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ABSTRACT 

The work described in this Ph.D. thesis was carried out in the framework of the 

LARAMED (LAboratory of RAdioisotopes for MEDicine) project at the Legnaro 

National Laboratories of the National Institute of Nuclear Physics (INFN-LNL). The 

LARAMED project is a branch of SPES (Selective Production of Exotic Species) with 

the purpose to evaluate the cyclotron-based production of emerging radionuclides to 

produce innovative radiopharmaceuticals. This work reports the main results obtained 

in the COME (COpper MEasurement) and PASTA (Production with Accelerator of Sc-

47 for Theranostic Applications) projects in which I was involved in the three years of 

my Ph.D.. Since the accurate knowledge of the reaction cross section is the first step in 

the optimization of radioisotope production, both projects were focused on these 

measurements, for 67Cu and 47Sc respectively, by using proton beams up to 70 MeV. 
67Cu and 47Sc are theranostic radionuclides as they can decay simultaneously by γ- and 

β- emission. This property allows visualization of a specific biological target by γ 

imaging that, in turn, can be used for applying selectively targeted β- therapy. 

Worldwide a real problem to be solved is the lack of 67Cu and 47Sc availability, as 

underlined by the IAEA CRP (No. F22053) focused on the production of the theranostic 

radionuclides 67Cu, 186Re and 47Sc. In the COME project the first measurements of the 
70Zn(p,x)67Cu, 64Cu, 67Ga, 66Ga, 65Zn, and 69mZn cross sections in the 45-70 MeV energy 

range were obtained. These results, compared with the well-known 68Zn(p,x)67,64Cu 

nuclear reaction, allowed us to find an optimal energy range to maximize the 67Cu 

production and, in the same time, minimize the co-produced 64Cu; this result is 

described in the International Patent n° WO 2019/220224 A1 (November 2019). In the 

PASTA project the proton-induced reactions on 48Ti and natV targets were investigated. 

The cross sections values obtained for the 48Ti(p,x)47Sc, 46Sc, 44Sc, 44mSc nuclear 

reactions show a regular trend, in agreement with the previous experimental data. The 

results of the natV(p,x)47Sc, 46Sc, 44Sc, 44mSc, 43Sc, 48Sc, 48Cr, 49Cr, 51Cr, 48V, 42K, 43K 

cross sections were also obtained and compared with literature data and theoretical 

calculations. Calculations of the Thick Target Yield were also performed for both 67Cu 

and 47Sc to study the feasibility of their real production by exploiting the nuclear 

reactions investigated and the 70 MeV proton cyclotron installed at INFN-LNL. For the 
47Sc case, dosimetric calculations were performed considering the DOTA-folate 

conjugate cm10 ([47Sc]-cm10) radiopharmaceutical; the effective Dose Increase (DI) 
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due to the presence of a small amount of the co-produced contaminant 46Sc for Ep<35 

MeV was maintained within the 10%, limit required for the radiopharmaceutical clinical 

use. 

  



 

 

RIASSUNTO 

Il lavoro descritto in questa tesi di dottorato è stato sviluppato nell’ambito del progetto 

LARAMED (LAboratory of RAdioisotopes for MEDicine), una branca del progetto 

SPES (Selective Production of Exotic Species), presso i Laboratori Nazionali di 

Legnaro dell’Istituto Nazionale di Fisica Nucleare (INFN-LNL). Il progetto 

LARAMED si propone di studiare la produzione di radionuclidi per la realizzazione di 

nuovi radiofarmaci, utilizzando il fascio di protoni generato dal ciclotrone SPES. 

Questo lavoro riporta i principali risultati ottenuti con i progetti COME (COpper 

MEasurement) e PASTA (Production with Accelerator of Sc-47 for Theranostic 

Applications) nei quali ho lavorato durante i tre anni di dottorato. Poiché la conoscenza 

accurata delle sezioni d’urto è il primo step nell’ottimizzazione della produzione di 

radioisotopi, entrambi i progetti erano focalizzati su queste misure, rispettivamente per 

il 67Cu e lo 47Sc, usando fasci di protoni di energia fino a 70 MeV. Il 67Cu e lo 47Sc sono 

radionuclidi teranostici (entrambi emettitori γ- e β- che possono anche essere accoppiati 

con isotopi β+), permettendo la selezione dei pazienti che hanno una buona probabilità 

di rispondere positivamente allo specifico radiofarmaco con imaging SPECT (o PET) 

prima della terapia. Un reale problema da risolvere è la mancanza di disponibilità di 
67Cu e 47Sc, come sottolineato dal CRP IAEA (No. F22053) focalizzato sulla 

produzione dei radionuclidi teranostici 67Cu, 186Re e 47Sc. Nel progetto COME sono 

state realizzate le prime misure delle sezioni d’urto 70Zn(p,x)67Cu, 64Cu, 67Ga, 66Ga, 
65Zn and 69mZn nel range energetico 45-70 MeV. Questi risultati, confrontati con la ben 

nota reazione nucleare 68Zn(p,x)67,64Cu, mi ha permesso di trovare un range di energia 

ottimale per massimizzare la produzione di 67Cu e nello stesso tempo minimizzare la 

produzione dell’isotopo contaminante 64Cu; questo risultato è descritto nel Patent 

Internazionale n° WO 2019/220224 A1 (Novembre 2019). Nel progetto PASTA sono 

state investigate le reazioni nucleari indotte da protoni su bersagli di 48Ti e natV. I 

risultati delle sezioni d’urto delle reazioni nucleari 48Ti(p,x) 47Sc, 46Sc, 44Sc, 44mSc 

mostrano un trend regolare in accordo con i dati di letteratura. Sono anche stati ottenuti 

i risultati delle sezioni d’urto natV(p,x)47Sc, 46Sc, 44Sc, 44mSc, 43Sc, 48Sc, 48Cr, 49Cr, 51Cr, 
48V, 42K, 43K che sono state confrontate con i dati di letteratura e con alcune stime 

teoriche. Sono anche stati realizzati dei calcoli di produzione su bersagli spessi, sia nel 

caso del 67Cu che dello 47Sc per studiare la fattibilità di una reale produzione sfruttando 

le reazioni nucleari studiate ed il ciclotrone presente presso i LNL. Nel caso dello 47Sc, 

sono stati effettuati anche calcoli dosimetrici, considerando il radiofarmaco DOTA-
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folate conjugate cm10 ([47Sc]-cm10). L’incremento della dose efficace dovuta alla 

presenza di una piccola contaminazione dovuta alla co-produzione di 46Sc è inferiore al 

10%, limite richiesto per uso clinico del radiofarmaco, per Ep<35 MeV. 

  



 

 

 

 

 

INTRODUCTION 

Nuclear medicine is a fundamental medical methodology that makes use of 

radiolabelled compounds for diagnostic and therapeutic purposes. These 

radiocompounds, conventionally called ‘radiopharmaceuticals’, can be pictured as 

chemical vectors that are designed to deliver radioactivity to a selected cellular 

population that has been affected by molecular alterations characteristics of a specific 

disease. Concentration of a radiopharmaceutical at the target site allows both imaging 

and therapy of the diseased tissue depending on the type of radioactive decay of the 

radionuclide incorporated into the radiopharmaceuticals. It turns out that progress in the 

search of new radiopharmaceutical is critically dependent on the availability of several 

radionuclides with different physical (half-life, radiation type) and chemical 

characteristics. Currently, the scientific community is looking forward to personalize 

the treatment to the specific patient’s needs, in order to ideally select the right therapy 

for the right patient at the right time. This approach aims at selecting the patients with 

a high chance to positively respond to the therapy, thus avoiding the application of 

expensive or ineffective (or harming) drugs. One of the pillars of personalized therapy 

is the use of theranostic radionuclides, i.e. radioisotopes or pair of isotopes that emit 

radiation useful for both diagnostic and therapeutic purposes. A radiopharmaceutical, 

labelled with a theranostic radionuclide, can be first used to select the patient prior to 

therapy by administration of a low dose of radioactivity and by detecting the  

component of the emission. Precise visualization of the disease target site allows 

subsequently to inject a therapeutic dose to the patient by using the same molecular 

probe, taking advantage of the concomitant emission of a massive charged particle 

(electrons or alpha particles). At present, the production of theranostic radionuclides is 

thus a crucial goal for the international scientific community, as emphasized by the 

organization of a Coordinated Research Project (CRP) promoted by the International 

Atomic Energy Agency (IAEA) and focused on “Therapeutic Radiopharmaceuticals 

Labelled with New Emerging Radionuclides (67Cu, 186Re, 47Sc)” (No. F22053), in 

which I actively participated thanks to the research work carried out in this thesis. 
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Indeed, this Ph.D. work aims to study new and more efficient production routes for 67Cu 

and 47Sc radionuclides, based on the use of intense proton beams.  

Recently, the Italian scientific community has demonstrated its involvement and 

interest in this field by the foundation of a new research facility almost close to 

completion. At the Legnaro National Laboratories of the National Institute of Nuclear 

Physics (LNL-INFN) a high-performance, 70p model cyclotron, manufactured by 

BESTTM Theratronics (Ottawa, Ontario, Canada), was installed in May 2015 in the 

context of the SPES (Selective Production of Exotic Species) project. The core of SPES 

(SPES-α stage) is the dual-beam operational cyclotron, with a proton beam energy 

tunable in the range 70-35 MeV, available with a high output current (up to 750 µA). 

SPES primary goals are focused on both research in Radioactive Ion Beams (RIBs), 

produced with an ISOL target (SPES-β), and applied nuclear physics, both in medicine 

and neutron-applications (SPES-γ and SPES-δ respectively). The LARAMED 

(LAboratory of RAdioisotopes for MEDicine) project is a branch of SPES (SPES-γ) 

with the purpose to study unexplored production routes for medical radionuclides, and 

also aiming at the related development (targets, radiochemical procedures, etc) of 

essential technological tools for the high-yield production of radionuclides. To achieve 

these goals, it is necessary to have a multidisciplinary working group, comprising 

experts in different fields, from nuclear physics to radiochemistry, material science, 

nuclear engineering, medical physics and nuclear medicine. My contribution to the team 

was mainly focused in the measurement of nuclear cross sections (including stacked-

foils target preparation), data analysis and literature compilation. In addition to this, I 

was member of the team responsible for the LARAMED facility installation under way. 

In particular, my skills and knowledge were essentials to achieve key equipment such 

as γ-spectrometry instrumentation and in designing the future laboratory dedicated to 

spectrometric measurements. To date, despite the infrastructures and laboratory 

facilities are not yet completed, different studies were carried out, or are still underway, 

in collaboration with several external laboratories and hospitals. Since 2012, the 

LARAMED team has started working, through dedicated research projects approved 

and supported by INFN, on the cyclotron production of conventional radionuclides such 

as 99mTc (APOTEMA and TECHN-OSP), emerging radionuclides such as 67Cu 

(COME), 47Sc (PASTA) and 52Mn (METRICS) and on the development of high power 

targets (TERABIO). 



 

 

My Ph.D. work reports the main results achieved during the COME and PASTA 

projects, funded by the INFN CSN3 and CSN5 scientific commissions in 2016 and in 

2017-2018. Such research activities were focused on the production of 67Cu and 47Sc, 

two theranostic radionuclides under the spotlight of the international scientific 

community thanks to their favorable physical and chemical properties. 67Cu is the 

longest-lived isotope of copper (T1/2=61.83 h) and emits both a β- radiation with a mean 

energy of 141 keV (Emax = 580 keV), useful for therapy, and a γ-ray of 184.5 keV, useful 

for imaging through SPECT camera (Single-Photon Emission Computed Tomography). 

Moreover, it can be paired with the β+ emitter 64Cu to perform dosimetric studies with 

PET (Positron Emission Tomography) imaging, by using the same 

radiopharmaceutical. Likewise, 47Sc has a relatively long half-life (T1/2=3.3492 d)  that 

permits to follow the slow kinetic biodistribution of large molecules in the body and, as 
67Cu, has a combined β- and γ-ray emission, suitable for imaging with SPECT and to 

treat small-medium sized (mean β- energy: 162 keV; γ-ray: 159.3 keV). Similarly, 47Sc 

can also be paired with 43Sc or 44gSc to perform PET studies prior therapy with the same 

radiopharmaceutical. The main goal of this thesis was the measurement of different 

nuclear cross sections to find out the best irradiation parameters, maximizing the 

production yield of the radionuclide of interest (67Cu and 47Sc). The minimization of the 

co-produced contaminants was also carefully considered and, for this reason, enriched 

and expensive materials have been extensively used. This also required the development 

of a dedicated target manufacturing procedure. In particular, the enriched titanium 

metallic targets, used in the cross section measurements for 47Sc production, were 

realized at INFN-LNL within the scope of a dedicated research project, E_PLATE, 

funded by INFN CSN5 in 2018 and 2019. When needed, the development of a dedicated 

radiochemical processes, to extract the desired radionuclides from the irradiated 

material, was carried out in collaboration with the INFN department and the University 

of Ferrara (Italy) and the Sant’Orsola Hospital in Bologna (Italy). Thanks to another 

fruitful research collaboration, irradiation runs were always carried out at the 

ARRONAX facility (Nantes, France), where a Cyclone 70 cyclotron (manufactured by 

IBA, Belgium) is in operation.  

In this work the dissertation is organized as follows.  

Chapter 1 describes the use of radionuclides in nuclear medicine, with imaging and 

therapeutic applications, including also the description of the theranostic approach. 
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Chapter 2 is focused on the actual radioisotopes production techniques, that exploit both 

reactor and particles accelerators.  

Chapter 3 refers to the theory of radioisotope production, focusing on the definitions of 

nuclear cross section and thick target yield.  

Chapter 4 describes the LARAMED project under construction stage at INFN-LNL and 

the related research activities carried out within its framework.  

Chapter 5 is focused on the production of 67Cu by using 70Zn targets, reporting the main 

results obtained for the 70Zn(p,x)67Cu,64Cu,67Ga,66Ga,69mZn,65Zn cross sections.  

Chapter 6 is focused on the production of 47Sc by using 48Ti and natV targets, reporting 

the results obtained for the 48Ti(p,x)47Sc, 46Sc, 44Sc, 44mSc and natV(p,x)48Sc, 47Sc, 46Sc, 
44Sc, 44mSc, 43Sc, 48V, 43K, 42K, 48Cr, 49Cr, 51Cr cross sections.  

  



 

 

1 RADIONUCLIDES IN MEDICINE 

Nuclear Medicine (NM) is a medical technology that uses radionuclides for diagnosis 

and therapy, and to monitor patient’s response to the treatment of a particular disease 

process [1]. According to the World Nuclear Association’s data updated in February 

2019, over 10000 hospitals worldwide use radioisotopes in medicine, and about 90% of 

the procedures are for diagnostic purposes [2]. The physical characteristics of 

radioactive emission of radionuclides determine their use in NM [3]:  

- Emission of γ or β+ radiation is useful for diagnostic purposes to visualize 

functional and metabolic processes at the deepest molecular level because of the 

high detection sensitivity; 

- Emission of β-, Auger-electrons or α radiations is useful for therapy as a result 

of the biological effects induced by these types of radiation and generated by 

their high linear energy transfer (LET1).  

While diagnostic techniques such as Radiography, Computed Tomography (CT) and 

Nuclear Magnetic Resonance Imaging (MRI) provide morphological information, NM 

provides also biochemical and physiological functional information by means of 

radiopharmaceuticals [1]. Radiopharmaceuticals are radioisotopes bound, thanks to 

special synthesis process called “Labeling”, to biological molecules, thus combining 

nuclear properties of a radioactive isotope with biomolecular probe properties of 

molecules. A radiopharmaceutical can, therefore, be seen as the union of a radionuclide 

and a vehicle molecule with high affinity for a tissue or a specific function of a human 

organ. Because every organ in our body acts differently from a chemical point of view, 

in this medical field, the cooperation between physics and pharmacology, to provide a 

wide selection of radiopharmaceuticals, is necessary. The physiological environment in 

which radiopharmaceuticals shall operate, the human body, requires the application of 

rigorous selection criteria for the radionuclide to ensure their effective use in nuclear 

 
1 Linear Energy Transfer (LET): A measure of how, as a function of distance, energy is transferred from 

radiation to the exposed matter, usually expressed in keV/µm. A high LET indicates that energy is 

deposited within a small distance; protons, neutrons, and α particles have much higher LET than gamma 

or x-rays.  
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medicine. In general, the medical radionuclides employed both for diagnostic and 

therapeutic purposes should meet the following specific requirements:  

- suitable physical properties for selected application in terms of half-life (T1/2), 

decay mode, emission energy; 

- suitable chemical properties to allow their incorporation in a vector molecule 

through a so-called labelling reaction, with high radiochemical yields; 

- ability to deliver an appropriate radiation dose to the target tissue (Appendix A) 

sufficient to accomplish the intended clinical use (diagnosis or therapy), but 

without harming the patient; 

- a reasonable price. 

A new frontier of NM is the “theranostic approach” that combines therapy and diagnosis 

carried out using the same radiopharmaceutical labelled either with a single 

radionuclide emitting  photons (or positrons) and a massive particle ( or -) 

simultaneously, or a matched pair of radioisotopes one suitable for imaging and the 

other for therapy. 

In the following paragraphs, the diagnostic, therapeutic and theranostic properties as 

well as use of radiopharmaceuticals will be further discussed. 

 

1.1 Diagnostic techniques in nuclear medicine 

Reliable diagnostic imaging techniques are always necessary in the first step of a 

clinical study in order to identify and characterize the site of the disease [2]. Therefore, 

an appropriate diagnosis is essential to establish the subsequent, most appropriate, 

therapeutic approach. Diagnostic imaging can be divided into two categories:  

- methods that define very precisely anatomical details; 

- methods that produce functional or molecular images. 

The first method is based on the use of CT and MRI scans and it can provide detailed 

images of lesion location, size, morphology and structural changes to surrounding 

tissues, but only provides limited information on biomolecular processes underpinning 

the onset of the disease. The second method, based on the use of imaging technologies 

such as Positron-Emission Tomography (PET) and Single-Photon Emission Computed 



 

 

Tomography (SPECT), provides insights into the abnormal physiology of the target 

tissue down to the molecular level, but are not conceived to disclose precise anatomical 

details. PET and SPECT are based on the use of radioisotopes that emit gamma rays, in 

a direct or indirect way (annihilation photons), with enough energy to escape from the 

body and being subsequently revealed with appropriate detectors. The combination of 

results, obtained with these two main diagnostic approaches, allows to integrate 

anatomical, functional, and biomolecular information in a single scan to yield hybrid 

diagnostic images. 

  

 

1.1.1 SPECT 
 

Single-Photon Emission Computed Tomography (SPECT) is the most used scanning 

technology to diagnose and monitor a wide range of medical conditions [3]. 

The SPECT imaging technique requires the injection to the patient of a γ-emitting 

radionuclide under a specific chemical form. The out-coming radiation is successively 

detected through SPECT-cameras (large scintillation crystals connected to Photo-

Multiplier Tubes [PMTs] or semiconductor detectors). Usually, a SPECT-camera 

employs a sodium iodide crystal Tl dropped (or other detectors as cadmium zinc 

telluride, CZT) and its design must mediate between detection efficiency (which 

improves with thicker crystals) and intrinsic spatial resolution (which improves with 

thinner crystals) [4]. A compromise was found using relatively thin crystals (6.4 to 12.7 

mm) that guarantee an acceptable detection efficiency while maintaining high intrinsic 

spatial resolution in the energy range of 100-200 keV. As shown in Figure 1, the 

photopeak detection efficiency is nearly 100% for energies up to approximately 100 

keV for all crystal thickness, while for higher energies the efficiency decreases. 

SPECT-cameras are normally provided with collimators, that select a specific direction 

absorbing almost all γ rays coming from any direction different from the chosen one. 

To acquire SPECT images, the gamma camera is rotated around the patient and this 

makes possible to reconstruct the complete 3D distribution of the radio-pharmaceutical 

used. The speed of acquisition may have an important effect on the quality of the 

resulting image also because of the unavoidable motion of the patient himself influences 

the effectiveness of the merging of scans from different angles. In some cases, in order 
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to increase the speed of the acquisition, multi-headed cameras are used. The acquired 

signals are further elaborated by back projections and reconstruction algorithms to 

obtain a 3D image of the radionuclide distribution within the patient body [5]. A 

schematic representation of the SPECT fundamentals is shown in Figure 2. 

 

Figure 1: Photopeak detection efficiency versus γ-ray energy for the gamma camera detector 

for a range of NaI(Tl) crystal thicknesses [4] 

 

 

Figure 2: Schematic principle of SPECT 



 

 

Generally, suitable nuclides are selected according to their half-lives and radiation 

properties. As a general principle, the γ-ray energy should be high enough to emerge 

from the patient’s body but low enough to be fully absorbed by medium-size crystals, 

whereas the radiation intensity must be high enough to guarantee the imaging accuracy. 

In addition, the collimator has to be properly designed considering the energy of the 

gamma emitted by the selected radionuclide. Nowadays, 99mTc is the most used γ-

emitting SPECT radionuclide [6] involved in over 85% of all diagnostic procedures 

thanks to its physical and chemical features that makes it the ideal element for the 

application in nuclear medicine. Indeed, 99mTc decays, with a half-life of 6.0072 hours, 

to 99gTc through isomeric transition (IT) by emitting a 140-keV photon (I=89%) [7], 

thus causing a lower radiation dose being delivered to patients. Moreover, thanks to its 

rich coordination chemistry, the establishment of a wide range of compounds and 

labeling methods allow to cover the diagnostic needs for almost all major organs such 

as brain, thyroid, lungs, heart, spleen, kidney, stomach, liver, bones.  

An additional recent technological improvement has come from the possibility of fusion 

of CT and SPECT images that led to combine the functional and metabolic information, 

collected with SPECT, with morphological information recorded by CT [8]. 

 

 

1.1.2 PET 

Positron emission tomography (PET) is a nuclear medicine procedure based on the use 

of tracer molecules radiolabeled with positron-emitting radionuclides. In β+ decay, the 

emitted positron propagates into the surrounding matter and undergoes scattering 

interactions, which change its direction and cause loss of the kinetic energy. The 

positron combines with an electron of the surrounding matter (annihilation) after 

traveling a distance of the order of a millimeter, which depends on the initial energy [5]. 

The conservation of the linear moment implies that annihilation should generate two 

511-keV photons emitted simultaneously at an angle of approximately 180°. The 

perpendicular distance between the line defined by the path of the two opposite photons 

and the decayed nucleus (effective positron range) places a limit on the spatial 

resolution that can be achieved with PET systems [9] (Figure 3).  
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Figure 3: Principle of annihilation coincidence and effective positron range [5] 

 

It is possible to distinguish and select the photon pairs with a coincidence detection 

method using detectors placed around the source, as shown in Figure 4. Scintillation 

detectors are the most common to detect 511-keV photons in PET imaging due to their 

good stopping efficiency and energy resolution [5]. Differently to SPECT, PET does 

not require a collimator and this elicites a sharp improvement in spatial resolution, 

statistical quality, and quantitative accuracy [10].  

 

 

Figure 4: Schematic principle of PET 



 

 

PET is a nuclear medicine functional imaging technique that allows to observe the 

metabolic process in the body and helps in the diagnosis of diseases. Currently, the most 

common radiotracer used in PET is 18F-fluorodeoxyglucose (18F-FDG), a glucose 

molecule labeled with 18F [11]. In addition to 18F, many other radionuclides are used in 

PET, such as 11C (T1/2 = 20.334 m), 13N (T1/2 = 9.965 m) and 68Ga (T1/2 = 67.71 m), as 

well as other non-standard positron emitters, under development [12] [13]. 

As in the case of SPECT/CT, also for PET hybrid imaging methods have been 

developed, in particular PET/CT and PET/MRI (Magnetic Resonance Imaging), where 

the functional PET images are merged with anatomical images. Such solutions allowed 

to significantly improve the quality of PET diagnostic information. In particular, for 

oncology applications, PET/CT has completely replaced PET, whereas clinical 

applications of PET/MRI are currently under development since such technology is not 

yet fully mature [14]. 
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1.2 Radiotherapy 

Different therapeutic strategies involve the use of radiation to treat cancer. There are 

mainly three types of radiation therapy treatment options [15]: 

- External beam radiation therapy (EBRT) directs the radiation at the tumor from 

outside the body. The beam is designed to minimize radiation exposure to 

healthy cells and maximize the damage to cancer cells. EBRT usually delivers 

X-rays, electrons or, in case of particle therapy, protons or carbon ions;  

- Brachytherapy is a type of radiotherapy where a radiation source is placed inside 

of or next to a specific area of a patient’s body that requires treatment; 

- Targeted Radionuclide therapy (TRT) involves small amounts of radioactive 

material taken into the body and thanks to a biological vector2 is transported to 

the cellular target. The transported radionuclide emits energetic particles (α, β- 

or Auger electrons) towards the targeted cell, inducing damage. Ideally, TRT 

delivers a high amount of radiation dose selectively to cancer cells, sparing, 

therefore, other healthy tissues.  

Since this work is focused on therapeutic radionuclides, it is particularly important to 

identify the criteria to select the most appropriate ones for a specific purpose. In general, 

the selection criteria are based on the physical characteristics of the radionuclide decay, 

the production methods, its chemistry, and biological variables [16]. Moreover, the half-

life must be sufficiently long to permit preparation of the radiopharmaceutical, injection 

and diffusion to the targeted biological site. In comparison with the radionuclides used 

for SPECT and PET, the half-life of the therapeutic radionuclides must be long enough 

to deliver sufficient cumulated dose to kill most of the cancer cells. The most convenient 

half-life usually ranges from a few hours to some days [17]. The particles emitted in the 

decay (α, β- or Auger electrons) should have a LET allowing them to release all their 

energy over a very short distance, thus causing local cellular damage and disruption 

[18]. As an example, nuclides that decay emitting β- particles with energies up to 1 

MeV, are suitable to treat macro-clusters cells, since such radiation is stopped over 1 to 

 
2 Biological vector: A chemical construct, of both chemical or biological origin, that can be used to 

selectively deliver a radioactive payload to a target cellular population as a result of its intrinsic 

pharmacodynamic and pharmacokinetics properties. 

 



 

 

10 mm, having low LET, whereas, α particles with energies up to 6 MeV are more 

appropriate for isolated metastatic cells or micro-clusters, since such radiation has high 

LET and it is absorbed within 0.1 mm [19]. Finally, Auger electron emitters are 

generally used to label carrier molecules that can penetrate through the cell membrane 

and reach the nucleus, where the emitted low-energy electrons can interact with the 

nuclear DNA of the target cell, thus sparing the surrounding healthy tissues [19]. 

The most commonly used therapeutic radionuclides are: iodine-131 (131I) to treat 

thyroid-related diseases; strontium-89 (89Sr) and samarium-153 (153Sm) labelled 

radiopharmaceuticals for the treatment of bone metastasis; rhenium-186, -188 

(186/188Re) and Yttrium-90 (90Y) for the treatment of a variety of malignancies; lutetium-

177 (177Lu) for the treatment of neuroendocrine tumors; radium-223 (223Ra) for prostate 

cancer treatment, etc. (Table 1). 

Table 1: Physical characteristics of commonly available therapeutic radionuclides (RN) [20]. 

Decay modes: β- beta electrons; EC electron capture; IT isomeric transition; α alpha 

particles; *Conversion electron 

RN T1/2 
Decay 

Mode 

E Max β-  

(keV) 

β- range in soft tissue 

(mm) 
Production  

Method  

Daughter  

Nuclide 
Mean Max 

32P 14.3 d β- 1710 2.6 7.9 31P(n,γ)32P 32S 

      32S(n,p)32P  
89Sr 50.5 d β- 1496 2.4 8 88Sr(n,γ)89Sr 89Y 

      89Y(n,p)89Sr  
90Y 64.1 h β- 2280.1 3.6 11 89Y(n,γ)90Y 90Zr 

      90Sr/90Y gen.  
117mSn 13.6 d IT 130* 0.22 0.27 116Sn(n,γ)117mSn 117Sn 

   150* 0.29  117Sn(n,n’,γ)17mSn  
131I 8.02 d β- 606 0.4 2.4 130Te(n,γ)131m,gTe→131I 131Xe 
153Sm 46.5 h β- 808.2 0.7 3.1 152Sm(n,γ)153Sm 153Eu 
169Er 9.40 d β- 350 0.3 1 165Ho(p,n)165Er 169Tm 
177Lu 6.73 d β- 497.8 0.28 1.7 176Yb(n,γ,β-)177Lu 177Hf 

      176Lu(n,γ)177Lu  
186Re 3.72 d EC, β- 1069.5 1.2 3.6 185Re(n,γ)186Re 186Os; 186W 
188Re 17.0 h β- 2120.4 2.1 11 188W/188Re gen. 188Os 
223Ra 11.4 d α 5979.2(α) <10 μm (α) 227Ac/227Th/223Ra gen. 219Rn (unst.) 
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1.3 Theranostics and personalized therapy 

Theranostic is a clinical approach that is based on the use of radionuclides, or 

radionuclide pairs, characterized by the combined emission of both diagnostic and 

therapeutic radiations that allow collecting pre-therapy information with low-dose 

diagnostic imaging followed by high-dose therapeutic administration to the patient. 

This approach is getting closer to the realization of personalized medicine in which low-

dose molecular imaging performed with SPECT/CT or PET/CT is a necessary step to 

provide preliminary information on biodistribution, dosimetry, the limiting or critical 

organ or tissue, and the maximum tolerable dose [21]. If the patient responds positively 

to the pre-therapy phase, the following step is to administer a higher-dose treatment in 

the same patient with the same radiopharmaceutical, thus ensuring the same 

biodistribution. In the theranostic approach it can be used: 

- a single radiopharmaceutical that has both diagnostic and therapeutic 

properties; i.e. a bioactive molecule labeled with an isotope whose radiation is 

suitable for both diagnosis and therapy, (Table 2); 

- a single radiopharmaceutical labeled with a couple of different radioisotopes of 

the same element, one radionuclide being utilized for diagnosis and the other 

for therapy (Table 3); 

- a single radiopharmaceutical, labeled with a pair of different isotopes each 

belonging to a different element (surrogate pair), where one radionuclide is 

utilized for diagnosis and the other for therapy.  

The interest of the international community on theranostic radionuclides is highlighted 

by the IAEA Coordinated Research Project (CRP) on “Therapeutic 

Radiopharmaceuticals Labelled with New Emerging Radionuclides (67Cu, 186Re, 47Sc)” 

(IAEA CRP No. F22053) started in 2016. Whatever radionuclide is chosen it is of 

fundamental importance to know the possible presence of coproduced radionuclidic 

impurities, the chemical impurity profiles, and the effective specific activity (As) [22]. 

Moreover, a real problem to be solved is the lack of availability of most of the 

theranostic radionuclides proposed in Table 2 and Table 3. This thesis is focused on the 

production of 67Cu and 47Sc using proton beams to try to identify the best way to produce 

these isotopes by reducing, as far as possible, the presence of contaminants. 

Radionuclide production processes will be discussed in the following chapter.  



 

 

Table 2 Theranostic radionuclides. β- beta electrons; C.E. conversion electrons; α alpha 

particles; Aug. Auger electrons. 

 
T1/2 

(days) 

Principal γ energy for 

imaging, keV (%) 

Therapeutic particle(s) 

47Sc 3.35 159 (68) β-  
67Cu 2.58 186 (40) β- 
67Ga 3.26 93, 184, 296 (40, 24, 22) Aug., C.E. 
111In 2.8 171, 245 (91, 94) Aug., C.E. 
117mSn 14 159 (86) C.E.  
123I 13.3 h 159 (83) Aug., C.E.,  
131I 8 365 (82) β-  
153Sm 1.94 103 (30) β-  
211At 7.2 h 79 (21) α  
213Bi 46 min 441 (926) β-, α (from 213Bi→ 209Tl) 
186Re 3.7186 137.157 (9.47) β- 

 

 

 

Table 3: Theranostic radionuclides pairs. β+ positrons; β- beta electrons; C.E. conversion 

electrons; Aug. Auger electrons. 

Imaging/therapeutic pair T1/2 (days) Imaging Therapeutic particle(s)  
44Sc/47Sc 3.97/3.35 β+  β-  
64Cu/67Cu 0.53/2.6 β+  β-  
68Ga/67Ga 68 min/3.26 β+  Aug; C.E. 
86Y/90Y 0.61/2.7 β+  β- 
124I/131I 4.2/8.0 β+  β-  
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2 PRODUCTION TECHNIQUES OF MEDICAL 

RADIONUCLIDES 

The production of radionuclides used in nuclear medicine is a very crucial step. From a 

radiopharmaceutical industry point of view, a radionuclide is selected if its production 

efficiency is acceptable, the starting material is not too expensive, its half-life is suitable 

for logistics and there is enough demand on the market. 

Radionuclides are artificially produced by nuclear reactors, charged particle 

accelerators and γ-irradiation. In addition, generators can be considered as an additional 

approach for radioisotopes local supply (i.e. hospitals), particularly used and 

advantageous for short-lived isotopes. The different radioisotope production methods 

determine their clinical utility due to the different characteristics of the final product 

[23]. Some isotopes can have dual production routes, through reactors and accelerators. 

The choice to select one of the production methods is often determined by economic 

and political reasons. Indeed, in order to satisfy the needs of a specific radioisotope, the 

production is not always carried out using the most convenient nuclear reaction. This is 

generally due to the already available infrastructure (almost always ageing research 

reactors) built in the past to cover different needs in a given geographical area. 

In the next paragraphs, a brief analysis about the three state-of-art approaches are 

discussed more in detail. 

 

2.1 Radionuclides production in nuclear reactors 

A large variety of β- emitting radionuclides can be produced in nuclear reactors by 

neutron induced fission processes on strategic fissile material, or by neutron activation 

reactions. In the latter case, both thermal and fast neutron reactions may properly be 

exploited. 

So far, the current reactor-based mass production for several radioisotopes, (or of their 

decay products, e.g. 99Mo → 99mTc etc.) useful in nuclear medicine, is indeed based 



 

 

upon the chemical separation from fission fragments produced by using highly-enriched 

uranium, weapons-grade (HEU-WG) target material (i.e. 235U enrichment > 80%).  

Such a productions route was, therefore, subject to the strict international regulations 

and control actions against the proliferation of nuclear weapons. In order to overcome 

such a problem, and also to mitigate the recent shortages of 99Mo/99mTc generators on 

the international market occurred in 2008-2010 and further events happened in 2018 

(i.e. the NRU Chalk River reactor –Canada- permanent shutdown) the efforts at 

international level have moved towards the use of non-strategic LEU (Low-Enriched 

Uranium) material (i.e. 235U enrichment < 20%) 

On the other hand, neutron activation may occur in nuclear reactors with different 

nuclear reactions, among which are worth to be noted [23]: 

- (n,γ) reaction in which the target and product are different isotopes of the same 

element. In this case, the chemical separation to extract the product desired is 

useless (i.e. carrier-added radioisotope); 

- (n,p) (n,xn) (n,) reactions, in which the target and product are different 

elements. In such case the chemical separation procedures may be applied to get 

high-purity radionuclides (i.e. no carrier-added radioisotope). 

In the reactor-based route, targets of specific materials can be placed around the reactor 

core to be irradiated by the intense reactor neutron flux for an appropriate time to 

produce a desired radioactive nuclide in a given amount [23] [24]. For both approaches, 

the irradiated targets are loaded in appropriate shielding containers and transported to 

hot chemistry labs for further processing. The quality and specific activity of the 

radioisotopes produced depends on both the target and the irradiation conditions [24]. 

A list of reactor-based medical radioisotopes, produced through fission and neutron 

activation, are reported in Table 4: 

Table 4: Medical radioisotopes produced in nuclear reactor with some examples of their 

biomedical applications 

RN Decay  

mode 

Reaction Application 

99Mo β- 
HEU fission fragment (6% mass) 

alternative route: 98Mo(n,γ)99Mo 
99Mo is used as a generator of 99mTc 
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RN Decay  

mode 

Reaction Application 

131I β-, γ 

HEU fission fragment (3% mass) 

alternative route:  

130Te(n,γ)131Teβ- 
→ 131I 

Diagnosis and treatment of thyroid 
disorders 

90Y β- 89Y(n,γ)90Y 
Therapeutic radionuclide commonly 

used in radioembolization to treat 
liver cancer 

177Lu β-, γ 
176Lu(n,γ)177Lu 

176Yb(n,γ)177Yb→177Lu 

Targeted therapy via peptide 
labelling (neuroendocrine tumors and 

metastatic prostate cancer) 

186Re β-, EC 185Re(n,γ)186Re Targeted therapy, including 
metastatic bone disease 

32P β- 31P(n,γ)32P 
Brachytherapy label for pancreatic 
disease; treatment agent for some 

myeloproliferative diseases 

125I EC, γ 124Xe(n,γ)125XeEC → 125I 

Brachytherapy (brain tumors, 
prostate cancer); Labelling of 

antibodies for nuclear medicine 
studies (research) 

67Cu β- 67Zn(n,p)67Cu 
Labelling of peptides for the 

treatment of NETs, meningioma 
(currently under trial) 

223Ra α 
226Ra(n,γ)227Ra → 227Ac 

→
227Th→223Ra 

Targeted therapy for bone metastases 

EC = electron capture 

 
 

Most of the existing reactors devoted to the medical radionuclides production started 

operation more than 50 years ago, and are next to be permanently shutdown for some 

of them is indeed foreseen both for obsolescence and economic and political reasons, 

as highlighted in Table 5 [25]. For this reason, the international community pushes 

radionuclides production research to look for alternative production routes to prevent 

further medical radionuclide shortages [20] [26].  



 

 

Table 5: Main research reactors involved in the production of medical radionuclides [25] 

Reactor Country Current targets3 Normal operating 

days/year 

Estimated end of 

operation 

BR-2 Belgium HEU/LEU 147 At least until 2026 

HFR Netherlands HEU/LEU 275 2026 

LVR-15 Czech Rep HEU/LEU 210 2028 

MARIA Poland LEU 200 2040 

RA-3 Argentina LEU 230 
2027 or earlier based  

on RA 10 introduction 

SAFARI South Africa LEU 305 2030 

RIAR Russia HEU 350 At least until 2025 

KARPOV Russia HEU 336 At least until 2025 

MURR United States Natural Mo in CRR 339 2037 

OPAL Australia LEU 300 2057 

 

 

2.2 Accelerator-based production 

Accelerators are used to bombard production targets with beams of charged particles to 

produce a wide range of isotopes. The projectile particles are typically protons, 

deuterons, or helium nuclei (3He2+, 4He2+). The production of radionuclides with an 

accelerator demands that the beam energy must be high enough to induce nuclear 

reactions, while the beam current must be sufficient high to give practical yield. There 

are many types of accelerators and they all share two underlying basic principles: 

1. Electric fields, both static and variable at RF (Radio Frequency) regime, are used 

to accelerate particles (principle required for all the accelerators); 

2. Magnetic fields are used to steer the particles (required if the accelerator steers 

the particle in a non-linear path). 

The specific way in which these two principles are implemented determines the two 

main categories of particle accelerators: linear and circular accelerators.  

 
3 Abbreviations:  LEU—Low‐Enriched Uranium (<20%); HEU—Highly‐Enriched Uranium (>80%); 

CRR—Conventional Research Reactor 
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The Van Der Graaf, Pelletron, Tandetron and other electrostatic accelerators are not 

discussed in detail in this Ph.D. thesis, since they are not used for radionuclide 

production due to the low current that they are able to provide (up to tens of µA). 

However, they are often employed for nuclear physics experiments and various types 

of applications, as radiobiology, material characterization, archaeometry, etc. On the 

other hand, linear particle accelerators and cyclotrons may provide a much higher 

current (up to tens of mA) and are thus used to produce radionuclides for medical 

applications.  

 

2.2.1 Linear particle accelerators (LINACS) 

A linac is a type of particle accelerator that accelerates electrons, protons or ions in a 

linear structure. A typical linac design, shown in a simplified sketch in Figure 5, include 

the following parts:  

• a straight hollow pipe vacuum chamber which contains all the other 

components; 

• a particle source, that produces a continuous, or pulsed, beam of charged 

particles which the machine accelerates. The design of the source depends on 

the type of particle to be accelerated; 

• the drift tubes, composed by a series of open-ended cylindrical electrodes which 

are crossed by the particles coming from the source. The length of each electrode 

increases progressively with the distance from the source and it is determined 

by the frequency and the power of the driving power source; it also depends on 

the particle type to be accelerated. The mass of the particle has a large effect on 

the length of the cylindrical electrodes; 

• an electronic oscillator and amplifier, to generate the required radio frequency 

(RF) applied to the cylindrical electrodes; 

• a target, located at the end of the accelerating electrodes, where the particles 

collides and the nuclear reactions of interest occur. 

https://en.wikipedia.org/wiki/Particle_accelerator
https://en.wikipedia.org/wiki/Ion


 

 

 

Figure 5: Schematic structure of a linear accelerator [27] 

As already mentioned, the particles’ kinetic energy increases when they pass through 

an appropriate electric field. In the linac structure, the energy increase is obtained by 

applying an oscillating voltage to alternate cylindrical electrodes thus having an 

opposite polarity (180° out of phase), so adjacent electrodes have opposite voltages. 

The oscillating electric field is created in the gap between each pair of drift tubes, which 

causes an electric drive force on particles when they pass through the gap, determining 

the acceleration. The system is conceived so that only bunched particles, synchronous 

with the accelerating wave, can achieve the maximum energy provided by each tube. 

The maximum energy gain in a multi-cell structure corresponds to the condition that 

the particles inside each bunch travels from one gap to the next in a time equal to half 

of the RF period (T/2). For a particle travelling at relativistic speed 𝛽 = 𝑣 𝑐⁄ , the time 

needed to cross one cell is 𝜏 = 𝑙 𝛽𝑐⁄  and the condition 𝜏 = 𝑇 2⁄  gives the required cell 

length 𝑙 =
𝛽𝑐

2
𝑇 =

𝛽𝜆

2
. Moreover, because of the high mass difference, electrons and ions 

react differently to an externally applied electric field. For this reason, each linac 

structure must be designed to the specific beams. In the case of an electron linac where 

the particles have 𝛽 = 1, apart from a short initial section, the structure is composed by 

a sequence of identical cells of the same length 𝑙 = 𝜆 2⁄ . Instead, in the case of a proton 

linac, β increases slowly by order of magnitude and the cell length must follow the 

precise β profile. Linear accelerators can be split in linear electron accelerators or linear 

ions accelerators, depending on the type of accelerated particles. 

 

https://en.wikipedia.org/wiki/Electric_field
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Linear ion accelerators 

In the case of linear ions accelerators, protons or heavier ions are generated in the ion 

source, that has its own high voltage supply to inject the particles into the beamline. 

Many linacs serve as initial accelerator stage for larger particle accelerators (such as 

synchrotrons and storage rings) but the accelerated beam can be used directly to hit a 

target of various materials, depending upon the specific investigation.  

Linear ion accelerators are already used for the production of medical radionuclides. An 

example is the Brookhaven Linac Isotope Producer (BLIP), that consists of a beam line 

and a proper target for isotope production. Protons up to 200 MeV energy and 110 µA 

beam current can be obtained from the BNL Linac. Among the isotopes produced, a 

monthly 67Cu supply is also reported on the dedicated webpage [28]. 

 

Linear electron accelerators 

In case of linear electron accelerators, the electrons can be generated in the source by 

using a cold cathode, a hot cathode, a photocathode, or RF. Electron linacs are often 

used to convert the electron beam into a photon beam by using a high-density target 

(usually tungsten, for its high melting point) to induce the bremsstrahlung mechanism. 

For this reason, the target irradiated by the photon beam does not require a proper 

cooling system (as in the case of proton or deuteron irradiations), since it is not subjected 

to direct beam heating. This is an advantage in the target design and realization. 

However, photon-induced reactions require targets with higher masses than charged-

particles induced reactions due to their lower attenuation in matter. This may be a 

drawback, especially if expensive materials are mandatory, as the case of enriched 

targets (e.g. one of the alterative 99Mo production investigated in the last 10 years for 
99Mo/99mTc generators through the reaction route 100Mo(γ,n)).  

Electron linacs are already used in several laboratories also for the production of 67Cu 

and 47Sc, although in limited amounts, by exploiting photonuclear production by the 

reactions 68Zn(γ,p)67Cu [29], 48Ti(γ,p)47Sc and 49Ti(γ,pn)47Sc [30] [31]. 

 



 

 

2.2.2 Circular accelerator: Cyclotrons 

The need to achieve high energies by using compact structures (with reasonable costs) 

has led to the development of a different kind of circular accelerators. Cyclotrons are 

circular accelerators, where charged particles are accelerated (by using a rapidly varying 

RF electric field) from the ion source, in the center, along a spiral path (thanks to the 

magnetic field).  

The most frequent circular accelerators used for nuclear medicine are cyclotrons, 

mainly employed to produce nuclides both for PET and SPECT applications.  

There are at least three types of cyclotrons: classical cyclotrons (constant magnetic field, 

constant frequency), synchrocyclotron (constant magnetic field, variable frequency), 

and Isochronous cyclotrons (variable magnetic field, constant frequency). Some 

cyclotrons are able to accelerate positive ions and other negative ions; the extraction 

technique strongly depends on this specific characteristic of the accelerator: for 

example, a stripper foil is used in case of accelerated negative ions.  

 

Classical cyclotron 

In modern cyclotron technology, ions (H+ or H- in the simplest case), once produced in 

an ion source, are injected into the center part of the cyclotron put inside a vacuum 

chamber. Soon the acceleration process, starts under the strong electric filed provided 

by a given number accelerated cavities (usually 2-4 to speed up the increase of the 

energy gain per turn) powered by a high frequency electric field. A schematic sketch 

showing the working principle of the spiral-accelerating path is instead portrayed in 

Figure 6. A RF (usually from a few up to some tens MHz) electric field of several kV 

is applied alternatively at the so-called “Dees”. The acceleration occurs when ions pass 

from one dee to the next through a gap between the dees. Obviously, a charged particles 

beam can follow a circular trajectory of radius r only if it is immersed in a magnetic 

field B (Lorentz force, FL) and it maintains its circular trajectory only if subjected to a 

centripetal force (Fc): 

{
𝐹𝐿
⃗⃗  ⃗ = 𝑞𝑣 × �⃗� 

 𝐹𝑐⃗⃗  ⃗ =
𝑚𝑣2

𝑟
�⃗� 

      →       𝐹𝐿 = 𝐹𝑐       →       𝑞𝑣𝐵 =
𝑚𝑣2

𝑟
        →      𝑚𝑣 = 𝑞𝐵𝑟       (2.1) 
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where v is the velocity, q is the electric charge of the particle and m is the mass of the 

charged particle. Consequently, the charged particles travel a complete circular 

trajectory with a frequency f given by: 

𝑓 =
𝑞𝐵

𝑚
=

𝑣

𝑟
= 𝜔𝑃 = 𝜔𝑅𝐹 = 2𝜋𝑓𝑅𝐹 →  𝑓𝑝 =

𝑞𝐵

2𝜋𝑚
                (2.2) 

Thus, the timing of the RF voltage is switched between the dees, accelerating the 

particles and increasing the diameter of their circular path with every revolution, turning 

it into a spiral (Figure 6). For a given particle and energy, the RF frequency, in this 

simple approach, is thus fixed and constant as the energy increase. However, the latter 

sentence is, in general, not true when the particle achieves energies larger than a few 

MeV. In such a case, the condition that the particle mass is kept constant at the rest mass 

(m=m0) is of course no longer true, thus causing a loss of isochronism. A modification 

in the vertical magnetic field B intensity is therefore necessary.  

 

Figure 6: Schematic structure of a cyclotron 

The first cyclotrons were equipped with H+ ion sources while in the more recent 

decades, usually negative hydrogen (H–) ion sources were used for proton accelerator 

facilities (not only for cyclotrons). The electric polarity of the accelerated negative ions 

can be inverted easily by removing the two electrons with a striper foil. This process is 

exploited in the beam extraction phase in which, instead of electrostatics deflectors to 

change the particle’s trajectories, is usually employed a carbon foil. A thin carbon foil 



 

 

removes ("strips") the electrons from the accelerated ions; due to the different q/m 

vector quantity changes the curvature of the trajectory of the beam, thus conducting the 

particles out of the cyclotron. This type of extraction is very efficient, in some cases it 

reaches 100%, and it is possible to extract the beam at different energies only by 

changing the position of the stripping foil which moves along a radial arm, inside the 

cyclotron. So, given R as the extraction radius, the output energy of the particles is: 

𝐸 =
1

2
𝑚𝑣2 =

𝑞2𝐵2𝑅2

2𝑚
                                              (2.3) 

Therefore, the limit to the cyclotron's output energy for a given type of particle is the 

strength of the magnetic field B and the radius R, which is determined by the size of the 

magnets. Even if some very large cyclotrons have been built, in the most common ones 

the proton energies are lower than 30 MeV and only in a few cases they reach 70 MeV 

[32]. Under these conditions it can be assumed that the non-relativistic approximation, 

in which the cyclotron frequency does not depend upon the particle's speed or the radius 

of the particle's orbit, is valid.  

When high energies per unit mass (i.e. 20-80 MeV/A) and a wide range of ion masses 

(e.g. from the lighter elements like He, Li, C, up to the mass of uranium) need to be 

accelerated, the superconducting technology allows to keep very compact the machine 

design , which need to work at a very high intensity magnetic fields, i.e.  4-6T [33].  In 

order to achieve such an intense magnetic field, the superconducting cyclotron is usually 

equipped with a series of superconductive coils and cooled down at the liquid helium 

(LHe) temperature of about 4.0K. 

 

Synchrocyclotron 

Synchrocyclotrons were developed to compensate for the relativistic effects occurring 

when the particles' velocity begins to approach the speed of light. Synchrocyclotrons 

are characterized by a varying RF driving the electric field. In these conditions, the 

relativistic mass can be rewritten as 𝑚 =
𝑚0

√1−𝛽2
= 𝛾𝑚0, where 𝛽 = 𝑣 𝑐⁄ , c is the light 

speed and 𝑚0 is the particle rest mass. The relativistic frequency is thus𝑓 = 𝑓0 𝛾⁄ , where 

𝑓0 is the cyclotron frequency in classical approximation. The main drawback of 

synchrocyclotrons is that, as a result of the variation in the frequency of the oscillating 

voltage supply, only a very small fraction of the ions leaving the source are captured in 

phase-stable orbits of maximum radius and energy. Therefore, as the average beam 
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current is only a small fraction of the instantaneous beam current, the machine produces 

high energy ions with comparatively low intensity. 

 

Isochronous cyclotrons 

In the isochronous cyclotrons a constant RF driving frequency is maintained and the 

relativistic effects are compensated by an increasing magnetic field with the radius. 

Isochronous cyclotrons are capable of producing much greater beam current than 

synchrocyclotrons but require azimuthal variations in the magnetic field strength to 

guarantee a strong focusing effect and keep the particles in the correct spiral trajectory. 

For this reason, an isochronous cyclotron is also called "AVF (azimuthal varying field) 

cyclotron". The radius of the circular motion of a charged particle in the presence of 

relativistic effects and a uniform magnetic field is 𝑟 =
𝛾𝑚0𝑣

𝑞𝐵
 and the relativistic 

cyclotron frequency is 𝑓 =
𝑓0

𝛾
. Choosing the magnetic field value 𝐵 = 𝛾𝐵0, the radius 

of the circular motion becomes equal to 𝑟 =
𝑚0𝑣

𝑞𝐵0
 and, like in the non-relativistic case, 

depends only on the velocity 𝑣. In this case, the cyclotron frequency is constant. 

 

2.3 The use of cyclotrons in nuclear medicine 

Medical cyclotrons can be divided in types according to the available projectile energy, 

as shown in Table 6.  

Table 6: Overview of the medical cyclotrons available worldwide 

Cyclotron type Energy Range Approximate number 

Small medical cyclotron (SMC) < 20 MeV 1050 

Intermediate energy cyclotron 20-35 MeV 100 

High energy cyclotron > 35 MeV 50 

 

The widely used cyclotrons used for nuclear medicine are the Small Medical Cyclotron 

(SMC) allowing beam energy up to 20 MeV. They offer proton beam currents typically 

in the range of 60-100 µA [34]. The SMC are mainly installed in hospitals and their 

number is still increasing: as an example, in 2015 almost 1000 SMCs were installed 



 

 

worldwide [35]. Typically, SMCs accelerate protons and only in a few cases they are 

also capable of accelerating deuterons (at half of the specified proton energy). SMCs 

are commonly used to produce medical radionuclides for in-hospital use, in particular 

short-lived, standard radionuclides, basically for PET studies. Cyclotrons providing 

beam energy between 20 and 35 MeV are considered intermediate energy cyclotrons or 

medium energy cyclotrons, and normally accelerate protons or deuterons (very few of 

them offer also α beams option). They are installed in major commercial plants or 

research institutes to produce classical SPECT or novel PET radionuclides, as well as 

generator parent nuclides. Finally, high energy cyclotrons with beam energy above 35 

MeV are found in large research institutes and can provide a wide variety of beams, in 

particular protons, deuterons and α beams. Such machines can be used to produce 

innovative and emerging radionuclides, for both diagnosis and therapy, as well as 

generators parent nuclides such as 82Sr and 68Ge.  

 

2.3.1 The role of targets in radionuclide production 

Whatever the manufacturing technique used, targets are hit by accelerated particle 

beams of given energies and intensity (or exposed to an intense neutron flux inside a 

reactor core channel) with the aim to yield the desired radionuclide, through the selected 

nuclear reaction route. Targets used for neutron irradiation have much larger size and 

masses than the accelerator targets, to enhance the reaction-rate during the irradiation 

time. That is because of the much longer mean free path (i.e. the inverse of the 

macroscopic cross section 1/) the neutrons have with respect to charged particles. For 

this reason, it would be preferable to avoid the use of isotope-enriched targets due to 

their very high cost. 

However, during the bombardment, the heat deposited by the beam in the irradiated 

material is removed by a proper cooling system. After the irradiation, the target 

undergoes a radiochemical process to separate the desired element from the bulk 

material and all others produced contaminants. The optimized design of the target thus 

takes into account all these specific aspects and strongly depends on the specific 

radionuclide of interest. The target realization, therefore, requires specific studies to 

choose the right material and the proper manufacturing technique. An advantage of 

particle accelerators over nuclear reactors is that the target is usually a different 

chemical element from the desired product: this makes possible to find a suitable 

chemical separation process to extract and purify the radionuclide of interest. In the case 
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of accelerator-based production of radionuclides, by selecting the best target material 

and the beam energy range for the irradiation, it is also possible to reduce the 

coproduction of radioisotopic impurities. Standard radionuclides are mostly produced 

by using gas or liquid targets, while for novel radionuclides, solid targets are often used. 

Water targets (i.e. usually 18O- or 16O-enriched) are the most commonly used for the 

production of PET radionuclides, such as 18F and 13N [36].  

Gas and liquid targets usually consist of a gas or fluid cell contained by a water-cooled 

target body and a thin foil (e.g. window) that encloses the target cell but still allows the 

beam penetration. The materials used for the body fabrication must be good mechanical 

properties, stand high pressures, chemically inert to basically all the reactive chemical 

species produced during the irradiation stage, have good thermal conductivity and they 

are also chosen to reduce as much as possible the production of long lived radioactivity 

in the target body during irradiation. The most used materials of the target body metals 

are aluminum, titanium, nickel, niobium, tantalum, and silver; in Table 7 are reported 

the principal physical characteristics.  

Table 7: Target body materials properties for gas and liquid targets 

Property Aluminum Titanium Nickel Niobium Tantalum Silver 

Thermal conductivity 
(W·m-1·K-1) 

237 21.9 90.9 53.7 57.5 429 

Melting point (°C) 660.32 1668 1455 2477 3017 961.78 
Heat capacity (J·mol-1·K-1) 24.2 25.06 26.07 24.6 25.36 25.35 

 

Target windows are typically realized by thin sheets in metal havar, aluminum, niobium, 

and titanium. These selected materials are very strong in thin sheets and maintain their 

strength at elevated temperatures. The beam deposits energy on the target windows, 

causing a heat deposition that can be dissipated in different ways, depending upon the 

specific characteristics. It has also to be considered that the interaction of the thin foil 

with the beam may cause the production of contaminant radionuclides that can 

potentially end up in the final product due to some reactive chemical reactions and recoil 

effect. These additional impurities must be taken into account in the radiochemical 

purification phase after irradiation.  

The main advantage of solid targets is the possibility to produce a larger amount of the 

desired radionuclide considering the higher density of the material, generally in the form 



 

 

of foils or pressed metals (or metal oxide/carbides, etc.) powders. Moreover, more 

complex separation chemistry and the need of specific studies to determine the proper 

technological process to prepare of a few hundred µm thick layers have to be 

considered. Therefore, solid targets for the production of novel radionuclides are 

typically maintained and optimized in-house. It is worth reminding that common issues 

related to target preparation (solid, liquid or gas) concern: 

• the use of expensive enriched materials to produce radionuclides with high 

radionuclidic purity; 

• the mandatory cooling system optimized for the specific target configuration. 

As an example, often a tilted solid target is used to better spread the beam power 

heat spot hitting the target over a larger target surface area; 

• the automation of the delivery line, typically by using a pneumatic system, that 

is necessary to reduce as much as possible the manual handling (especially when 

the target must be retrieved shortly after irradiation). 

As an example, Table 8 reports the novel radionuclides produced in SMCs and used for 

diagnostic. 

Table 8: Production of diagnostic radionuclides in small medical cyclotrons (SMCs) [34] 

Radionuclide Imaging 
procedure T1/2 I Eγ or Eav.β 

(keV) 

Feasible SMC 
nuclear reaction 

(Ep< 20 MeV) 

Target 
type 

99mTc SPECT 6.43 h γ 99% 140.5 100Mo(p,2n)99mTc Solid 

123I SPECT 13.2 h γ 83% 158 123Te(p,n)123I Solid 

124I PET 4.18 d 
β+ 12% 
β+ 11% 
γ 63% 

687 
975 
603 

124Te(p,n)124I Solid 

89Zr PET 78.4 h β+ 23% 
γ 99% 

396 
909 

89Y(p,n)89Zr Solid 
Liquid 

64Cu PET 12.7 h 
β+ 18% 
β− 39% 
γ 0.5% 

278 
190 
134 

64Ni(p,n)64Cu Solid 
Liquid 

68Ga PET 67.7 min β+ 88% 
γ 3% 

836 
1077 

68Zn(p,n)68Ga Solid 
Liquid 

67Ga SPECT 78.3 h 
γ 39% 
γ 21% 
γ 17% 

93 
185 
300 

68Zn(p,2n)67Ga 
67Zn(p,n)67Ga Solid 

111In SPECT 67.3 h γ 94% 245 111Cd(p,n)111In Solid 
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Radionuclide Imaging 
procedure T1/2 I Eγ or Eav.β 

(keV) 

Feasible SMC 
nuclear reaction 

(Ep< 20 MeV) 

Target 
type 

γ 91% 171 

86Y PET 14.7 h 
β+ 12% 
β+ 6% 
γ 83% 

535 
681 
1077 

86Sr(p,n)86Y Solid 
Liquid 

44Sc PET 3.97 h β+ 94% 
γ 100% 

632 
1157 

44Ca(p,n)44Sc Solid 
Liquid 

 

 

2.4 Generator-based production 

A radionuclide generator is a device, nowadays commonly available in nuclear 

medicine departments of hospitals all over the world, able to provide the radioactive 

amount needed for the preparation of radiopharmaceuticals for imaging procedures 

every day. A radionuclide generator contains a long-lived radionuclide (parent), which 

decays into a short-lived (daughter) radionuclide of interest. The parent/daughter 

radionuclides separation can be done by following different strategies, such as solvent 

extraction, ion exchange, adsorption chromatography, electrochemistry, and 

sublimation [37]. A radionuclide generator useful for medical applications involves a 

radioactive equilibrium (Appendix B) in which the parent has a half-life significantly 

longer than that of the daughter, allowing daily availability of the isotope of interest 

directly in the hospital by repeated elution [38]. This device is particularly interesting 

for those nuclear medicine hospitals that do not have a cyclotron or that are located far 

from the production site, causing long distances and expensive distribution costs. Some 

generator systems relevant to life-science applications are listed in Table 9. 

The most important radionuclide generator for radiopharmaceutical preparation is the 
99Mo → 99mTc system. The parent radionuclide 99Mo (T1/2 = 66 hours), which produces 

by decay the radioactive daughter 99mTc (T1/2 = 6 hours). A decay chain equilibrium is 

established between the parent and the daughter, known as transient equilibrium. The 

transient equilibrium is achieved in about 4 daughter half-lives, i.e. 24 hours in case of 
99mTc.  

 



 

 

Table 9: Generator systems relevant for life-sciences applications (f fission; β+ positrons; β-  

beta electrons; EC electron capture; ERT endoradiotherapy) [38] 

 

 

 

Figure 7: 99mTc in-growth and elution in a generator system 

As shown in Figure 7, the relative activity of 99mTc in the generator decreases each time 

the generator is eluted and subsequently grows back in as the 99Mo decays. Technetium 

generators are commonly available on the market in different 99Mo activity amounts 

and are typically eluted once per day for 1 to 2 weeks; after this time, the amount of 

technetium is not enough to satisfy the demands of a hospital. 

  

Generator 

 system 

Parent nuclide Daughter nuclide 

T1/2 
Production 

 route 
Main  

decay 
T1/2 Main  

emission 
Application 

47Ca/47Sc 4.536 d Reactor β- 3.341 d γ, β- ERT 
44Ti/44Sc 60.3 y Accelerator EC 3.927 h β+ PET 

52Fe/52mMn 8.28 h Accelerator β+ 21.1 min β+ PET 
68Ge/68Ga 270.8 d Accelerator EC 1.135 h β+ PET 
82Sr/82Rb 25.6 d Accelerator EC 1.273 min β+ PET 
90Sr/90Y 28.5 y Reactor, f β- 2.671 d β- ERT 

99Mo/99mTc 2.7477 d Reactor, f β- 6.006 h γ SPECT 
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3 THEORY OF RADIOISOTOPE PRODUCTION 

Radioisotopes production, both for diagnostic imaging and/or therapeutic treatments, is 

achieved through specific nuclear reactions in reactors or from particle accelerators. 

The main reactor-based mass production is indeed through the selection (i.e. 

radiochemical separation/purification process) of fission fragments produced by 

neutron-induced fission reactions on HEU targets. For some radionuclides the 

alternative way (usually for limited yields) is instead based upon the use of the intense 

neutron flux levels that may be achieved inside the reactor core volume (in one of the 

reactor channels available) in order to exploit the different neutron capture reaction 

routes.    

Instead, in accelerators the standard charged particle reactions utilize protons and, when 

necessary, deuterons, 3He2+, and 4He2+. The accelerator produced radioisotopes are 

currently becoming more popular because of the ageing of the reactor facilities 

available, next to be permanently shutdown, and the number of running reactors used 

for radioisotopes production is becoming smaller than the number of available 

cyclotrons [32].  

3.1 Nuclear reaction models 

A nuclear reaction is a process in which two nuclear particles (two nuclei or a nucleus 

and a nucleon) interact to produce two or more nuclear particles and/or γ/X-rays. The 

equation for a generic nuclear reaction is: 

𝑎 + 𝐴 = 𝑏𝑖 + 𝐵𝑖 + 𝑄                                              (3.1) 

where a is the incident particle, A is the target nucleus in the ground state, bi is the 

outgoing particle (or particles), Bi are the residual nuclei and Q represents the energy 

released in the reaction. The energy released in a nuclear reaction can appear mainly in 

one of three ways: as kinetic energy of the products, as emission of gamma rays by 

unstable nuclei in their transition from a high energy state to a lower state (γ-decay) or 

with the population of metastable energy levels. For a general A(a, b)B nuclear reaction, 



 

 

the energy balance in the reaction in the laboratory reference frame (in which the target 

nucleus is at rest) is: 

𝑚𝑎𝑐
2 + 𝑇𝑎 + 𝑚𝐴𝑐

2 = ∑ 𝑚𝑏𝑖
𝑐2 +𝑖 𝑇𝑏𝑖

+ ∑ 𝑚𝐵𝑖
𝑐2 +𝑖 𝑇𝐵𝑖

               (3.2) 

where Ti is the kinetic energy of the i-th particle and mi represents its mass. 

The Q-value is calculated as the difference between the sum of the masses of the initial 

reactants (a and A) and the sum of the masses of the final products (bi and Bi), but it can 

also be defined in terms of energy gained or lost in a specific nuclear reaction. The Q-

value is given by: 

𝑄 ≝ [𝑚𝑎 + 𝑚𝐴 − ( ∑ 𝑚𝑏𝑖
+ ∑ 𝑚𝐵𝑖

+𝑖𝑖 )]𝑐2 = ∑ 𝑇𝑏𝑖𝑖 + ∑ 𝑇𝐵𝑖𝑖 − 𝑇𝑎      (3.3) 

which, can also be expressed in terms of kinetic energy T considering the target nucleus 

not at rest: 

𝑄 = ∑ 𝑇𝑏𝑖𝑖 + ∑ 𝑇𝐵𝑖𝑖 − (𝑇𝑎 + 𝑇𝐴) = 𝑇𝑓𝑖𝑛𝑎𝑙 − 𝑇𝑖𝑛𝑖𝑡𝑖𝑎𝑙                 (3.4) 

The Q-value is positive for exothermic reactions (spontaneous reactions) or negative 

for endothermic reactions; in this case, a net energy input is required. However, it must 

be considered that before hitting the nucleus, the incident particle must overcome the 

barrier due to the repulsive Coulomb force between the particle and the nucleus. Since 

the incident particle loses energy due to the Coulombian force, its initial central of mass 

energy (threshold) must exceed the Q-value [5]. In a nuclear reaction, the nucleus can 

decompose along several exit channels and each one is characterized by a given Q-value 

and Threshold energies. 

The probability that a certain nuclear reaction occurs is called nuclear reaction cross 

section σ and has the unit of a surface area: in fact, it describes the probability that a 

particle will interact per unit surface area of a target. The geometrical cross section of a 

uranium nucleus is approximately 10-28 m2 and this area has been chosen to define the 

unit called barn (1 𝑏 = 1 × 10−24𝑐𝑚2). The barn is not an International System of 

Units but it is normally used to describe reaction probabilities in atomic and nuclear 

physics [5]. 

The exact mechanism of nuclear reactions is not yet completely understood, but some 

approximations can be used to visualize the process, i.e. the compound nucleus reaction, 

the direct nuclear reaction, and the pre-equilibrium nuclear reactions [39] (described 

hereafter).  
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Compound nuclear reactions 

The formation of a “compound nucleus” and its subsequent decomposition has been 

proposed by N. Bohr in 1936. This model assumes that the incident particle and the 

target nucleus become indistinguishable after the collision, forming a particular excited 

state of the nucleus (many nucleon-nucleon interactions), indicated as the compound 

nucleus. When the incident nuclear particle combines with the target nucleus it loses its 

identity, becoming indistinguishable particles. The total energy is shared among all 

nucleons until a nucleon, or a group of nucleons, receives enough energy to escape; this 

continues until the energy becomes lower than the particle emission threshold. This 

compound system is a relatively long-lived intermediate state of the particle-target 

composite system (about 10-18 s) [5] and is predominant at low energies (below 10 

MeV) [39].   

The following process in a nuclear reaction is the decay of the compound nucleus that 

can take place by numerous paths, usually called exit channels. These channels are 

constrained by the conservation of mass-energy, charge, spin, angular and total 

momentum but they do not depend on how the nucleus was formed. The ejected 

particles are emitted with an almost isotropic angular distribution. The formation of a 

compound nucleus and its following decay are considered as independent processes.  

 

Direct nuclear reactions 

At the other extreme, direct nuclear reactions occur when the incident particle interact 

on the surface of a target nucleus (single-nucleon interaction) and the incoming energy 

is directly transferred to a nucleon with the consequent emission of two particles [5]. 

The direct nuclear reactions are faster (about 10-22 s, which is approximately the time 

that an incident particle takes to traverse the target nucleus) than compound nuclear 

reactions. Direct nuclear reactions occur for incident energies above about 10 MeV and 

the two particles are emitted with an angular distribution peaked in the forward direction 

[39]. Then, the compound nucleus component is dominant at low energies while the 

direct contribution increases with energy, as more channels become available. 

 

 



 

 

Pre-equilibrium nuclear reactions 

The separation of nuclear reaction mechanisms into direct and compound results to be 

too simplistic. Indeed, the phenomenon called pre-equilibrium emission takes place 

after the first stage of the direct reaction but before the equilibrium of the compound 

nucleus is attained [39]. Pre-equilibrium processes are relevant in the description of the 

reaction cross section for incident energies between 10 and at least 200 MeV. It is 

possible to imagine that the incident particle step-by-step creates more complex states 

of the compound system and gradually loses its memory of the initial energy and 

direction. Direct particles are emitted predominantly in the same direction as the 

incident particle, whereas in the case of compounds reactions the particles are emitted 

in all directions. The transition between the two extreme situations occurs gradually as 

is evident from Figure 8 in which it can be noted a gradual transition to isotropy for 

decreasing outgoing energies.  

 

Figure 8: Typical energy spectrum of a reaction A(a,b)B with an incident energy of several 

tens of MeV [39] 

 

The different nuclear reaction mechanisms described are included in different nuclear 

reaction codes, such as TALYS, EMPIRE, FLUKA, MCNPX, etc., usually used to 

estimate the trend of the nuclear reactions that are not measured yet. In this context, it 

is worth mentioning an ongoing collaboration with a group of phenomenological 
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analysts (L. Canton INFN-PD and A. Fontana INFN-PV) to identify the validity limits 

of the entire set of models present in the TALYS and other nuclear reaction codes. This 

work is particularly important to predict the production of stable isotopes that are 

difficult to be measured but affect the isotopic or radionuclidic purity of the final 

product.  

 

 

3.2  Experimental determination of the cross-sections 

By definition, the cross section is the probability of a specific nuclear reaction occur 

(i.e. the interaction of one bombarding particle and one target atom). Given Nb the 

number of bombarding particles [particle/s], and Nt the number of target atoms 

[atoms/cm2] expressed as 𝑁𝑡 =
𝑁𝐴 𝜌 𝑃 𝑥

𝐴
 , where NA is the Avogadro constant [1/mol], A 

is the mass number [g/mol], P the purity, x the thickness [cm] and ρ the mass target 

density [g/cm3], it is possible to write the following differential equation of simple 

activation: 

𝑑𝑁

𝑑𝑡
= 𝑁𝑡𝑁𝑏𝜎 − 𝜆𝑁                                              (3.5) 

where N is the number of produced particles, characterized by the decay constant 

 s.  The solution of this equation gives the number of radionuclides N(tEOB) present 

in the target at the End Of Bombardment (EOB) after the irradiation time tirr: 

𝑁(𝑡𝐸𝑂𝐵) = 𝑁𝑡𝑁𝑏𝜎
1

𝜆
(1 − 𝑒−𝜆𝑡𝑖𝑟𝑟)                                 (3.6) 

Accordingly, the activity (i.e. the number of nuclide decays per unit time) of the 

radionuclides produced at EOB is given by: 

𝐴(𝑡𝐸𝑂𝐵) = 𝑁𝑡𝑁𝑏𝜎(1 − 𝑒−𝜆𝑡𝑖𝑟𝑟)                                   (3.7) 

The number of decays N occurred during the measuring time tm can be determined by 

integrating the activity of the radionuclide of interest, considering the decay time tD 

between the EOB and the beginning of the measurement: 

Δ𝑁 = 𝑁𝑡𝑁𝑏𝜎
1

𝜆
(1 − 𝑒−𝜆𝑡𝑖𝑟𝑟)𝑒−𝜆𝑡𝐷(1 − 𝑒−𝜆𝑡𝑚)                      (3.8) 



 

 

The activity of the radionuclides of interest can be determined by detecting the emitted 

radiation (α, β, γ and X); in this work I have measured γ-emitting radionuclides by using 

a High Purity Germanium (HPGe) detector. The counts ΔC in the net peak area 

registered by the detector are given by: 

Δ𝐶 = 휀𝑑𝐼 Δ𝑁                                                 (3.9) 

where d is the detector efficiency, I is the intensity of the γ-ray considered (usually 

given as number of γ photons yielded normalized per 100 decays), N the number of 

decay occurred during the measuring time. Usually, the measuring system automatically 

corrects the net area for the detector dead time (the minimum time interval that two 

consecutive counts must be separated in order to be recorded as two different events), 

providing the real time (tr) and the live time (tl) of the measurement.  

From the above equations the cross section σ [cm2] can be expressed as: 

𝜎 =
Δ𝐶 𝜆

𝜀𝑑𝐼𝑁𝑡𝑁𝑏(1−𝑒−𝜆𝑡𝑖𝑟𝑟)𝑒−𝜆𝑡𝐷(1−𝑒−𝜆𝑡𝑟)
                             (3.10) 

The cross section σ(E) is a function of the energy and for this reason, it is necessary to 

determine the correct energy to associate to the target foil considered. The energy E is 

calculated as the average of the incoming (EIN) and outcoming (EOUT) particle energy, 

𝐸 =  
(𝐸𝐼𝑁+𝐸𝑂𝑈𝑇)

2
, if the cross section changing (approximately) linearly in the EIN-EOUT 

energy interval. In order to experimentally evaluate the cross section σ(E) for a given 

nuclear reaction, it is necessary to irradiate a thin target foil with a well-characterized 

particle beam. When the energy loss inside the target is negligible compare to the beam 

energy (i.e. Δ𝐸 𝐸⁄ ∼ 0.01 − 0.05) [40], it is possible to use the expression “thin target”. 

In the case of a thin target, the energy loss is negligible and can be assumed 𝜎(𝐸𝐼𝑁) =

𝜎(𝐸𝑂𝑈𝑇) = 𝜎(𝐸).  

In the real-case, in order to determine the proton energy in each foil, the Stopping and 

Range of Ions in Matter (SRIM4) software [41] can be used. The SRIM code bases the 

calculations of the energy loss of the ions in the matter on the well-known Bethe-Bloch 

formula and related corrections, especially at low energy (Appendix C). SRIM code 

provides tables of stopping power values, ranges, and straggling distributions for any 

projectile ion at any energy in any target material. This software can also have a multi-

 
4 The software SRIM is available at www.srim.org 
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layer target configuration input and allows to associate the two energies, EIN and EOUT, 

to each layer.  

The cross section is calculated by integrating with respect to the measuring and 

irradiation time the equation 3.10, that can be also written as: 

𝜎 =
𝐴𝑐𝑡𝐸𝑂𝐼𝐵∙𝐴

𝑁𝑏∙𝑁𝐴∙𝜌∙𝑃∙𝑥  
                                                 (3.11) 

where the activity at the End Of Instantaneous Bombardment [42] is defined as:  

𝐴𝑐𝑡𝐸𝑂𝐼𝐵 =
𝐶

휀𝑑(𝐸𝛾)𝐼(𝐸𝛾)𝑡𝑙
∙ 𝑒𝜆𝑡𝐷 ∙ (

𝜆𝑡𝑖𝑟𝑟
1 − 𝑒−𝜆𝑡𝑖𝑟𝑟

) (
𝜆𝑡𝑟

1 − 𝑒−𝜆𝑡𝑟
) = 

= 𝐴𝑐𝑡𝑚𝑒𝑎𝑠 ∙ 𝑒𝜆𝑡𝐷 ∙ (
𝜆𝑡𝑖𝑟𝑟

1−𝑒−𝜆𝑡𝑖𝑟𝑟
) (

𝜆𝑡𝑟

1−𝑒−𝜆𝑡𝑟
)                        (3.12) 

The previous formula shows that the activity measured (Actmeas) depends on the net 

photopeak at the energy E (numbers of counts C) measured by the HPGe detector, the 

detector efficiency εd(Eγ), the intensity I(Eγ) of the γ-emission at the energy Eγ and the 

live time tl of the measurement. In the case of radionuclides with two or more γ-lines 

without interference, with the aim to reduce the error associated, the Actmeas is calculated 

considering a weighted mean value by using the following equations [43]:  

𝐴𝑐𝑡∗
𝑚𝑒𝑎𝑠 =

∑ 𝐴𝑐𝑡𝑖 ∆(𝐴𝑐𝑡)𝑖
2⁄𝑖

∑ 1 ∆(𝐴𝑐𝑡)𝑖
2⁄𝑖

                 ∆(𝐴𝑐𝑡∗
𝑚𝑒𝑎𝑠) = √

1

∑ 1 ∆(𝐴𝑐𝑡)𝑖
2⁄𝑖
                 (3.13) 

The uncertainty ∆(𝐴𝑐𝑡)
𝑖
 is calculated with the quadratic sum formula since all 

parameters are independent (Δ𝐴𝑐𝑡𝑖

𝐴𝑐𝑡𝑖
)
2

= ∑ (
Δ𝑞𝑥

𝑞𝑥
)
2

𝑞  where q are the parameters (C, ε, I, 

tl).  

Once the activity 𝐴𝑐𝑡𝐸𝑂𝐼𝐵 is determined and the characteristics of the target (ρ, P and x) 

and the incident beam flux (Nb) are known, it is possible to calculate the cross section 

by applying the equation 3.10. If it is not possible to know the incident beam flux with 

high precision, the cross section of interest is calculated by using a well-known nuclear 

reaction 𝜎′(𝐸′) evaluated and recommended by the IAEA [44] [45]. In this case, it is 

necessary to irradiate a multi-layer target with at least two foils (one target and one 

monitor foil), assuming that the beam flux is the same in both layers. I have always used 

this strategy in the experiments performed: at least one monitor foil was always 

associated to each irradiated target foil; when possible, two monitor foils were used. 



 

 

The cross section of the radionuclide of interest, as a function of energy, is then 

calculated by the following equation (the superscript is used to indicate what concerns 

the monitor foils): 

𝜎(𝐸) = 𝜎′(𝐸)
𝐴𝑐𝑡𝐸𝑂𝐼𝐵 𝐴 𝜌′ 𝑃′ 𝑥′ 𝜆′

𝐴𝑐𝑡′𝐸𝑂𝐼𝐵 𝐴′ 𝜌 𝑃 𝑥 𝜆
                           (3.14) 

The previous equation, as proposed by Otuka et al. [46], can also be written as 

𝜎𝑥 = 𝜎𝑟
𝐶𝑥 𝑁𝑟 𝜀𝑟 𝐼𝑟 𝑓𝑟

𝐶𝑟 𝑁𝑥 𝜀𝑥 𝐼𝑥 𝑓𝑥
                                       (3.15) 

where the subscripts x and r are used to indicate what concerns the radionuclide of 

interest and monitor reaction respectively. The time factor 𝑓 is equal to 

𝑓 = (1 − 𝑒−𝜆𝑡𝑖𝑟𝑟)𝑒−𝜆𝑡𝐷(1 − 𝑒−𝜆𝑡𝑟)/𝜆                  (3.16) 

and N is the number of atoms in the target per area (as previously indicated Nt). 

The uncertainty in Δ𝜎𝑥 is calculated with the quadratic sum formula if all parameters 

are independent: 

(
Δ𝜎𝑥

𝜎𝑥
)
2

= ∑ (
Δ𝑞𝑥

𝑞𝑥
)
2

𝑞 + ∑ (
Δ𝑞𝑟

𝑞𝑟
)
2

+ (
Δ𝜎𝑟

𝜎𝑟
)
2

𝑞                  (3.17) 

where q are the parameters (C, n, ε, I, f) [46]. 

The time factor 𝑓 contains five sources of uncertainties: 𝑡𝑖𝑟𝑟 , 𝑡𝐷 , 𝑡𝑟 , 𝜆𝑟 and 𝜆𝑥. Even if 

the uncertainties in 𝑡𝑖𝑟𝑟 , 𝑡𝐷 and 𝑡𝑟 are considered negligible, it is not possible to include 

the uncertainties in 𝜆𝑟 and 𝜆𝑥 by using the standard quadratic sum formula because the 

decay constant is related to the cross section through the exponential function. For this 

reason, the uncertainty in the time factors should be propagated from the uncertainties 

in the decay constants calculated with the following equations [46]: 

(
Δ𝑓

𝑓
)
2

= 𝑆𝑓𝜆
2 (

Δ𝜆

𝜆
)
2

 

𝑆𝑓𝜆 =
𝜆

𝑓
 
𝜕𝑓

𝜕𝜆
= (

𝜆𝑡𝑖𝑟𝑟𝑒
−𝜆𝑡𝑖𝑟𝑟

1−𝑒−𝜆𝑡𝑖𝑟𝑟
− 𝜆𝑡𝐷 +

𝜆𝑡𝑟𝑒
−𝜆𝑡𝑟

1−𝑒−𝜆𝑡𝑟
− 1)                (3.18) 

Δ𝜆 = (𝑙𝑛2 ∙ Δ𝜏1 2⁄ )/𝜏1 2⁄
2  

The uncertainties of the half-lives can be obtained from the NuDat database [7]. 
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3.3 Saturation factor and thick target yield 

By using thin targets, the flux and energy of the projectiles’ beam do not change 

significantly during passage through them. Instead, in a thick target, the projectile 

energy changes considerably and it is more complicated to calculate the activity 

produced since the variation of energy with the target thickness and the variation of 

cross section with the energy must be also considered. Indeed, the total activity of a 

given radionuclide produced with a proton beam on thick target at the End of 

Bombardment (YEOB), which also depends on the irradiation time, is calculated 

considering the following formula reported in the IAEA Technical report [47]: 

𝑌𝐸𝑂𝐵 =
𝑁𝐴𝑁𝑏

𝐴𝑇
(1 − 𝑒−𝜆𝑡𝑖𝑟𝑟) ∫ 𝜎𝑇(𝐸)

𝑑𝐸

𝑆𝑇(𝐸)

𝐸𝑖

𝐸𝑒
                   (3.19) 

where:  

- YEOB is the thick target Yield (Y) at the End of Bombardment (EOB); 

- AT is the atomic weight of the target material [g]; 

- ST(E) is the stopping power of the particle beam through the target material at 

the energy E, usually expressed as dE/dx. 

The term (1 − 𝑒−𝜆𝑡𝑖𝑟𝑟) is called saturation factor (SF) and takes into account both the 

production of nuclei due to the nuclear reaction considered and the decay of the nuclei 

that have been already produced. The SF limits the practical production of a given 

radionuclide, which is determined by its half-life τ1/2 (τ1/2 = ln2/λ). The SF dependence 

on irradiation time, expressed in terms of the half-life τ1/2, is shown in Figure 9.  

 

Figure 9: Saturation Factor dependence on irradiation time, expressed in terms of half-lives 



 

 

Figure 9 shows that for an irradiation time of one half-life (t = T1/2), it is possible to  

obtain 50% of the saturation yield, that is half of the maximum radionuclide production 

achievable from that target; for a 2 half-lives irradiation (t = 2T1/2), one obtains 75%, 

and so on. For an infinitely long irradiation time the number of radionuclides produced 

equals the number of nuclides decaying: 

𝑆𝐹 = lim
𝑡𝑖𝑟𝑟→∞

(1 − 𝑒−𝜆𝑡𝑖𝑟𝑟) = 1                              (3.20) 

For practical reasons, irradiations rarely exceed three half-lives (a saturation of about 

90%), except for the shortest lived radioisotopes for which it is possible to achieve 

saturation with short irradiation times. An example for that is the production of the 15O 

(half-life of about 2.04 minutes) through the 16O(p,pn)15O nuclear reaction by using a 

SMC. The short half-life of 15O allows reaching saturation in about 13 minutes. 

 

Thick targets are used for the production of a large amount of the activity of the desired 

radionuclide by exploiting the production cross section in a wide energy range. In order 

to use the activity produced in the preclinical and clinical applications, it is necessary 

to respect the legislative prescriptions. For this reason, the product obtained must be 

characterized by evaluating: 

• The Specific Activity As [Bq/g], or the activity concentration for a given 

radionuclide at time t, is by definition  the activity of the radioisotope kX divided 

by the cumulative mass of all radioactive and stable isotopes iX (if yielded or 

already present)  which are isotopic with the element X involved : 

𝐴𝑠(𝑡)𝑘𝑋
=

𝐴𝑘𝑋
(𝑡)

[
∑ 𝑁𝑖𝑋

(𝑡)𝑖

𝑁𝐴
]∙𝐴

                                           (3.21) 

where NA is the Avogadro constant [1/mol], A is the mass number [g/mol]. 

• The Radio Nuclidic Purity (RNP) is the percentage ratio, versus time, between 

the activity of radionuclide kX and the entire radioactivity of all radionuclides iX 

(including kX) isotopic with element X:  

𝑅𝑁𝑃𝑋(𝑡) =
𝐴𝑘𝑋

(𝑡)

∑ 𝐴𝑖𝑋
(𝑡)𝑖

∙ 100                                        (3.22) 

RNP is important in radiopharmacy since any radionuclidic impurities may 

increase the radiation dose increase imparted by the patient and may also give 

rise to a degradation of the quality of any imaging procedure performed; 
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• The Isotopic Purity (IP) is the percentage ratio, versus time, between the number 

of kX radionuclides available versus all the isotopes (both radioactive and stable) 

isotopic with element X: 

𝐼𝑃𝑋(𝑡) =
𝑁𝑘𝑋

(𝑡)

∑ 𝑁𝑖𝑋
(𝑡)𝑖

∙ 100                                        (3.23) 

 

 

  



 

 

 

4 – THE LARAMED PROJECT 

The Legnaro National Laboratory (LNL) is one of the four major research centers of 

the Italian National Institute for Nuclear Physics (INFN). The main researches carried 

out at LNL are in the field of fundamental nuclear physics and nuclear astrophysics. 

The SPES project (Selective Production of Exotic Species) is one of the main initiatives 

of the LNL with the purpose to provide high intensity and high-quality beams of neutron 

rich nuclei to perform basic research in nuclear structure and reaction dynamics as well 

as to interdisciplinary applications, ranging from the production of radionuclides of 

medical interest to the generation of neutrons for material studies, thanks to the recent 

installation of a new 70p cyclotron. In the framework of the SPES project, LARAMED 

(LAboratory of RAdioisotopes for MEDicine) is an award-winning government-funded 

(MIUR) interdisciplinary project granted within the so-called PREMIUM PROJECTS 

2012. The goals of this project include research on different fields: from both theoretical 

and experimental nuclear physics activities to radiochemistry aspects, technical R&D 

on mechanical engineering and materials science, up to issues close to nuclear medicine. 

The presence of the new proton-cyclotron at LNL will have a strong influence on the 

research programs that will be carried out in the next coming years by the LARAMED 

group. This explains why the ongoing research is focused on medical radioisotopes 

production by using only proton beams. For this reason, in parallel with the scientific 

research, the whole group constantly follows all the infrastructure constructions 

currently underway (realization of dedicated bunkers, laboratories, etc.), the purchase 

and installation of the beam lines, the hot-cells, and all the equipment necessary to carry 

out the experiments. This chapter, then, presents the context in which my Ph.D. research 

activities have been carried out and reports the work, still in progress, conducted by me 

and the LARAMED group in order to start the facility operations at LNL as soon as 

possible. 
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4.1 The Legnaro National Laboratory and the SPES facility  

The core of the SPES project is the model 70p cyclotron installed at LNL in May 2015 

(Figure 10), manufactured by BESTTM Theratronics (Canada). It is a dual-beam 

operational cyclotron, with the proton beam energy tunable in the range 70-35 MeV and 

with high output current (up to 750 µA). The maximum allowed beam current at any of 

the two exit ports has been fixed at 500 µA for Radiation Protection (RP) issue. The 

cyclotron is positioned in the central bunker at the underground floor of the SPES 

building (Figure 11). 

 

Figure 10: The new high-energy (35-70 MeV) and high-current (up to 750 µA) proton-beam 

cyclotron installed at INFN-LNL (Legnaro, Padua, Italy) 

 

 

Figure 11: Areal view of INFN-LNL (left) and a zoom on the SPES building (right). 



 

 

The SPES project has been organized into four operative stages that are shortly 

summarized as follows: 

• SPES-α: This stage, close to its completion, involves the acquisition, 

installation, and commissioning of the high-performance cyclotron with high 

output current (0.75 mA) and high energy (from 35 up to 70 MeV), together 

with the related infrastructure for the accelerator and experimental stations. One 

of the two beams will be devoted to the ISOL facility, producing mainly 

neutron-rich Radioactive Ion Beams (RIBs) from a Uranium Carbide target [48]; 

the second will be dedicated to applied physics; 

• SPES-β: This stage comprises the production of radioactive ion beams that, once 

selected with the high-resolution mass spectrometer, will be re-accelerated into 

the ALPI superconducting linac, already operative since the end of ’90, to 

collide onto specific targets for studies in nuclear physics and astrophysics; 

• SPES-γ: The goal is to evaluate the accelerator-based production of emerging 

radionuclides to produce innovative radiopharmaceutical both for LARAMED 

(LAboratory for the production of RAdioisotopes of MEDical interest) [49] and 

ISOLPHARM (ISOL technique for radioPHARMaceuticals) projects [50]. 

• SPES-δ: This long-term stage aims at the development of an intense neutron 

source copying the atmospherics spectrum (due to the interaction of high-energy 

cosmic rays with the atmosphere), up to 70 MeV. It will be dedicated to 

multidisciplinary studies, such as Single Event Effects (SEE) studies on 

electronics/detectors for high-energy physics apparatuses, aerospace industry 

nuclear astrophysics, characterization of nuclear waste [51] [52].  

Figure 12 shows the layout of the SPES building [49] at the underground level, where 

the cyclotron is placed in the center of the floor. The double extraction system is further 

split by two switching magnets into additional sub-lines carrying the proton beams in 

bunkers dedicated to different research activities. The area is divided into two separate 

parts: the LARAMED section (highlighted in blue), comprising four irradiation bunkers 

(RI#1, RI#2, RI#3 and A9c) dedicated to radioisotopes research/production activities, 

and the SPES bunkers (highlighted in gray), dedicated to the production of neutron-rich 

unstable nuclei for research in fundamental nuclear physics and radioisotopes 

production using the ISOL technique.  
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Figure 12: The layout of the SPES building (underground level) showing the cyclotron with 

outward beam lines. The LARAMED section (highlighted in blue) is divided into two separate 

sections: The RadIoisotopes LABoratory (RILAB) and the RadioIsotope FACtory (RIFAC). 

The exit beamlines of SPES bunkers (highlighted in gray) will be connected to the existing 

ALPI-PIAVE accelerators 

 

4.2 The LARAMED facility 

The main focus of the LARAMED project [49] is the study and development of efficient 

methods for the production of medical radionuclides, by using the high-beam-current 

and high-energy cyclotron recently installed at LNL. To achieve these goals, as shown 

in Figure 12, four bunkers (RI#1, RI#2, RI#3, and A9c) were assigned to the project. 

The LARAMED facility is dived into two separate sections: The RadioIsotope FACtory 

(RIFAC), comprising RI#1 and RI#2 bunkers, and the RadIoisotopes LABoratory 

(RILAB), comprising RI#3 and A9c bunkers. The RIFAC laboratory will be used, after 

an agreement with a private company, to produce massive amounts of radioisotopes to 

be distributed to hospitals. In the RILAB section, the RI#3 bunker will be used to 

produce limited amounts of novel radioisotopes for research purposes (i.e. support other 

research centers, as well as research studies at preclinical level) by using high-current 



 

 

proton beam while the A9c bunker will be used for experimental nuclear physics 

activities (i.e. mainly cross-section measurements) by using a maximum current of 100 

nA (Table 10).  

At the time being, the RILAB is under completion and the current status is summarized 

below: 

• the RI#3 bunker infrastructure completed. The walls are 4 meters thick to 

guarantee safety outside the bunker from a radioprotection (RP) point of view. 

Surface finishing work underway on the internal bunker walls; 

• the beamline for RI#3 bunker is purchased and next to be fully installed; 

• the civil construction for the A9c bunker completed, as shown in Figure 13. The 

walls and the roof are 1 meter thick to guarantee safety outside the bunker from 

a radioprotection point of view. Surface finishing work underway on the 

internal bunker walls; 

• the beamline for A9c bunker is next to be purchased; 

• the final part of the beamline, with a double Kapton foil septum for safety 

reasons, in order to have an extracted proton beam devoted to cross section 

measurements (100 nA), already designed; 

• the target station for cross section measurements has been already designed at 

LNL and built, ready to be installed; 

• the beam-dump for A9c bunker is in an advanced design phase; 

• the walls of both bunkers must be covered with a special paint to reduce dust 

that could be activated with the start of the research activity; 

• all shielding doors are next to be purchased. 

 



52 

 

 

Figure 13: Civil works in progress for the A9c bunker previous the installation of the roof 

(may 2019) and completion of the whole structure (late summer 2019) 

 

The main features of the proton beams planned for each of the four beamlines of the 

LARAMED facility are listed in Table 10. 

Table 10: Proton-beam characteristics of the four LARAMED beamlines. 

 RIFAC RILAB 

Bunkers RI#1 RI#2 RI#3 A9c 

Expected current 500 µA 500 µA 300 µA 100 nA 

Expected energy 35-70 MeV 35-70 MeV 35-70 MeV 35-70 MeV 
 

My role in the facility design process has been to fix the main specifications expected 

for the beam dump and target station in the A9c bunker, with all the supporting systems 

for their operation (electrical power, gas, and cooling water circuits). The L3c is 

dedicated to nuclear physics experiments (e.g. cross section measurements). The 



 

 

limitation to a maximum current of 100 nA is necessary to observe the regulation 

imposed by the LNL RP unit, considering the thickness of the bunker's walls (1 meter 

in A9c instead of 4 meters in the RI#3 bunker). During my Ph.D. I was charged to 

constantly follow the progress of the civil works, plus plant installations, thanks to 

periodic meetings with the LNL technical services responsible for the construction of 

the infrastructure, the necessary services, the installation of the beam-lines and the rRP 

service. 

To carry out research and development of efficient methods to produce medical 

radionuclides, in addition to the dedicated bunkers, it is necessary to have a laboratory 

for the targets manufacturing and a compound dedicated to the radiochemical separation 

and characterization of the obtained product.  Figure 14 reports a schematic summary 

layout of the LARAMED laboratories on the second floor of the SPES building [49].  

 

Figure 14: Layout of the LARAMED laboratories at the second floor of the SPES building 
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As shown in Figure 14, the LARAMED laboratories include:  

• the RIFAC Laboratory for radioisotopes/radiopharmaceutical production, 

currently not designed yet; 

• the RILAB Target Laboratory, designed for manufacturing solid targets, 

exploiting standard as well as unconventional techniques that will be developed, 

that will be irradiated in the RI#3 and A9c bunkers at the underground level, for 

both nuclear physics and medical radioisotopes production purposes; 

• the RILAB Radiochemistry Laboratory designed for R&D activities on the 

processing of the irradiated targets, separation, purification, and chemical and 

physical quality controls of the final product. In this laboratory, it will be 

possible to carry out these research activities because its layout and 

infrastructure are suitable for managing radioactive materials. RILAB 

Laboratories will be equipped with HVAC system (Heating, Ventilation and Air 

Conditioning) designed to avoid the dispersion of radioactive material, as well 

as with electrical, gas, water supplies, and the necessary radiological and 

environmental protection system.  

The realization of the RILAB Radiochemistry Laboratory has actively involved me for 

some years in the decisions taken concerning the realization of the whole compound, 

with particular attention to the gamma and beta spectroscopy laboratory. I contributed 

to define the instrumentation necessary to allow the operation of a laboratory with the 

aim to get a full characterization of the radioisotopes produced. The main instruments 

that will be present in the spectroscopy laboratory will be two HPGe detectors, shielded 

with 10 cm of lead, with an electrically cooled cryostat. I personally wrote the technical 

specifications and followed the whole process of their purchase. The acceptance test 

phase of the instrumentation was carried out in December 2017 followed by a 

consequent familiarization of the efficiency and energy calibration procedures with the 

related software. The laboratory is also designed to host a detector dedicated to β-

spectroscopy, and, one to perform alpha spectrometry as well. 

A hot-cell, with lead shielding, for radioisotope manipulation with high activity levels 

and related radiochemistry is already installed in the RILAB  radiochemistry laboratory. 

The hot-cell is equipped both with telemanipulators (Figure 15-A) and with manual 

manipulation, supplied with the black protective gloves (Figure 15-B). The back of the 

cell is very bulky (Figure 15-C) and this makes it clear the importance of a correct 



 

 

evaluation and design of the entire compound. In fact, adequate space must be provided 

for this encumbrance outside the compound, as well as for a comfortable maneuvering 

space for the maintenance activities that will take place at the back of the cell. In June 

2019, me and the LARAMED group that will be involved in the practical work in the 

compound following the course to be trained in the use of the cell, as shown in Figure 

15-D.  

 

 

Figure 15: The hot-cell for radioisotope manipulation installed in the RILAB laboratory 
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4.3 The LARAMED project 

As mentioned before, the aim of the LARAMED project will be entirely focused on the 

utilization of the high performance BEST 70p cyclotron, to study unexplored 

production routes and the technological development for the production of novel 

radionuclides useful in nuclear medicine [49]. As already described in the previous 

paragraph, since the infrastructures and laboratory facilities are not yet completed, some 

research lines were carried out, or are still underway, in collaboration with several 

laboratories or hospitals in Italy and abroad. Thanks to this strategy, it was possible to 

start the LARAMED program by working on cyclotron production of conventional and 

emerging radionuclides with several projects, listed in Table 11. Except for the 

APOTEMA project, I was involved in all other research activities listed in Table 11. 

The approach of the LARAMED team to the data analysis, and in particular for the 

cross section measurements, requires at least two persons that perform independently 

the analysis of the same data and, at the end, a comparison of results obtained. In this 

way, eventual discrepancies can be checked by at least two researchers and, at the end 

of the process, discussed with the entire LARAMED team in a dedicated meeting. This 

method was always applied for the results described in my Ph.D. thesis, carried out by 

me and in close collaboration with G. Pupillo.  

Table 11: List of past and running LARAMED’s satellite projects 

Project name INFN already funded/running projects 

APOTEMA (2012-2014) 

TECHNOSP (2015-2017) 

Accelerator-Tc-99m alternative (direct) production route 

through hospital cyclotrons  

COME (2016) COpper MEasurement (Cu-67) 

PASTA (2017-2018) 
Production with Accelerator of Sc-47 for Theranostic 

Applications 

TERABIO (2016-2019) High Power Target concepts R&D (64/67Cu) 

E_PLATE (2018-2019) High intensity vibrational powder plating (Target) 

METRICS (2018-2020) 
Multimodal pET/mRi Imaging with Cyclotron-produced 

Mn-52/51 and stable paramagnetic Mn iSotopes 

 

The goals and main characteristics of each project are briefly reported below. 

 



 

 

4.3.1 APOTEMA and TECHN-OSP 

Technetium-99m (99mTc; t½ =6h, Eγ=140 keV) was the first radionuclide investigated in 

the framework of the LARAMED project, aimed at the study of radionuclides cyclotron 

production, with two INFN projects respectively named APOTEMA (Accelerator-

based Production Of TEchnetium/-Molybdenum for medical Applications, funded in 

2012-2014 by INFN SCN5) and TECHN-OSP (TECHNetium direct-production in 

hOSPital, founded in 2015-2017 by INFN CSN5). 

99mTc still has a fundamental role in nuclear medicine imaging worldwide, being the 

most important γ-emitting medical radionuclide employed in nearly 85% of all 

diagnostic nuclear medicine procedures carried out every year [53]. The conventional 

supply chain of 99mTc is based on the β- decay of the nuclear reactor produced 99Mo 

(t½=66 h). The unplanned, relatively long term, shut down of some of the few reactors 

authorized in the period 2009–2010 has forced the scientific community to investigate 

alternative production routes for 99mTc and its precursor 99Mo [54] [55] [56] [6] [57]. 

The direct cyclotron-based production of 99mTc, already evaluated as feasible alternative 

since 1971 [58], is considered as potential replacement of the reactor-based technology 

[59] [60] [61] [62] [54] [63] [42] [56] [64].   

Since to date more than 40 cyclotrons are already present in Italy [65], the idea behind 

the research activities carried out is to realize the technology to allow the direct 

production of 99mTc in every medical cyclotron, potentially in the easiest way and with 

automatic procedures. To achieve this goal, the following items were studied: 

• Evaluation of the cross sections of the most promising nuclear reactions to 

produce 99mTc; in particular, the 100Mo(p,2n)99mTc reaction [66] [54]; 

• Development of a procedure for the realization of 100Mo targets to be used in 

hospital cyclotrons; 

• Development of a chemical separation/purification process for the extraction of 

Tc from the Mo target [67]; 

• Development of a Mo recovery procedure to re-use the enriched material to 

produce new targets [68]; 

• Determination of the 99gTc/99mTc isomeric ratio and other Tc-contaminants 

expected in the cyclotron-produced 99mTc;  

• Determination of the conformity with the European Pharmacopea as well as the 

radiolabeling efficiency and imaging quality [69] [70]. 
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In addition to these items, radiopharmaceuticals and preclinical studies were 

performed with the cyclotron-produced 99mTc [69] [71] [72]. 

Its noteworthy that, following the new trends for non-HEU-based radionuclide 

production methods, based upon alternative, cyclotron-driven routes, the 

APOTEMA-TECHNOSP research activities have become part of a larger 

international collaborative effort under a coordinated research project (CRP 

F22062), launched by IAEA in 2011, the results of which have been recently issued 

[73]. 

 

 

4.3.2 COME: COpper MEasurement 

The COME project, proposed in the framework of the LARAMED project at LNL in 

collaboration with the INFN‐FE department and the ARRONAX facility (Nantes, 

France) [74], is focused on 67Cu production. Thanks to its peculiar physicochemical 

characteristics, 67Cu is one of the most important emerging isotopes in nuclear 

medicine, and for this reason, it was included by the IAEA in the Coordinated Research 

Project (CRP) on “Therapeutic Radiopharmaceuticals Labelled with New 

Radionuclides such as Astatine-211, Copper-67, Lead-212/Bismuth-212” [75] and in 

the recent CRP focused on the study of “67Cu, 186Re and 47Sc as Emerging Theranostic 

Radionuclides” [76]. 67Cu is the longest lived radionuclide of copper, with a half-life of 

61.83 h and an emitting β- and γ radiation [7]. The energy of β- particles is appropriate 

for therapy (140 keV as mean energy, corresponding to about 200-300 μm range in soft 

tissue), while the 185 keV photons are suitable for pre-therapy low dose imaging 

(SPECT or SPECT/CT). These physical characteristics allow the use of 67Cu for both 

therapy and diagnostic applications, making 67Cu a promising theranostic radionuclide. 

The use of 67Cu is actually curtailed by its low availability: until now its production was 

mainly based on high-energy accelerator (200 MeV protons), by using the 
68Zn(p,2p)67Cu and 68Zn(γ,p)67Cu nuclear reactions [77] [78]. Another charged-particle 

induced reaction is the 70Zn(p,α)67Cu, measured during the ‘90s up to 35 MeV [79]  

[80], but no data at higher energy are available in the international database [7]. With 

the COME project, it was experimentally determined the cross section of 70Zn(p,x)67Cu 

reaction in the still unexplored proton energy region 45-70 MeV.  



 

 

I actively participate in all the aspects of the COME project (described in detail in the 

following chapter), including planning, research funding, schedule of each experiment, 

data analysis, meeting organization and participation, reports, and article drafting.  

 

4.3.3 PASTA: Production with Accelerator of Sc-47 for Theranostic Applications 

Scandium‐47 is one of the few radionuclides, together with 67Cu, that is intrinsically 

suitable for both therapeutic and diagnostic purposes, thanks to its β‐ and γ‐radiation 

respectively useful for therapy and to perform SPECT/CT imaging studies. The main 

advantage of 47Sc‐labelled compounds, and theranostic radionuclides in general, is the 

possibility to perform low‐dose imaging studies prior therapy with the same 

radiopharmaceutical, allowing the selection of patients with a significant chance of 

responding to the specific treatment. The production of 47Sc in enough quantities and at 

a reasonable cost is challenging and the worldwide increasing interest on this topic is 

highlighted by the recent Coordinated Research Project (CRP), promoted by the 

International Atomic Energy Agency (IAEA), focused on the study of “67Cu, 186Re and 
47Sc as Emerging Theranostic Radionuclides” [76].  

The aim of the PASTA project, proposed in the framework of LARAMED at LNL in 

collaboration with the INFN‐FE, INFN-PD, and INFN-PV departments and the 

ARRONAX facility, is thus answering to the increasing request of 47Sc production for 

clinical applications. The cross sections of the most promising proton‐induced nuclear 

reactions to produce 47Sc were measured. This work allowed to select the best 

irradiation parameters considering the co‐production of contaminant radionuclides 

(such as 46Sc) and to study a radiochemical process for the extraction and purification 

of 47Sc.  

Also for the PASTA project (described in detail in a following chapter), I actively 

participate to all the aspects of the experiment, including planning, research funding, 

schedule of each irradiation run, data analysis, meeting organization and participation, 

reports and article drafting. In this case, a master thesis in nuclear physics was also 

carried out in collaboration with the University of Bologna (Italy) [81], regarding the 

cross sections measurements with natV targets. All the experimental data I collected post 

the planned irradiation runs were also provided to student L. De Dominicis who wasn’t 

part of the experimental group. I explained every detail of the experiment and I taught 

her how to carry out all the data analysis in complete autonomy. Thanks to this work, 



60 

 

at the end of the process it was possible to compare her results with mine before drafting 

the scientific articles.  

 

4.3.4 TERABIO innovative technologies for radionuclide ThERApy and 

BIOimaging 

The TERABIO project [49], funded as a special project in 2016 by the Italian Ministry 

of Research (MIUR), aims to research innovative technological solutions in high power 

target realization for radionuclides production. Taking advantage of the presence of the 

70p BEST cyclotron at LNL, this technological R&D aims to study new cyclotron solid 

targets by using increasingly proton current to produce medical radionuclides in enough 

quantities for preclinical and hopefully clinical trials.  

Thanks to the outcomes of the COME project in which I had an active role, it was 

possible to patent the idea of an optimized layout for a target aimed at 67Cu production, 

described in the International Patent n° WO 2019/220224 A1 (November 2019). I am 

the first author of these patents. This layout is the ground for the future work on zinc 

oxide targets, composed of different layers of enriched materials, which is going to be 

developed at LNL. 

 

4.3.5 E_PLATE 

The E_PLATE (Electrostatic Powder pLating for Accelerator TargEts) project [82] 

aims to study HIgh energy VIbrational Powder Plating (HIVIPP) technique to produce 

isotopic target useful for nuclear physics experiments, as measurements of cross 

sections. The HIVIPP method [83] allows to prepare thin targets from metallic powder 

material with high efficiency (95-98%) and high uniformity of the deposit. It is 

extremely useful in the case of enriched powders, thanks to the very small losses.  

I participate to all the crucial aspects of the E_PLATE project, including comments on 

the proposal, participation in all the common meetings, and to the specific meetings 

regarding the realization of the titanium targets used in the PASTA project. I also 

contributed to the drafting of the scientific article, currently in press [84]. 

 



 

 

4.3.6 METRICS 

The METRICS (Multimodal pET/mRi Imaging with Cyclotron-produced Mn-52/51 

and stable paramagnetic Mn iSotopes) project [85] aims to achieve a real matching 

between both PET and MRI scans acquired by using a chemically identical contrast and 

radioactive agent. Manganese is a transition element with paramagnetic properties 

useful for MRI, with two β+ emitter isotopes (51Mn and 52Mn) useful for PET. The 

METRICS project aims to study the development and optimization of 52Mn cyclotron 

production and proper separation and purification method. Manganese production is 

followed by the study of stable Mn(II)-52Mn complexes, carried out in collaboration 

with the INFN-Fe department and the University of Ferrara. 

My contribution to the METRICS project has regarded all the gamma-spectrometry 

acquisitions and data analysis carried out at the Sacro Cuore Don Calabria hospital 

(Negrar, VR, Italy) over the years 2017-2020 years.  In particular, irradiation runs were 

carried out at increasing proton currents to verify target thermo-mechanics behaviuor 

and its activation (2018-2019); during the years 2019-2020, several irradiation runs 

were carried out to develop an efficient radiochemical process to extract Mn-

radionuclides from the natCr bulk. I scheduled all the data acquisition in collaboration 

with the staff of the hospital and I was charged for all data analysis. The experiments 

on radiochemistry are still underway. 
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5 THE COME PROJECT: 67Cu PRODUCTION 

The aim of the COME project (COpper MEasurement) is the measurements of the 

nuclear cross section to produce of 67Cu by using proton accelerators. 67Cu is part of a 

small number of radionuclides, listed in Table 2, that are of interest in theranostics 

thanks to their physical characteristics. Among them, 67Cu is under the spotlight of the 

international community, as highlighted by the IAEA Coordinated Research Project 

(CRP) on “Therapeutic Radiopharmaceuticals Labelled with New Emerging 

Radionuclides (67Cu, 186Re, 47Sc)” (IAEA CRP No. F22053), that started in 2016, in 

which I actively participated thanks to the research work carried out in this thesis on 
67Cu production. 67Cu, with a 2.6 d half-life, is the longest-lived radioisotope of Cu. It 

is a very attractive theranostic radionuclide [21] [86] because it is a pure β- emitter with 

also photon emission (Table 12). The medical interest is due to its long half-life, 

(suitable for imaging in vivo slow pharmacokinetics [21]), medium energy β-emissions, 

significant biological roles in vivo and relatively easy labelling chemistry [22]. 

Moreover, the 185-keV γ-ray allows SPECT imaging of the uptake and biodistribution 

of the agent both before and during the therapy administration. 

Table 12: Decay characteristics of 67Cu as reported in NuDat database 2.7 (NNDC) [7] 

67Cu (half-life 61.83 h 12) 

γ-radiation β--radiation 

Energy (keV) 
 

Intensity (%) 
 

End-point energy (keV) 
 

Intensity (%) 
 

91.266 5 7.00 % 10 168.2 15 1.10 % 11 

93.311 5 16.10 % 20 377.1 15 57 % 6 

184.577 10 48.7 % 3 468.4 15 22.0 % 22 

208.951 10 0.115 % 5 561.7 15 20.0 % 20 

300.219 10 0.797 % 11   

393.529 10 0.220 % 8   

 

67Cu can also be paired with 64Cu (12.7 h half-life and β+ emitter [7]) to perform 

pretherapy biodistribution determinations and dosimetry using PET systems. 



 

 

Production techniques for 64Cu are well known and are usually based on the 
64Ni(p,n)64Cu and 64Ni(d,2n)64Cu reactions [87]. Instead, the use of 67Cu has been 

prevented by a lack of regular availability of sufficient quantities for preclinical and 

clinical studies. The investigation of 67Cu production is, therefore, a crucial point. The 

production methods of 67Cu are listed in Table 13. 

Table 13: Production methods of 67Cu [22] 

67Cu (half-life 61.83 h 12) 

Production method 
67Zn(n,p)67Cu 

70Zn(d,αn) 67Cu 
64Ni(α,p) 67Cu 
68Zn(p,x) 67Cu 
70Zn(p,α) 67Cu 
68Zn(γ,p) 67Cu 

 

As described in the previous chapter, a new proton-beam cyclotron is present at LNL 

and for this reason, our research is focused on nuclear reactions induced by protons with 

a maximum energy of 70 MeV. As shown in Table 13, for our purposes I could 

investigate two different nuclear reactions by using enriched metal targets of 68Zn and 
70Zn.  

In the EXFOR database [88] all the measured and the evaluated cross sections are 

available. Looking at the 68Zn(p,2p)67Cu reaction (Figure 16), I found that it has been 

investigated since the 1950s. The 68Zn(p,2p)67Cu reaction has been evaluated by the 

IAEA in a Nuclear Data Section, where experts select the most reliable cross‐section 

and decay data (Figure 17). From the selected data, in September 2008, the 

recommended cross-section value in the form of excitation functions was derived, 

according to the procedure described by F. T. Tárkányi et al. [89]. Consequently, 

publications after 2008 were not considered in the IAEA evaluation: for this reason, the 

data published also by me in G. Pupillo et al. (2018) [90] [91] are not included. Figure 

16 and Figure 17 show the reaction on 68Zn target, which reaches a maximum cross 

section value of about 10 mb at about 70 MeV. 
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Figure 16: Data present in the EXFOR database for the nuclear reaction 68Zn(p,2p)67Cu [88] 

 

 

Figure 17: IAEA recommended cross sections for the 68Zn(p,2p)67Cu reaction [92] 

The 68Zn(p,2p)67Cu reaction has a maximum cross section of about 10 mb, which does 

not easily allow for large-scale production. The challenge is to find an alternative 

nuclear reaction that makes the 67Cu production feasible, in order to satisfy the request 

and hopefully to start large-scale pre-clinical tests. 

The second interesting nuclear reaction for the cyclotron-based production of 67Cu is 

the 70Zn(p,α)67Cu, measured up to 35 MeV (Figure 18) by V.N. Levkovskij (1991) and 

S. Kastleiner et al. (1999) so far [79] [80]. The 70Zn(p,α)67Cu reaction has a maximum 



 

 

cross section value of 15 mb at about 15 MeV but no data regarding energies higher 

than 35 MeV are available on the EXFOR database [88]. Considering the maximum 

energy available by using compact cyclotrons, as the one installed at INFN-LNL [52], 

the COME project aimed to measure the 70Zn(p,x)67Cu nuclear reaction up to 70 MeV, 

since at Ep > 35 MeV other 67Cu production reaction channels are possible besides the 

highlighted  (p,α) reaction (Table 15).  

  

Figure 18: IAEA evaluation of the 70Zn(p,α)67Cu reaction up to 35 MeV [93] 

I actively participated to the COME project since its conceiving and drafting of the 

scientific proposal to INFN committee. I contributed to define the experiment plan, 

dividing the work into several steps, as listed below: 

• literature study on 67Cu production; 

• identification of experimental problems (e.g co-production of the 67Ga 

radionuclide, which presents the same gamma-lines as 67Cu); 

• purchase of enriched material (70Zn) and thin monitor foils (natAl); 

• design of the collimator and target-holder suitable for the beam-line used; 

• study of the radiochemical procedure to separate Cu-isotopes from Ga-isotopes; 

• planning and realization of the irradiation runs at different energies of the proton 

beam; 

• dissolution and subsequent radiochemical separation of each irradiated 70Zn and 
natAl foils in collaboration with Dr. Martini; 

• spectroscopy measurements of each solution obtained before and after the 

radiochemical process; 
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• data analysis carried out independently both by me and by Dr. Pupillo, to obtain 

the 67Cu production cross section values for different proton beam energies. 

 

5.1 Evaluation of the 70Zn(p,x)67Cu Reaction 

Since there are no data for the 70Zn(p,x)67Cu reaction at energies higher than 35 MeV 

where, due to the higher proton energy, other production channels open in addition to 

(p,α), it was initially consulted the Q-calc tool of the NNDC website to know the Q-

value and the threshold of all possible reactions on 70Zn. In the case of production for 

medical use, Cu-isotopes produced in the 70Zn(p,x) reaction, can be (in theory) 

separated from all the different chemical elements with an appropriate radiochemical 

separation and purification procedure. In general, if the purpose of an irradiation is to 

measure the cross sections and each element of interest produced is easily identifiable 

with γ-spectroscopy measurements, a chemical separation is not necessary. The case of 

the reaction under study is similar to the 68Zn(p,2p)67Cu reaction, whose measurement 

was published in 2018 [91]. Thanks to the previous work, it was already known that, 

among the variety of radionuclides produced during the bombardment of a zinc target, 

the 67Ga (half-life 3.2617 d) is particularly relevant: it presents the same γ-lines of 67Cu, 

since they both decay into 67Zn (Table 14) [94]. Moreover, they have a similar half-life, 

and therefore it is not possible to infer the precise activity of one radionuclide waiting 

for the decay of the other one. For these reasons, a radiochemical procedure aimed at 

the separation of copper from gallium elements is necessary to carry out cross section 

studies on 67Cu production. The COME project was scheduled in order to measure also 

the cross section of the 64Cu co-produced. This result is possible by using an enriched 
63Cu foil instead of a natCu foil to be used during the following separation process as a 

source of the tracer radionuclide of copper-isotopes, 61Cu. The COME experiments 

were not planned with the aim to measure all the produced radionuclides, but only the 

isotopes of interest: 67Cu, 64Cu (to optimize 67Cu production), 67Ga, 66Ga (to avoid γ-

interferences), 65Zn (to estimate the activation of enriched material in view of a future 

recovery and reuse). The whole experimental details are described hereafter. 

 



 

 

Table 14: 67Cu and 67Ga γ-emission lines [94] 

γ radiation 
67Cu 

(T1/2=61.83 h) 

67Ga 

(T1/2=3.2617 d) 

Energy (keV) Intensity (%) Intensity (%) 

91.266 7.00 3.11 

93.311 16.10 38.81 

184.577 48.7 21.410 

208.951 0.115 2.460 

300.219 0.797 16.64 

393.529 0.220 4.56 

 

Table 15 reports the Q-value and the threshold energies for the isotopes of copper and 

gallium produced in the 70Zn(p,x) reactions. 

Table 15: Threshold energies to produce the radionuclides of interest from 70Zn targets [94] 

 Reaction channel 
on 70Zn target 

Q-value 
(MeV) 

Threshold  
(MeV) 

67Cu 

p,α 
p,p+t 

p,n+3He 
p,2d 

p,n+p+d 
p,2n+2p 

2.619 
-17.195 
-17.959 
-21.228 
-23.452 
-25.677 

0 
17.443 
18.218 
21.534 
23.790 
26.047 

64Cu p,3n+α 
p,n+2t 

-23.490 
-34.822 

23.829 
35.324 

61Cu p,4n+2t -62.477 63.377 
67Ga p,4n -27.682 28.081 
66Ga p,5n -38.909 39.469 

69mZn p,d 
p, n+p 

-6.994 
-9.218 

7.094 
9.351 

65Zn p,3n+t -35.528 36.039 
 

Preliminary estimations of the cross sections trends have also been carried out by using 

two nuclear codes, TALYS [95] and PACE4, included in LISE++ package [96], 

obtaining contrasting results (Figure 19). The TALYS code has also been used with a 

set of specific parameters that have been previously optimized by C. Duchemin et al 

(2015) [97], by comparing simulations with experimental values for many nuclear 

reactions (proton- and deuteron-beams, up to 70 MeV and 35 MeV respectively, with 
227Th, 232Th and 225Ac targets). The combined parameters that showed good 

reproducibility for the different nuclear reactions studied are the exciton model for pre-
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equilibrium reaction, numerical transition rates with an optical model for collision 

probability, and the microscopic level densities (Skyrme force) from Hilaire’s 

combinatorial tables [95]. Results of the TALYS code run with this new set of 

parameters are indicated under the name “TALYS*” [97].  

Figure 19 shows that the cross section predictions at energies higher than 35 MeV differ 

significantly from each other, suggesting a possible higher cross section with respect to 

the 68Zn isotope. Hence the need for a precise experimental measurement of the 
70Zn(p,x)67Cu reaction above 35 MeV. The knowledge of the 70Zn(p,x)67Cu cross 

section will provide a new tool to define the best production route of 67Cu, possibly 

giving the opportunity to make this radionuclide available to the scientific community. 

A collaboration with a group of theoretical nuclear physicist  (L. Canton INFN-PD and 

A. Fontana INFN-PV) is ongoing with the aim to compare the results obtained and the 

theoretical trends to identify the validity limits of the entire set of models present in 

TALYS and in other nuclear reaction codes. 

 

Figure 19: Theoretical estimations of the 70Zn(p,x)67Cu reaction by using PACE4 and TALYS 

Theoretical calculations have been also used to predict copper and gallium isotopes 

production in order to better plan the experimental part of the COME project (Figure 

20). Among the different possibilities, TALYS* has been selected since it is the one 

that better described the experimental data for the 68Zn(p,2p)67Cu reaction [90], without 

performing an ad-hoc optimization.  



 

 

 

Figure 20: TALYS* cross section estimation for 70Zn(p,x)xxCu,xxGa reactions 
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5.2 Experimental description 

As the dedicated LARAMED infrastructure is currently under development, the cross 

section measurements were performed in collaboration with the ARRONAX facility 

(Nantes, France) [74]. 

 

5.2.1 The ARRONAX facility 

The ARRONAX facility is based on a multi-particle, high-energy and high-intensity 

IBA cyclotron (Cyclone 70), installed at Nantes (France) in 2007 and fully operational 

since January 2011 [74]. This facility is funded by the Regional Council of Pays de la 

Loire, the University of Nantes, the French government (with the Centre National de la 

Recherche Scientifique, CNRS, and the Institut National de la Santé et de la Recherche 

Médicale, INSERM) and the European Union. The aim of ARRONAX is the production 

of radionuclides for diagnostic and therapeutic applications. Figure 21 reports the 

scheme of the ARRONAX facility without the laboratories around the vaults.  

 

Figure 21: Scheme of the ARRONAX  facility without the laboratories around the vaults [74] 

Four vaults (A1, A2, P2, and P3) are devoted to isotope production and are connected 

to hot cells through a pneumatic system; vault P1 is dedicated to the development of a 



 

 

neutron activator system; vault AX is devoted to research in physics, radiolysis and 

radiobiology [74]. 

The cyclotron can accelerate both positive and negative ions up to 70 MeV. All the 

available beams at ARRONAX and their main characteristics are reported in Table 16. 

Table 16: Characteristics of the available beams at ARRONAX [74] 

Beam Accelerated particles Energy range (MeV) Intensity (µA) Dual beam 

Protons H- 30-70 < 350 Yes 

Protons HH+ 17.5 < 50 No 

Deuterons D- 15-35 < 50 Yes 

α particles He++ 70 < 35 No 

 

Positive ions are extracted with an electromagnetic septum which allows only fixed 

energy for HH+ or α particle beams. Negative ions are extracted using the stripper foil 

technique which offers a wide range of usable energy, from 30 MeV up to 70 MeV. 

This is the technique used to generate the proton beam used in cross section 

measurements of the COME project.  

 

5.2.2 Target preparation and stacked-foils target technique 

The well-known Stacked-foils target technique was used in the cross section 

measurements performed in this work [98]. This technique allows for bombarding many 

target foils, thus obtaining several cross section values at different energy in the same 

irradiation run. As described in the section 3.2, the energy E is calculated as the average 

of the incoming (EIN) and outcoming (EOUT) particle energy in each foil, 𝐸 =

 
(𝐸𝐼𝑁+𝐸𝑂𝑈𝑇)

2
. Since all the irradiations were performed at the ARRONAX facility, the 

stacked-foils technique was chosen in order to optimize the number of irradiations and 

consequently travel expenses. Considering the time needed by the radiochemical 

process and the spectroscopy measurements of all the solutions obtained, only two 70Zn 

target foils were included in each stacked-foils target. 

For each run a stacked-foils target (Figure 22) was irradiated containing [66]: 

- two target foils of 70Zn, 10 μm thick (Znx1 and Znx2); 
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- two aluminum monitor-catcher foils (Nickel in the run #5) (20 μm thick) placed 

right after each Zn foil (Alx1 and Alx2); since in the beam-line dedicated to 

research at ARRONAX it is not possible to know the incident flux on the target 

with sufficient precision, Al monitor foils were used to measure the effective 

beam flux by considering the well-known 27Al(p,x)24Na (and natNi(p,x)57Ni) 

reference reactions recommended by the IAEA [99] [100]; 

- an aluminum foil (2 mm thick) placed among the first Al-monitor and the second 

Zn-target (Al) acting as energy degrader; 

- a 63Cu foil (enrichment 99.7%, about 10 μm thick) to produce the Cu element 

tracer 61Cu (Cux1) (the presence of the 63Cu foil is better explained in the 

description of the radiochemical separation procedure); 

- the aluminum foil (100 μm thick) placed at the end of the stack-structure, used 

as support to give more rigidity and strength to the Znx2, Alx2, and Cu63x thin 

foils. 

 

Figure 22: Graphical representation of the staked foil target configuration 

Target foils of 70Zn were produced at LNL by lamination from highly pure enriched 

powder purchased by Trace (Trace Science International Inc., Delaware, USA) and by 

Chemotrade (Chemotrade GmbH, Dusseldorf, Germany) companies, with the isotopic 

composition reported in Table 17. Both companies supplied zinc with enrichment 

greater than 95% in 70Zn. The main contaminant is 68Zn and its contribution is taken 

into account in the cross section calculation, since the radionuclides of interest in this 

work (67/64Cu, 67/66Ga and 65Zn) are also produced from the 68Zn material. Therefore, if 

the presence of 68Zn in the target is not taken into account, the cross sections associated 

with the reactions on 70Zn would have been incorrect.  

 

 



 

 

Table 17: Isotopic composition of the 70Zn powder purchased by Trace and by Chemotrade 

 Trace Chemotrade 

Element Enrichment (%) 

Zn-70 95.42 95.47 
Zn-64 < 0.02 0.05 
Zn-66 < 0.02 0.27 
Zn-67 0.13 0.07 
Zn-68 4.45 4.14 

 

All foils were cut in a circular shape of 12 mm diameter; the mean thickness was 

calculated by knowing the diameter and the mass of each foil, weighted by using a 

precision scale. Figure 23 reports an example of target foils used in the 5th irradiation. 

 

Figure 23: Picture of target foils used in the 5th irradiation run 

A dedicated target holder was designed and realized in aluminum at INFN-LNL with a 

maximum thickness for the stacked-foils assembly of 2 mm (Figure 24). This device 

can fit the target station of the research beam-line at our disposal at the ARRONAX 

facility (vault AX) and it is optimized for the small dimensions (12 mm in diameter) of 

the enriched and costly materials used during these experiments (70Zn and 63Cu).  

 

Figure 24: Picture of the dedicated target holder (open and closed)  

A dedicated collimator in graphite (cylinder 4 cm long with hole diameter 9 mm) and 

its plastic support were also designed and built at INFN-LNL. Before each irradiation 

run, the target holder and the collimator were aligned on the beam-line of the AX vault 

(Figure 25). The alignment procedure and the collimator, with a smaller hole than the 
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size of the foils, ensure that the proton beam hits exclusively the stacked-foils target, 

thus avoiding the activation of the target holder. As shown in Figure 25, the target holder 

was placed under normal atmosphere downstream at the end of the beam line. The beam 

line was kept under vacuum and closed with a 75 μm thick Kapton foil. The target 

station, in which we place our target-holder, is not fixed and for each irradiation run it 

was necessary to place it again in front of the beam line and assure correct alignment. 

For this reason, the distance from the target holder to the Kapton foil was accurately 

measured for each run, ranging from 14.5 cm to 17.1 cm. The structure of the target 

station does not allow to approach further reduce this distance.  

 

Figure 25: Picture of the target holder, the collimator and its support, installed on the 

dedicated beam-line at the AX vault, during the alignment procedure 

This information allows us to estimate the energy of the beam in each foil included in 

the stacked-target by using the SRIM [41] software, as already described in the chapter 

3. SRIM allows to include configurations of multi-layers targets that, in our case, was 

always composed by Kapton, air layer, Znx1, Alx1, Aldegrader, Znx2, Alx2, and Cu63x. The 

energy E associated with each layer was calculated for each experiment, considering 

the exact thicknesses of all the foils used, previously measured by weighting the foils 

and assuming the standard density (except for enriched materials whose density was 

rescaled considering the isotopic composition). The energy uncertainty for each foil was 

obtained by considering the uncertainty on extracted energy from the cyclotron (±500 

keV) and calculating with SRIM code the energy straggling through each layer of the 

stacked-target; we obtained a maximum value for the beam energy uncertainty of 750 

keV. 

 



 

 

5.2.3 Radiochemical separation procedure xxZn/xxGa/xxCu 

As previously described, the reaction 70Zn(p,x) produces 67Cu and 67Ga isotopes that 

have the same γ-lines, since they both decay into 67Zn (Table 14) [94]. They have also 

a similar half-life and for these reasons, a radiochemical procedure, aimed at the 

separation of copper from gallium elements, was developed by the LARAMED chemist 

team at the Ferrara University in collaboration with the Department of Nuclear 

Medicine of the Ospedale Sant’Orsola of Bologna. It was also chosen to include the 

separation of zinc isotopes for the future development of the recovery of the irradiated 
70Zn. To measure the efficiency of the radiochemical separation, it is necessary to use 

tracer radionuclides. For this purpose, it is required to have isotopes of copper, gallium, 

and zinc elements that present characteristic γ-rays with no interferences with the 

different γ-lines emitted by the co-produced radionuclides. In the case of gallium and 

zinc elements, the selected tracer isotopes are 66Ga (T1/2=9.49 h) and 69mZn (T1/2=13.756 

h), which are directly produced during the proton irradiation of 70Zn target. In the case 

of copper elements, we preferred not to use the 64Cu produced in the target, since its 

1345.77 keV line has low intensity (0.475%) [94], forcing the need of very long spectra 

acquisition times. In order to reduce the time of the spectra acquisition, 61Cu (T1/2=3.339 

h) was selected as tracer radionuclide of copper elements (Table 18). However, as 61Cu 

should not be directly produced in the 70Zn target in the entire energy-range of interest, 

as predicted by the TALYS code and shown in Figure 20, an enriched 63Cu foil was 

added to the stacked-target (Figure 22) and used as a source of 61Cu [80]. By dissolving 

the 63Cu target after irradiation and adding an aliquot of it in the 70Zn dissolved target 

before the separation procedure, we introduced the tracer for the Cu element. By using 

an enriched 63Cu foil (99.7%; 65Cu ≤ 0.3%) the co-production of additional 64Cu is 

avoided, thus allowing also a clean measurement of the 70Zn(p,x)64Cu reaction. The 

production of 64Cu was of particular interest because it is the only copper radionuclide 

that may affect the radionuclidic purity (RNP) of 67Cu-labelled radiopharmaceuticals. 

Table 18: 61Cu γ-emission lines [94] 

61Cu (T1/2 = 3.339 h 8) 
γ-emission Energy [keV] Intensity [%] 

283 12.2 
656 11 
67 4.2 

1185.2 3.7 
373 2.1 
588 1.1 
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Figure 26: Schematic representation with pictures of main steps of the separation procedure 

applied to the irradiated targets 

The basic steps of the developed radiochemical procedure, having a total duration of 

about 4 hours, are (Figure 26): 

• A, B and C: dissolution of the 63Cu foil in HNO3 6 M and consequent 

evaporation, dissolution in HCl 10 M (repeated twice); 

• D: dissolution of the 70Zn target in HCl 10M and addition of a 0.5mL 63Cu 

aliquot to the dissolved zinc thus becoming the “MIX” solution containing all 

Cu, Ga and Zn isotopes; 

• E: Simultaneous treatment of MIX solution by the cation exchange resin in 

which gallium isotopes are retained (66Ga and 67Ga) while Cu and Zn isotopes 

are left to flow through the resin; 

• F: the “xGa” solution eluted from the cation exchange resin under stirring by 

means of a mechanical vortex to ensure the homogeneity of the solution (about 

20 mL) before aliquoting (xGa-Aliquot 5mL); 

• G: the eluted Cu-Zn solution under evaporation before dilution in HCl 2 M 

(repeated twice);  



 

 

• H: simultaneous treatment of Cu-Zn 2 M HCl solution by the anion exchange 

resin in which Zn isotopes are retained (62Zn, 65Zn and 69Zn) while all other 

elements produced, including Cu isotopes (67Cu, 64Cu and 61Cu), are left to flow 

through the resin in the final “xCu” solution; “xZn” solution is then obtained by 

eluting the column with HCl 0.005M. Both solutions of about 20 mL were 

aliquoted for gamma spectrometry analysis (xCu- and xZn-Aliquot 5 mL each). 

All monitor foils (both aluminum and nickel) were dissolved in 10 M HCl directly in a 

5 mL vial suitable for the subsequent spectrometry measurement. It was chosen to 

dissolve also the monitor foils in order to use the same geometry and thus the same 

efficiency of the target foils. The yield of the chemical separation is given in the section 

5.3, and reported in Table 21. 

 

5.2.4 Irradiation runs and acquisition data 

Six irradiation runs were performed at the ARRONAX facility using a proton beam 

with tunable energy (35−70 MeV) and stacked-foils targets, allowing the simultaneous 

bombardment of a set of thin metallic foils (Table 19). The energy of the proton beam 

in the different runs is changed by the cyclotron operators by varying the position of the 

stripper foil. The duration of typical irradiation was 1.5 hours with a constant current 

flow of about 100 nA.  

At the end of each irradiation, the activated target was disassembled behind a leaded 

glass to ensure the radiation protection to the operator. Each foil has been separated and 

stored in a lead radiation shielding container. The next phase was the start of the 

previously described chemical separation procedure in a dedicated laboratory.  

 

Table 19: Irradiation parameters of irradiation runs performed at ARRONAX facility (Nantes, 

Francia) to study the 67Cu production 

Irradiation  

run # 

Proton energy 

(MeV) 

Irradiation time 

(s) 

Mean current 

(nA) 

70Zn targets 

irradiated # 

1 70.3 5390 98.8 2 
2 56.0 5396 100.4 2 
3 61.0 4895 110.5 2 
4 68.0 5406 100.7 1 
5 48.0 7270 102.5 2 
6 56.0 5400 100.4 2 
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After each step of the chemical procedure, a spectrometry measurement was taken to 

follow the whole process by using the tracer radionuclides. For the γ-ray spectrometry 

was used a High Purity Germanium (HPGe) detector with low-background lead and 

copper shielding (10% relative efficiency, FWHM 1.0 keV at 122 keV, Canberra 

GC1020), available at the ARRONAX laboratories (Figure 27). The acquisition of the 

signals took place with an ORTEC’s Multichannel Analyzers that analyzes a stream of 

voltage pulses and sorts them into a spectrum of a number of events, versus pulse-

height, related to the energy of the γ-ray that has generated the signal. The spectra are 

displayed and saved with the program GammaVision.  

 

Figure 27: HPGe detector, a digital multichannel analyzer and the computer with the 

acquisition program, used at ARRONAX to acquire spectra 

The HPGe detector is calibrated for two geometries: in contact with the detector (0 cm) 

or at a distance of 19 cm (Figure 28).  To keep the acquisition geometry constant, 5 mL 

of each solution was always measured in a dedicated plastic vial, as the one shown in 

the image on the right in Figure 28. For both possible acquisition geometries, it was 

provided to us the efficiency of the detector associated with a liquid sample in a vial 

containing 5 mL of a solution whose activity was known for each isotope present. The 

function used for the efficiency calibration is  

𝜖(𝐸) = exp (𝑐1 ∙ 𝐸 + 𝑐2 +
𝑐3

𝐸
+

𝑐4

𝐸2 +
𝑐5

𝐸3 +
𝑐6

𝐸4)                        (5.1) 

where the energies E are expressed in MeV and c1-6 are the parameters determined by 

applying a fitting curve to some measured efficiency value, relative to specific energies, 

obtained by using 5 mL of a reference multi-peak liquid source, purchased to Cerca-

Lea, France, containing the reference radionuclides 241Am, 109Cd, 57Co, 139Ce, 51Cr, 



 

 

113Sn, 85Sr, 137Cs, 88Y, and 60Co. The values calculated by the fitting procedure are 

reported, for both geometries, in Table 20. 

Table 20: Values of the coefficients cx present in the efficiency formula 5.1 for the geometry in 

contact (g0) and at 19 cm (g1) 

Coefficient Value (g0) Value (g1) 

c1 -0.391791000 -0.270847000 

c2 -4.863400000 -8.438260000 

c3 0.756183000 0.713157000 

c4 -0.099995300 -0.095606200 

c5 0.006460440 0.005762700 

c6 -0.000159407 -0.000129671 

 

Usually, the MIX vials, which contain all the activity produced during the irradiations, 

were measured at a distance of 19 cm from the HPGe detector to reduce the dead time. 

The solutions xCu, xGa and xZn were always measured at contact with the HPGe 

detector since they contained only an aliquot of the total activity of the single 

radionuclide (5 mL out of 20 mL). 

 

Figure 28: HPGe detector used at ARRONAX to acquire spectra with indicated geometry in 

contact (g0) and at 19 cm (g1). On the right an example of a vial in the g1 position  

During the first irradiation, the measurement of the vial called MIX, containing the 

dissolved 70Zn foil and the 61Cu aliquot, was not carried out. Although all the other 

acquisitions have been made, the reference of the initial activity before the 
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radiochemical separation procedure was missing. In the second irradiation run the zinc 

foil was dissolved into a glass vial and only later it was moved into a γ-spectrometry 

vial. A fraction of the activity has remained attached to the walls of the glass vial so 

even if in this case the γ-spectrometry of the MIX was made, we did not have a reference 

to the total initial activity.  

From the third irradiation, the zinc foil was dissolved directly into the γ-spectrometry 

vial allowing the measurement of the total initial activity. For this reason, in the data 

analysis, we considered only four irradiations out of the performed six.  

 

 

5.3 Data analysis 

All the spectra acquired at the ARRONAX facility were analyzed by using the 

jRadView software, developed at LNL. As an example, in Figure 29, a spectrum 

obtained after the dissolution phase of the target and the three spectra obtained after the 

chemical separation, are shown. Since the logic of the radiochemical separation carried 

out is aimed exclusively at the measurement of the cross section, the solution called 

xCu, in addition to Cu-isotopes, contains also different elements such as nickel and 

cobalt. This explains the reason why in the spectrum related to the xCu solution there 

are many γ-lines not referable to copper isotopes. Since a tracer was not used for each 

element produced in the 70Zn(p,x) reaction, it was possible to calculate the cross sections 

only for the isotopes of copper (excluding the 61Cu added to the initial solution), gallium 

and zinc. 



 

 

 

Figure 29: Spectra obtained in the fourth irradiation run, before (“Mix”) and after (“xGa”, 

“xZn” and “xCu”) the radiochemical separation  
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The recovery yield of each tracer in the solutions, listed in Table 21, was derived from 

the analysis of the spectra evaluating the tracer fraction in each solution compared to 

the total present in the MIX, as shown in the following equations: 

𝐴𝑐𝑡𝑡𝑟𝑎𝑐𝑒𝑟 
𝐼 : 𝐴𝑐𝑡𝑛𝑢𝑐𝑙𝑖𝑑𝑒 

𝐼 = 𝐴𝑐𝑡𝑡𝑟𝑎𝑐𝑒𝑟 
𝐹 : 𝐴𝑐𝑡𝑛𝑢𝑐𝑙𝑖𝑑𝑒 

𝐹  

 𝐴𝑐𝑡𝑛𝑢𝑐𝑙𝑖𝑑𝑒 
𝐼 = 𝐴𝑐𝑡𝑛𝑢𝑐𝑙𝑖𝑑𝑒 

𝐹 ∙  
𝐴𝑐𝑡𝑡𝑟𝑎𝑐𝑒𝑟 

𝐼

𝐴𝑐𝑡𝑡𝑟𝑎𝑐𝑒𝑟 
𝐹                                   (5.2) 

where ActI
nuclide and ActF

nuclide represent the activity before and after the separation. 

The recovery yield allowed me to correct the activities of the radionuclides of interest 

obtained from the xCu, xGa and xZn solutions to obtain the total activity produced in 

the irradiation run. 

Table 21 Mean purification yield evaluated on all eleven samples expressed in percentage. 

ND= Not Determinable since isotopes characteristic peaks have not been observed in the 

spectra (peaks assessed below the minimum detectable activity)      

% Gallium solution Copper solution Zinc solution 

Ga-66 79 ± 11 2 ± 1 ND 

Cu-61 ND 95 ± 2 ND 

Zn-69 ND ND 84 ± 2 

 

While Cu is all recovered in the Cu solution and no Cu traces were found in the other 

samples, a small amount of 66Ga was found in the Cu solution (2 ± 1 % of the total 66Ga 

activity present in the MIX solution before the separation procedure). This means that 

the first cation exchange resin did not trap efficiently Ga. The presence of 66Ga in the 

copper solution indicates the consequent presence of 67Ga which must be taken into 

account in the cross section determination by using the branching ratio correction (BR 

= branching ratio). Starting from the formula to calculate the activity from the spectra 

𝐴𝑐𝑡𝑚𝑒𝑎𝑠 =
𝐶

𝜀(𝐸)𝐼(𝐸)𝑡𝐿
 and knowing the total number of counts attributed to the 184 keV 

and 300 keV γ-lines (C184 and C300), due only to the 67Cu and 67Ga activities (ActCu67 

and ActGa67), the BR correction consisted in the solution of the following two equation 

system [101]: 

 

 



 

 

{
𝐶184 = 𝑘1𝐴𝑐𝑡𝐶𝑢67 + 𝑘2𝐴𝑐𝑡𝐺𝑎67

𝐶300 = 𝑘3𝐴𝑐𝑡𝐶𝑢67 + 𝑘4𝐴𝑐𝑡𝐺𝑎67

 

 
𝑘1 = 휀184𝐼𝐶𝑢67

184  𝑡𝐿 𝑘2 = 휀184𝐼𝐺𝑎67
184  𝑡𝐿

𝑘3 = 휀300𝐼𝐶𝑢67
300  𝑡𝐿 𝑘4 = 휀300𝐼𝐺𝑎67

300  𝑡𝐿
                           (5.3) 

 

𝐴𝑐𝑡𝐺𝑎67 =
𝑘1𝐶

300 − 𝑘3𝐶
184

𝑘4𝑘1 − 𝑘3𝑘2

𝐴𝑐𝑡𝐶𝑢67 =
𝑘4𝐶

184 − 𝑘2𝐶
300

𝑘4𝑘1 − 𝑘3𝑘2

 

 
The BR correction, as the other described below, is taken into account in the uncertainty 

calculation of the final cross section value.  

Also the kinematic recoil effect must be considered in the activity estimation. In fact, 

some atoms jump out one foil and they are trapped in the following one; this effect is 

particularly evident in thin foils (thickness in the order of 10 µm) and light atoms, as in 

case of 24Na produced in the natAl monitor foil and caught by the 63Cu foil (Figure 30). 

For 24Na, the maximum value of the recoil effect was 21.1%, for Ga and Cu 

radionuclides was 2.6% and 2.3% for 69mZn. The activities of the radionuclides of 

interest were corrected for the recoil effect in order to consider the total number of the 

atoms of each radionuclide produced in the irradiation.  

 

Figure 30: Graphical representation of the Recoil effect in a typical stacked-foils target 

If necessary, the activity must be further corrected for the Weight Factor to consider 

that the γ-spectrometry is performed only on 5 mL out of 20 mL. The final activity at 

EOIB was calculated by using the Formula 3.12 and, when necessary, applying the 

corrections of the Recoil Effect, Chemical Yield, Branching Ratio, and Weight Factor 

(Table 22).  

 



84 

 

Table 22: Corrections to the activity at EOIB for each solution 

 Solution Recoil effect Chemical Yield BR method Weight factor 
67Cu xCu x x x x 
64Cu xCu x x  x 
67Ga xGa x x  x 
66Ga MIX x    

69mZn MIX x    
65Zn xZn x x  x 

 

Since in the beam line used it is not possible to know with sufficient precision the beam 

flux, a natAl foil was used for this purpose by referring to the well-known natAl(p,x)24Na 

monitor reaction recommended by the International Atomic Energy Agency (IAEA) 

[99]. As shown in Figure 30, a natAl foil was placed immediately after each 70Zn target 

in all irradiation runs, also acting as a catcher. In this way, having two adjacent thin 

foils, it was assumed that the beam flux through them is the same. The cross sections, 

as a function of energy, were then calculated by using the equation 3.14. 

 

Figure 31: Recommended cross section for the 27Al(p,x)24Na reaction with uncertainties [99] 

The values of the reference cross section used, with related uncertainty, are reported in 

Table 23 [99]. The uncertainty varies from 5% to 8% and this is the major contribution 

to the uncertainty of the measured cross section. 

 



 

 

Table 23: The IAEA natAl(p,x)24Na monitor reaction values and related uncertainties [99] 

Energy  

[MeV] 

Reference cross section  

[mb]  

44.4 ± 0.7 2.9 ± 0.7 
47.5 ± 0.6 4.4 ± 0.3 
50.7 ± 0.5 6.3 ± 0.5 
55.7 ± 0.5 9.0 ± 0.6 
56.0 ± 0.8 9.2 ± 0.7 
60.7 ± 0.5 10.8 ± 0.5 
67.7 ± 0.6 11.6 ± 0.5 

 

The nuclear data used in the data analysis performed to obtain the 67Cu, 64Cu, 67Ga, 
66Ga, 65Zn, and 69mZn cross sections are reported in Table 24. 

The results obtained are corrected for the contribution due to the presence of 68Zn (about 

4%) in the target (Table 17) [101]. In the case of 67Cu, 67Ga, and 66Ga radionuclides, the 

most recently measured values of the excitation functions from 68Zn targets were 

considered [90].  

Table 24: Nuclear data used in the 67Cu, 64Cu, 67Ga, 66Ga, 65Zn and 69mZn  cross section 

calculations [7] 

Isotope Half-life Energy [keV] Intensity [%] 
67Cu 61.83 h 12 184.577 10 48.7 3 

  300.219 10 0.797 11 
64Cu 12.701 h 2 1345.77 6 0.475 11 
67Ga 3.2617 d 5 184.576 10 21.410 10 

  300.217 10 16.64 12 
66Ga 9.49 h 3 833.5324 21 5.9 3 

  1039.220 3 37.0 20 
65Zn 243.93 d 9 1115.539 2 50.04 10 

69mZn 13.756 h 18 438.634 18 94.85 7 

 

For the 64Cu, the IAEA recommended cross section was used [102] and for the 65Zn 

radionuclide was used the only available experimental data on the EXFOR database 

[103] [88]. The 69mZn radionuclide is not produced by proton-beams in 68Zn targets and 

for this reason, this correction is not necessary. For the 67Cu, 64Cu and 67Ga 

radionuclides the correction due to 68Zn presence in the target is lower than 4%. Final 

results for all the measured 70Zn(p,x)67Cu, 64Cu, 67Ga, 66Ga, 69mZn, 65Zn  cross sections 

are rescaled to 100% enriched 70Zn and listed in Table 25. In the calculation of the final 

error, all the corrections that had to be applied were considered. This work is also 

described in a dedicated paper we have published [101]. 
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Table 25: Cross sections of the 70Zn(p,x)67Cu, 64Cu, 67Ga, 66Ga, 69mZn, 65Zn reactions referred 

to 100% enriched 70Zn targets 

Energy [MeV] 67Cu [mb] 64Cu [mb] 67Ga [mb] 66Ga [mb] 69mZn [mb] 65Zn [mb] 
44.7 ± 0.7 8.0 ± 1.3 48.0 ± 4.6 281.2 ± 42.8 3.2 ± 0.6 84.3 ± 7.4 6.2 ± 1.2 

47.7 ± 0.6 10.8 ± 1.9 57.3 ± 5.3 214.0 ± 33.8 4.1 ± 0.8 71.5 ± 6.3 7.1 ± 1.3 

50.8 ± 0.5 12.7 ± 2.2 51.1 ± 5.3 172.1 ± 27.0 11.4 ± 2.1 66.5 ± 5.6 8.2 ± 1.5 

55.8 ± 0.5 16.8 ± 3.0 45.2 ± 4.0 120.1 ± 18.6 31.4 ± 6.1 60.5 ± 4.7 11.9 ± 2.1 

56.0 ± 0.8 18.7 ± 3.4 48.0 ± 4.5 135.6 ± 21.0 37.2 ± 7.3 68.6 ± 5.1 14.3 ± 2.6 

60.8 ± 0.5 20.1 ± 3.6 33.0 ± 2.7 97.3 ± 14.2 46.8 ± 8.5 65.7 ± 4.1 28.2 ± 4.7 

67.8 ± 0.6 21.5 ± 4.0 23.2 ± 1.7 59.7 ± 7.7 34.5 ± 5.1 54.8 ± 2.8 65.3 ± 10.5 

 

Our experimental data were compared with the calculations obtained using the TALYS 

nuclear code (version 1.9) [23]. TALYS was used with the default set of parameters and 

by using a different set of parameters proposed by C. Duchemin et al. [97] (indicated 

with TALYS* on the legend of each graph).  

 

5.3.1 70Zn(p,x)67Cu, 64Cu cross sections 

Results obtained for the 70Zn(p,x)67Cu nuclear reaction are illustrated in Figure 32. No 

literature data are available in the energy range investigated (45-70 MeV) [88]. This 

nuclear reaction was already measured up to 35 MeV [79] [80] and evaluated by the 

IAEA up to 40 MeV [93] (Figure 18); these data are reported in Figure 32 for 

completeness. Different irradiation runs showed a regular increasing trend of the 

reaction in the energy range investigated (45-70 MeV) that is well described by the 

TALYS calculation with the default set of parameters, even if with an overestimation 

of the cross section. At this moment, it is not possible to predict the entire trend of the 

reaction and it would be necessary to perform a dedicated measurement in the energy 

range 30-45 MeV in order to link our new data with the previous estimation of the (p,α) 

channel. It was not possible to investigate also this energy range due both to the limited 

time duration of the project and the limited funds assigned to the COME project to cover 

all expenses.  

The experimental values obtained by S. Kastleiner et al. [79] (enrichment of the 70Zn 

85.03%) well reproduced by the IAEA fit up to 33 MeV while in the energy range 33-

35 MeV there is a discrepancy not only with the IAEA fit but also with the TALYS 

results obtained with both set of parameters (Figure 32). Following the method 



 

 

described by S.M. Qaim et al. [104], data by V.N. Levkovski [80] are rescaled by a 

factor of 0.77 to consider the recent IAEA evaluation [44] [45] of the natMo(p,x)96g+mTc 

monitor cross section used by the author (250 mb vs 192.82 mb at EP = 30 MeV). The 

new data by V.N. Levkovsky (Figure 32) are not in agreement either with the IAEA fit 

or with TALYS results obtained with both set of parameters. 

 

Figure 32: Results of the 70Zn(p,x)67Cu nuclear cross section 

 

Figure 33 reports the first experimental data of the 70Zn(p,x)64Cu nuclear reaction, 

showing a regular trend in the energy range investigated. In this case, there is an evident 

discrepancy between the TALYS calculations and the measured values.  

In Figure 34 it is evident that the trend of the 70Zn(p,x)64Cu reaction declines when EP 

> 48 MeV, whereas for the 70Zn(p,x)67Cu reaction it increases in the entire energy range 

investigated. However, the cross section values for 64Cu production are always higher 

than those of 67Cu, as shown in Figure 34. 
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Figure 33: Results of the 70Zn(p,x)64Cu nuclear cross section 

 

Figure 34: Results of the 70Zn(p,x)67,64Cu nuclear cross sections 

 

5.3.2 70Zn(p,x)67Ga, 66Ga cross sections 

In view of a potential use of enriched 70Zn targets to produce 67Cu, it is important to be 

able to estimate the production of 66Ga and 67Ga radionuclides since they must be 

considered in the optimization of the radiochemical procedure necessary for copper 

separation and purification. In Figure 35 and Figure 36 are reported the results of the 
70Zn(p,5n)66Ga and 70Zn(p,4n)67Ga cross sections. The 66Ga reaction cross section 



 

 

shows a 50 mb peak around 61 MeV, while the 67Ga reaction cross section apparently 

has a peak at lower energy (EP < 45 MeV). As in the case of 64Cu, the experimental 

trend is not properly described by TALYS estimations. 

 

Figure 35: Results of the 70Zn(p,4n)67Ga nuclear cross section 

 

 

Figure 36: Results of the 70Zn(p,5n)66Ga nuclear cross section 
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5.3.3 70Zn(p,x)65Zn,69mZn cross sections 

The first measurement of the 70Zn(p,x)65Zn cross section is reported in Figure 37. The 

measurement of 65Zn production is of particular interest in the case of the optimization 

of the 70Zn recovery process since it is the longest-lived radioactive contaminant present 

in the irradiated material. The amount of 65Zn product allows to estimate a suitable 

decay time before reprocessing of the irradiated material. As the 65Zn activity is 

measured from the xZn solution containing only zinc isotopes, no interference with the 

1115 keV γ-line from 65Ni can occur. The experimental data showed a regular 

increasing trend of the reaction in the energy range investigated (45-70 MeV) which, 

however, is not properly described by the theoretical calculation, although TALYS 

reproduces the general trend better than TALYS*. There is however an evident 

discrepancy in the initial trend of the reaction, which has 36 MeV as threshold energy 

with the 70Zn(p,3n+t)65Zn channel (Table 15). Indeed, in the two lower energy points 

(44.7 and 47.7 MeV) the measured cross section is between 6 and 7 mb, while both 

TALYS and TALYS* predict the start of the cross-section trend at around 47 MeV 

(Figure 37). This could be due to reactions on other Zn-isotopes present as impurities 

in the enriched material (Table 17), even if the contribution due to the 68Zn was already 

corrected. It has to be noted that the 64Zn, 66Zn and 67Zn isotopes have negligible 

abundance in the target materials used. The reaction channel 70Zn(p,6n)65Ga→65Zn has 

a threshold of 48.7 MeV and cannot explain the obtained value of about 6 mb at 44.7 

MeV. In addition, despite the lowest threshold value for the 70Zn(p,x)65Zn reaction is 

36 MeV, the production of 65Zn from 70Zn target was also observed in the energy range 

between 12 and 45 MeV by Schwarzbach in 2001 [105].  

Figure 38 reports the results of the 70Zn(p,x)69mZn cross section, together with TALYS 

estimations and literature data [80]. Also in this case, the data by V.N. Levkovskij was 

rescaled by a factor of 0.77 (as previously described for the 70Zn(p,x)67Cu reaction). 

There is a general agreement in the trend of the 70Zn(p,x)69mZn cross section between 

TALYS* and our measurements. It would be interesting to complete the entire trend 

with new data in the 30-45 MeV energy range. 



 

 

 

Figure 37: Results of the 70Zn(p,x)65Zn nuclear cross section 

 

 

Figure 38: Results of the 70Zn(p,x)69mZn nuclear cross section 
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5.4 Comparison of 67Cu production by using 70Zn and 68Zn 

targets 

The new results obtained for the 70Zn(p,x)67Cu nuclear reaction were compared with the 

well-known 68Zn(p,x)67Cu nuclear reaction to understand which is the most convenient 

route to produce 67Cu. The comparison between the two proton-induced nuclear 

reactions is shown in Figure 39. It is evident that for Ep > 48 MeV the reaction with 
70Zn target has a higher yield: for example, at 70 MeV the cross section value is almost 

twice than the recommended one regarding 68Zn targets. To quantify the 67Cu activity 

produced with a proton beam in the 45-70 MeV energy range I performed thick target 

yield (TTY) calculations following the Formula 3.18, reported in the IAEA Technical 

report series n° 468 [47]. The 67Cu production yield in the energy range investigated 

considering I=1 µA and Tirr=62 h (about 1 half-life of 67Cu) is 70% higher by using 70Zn 

target instead of 68Zn target, as shown in Table 26. 

In the case of 67Cu production with simultaneous minimization of 64Cu co-production, 

the irradiation parameters can be optimized. The comparison between the 70Zn(p,x)64Cu 

and 68Zn(p,x)64Cu nuclear cross sections are shown in Figure 40, where it can be noted 

that in the energy range investigated the reaction with 70Zn target is decreasing while it 

is increasing with 68Zn target.  

 

Figure 39: Comparison between the 70Zn(p,x)67Cu and 68Zn(p,x)67Cu  nuclear cross sections 



 

 

Table 26: Comparison between 67Cu production yield in the 45-70 MeV energy range for 
68/70Zn targets (I=1 µA; Tirr=62 h) 

Irradiation 

parameters 
Target Isotope MBq/µA mCi µA 70Zn/68Zn 

45-70 Mev 68Zn 67Cu 
1007 27 

1.7 Tirr = 62 h 70Zn 1718 46 
 

 

Figure 40: Comparison between the 70Zn(p,x)64Cu and 68Zn(p,x)64Cu  nuclear cross sections 

The ratio 67Cu/64Cu of nuclear cross sections obtained with 68Zn and 70Zn targets is 

presented in Figure 41. This graph is useful to identify the energy ranges in which is 

maximized the production of 67Cu and minimizes 64Cu.  
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Figure 41: Comparison between the ratio 67Cu/64Cu of nuclear cross sections obtained with 
68Zn and 70Zn targets 

The result reported in Figure 41 allowed us to identify the optimal energy ranges to 

produce 67Cu using the two different target materials. Up to an energy of 56 MeV it is 

convenient to use 68Zn target, while for energies higher than 56 MeV it is convenient 
70Zn target (Figure 41). This multi-layer target configuration is described in the 

International Patent n° WO 2019/220224 A1 (November 2019), shown in Figure 42. 

The calculated yield of 67Cu and 64Cu radionuclides in the energy range 35-70 MeV are 

presented in Table 27 and Table 28, respectively for a multi-layer target (70Zn and 68Zn) 

and a thick 68Zn target, considering in both cases I=1 µA and Tirr=62 h. 

 

Table 27: 67Cu and 64Cu production yields for the two energy ranges (35-56 MeV and 56-70 

MeV) for a multi-layer 70Zn/68Zn target configuration (I=1 µA; Tirr=62h) 

Tirr = 62 h Target Isotope MBq/µA TOT (MBq/µA) mCi/µA 

35-56 MeV 68Zn 67Cu 
591 

1800 49 56-70 MeV 70Zn 1209 
35-56 MeV 68Zn 64Cu 

3540 
5400 146 56-70 MeV 70Zn 1879 

 

 

Table 28: 67Cu and 64Cu production yields in the 35-70 MeV energy range for 68Zn target (I=1 

µA; Tirr=62h) 

Tirr = 62 h Target Isotope MBq/µA mCi/µA 

35-70 MeV 68Zn 67Cu 1246 34 
64Cu 6491 175 

 

Table 27 and Table 28 show that a multi-layer 70Zn/68Zn target produces 45% more 67Cu 

and 17% less 64Cu in comparison with thick 68Zn targets, for the same energy range and 

irradiation parameters. These theoretical results allowed me to propose a multi-layer 

target structure in which is present a second 70Zn layer to exploit the 70Zn(p,α)67Cu 

reaction in the energy range 25-10 MeV, as schematized in Figure 42. 



 

 

 

Figure 42: Schematic description of the multi-layer target configuration as proposed in the 

International Patent n° WO 2019/220224 A1 (November 2019) 

In the energy range 25-35 MeV the 67Cu production cross section is low for both targets 

and a degrader has been proposed to cover this energy range. The 67Cu and 64Cu 

production yields for this multi-layer target configuration (I=1 µA; Tirr=62 h) are 

reported in Table 29.  

Table 29: 67Cu and 64Cu production yields for a multi-layer target configuration (I=1 µA; 

Tirr=62 h) 

Tirr = 62 h Target Isotope MBq/µA TOT (GBq/µA) mCi/µA 

56-70 MeV 70Zn 
67Cu 

1209 
≈ 2 53 35-56 MeV 68Zn 591 

10-25 MeV 70Zn 226 
56-70 MeV 70Zn 

64Cu 
3540 

≈ 5.4 146 35-56 MeV 68Zn 1879 
10-25 MeV 70Zn 0 

 

Since the TTY is directly proportional to the beam current, one of the main objectives 

in the near future will be the development of the technology for the production of 

enriched zinc targets capable of withstanding enough high current to ensure a sufficient 
67Cu production for medical applications.  

The importance of this goal is underlined by the theraputic studies carried out with 

[64Cu]CuCl2 in which a single therapeutic dose is about 100 mCi [106].  

The LARAMED group is going to explore the entire production cycle of 67Cu by 

developing the technology for target production, the main challenge for the large-scale 

production, the chemical separation, the purification procedure and the target recovery. 

Hopefully, studies on the realization of thick Zn targets will begin in 2021; to date, some 
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unconventional manufacturing techniques are under investigation to work out the 

technological challenge to get the assembly of the different layers requested. To recover 

the irradiated Zn it will be necessary to provide a separation between the two different 

isotopes used in the multi-layer target described: this aspect is an additional challange 

to carefully analyse. Indeed, the target recovery will be a fundamental step due to the 

price of enriched zinc. The market prices of enriched materials vary depending on the 

request and the difficulty in obtaining the required enrichment. As an example, Table 

30 shows the offer obtained by the CHEMOTRADE company in March 2018 for 70Zn 

and 68Zn. 

Table 30: Offer obtained by CHEMOTRADE company in March 2018 for 70Zn and 68Zn in 

metal powder 

Isotope 
Natural 

abundance [%] 

Enrichment 

[%] 
Form Quantity (mg) €/mg 

68Zn 18.5 99.2 
oxide 100 5.8 
metal 100 5.8 

70Zn 0.6 
98.7 oxide 100 23 
95.4 metal 100 23 

 

Furthermore, a collaboration with experts in dosimetric calculations (L. Melendez-

Alafort IOV and L. De Nardo INFN-PD) is ongoing, with the goal of finding out the 

effective dose due to the administration of 67Cu and 64Cu radionuclides both for the 

CuCl2 form and for specific Cu-labelled radiopharmaceuticals. 

  



 

 

 

6 THE PASTA PROJECT 

The aim of the PASTA project (Production with Accelerator of Sc-47 for Theranostic 

Applications), developed in the framework of LARAMED [49] at INFN-LNL, is to 

study the production of 47Sc by using proton accelerators. 47Sc is one of the 

radionuclides of interest in theranostic thanks to its β- and γ-radiation (Table 31) which 

make it suitable for both therapeutic and diagnostic purposes. The interest on 47Sc, 

suggested as emerging theranostic radionuclide in the IAEA CRP started in 2016 [76], 

is also due to the possibility to pair it with a β+ emitter isotope, such as 44gSc and 43Sc, 

allowing to carry out also PET screenings [107].  

Table 31: Nuclear data of 47Sc [7] 

Isotope Half-life Energy [keV] (Intensity [%]) β- Mean energy [keV] (Intensity [%]) 
47Sc 3.3492 d 6 159.381 15 (68.3 % 4) 162.0 21 (100 % 8) 

 

The limiting factor for clinical and preclinical studies with 47Sc-labeled 

radiopharmaceuticals is the lack of 47Sc availability. 47Sc can be produced via different 

nuclear reaction routes by using cyclotrons, nuclear reactors, and electron linear 

accelerators. In all cases, it is possible to produce 47Sc, either directly, or by the decay 

of a parent 47Ca radionuclide, as shown in Table 32. 

Table 32: Direct and indirect reactions to produce 47Sc with the nuclear reactions induced by 

charged particles or neutrons 

 
Target 

Cyclotrons/Electron Linac Nuclear reactor 

 p d α n 

D
ir

ec
t r

ea
ct

io
ns

 Ti 50Ti(p,α) 47Sc 50Ti(d,αn) 47Sc  47Ti(n,p)47Sc  
(fast neutrons) 49Ti(p,2pn) 47Sc 49Ti(d,α)47Sc  

48Ti(p,2p) 47Sc 48Ti(d,2pn)47Sc  
 47Ti(d,2p)47Sc  

Ca 48Ca(p,2n) 47Sc 
48Ca(d,3n)47Sc 

44Ca(α,p)47Sc 
 

46Ca(d,n)47Sc  
V 51V(p,αp) 47Sc    

In
di

re
ct

 
re

ac
tio

ns
 Ti 50Ti(p,3pn)47Ca→47Sc 50Ti(d,αp)47Ca→47Sc   

49Ti(p,3p)47Ca→47Sc   
Ca 48Ca(p,pn)47Ca→47Sc 48Ca(d,p2n)47Ca→47Sc  46Ca(n,γ)47Ca→47Sc  

  46Ca(d,p)47Ca→47Sc  (thermal neutrons) 
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Among all the possible 47Sc production reactions, the LARAMED group, stimulated by 

the presence of the new proton-cyclotron at LNL, is interested in the study of the 

different reactions induced by proton beams. As in the case of the COME project, I was 

involved since the conception of the PASTA project and I took part in every step of the 

experiment. I actively participated in the writing phase of the project and I contributed 

to defining the structure of the experiment by dividing the work into several phases, 

shown below: 

• study of literature on 47Sc production; 

• purchase of target materials (enriched Ti-metallic powders and natV foils) and 

thin monitor foils (natAl and natNi); 

• realization of the targets; 

• planning and realization of the irradiation runs at different energies of the proton 

beam; 

• γ-spectroscopy measurements of each irradiated foil; 

• data analysis to obtain the 47Sc production cross section for different proton 

beam energies and different target materials. 

Considering the medical application of 47Sc, the main purpose of the PASTA project is 

therefore to find the best proton-induced nuclear reaction and the optimal energy range 

that allows an enough 47Sc production and a simultaneous minimization of the co-

production of all possible contaminants [108] [109]. Particular attention must be paid 

to the other Sc-isotopes since they cannot be chemically separated from the produced 
47Sc. Among the Sc-isotopes, the most critical is the 46Sc as it has a longer half-life 

(half-life 83.79 d) than the 47Sc (half-life 3.3492 d). 

Observing the natural abundances of the target materials that allow for the production 

of 47Sc with proton beams, reported in bold in Table 33, and taking into account the cost 

of enriched materials as well, it was chosen to avoid the use of calcium targets and to 

focus the project on the titanium isotopes and natural vanadium.  

 

 

 



 

 

Table 33: Natural abundance of target materials that allow the production of scandium 

isotopes considering a 70 MeV proton beam (47Sc is produced from bold isotopes) [7] 

Target Abundance (%) 
51V 99.750 2 
50V 0.250 2 
50Ti 5.18 2 
49Ti 5.41 2 
48Ti 73.72 3 
47Ti 7.44 2 
46Ti 8.25 3 

48Ca 0.187 21 
46Ca 0.004 3 
44Ca 2.09 11 
43Ca 0.135 10 
42Ca 0.647 23 
40Ca 96.94 16 

 

The composition of the natV validates the use of easily available commercial foils to 

study 47Sc production. Instead, in the case of natural titanium, the most abundant isotope 

is 48Ti but with a percentage far from 100%. Considering the composition of natTi (Table 

33) it is not possible to extract from the whole cross sections the contribution of each 

titanium isotope to the production of the specific radionuclides of interest. Indeed, the 
natTi(p,x)47Sc reaction has been widely studied by many research groups, but no energy 

range has been found in which the 47Sc, and not the 46Sc, is produced, as shown in 

Figure 43 and Figure 44 [88]. For these reasons, one of the aims of the PASTA project 

is to study the reactions on different Ti-isotopes separately that have been barely 

investigated: indeed, no data are available for the 49Ti(p,x)47Sc cross section and a few 

data sets are published for the 50Ti(p,x)47Sc and 48Ti(p,2p)47Sc reactions, as reported in 

Figure 45 and Figure 46 [110] [80].  
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Figure 43: Cross section for natTi(p,x)47Sc reaction extracted from the EXFOR DataBase [88] 

 

Figure 44: Cross section for natTi(p,x)46Sc reaction extracted from the EXFOR DataBase [88] 



 

 

 

Figure 45: Cross section for 50Ti(p,α)47Sc reaction extracted from the EXFOR DataBase [88] 

 

 

Figure 46: Cross section for 48Ti(p,2p)47Sc reaction extracted from the EXFOR DataBase [88] 

On the contrary, the nuclear reactions induced on natV targets (Figure 47) have been 

measured by many authors, as reported in literature [111] [112] [113] [114] [115] [116].  
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Figure 47: Cross section for natV(p,x)47Sc reaction extracted from the EXFOR DataBase [88] 

 

To better plan the experiments, the National Nuclear Data Center (NNDC) database was 

consulted to identify the main radionuclides produced with the chosen targets and a 70 

MeV proton beam. Table 34 reports the Q-values and the lower thresholds of possible 

reactions on 51V to produce the radionuclides of interest.  

Table 35, Table 36, and Table 37 report the Q-value and the lower threshold of possible 

reactions on 50Ti, 49Ti, and 48Ti to produce the same radionuclides.  

Table 34: Threshold energies to produce the radionuclides of interest from 51V targets with 

proton bombardment [94] 

 Reaction channel 
on 51V target 

Q-value 
(keV) 

Threshold  
(keV) 

48Sc 
p+3He 
2p+d 
n+3p 

-22631.22 4.97 
-28124.7 4.97 
-30349.26 4.97 

23078.8 5.07 
28680.92 5.07 
30949.48 5.07 

47Sc 

p+α 
d+3He 
2p+t 

n+p+3He 
p+2d 

n+2p+d 
2n+3p 

-10292.17 1.97 
-28645.22 1.97 
-30106.03 1.97 
-30869.79 1.97 
-34138.7 1.97 
-36363.26 1.97 
-38587.83 1.97 

10495.72 2.01 
29211.74 2.01 
30701.44 2.01 
31480.3 2.01 

34813.86 2.01 
37082.42 2.01 
39350.98 2.01 

46Sc d+α -18714.293 0.792 19084.408 0.808 



 

 

n+p+α 
t+3He 

-20938.86 0.792 
-33034.684 0.792 

21352.97 0.808 
33688.016 0.808 

44Sc 
n+t+α 

2n+d+α 
3n+p+α 

  -32544.93 1.8 
 -38802.16 1.8 
-41026.73 1.8 

   33188.58 1.84  
39569.55 1.84 
41838.12 1.84 

43Sc 
2n+t+α 
3n+d+α 
4n+p+α 

-42244.13 1.91 
  -48501.36 1.91 
-50725.92 1.91 

   43079.6 1.94 
49460.58 1.94 
 51729.14 1.94 

43K 
p+2α 

d+3He+α 
2p+t+α 

-20478.287 0.573 
-38831.34 0.573 
-40292.15 0.573 

20883.29 0.585 
39599.312 0.585 
41089.01 0.585 

42K 
d+2α 

n+p+2α 
t+3He+α 

-27878.402 0.415 
-30102.967 0.415 
-42198.79 0.415 

28429.758 0.423 
30698.318 0.423 
43033.36 0.423 

48V 
n+t 

2n+d 
3n+p 

-23458.3 1.05 
-29715.54 1.05 
-31940.1 1.05 

23922.24 1.08 
30303.22 1.08 
32571.78 1.08 

51Cr n -1534.794 0.213 1565.148 0.217 
49Cr 3n -23795.77 2.28 24266.38 2.32 
48Cr 4n -34378.12 7.33     35058.02 7.48 

 

 

Table 35: Threshold energies to produce the radionuclides of interest from 50Ti targets with 

proton bombardment [94] 

 Reaction channel 
on 50Ti target 

Q-value 
(keV) 

Threshold  
(keV) 

49Sc 2p -12159.0 3.0 12405.0 3.0 

48Sc 

3He 
p+d 
n+2p 

-14570.0 5.0 
-20064.0 5.0 
-22288.0 5.0 

14864.0 5.0 
20468.0 5.0 
22738.0 5.0 

47Sc 

α  
p+t 

n+3He 
2d 

n+p+d 
2n+2p 

-2231.0 1.9 
-22044.9 1.9 
-22808.6 1.9 
-26077.5 1.9 
-28302.1 1.9 
-30526.7 1.9 

2276.0 2.0 
22489.6 2.0 
23268.7 2.0 
26603.6 2.0 
28873.0 2.0 
31142.5 2.0 

46Sc 
n+α  
d+t 

n+p+t 

-12877.7 0.7 
-30467.0 0.7 
-32691.6 0.7 

13137.5 0.7 
31081.6 0.7 
33351.0 0.7 

44Sc 
3n+α 
n+2t 

2n+d+t 

-32965.6 1.8 
-44297.6 1.8 
-50554.9 1.8 

33630.6 1.8 
45191.2 1.8 
51574.7 1.8 

43Sc 
4n+α 
2n+2t 

3n+d+t 

-42664.8 1.9 
-53996.8 1.9 
-60254.1 1.9 

43525.4 1.9 
55086.1 1.9 
61469.6 1.9 

43K 
2α 

p+t+α 
n+3He+α 

-12417.1 0.4 
-32231.0 0.4 
-32994.8 0.4 

12667.6 0.4 
32881.2 0.4 
33660.3 0.4 

42K 
n+2α 
d+t+α 

n+p+t+α 

-22041.81 0.16 
-39631.11 0.16 
-41855.68 0.16 

22486.45 0.16 
40430.58 0.16 
42700.02 0.16 

48V 3n -23878.9 1.0 24360.6 1.0 
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Table 36: Threshold energies to produce the radionuclides of interest from 49Ti targets with 

proton bombardment [94] 

 Reaction channel 
on 49Ti target 

Q-value 
(keV) 

Threshold  
(keV) 

48Sc 2p -11349.0 5.0 11583.0 5.0 

47Sc 

3He 
p+d 

n+2p 

-11869.4 1.9 
-17362.9 1.9 
-19587.5 1.9 

12113.8 2.0 
17720.3 2.0 
19990.7 2.0 

46Sc 
α  

p+t 
n+3He 

-1938.5 0.7 
-21752.4 0.7 
-22516.1 0.7 

1978.4 0.7 
22200.1 0.7 
22979.6 0.7 

44Sc 
2n+α 

2t 
n+d+t 

-22026.4 1.8 
-33358.5 1.8 
-39615.7 1.8 

22479.8 1.8 
34045.1 1.8 
40431.1 1.8 

43Sc 
3n+α 
n+2t 

2n+d+t 

-31725.6 1.9 
-43057.7 1.9 
-49314.9 1.9 

32378.6 1.9 
43943.9 1.9 
50330.0 1.9 

43K 

3He+α 
p+d+α 

n+2p+α 

-22055.6 0.4 
-27549.0 0.4 
-29773.6 0.4 

22509.5 0.4 
28116.1 0.4 
30386.5 0.4 

42K 
2α 

p+t+α 
n+3He+α 

-11102.62 0.16 
-30916.49 0.16 
-31680.24 0.16 

11331.15 0.16 
31552.86 0.16 
32332.34 0.16 

48V 2n -12939.8 1.0 13206.1 1.0  
 

Table 37: Threshold energies to produce the radionuclides of interest from 48Ti targets with 

proton bombardment [94] 

 Reaction channel 
on 48Ti target 

Q-value 
(keV) 

Threshold  
(keV) 

47Sc 2p -11445.1 1.9 11685.6 2.0 

46Sc 

3He 
p+d 

n+2p 

-14373.7 0.7 
-19867.2 0.7 
-22091.8 0.7 

14675.8 0.7 
20284.7 0.7 
22556.0 0.7 

44Sc 
n+α 
d+t 

n+p+t 

  -13884.0 1.8 
-31473.3 1.8 
-33697.9 1.8 

14175.7 1.8 
32134.6 1.8 
34405.9 1.8 

43Sc 
2n+α 

2t 
n+d+t 

-23583.2 1.9 
-34915.3 1.9 
-41172.5 1.9 

24078.7 1.9 
35648.9 1.9 
42037.6 1.9 

43K 
2p+α 
23He 

P+d+3He 

-21631.2 0.4 
-34490.8 0.4 
-39984.3 0.4 

22085.7 0.4 
35215.5 0.4 
40824.4 0.4 

42K 
3He+α 
p+d+α 

n+2p+α 

-23537.85 0.15 
-29031.32 0.15 
-31255.89 0.15 

24032.45 0.16 
29641.36 0.16 
31912.67 0.16 

48V n -4797.4 1.0 4898.2 1.0 



 

 

6.1 Target preparation 

Highly pure metal natV foils are available commercially, while enriched titanium is 

available only in the form of a metallic powder or as titanium dioxide. For this reason, 

at INFN-LNL a new technique was developed in the framework of LARAMED R&D 

activities aimed at the targets manufacturing suitable for cross section measurements 

within the E_PLATE project (INFN-LNL, 2018/2019, PI Ms. H. Skliarova) [49] [117] 

[84]. The project is devoted to R&D on HIgh energy VIbration Powders Plating 

(HIVIPP) technique, proposed by I. Sugai [83], for accelerator target production starting 

from enriched powder materials. The HIVIPP technique allows to prepare targets of 

enriched materials, comprising refractories, some other metals, and even non-metallic 

materials with high efficiency, i.e. no losses of material during the process. This method 

is based on the powder's motion in an electric field. Two target substrates are placed in 

contact with two electrodes, at the top and bottom; between them, a quartz cylinder, 

isolating the powder of the material to deposit, is inserted. This system is placed in a 

vacuum chamber and a high voltage (>3 kV) is applied to the electrodes. Due to the 

electric field, the powder starts to be charged and to quickly move towards the electrode 

having opposite charge. When the acquired kinetic energy of the particle is enough, it 

is deposited onto the substrate surface (usually >10 kV). Within the HIVIPP method, 

two targets are deposited simultaneously.  

In this work, thin 48Ti metal targets were produced by using the HIVIPP technique and 

enriched metal powders purchased by TRACE (Richmond Hill, Ontario, Canada). A 

quartz cylinder of 1 cm height and an internal diameter of 14 mm, in order to minimize 

the consumption of the isotopically enriched material, was used. Al foils, 25 μm thick, 

and 99% purity (Goodfellow, Cambridge Ltd, UK) were used as substrates to use them 

also as reference monitors of the particle flux during the cross-section measurements. 

The depositions were carried out in a vacuum of 1∙10-7 mbar and at 15 kV. A scheme 

of the experimental set up used to realize the 48Ti metal targets is shown in Figure 48. 

More details on the target realization and analysis are described in dedicated works 

published [117] [84]. 
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Figure 48: Scheme (left) and photo (right) of the HIVIPP experimental set up carried out at 

LNL-INFN: 1-Backing (upper electrode, cathode), 2-Backing (lower electrode, anode), 3-

Quartz cylinder, 4–Pressing plate, 5-Spring, 6– Teflon holder 

The material not deposited can be recovered making this technique useful for enriched 

and expensive materials. An example of 48Ti metal target realized is shown in Figure 

49. The 48Ti metal target was cut with a 12 mm die to fit the target holder (described in 

the previous chapter) and it is evident from the image on the right that the target 

withstood the irradiation conditions without damage.  

 

Figure 49: 48Ti target realized (left), cut with a 12 mm die fitting the target-holder dimensions 

(middle) and the irradiated target without visible damages (right) 

For the cross section measurements, it is essential to know the quantity of material 

deposited (mg/cm2) on the aluminum support. For this reason, the samples were 

analyzed by the Elastic Backscattering Spectrometry (EBS), at the LNL AN2000 

Accelerator, using a proton beam of 1 mm diameter at 1.8 MeV and 10-20 nA current 

intensity [84]. The analysis of the obtained spectra performed under the E_PLATE 

project allows to get the deposited material amount. Figure 50 shows that the deposited 

titanium is obtained from the fit (black line) of the experimental data (red dots) taking 

into account the contribution due to the presence of the aluminum substrate (blue line), 

titanium (gray line) and oxygen (purple line) due to the titanium oxidation, by 



 

 

minimizing the sum of the square difference between the calculated and measured 

channel values. The long tail of low concentration is due to the roughness induced by 

Ti grain dimensions. The presence of Al on the surface is shown by the high energy 

edge in blue line.  

The EBS analysis gives a more precise evaluation of the deposited Ti (mg/cm2) than the 

value obtained from the simple weighing of the aluminum support before and after the 

deposition. From the weight it is not possible to discriminate the contribution of the 

amount of oxygen, in the partially oxidized target, and this entails an overestimation of 

the deposited amount. On the other hand, the analysis with EBS technique refers only 

to the area hit by the proton beam. Therefore, in order to have a representative value of 

the whole target set, it would be desirable to average the EBS results obtained from 

several measurements in different areas of the same target. However, complete scans of 

only two targets were performed to check the uniformity of the deposition; additional 

information on EBS analysis can be found in the dedicated article recently published 

[84]. To date we have not been able to analyze all the 48Ti targets that have already been 

irradiated; the measures of the remaining targets are planned by 2020. 

 

Figure 50: Example of an analysis procedure of the EBS spectrum of 48Ti on Al target  

The batches of enriched 49Ti and 50Ti powders were purchased from the Oak Ridge 

National Laboratory (Oak Ridge TN, USA). Unfortunately, the enriched materials 

received were not in the form of metallic powder, but in the form of metal sponge having 

different grain sizes and shapes, being the maximum size of the metal sponge 2 mm. 
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Figure 51 shows the case of enriched 49Ti, with a picture of the received vial and a 

picture obtained with a Scanning Electron Microscope (SEM) analysis. 

The deposition with the HIVIPP technique starting directly from the untreated materials 

resulted inefficient, even selecting the smallest powder. Two targets were realized as 

test: the obtained deposits were inhomogeneous, as shown in Figure 52. The deposit is 

composed by grains of variable size between a few µm up to about 100 µm, making the 

sample impossible to be used for nuclear cross section measurements.  

 

Figure 51: Enriched 49Ti: picture of the material (top); SEM image (bottom) 

 

 

Figure 52: 49Ti target realized with the HIVIPP technique by using the smallest grains of the 

material received in metallic sponges  



 

 

 

For this reason, a method to treat the materials and reduce homogeneously the size of 

the powder to be deposited was developed. A cryomilling procedure, able to apply a 

multidirectional impact on the powder, was optimized using natTi material, with 

stainless-steel jar and spheres of the cryomilling system. The natTi material was 

purchased in a form as much as similar to the 49Ti shape, in order to simulate the 

procedure as much as possible. Figure 53 shows the results of the optimized procedure. 

The powder size resulting after the cryomilling was less than 20 µm, like the 48Ti 

powder used successful manufactured for the realization of the targets mentioned above.  

 

Figure 53: SEM images of natTi material before (left) and after (middle) cryomilling process. 

Target realized by HIVIPP technique with cryomilled natTi powder (right) 

During 2020 it is expected to optimize the process to realize the 49Ti targets and 

complete the characterization of the 48Ti targets; 50Ti targets are expected to be 

manufactured by 2021. 

 

6.2 Experimental description 

As in the case of 67Cu, the irradiation runs are performed at the ARRONAX facility and 

the stacked-foils target method is used. When possible, natV (purity > 99.8%, 20 µm 

thick) and 48Ti (purity > 99.3%, thick < 3 µm) targets were irradiated at the same time, 

as in the case shown in Figure 54. The distribution of the different foils (targets and 

related monitor foils) in the stacked-foils target was chosen to be able to quantify the 

recoil effect that has to be taken into account in the data analysis. In these experiments, 

a radiochemical treatment of the irradiated targets is not necessary, and after the target 

disassembling, it was possible to start immediately the γ-spectroscopy measurements. 

For this reason, it was possible to irradiate up to 5 targets simultaneously; several targets 

of the same material were separated with two different Al degraders, thus identifying 
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three different energy ranges (Figure 54). A monitor and at least one target foil were 

positioned in each energy range identified, and their order was chosen to allow the 

quantification of the recoils of the different isotopes produced.  

The first experiments were carried out exclusively with natV targets due to the technical 

time needed to purchase the enriched 48Ti and for the realization of the targets with the 

HVIPP technique. 

 

Figure 54: Schematic structure of the stacked-foils target used in the IV irradiation run 

Six irradiation runs were performed at the ARRONAX facility using a proton beam 

with tunable energy (34−70 MeV); the duration of typical irradiation was 1.5 hours with 

a constant current flow of about 100 nA. The irradiation parameters of the irradiation 

runs performed to study the 47Sc production are reported in Table 38. 

Table 38: Parameters of irradiation runs performed to study the 47Sc production 

Irradiation 

run  

# 

Proton 

energy 

(MeV) 

Irradiation 

time 

(minutes) 

Mean 

current 

(nA) 

Reaction 

 

 

Irradiated 

targets 

# 

1 70.3 90 ≈ 100 natV(p,x)47Sc 3 
2 54.0 90 ≈ 100 natV(p,x)47Sc 3 
3 61.0 90 ≈ 100 natV(p,x)47Sc 3 

4 34.0 90 ≈ 120 
48Ti(p,x)47Sc 
natV(p,x)47Sc 

2 
3 

5 40.0 50 ≈ 130 
48Ti(p,x)47Sc 
natV(p,x)47Sc 

4 
1 

6 34.0 90 ≈ 100 
48Ti(p,x)47Sc 
natV(p,x)47Sc 

3 
1 

 

At the end of each irradiation, the activated target was disassembled and each target was 

measured via γ-spectrometry. Unlike the measurements to study the production of 67Cu, 



 

 

since there are no interferences with the 47Sc γ-lines, it was not necessary to apply a 

chemical separation procedure to the irradiated targets. The γ-spectrometry 

measurements were performed with a High Purity Germanium Detectors (HPGe) at a 

distance of 19 cm from the detector (geometry named g1). For the acquisition 

geometries g1 the efficiency of the detector was obtained by using the formula 5.1 and 

a reference 152Eu point-like solid source, provided by ARRONAX (purchased by 

CERCA-LEA, Site Nucléaire du Tricastin, France). Before the sixth irradiation, the 

calibration procedure was repeated. For this reason, only in this case a different 

calibration curve, indicated with g1*, was used. Both values are reported in Table 39. 

Table 39: Values of the coefficients cx present in the efficiency formula (5.1) for the geometry 

at 19 cm (g1 and g1*) 

Coefficient Value (g1) Value (g1*) 

c1 -0.17327000 -0.17217200 
c2 -8.58062000 -8.49034000 
c3 1.24848000 1.07953000 
c4 -0.31971600 -0.22201400 
c5 0.04463840 0.02420220 
c6 -0.00238326 -0.00105495 

 

The first γ-acquisition of each foil started 2-3 hours after the EOB and lasted for 15 

minutes. In the days following the irradiation, we have carried out γ-spectrometry 

measurements (usually 2-3 hours long) to follow the decay of the produced 

radionuclides. It was also performed an additional acquisition of each foil about 2-3 

months after the EOB. In this way, we measured the activity of the long-lived isotopes, 

such as 46Sc (83.79 d [7]), with a larger precision due to the reduction of the compton 

component in the spectrum. Altogether, at least 5 acquisitions of each irradiated sample 

were performed. The repeated acquisitions also allow to verify potential discrepancies 

at specific γ-lines due to expected interference between two different elements. The 

cross sections, as a function of energy, were then calculated by using the procedure 

described by N. Otuka et al. [46] (equation 3.15). As in the case of 67Cu, to be able to 

know with sufficient precision the beam flux, natAl and natNi foils were used by referring 

to the well-known natAl(p,x)24Na and natNi(p,x)57Ni monitor reactions recommended by 

the IAEA [99] [100]. 

In the irradiations with the beam energy lower than 40 MeV it was chosen to use as a 

monitor reaction the one on natNi target because it has the highest cross section in 
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comparison with the one on natAl (Figure 55). The values of the reference cross section 

used, with related uncertainty, are reported in Table 40. The uncertainty varies from 5% 

to 8% and this is the major contribution to the uncertainty of the measured cross section. 

 

Figure 55: Recommended cross section for 27Al(p,x)24Na and natNi(p,x)57Ni  reactions [99] 

[100] 

 

The nuclear data used in the data analysis performed to obtain the 48Sc, 47Sc, 46Sc, 44Sc, 

44mSc, 43Sc, 48V, 43K, 42K, 48Cr, 49Cr, and 51Cr cross sections are extracted from the NuDat 

2.7 database [94] and reported in Table 41. 



 

 

 

Table 40: The natAl(p,x)24Na and natNi(p,x)57Ni monitor reaction values used [99] [100] 

Energy  
[MeV] 

Reference  
radionuclide 

Reference  
cross section [mb]  

26.3 ± 0.9 57Ni 180.2 ± 7.5 
29.0 ± 0.8 57Ni 162.9 ± 6.8 
31.1 ± 0.7 57Ni 136.6 ± 5.7 
33.5 ± 0.6 57Ni 113.9 ± 4.8 
39.3 ± 0.6 57Ni 85.6 ± 3.6 
48.1 ± 0.8 24Na 4.8 ± 0.3 
50.9 ±0.7 24Na 6.4 ±0.5 
53.7 ±0.5 24Na 8.0 ±0.6 
55.6 ±0.8 24Na 9.0 ±0.6 
58.2 ±0.7 24Na 10.0 ±0.7 
60.7 ±0.5 24Na 10.8 ±0.5 
65.5 ±0.8 24Na 11.4 ±0.5 
67.7 ±0.7 24Na 11.6 ±0.5 
70.0 ± 0.5 24Na 11.6 ± 0.4 

 

Table 41: Nuclear data used in the cross section calculations [7] 

Isotope Half-life Energy [keV] Intensity [%] 
48Sc 43.67 h 9 1037.522 12 97.6 7 
47Sc 3.3492 d 6 159.381 15  68.3 4 
46Sc 83.79 d 4 889.277 3 99.9840 10 
44Sc 3.97 h 4 1157.020 15 99.9 4 

44mSc 58.61 h 10 
1157.002 3 1.20 
271.241 10 86.7 3 

43Sc 3.891 h 12 372.9 3 22.5 
43K 22.3 h 1 372.760 7 86.80 
42K 12.355 h 7 1524.6 3 18.08 

48Cr 21.56 h 3 308.24 6 100 
49Cr 42.3 m 1 152.928 2 30.3 11 
51Cr 27.7025 d 24 320.0824 4 9.910 10 

 

The different acquisitions permit to have several cross section estimations for the same 

sample and the same radionuclide. The final cross section was calculated as the 

weighted average of the single values. The resulting uncertainty, calculated by using 

the equation 3.17, is thus smaller than those obtained through every single 

measurement. The uncertainty of the monitor cross section, reported in Table 40, is the 

most important systematic error and it is added at the end of this calculation. The data 

analysis was performed by me and the final results for all the 12 radionuclides produced 

were compared with the results obtained by L. De Dominicis [81]. The measured 
natV(p,x)48Sc, 47Sc, 46Sc, 44gSc, 44mSc, 43Sc, 48V, 43K, 42K, 48Cr, 49Cr, 51Cr cross sections 
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are listed in Table 42. The uncertainty of the proton energy considers the uncertainty on 

the extracted proton beam (± 500 keV) and the energy straggling calculated with the 

SRIM software [41], giving a maximum value of ± 800 keV. The results on natV targets 

are always compared with TALYS calculations and literature data extracted from the 

EXFOR database [88]. The older data are reported in the following graphs as extracted 

from EXFOR. As already described in chapter 5, data by V.N. Levkovski [80] were 

corrected by a factor of 0.77 [101] (indicated in the graphs by adding a star next to the 

author's name). All the error bars available on EXFOR are also reported in the following 

figures. The TALYS code was used both with default parameters and with a set of 

specific parameters that have been previously optimized by comparing simulations with 

experimental values for many nuclear reactions under the name “TALYS*” [97].  

 

  



 

 

Table 42: Measured cross sections of the natV(p,x) 48Sc, 47Sc, 46Sc, 44gSc, 44mSc, 43Sc, 48V, 43K, 42K, 48Cr, 49Cr, 51Cr reactions 

Energy  
[MeV] 

48Sc  
[mb] 

47Sc  
[mb] 

46Sc  
[mb] 

44gSc  
[mb] 

44mSc  
[mb]  

43Sc  
[mb] 

48V  
[mb] 

43K  
[mb] 

42K  
[mb] 

48Cr 
[mb] 

49Cr  
[mb] 

51Cr  
[mb] 

70.0 ± 0.6 2.3 ± 0.2 8.0 ± 0.4 16.4 ± 0.9 8.7 ± 0.6 8.0 ± 0.4 0.4 ± 0.1 72.4 ± 6.7 0.27 ± 0.02 2.0 ± 0.1 1.1 ± 0.1 6.2 ± 1.0 10.9 ± 1.0 

67.8 ± 0.7 2.4 ± 0.2 7.7 ± 0.5 16.7 ± 1.0 7.3 ± 0.6 7.0 ± 0.4 0.3 ± 0.1 79.0 ± 7.2 0.30 ± 0.02 2.0 ± 0.1 1.3 ± 0.1 6.8 ± 1.1 11.7 ± 1.1 

65.5 ± 0.8 2.3 ± 0.2 6.8 ± 0.4 16.7 ± 1.0 5.7 ± 0.5 5.2 ± 0.3 0.1 ± 0.1 80.9 ± 11.2 0.32 ± 0.02 1.9 ± 0.1 1.4 ± 0.1 7.2 ± 0.8 11.8 ± 0.9 

60.7 ± 0.6 1.9 ± 0.1 5.1 ± 0.3 18.6 ± 1.2 2.1 ± 0.2 1.9 ± 0.1 0.3 ± 0.3 91.8 ± 7.6 0.39 ± 0.03 1.3 ± 0.1 1.7 ± 0.1 9.1 ± 1.0 16.5 ± 1.2 

58.3 ± 0.7 1.8 ± 0.1 5.0 ± 0.4 21.6 ± 1.8 1.2 ± 0.1 1.1 ± 0.1 0.1 ± 0.1 103.3 ± 10.6 0.43 ± 0.04 0.9 ± 0.1 1.9 ± 0.2 10.6 ± 1.3 18.3 ± 1.6 

55.7 ± 0.8 1.4 ± 0.1 4.4 ± 0.4 23.0 ± 1.9 0.6 ± 0.1 0.47 ± 0.04 0.05 ± 0.03 100.9 ± 9.8 0.42 ± 0.04 0.48 ± 0.05 1.9 ± 0.2 11.2 ± 1.2 18.4 ± 1.7 

53.6 ±0.6 1.0 ± 0.1 4.1 ± 0.3 25.1 ± 2.0 0.35 ± 0.03 0.25 ± 0.02 0.07 ± 0.04 100.8 ± 9.8 0.41 ± 0.03 0.26 ± 0.03 1.8 ± 0.1 12.1 ± 1.5 16.8 ± 1.4 

51.0 ±0.7 0.7 ± 0.1 4.1 ± 0.3 27.8 ± 2.3 0.19 ± 0.04 0.13 ± 0.01 0.1 ± 0.1 91.1 ± 9.3 0.32 ± 0.03 0.07 ± 0.01 1.5 ± 0.1 14.2 ± 1.7 17.3 ± 1.6 

48.1 ±0.8 0.37 ± 0.03 4.6 ± 0.3 30.8 ± 2.4 0.17 ± 0.05 0.05 ± 0.01 0.4 ± 0.2 74.5 ± 7.3 0.20 ± 0.02  1.0 ± 0.1 18.3 ± 2.6 19.7 ± 1.8 

39.5 ±0.6  8.3 ± 0.5 18.6 ± 1.1    8.3 ± 0.8    28.9 ±2.8 25.7 ± 1.6 

33.3 ±0.6  10.9 ± 0.6 2.6 ± 0.2    2.4 ± 0.2    25.3 ± 2.6 32.3 ± 1.9 

31.2 ±0.7  9.0 ± 0.5 0.6 ± 0.1    1.2 ± 0.1    17.2 ± 1.7 34.1 ± 2.0 

29.2 ±0.8  7.4 ± 0.5     0.40 ± 0.02    8.3 ± 0.9 33.7 ± 2.2 

26.5 ± 0.8  4.3 ± 0.2     0.15 ± 0.02    0.7 ± 0.1 46.2 ± 2.9 

 

  



6.3 Results and discussion 

In this paragraph, all the results obtained within the PASTA project will be described 

in detail.  

6.3.1 48Ti(p,x)47Sc, 46Sc, 44Sc, 44mSc cross sections 

The first data obtained for the 48Ti(p,x)47Sc, 46Sc, 44gSc, 44mSc cross sections are reported 

in Figure 56. As already mentioned, the characterization tests of the 48Ti deposit on the 

Al support are not yet completed. Some samples have still to be measured and it is 

planned to do it before the end of 2020. The information on the deposition thickness 

(mg/cm2) is essential to be able to correctly calculate the cross sections. The data 

reported in Table 43 were calculated by using the approximate value obtained from the 

difference of the simple weighing of the aluminum support, before and after the 

deposition. When the EBS analyses of the irradiated samples will be completed, the 

new thickness values, taking onto account the oxygen amount in each target foil, will 

be used. As the thickness of 48Ti deposited also affects the beam energy loss, even the 

energy associated with each point in the graph may undergo small changes. The 

provisional thicknesses of the 48Ti targets used in the first data analysis are shown in 

Table 44. The uncertainty on the target foil thickness is not taken into account in the 

error calculation. 

Table 43: Measured cross sections of the 48Ti(p,x) 47Sc, 46Sc, 44gSc, 44mSc reactions 

Energy  
[MeV] 

47Sc  
[mb] 

46Sc  
[mb] 

44gSc  
[mb] 

44mSc  
[mb]  

39.6 ± 0.6 19.4 ± 0.9 55.0 ± 3.4 17.4 ± 1.4 9.0 ± 0.4 

37.6 ± 0.7 20.5 ± 0.9 44.1 ± 2.8 22.6 ± 2.8 11.4 ± 0.5 

35.5 ± 0.8 21.3 ± 1.1 32.3 ± 3.1 29.0 ± 2.0 12.5 ± 0.7 

33.0 ± 0.6 24.6 ± 0.9 16.0 ± 1.7 42.1 ± 2.8 16.2 ± 0.8 

31.4 ± 0.7 28.6 ± 1.3 10.8 ± 0.7 54.3 ± 4.2 19.6 ± 0.9 

26.8 ± 0.8 35.1 ± 2.6  83.0 ± 6.6 24.4 ± 1.8 

 

Table 44: Thicknesses of the 48Ti targets obtained by weighing and used in the data analysis 

E (MeV) 26.8 31.4 33.0 35.5 37.6 39.6 

Thickness (µm) 1.6 1.5 1.6 1.6 1.3 1.3 

 



 

 

The results obtained using the non-definitive target thickness are presented in Figure 

56, showing a regular trend that is quite in agreement with the previous experimental 

data [80] [110]. In the case of 44m,gSc pair the procedure proposed by Otuka et al, 

described in detail in paragraph 6.3.3, was followed. 

 

Figure 56: Results of the 48Ti(p,x)47Sc, 46Sc, 44gSc, 44mSc nuclear cross sections, compared with 

literature data [80] [110] 
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6.3.2 The case of natV(p,x)43Sc and natV(p,x)43K 

The nuclear data used in the data analysis performed to obtain the 43Sc and 43K cross 

sections are reported in Table 45. 43Sc and 43K are both produced by proton-beams in 
natV targets, since the threshold energies on 51V are 43.08 MeV (43Sc+2n+t+α) and 20.88 

MeV (43K+p+2α) respectively, as reported in Table 34. 

Table 45: Nuclear data for 43Sc and 43K [7] 

Isotope Half-life Eγ [keV] Iγ [%] 
43Sc 3.891 h 12 372.9 3 22.5 
43K 22.3 h 1 

372.760 7 86.8 
617.490 6 79.2 6 

 

Figure 57 reports the experimental data of the natV(p,x)43K nuclear reaction obtained 

using only the γ-line at 617 keV in the spectrum analysis since it does not interfere with 

other γ-rays emitted both from co-produced radionuclides and from the background. 

The results are reported together with the TALYS estimations and the literature data 

[111] [112] [113] [114], extracted from the EXFOR database [88].  

 

Figure 57: Cross section for the reaction natV(p,x)43K compared with the TALYS and TALYS* 

calculations and with the literature data [111] [113] [112] [114] 



 

 

The new data obtained in this work agree with the one by R. Michel et al. (1985) [114] 

and by F. Ditrói et al (2016) [111]; on the contrary, for energies higher than 60 MeV, 

there is a discrepancy with the data by C.G. Heininger et al. (1956) and by S. Hontzeas 

et al. (1963). Both the TALYS and TALYS* calculations underestimate the 

experimental data and do not properly describe the measured trend (Figure 57).  

It is evident that our results are completely different from those recently published by 

F. Ditrói et al (2016) [111] while our data for 43K agree with those previous data (Figure 

57). Also, the data published by S. Hontzeas et al. (1963) [112] are not in agreement 

with our results: their values show an increasing trend of the cross section at EP < 60 

MeV while our data show a growing trend only at EP > 65 MeV. In the Hontzeas’ work, 

the correction for the interference with 43K was not necessary as two different γ-lines 

are used to identify the two isotopes. Moreover, it should be considered that, besides 

using obsolete nuclear data (e.g. 4 h instead of 3.891 h of 43Sc half-life), only the 511 

keV emission from positron annihilation was used to identify the 43Sc.  

Both the TALYS and TALYS* predictions agree with our experimental data at EP < 65 

MeV (Figure 58). At higher energies the TALYS calculation seems to better describe 

our measured trend. The difference between our data and those recently published by 

F. Ditrói et al (2016) [111] is probably due to the lack of correction for the 43K 

contribution to the 373 keV γ-line [118].  

 

Figure 58: Cross section for the reaction natV(p,x)43Sc compared with the TALYS and TALYS* 

calculations and with the literature data [111] [113] [112] 
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6.3.3 The case of natV(p,x)44mSc and natV(p,x)44gSc 

The case of 44Sc is particularly complex because this isotope has a metastable and a 

ground state, as shown in the decay scheme reported in Figure 59.  

 
Figure 59: Decay scheme of 44gSc (half-life 3.97 h) and 44mSc (half-life 58.61 h) 

The 44mSc cross section was easily calculated starting from its unshared 271.241 keV γ-

line using the Formula 3.14. In case of the 44gSc cross section, the only usable γ-line (Eγ 

=1157 keV; Iγ=99.9%) is also emitted by the metastable state (Iγ=0.012%); ground and 

metastable states are connected by the isomeric transition bIT=0.988 [119]. Since the 
44mSc has a longer half-life then 44gSc (58.61 h and 3.97 h respectively), the 44mSc decay 

contributes to increase the 44gSc population which has one component directly produced 

during the bombardment and another one due to the decay of the metastable state. The 
44gSc can also be produced by the decay of the 44Ti but, since it has a long half-life (T1/2 

= 60 y [7]), its contribution to 44gSc formation can be considered negligible seeing that 

the irradiation time was about 1 hour.  

In order to calculate the cross section associated with 44gSc production, it is thus 

necessary to discriminate between the three different contributions to the counts relating 

to the γ-line at 1157 keV; for this purpose, we have chosen to follow the formulation 

proposed by N. Otuka [46]: 

𝐶1157,𝑖 = 𝑛𝜙휀1157 [𝜎𝑔,𝑖𝐼1157,𝑔𝑓𝑔 + 𝜎𝑚,𝑖𝐼1157,𝑚𝑓𝑚 +

𝜎𝑚,𝑖𝑏𝐼𝑇𝐼1157,𝑔
𝜆𝑚𝜆𝑔

𝜆𝑚−𝜆𝑔
(

𝑓𝑔

𝜆𝑔
−

𝑓𝑚

𝜆𝑚
)]     (6.2) 



 

 

where the first term is related to the directly produced ground state, the second term is 

related to the emission from the metastable state, and the third term is related to the 

emission from the ground state produced from the isomeric transition of the metastable 

state; f is the time factor as reported in formula 3.16. The beam flux was obtained from 

the monitor cross sections (natAl(p,x)24Na and natNi(p,x)57Ni) with the following 

formula:  

𝜙 =
1

𝜎𝑟

𝐶𝑟

𝑛𝑟 휀𝑟𝐼𝑟 𝑓𝑟
                                        (6.3) 

Combining the Formulas 3.8, 6.3, and 6.4 we obtain the formula that allows the 

calculation of the 44gSc cross section: 

𝜎𝑔 =
1

𝑛 𝜙 𝐼1157,𝑔 𝑓𝑔
 [

𝐶1157

𝜀1157
−

𝐶271

𝜀271

𝐼1157,𝑚

𝐼271
−

𝐶271

𝜀271

𝑏𝐼𝑇𝐼1157,𝑔

𝐼271𝑓𝑚

𝜆𝑚𝜆𝑔

𝜆𝑚−𝜆𝑔
 (

𝑓𝑔

𝜆𝑔
−

𝑓𝑚

𝜆𝑚
)] =

𝛼 (𝛽 − 𝛾 − 𝛿)           (6.3) 

The uncertainty associated to the 44g Sc cross section was obtained by the following 

formulas: 

(
Δ𝜎𝑔

𝜎𝑔
)
2

= ∑ 𝑠𝑘
2 (

Δ𝑥𝑘

𝑥𝑘
)
2

𝑘                                          (6.4) 

𝑠𝑘 = (
𝑥𝑘

𝜎𝑔
) (

𝜕𝜎𝑔

𝜕𝑥𝑘
)                                               (6.5) 

We assume that these parameters at given energy are independent of each other. The 

explicit forms of the relative sensitivity coefficients 𝑠𝑖𝑘 are: 

(𝑛 𝜎𝑔,𝑖⁄ )(𝜕𝜎𝑔,𝑖 𝜕𝑛⁄ ) = 1,   (Φ 𝜎𝑔,𝑖⁄ )(𝜕𝜎𝑔,𝑖 𝜕Φ⁄ ) = 1, 

(휀1157 𝜎𝑔,𝑖⁄ )(𝜕𝜎𝑔,𝑖 𝜕휀1157⁄ ) = −𝛼𝛽/𝜎𝑔,𝑖, 

(휀271 𝜎𝑔,𝑖⁄ )(𝜕𝜎𝑔,𝑖 𝜕휀271⁄ ) = (𝛼 𝜎𝑔,𝑖⁄ )(𝛾 + 𝛿), 

(𝐶1157,𝑖 𝜎𝑔,𝑖⁄ )(𝜕𝜎𝑔,𝑖 𝜕𝐶1157,𝑖⁄ ) = (𝛼 𝜎𝑔,𝑖⁄ ) 𝛽, 

(𝐶271,𝑖 𝜎𝑔,𝑖⁄ )(𝜕𝜎𝑔,𝑖 𝜕𝐶271,𝑖⁄ ) = −(𝛼 𝜎𝑔,𝑖⁄ )(𝛾 + 𝛿) ,                    (6.6) 

(𝐼1157,𝑔 𝜎𝑔,𝑖⁄ )(𝜕𝜎𝑔,𝑖 𝜕𝐼1157,𝑔⁄ ) = −(𝛼 𝜎𝑔,𝑖⁄ ) (𝛽 − 𝛾), 

(𝐼1157,𝑚 𝜎𝑔,𝑖⁄ )(𝜕𝜎𝑔,𝑖 𝜕𝐼1157,𝑚⁄ ) = −(𝛼 𝜎𝑔,𝑖⁄ ) 𝛾, 

(𝐼271 𝜎𝑔,𝑖⁄ )(𝜕𝜎𝑔,𝑖 𝜕⁄ 𝐼271) = (𝛼 𝜎𝑔,𝑖⁄ ) (𝛾 + 𝛿), 

(𝑏𝐼𝑇 𝜎𝑔,𝑖⁄ )(𝜕𝜎𝑔,𝑖 𝜕𝑏𝐼𝑇⁄ ) = −(𝛼 𝜎𝑔,𝑖⁄ ) 𝛿, 
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Figure 60 reports the results obtained for the natV(p,x)44gSc cross section compared with 

the TALYS and TALYS* calculations and with the literature data [111] [112].  

 

Figure 60: Cross section for the natV(p,x)44gSc reaction compared with the TALYS and TALYS* 

calculations and with the literature data [111] [112] 

Our results are sufficiently in agreement with both the TALYS* calculation and the data 

published by F. Ditrói et al (2016) [111]. There is a disagreement with the data by S. 

Hontzeas et al. (1963) [112] at E = 70 MeV. 

Figure 61 shows the results obtained for the natV(p,x)44mSc cross section compared with 

the TALYS and TALYS* calculations and with the literature data [111] [112] [114].  

Our results are enough in agreement with both the TALYS* calculation and the data 

published by F. Ditrói et al (2016) [111] and by R. Michel et al. (1985) [114]. The trend 

of the data published by S. Hontzeas et al. (1963) [112] for Ep < 60 MeV is in agreement 

with all the other literature data while there is a difference at Ep = 70 MeV. There is also 

a large discrepancy with the expected trend obtained with the TALYS calculation that 

underestimates the experimental data for Ep > 60 MeV. 

 



 

 

 

Figure 61: Cross section for the reaction natV(p,x)44mSc compared with TALYS and TALYS* 

calculations and with the literature data [111] [112] [114] 
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6.3.4 natV(p,x)43,46,47,48Sc,42K,48V,48,49,51Cr cross sections 

Results obtained for the natV(p,x) 48Sc, 47Sc, 46Sc, 44Sc, 44mSc, 43Sc, 48V, 43K, 42K, 48Cr, 

49Cr, 51Cr cross sections are shown from Figure 62 to Figure 69. 

 

Figure 62: Cross section for the reaction natV(p,x)48Cr with the TALYS and TALYS* codes and 

comparison with the experimental data [111] [113] [115] 

 

Figure 63: Cross section for the reaction natV(p,x)49Cr compared with the TALYS and TALYS* 

calculations and with the literature data [80] [112] [113] [115] 



 

 

 

Figure 64: Cross section for the reaction natV(p,x)51Cr compared with the TALYS and TALYS* 

calculations and with the literature data [80] [110] [111] [112] [114] [115]  

 

 

Figure 65: Cross section for the reaction natV(p,x)48V compared with the TALYS and TALYS* 

calculations and with the literature data  [111] [112] [113] [114] [115]  
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Figure 66: Cross section for the natV(p,x)42K reaction compared with the TALYS and TALYS* 

calculations and with the literature data [111] [112] [113] [114] 

 

 

Figure 67: Cross section for the natV(p,x)48Sc reaction compared with the TALYS and TALYS* 

calculations and with the literature data [111] [112] [114] [115] 



 

 

 

Figure 68: Cross section for the natV(p,x)46Sc reaction compared with the TALYS and TALYS* 

calculations and with the literature data [111] [112] [113] [114] [115] [116] 

 

 

Figure 69: Cross section for the natV(p,x)47Sc reaction compared with the TALYS and TALYS* 

calculations and with the literature data [111] [112] [113] [114] [115] [116] 
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From the results obtained for the natV(p,x) 48Sc, 47Sc, 46Sc, 44Sc, 44mSc, 43Sc, 48V, 43K, 42K, 

48Cr, 49Cr, 51Cr cross sections, shown in Figure 57-Figure 69, it is possible to observe 

that: 

• for all the measured isotopes, always a regular trend was obtained in our results; 

• the uncertainties associated with the values of the cross section are lower than 

those relating to the literature data. This is due to the applied experimental 

procedure which allowed us to obtain the value of the cross section for each 

target foil as weighted average on the statistical error of the obtained values (as 

previously described, at least 5 acquisitions of each irradiated sample were 

performed);  

• the trend obtained for each radionuclide generally agrees with the other literature 

data. However, there are some exceptions, as in the case of 47Sc and 49Cr. 

- In the case of 47Sc there is a good agreement of our data below 40 MeV with 

previous results by V.N. Levkovsky et al. [80], by R. Michel et al. (1985) 

[114] and by F. Ditrói et al (2016) [111]. However, the cross section values 

obtained in this work for Ep > 40 MeV are 20-30% lower than previous data 

[108]; 

- In the case of 49Cr radionuclide the maximum peak value is lower than that 

obtained by R. Michel et al. (1979) [115]. The correction for the data by 

Michel et al. (1979) is instead expected to be so small that it is useless to 

calculate it. In fact, they used old nuclear data (42 min half-life, 29.5% 

intensity line at about 153 keV), which are slightly different from the actual 

data (42.3 min half-life, 30.3% intensity line at about 153 keV). This 

eventual correction will not explain the discrepancy in the peak value from 

our measurement and the data by Michel (1979);  

• for all the studied nuclear reactions the TALYS and TALYS* calculations 

correctly describe the initial trend near the reaction thresholds; 

• the TALYS and TALYS* estimations are not always able to reproduce the trend 

of the experimental data. Three different behaviors were observed: 

- the theoretical trend is correct for the whole energy range studied (as in 

the case of 48Sc and 51Cr radionuclides); 

- the theoretical trend is correct but with a shift in energy (as in the case 

of 48Cr and 48V radionuclides); 



 

 

- the theoretical trend is correct but underestimates the experimental data 

(as in the case of 46Sc and 42K radionuclides). 

From the comparison between the results obtained and the trends predicted by the 

TALYS and TALYS* calculations it is plain that, except in the case of 48Cr and 48V, 

the theoretical predictions do not reproduce the experimental trends of the nuclear 

reactions studied.  

 

6.4 TTY of the reactions natV(p,x)47,46Sc for Ep < 35 MeV 

Considering the melting temperature of metallic natV (about 1900°C) and the easy 

availability of highly pure material on the market at low cost, I focused my study on 

this production route in view of a small-scale production at INFN-LNL. Among all the 

co-produced Sc-isotopes, the one that mostly affects and limits the use of 47Sc in 

medical applications is 46Sc (T1/2=83.79 d), since it has a longer half-life than 47Sc 

(T1/2=3.3492 d).  For this reason, it is necessary to find an energy range in which the 
47Sc is produced with the minimum co-production of 46Sc. To identify the energy range 

that satisfies this request with the natV(p,x) reaction, the cross section ratio between 47Sc 

and 47Sc plus 46Sc is shown in Figure 70; when the ratio is equal to 1 only the 47Sc is 

produced. This condition is achieved for energies lower than 30 MeV, but it is important 

to note that the 47Sc cross section is lower than 9 mb (Figure 69). Despite both estimates 

obtained by the TALYS and TALYS* calculations do not correctly reproduce the 

experimental data, these results both agree in identifying the optimal energy range for 

Ep<30 MeV. All other Sc-isotopes are produced at higher energies, as it is possible to 

note in Figure 58, Figure 60, Figure 61, and Figure 67. 

The estimation of the Tick Target Yield (TTY) was performed, following the formula 

3.19, for 47Sc and 46Sc radionuclides by considering a polynomial fit of the experimental 

data for Ep <35 MeV (Figure 71).  
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Figure 70: Cross section ratio between 47Sc production and 46Sc plus 47Sc obtained from the 

measured data and the TALYS and TALYS* estimations 

 

Figure 71: Polynomial fit of the 46Sc and 47Sc experimental data for Ep < 35 MeV 



 

 

Assuming an irradiation of a thick natV target with a proton beam with EP < 34 MeV 

(energy easily available at the ARRONAX facility), using the SRIM software [41] it 

was estimated that a thickness of 1.5 mm is sufficient to maximize the 47Sc production.   

Thanks to the low cost of the natV material, it is therefore possible to exploit all the low 

energy trend of the 47Sc cross section: considering an incident proton beam energy of 

34 MeV, the energy loss in the 1.5 mm thick vanadium is about 12 MeV.  

The calculated yields of 47Sc and 46Sc radionuclides for Ep=34 MeV and a 1.5 mm thick  
natV target are presented in Table 46 for an irradiation time of 1 h, 24 h, and 80 h (i.e. 

about one half-life of 47Sc). 

Table 46: 47Sc and 46Sc production yields obtained from the calculations, based on experimental 

results, for thick natV target (Ep= 34 MeV; I=1 µA; Tirr=1 h, 24 h, and 80 h) 

Target Thickness (µm) Tirr (h) Isotope MBq mCi 

natV 1500 

1 
47Sc 4 0.1 
46Sc 0.01 0.0003 

24 
47Sc 87 2.3 
46Sc 0.3 0.008 

80 
47Sc 232 6.3 
46Sc 0.98 0.03 

 

To verify the theoretical TTY obtained and reported in Table 46, a dedicated experiment 

was carried out. 
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6.4.1 Experimental measure of the 47Sc yield by using thick natV target 

In order to measure the amount of 47Sc produced by using a thick natV target, it was 

realized an additional irradiation run in November 2019 at the ARRONAX facility. The 

distribution of the different foils in the stacked-foils target was chosen to be able to 

quantify the 46Sc contribution that is expected to be present mainly in the first layer of 
natV (named V-71), that is 500 µm thick (Figure 72). For this purpose, thin natNi and 
natAl foils (used as monitor and catcher foils) were placed to separate the first thick natV 

layer from the other two (named V-72+V-73). The thickness of the targets (calculated 

considering the bulk density of the material, the weight and the area of the foil) and the 

relative beam energies are reported in Table 47. As previously described, the beam 

energy loss was calculated with the SRIM software [41], also taking into account the 

Kapton foil (75 µm thick) at the end of the beamline, and the air layer (132.7 mm thick) 

before the target structure. For the thick targets the energy input (EIN) and output (EOUT) 

are reported separately; for the thin targets it is reported the energy associated with the 

center of the foil, as the difference between incoming and outgoing energy is small 

compared to the initial uncertainty associated with the beam energy.  

 

Figure 72: Stacked-foils target structure used in the irradiation run with thick natV target 

Table 47: Beam energies associated with the foils composing the target structure  

Target Thickness (µm) EIN (MeV) EOUT (MeV) E (MeV) 

V71 541.5 33.59 29.63  
Ni71 9.2   29.58 
Al71 9.8   29.50 

V72+V73 1080.8 29.48 19.90  
Al72 9.9   19.88 
Ni72 9.3   19.78 

 



 

 

The experiment was carried out with 34 MeV proton beam energy, a nominal 100 nA 

current, and an irradiation time of one hour. The activity produced in thick targets is 

expected to be so high that it does not allow γ-spectrometry measurements directly with 

solid targets. For this reason, a chemical dissolution procedure was applied to the 

irradiated targets. The V71 and V72+V73 targets were dissolved in separated solutions 

(each of 30 mL of HNO3 4M), in order to measure the activities of the radionuclides 

produced in the two energy ranges. For these thick targets, the γ-spectrometry 

measurements were performed with an aliquot of the total solution (5 mL out of 30 mL); 

the weight correction was considered in the data analysis. All thin natNi and natAl foils 

were dissolved in 5 mL HCl 9M and 5 mL HCl 10M respectively, directly in the 5 mL 

vial suitable for the subsequent spectrometry measurement.  

The monitor reaction selected, the IAEA natNi(p,x)57Ni [100], was used to obtain the 

effective value of the proton beam current on the target by knowing the 57Ni activity 

produced (also considering the recoil in the natAl target) and the tabulated cross section 

value corresponding to the beam energy on natNi foil. The effective proton beam current 

obtained is 92.9 nA. 

Results, obtained considering the corrections due to the recoil effect and that the γ-

spectroscopy measurement was carried out only on an aliquot of the total solution, are 

reported in Table 48.  

Table 48: Experimental results at EOB for the 48Sc, 47Sc and 46Sc production yields for a 

multi-layer natV target configuration (Ep= 34 MeV; I=92.9 nA; Tirr=1 h) 

Target (natV) Isotope kBq 

V71 48Sc 
4.30E-01 ± 1.89E-02 

V72+V73 1.04E+00 ± 3.08E-02 
V71 47Sc 

1.97E+02 ± 7.03E+00 
V72+V73 1.26E+02 ± 4.50E+00 

V71 46Sc 
5.97E-01 ± 2.13E-02  

V72+V73 5.02E-02 ± 1.97E-03 

 

Surprisingly not only 46Sc and 47Sc but also a small amount of 48Sc was produced. 

Indeed, as shown in Figure 67, the 48Sc cross section should be zero for E<35 MeV. 

The activity was obtained by analyzing three different γ-lines excluding those that have 

interference with other radionuclides (Table 49). The values obtained from the three γ-

lines differ from each other up to 40%. The final value of the 48Sc activity was obtained 

with the weighed average; the determining value of the result is that obtained from the 
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γ-ray at 1037 keV which, having a higher intensity, has a high statistic and consequently 

a small error.  

Table 49:  γ-lines [7] used for the 48Sc activity obtained directly from the spectra analysis 

Energy 
(keV) 

Intensity 
(%) Comments V-71 48Sc  

activity (Bq) 
V-72+V-73  

activity (Bq)  

175.361 5 7.48 10 No interferences, γ-line 
used for 48Sc activity 

4.96E02 ± 2.15E01 1.07E03 ± 6.84E01 

983.526 12 100.1 6 
Interference with 48V; 

not used for 48Sc activity   

1037.522 12 97.6 7 No interferences, γ-line 
used for 48Sc activity 

4.06E02 ± 2.15E01 9.78E02 ± 4.98E01 

1212.880 12 2.38 4 
No interferences, γ-line 

used for 48Sc activity 6.29E02 ± 1.25E02 1.33E03 ± 1.15E02 

1312.120 12 100.1 7 
Interference with 48V; 

not used for 48Sc activity  
   weighed mean value of 48Sc [Bq] 
   4.30E02 ± 1.89E01 1.04E03 ± 3.80E01 

 

The 48Sc activity could be due to the presence of 0.25% of 50V in the natV used since the 

corresponding threshold energy is lower than in the case of 51V (Table 50).  

Table 50: Proton-induced reactions Q-values for the 48Sc production for 50V and 51V targets 

(Ep=35 MeV)  [94] 

Target Reaction Products Q-value (keV) Threshold energy (keV) 

51V 

48Sc+p+3He -22631 23079 
48Sc+2p+d -28125 28681 
48Sc+n+3p -30349 30949 

50V 48Sc+3p -19298 19687 

 

To verify this hypothesis, the TENDL-2019 nuclear data library [120] [121] was 

consulted considering separately the contributions due to the 50V and 51V targets in the 

assumption of 100% abundance for both isotopes (Figure 73). In the case of 51V, all 

three production channels of 48Sc, i.e. (p,p+3He), (p,2p+d) and (p,n+3p), were taken 

into account. As expected from the thresholds energies (Table 50), the 48Sc production 

cross section starts at lower energies in the case of the 50V; however, it should be taken 

into account that the result must be scaled by a factor of 0.25%, i.e. the 50V natural 

abundance. However, in Figure 73, it can be noted that both the TENDL trends provide 

a zero cross section value for E<30 MeV. An additional unexpected result is the highest 



 

 

48Sc activity value in the lowest energy range. Until now no explanation has been found 

for the experimental result obtained for the 48Sc activity. 

 

Figure 73: TENDL-2019 estimations for the 48Sc production considering 50V and 51V targets 

with 100% abundance [120] [121] 

Table 51 reports the experimental values reported in Table 48 rescaled to 1 µA and 24 

h irradiation, a reasonable irradiation time. The data were also compared with the 

theoretical yield calculations obtained from the fit of the experimental data shown in 

Figure 71. The comparison shows that the results have the same orders of magnitude 

despite experimental results are always slightly lower than the theoretical estimations, 

except in the case of the 46Sc in the lower energy range. It must be considered that it is 

easy to not properly fit the 46Sc cross section for E<30 MeV since it is very close to 

zero. As previously discussed, there are no experimental data for the 48Sc production at 

energies below 35 MeV and therefore it is not possible to estimate its production.  

Table 51: Comparison between experimental results at EOB and theoretical estimations for 

the 48Sc, 47Sc and 46Sc production yields for a multi-layer natV target configuration (Ep= 34 

MeV; I=1 µA; Tirr=24 h) 

 Energy range (MeV) Exp [Bq] Calc [Bq] Exp/Calc 

48Sc [Bq] 
33.6 – 29.6 9.3E+04 ± 4.1E+03 

 
 

29.5 – 19.9 2.3E+05 ± 8.2E+03  

47Sc [Bq] 
33.6 – 29.6 4.6E+07 ± 1.6E+06 4.8E+07 96 % 

29.5 – 19.9 2.9E+07 ± 1.1E+06 3.4E+07 85 % 

46Sc [Bq] 
33.6 – 29.6 1.5E+05 ± 5.5E+03 2.1E+05 71 % 

29.5 – 19.9 1.3E+04 ± 5.1E+02 8.7E+03 149 % 
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Beyond the anomalies found in the 48Sc activity, a second unexpected result was found 

by analyzing natAl monitor foils: in fact, the 24Na radionuclide is present in both foils 

(Table 52). The natAl(p,x)24Na reaction is well known being one of the monitor reactions 

suggested by the IAEA [99] and the lowest cross section value provided (0.05 mb) 

corresponds at 24 MeV. Moreover, 24Na should not be produced in the Al72 foil also 

because the lowest energy threshold is 24.6 MeV, as reported in Table 53.  

Table 52:Experimental results at EOB for the 24Na production from thin natAl foils 

 Energy (MeV) 24Na [Bq] 

Al71 29.50 2,38E+02 ± 1,09E+01 

Al72 19.88 2,15E+02 ± 8,64E+00 

 

Table 53: Threshold energies to produce 24Na from  natAl targets for Ep=35 MeV [94] 

Reaction channel 

on natAl target 
Q-value (keV) Threshold energy (keV) 

24Na+p+3He -23710.18 0.05 24595.56 0.05 
24Na+2p+d -29203.65 0.05 30294.17 0.05 
24Na+n+3p -31428.22 0.05 32601.81 0.05 

 

A possible explanation for the 24Na production at low energy could be an incorrect beam 

energy provided by the ARRONAX cyclotron operators. To check the beam energy it 

is possible to exploit the presence of the natNi monitor foils by using the method 

proposed by Piel et al. [122], which takes advantage of two monitor reactions. The idea 

is to compare the ratio between the tabulated cross section values and the ratio of the 

activities measured experimentally. Since the two ratios are proportional, it is possible 

to evaluate the beam energy incident on the monitor foil. This method makes sense only 

if, in the energy range of interest, the trends of the two cross section are different and at 

least two monitor reactions are available. In the natNi foil there is only the natNi(p,x)57Ni 

monitor reaction but, following the suggestions of F. Tárkányi et al. [123], the reaction 
natNi(p,x)55Co was used as an additional reference reactions. This allowed me to have 

two cross sections as monitors related to two different isotopes produced in the same 

foil. To construct the function describing the natNi(p,x)55Co cross section trend, the data 

available in the EXFOR database were used. Data collected were then fitted to have the 

cross section as a function of the energy (Figure 74).  



 

 

 

Figure 74: Cross section trend of the natNi(p,x)55Co reaction obtained fitting the data 

available in the EXFOR database [88] 

It is, therefore, possible to calculate the two ratios following the equation: 

𝜎𝑁𝑖−57

𝜎𝐶𝑜−55
=

𝐴𝐸𝑂𝐵,𝑁𝑖−57(1 − 𝑒−𝜆𝐶𝑜−55𝑡)

𝐴𝐸𝑂𝐵,𝐶𝑜−55(1 − 𝑒−𝜆𝑁𝑖−57𝑡)
 

The ratio between the natNi(p,x)57Ni and natNi(p,x)55Co reference cross sections as a 

function of the energy is shown in Figure 75. 

 

Figure 75: Ratio between the natNi(p,x)57Ni and natNi(p,x)55Co reference cross sections 



138 

 

Once the ratio between the experimental activities was calculated, by looking for the 

obtained value on the y-axis of Figure 75, it was possible to determine the corresponding 

value of the beam energy in the natNi foil. This procedure was repeated for both the natNi 

foils present in the stack and the results obtained are reported in Table 54.  

Table 54: Comparison between the energy associated with the two natNi foils obtained with the 

SRIM code and with the ratio between the two reference cross sections 

 Energy_SRIM (MeV) Energy_estimated (MeV) 

Ni71 29.6 32.1 
26.7 

Ni72 19.8 19.2 
 

In the case of the Ni71 foil, the ratio of the experimental activities corresponds to two 

different energy values; this is due to the trend of the ratio between the cross section 

monitors which has a maximum value of about 28.5 MeV (Figure 75). The two values 

both differ at least 2.5 MeV from the value calculated with the SRIM code. Despite, the 

energy value obtained for the Ni72 foil is close to the value calculated with the SRIM 

code, it was not possible to associate a unique value to the beam energy in the Ni71 foil.  

All the inconsistencies found lead me to repeat the experiment, hopefully by 2020. 

 

6.4.2 Consideration on the 47Sc dosimetry 

To establish which is the maximum acceptable contamination of 46Sc without increasing 

too much the dose given to the patient, a collaboration with experts in dosimetry (L. 

Melendez-Alafort, Istituto Oncologico Veneto – IOV, and L. De Nardo, University and 

INFN-PD) department has started. The first step was to carry out the dosimetric 

calculations by using the theoretical 47/46Sc production estimates and not the 

experimental results. In general, the presence of contaminant isotopes in the solution 

used to label a radiopharmaceutical does not affect the labelling efficiency, the 

radiochemical purity, or the biological behavior after administration [124]. However, 

the presence of contaminants affects the total radiation dose administered to the patient 

(Appendix A). The dose must be determined for each radiopharmaceutical because it is 

directly related to its kinetics [125]. One of the 47Sc-complexes better described in the 

literature is the DOTA-folate conjugate cm10 ([47Sc]-cm10) with an albumin-binding 

entity. The well-known [47Sc]-cm10 biodistribution based on SPECT/CT images shows 



 

 

a high localization in the tumor site [126] which allows determining the 

pharmacokinetic5 data. The [47Sc]-cm10 complex was thus chosen as an example of 

radiopharmaceutical to evaluate the dose increase due to the presence of the 46Sc 

contaminant. The activity curves in the main male human organs were extrapolated 

from biodistribution data in KB6 tumor-bearing nude mice to which [47Sc]-cm10 was 

injected [126]. This calculation was made with the mass scaling method, which takes 

into account the difference in human and animal organs masses considering the total 

body masses [127]. Dosimetric calculations were performed using the OLINDA (Organ 

Level Internal Dose Assessment) software code version 2.1.1 [128] [129]. For each 

xxSc-radioisotope i, in addition to the absorbed dose for each target organ, the total 

effective dose EDi imparted to the body was also calculated (the total effective dose is 

defined in Appendix A). The total effective dose (EDt) produced by all xxSc 

radioisotopes present in the radiopharmaceutical was calculated for different injection 

times.  

The input data were obtained from the theoretical yield calculations at EOB for 47Sc 

and 46Sc in two different energy ranges, considering 1 µA of beam current and an 

irradiation time of 24 hours and 80 hours (Table 55). 

Table 55: Production yields at EOB of 47Sc and the contaminant 46Sc, calculated for 1 µA 

proton beam impinging on natV thick target for different energy ranges and irradiation times 

Irradiation time: t = 24 hours (47Sc SF = 19%) 

Energy range (MeV) 47Sc (Bq) 46Sc (Bq) 47Sc RNP (%) 

35-19 1.05 E+08 6.45 E+05 99.39 
30-19 4.15 E+07 1.49 E+04 99.96 

    
Irradiation time: t = 80 hours (47Sc SF = 50%) 

Energy range (MeV) 47Sc (Bq) 46Sc (Bq) 47Sc RNP (%) 
 

35-19 2.79 E+08 2.13 E+06 99.24 
30-19 1.11 E+08 4.92 E+04 99.96 

 

 
5 Pharmacokinetic: the characteristic interactions of a drug and the body in terms of its absorption, 

distribution, metabolism, and excretion 

 
6 KB cells: cervical tumor cells with a high expression of folate receptors therefore, they has been used 

as standard model for preclinical investigations of folate-based (radio) conjugates 
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The 47Sc RNP plotted as a function of time post irradiation is shown in Figure 76 and it 

obviously decreases over time. When the proton energy range is 35-19 MeV, the RNP 

is higher than 90% up to 320-350 hours post EOB, while for 30-19 MeV RNP is higher 

than 97% up to 500 hours post EOB. 

 

Figure 76: Percentage of activity due to 47Sc as a function of time post-irradiation for two 

different energy ranges and two irradiation times (80 h: full symbols, 24 h: empty symbols) 

 

The total ED (EDt) for ICRP 89 male phantoms was therefore calculated per unit of 

administered activity of the 47/46Sc-cm10 radiopharmaceutical, considering the injection 

immediately after labelling with the mixtures of Sc-radioisotopes present at the different 

times after EOB. The contribution of 47Sc to the EDt decreases with time due to the 

increasing contribution of the long-lived 46Sc contaminant (Figure 77). 



 

 

 

Figure 77: Contribution of Sc-radioisotopes to the total ED (EDt) using the male adult ICRP 

89 phantom, at different times after EOB, for the two different energy ranges and two 

irradiation times (80 h: full symbols and 24 h: empty symbols) 

 

The effective Dose Increase (DI) was calculated to verify that the DI value due to the 

presence of contaminants was maintained within the 10% limit required for clinical use 

[130]. This limit is fulfilled for both energy ranges considered; however, as shown in 

Figure 77, in case of EP < 30 MeV the radionuclidic purity is higher and therefore, the 

contribution of other Sc-radioisotopes to the total ED is minimal even 500 h after the 

EOB. This outcome is useful in case of long transportation times, i.e. for a centralized 

production. If the amount of 47Sc produced is a priority with respect of having a long 

useful time window after the EOB in which a 47Sc-labeled radiopharmaceutical could 

be injected (tmax), the wider energy window 35-19 MeV should be preferred to the 

energy range 30-19 MeV. In both cases, an irradiation time of 80 h is preferable to 24 

h, because the amount of 47Sc produced is much higher while the time window (tmax) is 

only slightly shorter.  
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CONCLUSIONS AND PERSPECTIVES 

 

This Ph.D. thesis here reported describes the work I have performed in the framework 

of the LARAMED (LAboratory of RAdioisotopes for MEDicine) project. My Ph.D. 

aimed to study efficient production routes for the 67Cu and 47Sc radionuclides, 

considering the 70 MeV proton cyclotron installed at INFN-LNL. 67Cu and 47Sc are γ- 

and β- emitters, allowing for the selection of patients that have a good chance to respond 

to the specific radiopharmaceutical with SPECT imaging prior therapy. Moreover, they 

can be also paired to β+ emitter isotopes (such as 64Cu and 43/44Sc) to perform also low 

dose PET studies. Worldwide a real problem to be solved is the lack of 67Cu and 47Sc 

availability, as underlined by the IAEA CRP focused on the production of the 

theranostic radionuclides 67Cu, 47Sc and 186Re (IAEA CRP No. F22053 for the years 

2016-2019). For these reasons, among the goals of LARAMED, the production of these 

theranostic is a priority. The accurate knowledge of the reaction cross section is the first 

step in the optimization of radioisotope production. Since the LARAMED beam-line 

devoted to cross section measurements is not ready yet, the experiments were designed 

in Italy but they were carried out at the ARRONAX facility (Nantes, France).  

The most used reaction for 67Cu production is based on the use of 68Zn target but, in the 

framework of the COME project, I measured the promising 70Zn(p,x) nuclear reaction 

in the unexplored energy above 35 MeV. It is envisaged from the theoretical estimations 

that up to 70 MeV, there is a co-production of 67Ga radionuclide: since 67Cu and 67Ga 

both decay in 67Zn they have the same γ-lines. Moreover, such radionuclides have a 

similar half-life and thus it is not possible to deduce the precise activity of one 

radionuclide, waiting for the decay of the other one. For these reasons, with the purpose 

to study the 70Zn(p,x)67Cu nuclear cross section, a radiochemical procedure aimed at 

the separation of copper from gallium elements was developed in collaboration with the 

University of Ferrara and the S. Orsola hospital (Bologna, Italy). I planned and 

performed six irradiation runs at different energies by using the stacked-foils target 

technique; the intensity of the proton beam was stable during the irradiation at about 

100 nA. The developed radiochemical process was always applied to irradiated targets 



 

 

and the solutions obtained after the chemical separation were measured by using a 

HPGe detector. The values of the cross sections for 67Cu and the contaminants were 

obtained by considering in the data analysis, when necessary, several corrections 

(Recoil Effect, Chemical Yield, Branching Ratio, and Weight Factor). I corrected all 

results for the contribution due to the presence of 68Zn in the target (< 5%) and I rescaled 

them to 100% enriched 70Zn. The major outcome of the COME project was the first 

measurement of the 70Zn(p,x)67Cu, 64Cu, 67Ga, 66Ga, 65Zn, and 69mZn cross sections in 

the 45-70 MeV energy range. A dedicated article describing the measurement in detail 

was published [101]. Results of the COME project allowed me to compare the 70Zn and 
68Zn nuclear reactions to produce 67Cu, also minimizing the co-production of 64Cu. 

Neglecting the different costs of the enriched materials, results showed that for EP < 55 

MeV it is better to use 68Zn while from 55 to 70 MeV it is better to use 70Zn. This multi-

layer target configuration is described by me and the co-authors in the International 

Patent n° WO 2019/220224 A1 (November 2019). In addition to this, the use of 70Zn 

targets in the entire 45-70 MeV range provides a 70% increased production of 67Cu. 

However, it has to be noted that the cost of 70Zn is about four times larger than the one 

of 68Zn, considering similar enrichments.  

I studied the production of the theranostic 47Sc in the framework of the PASTA project. 

Several target materials (48Ti, 49Ti, 50Ti, and natV) were selected in order to compare and 

choose the reaction that maximizes the production of 47Sc and at the same time 

minimizes the co-produced contaminants. The enriched 48Ti is very expensive and it 

was not easy to realize thin targets suitable for cross section measurements. To achieve 

this goal, the HIVIPP technique was developed with the E_PLATE project to obtain a 

thin deposit on metallic supports, starting from enriched titanium metallic powder. The 

characterization of the 48Ti targets to quantify the deposited material, in mg/cm2, was 

also carried out by using the EBS technique, obtaining the additional information of the 

oxygen present in the targets. The EBS measurements on the 48Ti irradiated targets are 

yet not complete and, for this reason, the results regarding the cross sections 

measurements performed are given by using the weight of the samples. The enriched 
49Ti and 50Ti materials were delivered in the form of inhomogeneous metal sponges, 

ranging from a few µm up 2 mm diameter. It was necessary to treat the material in order 

to reduce the size of grains into homogeneous metallic powder. I expect that the 

realization and characterization of the 49Ti and 50Ti targets will be completed within 

2020 and, subsequently, it will be possible to measure for the first time the 49Ti(p,x)47Sc 

cross section. During the PASTA project, the irradiation of natV targets was carried out 
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more easily, since this material is available on the market with the desired thickness and 

purity at low cost. I performed six irradiation runs at the ARRONAX facility by using 

different incident proton energies and stacked-foils targets. In total n°14 natV and n° 9 
48Ti targets were irradiated and no chemical process was applied after bombardment. 

The cross sections values obtained for the 48Ti(p,x) 47Sc, 46Sc, 44Sc, 44mSc nuclear 

reactions show a regular trend, in agreement with the previous experimental data. The 

results of the natV(p,x) 48Sc, 47Sc, 46Sc, 44Sc, 44mSc, 43Sc, 51Cr, 49Cr, 48Cr, 48V, 43K, 42K 

cross sections were also obtained and compared with the literature and theoretical 

calculations. All the twelve measured isotopes show a regular cross section trend. 

Particular attention was given to the case of 43Sc, since a large discrepancy was noted 

with literature values. The reason for such disagreement in the trend of the cross section 

may be due to the interference with the γ-line emitted by the co-produced 43K. My data 

for 43Sc and 43K production were also supported by the theoretical predictions: this work 

led to a dedicated article [118]. For all the nuclear reactions studied with natV targets, 

the calculations obtained with the TALYS code, run with the default parameters and a 

new set of parameters, correctly describe the initial trends near the reaction thresholds. 

Depending on the specific radionuclide, the TALYS and TALYS* estimations were not 

always able to reproduce the trend of the experimental data; for this reason, a 

collaboration with experts in nuclear models is ongoing. 

Considering the melting temperature of metallic natV (about 1900°C) and the easy 

availability of thick foils with high purity at low cost, I focused on this production route 

in view of a small-scale production at INFN-LNL. Among all the co-produced Sc-

isotopes, the one that mostly affects and limits the use of 47Sc in medical applications 

is the 46Sc radionuclide since it has a longer half-life than 47Sc. Based on the 

experimental trends of the natV(p,x)47Sc, 46Sc reactions [108], the Thick Target Yield 

(TTY) was calculated up to 34 MeV and compared with the real production obtained in 

dedicated irradiation performed in November 2019. Results showed that the amount of 
47Sc and 46Sc produced were adequately in agreement with the expected activity, but 

surprisingly 48Sc activity was also found. An additional experiment is foreseen by 2020. 

The theoretical results obtained with natV target led us to extend the collaboration with 

experts in dosimetry, already ongoing on 67Cu and 64Cu radionuclides, to establish 

which is the maximum acceptable contamination of 46Sc without increasing too much 

the dose given to the patient, considering a specific radiopharmaceutical. Considering 

the DOTA-folate conjugate cm10 ([47Sc]-cm10), was found that the increase of the 



 

 

Effective Dose due to the presence of the 46Sc was maintained within the 10% limit 

required for clinical use for EP < 35 MeV. 

Similar calculations are already ongoing for the case of 67/64CuCl2 and are envisaged for 

different 67Cu-labelled radiopharmaceuticals.  

The perspective for the LARAMED project at INFN-LNL is to establish regular small-

scale productions of emerging and innovative radionuclides, with high priority to the 

theranostic 67Cu and 47Sc, by using the new high-performance proton cyclotron. The 

fruitful network of national and international collaborations will permit to test the 

efficacy of the developed radiopharmaceuticals with dedicated in-vitro and in-vivo 

preclinical studies. This thesis on nuclear physics is the ground of a complex 

interdisciplinary work that may hopefully soon be an additional step forward for a better 

cancer treatment.   
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APPENDIX A 

Basic principles of dosimetry 

Dosimetry is the measure of the quantities that allow to calculate the biological damage 

due to exposure (external or internal) to the different types of ionizing radiation [131]. 

The biological effects of radiation are considered to be at zero threshold, as even small 

doses have a probability, however small, of producing damage. For this reason, it is 

required that the use of radiogenic sources, called practice, are justified and optimized. 

To understand the calculation of the absorbed dose in humans due to the injection of a 

radiopharmaceutical is necessary to report some basic definitions of three different 

radiation dose quantities. 

 

Absorbed dose 

The absorbed dose (D) is the energy absorbed per unit mass of any material by ionizing 

radiation, and is measured in gray (Gy), where 1 Gy = 1 J Kg-1. 

𝐷 =
𝑑𝐸

𝑑𝑚
 

 

Equivalent dose 

Equivalent dose (HT) is the absorbed dose modified by a factor accounting for the 

effectiveness of type of radiation in producing biological damage to a specific tissue. 

Because of that, absorbed doses of equal values do not necessarily have a equal 

biological effects. A radiation weighting factor (wR) is a dimensionless factor, and it is 

used to equate different types of radiation with different levels of biological 

effectiveness. The resulting weighted is thus the organ- or tissue equivalent dose: 

𝐻𝑇 = ∑𝑤𝑅𝐷𝑇,𝑅

𝑅

 

where: 



 

 

• DT,R is the dose delivered by radiation type R averaged over a tissue or organ T; 

• wR is the radiation weighting factor for radiation type R (Table 56). 

The factor wR is dimensionless. Therefore, the fundamental units of equivalent dose are 

the same as those for absorbed dose. Operationally, however, they are distinguish using 

the special units: H (rem) = D (rad)×wR, H (Sv) = D (Gy)×wR and 1Sv = 100 rem. 

Table 56: Radiation weighting factor recommended from the International Commission on 

Radiological Protection (ICRP) [132] 

Radiation type and energy range Radiation weighted factor, wR 

Photons, all energies 1 

Electrons and muons, all energies 1 

Protons, other than recoil protons, E>2MeV 5 

Alpha particles, fission fragments, heavy nuclei 20 

Neutrons A continuous function of neutron energy 

𝑤𝑅 = {

2.5 + 18.2𝑒− [𝑙𝑛(𝐸𝑛)]2/6,     𝐸𝑛 < 1 𝑀𝑒𝑉

5.0 + 17.0𝑒− [𝑙𝑛(2𝐸𝑛)]2/6,    1 𝑀𝑒𝑉 ≤ 𝐸𝑛 ≤ 50 𝑀𝑒𝑉

2.5 + 3.25𝑒− [𝑙𝑛(0.04𝐸𝑛)]2/6,     𝐸𝑛 > 50 𝑀𝑒𝑉

 

 

The equivalent dose to total body is the average of all the energy absorbed by all tissues 

divided by the mass of the entire body.  

 

Effective dose 

Certain organs are more sensitive to the effect of ionising radiation. Therefore, The 

International Commission on Radiological Protection (ICRP)  assigned a dimensionless 

weighting factors to the organs, which are a function of their relative radiosensitivity 

for expressing fatal cancers or genetic defects. Multiplying an organ’s dose equivalent 

by its assigned weighting factor gives a weighted dose equivalent. The sum of weighted 

dose equivalents for a given exposure to radiation is the effective dose (ED): 

𝐸𝐷 = ∑𝑤𝑇𝐻𝑇

𝑇

 

where: 

• HT  is the equivalent dose; 

• wT is the tissue weighting factor (Table 57). 
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Table 57: Some tissue weighting factor recommended from the International Commission 

on Radiological Protection (ICRP) [132] 

Organ Tissue weighted factor, wT 

Gonads 0.08 

Bone marrow 0.12 

Lung 0.12 

Breast 0.12 

Thyroid 0.04 

Bone Surfaces 0.01 

Colon 0.12 

Stomach 0.12 

Bladder 0.4 

Liver 0.4 

Esophagus 0.4 

Skin 0.1 

Salivary glands 0.1 

Brain 0.1 

 

 

 

 

  



 

 

APPENDIX B 

Secular and Transient Equilibrium 

Equilibrium is a condition occurring when a parent(P)/daughter(D) mixture is present 

and the daughter’s half-life is shorter than the parent’s one. 

The parent nucleus decays according to the following equation of radioactive decay 

𝐴𝑃 = −
𝑑𝑁𝑃

𝑑𝑡
= 𝜆𝑃𝑁𝑃 

where 𝑁𝑃 = 𝑁𝑃
0𝑒−𝜆𝑃𝑡 and 𝐴𝑃 = 𝐴𝑃

0𝑒−𝜆𝑃𝑡. 

The amount of daughter nuclei is determined by two processes, the radioactive decay 

and the radioactive growth by decay of the parent nuclei, described by the equation: 
𝑑𝑁𝐷

𝑑𝑡
= −𝜆𝐷𝑁𝐷+𝜆𝑃𝑁𝑃 

which is solved as: 

𝑁𝐷 =
𝜆𝑃

𝜆𝐷 − 𝜆𝑃
𝑁𝑃

0(𝑒−𝜆𝑃𝑡 − 𝑒−𝜆𝐷𝑡) + 𝑁𝐷
0𝑒−𝜆𝐷𝑡 

The decay of the amount of daughter nuclide present at the time t = 0 (𝑁2
0 = 0) is: 

𝐴𝐷 = 𝜆𝐷𝑁𝐷 =
𝜆𝐷

𝜆𝐷 − 𝜆𝑃
𝐴𝑃

0(𝑒−𝜆𝑃𝑡 − 𝑒−𝜆𝐷𝑡)  

The ratio between 𝜆𝐷 and 𝜆𝑃 is the dominant factor that determines the daughter activity 

in time. 

Secular equilibrium 

When the half-life of the parent nuclide is infinitely larger than that of the daughter 

nuclide (𝜆𝑃 ≪ 𝜆𝐷), the activity of the daughter species can be described as: 

𝐴𝐷 = 𝐴𝑃
0(𝑒−𝜆𝑃𝑡 − 𝑒−𝜆𝐷𝑡)  

For 𝜆𝑃 = 0 the growth of the daughter activity in time is: 

𝐴𝐷 = 𝐴𝑃
0(1 − 𝑒−𝜆𝐷𝑡)  

For 𝑡 → ∞ the daughter activity reaches a value of: 

𝐴𝐷 = 𝐴𝑃 
0 𝑒−𝜆𝑃𝑡 = 𝐴𝑃  

and the parent and daughter activities become equal. This means that in the secular 

equilibrium mixture, the daughter follows the decay of the parent with its half-life 

(Figure 78).  
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Figure 78: Relation between the activities of a P/D nuclides in the case of secular equilibrium 

Transient equilibrium 

When the half-life of the daughter nuclide is not negligible compared to parent’s half-

life (𝜆𝑃 < 𝜆𝐷), a stationary state is reached after sufficient time in which the daughter 

activity is larger than the parent activity (Figure 79). 

𝐴𝐷 =
𝜆𝐷

𝜆𝐷 − 𝜆𝑃
𝐴𝑃

0  𝑒−𝜆𝑃𝑡 =
𝜆𝐷

𝜆𝐷 − 𝜆𝑃
 𝐴1 

 
Figure 79: Relation between the activities of a P/D nuclide in case of transient equilibrium 

 

 

 

 

 



 

 

APPENDIX C 

Bethe-Bloch formula 

Charged particles moving through matter interact with electrons of atoms in the material 

causing the excitation or ionization of the atoms. These interactions lead to a loss of 

energy of the traveling particles. The energy loss by the ions per distance travelled in 

matter is described by the Bethe-Bloch formula:  

−
𝑑𝐸

𝑑𝑥
= 2𝜋𝑟𝑒

2𝑚𝑒𝑐
2  

𝑧2𝑍

𝛽2
 
𝜌𝑁𝐴

𝐴
[𝑙𝑛 (

2𝑚𝑒𝑣
2𝛾2𝑇𝑚𝑎𝑥

𝐼2
) − 2𝛽2] = 

𝜅
𝑧2𝑍

𝛽2
 
𝜌𝑁𝐴

𝐴
[𝑙𝑛 (

2𝑚𝑒𝑣
2𝛾2𝑇𝑚𝑎𝑥

𝐼2
) − 2𝛽2]          

where:  

- re is the classic electron radius (2.817 ·10-13 cm); 

- me is the electron rest mass; 

- NA is the Avogadro Number (6.022 ·10-13 mol-1); 

- c is the speed of light; 

- 𝜅 = 2𝜋𝑁𝐴𝑟𝑒
2𝑚𝑒𝑐

2 = 0.1535 𝑀𝑒𝑉 𝑐𝑚2/𝑔 

- I is the mean excitation potential of the target, approximately given by 𝐼 =

(10 𝑒𝑉) ∙ 𝑍; 

- Z is the atomic number of the target material; 

- A is the relative atomic mass of the target material; 

- ρ is the density of the target material; 

- z is the charge of the particle (in multiples of the electron charge); 

- 𝛽 = 𝑣 𝑐⁄ , 𝛾 = 1 √1 − 𝛽2⁄ ; 

- Tmax is the maximum energy transferred in a single collision, equal to 

 𝑇𝑚𝑎𝑥 =
2𝑚𝑒(𝑐𝛽𝛾)2

1+(𝑚𝑒 𝑀⁄ )√1+(𝛽𝛾)2+(𝑚𝑒 𝑀⁄ )2
≈ 2𝑚𝑒(𝑐𝛽𝛾)2 for 𝑀 ≫ 2𝛾𝑚𝑒. 

Comparing the experimental data and the theoretical trend obtained by the Bethe-Bloch 

formula, an evident discrepancy at low energies is observed. As an example, the Figure 

80 shows the case of protons crossing an aluminum target. The discrepancy makes it 

necessary to bring some corrections to the Bethe's formula: 

−
𝑑𝐸

𝑑𝑥
= 𝜅

𝑧2𝑍

𝛽2
 
𝜌𝑁𝐴

𝐴
[𝑙𝑛 (

2𝑚𝑒𝑣
2𝛾2𝑇𝑚𝑎𝑥

𝐼2
) − 2𝛽2 − 𝛿 − 2

𝐶

𝑍
]          
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where δ and C are the density and shell correction, respectively. The density correction 

is due to the shielding induced by the interaction with the electrons of the material; it is 

important at high energies and grows with the density of the material crossed. The shell 

correction must be taken into account when the velocity of the incident particle is lower 

than that the orbital velocity of the bound electrons. Figure 80 shows that the agreement 

between experimental data and the theoretical trend is better when these corrections are 

applied. 

 

Figure 80: Stopping power of Aluminum for protons versus proton energy, and the Bethe 

formula without (red) and with corrections (blue) 
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