh(d,x)'®'®Rh nuclear reactions.

The determined cross-section includes a contribution from the not measured short
lived and totally decayed '%°™Rh isomer (t1/2 = 4.7 m).

The derived cross-section data are in good agreement with the results of Ditréi
et al. [2011] (Figure 6.12).

6.3.6 193Rh(d,2p)'%Ru

103Ru has a half-life of ti2 = 39.26 d and can be produced through the (d,2p)
reaction. The activity was determined from the 497.08 keV gamma emission (I, =
90.9 %).

My cross-sections are in good agreement with the results of Ditréi et al. [2011]
(Figure 6.13).

6.3.7 Specific Activity for 193Pd production

The good agreement between the experimental data of the produced Pd radioiso-
topes and the EMPIRE-3.2.2 calculations was shown in Figures 6.4 and 6.7.
Using EMPIRE-3.2.2, it is possible to calculate also the cross-sections for the
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Figure 6.12: Excitation functions for '°*Rh(d,x)'°°®“*Rh nuclear reactions.
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the model EMPIRE-3.2.2
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formation of the stable isotopes of palladium (Figure 6.14).

Based on the EMPIRE simulation and in case of a target at total energy absorp-
tion, in order to obtain the highest Ag of 1%3Pd (90 %), the best incident energy is
13.3 MeV (Figure 6.15). The curve presented in Figure 6.15 is exact for an Instan-
taneous Bombardment but, for an incident deuteron energy smaller than 22 MeV
(the energy threshold for the production of 1°'Pd), it is a very good description at
the End of Bombardment for ¢;,., << (Aospg)™" (i.e. ti. < 588 h).

6.4 Conclusions

In the present study I experimentally determined the excitation functions for the
radionuclides produced by cyclotron irradiation of Rh targets with deuteron beams
in the energy range from 5 to 33 MeV. In particular, I have measured the cross-
section for 1°*Pd production by '°*Rh(d,2n)!%*Pd nuclear reactions.

In the energy range presented here, the only radio-isotopic impurities is the
101p( radionuclide that has an energy threshold of 22 MeV and an half-life of 8.47
h.

In order to have high Ag, it is mandatory to take into account also the pro-
duction of the stable isotopes of palladium (Figure 6.15); the presented excitation
curves allow the calculation and the optimization of the 1°3Pd batch yields: the
best incident energy for the production is 13.3 MeV and it is possible to produce
2.6 GBqC™! of 193Pd at the EOIB (Figure 6.6).

So, the use of deuteron as particle beam leads to high TTYs, high radionuclidic
purity, high specific activity and at the same time requires a less amount of rhodium
to be involved in the radiochemical separation: more '°*Pd is formed and less '°>Rh
is needed for the target, due to larger —~dF/dx in the case of deuteron over proton.

The criticality of this system is tied to the practical availability of accelerators
with deuteron beams with possibly high energy and a reasonable intensity. But
due to the half-life of 1°3Pd radionuclide, nothing prevents to produce it in Centres
with cyclotrons with deuteron beam and energies depending on the advisable Ag
and on the eligible 1°3Pd activity.






Summary of the conclusions

The activities described in this work concern the study of accelerator-based routes
aimed to the production of nuclides relevant to nuclear medicine as **™Tc, its pre-
cursor ??Mo, 1°3Pd and ®7Zr.

These radionuclides applied at different radiopharmaceuticals are or can be used
as imaging and therapeutic agents in nuclear medicine and in the relatively new
branch called nano-medicine.

In fact, the interest in radiolabelled nanoparticles is increasing:compared to con-
ventional contrast agents, nanoparticles promise to improve in vivo detection and
enable more efficient targeting due to increased circulation times, evasion of clear-

ance pathways, and multimeric binding capacity.

My work was finalized to the optimization of the production of the aforemen-

tioned radionuclides. In particular:

o 99mTc (Chapter 4), that is the most used radiotracer in nuclear medicine.

An experimental verification of the reaction cross sections of the nuclear re-
actions 1%°Mo(p,x)?"Mo and °°Mo(p,2n)°?™Tc is presented and the solution
of the exact differential equation starting from the EOIB is given.
It is my opinion that the best energy range range for the direct production of
99mTe via cyclotron route is 12-17 MeV. In fact, the cross section reaches its
maximum value in this energy range. Furthermore, for energies higher than
about 17 MeV there is a sharp increase of the side production of the long-
lived radioisotopic impurities due to the production of **Tc (1°°Mo(p,3n)?® Tk,
Eih=16.85 MeV);

e 897r (Chapter 5) is one of the most promising radionuclides for labelling
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monoclonal antibodies, bio-distribution studies and immuno-positron emis-
sion tomography (PET) imaging. I presented measurement of the excitation
functions of the deuteron-induced reactions on Y up to 18 MeV. So, sig-
nificant amounts of 3°Zr can be produced at low energy accelerators using
yttrium as target and the possibility to involve radionuclidic impurities is

very low in the energy range considered in this study;

e 193Pd (Chapter 6), because of its suitable half life and decay characteristics,
has been of great interest in permanent brachytherapy. With the rapid de-
velopment of nanoscience and nanotechnology, it becomes appealing to make
injectable nano-scale brachytherapy seeds: a new strategy under development
to replace millimetre-size implants, consist in injecting radioactive NPs in the
affected tissues. In order to have high Ag, it is mandatory to take into ac-
count also the production of the stable isotopes of palladium; the presented
excitation curves allow the calculation and the optimization of the '°3Pd
batch yields: the best incident energy for the production is 13.3 MeV and it
is possible to produce 2.6 GBqC™! of '93Pd at the EOIB.
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