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CHAPTER 1: Introduction 

The discoveries of X-ray, radioactivity, nuclear reaction, neutron and charged particles 

in the early twentieth century are all important parts of the basis of medical physics. 

We can highlight the following achievements in relation with nuclear medicine: In 

1935, Enrico Fermi discovered neutron-induced radioactivity. It marked the beginning of 

nuclear medicine as a neutron-induced reaction (The Editors of Encyclopedia Britannica, 

2018). Nuclear fission was discovered by Otto Hahn and Fritz Strassmann in 1938, which 

led to the construction of nuclear reactors (Gill, Livens and Peakman, 2014). Ernest 

Lawrence and John Lawrence invented the first cyclotron in 1939, and several other 

researchers established the use of cyclotrons in the medical field (Carlson, 1995). 

The first use of radioisotopes as tracers in the study of chemical processes by George 

de Hevesy was the most important event in the history of nuclear medicine (Hevesy, 

1943). David Kuhl introduced the emission reconstruction tomography in 1956 (Jaszczak, 

2006; Portnow, Vaillancourt and Okun, 2013). It becomes the basis of diagnostic 

techniques for computed tomography (CT), single-photon emission computed 

tomography (SPECT), positron emission tomography (PET), and multimodality (PET/CT, 

SPECT/CT/MRI). 

Among these diagnostic imaging techniques, PET is a powerful one based on an 

annihilation reaction induced between a positron and an electron. A positron emitted from 

a radiopharmaceutical injected into a patient reacts with an electron in tissue (Omami, 

Tamimi and Branstetter, 2014). The positron emitter contained in the radiopharmaceutical 

is one of the important parts of the PET diagnostic technique. For instance, F-18 

fluorodeoxyglucose (FDG) is used for PET imaging and considered as a standard PET 

isotope. Recently, we utilizes a variety of positron emitters for PET (Qaim et al., 2016; 

Qaim, 2017; Boros and Packard, 2019). Such PET isotopes are mainly produced using 

accelerators and cyclotrons (Qaim, 2017) and a few positron emitters can be produced 

from generators. It is also possible to use neutron-induced reactions. 

Despite that most PET isotope production routes are well-established, ongoing 

research is needed for more efficient production of PET radionuclides and development 

of new radionuclides for medical applications. To maximize the yield of the desired 
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product and minimize the impurity, it is necessary to choose an appropriate projectile 

energy and to use an isotopically pure target and chemical separation of the product. For 

such optimization, nuclear decay and reaction data are crucial (Qaim, 2017).  

The non-conventional positron emitters 68Ga and 45Ti are expected to become more 

popular in clinical PET scanners. For the cyclotron production of these PET isotopes, the 

promising route is the (p,n) reaction on isotopically enriched targets. Alternative 

production route is the (d,2n) reaction, which can produce the same residual as the (p,n) 

reaction. In literature, a few experimental cross section data on deuteron induced reactions 

for production of 68Ga and 45Ti were reported. However, there are significant 

discrepancies among the experimental data and less reliable data available. Therefore, we 

aim to investigate the deuteron-induced reactions for the production of the emerging PET 

isotopes 68Ga and 45Ti. Two experiments were carried out to measure reliable production 

cross sections of 68Ga and 45Ti in deuteron induced reactions on natural zinc and scandium. 

Based on the experiments, the production routes of the two radioisotopes can be discussed. 

A brief history of nuclear physics milestones, which impact on developments of 

nuclear medicine, was reviewed in the chapter one. The chapter two describe the 

definition of some basic terms of nuclear reaction and decay and radionuclide production. 

The experimental details used are given in the chapter three. The procedures, such as 

target preparation, irradiation condition, data acquisition and analysis, are shown. The 

chapter also provides the monitor reaction for cross-checking of incident beam 

parameters and uncertainty estimations on the measured cross section.  The chapter four 

shows the first experiment using a natural zinc target irradiated by a deuteron beam of 24 

MeV for the production of the medical radionuclide 68Ga. Co-produced radioisotopes are 

also investigated to evaluate amounts of impurities for practical use of 68Ga. All the results 

were discussed in comparison with the previous experimental data and the theoretical 

predictions of TENDL-2019. Physical yields of the radionuclides were deduced from the 

measured cross sections. Based on a comparison between proton- and deuteron-induced 

reactions on natural zinc, we discussed the production reaction of 68Ga. In the chapter 

five, our second experiment are given. Production cross sections of the medically 

interesting radionuclide 45Ti were investigated in the deuteron-induced reaction on 45Sc 

up to 24 MeV. The activation cross sections of the radioactive impurities such as 44Ti and 

44g,44m,46Sc isotopes were also determined. All our measured results were compared with 
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the previous experimental data and the theoretical predictions of TENDL-2019. The 

physical yield of 45Ti was deduced from the measured cross sections. The production of 

the radioactive-contamination-free 45Ti via the 45Sc(d,2n)45Ti reaction was discussed.  

The chapter six presents the results and conclusions.  
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Abbreviation Table 

The abbreviations used in the body text and figures are as follows: 

AVF  Azimuthally Varying Field 

CT Computed Tomography   

FWHM Full Width at Half Maximum 

HPGe  High Purity Germanium  

IAEA International Atomic Energy Agency  

MRI Magnetic Resonance Imaging  

SPECT Single-Photon Emission Computed Tomography 

PET Positron Emission Tomography 

PHY Physical Yield  

RI Radioactive Isotope  

SRIM Stopping and Range of Ions in Matter  

TOF Time-Of-Flight 

TENDL TALYS-based Evaluated Nuclear Data Library   
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CHAPTER 2: Basic Concepts 

 Nuclear reaction 

A nuclear reaction is a process that a nuclear particle (nucleon or nucleus) collides 

with another one. In the nuclear reaction, the incident particles can be scattered to another 

direction or changed to different particles. It can be noted as: 

X(a,b)Y 

where X is a stable nuclide at rest (target), a is an accelerated particle (projectile), Y is a 

product nuclide (residual), b is an emitted particle or photon.  

In a nuclear reaction, several conservation laws are preserved, such as baryonic 

number, charge, energy and linear momentum, total angular momentum, parity, and 

isospin. Several physical quantities such as the Q-value, the threshold energy, and the 

cross section depend on each nuclear reaction.  

2.1.1 Q-value and threshold energy 

A certain amount of energy, 𝑄 [MeV], can be released or absorbed when a particular 

nuclear reaction takes place. The 𝑄-value is defined as: 

𝑄 = [(𝑚𝑎 + 𝑚𝑋) − (𝑚𝑌 + 𝑚𝑏)] ∙ 𝑐2 (2.1) 

where 𝑚𝑎 is the mass of the projectile,  𝑚𝑋 is the mass of the target,  𝑚𝑌 is the mass of 

the residual and 𝑚𝑏 is the mass of the emitted particle. 

    There are three cases: 

• 𝑄 = 0 means elastic scattering,    

• 𝑄 > 0 means that the final system has lighter total mass, which is called 

exothermic, and this reaction may occur at any incident energy. 

• 𝑄 < 0 means that the final system has heavier total mass, which is called 

endothermic. 
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For an endothermic reaction (𝑄 < 0), a certain amount of energy to be absorbed is 

required. This energy is called the threshold energy, which is the minimum kinetic energy 

of the projectile to induce the nuclear reaction. From the conservation laws of energy and 

momentum, the threshold energy 𝐸𝑡ℎ𝑟 can be derived as:  

𝐸𝑡ℎ𝑟 = |𝑄| ∙ (1 +
𝑚𝑎

𝑚𝑋
) (2.2) 

As an example of the 68Zn(d,2n)68Ga reaction, the 𝑄 and 𝐸𝑡ℎ𝑟 values are: 

𝑄 = [𝑚𝑎( 𝐻1
2 ) + 𝑚𝑋( 𝑍𝑛30

68 ) − 𝑚𝑌( 𝐺𝑎31
68 ) − 𝑚𝑏(2𝑛)] ∙ 𝑐2  

 = [2.014u + 67.925u − 67.928u − 2 ∙ 1.009u] ∙ 931.502 MeV u⁄   

 = −5.928 MeV  

𝐸𝑡ℎ𝑟 = |𝑄| ∙ (1 +
𝑚𝑎( 𝐻1

2 )

𝑚𝑋( 𝑍𝑛30
68 )

)  

 = 5.928 MeV ∙ (1 +
2.014u

67.925u
)  

 = 6.103 MeV  

Hence, the 68Zn(d,2n)68Ga reaction is the endothermic reaction and occurs above the 

projectile energy of 6.103 MeV. Other residuals, 69Ga and 67Ga, can be formed as 

impurities above their own threshold energies. A suitable energy window of the projectile 

beam to avoid such impurities can be defined to optimize radioisotope production. The 

reaction threshold energy is a key parameter to describe the suitable energy window. 
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2.1.2 Reaction cross section  

A reaction cross section is an important physical quantity to describe a nuclear reaction. 

The cross section is probability to induce the nuclear reaction between one incident 

particle and one target nucleus. It can be considered as an effective area of interaction 

between the particle and target nucleus.  

To introduce the reaction cross section, we consider a flux of incident charged particles 

per second 𝐼𝑝 [#/s] impinging a foil of a matter of area 𝐿2. The foil contains 𝑁0 mono-

isotopic stable nuclei with a sphere shape of radius r, as shown in Fig. 2.1. 

 

Fig. 2.1. Irradiation of projectiles on a foil of a matter containing N0 stable nuclei of 

cross-sectional area 𝜎 = π ∙ r2. 

A probability 𝑃ℎ𝑖𝑡 that one incident charged particle collides with the target nuclei is 

equal to the fraction of the surface area covered by the target nuclei to the foil area L2 

(Basdevant, Rich and Spiro, 2005).  

 
𝑃ℎ𝑖𝑡 =

𝑁0 ∙ 𝜎

𝐿2
 (2.3) 

Because of a geometrical area of the target nucleus, the cross section has dimensions of 

area per nucleus. It can be used to define the probability for any types of reactions.  

The cross section of the nuclear reaction differs from the geometrical cross section. 

The reaction cross section 𝜎𝑟  corresponds to the effective surface area of the target 

nucleus. A common unit of the cross section of the nuclear reaction is barn, 1 b = 10−24 
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cm2. The cross section of a nuclear reaction depends upon the type and energy of the 

incident particle and the target nuclei. The reaction cross section can be determined based 

on experiments. A concept with an energy dependent cross section is more useful in 

practical applications. 

      The cross sections as a function of the kinetic energy of the incident particle are called 

an excitation function, 𝜎(𝐸) . The excitation function typically increases from the 

threshold energy of the nuclear reaction until a maximum value and then decreases with 

the increasing energy. The excitation function enables to investigate a particular 

production route. 

 

Fig. 2.2. The excitation functions, the threshold energies and Q-values of the 

68Zn(d,xn)67,68,69Ga reactions. 

Figure 2.2 shows an example of the excitation functions of 67,68,69Ga formation via 

deuteron-induced nuclear reactions on isotopically enriched 68Zn. The cross section data 

are taken from the TENDL-2019 library (Koning et al., 2019). In this example, the stable 
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69Ga is formed by the 68Zn(d,n) reaction. Its threshold energy is Ethr = 0.0 MeV and this is 

an exothermic nuclear reaction (Q>0). As the projectile energy increases, various reaction 

channels are opened. Thus, the radioactive 68Ga and 67Ga isotopes are formed by the 

(d,2n) and (d,3n) reactions on 68Zn. Their threshold energies are Ethr= 6.1 MeV and Ethr= 

14.6 MeV, respectively. These are endothermic nuclear reactions.  
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2.1.3 Radioactive decay and types of beta decay 

The most important factor that affects nuclear stability is the neutron/proton ratio. If a 

nucleus with the mass number less than 40 contains the equal numbers of protons and 

neutrons, the nucleus is more stable. If this ratio is too high or too low, the nucleus is 

unstable and leads a radioactive decay. The radioactive decay is spontaneous 

disintegration process of the unstable nucleus. Charged particles and electromagnetic 

radiation (gamma rays) are emitted with the radioactive decay. The rate of the radioactive 

decay is termed “activity” and expressed in the unit of Becquerel [Bq], which is the 

number of decays per second. The activity 𝐴(𝑡) can be expressed as 

𝐴(𝑡) =
𝑑𝑁𝑢(𝑡)

𝑑𝑡
= −𝜆 ∙ 𝑁𝑢(𝑡)  (2.4) 

where 𝑁𝑢(𝑡) and 𝜆 [s-1] are the number and a decay constant of the radioactive nucleus.  

The decay constant 𝜆 is related to the half-life of the radioactive nucleus, 𝑇1 2⁄  [s],  

𝑇1 2⁄ =
ln 2

𝜆
 (2.5) 

There are several types of radioactive decay as follows:  

• 𝛼-decay is the ejection of an alpha-particle and governed by the strong interaction 

• 𝛽 -decay is the ejection of an electron or positron and governed by the weak 

interaction 

• 𝛾 -decay is the ejection of electromagnetic radiation from the internal transition 

between energy states in the nucleus. 

In this thesis, the investigated medical isotopes, 68Ga and 45Ti, are positron emitters. 

Thus, we consider a little detailed description of the beta decays.  

𝜷− decay:  

𝑋𝑍
𝐴 =  𝑋𝑍+1

𝐴 + 𝑒− + 𝜈�̅� 
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In the 𝛽− decay process, one neutron turns into one proton in the nucleus. The decay 

neutron emits an electron and an antineutrino. 

𝑛 = 𝑝 + 𝑒− + 𝜈�̅� 

The Q value associated with this process is 

𝑄𝛽− = [𝑚𝑛 − 𝑚𝑝 − 𝑚𝑒] ∙ 𝑐2 = 939.566 − 938.272 − 0.511 = 0.783 MeV 

This process is possible spontaneously in case of 𝑄𝛽− > 0. 

𝜷+ decay: 

In the 𝛽+ decay, one proton turns into one neutron. The decay proton emits a positron 

and a neutrino. 

𝑝 = 𝑛 + 𝑒+ + 𝜈𝑒 

The Q value of one proton decay is  𝑄𝛽+ = −1.805 MeV. This negative Q value implies 

that the energy supply is required from outside.  On the contrary, in proton-rich unstable 

nuclei, one proton can turn into a neutron spontaneously.  

𝑋𝑍
𝐴 =  𝑋𝑍−1

𝐴 + 𝑒+ + 𝜈𝑒 

Some examples of the 𝛽+ decay is: 

a. 𝐺𝑎31
68 =  𝑍𝑛30

68 + 𝑒+ + 𝜈𝑒 - The average energy of the emitted positron is 

Eβ+
ave = 829.5 keV and its total intensity is 𝐼𝛽+

𝑡𝑜𝑡𝑎𝑙 = 88.9%.  

b. 𝑇𝑖22
45 =  𝑆𝑐21

45 + 𝑒+ + 𝜈𝑒 - It emits a positron with an average energy of 439 

keV and its total intensity is 𝐼𝛽+
𝑡𝑜𝑡𝑎𝑙 = 84.8%. 

Electron capture (EC): 

In this decay, an orbital electron is captured by a proton and causes the emission of the 

electron neutrino.  

𝑝 + 𝑒− = 𝑛 + 𝜈𝑒 
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The Q value is  𝑄𝐸𝐶 = −0.783 MeV and it is not a spontaneous process. The 𝛽− decay 

occurs in neutron-rich nuclei, while the 𝛽+decay and EC undergo in proton-rich nuclei.  

𝑋𝑍
𝐴 + 𝑒− =  𝑋𝑍−1

𝐴 + 𝜈𝑒 
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2.2 Production of radioisotopes in cyclotrons  

2.2.1 Production and cumulative cross sections 

One of the main applications of radioactive isotopes is nuclear medicine. In this field, 

a terminology of "production cross section" is used. It is the sum of cross sections of all 

reaction channels contributing to production of the radioisotope of interest.   

The radioisotope of interest can be produced by different nuclear reactions if a target 

contains several isotopes. For example, natural zinc targets in deuteron-induced reactions 

can contribute to the production of 67Ga as shown in Fig. 2.3. All the cross sections on 

each zinc isotope are normalized using natural zinc isotopic composition and those on 

natural zinc were derived. There exist two peaks in the energy region below 25 MeV. The 

first peak is around 8 MeV. The main contribution to the peak comes from the exothermic 

(d,n) reaction on 66Zn (abundance: 27.73%). The (d,2n) reaction on 67Zn can contribute 

into the peak above 4.1 MeV but its contribution is small due to the relatively low 

abundance of 67Zn (4.04%). The second peak comes from the (d,3n) reaction on 68Zn 

(18.45%). Its threshold energy is Ethr = 15.7 MeV.  
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Fig. 2.3. Production cross section of 67Ga in deuteron induced reactions on natural 

zinc derived from the data retrieved from the TENDL-2019 library (Koning et al., 

2019). 

As shown in the example above, the production cross sections of 67Ga through the 

deuteron-induced reaction on a natural zinc target can be estimated as  

𝜎 𝑍𝑛𝑛𝑎𝑡 (𝑑,𝑥) 𝐺𝑎67 = 0.2773 ∙ 𝜎 𝑍𝑛66 (𝑑,𝑛) 𝐺𝑎67 + 0.0404 ∙ 𝜎 𝑍𝑛67 (𝑑,2𝑛) 𝐺𝑎67 + 0.1845

∙ 𝜎 𝑍𝑛68 (𝑑,3𝑛) 𝐺𝑎67  

The medical isotope can be produced via the direct production route and also indirect 

production routes. The indirect routes are the decay of the co-produced parent and the 

meta-stable state of the isotope of interest.  

A terminology of “cumulative production cross section” describes the sum of the cross 

sections in these direct and indirect production routes. An example is that of 65Zn in 

deuteron-induced reactions on natural zinc as shown in Fig. 2.4. The longer-lived 65Zn 

(T1/2=243.93 d) is directly formed in the deuteron irradiation on 64Zn, 66Zn and 67Zn in 

natural zinc below 24 MeV. The shorter-lived 65Ga (T1/2=15.2 min) is simultaneously 

produced via reactions on 64Zn and 66Zn. Then 65Ga decays into 65Zn by EC and  𝛽+ 

processes. The measured cross section is regarded as the cumulative one. The direct and 

indirect cross sections can be separated if the production cross section of the co-produced 

precursor, 65Ga, is determined. The indirect contribution from the decay of 65Ga is large 

in Fig. 2.4. 
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Fig. 2.4. Cumulative, direct, and indirect production cross sections of 65Zn in deuteron 

induced reactions on natural zinc derived from the data retrieved from the TENDL-

2019 library (Koning et al., 2019). 
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2.2.2 Production rate  

A production rate is the number of produced nuclei per second Y (#/s) in nuclear 

reactions. It depends on the energy. The production rate of a stable nucleus for a particular 

reaction is proportional to the number of target nuclei per unit area of the foil 𝑛𝑇 [#/cm2] 

(discussed in Section 3.1.1), the flux of the incident charged particle 𝐼𝑝 [#/s] (discussed 

in Section 3.2.1), and the reaction cross section 𝜎𝑟: 

𝑌 = 𝑛𝑇 ∙ 𝐼𝑝 ∙ 𝜎𝑟 (2.6) 

If the produced nucleus is unstable, it decays during the irradiation. The production 

rate of the unstable nuclei can be described as:  

𝑑𝑁(𝑡)

𝑑𝑡
= 𝑌 − 𝜆 ∙ 𝑁(𝑡) (2.7) 

The number of radioactive nuclei 𝑁(𝑡𝑖𝑟𝑟) produced at the time 𝑡𝑖𝑟𝑟 is as follows:  

𝑁(𝑡𝑖𝑟𝑟) = 𝑌 ∙
(1 − 𝑒−𝜆𝑡𝑖𝑟𝑟)

𝜆
 (2.8) 

The number N(t) is shown in Fig. 2.5. During the irradiation, the N increases. After the 

irradiation, the N decreases exponentially. Irradiation longer than two to three half-lives 

is ineffective because 80% of the maximum number of the nuclei has already been 

produced. 



19 

 

 

 

 

2.2.3 Physical yield for a thick target.  

Physical yield (PHY) is a ratio of the number of nuclei formed in the nuclear reaction 

to the number of particles induced on the target (Qaim et al., 2001). We consider 

irradiation on a thick target with a thickness of dx as shown in Fig. 2.6. The energy of 

incident charged particles decreases in the thick target. Because the energy loss of the 

projectile is not negligibly small, the reaction cross section 𝜎(𝐸) in the thick target varies 

depending on the projectile energy.  

Fig. 2.5. The number of the produced nuclei relative to the peak as a function of time. 
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Fig. 2.6. Energy degradation of the incident beam with Ein after passed through a 

target with a thickness of dx 

According to the literature (Otuka and Takács, 2015), the physical yield for thick target 

is defined as:  

𝑃𝐻𝑌 = 𝐻 ∙
𝑁𝐴

𝐴𝑡 ∙ 𝑍𝑝 ∙ 𝑒
∙ ∫

𝜎(𝐸)

𝑑𝐸 𝑑𝜌𝑥⁄

𝐸𝑖𝑛

𝐸𝑜𝑢𝑡

𝑑𝐸 ∙ 𝜆 (2.9) 

where 𝐸𝑖𝑛 and 𝐸𝑜𝑢𝑡 are the incident and outgoing energies of the projectile and 𝑑𝐸 𝑑𝜌𝑥⁄  

is mass stopping power (explained in section 2.2.4), H is the abundance or purity of the 

target nuclei, 𝑁𝐴  is Avogadro’s number [#/mol], 𝐴𝑇  is the molar mass of the target 

element [g/mol]  𝑍𝑝 is the atomic number of the projectile and 𝑒 is the elementary charge. 

The physical yield is expressed as activity per electric charge, in the unit of Bq C⁄ . The 

electric charge is convertible to the product of current and time and its unit is Bq As⁄ . The 

physical yield in the unit of MBq μAh⁄  is widely used for practical use.  

2.2.4 Stopping power 

Incident charged particles interact with atoms in a target through electronic and nuclear 

processes. Due to these processes, the projectiles lose their energy. The force is stopping 

power of the material. The rate of loss of the energy depends on the properties of both the 

incident and target particles.  

Liner stopping power 𝑆(𝐸) describes the average energy loss of projectiles per unit 

length in the target in [MeV/cm]:  
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𝑆(𝐸) = −𝑑𝐸 𝑑𝑥⁄  (2.10) 

The liner stopping power 𝑆(𝐸) depends on the material density. In fact, the stopping 

power of solid and gas states is very distinct. Thus, the mass stopping power 𝑆𝑚(𝐸) can 

be described by the liner stopping power divided by the material density:  

𝑆𝑚(𝐸) = −𝑑𝐸 𝑑(𝜌𝑥)⁄  (2.11) 

where 𝜌 is the material density. The unit of the mass stopping power is MeV/mg/cm2. 

The energy loss of the projectile occurs due to interaction with the electrons and nuclei 

in the target. The process with the former is the electronic stopping power, 𝑆𝑒(𝐸). The 

process with the latter is the nuclear stopping power, 𝑆𝑛(𝐸).  

The total stopping power is the sum of the electron 𝑆𝑒(𝐸) and nuclear stopping powers 

𝑆𝑛(𝐸): 

𝑆𝑡𝑜𝑡(𝐸) = 𝑆𝑒(𝐸) + 𝑆𝑛(𝐸) (2.12) 

In general, the nuclear stopping powers 𝑆𝑛(𝐸) is small because the nuclear force acts 

in a short range. It implies that the electromagnetic interaction between the projectile and 

target is dominant. 

For example, stopping power in the case of a deuteron beam on zinc is calculated using 

the SRIM software (Ziegler, Ziegler and Biersack, 2010) and shown in Fig. 2.7. It is seen 

that the electronic stopping power is more dominant than the nuclear stopping power. 
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Fig. 2.7. Stopping powers in the case of a deuteron beam on zinc calculated using the 

SRIM software. 
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CHAPTER 3: Experimental Details 

3.1 Target preparation 

Various types of targets in solid, liquid, and gaseous states can be used for radioisotope 

production. The thicknesses of these targets vary from a few to several hundred mg/cm2 

(Stolarz, 2014). The targets should have the following features: high chemical purity, 

uniform thickness, good mechanical strength, stability under a beam, and easy processing 

after irradiation. 

In our experiments, solid targets (pure metal and thin foils) are used to measure the 

production cross sections of medical isotopes. Because the solid targets are denser than 

gas and liquid ones, the path length of a beam becomes shorter, and the target thicknesses 

can be thinner. The thinner solid foils enable to measure an excitation function with better 

resolution and structure.  

In general, the foils in a target play three different roles in the experiments. The first 

one is a main target foil to produce the medical isotope of interest. The second one is a 

catcher foil of recoiled products at the downstream of the main target foil. The catcher 

foil should satisfy requirements for few radioactive products by the nuclear reaction in 

the investigated energy range. Moreover, to minimize γ-ray attenuation during the 

measurement, the catcher foil of a lower atomic number should be selected (Alharbi et 

al., 2011). The last one is a monitor foil (discussed in Section 3.2.2) used to assess beam 

parameters.  

The target configuration of the three type foils is arranged based on the calculation of 

energy degradation (discussed in section 3.1.2) as shown in Fig. 3.1. Then the foils were 

stacked into a target holder served as a Faraday cup. The stacked target is irradiated with 

a beam.  
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a) 

 

 

b) 

 

3.1.1 Target thickness 

Target thicknesses of the foils should be determined. The number of nuclei per unit 

area 𝑛𝑇 [#/cm2] can be derived from the average thickness 𝑛𝑎𝑣𝑔 [g/cm2] (mass thickness), 

derived from weight and size measurements. In the experiments, large metal foils were 

purchased from a commercial company and their thickness and purity were provided by 

them. The exact foil thicknesses may be different from the provided values. Thus, the 

Fig. 3.1. (a) Target foils and a target holder, and (b) a schematic of the stack 

configuration. 



25 

 

average thicknesses of the foils are derived by measuring the weights and sizes of larger 

foils. The derived average thickness 𝑛𝑎𝑣𝑔 [mg/cm2] can be evaluated as  

𝑛𝑎𝑣𝑔 =
〈𝑚〉

〈𝑆〉
 (3.1) 

where 〈𝑚〉 and 〈𝑆〉 are the average values of several measurements of the weights and 

sizes of larger foils, respectively. The uncertainty of foil thicknesses is estimated from 

these measurements.  

The number of target nuclei 𝑁0 in the foil is 

𝑁0 = 𝐻 ∙
𝑚

𝐴𝑇
∙ 𝑁𝐴 (3.2) 

where 𝑚 is the weight of the foil [g]. 

From Equations 3.1 and 3.2 𝑛𝑇 [#/cm2] can be estimated as  

𝑛𝑇 =
𝐻 ∙ 𝑁𝐴

𝐴𝑇
∙ 𝑛𝑎𝑣𝑔 (3.3) 

3.1.2 Energy degradation calculation 

Energy degradation of the projectile in the target can be estimated using the stopping 

power calculated by the SRIM software (Ziegler, Ziegler and Biersack, 2010). We 

consider a beam with the incident energy of 𝐸𝑖𝑛 impinging on a thin metal foil with a 

thick x and a density 𝜌. The relation between the average thickness 𝑛𝑎𝑣𝑔 [mg/cm2] and 

the mass stopping power 𝑆𝑚(𝐸) (discussed in Section 2.2.4) can be expressed as follows: 

𝑛𝑎𝑣𝑔 = 𝑥 ∙ 𝜌 = ∫ (
1

𝑆𝑚(𝐸)
) 𝑑𝐸

𝐸𝑖𝑛

𝐸𝑜𝑢𝑡

 (3.4) 

The stopping power 𝑆𝑚(𝐸) can be approximated as a linear function for a thin foil (small 

energy loss) as: 
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𝑆𝑚(𝐸) = 𝑏 + 𝑎 ∙ 𝐸 (3.5) 

where 𝑎 is slop and 𝑏 is intercept coefficients.  

Equation (3.4) can be written using Equation (3.5) as: 

𝑥 ∙ 𝜌 ≈ ∫
1

(𝑎𝐸 + 𝑏)
𝑑𝐸

𝐸𝑖𝑛

𝐸𝑜𝑢𝑡

 (3.6) 

From Equation (3.6), the degraded energy after passed through a thin foil, 𝐸𝑜𝑢𝑡, can be 

calculated as:  

𝐸𝑜𝑢𝑡 = 𝐸𝑖𝑛𝑒𝑎𝜌𝑥 +
𝑏

𝑎
(𝑒𝑎𝜌𝑥 − 1) (3.7) 

An example of energy degradation is shown in Fig. 3.2 in the case of a deuteron beam 

of 24 MeV impinging on a staked target with a configuration of Zn-Ti-Ti sets. The 

thicknesses of the Zn and Ti foils were 17.64 and 9.31 mg/cm2, respectively. To fully stop 

the deuteron beam in the target, a total of 46 foils are required.  
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Fig. 3.2. Energy degradation of a 24-MeV deuteron beam in the stacked target. 
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3.2 Irradiation and measurement processes 

The stacked target was irradiated with a beam. In the experiments, the energy of the 

incident beam was measured by the time-of-flight method (TOF) (Watanabe et al., 2014). 

The beam intensity was measured using a Faraday cup. The beam parameters were cross-

checked with the natTi(d,x)48V monitor reaction (discussed in Section 3.2.2). During the 

irradiation, the beam current was kept constant. The irradiation period is determined 

depending on the experimental condition and inappropriate to be 2 or 3 times longer than 

the half-life as shown in Fig. 2.5. For a larger number of products and better statistics of 

γ-ray measurements, however, the foil should be irradiated longer as long as possible. 

After the irradiation, the activated stack was dismantled without any chemical 

separation. Then the decay γ rays emitted from the dismantled foils were measured and 

analyzed by the Gamma Studio software (SEIKO EG&G). Each foil was measured 

several times using a high-resolution HPGe detector (given in Appendix A). The detector 

efficiencies for various source-detector distances were determined using a mixed γ-ray 

standard source (given in Appendix A). The source has known activities to cover the 

energy range between 60 and 1836 keV. The cooling times were essential to avoid 

interference of γ-lines from byproducts and to evaluate cumulative formation of the 

longer-lived radionuclide. In addition to the strong characteristic γ-lines of each 

radioisotope, weak γ-lines were also considered to cross-check. In the cases of longer-

lived radionuclides, activity measurements were carried out after sufficient cooling times 

for the complete decay of shorter-lived isotopes.  

3.2.1 Measurement of beam intensity   

The deuteron beam current is directly measured using a Faraday cup and cross-checked 

with the natTi(d,x)48V monitor reaction. The Faraday cup can measure electric current. 

The positive ions in the beam reach at the target in the Faraday cup and gain electrons. 

The electrons were provided through an amperemeter. The total charge can be measured 

using the amperemeter. A schematic diagram and real photos of the Faraday cup like 

target holder is shown in Fig. 3.3.  
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a) 

 

                         b)                                                                      c) 

 

Fig. 3.3. Faraday cup like target holder: (a) schematic diagram, (b) a real photo and 

(c) installed on beam line. 

 

The average beam current I [𝐴] is defined as: 

𝐼 =
𝑞𝑡𝑜𝑡

𝑡𝑖𝑟𝑟
 (3.8) 

where 𝑞𝑡𝑜𝑡 is the total charge measured by the Faraday cup and 𝑡𝑖𝑟𝑟 is the irradiation time.  

The total charge is proportional to the total number of projectiles 𝑛𝑝 . It can be 

expressed as follows: 

Faraday 

Cup 

Collimator 

Energy degradation                      

𝐸𝑖𝑛 > 𝐸𝑖𝑛−1 ⋯  > 𝐸𝑜𝑢𝑡 

Stacked target 

Beam 
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𝑞𝑡𝑜𝑡 = 𝑛𝑝 ∙ 𝑍𝑝 ∙ 𝑒 (3.9) 

. 

From Equations 3.8 and 3.9, the average number of projectiles per second 𝐼𝑝 [#/s] is  

𝐼𝑝 =
𝑛𝑝

𝑡𝑖𝑟𝑟
=

𝐼

𝑍𝑝 ∙ 𝑒 
 (3.10) 
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3.2.2 Monitor reaction 

The monitoring reaction can be used to double-check the measured beam intensity. 

The procedures are as follows: 

• The cross sections of the monitor reaction are derived using the intensity 

directly measured by the Faraday cup. The intensity is common for the monitor 

and the target foils because the foils are arranged in one stack and irradiated 

simultaneously. The loss of projectiles due to reactions is very small and 

neglected. 

• The derived excitation function of the monitor reaction is compared with the 

recommended values of the International Atomic Energy Agency (IAEA) 

(Takács et al., 2007; Hermanne et al., 2018).  

• If there are any discrepancy between the derived and the recommended 

excitation functions, the beam intensity is corrected within the uncertainty. This 

corrected beam intensity is adopted in data assessment of the cross sections.  

There are several monitor reactions recommended by the IAEA (Takács et al., 2007; 

Hermanne et al., 2018) with regard to the energy region and projectile type. In our 

experiments, the natTi(d,x)48V reaction is used and shown in Fig. 3.4. 
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Fig. 3.4. The excitation functions of the natTi(d,x)48V monitor reaction (Takács et al., 

2007; Hermanne et al., 2018). 

 

 

 

 

 

 

  



33 

 

3.3 Data analysis 

3.3.1 Derivation of the production cross section from measurement.   

One way to detect the radioactive isotope produced by irradiation is to measure the 

radiations from its decay. 

 It is assumed that the irradiation lasted for the time 𝑡𝑖𝑟𝑟. After the irradiation, we wait 

for a certain cooling time 𝑡𝑐 before the start of measurement. During an acquisition time 

𝑡𝑚 after the cooling time 𝑡𝑐, the γ-rays emitted from the activated foil are measured by a 

high-resolution HPGe detector. Only decay process occurs during the cooling time 𝑡𝑐 and 

the acquisition time 𝑡𝑚. The number of measured counts ∆𝑁 is  

∆𝑁 = 𝜀𝑑 ∙ 𝜀𝛾 ∙ 𝜀𝑡 ∙ 𝑁(𝑡𝑖𝑟𝑟) ∙ 𝑒−𝜆𝑡𝑐 ∙ (1 − 𝑒−𝜆𝑡𝑚) (3.11) 

where 𝜀𝑡 is the dead time correction, 𝜀𝛾 is the gamma-ray intensity, and 𝜀𝑑 is the detector 

efficiency (given in Appendix A). The numbers of produced stable and unstable (𝑇1/2 =

3.08 h) nuclei under the condition of 𝑌 = 1.32 ∙ 108 s-1 as a function of time is shown in 

Fig. 3.5 with irradiation, cooling, and acquisition times, respectively.  
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Fig. 3.5. The number of produced nuclei as a function of time during irradiation, 

cooling, and acquisition. 

Finally, from Equations 2.6, 2.8, and 3.11, the production cross section 𝜎 is derived as 

follows:  

𝜎 =
∆𝑁𝜆

𝑛𝑇𝐼𝑝𝜀𝑑𝜀𝛾𝜀𝑡(1 − 𝑒−𝜆𝑡𝑖𝑟𝑟)𝑒−𝜆𝑡𝑐(1 − 𝑒−𝜆𝑡𝑚)
 (3.12) 
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3.3.2 Self-absorption correction 

The self-absorption effect in the target material causes a loss of -ray counting. This 

effect is particularly high for low-energy -rays in high-Z materials (Alfassi et al., 2009). 

It leads underestimation of the cross sections of the isotope of interest. The self-absorption 

in the foils can be estimated as: 

𝐴(𝐸) = 𝐴0(𝐸)
𝜌[𝜇(𝐸) 𝜌⁄ ]𝑥

1 − 𝑒𝑥𝑝[−𝜌(𝜇(𝐸) 𝜌⁄ )]𝑥
  (3.13) 

where 𝐴0(𝐸) is the measured activity of the γ-ray at the energy E, A(E) is the corrected 

activity, x is the thickness of the foil, ρ is the density of the foil, μ(E)/ρ is the mass 

attenuation coefficient taken from the reference (Hubbel and Seltzer, 2004). 

As an example, the self-absorption for the γ-line at 78.32 keV emitted from Sc foils 

(250 m thickness) was estimated to be 1.5% from Equation 3.13. The mass attenuation 

coefficient is 0.40 cm2/g. 

3.3.3 X-ray interference from detector shielding 

For low energy γ-lines, there can be the interference effect of X-rays from the detector 

shielding and other surrounding materials. Lead (Pb) was used as detector shielding. 

During γ-ray measurement, any radiation emitted from the activated foils could induce 

the X-ray fluorescence radiation at energies of 𝐸𝐾𝛼
= 75 keV and  𝐸𝐾𝛽

 = 85 keV. It is 

better to minimize the interference as far as possible. In our experiments, the X-ray 

fluorescence radiations of Pb shielding would influence on the 78.32-keV γ-rays (Iγ = 

96.4%) emitted from the decay of 44Ti. 

3.3.4 Isomeric decay contribution 

A longer-lived metastable state of a radioactive nuclide of interest can be formed and 

it decays into a ground state by the Isomeric Transition (IT) process. Thus, the metastable 

state contributes to the γ-line of the ground state.  
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As an example, 44mSc (T1/2= 58.61 h) can be formed directly by the (d,t) (Ethr = 5.07 

MeV) and (d,p2n) (Ethr  = -13.6 MeV) reactions on 45Sc and decays to the ground state 

44gSc (T1/2= 3.97 h). The metastable state 44mSc (Ip = 6+) decays to 44gSc (Ip = 2+) by IT 

(98.8%) with emission of the γ-ray at 271 keV and to 44Ca by EC (1.2%) with the γ-ray 

at 1157 keV. The strong γ-lines with the IT decay (98.8%) allow to determine the 

independent cross sections for 44mSc using measurements after adequate cooling times. 

The cross sections for 44gSc can be determined using the 1157-keV  line, however the  

line includes the contribution from the EC decay of 44mSc (1.2%). Based on  line 

intensities and detector efficiencies, the contribution to the 1157-keV  line from the 44mSc 

EC decay can be estimated using that of the  line at 271.24 keV (86.7%). The small 

contribution from the EC decay of 44mSc was subtracted. 

The number of the ground state 𝑁𝑔(𝑡) during irradiation is contributed from the decay 

of the metastable state. The number of the metastable state 𝑁𝑚(𝑡) is 

𝑁𝑚(𝑡) =
𝑌𝑚

𝜆𝑚
(1 − 𝑒−𝜆𝑚𝑡) (3.14) 

The time derivative of 𝑁𝑔(𝑡) is  

𝑑𝑁𝑔(𝑡)

𝑑𝑡
= 𝑌𝑔 − 𝑁𝑔(𝑡) ∙ 𝜆𝑔 + 𝑃𝑚,𝑔 ∙ 𝑁𝑚(𝑡) ∙ 𝜆𝑚 (3.15) 

where 𝑃𝑚,𝑔 is the isomeric transition coefficient and 0.988 for 44mSc. 

By solving this equation, the cross section for the ground state, 𝜎𝑔 can be derived as 

follows:  

𝜎𝑔 = [
∆𝑁𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒

𝑛𝑇𝐼𝜀𝑑𝜀𝛾𝜀𝑡
−

𝜎𝑚𝑃𝑚,𝑔

𝑔 − 𝜆𝑚
(

𝜆𝑔

𝜆𝑚
Λ𝑚 −

𝜆𝑚

𝜆𝑔
Λ𝑔)]

𝜆𝑔

Λ𝑔
 (3.16) 

Λ𝑚 = (1 − 𝑒−𝜆𝑚𝑡𝑖𝑟𝑟) ∙ 𝑒−𝜆𝑚𝑡𝑐 ∙ (1 − 𝑒−𝜆𝑚𝑡𝑚) (3.17) 

Λ𝑔 = (1 − 𝑒−𝜆𝑔𝑡𝑖𝑟𝑟) ∙ 𝑒−𝜆𝑔𝑡𝑐 ∙ (1 − 𝑒−𝜆𝑔𝑡𝑚) (3.18) 
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where ∆𝑁𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒  is the measured counts of the photo-peak at 1157 keV, 𝜎𝑚  is the 

cross section for the meta-stable state, 𝜆𝑚 is the decay constant of the 44mSc and 𝜆𝑔  is the 

decay constant of the 44gSc.   

The cross sections with and without correction are shown in Fig. 3.6. The cross 

sections were derived from the measurement of the 1157-keV  line after cooling time of 

27.5 h. The estimated contribution of the IT decay of 44mSc to 44gSc is about 35% at 23.3 

MeV (discussed in section 5.3.5). 

 

Fig. 3.6. The excitation functions of the 45Sc(d,x)44mSc reaction with and without 

correction. 
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3.3.5 Overlapped γ-lines 

Two or more radioactive nuclides that emit γ-rays with the same or close energy can 

be produced simultaneously in the foil. These γ-rays are considered as spectral overlapped 

ones because the peak area of the γ-rays in the spectra cannot be separated. Therefore, it 

is necessary to evaluate their individual contributions. An example is the overlap of γ-

rays emitted from 44mSc and 44gSc produced in deuteron-induced reactions on scandium.  

The γ-line of 1157 keV (𝐼𝛾=1.2%) of 44mSc overlaps with that of 44gSc (𝐼𝛾=99.9%) 

because these isotopes are coproduced and decay into the same nuclide 44Ca. Thus, the 

contribution of the EC decay process of 44mSc should be subtracted from the collected 

count of the 1157.02 keV γ-line to derive the contribution of 44gSc. The contribution of 

44mSc can be evaluated using the independent γ-rays at 271.24 keV (𝐼𝛾 = 86.7%) using 

the following equations:  

𝑁𝛾1
= 𝜀𝑑1

(𝜀𝛾1
𝑚Δ𝑁𝑚) (3.19) 

𝑁𝛾2
= 𝜀𝑑2

(𝜀𝛾2

𝑔
Δ𝑁𝑔 + 𝜀𝛾2

𝑚Δ𝑁𝑚) (3.20) 

Δ𝑁𝑔 =
1

𝜀𝑑1
𝜀𝑑2

𝜀𝑑1
𝜀𝛾1

𝑚𝑁𝛾2
−  𝜀𝑑2

𝜀𝛾2
𝑚𝑁𝛾1

𝜀𝛾1
𝑚𝜀𝛾2

𝑔  (3.21) 

where Δ𝑁𝑚 and Δ𝑁𝑔 are the number of decays of 44mSc and 44gSc, 𝑁𝛾1
 and 𝑁𝛾2

 denote 

the net counts in photo-peaks at 271.24 (𝛾1) and 1157 keV (𝛾2), 𝜀𝑑1
and 𝜀𝑑2

are the detector 

efficiencies in the photo-peaks, 𝜀𝛾2

𝑔
, 𝜀𝛾1

𝑚, and 𝜀𝛾2
𝑚 are the gamma ray branching ratios of 

44mSc and 44gSc isotopes, respectively. The estimated contribution of the EC decay process 

of 44mSc is about 0.5% (discussed in section 5.3.5).  
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3.4 Uncertainty estimation 

3.4.1 Uncertainty of cross section  

According to Equation 2.10, experimental production cross sections depend on 

observables derived from the measurements (𝐶, 𝑛𝑇, 𝐼𝑝, 𝐼𝛾 and 𝜀𝛾) and parameters such as 

decay constant, and γ-ray intensity, irradiation, cooling, and acquisition times.  

The total relative uncertainty on the cross sections is estimated by the square root of 

the quadratic summation of the following components:  

∆𝜎 = √(∆𝐶)2 + (∆𝑛𝑇)2 + (∆𝐼𝑝)
2

+ (∆𝐼𝛾)
2

+ (∆𝜀𝛾)
2
 (3.22) 

where ∆𝐶 is the relative uncertainty of γ-ray counting, ∆𝑛𝑇 is the relative uncertainty of 

the target thickness, ∆𝐼𝑝is the relative uncertainty of the beam intensity, ∆𝐼𝛾 is the relative 

uncertainty of the γ-ray intensity and ∆𝜀𝛾  is the relative uncertainty of the detection 

efficiency. The uncertainties of the decay constant and times were ignored because of 

their negligible contribution in most experiments. Each component is independently 

estimated.  

3.4.2 Uncertainty of beam energy  

The uncertainty of the incident projectile energy depends on the conditions of the 

irradiation and the configuration of the foils in the target. The total relative uncertainty of 

the projectile energy can be estimated in the same way with that of the cross sections as 

follows: 

∆𝐸 = √(∆𝐸0)2 + ∑(∆𝑥𝑖)2

𝑖

 (3.23) 

where ∆𝐸0 is the initial relative uncertainty on the determination of the incident projectile 

energy and ∆𝑥𝑖 are various sources of the relative uncertainty such as the foil thicknesses, 

the stopping power and beam straggling effect. 
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In our experiments, the initial relative uncertainty on the deuteron beam energy, ∆𝐸0, 

is ± 0.1 MeV, which can be determined using the time-of-flight method (Watanabe et al., 

2014). This value is nearly the same relative uncertainty on the first foil. It increases 

gradually in the last foil of the stack due to the uncertainty propagation. The dominant 

reason for the increasing value is the struggling effect. The uncertainty of the initial beam 

energy relatively less affects the total one.  

3.4.2.1 Energy straggling  

Due to subsequent collisions with electrons in the foil, the beam loses its energy. 

Even though all the projectiles assumed to have the same incident energy, the energy of 

each projectile after passing through the foil can be changed from each other. This 

fluctuation effect is considered as the energy straggling (Ramirez et al., 1969; Yang, 

O’Connor and Wang, 1991). If the energy loss distribution is similar to a Gaussian, the 

energy straggling can be defined by the standard deviation (Ma et al., 2007) as follows 

𝜎𝐸𝑙
2 =  (𝐸𝑙 − 〈𝐸𝑙〉)2 (3.24) 

where 𝐸𝑙 = 𝐸𝑖𝑛 − 𝐸𝑜𝑢𝑡 is the energy loss in the foil and 〈𝐸𝑙〉 is its mean value. The energy 

spread can be determined as full width at half maximum (FWHM) on the energy spectrum. 

Therefore, a relation between the full width at half maximum (FWHM) and the standard 

deviation, 𝜎𝐸𝑙
, is as  

𝐹𝑊𝐻𝑀 = 2.355 ∙ 𝜎𝐸𝑙
  (3.25) 

 

3.4.2.2  Energy thickness 

Charged-particle projectiles can lose their energies in the foil. The energy degradation 

from the incident energy Ein to the outgoing energy Eout depends on the thickness of the 

foil and is called the energy thickness. The measured cross section can be obtained for 

the energy thickness. The projectile energy at the midpoint of the foil Emid is used for the 

cross section. Thus, the energy thickness is defined as Ein-Emid. 
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CHAPTER 4: Production Cross Sections of 68Ga in Deuteron-

Induced Reactions on Natural Zinc 

 

4.1 Introduction  

68Ga (T1/2 = 67.71 min) is a positron emitter and suitable for PET scans (Banerjee and 

Pomper, 2013). It has the benefits of high sensitivity and resolution, repetitive 

examinations, and low radiation exposure to patients (Velikyan, 2018).  

The parent 68Ge (T1/2 = 270.93 d) is longer lived and more appropriate for delivery 

than 68Ga. Therefore, the 68Ge/68Ga generator is used to supply 68Ga for nuclear medicine. 

The 68Ga activity from the generator is however limited and unable to meet potential 

demand for 68Ga (International Atomic Energy Agency, 2019). The (p,n) reaction on 

enriched 68Zn is an preferable route on cyclotrons for large scale production of 68Ga (e.g., 

Szelecsényi et al., 2012 and Lin et al., 2018; Riga et al., 2018). The deuteron-induced 

reactions on zinc are another candidate route for the 68Ga production because the cross 

sections of the deuteron-induced reactions on zinc isotopes are comparable with those of 

the proton-induced ones according to the TENDL-2017 library (Koning and Rochman, 

2012).  

In the literature, there are a few experimental cross section data for the natZn(d,x)68Ga 

reaction  (Nassiff and Münzel, 1973; Šimečková et al., 2017) and the 68Zn(d,2n)68Ga 

reaction (Gilly et al., 1963). From the comparison of these results, however, a notable 

discrepancy among them is seen. Therefore, it is necessary to measure the reliable data 

of the cross sections to investigate the production route. In this experiment, we measured 

the production cross sections of 68Ga and the radioactive by-products via deuteron-

induced reactions on natural zinc. Their physical yields were also deduced from the 

measured cross sections.  



42 

 

4.2 Materials and Methods 

The experiment was performed at the AVF cyclotron of the RIKEN RI Beam Factory. 

The production cross sections were derived using the stacked-foil activation technique 

and the high-resolution γ-ray spectrometry. The method of target preparation described 

in Section 3.1 is employed. 

 The stacked target consisted of pure metallic foils of Zn and Ti with natural isotopic 

composition. The foils of natZn with 99.9% purity and natTi with 99.6% purity were 

purchased from Nilaco Corp., Japan. The isotopic composition of natural zinc was 64Zn: 

49.17%, 66Zn: 27.73%, 67Zn: 4.04%, 68Zn: 18.45%, and 70Zn: 0.61%. The size and weight 

of the natZn and natTi foils were measured to determine the foils thicknesses. The 

thicknesses were found to be 17.64 mg/cm2 and 9.31 mg/cm2, respectively. The foils were 

cut into 10×10 mm2 to fit a target holder served as a Faraday cup. Eleven sets of the Zn-

Zn-Ti-Ti foils were stacked as the target and the configuration of the stacked foils is 

shown Fig. 4.1. To compensate recoil losses of the products, every second foil of Zn and 

Ti were measured. 

 

Fig. 4.1 Scheme of the stack foils.  natTi foils are used as the monitor. 

A deuteron beam of 23.9 MeV with an avarage intensity of 96 nA was irradiated on 

the stacked target for 22 minutes. The incident beam energy was measured by the time-

of-flight method (Watanabe et al., 2014). The uncertainty of the energy was estimated as 

±0.1 MeV. The energy degradation and the uncertainty propagation along the stacked 

foils were calculated by the SRIM code (Ziegler, Biersack and Ziegler, 2008). The 

intensity was measured by the Faraday cup.  

The γ-ray spectra of the irradiated foils were measured by a high-resolution HPGe 

detector (ORTEC GMX30P4-70) without chemical separation. The detector was 
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calibrated by a multiple γ-ray point source containing 57,60Co, 88Y, 109Cd, 113Sn 137Cs, 

139Ce, and 241Am. The measured γ-ray spectra were analyzed by the Gamma Studio 

software (SEIKO EG&G). Each foil was measured five times at maximum after cooling 

times of 40 min to 18 d to cover different half-lives of products. The distance between 

the detector and the foils was chosen in order to keep the dead time below 7%. The nuclear 

reaction and decay data for the γ-ray spectrometry are summarized in Table 4.1. All 

contributing reactions for the formation of the investigated radionuclides are also listed 

in Table 4.1. 
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Table 4.1: Nuclear reactions and decay data for reaction products (Pritychenko and 

Sonzongni, 2003; International Atomic Energy Agency, 2009; National Nuclear Data 

Center, 2017). 

 

Nuclide Half-life Decay mode 
(%) 

Eγ 
(keV) 

Iγ 
(%) 

Contributing 
reactions 

Q-value 
(MeV) 

68Ga 67.71 min ε+β+(100) 1077.34 3.22(3) 66Zn(d,γ) 
67Zn(d,n) 
68Zn(d,2n) 
70Zn(d,4n) 

11.3 
4.3 
-5.9 
-21.6 

67Ga 3.2617 d ε (100) 91.265 
93.310 
184.576 
208.950 
300.217 
393.527 

3.11(4) 
38.81(3) 
21.41(10) 
2.460(10) 
16.64(12) 
4.56(24) 

66Zn(d,n) 
67Zn(d,2n) 
68Zn(d,3n) 

3.0 
-4.0 
-14.2 

66Ga 9.49 h ε+β+(100) 833.5324 
1039.220 

5.9(3) 
37.0(20) 

64Zn(d,γ) 
66Zn(d,2n) 
67Zn(d,3n) 

10.8 
-8.2 
-15.2 

65Ga 15.2 min ε+β+(100) 53.93 
61.2 
115.09 
153.0 
206.9 
751.8 
768.9 
932.2 

4.9(10) 
11.4(24) 
54(13) 
8.9(19) 
2.5(5) 
8.1(16) 
1.3(3) 
1.8(4) 

64Zn(d,n) 
66Zn(d,3n) 
 

1.7 
-17.3 
 

69mZn 13.756 h β− (99.97) 438.634 
 

94.85(7) 
 

68Zn(d,p) 
70Zn(d,t) 
 

4.3 
-3.0 
 

65Zn 243.93 d ε+β+(100) 1115.539 
 

50.04(10) 
 

64Zn(d,p) 
66Zn(d,t) 
67Zn(d,p3n) 
65Ga decay 

5.7 
-4.8 
-20.3 
 

63Zn 38.47 min ε+β+(100) 
 

669.62 
962.06 

8.2(3) 
6.5 (4) 

64Zn(d,t) 
63Ga decay 

-5.6 
 

61Cu 3.339 h ε+β+(100) 67.4 
282.956 
373.050 
588.605 
656.008 
908.631 
1185.234 

4.2(8) 
12.2(22) 
2.1(4) 
1.17(21) 
10.8(20) 
1.10(20) 
3.7(7) 

64Zn(d,αn) 
66Zn(d,α3n) 
 

-1.4 
-20.4 
 

58Co 70.86 d ε+β+(100) 810.7593 99.450(10) 64Zn(d,2α) 
66Zn(d,2n2α) 

-2.1 
-16.9 

Monitor reaction 
48V 15.9735 d ε +β+(100) 944.13 

983.52 
1312.11 

7.870(7) 
99.98(4) 
98.2(3) 

46Ti(d,γ) 
47Ti(d,n) 
48Ti(d,2n) 
49Ti(d,3n) 

13.5 
4.6 
-7.0 
-15.2 
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The cross sections of the natTi(d,x)48V monitor reaction were used to cross-check the 

beam intensity directly measured by the Faraday cup as described in Section 3.2.1. 

Measurements of the 983.5-keV γ-rays (Iγ = 99.98%) emitted from the the 48V decay (T1/2 

= 15.9735 d) were used to determine the cross sections. The derived excitation function 

of the natTi(d,x)48V reaction could be corrected using the beam intensity increased by 

6.6% from the measured value by the Faraday cup. The corrected excitation function of 

the monitor reaction is presented in Fig. 4.2. This corrected beam intensity (102 nA) was 

adopted in the estimation of cross sections. 

 

Fig. 4.2. The excitation function of the natTi(d,x)48V monitor reaction compared with 

the recommended values (Hermanne et al., 2018). 

The uncertainties of the cross section and the beam intensity were estimated 

according to Equations 3.22 and 3.23. The estimated uncertainty on the beam energy of 

± 0.1 MeV in the first foil is propagated to ± 0.9 MeV in the last foil of the stack. The 

total uncertainty of the cross sections was 10.0-32.1%. It was estimated from the 

following components: the beam intensity (7%), target thickness (2%), target purity (1%), 
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detector efficiency (6%), γ-intensity (<13%), γ-ray counting (0.5-30.5%), half-life 

(<5.6%), and peak fitting (3%). 

4.3 Results and Discussions 

In Table 4.2, the determined production cross sections of 65,66,67,68Ga, 63,65,69mZn, 61Cu, 

and 58Co were summarized. Figures 4.3-4.11 show the results in comparison to previous 

experimental data available in the EXFOR Library (Otuka et al., 2014) and theoretical 

estimation of TENDL-2017 (Koning and Rochman, 2012). The cross section values 

extracted from TENDL-2017 and the previous measured data on enriched zinc targets 

were normalized using the isotopic abundance of natural zinc.  

Table 4.2: Measured cross sections and estimated uncertainty. 

Energy 
(MeV) 

Cross sections (mb) 
68Ga 67Ga 66Ga 65Ga 69mZn 

23.2±0.3 
21.9±0.3 
20.4±0.3 
18.9±0.4 
17.3±0.4 
15.6±0.4 
13.7±0.5 
11.6±0.5 
9.2±0.6 
6.2±0.8 
2.6±0.9 

99.5±12.8 
121.1±15.0 
130.6±16.5 
158.2±19.1 
169.1±20.5 
178.3±21.6 
167.2±21.2 
137.2±17.5 
68.8±10.7 
12.1±3.9 

100.3±10.6 
87.5±9.4 
74.2±8.2 
67.0±7.5 
57.2±6.9 
60.2±6.7 
69.4±8.1 

89.4±11.8 
115.2±13.5 
101.5±11.9 
0.23±0.05 

100.2±11.4 
111.7±12.7 
126.2±14.3 
136.2±15.4 
135.6±15.4 
124.5±14.1 
100.5±11.4 
51.7±5.9 
2.3±0.3 

24.5±6.4 
22.3±5.9 
22.8±6.0 
24.6±6.6 
25.6±6.9 
30.1±8.1 

38.4±10.4 
52.5±14.2 
74.9±19.9 
74.0±20.0 

6.8±0.7 
7.3±0.7 
7.8±0.8 
8.4±0.8 
9.2±0.9 

10.6±1.1 
12.1±1.2 
13.8±1.4 
15.5±1.5 
11.9±1.2 

0.04±0.01 
 65Zn 63Zn 61Cu 58Co  

23.2±0.3 
21.9±0.3 
20.4±0.3 
18.9±0.4 
17.3±0.4 
15.6±0.4 
13.7±0.5 
11.6±0.5 
9.2±0.6 
6.2±0.8 

175.9±17.7 
145.5±14.6 
119.9±12.1 
112.5±11.4 
117.8±11.9 
141.7±14.3 
174.9±17.6 
228.4±23.2 
299.4±30.2 
266.0±26.9 

60.9±7.2 
35.3±4.6 
23.0±3.4 
8.3±2.1 
8.2±2.4 
5.3±2.6 

45.2±9.6 
53.5±11.3 
54.7±11.6 
53.0±11.2 
45.1±9.6 
34.4±7.4 
23.6±5.3 
8.1±2.0 

4.0±0.4 
3.3±0.4 
2.9±0.3 
2.6±0.3 
1.8±0.2 
1.1±0.1 
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4.3.1 The natZn(d,x)68Ga reaction 

 

Fig. 4.3. The excitation function of the natZn(d,x)68Ga reaction. The data on enriched 

68Zn are nomalized using the natural isotopic abundance. 

 

The measurements of the 1077.34-keV γ-line (𝐼𝛾 = 3.22%) from the 68Ga decay (T1/2 

= 67.71 min) were used to derive the cross sections of the natZn(d,x)68Ga reaction. The 

measured excitation function is shown in Fig. 4.3 in comparison with the previous 

experimental data on natZn (Nassiff and Münzel, 1972; Šimečková et al., 2017) and 68Zn 

(Gilly et al., 1963) and the TENDL-2017 data (Koning and Rochman, 2012). In the whole 

energy region, our result is consistent with the recent data reported by Šimečková et al. 

(2017) but inconsistent with the data by Nassiff and Münzel (1972). The TENDL-2017 

data overestimate the most experimental data. The main contribution comes from the 

(d,2n) reaction on 68Zn above 6 MeV according to the TENDL-2017 data. The 

contribution from the (d,n) reaction on 67Zn is expected to be minor. Consequently, the 

normalized data of the (d,2n) reaction on 68Zn (Gilly et al., 1963) are reasonably 

consistent with the present result on natZn.  
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4.3.2 The natZn(d,x)67Ga reaction  

 

Fig. 4.4. The excitation function of the natZn(d,x)67Ga reaction. The data on enriched 

66Zn are nomalized using the natural isotopic abundance. 

 

The cross sections of the natZn(d,x)67Ga reaction were derived from measurements of 

the 300.2-keV γ-line (𝐼𝛾 = 16.64%) of 67Ga. The contribution of the same γ-line (𝐼𝛾 = 

0.797%) of 67Cu was found to be negligible according to the lack of its more intense γ- 

line at 184.576 keV (𝐼𝛾 = 48.7%).  The measured excitation function was shown in Fig. 

4.4 in comparison with the experimental data on natZn (Bonardi et al., 2003; Fateh et al., 

1996; Khandaker et al., 2015; Nassiff and Münzel, 1972; Šimečková et al., 2017; 

Tárkányi et al., 2004) and 66Zn  (Nassiff and Münzel, 1973; Williams and Irvine, 1963) 

and the TENDL-2017 data (Koning and Rochman, 2012).   

Our result is in good agreement with previous data on natural zinc targets of Bonardi 

et al. (2003), Khandaker et al. (2015) and Šimečková et al. (2017). In the higher energy 

region, the data reported by Tárkányi et al. (2004) are slightly lower than ours. The data 

of Nassiff and Münzel (1972) show lower values while the data reported by Fateh et al. 

(1996) is much higher than the other experimental data. According to the TENDL-2017 
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prediction, the (d,n) reaction on 66Zn contributes dominantly to the first peak around 8 

MeV. The normalized data of the 66Zn(d,n)67Ga reaction by Williams and Irvine (1963) 

are in good agreement with our data, while those by Nassiff and Münzel (1973) are 

inconsistent. Up to 17 MeV, the TENDL-2017 data agree with our result. Above 17 MeV, 

the TENDL-2017 data show higher values than the present data probably due to 

overestimation of the 68Zn(d,3n) reaction (Ethr = 16.4 MeV). 

 

4.3.3 The natZn(d,x)66Ga reaction  

 

Fig. 4.5. The excitation function of the natZn(d,x)66Ga reaction. The data on enriched 

66Zn are nomalized using the natural isotopic abundance. 

 

The 1039.22-keV γ-line (𝐼𝛾 = 37%) of 66Ga was used to derive the cross sections of 

the natZn(d,x)66Ga reaction. The present result is shown in Fig. 4.5 with the experimental 

data studied earlier on natZn (Bonardi et al., 2003; Fateh et al., 1996; Khandaker et al., 

2015; Nassiff and Münzel, 1972; Šimečková et al., 2017; Tárkányi et al., 2004) and 66Zn  
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(Bissem et al., 1980; Gilly et al., 1963; Steyn and Meyer, 1973; Vlasov et al., 1957; 

Williams and Irvine, 1963) and the TENDL-2017 data (Koning and Rochman, 2012).  

Our result is consistent with the data on natZn reported by Khandaker et al. (2015), 

Tárkányi et al. (2004) and Bonardi et al. (2003). The recent data of Šimečková et al. 

(2017) are slightly higher than our result. The data of Fateh et al. (1996) and Nassiff and 

Münzel (1972) are completely inconsistent with the other data. The 66Zn(d,2n)66Ga 

reaction (Ethr = 8.4 MeV) is expected to be dominant in the energy region up to 20 MeV. 

The normalized data on 66Zn can be compared with our data in the region. The data 

reported by Steyn and Meyer (1973) agree well with our measured excitation function. 

The data by Gilly et al. (1963) and Vlasov et al. (1957) are higher than our data. The data 

reported by Williams and Irvine (1963) show much higher values around the peak region. 

In the energy region above 16 MeV, the data reported by Bissem et al. (1980) show lower 

values than ours probably due to the lack of the contribution from the (d,3n) reaction on 

67Zn (Ethr = 15.7 MeV). The peak amplitude is consistent with the TENDL-2017 data, 

though the position slightly shifts to the lower energy.  

 

4.3.4 The natZn(d,x)65Ga reaction 
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Fig. 4.6. The excitation function of the natZn(d,x)65Ga reaction. The data on enriched 

64Zn are nomalized using the natural isotopic abundance. 

The cross sections of the natZn(d,x)65Ga reaction were derived from measurements of 

the 115.09-keV γ-line (𝐼𝛾=54%) of the radionuclide 65Ga. The self-absorption of the γ-

line was calculated as 0.4% using Equation 3.11 and found to be negligibly small.   

 The measured excitation function is shown in Fig. 4.6 together with the previous 

experimental data on 64Zn (Bissem et al., 1980; Coetzee and Peisach, 1972; Morrison and 

Porile, 1959) and on natZn (Nassiff and Münzel, 1972; Šimečková et al., 2017) and the 

TENDL-2017 data (Koning and Rochman, 2012). Our data have a larger uncertainty than 

the others due to the relative uncertainty of the intensity (24%) of the 115.09-keV γ-line 

(International Atomic Energy Agency, 2009). In addition, due to the very short half-life 

of 65Ga (𝑇1/2 = 15.2 min), its uncertainty (1.3%) is exceptionally considered. It causes the 

uncertainty of 1.8-5.6% in cross sections and increases the total uncertainty. 

The present result shows an overall agreement with the data of Šimečková et al. (2017) 

while it disagrees with the data reported by Nassiff and Münzel (1972). Only the (d,n) 

reaction on 64Zn produces 65Ga below the threshold energy of the (d,3n) reaction on 66Zn 

(Ethr=17.8 MeV). Morrison and Porile (1959) reported one cross section of the 

64Zn(d,n)65Ga reaction at 10.6 MeV, of which data are comparable with our data. The 

normalized data of the 64Zn(d,n)65Ga reaction reported by Bissem et al. (1980) are slightly 

lower than the present data. The peak amplitude of the TENDL-2017 data agrees with our 

data within the uncertainty, however the peak position slightly shifts to the lower energy. 
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4.3.5 The natZn(d,x)69mZn reaction  

 

Fig. 4.7. The excitation function of the natZn(d,x)69mZn reaction. The data on enriched 

68Zn are nomalized using the natural isotopic abundance. 

The cross sections of the natZn(d,x)69mZn reaction were derived from the measurement 

of the 438.63-keV γ-line (𝐼𝛾 = 94.85%) emitted from the decay of the meta-stable state 

(T1/2 = 13.8 h) of the radionuclide 69Zn. The measured excitation function is shown in Fig. 

4.7 in comparison with the previous experimental data on 68Zn (Baron and Cohen, 1963; 

Gilly et al., 1963) and on natZn (Bonardi et al., 2003; Khandaker et al., 2015; Nassiff and 

Münzel, 1972; Šimečková et al., 2017; Tárkányi et al., 2004), and the TENDL-2017 data 

(Koning and Rochman, 2012).  

The present data are in an overall agreement with the data of Bonardi et al. (2003), 

Khandaker et al. (2015), Šimečková et al. (2017), and Tárkányi et al. (2004).  The data 

reported by Nassiff and Münzel (1972) are much higher than the other experimental data. 

Based on the TENDLE-2017 prediction, the (d,p) reaction on 68Zn gives the main 

contribution in our experimental energy region. Among the data using the enriched 68Zn 

targets, the data of Gilly et al. (1963) completely disagree with our data. The data reported 
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by Baron and Cohen (1963) at 18 MeV is slightly lower than ours. The TENDL-2017 

data underestimate all the experimental data.  

 

4.3.6 The natZn(d,x)65Zn reaction  

 

Fig. 4.8. The excitation function of the natZn(d,x)65Zn reaction. The data on enriched 

64Zn are nomalized using the natural isotopic abundance. 

In addition to the direct reactions, 65Zn (T1/2 = 243.93 d) can be produced from the 

decay of co-produced 65Ga (T1/2 = 15.2 min). The measured cross sections are cumulative 

ones because 65Ga has completely decayed during the cooling time of around 18 days. 

The cross sections were derived from the measurement of the 1115.59-keV γ-line (𝐼𝛾 = 

50.04%) of 65Zn and shown in Fig. 4.8. The result is compared with the experimental data 

studied earlier on 64Zn (Bissem et al., 1980; Carver and Jones, 1959; Xiaowu et al., 1966) 

and on natZn (Bonardi et al., 2003; Khandaker et al., 2015; Nassiff and Münzel, 1972; 

Šimečková et al., 2017; Tárkányi et al., 2004), and the TENDL-2017 data (Koning and 

Rochman, 2012).  
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Our result is consistent with the recent data of Bonardi et al. (2003), Khandaker et al. 

(2015), Šimečková et al. (2017) and Tárkányi et al. (2004) but inconsistent with the data 

of Nassiff and Münzel (1973) below 20 MeV. The present result agrees with the 

normalized data on 64Zn reported by Xiaowu et al. (1966). It would indicate that the (d,p) 

reaction on 64Zn is dominant at the first peak. The data by Bissem et al. (1980) on 64Zn 

show lower values than our data in the energy region above 15 MeV. This tendency in 

the higher energy region may be caused by the lack of the contribution from the reaction 

on 66Zn. The TENDL-2017 data underestimate the contribution of the (d,p) reaction on 

64Zn. 

 

4.3.7 The natZn(d,x)63Zn reaction  

 

63Zn (T1/2 = 38.5 min) can be produced from direct production of the natZn(d,x)63Zn 

reaction and the decay of 63Ga (T1/2 = 32.4 sec) formed by the 64Zn(d,3n)63Ga reaction 

(Ethr = 21.2 MeV). Therefore, the measured cross sections are cumulative. The excitation 

Fig. 4.9. The excitation function of the natZn(d,x)63Zn reaction. The data on enriched 

64Zn are nomalized using the natural isotopic abundance. 
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function of the natZn(d,x)63Zn reaction was derived from the measurement of the 669.62-

keV γ-line (𝐼𝛾 = 8.2%) of the radionuclide 63Zn and shown in Fig. 4.9 and compared with 

previous experimental data on 64Zn (Bissem et al., 1980) and on natZn (Šimečková et al., 

2017), and the TENDL-2017 data (Koning and Rochman, 2012). The present data are 

consistent with the data of Šimečková et al. (2017). Bissem et al. (1980) reported the 

cumulative cross section of the (d,x) reactions on 64Zn and their normalized data show 

slightly lower values than our data. The TENDL-2017 data partially agree with 

experimental values at around 20 MeV.  

 

4.3.8 The natZn(d,x)61Cu reaction  

 

Fig. 4.10. The excitation function of the natZn(d,x)61Cu reaction. The data on enriched 

64Zn are nomalized using the natural isotopic abundance. 

 

The cross sections of the natZn(d,x)61Cu reaction were determined using the 282.96-

keV γ-line ( 𝐼𝛾  = 12.2%) of 61Cu. The relative uncertainty of the γ-line is 18% 
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(International Atomic Energy Agency, 2009), which is a major source of the total 

uncertainty of the cross sections. The result is shown in Fig. 4.10 in comparison with the 

previous experimental data on 64Zn (Baron and Cohen, 1963; Bissem et al., 1980; 

Daraban et al., 2008; Williams and Irvine, 1963) and on natZn (Bonardi et al., 2003; 

Šimečková et al., 2017; Tárkányi et al., 2004), and the TENDL-2017 data (Koning and 

Rochman, 2012). 

The present result agrees with the data studied using natural zinc targets by Šimečková 

et al. (2017), Bonardi et al. (2003), and Tárkányi et al. (2004). The result is also compared 

with the data studied using enriched 64Zn because only the (d,nα) reaction on 64Zn (Ethr = 

1.4 MeV) contributes to 61Cu production below the threshold energy of the 

66Zn(d,3nα)61Cu reaction (Ethr = 21.04 MeV). The normalized data of Bissem et al. (1980) 

and Daraban et al. (2008) show slightly lower values than our data. The normalized data 

of Baron and Cohen (1963) is too low while those of Williams and Irvine (1963) show 

higher values than ours. The TENDL-2017 data give lower values than the experimental 

data. 

4.3.9 The natZn(d,x)58Co reaction  
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Fig. 4.11. The excitation function of the natZn(d,x)58Co reaction. The data on enriched 

64Zn are nomalized using the natural isotopic abundance. 

There is a meta-stable state (T1/2 = 9.10 h) of 58Co, which decays to the ground state 

(T1/2 = 70.86 d) during a cooling time of about 18 days. Therefore, the cumulative cross 

sections of the natZn(d,x)58Co reaction were derived from the measurement of the 810.76-

keV γ-line (𝐼𝛾  = 99.45%) of the ground state. The excitation function for the 58Co 

production is shown in Fig. 4.11 and compared with the previous experimental data on 

64Zn (Bissem et al., 1980)  and on natZn (Khandaker et al., 2015; Tárkányi et al., 2004), 

and the TENDL-2017 data (Koning and Rochman, 2012).  

The present result agrees with both data on natZn of Khandaker et al. (2015) and 

Tárkányi et al. (2004). In our experimental energy region, the (d,2α) reaction on 64Zn (Ethr 

= 0.0 MeV) is dominant. The (d,2n2α) reaction on 66Zn (Ethr = 17.4 MeV) can contribute 

to the 58Co production in higher energy region. The normalized data of the 64Zn(d,2α)58Co 

reaction by Bissem et al. (1980) show lower values than our data probably due to the lack 

of the contribution from the 66Zn(d,2n2α) reaction. The TENDL-2017 data show lower 

values than all the experimental data. 
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4.3.10 Physical yields  

Physical yields (Otuka and Takács, 2015) of 65,66,67,68Ga, 63,65,69mZn, 61Cu and 58Co 

were deduced from spline fitted curves of the measured excitation functions and stopping 

powers calculated by the SRIM code (Ziegler, Biersack and Ziegler, 2008). The deduced 

physical yields are shown in Figs. 4.12-4.18 and compared with data available in the 

EXFOR Library (Otuka et al., 2014). Deviations of our results from some of the 

experimental data are partly caused by the calculation adopted in this work.  

 

 

Fig. 4.12. The physical yields of 65Ga, 68Ga and 63Zn via the deuteron-induced 

reactions on natZn. 

The physical yields of the short-lived radionuclides 65Ga, 68Ga and 63Zn are shown in 

Fig. 4.12. There are no experimental data found in our literature survey. The physical 

yields of 65Ga, 68Ga and 63Zn were reported for the first time.  
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Fig. 4.13. The physical yield of 67Ga via the deuteron-induced reactions on natZn. 

 

The physical yield of 67Ga is presented in Fig. 4.13 in comparison with the previous 

experimental data (Bonardi et al., 2003; Dmitriev et al., 1991; Krasnov et al., 1972; Steyn 

and Meyer, 1973). The data by Dmitriev et al. (1991) and Bonardi et al. (2003) show 

higher values than ours at the higher energy region. Our yield curve shows a partial 

agreement with the yields reported by Steyn and Meyer (1973). The data by Krasnov et 

al. (1972) present systematically lower values than our data.  
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Fig. 4.14. The physical yield of 66Ga via the deuteron-induced reactions on natZn. 

Figure 4.14 shows the physical yield of 66Ga in comparison with the previous 

experimental data (Bonardi et al., 2003; Dmitriev et al., 1991; Steyn and Meyer, 1973). 

Our result agrees with the yields reported by Steyn and Meyer (1973). However, the data 

reported by Dmitriev et al. (1991) and those of Bonardi et al. (2003) at 19 MeV show 

systematically higher values than ours.  
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Fig. 4.15. The physical yield of 69mZn via the deuteron-induced reactions on natZn  

Fig. 4.16. The physical yield of 65Zn via the deuteron-induced reactions on natZn. 
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Fig. 4.17. The physical yield of 61Cu via the deuteron-induced reactions on natZn 

Fig. 4.18. The physical yield of 58Co via the deuteron-induced reactions on natZn. 
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The physical yields of 69mZn, 65Zn, 61Cu and 58Co are shown in Figs. 4.15-4.18 with 

the previous data at 19 MeV (Bonardi et al., 2003). Our data agree with the previous data 

except for 69mZn. The previous data of 69mZn are higher than ours. 

4.3.11 Comparison of proton- and deuteron-induced reactions  

Based on the deduced physical yields, the best production reaction of 68Ga for practical 

use can be discussed. The yields of 68Ga using two reactions, proton- and deuteron-

induced reactions on 68Zn, are compared. The yield of the 68Zn(d,2n)68Ga reaction is 

deduced from that of the natZn(d,x) 68Ga reaction obtained in section 4.3.1 and assumption 

of negligibly small contribution of the 67Zn(d,n)68Ga reaction. The yield of the 

68Zn(p,n)68Ga reaction is obtained from the previous study (Szelecsényi et al., 1998). The 

two yields at the threshold energies of the reactions to produce the radioactive impurity 

67Ga were 5.6 and 4.2 GBq/Ah for 12.2-MeV proton- and 14.6-MeV deuteron-induced 

reactions, respectively. Based on the comparison, the 12.2-MeV proton-induced reaction 

on enriched 68Zn with chemical separation is probably better to produce 68Ga without 

radioactive impurity. However, the conclusion can be changed if small amount of 67Ga 

can be accepted.  

4.4 Summary  

The excitation functions for the production of 68Ga and by-products such as 65,66,67Ga, 

63,65,69mZn, 61Cu and 58Co via the deuteron-induced reactions on natural zinc were 

measured up to 24 MeV. The stacked-foil activation technique and the high-resolution γ-

ray spectrometry were used for the cross section measurements. The measured data were 

compared with previous experimental data and the TENDL-2017 data. The derived 

excitation function of the natZn(d,x)68Ga reaction is consistent with the data of Šimečková 

et al. (2017). The measured cross sections of the other investigated radionuclides show 

also good agreements with the recently reported data. The physical yields deduced from 

measured cross sections partially agree with the previous data. The data obtained in this 

work are useful to consider the best reaction to produce 68Ga for practical use.   
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CHAPTER 5: Production Cross Sections of 45Ti in Deuteron-

Induced Reaction on 45Sc up to 24 MeV 

 

5.1 Introduction 

The radionuclide 45Ti (T1/2=3.08 h) is a positron emitter (Eβ+
max = 1040 keV, Eβ+

ave = 

439 keV, 𝐼𝛽+ =  84.8%) (National Nuclear Data Center, 2019). The maximum and 

average energies of emitted positrons are comparable to those from 11C and smaller than 

those of 15O and appropriate for the small animal PET (Vavere, Laforest and Welch, 

2005). This PET isotope can be used to investigate of titanium leaking of medical 

implants (Kim et al., 2019) as well as for the study of the neurotoxicity of titanium dioxide 

nanoparticles  (Song et al., 2015) and in other applications. At low energy cyclotrons, the 

deuteron-induced reaction on a monoisotopic 45Sc target is a possible route to produce 

this radionuclide. In our literature survey, however, only one experimental study 

(Hermanne et al., 2012) on the cross sections of the 45Sc(d,2n)45Ti reaction was found 

and their experimental data are scattered. Thus, the present study aims to measure the 

cross sections of this reaction with higher confidence. We also measured the cross 

sections of radioactive by-products, 44Ti and 44g,44m,46Sc. The physical yields for the 45Ti 

production were also deduced from the measured cross sections. 

5.2 Materials and methods 

The experiment was performed at the AVF cyclotron of RIKEN RI Beam Factory. 

Stacked-foil activation technique and γ-ray spectrometry were used to measure the cross 

sections. 

The stacked target consisted of metallic foils of 45Sc (25-m thick, 99.0% purity, Nilaco 

Corp., Japan and 250-m thick, 99.9% purity, Johnson Matthey Alfa Products company, 

USA), 27Al (18-m thick, 99.6% purity, Nilaco Corp., Japan) and natTi (20-m thick, 

99.6% purity, Nilaco Corp., Japan). The Ti foils are used for monitoring the beam 

parameters. The Al foils were placed between the Sc foils to sandwich them and to 

separate the recoiled reaction products from each of the Sc and Ti foils. According to the 

procedures defined in Section 3.1.1, the average thicknesses of the foils were derived. 
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The derived thicknesses were 25.8 and 250 m for 45Sc, 18.5 m and 20.2 m for 27Al 

and natTi, respectively. The foils were cut into the size of 8×8 mm to fit into the target 

holder, which served as a Faraday cup. The two thicker Sc foils were placed at the top of 

the stack for cross section measurements of the long-lived 44Ti (T1/2 = 59.1 y). The 

configuration of the stacked foils is shown Fig. 5.1. 

  

Fig. 5.1. Scheme of the stacked foils. Al foils are used as the catcher and Ti foils are 

worked as the monitor. Two thicker foils are designated for 44Ti measurement 
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The stacked target was irradiated for 30 min with a deuteron beam of 24.3 ± 0.1 MeV 

energy, determined by the time-of-flight method (Watanabe et al., 2014). The average 

intensity of 180 nA was determined by the collected charge measurement with the 

Faraday cup-like target holder. The energy degradation in the stacked target was 

calculated using the SRIM code (Ziegler, Ziegler and Biersack, 2010) and Equation 3.7. 

The γ-ray spectra of each irradiated foil were measured by a high-resolution HPGe 

detector without chemical separation. The detector was calibrated by a mixed γ-ray point 

source containing 57,60Co, 88Y, 109Cd, 113Sn, 137Cs, 139Ce, and 241Am. Several series of γ-

ray measurements were performed to follow the decay of the produced isotopes. The first 

series of the measurements for short-lived isotopes started after a cooling time of about 1 

hour. Each foil was measured more than three times in 5 months. The distance between 

the detector and the foils was arranged to keep the dead time less than 7%, but each series 

was always measured with the same detector-sample distance. 

The measured γ-ray spectra were analyzed by the Gamma Studio software (SEIKO 

EG&G). The nuclear reaction and decay data for the γ-ray spectrometry are listed in Table 

5.1. 

  



67 

 

Table 5.1: Reactions and decay data for the investigated reaction products 

(Pritychenko and Sonzongni, 2003; International Atomic Energy Agency, 2009; 

National Nuclear Data Center, 2019). γ-lines in bold were used in our data evaluation. 

Nuclide T1/2 Decay  
mode [%] 

Eγ 
[keV] 

Iγ 

[%] 
Contributing 
reaction 

Q-value 
[MeV] 

Reference 

45Ti 3.08 h ε+β+ 
(100) 

719.6 
 

0.154(12) 
 

45Sc(d,2n) 
 

-5.07 
 

Burrows, 
2008 

44Ti 59.1 y ε (100) 67.8679  
78.3234 

93.0(2) 
96.4(17) 

45Sc(d,3n) 
 

-14.6 
 

Chen et 
al., 2011 

46Sc 83.79 d  β− (100) 889.277 
1120.545 
 

99.984(1) 
99.987(1) 
 

45Sc(d,p) 
 

6.5 Wu, 2000 

44mSc 
 

58.61 h ε (1.2) 
IT (98.8) 

271.241 
1157.002 
 

86.7(3) 
1.20(7) 
 

45Sc(d,t) 
45Sc(d,dn) 
45Sc(d,p2n) 
44Ti decay 
 

-5.07 
-11.38 
-13.55 

 

Chen et 
al., 2011 

44gSc 
 

3.97 h ε+β+ 
(100) 

1157.02 
 

99.9(4) 
 

45Sc(d,t) 
45Sc(d,dn) 
45Sc(d,p2n) 
44mSc decay 
 

-5.07 
-11.38 
-13.55 

 
 

Chen et 
al., 2011 

Monitor reaction  
48V 15.97 d ε+β+ 

(100) 
944.13 
983.52 
1312.11 

7.870(7) 
99.98(4) 
98.20(3) 

46Ti(d,γ) 

47Ti(d,n) 
48Ti(d,2n) 
49Ti(d,3n) 

13.5 
4.6 
-7.0 

-15.2 

Burrows, 
2006 

 

The cross sections of the natTi(d,x)48V monitor reaction were used to check the primary 

beam parameters and target thicknesses. The measurements of the 1312.11-keV γ-rays (Iγ 

= 98.20%) emitted with the decay of 48V (T1/2 = 15.97 d) were performed after a cooling 

time of 1 month in order to avoid the possible interference from decay of 48Sc (T1/2 = 

43.67 h). The cross sections derived from the measurements for the natTi(d,x)48V reaction 

were compared with the IAEA recommended values (Takács et al., 2007; Hermanne et 

al., 2018) in Fig. 5.2. Among the two sets of the recommended values, that in 2007 was 

used since its shape is consistent with the measured one. The beam intensity determined 

by the Faraday cup was decreased by 2.0% to have the best agreement. The corrected 

beam intensity (177 nA) was adopted in the data assessment for the cross sections. The 

measured thicknesses and incident beam energy were used without any correction.  
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Fig. 5.2. The excitation function of the natTi(d,x)48V monitor reaction compared with 

the recommended values (Takács et al., 2007; Hermanne et al., 2018).  

The uncertainties of the cross sections and the beam intensity were estimated using 

Equations 3.22 and 3.23. The projectile energy uncertainty of ± 0.1 MeV is propagated 

to ± 0.6 MeV in the last foil of the stack, which was estimated from uncertainties of the 

incident energy and target thicknesses (<2%). The energy degradation of 2.0-2.2 and 0.2-

0.6 MeV in thick and thin foils were obtained using the SRIM code. The midpoint 

projectile energy, energy thickness of each foil and the uncertainties were listed in Table 

5.2. The total uncertainty of the cross sections was 8.1-28.7%. It was estimated using the 

following components: beam intensity (5%), target thickness, target purity (1%), detector 

efficiency (6%), γ-intensity (<8%), and γ-ray counting (0.4-26.4%). The statistical 

uncertainty for 45Ti was high due to the small peak for the very low-intensity γ-line (719.6 

keV, 0.154%). 
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5.3 Results and Discussions  

The activation cross sections of 44,45Ti and 44g,44m,46Sc were determined for the deuteron-

induced reactions on 45Sc. The results are given in Table 5.2 and graphically shown in 

Figs. 5.3-5.7, in comparison with the previous experimental data (Skobelev et al., 2011; 

Hermanne et al., 2012) and the theoretical estimation of TENDL-2019 (Koning et al., 

2019). Our results in the figures show the cross sections in terms of the projectile energy 

with its total uncertainty but without the energy thickness. Physical yield for the 

radionuclide 45Ti was derived from the measured cross sections and is shown in Fig. 5.8.  

Table 5.2: Measured cross sections of 44,45Ti and 44m,44g,46Sc in the deuteron-induced 

reactions on 45Sc. The midpoint projectile energy, energy thickness of each foil and the 

uncertainties propagated from those of the incident energy and target thicknesses are 

shown in the first column. 

Energy (MeV)  Cross sections (mb) 
45Sc(d,2n)45Ti 45Sc(d,3n)44Ti 45Sc(d,p)46Sc 45Sc(d,x)44mSc 45Sc(d,x)44gSc 

23.3 ±1.0 ± 0.1 
20.6 ±1.1 ± 0.1 
18.7 ±0.1 ± 0.2 
17.5 ±0.1 ± 0.2 
16.3 ±0.1 ± 0.2 
14.9 ±0.1 ± 0.2 
13.5 ±0.2 ± 0.3 
11.9 ±0.2 ± 0.3 
10.2 ±0.2 ± 0.3 
8.2 ±0.2 ± 0.4 
5.8 ±0.3 ± 0.6 

237 ± 64 
251 ± 46 
272 ± 40 
279 ± 43 
297 ± 41 
296 ± 38 
291 ± 36 
261 ± 32 
201 ± 24 

96.5 ± 12.1 
3.14 ± 0.54 

7.44 ±0.71 
3.36 ±0.35 

81.6 ± 6.9 
104 ± 9 
102 ± 8 
109 ± 9 

127 ± 10 
143 ± 12 
163 ± 13 
199 ± 16 
253 ± 21 
316 ± 26 
311 ± 25 

107 ± 9 
40.7 ± 3.3 
12.3 ± 0.9 
5.55 ± 0.46 
3.16 ± 0.26 
2.11 ± 0.17 
1.68 ± 0.14 
1.20 ± 0.10 

0.539 ± 0.045 
0.104 ± 0.012 
0.074 ± 0.009 

113 ± 13 
49.7 ± 5.7 
17.6 ± 2.1 
9.74 ± 1.2 
6.57 ± 1.03 
4.44 ± 0.85 
3.14 ± 0.66 
1.96 ± 0.16 

0.892 ± 0.075 
0.194 ± 0.018 
0.130 ± 0.011 
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5.3.1 The 45Sc(d,2n)45Ti reaction 

 

 

Fig. 5.3. The excitation function of the 45Sc(d,2n)45Ti reaction. 

 

45Ti (T1/2 = 3.08 h) can be produced in the (d,2n) reaction on 45Sc. After a cooling time 

of about 1 hour, the cross sections of the reaction were derived from the measurements 

of the low intensity 719.6-keV γ-rays (𝐼𝛾 = 0.154%) emitted in the decay of 45Ti. The 

excitation function is shown in Fig. 5.3 in comparison with the previous data (Hermanne 

et al., 2012) and the theoretical estimation of TENDL-2019 (Koning et al., 2019). The 

present data are consistent with the data reported by Hermanne et al. (2012) and are less 

scattered. The TENDL-2019 data, however, show the peak position slightly shifted to the 

lower energy. 
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5.3.2 The 45Sc(d,3n)44Ti reaction 

Fig. 5.4. The excitation function of the 45Sc(d,3n)44Ti reaction. 

 

Only the (d,3n) reaction on 45Sc produces the long-lived radioisotope 44Ti (T1/2 = 59.1 

y). 44Ti decays by EC process (100%) into 44gSc. The γ-ray measurements were performed 

for more than 6 hours for the first two thicker Sc foils (250 m thickness) after a long 

cooling time of about 5 months. The cross sections of the 45Sc(d,3n)44Ti reaction were 

derived using the measurements of the 78.32-keV γ-rays (𝐼𝛾= 96.4%) emitted in the decay 

of 44Ti. For this low energy γ-rays, the self-absorption correction (discussed in Section 

3.3.1) was considered using the mass attenuation coefficient of 0.40 cm2/g for the γ-line 

at 78.32 keV. The self-absorption was estimated to be 1.5%. The internal consistency was 

checked using the measurements of the 67.87 keV γ-line (𝐼𝛾= 93%). The derived cross 

sections are compared with the previous experimental data (Hermanne et al., 2012) and 

the theoretical estimation of TENDL-2019 (Koning et al., 2019) in Fig. 5.4. The energy 

uncertainty of the two data points of Hermanne et al. 2012 is large because these two 

points correspond to the last two foils of a long stack irradiated with a 50 MeV deuteron 

beam. Our data agree with the data reported by Hermanne et al. (2012) within the 

uncertainty. The TENDL-2019 data overestimate two experimental datasets. 
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5.3.3 The 45Sc(d,p)46Sc reaction 

 

 

Fig. 5.5. The excitation function of the 45Sc(d,p)46Sc reaction. 

The (d,p) reaction on 45Sc can produce both the short-lived meta-stable state (T1/2 = 

18.75 s) and the long-lived ground state (T1/2 = 83.79 d) of 46Sc. During the beam time 

and cooling period, the meta-stable state decayed by the internal transition (IT) (100 %) 

into the ground state. The cumulative cross sections of the 45Sc(d,p)46Sc reaction were 

derived from the measurement of the 1120.545-keV γ-line (𝐼𝛾 = 99.987%) from the decay 

of the ground state. The excitation function for the 46Sc production is shown in Fig. 5.5 

in comparison with the previous experimental data (Skobelev et al., 2011; Hermanne et 

al., 2012) and the TENDL-2019 data (Koning et al., 2019). Both experimental data sets 

are in agreement with the present data. The TENDL-2019 predictions are lower than the 

experimental data. 
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5.3.4 The 45Sc(d,x)44mSc reaction 

 

Fig. 5.6. The excitation function of the 45Sc(d,x)44mSc reaction. 

The long-lived meta-stable state of 44Sc (T1/2 = 58.61 h) is formed by the (d,t), (d,dn) 

and (d,p2n) reactions on 45Sc. The meta-stable state 44mSc decays by the IT process 

(98.8%) into the ground state 44gSc and by the EC process (1.2%) into 44Ca. The intense 

γ-rays at 271.24 keV (𝐼𝛾 = 86.7%) emitted from the decay of 44mSc are used to derive the 

cross sections of the 45Sc(d,x)44mSc reaction. After an average cooling time of about 28 

hours, the γ-ray spectrometry was carried out. The excitation function for the 

45Sc(d,x)44mSc reaction is shown in Fig. 5.6 in comparison with the previous experimental 

data (Hermanne et al., 2012) and the TENDL-2019 data (Koning et al., 2019). The present 

dataset is consistent with the data reported by Hermanne et al. (2012). The TENDL-2019 

data overestimate the experimental cross sections above 15 MeV.  
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5.3.5 The 45Sc(d,x)44gSc reaction 

 

Fig. 5.7. The excitation function of the 45Sc(d,x)44gSc reaction. 

The ground state of 44Sc (T1/2 = 3.97 h) can be formed directly in the 45Sc(d,x)44gSc 

reactions and indirectly by decay of its co-produced meta-stable state 44mSc. The 

contribution of the parent nucleus 44Ti is very small and neglected due to its long half-

life. The ground state decays by 𝛽+ and EC processes into 44Ca. In the data assessment, 

the intense γ-rays at 1157.02 keV (𝐼𝛾  = 99.9%) were used. The contributions to the 

collected counts from both decay processes of 44mSc to 44gSc (IT: 98.8%) and 44Ca (EC: 

1.2%) were subtracted using the cross sections presented in section 5.3.4. The estimated 

contributions of the IT and EC processes of 44mSc were less than 35% and 0.5%, 

respectively. Both contributions were subtracted from the measured counts of the 

1157.02-keV photo-peak. The independent cross sections for the 45Sc(d,x)44gSc reaction 

were derived using the corrected counts. The derived excitation function is shown in Fig. 

5.7 in comparison with the previous experimental data (Hermanne et al., 2012; Skobelev 

et al., 2011) and the TENDL-2019 prediction (Koning et al., 2019). Our data are between 

the experimental data reported by Hermanne et al. (2012) and Skobelev et al. (2011). The 

TENDL-2019 data are in a partial agreement with our data.  
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5.3.6 Physical Yield 

The physical yield (discussed in Section 2.2.3) of 45Ti was deduced from the spline 

fitted curve of the measured excitation function presented in section 5.3.1. The result is 

shown in Fig. 5.7 with the one previous experimental data point at 22 MeV (Dmitriev, 

Krasnov and Molin, 1983). Our deduced physical yield is slightly larger than the 

experimental data. 

Fig. 5.8. The physical yield of 45Ti via the deuteron-induced reaction on 45Sc. 

No other radioactive impurities of Ti are produced below the threshold energy of the 

45Sc(d,3n)44Ti reaction. Therefore, production of 45Ti without radio-contamination is 

possible in the 45Sc(d,2n)45Ti reaction in the deuteron energy range up to 15 MeV.  

The stable isotope 46Ti can also be formed directly and indirectly through the decay of 

co-produced 46Sc and affect the specific activity of 45Ti. The ratio of produced numbers 

of 45Ti to all considered titanium (45Ti+46Ti+47Ti) was estimated using our cross section 

data for 45Ti and 46Sc and the TENDL-2019 data for 46Ti and 47Ti. This ratio has a 

maximum in the energy region from 15 to 8 MeV and is about 0.74 at the end-of-

bombardment (EOB) for a 1 h irradiation. The EOB activity reaches 680 MBq for 1h and 
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1μA irradiation. The applied energy window can be optimized for the higher ratio or 

activity. 

5.4 Summary   

The production cross sections of the 45Sc(d,2n)45Ti reaction was measured up to 24 

MeV. The stacked-foil activation technique and the high-resolution γ-ray spectrometry 

were used for the cross section measurements. The obtained data were compared with the 

previous experimental data and the TENDL-2019 prediction. The derived excitation 

function of the 45Sc(d,2n)45Ti reaction is consistent with the earlier published data of 

Hermanne et al. (2012). The deduced physical yield is slightly larger than the 

experimental data of Dmitriev et al. (1983). The radioactive-contamination-free 45Ti can 

be obtained via the 45Sc(d,2n)45Ti reaction in the energy region of 15 - 8 MeV applying 

chemical separation.  
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CHAPTER 6: Conclusion 

We investigated deuteron-induced reactions on natural zinc and scandium to produce 

medical isotopes 68Ga and 45Ti using cyclotrons. In two experiments, the production cross 

sections of 68Ga and 45Ti were measured up to 24 MeV using the stacked-foil activation 

technique and the high-resolution γ-ray spectrometry. The measured excitation functions 

were compared with previous experimental data. The physical yields for the medical 

isotopes were deduced from measured cross sections and compared with previous 

experimental data. 

 The measured excitation functions are consistent with recent experimental data. 

Possible radioactive impurities for the production routes were estimated. The suitable 

projectile energy regions were determined for optimizing the production routes. The 

deduced yields indicate to reach a sufficient dose for PET scans. The yield from the 

68Zn(d,2n)68Ga reaction is comparable with that from the 68Zn(p,n)68Ga reaction. The 

radioactive-contamination-free 45Ti can be obtained via the 45Sc(d,2n)45Ti reaction in the 

energy region of 15 - 8 MeV applying chemical separation.  

In conclusion, the deuteron-induced reactions on natural zinc and natural scandium can 

be considered as alternative routes for cyclotron production of medical isotopes 68Ga and 

45Ti. The data measured in these experiments can extend the nuclear reaction database for 

optimizing production routes of medical isotopes. 

In the future, production cross sections of new medicinal isotopes in cyclotrons and 

their route optimization will be studied continuously. Furthermore, we will focus on the 

development of radioactive nanoparticles as a contrast agent in multimodal imaging 

techniques such as PET/MRI and SPECT/MRI. We will consider a feasibility of 

applications in vitro and in vivo of the created radioactive nanoparticles. 
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Appendix A 

The detailed information of an HPGe detector and a multiple γ-ray point source that 

used in our experiments are given as follows:    

Detectors: 

An HPGe detector (ORTEC GMX30P4-70) with the relative efficiency of 30% to a 

(3x3) NaI detector, and the energy resolution of 1.9 keV for the 1.332 MeV γ-line of the 

60Co standard source, a peak to Compton ratio of 52:l, the peak shape, FWTM/FWHM of 

1.9 and with Be window of 0.51 thickness. γ-ray spectrometer and HPGe detector 

employed in these experiments are shown in Fig. A.1. 

 

  

Fig. A.1. γ-ray spectrometer and ORTEC HPGe detector at RIKEN. 

Dead time of detector 

If two or more γ-rays emitted from the activated sample simultaneously enter into the 

detector crystal, the detector cannot process the signals. Then, the signal conversion 

process of the detection system waited for a certain time (up to microseconds). It is called 

the dead time and its correction can be estimated as: 

𝜀𝑡 =
𝑡𝑚 − 𝑡dead time

𝑡𝑚
=

𝑡live time

𝑡real time

 (A.1) 

In our experiments, the dead time was kept below 10%.  
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Efficiency of detector  

After irradiation, characteristic γ-rays emitted from activated foils are measured using 

a high purity Germanium (HPGe) detector. Each γ-ray of a certain energy 𝐸𝛾 emitted 

from the foils is detected with a certain probability due to attenuation, Compton scattering 

and etc. The probability is called the detector efficiency, 𝜀𝑑. It can be determined from 

the measurement of a calibration source with known activity. In this work, a multiple γ-

ray point source containing 57,60Co, 88Y, 109Cd, 113Sn 137Cs, 139Ce, and 241Am is used to 

determine the detector efficiency.  

The calibration source emits several γ-rays and forms photo peaks in the spectrum 

obtained at a fixed geometry (a distance between detector and source). As a result, the 

efficiency curve (as a function of γ-ray energy) is obtained from the measurement and 

shown in Fig. A.2.  

 

Fig. A.2.An example of efficiency calibration for an HPGe detector at 3 cm using a 

multiple γ-ray point source containing 57,60Co, 88Y, 109Cd, 113Sn 137Cs, 139Ce, and 

241Am. 
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The detection efficiency is fitted using a polynomial function as    

ln 𝜀𝑑 = ∑ 𝑎𝑖 ln 𝐸𝑖

5

𝑖=0

 (A.2) 

where 𝑎𝑖 is the fitting parameters and 𝐸𝑖 is the energy of the photo peak. 

The gamma-ray intensity  

The gamma-ray intensity is a fraction of a specific γ-ray intensity in a decay: 

𝜀𝛾1
=

𝐼𝛾1

∑ 𝐼𝛾𝑖𝑖
 (A.3) 

The data of the γ-ray intensity were taken from NuDat 2.7 (National Nuclear Data Center, 

2017), LiveChart (International Atomic Energy Agency, 2009).  
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Calibration Source 

The detector was calibrated by a multiple γ-ray point source containing the 

radioisotopes listed in Table A.1. The calibration source was bought from Eckert & 

Ziegler and certified with an uncertainty of 2.3-3.2%. 

Table A.1: Characteristics of the calibration point source. 

Gamma-Ray 

Energy (keV) 
Nuclide Half-life 

Branching 

Ratio (%) 

60 Am-241 (432.17±0.66) years 36.0 

88 Cd-109 (462.6±0.7) days 3.63 

122 Co-57 (271.79±0.09) days 85.6 

166 Ce-139 (137.640±0.023) days 79.9 

279 Hg-203 (46.595±0.013) days 81.5 

392 Sn-113 (115.09±0.04) days 64.9 

514 Sr-85 (64.849±0.004) days 98.4 

662 Cs-137 (30.17±0.16) years 85.1 

898 Y-88 (106.630±0.025) days 94.0 

1173 Co-60 (5.272±0.001) years 99.86 

1333 Co-60 (5.272±0.001) years 99.98 

1836 Y-88 (106.630±0.025) days 99.4 
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