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Abstract 

A survey of the positron-emitting radionuclides over the whole mass range of the Periodic Table 

of Elements was carried out. As already known, positrons are preferably emitted from light 

mass neutron deficient radionuclides. Their emission from heavier mass nuclides is rather rare. 

The applications of positron annihilation in three areas, namely materials research, plant 

physiology and medical diagnosis, are reported. The methods of production of positron emitters 

are discussed, with emphasis on radionuclides presently attracting more attention in 

theranostics and multimodal imaging. Some future perspectives of radionuclide development 

technologies are considered. 
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1. Introduction 

Radioactivity is a phenomenon which involves transformation of an unstable nuclide to a 

more stable nuclide through emission of radiation. Of particular interest in this context is the 

average binding energy per nucleon ( ) of the two nuclides concerned, the transformation 

always occurring to the nuclide with higher binding energy per nucleon. Since the  values 

of nuclides are different in different mass regions of the Periodic Table of Elements, the 

transformation processes show considerable variations. The unstable nuclides in the heavy 

-particle, 

where the charge Z of the nuclide decreases by 2 units, or even by spontaneous fission, where 

the nucleus breaks down into two unequal parts. In the light and medium mass regions, on 

the other hand, nuclear transformations take place mostly in small steps, i.e. by change in Z 

of the nuclide by one unit. In transformation of a neutron excess radionuclide an electron is 

emitted which is called a  particle. In a neutron deficient radionuclide, on the other hand, 

either direct capture of an atomic electron occurs (EC) or emission of a positively-charged 

electron, called a positron ( ), takes place. The  emission is specifically prevalent in the 

region of very light mass nuclei (A < 20), which is very important in life sciences. With 

increasing masses of neutron deficient nuclides, EC and  emission processes start 

competing and the contribution of EC increases. In the mass region around 70, for example, 

the contribution of EC becomes significant, and for nuclei with A=130, e.g. the neutron 

deficient radionuclides of rare earth elements, it becomes the dominant decay mode. 

Furthermore, besides the primary radiation, some secondary radiation emissions like -rays, 

X-rays, Auger and conversion electrons, etc. also gain significance. All those emitted 

radiations find today applications in internal nuclear medicine in one form or the other, 

covering both diagnosis and therapy [cf. 1]. The utilization of some of those radiation types 

is discussed in a few other contributions in this special issue. This article deals with the 

specific case of positron-emitting radionuclides. Their occurrence, applications and 

production methodologies are discussed. A list of the positron-emitting radionuclides, which 

have found some application, scattered over the Periodic Table of Elements is given in Table 

1. It is an extended version of the data given in Ref. [2]. Many more short-lived positron 

emitters exist beyond mass 75, but their utility is not proven. The decay data were taken from 

Ref. [3], except for a few cases where own measured data are given [4-6]. It is obvious that 

most of the positron emitters are found in the light mass region whereas their occurence is 

rather rare in the heavy mass region.  
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2. Characteristics of the positron 

The positron is an antiparticle of the electron. In fact it was the first antiparticle discovered 

[7]. Thus, it has the same properties as the electron (mass, spin) but its charge is +1 instead 

of -1. Also the energy spectrum of the positron is similar to that of the electron because in 

each case part of the energy is transferred to the concurrently emitted neutrino. In general, a 

free positron cannot exist for a long time except in vacuum. After emission from a 

radionuclide, the positron first loses energy through scattering in the surrounding material 

until it is moderated to thermal energy. Thereafter it collides with an electron and gets 

annihilated converting the mass of the two particles into energy. In some special cases the 

positron forms a transient pair with an electron called a positronium (Ps) which has a very 

short life-time and is annihilated with a slight delay. The mode of annihilation depends on 

the spin orientations of the two collision partners. Annihilation in singlet state (spins in 

opposite direction) gives 2 annihilation quanta; that in the triplet state (spins parallel) leads 

to 3 annihilation quanta. In general, two photons emission is most probable (> 99.7 %) [8], 

each photon having an energy of 511 keV. The two photons are correlated by 180 . A 

representation of the annihilation process is given in Fig. 1.  

 

The resulting three important characteristics of the positron annihilation process are: 

a) the path length covered by the positron before thermalisation, 

b) the life-time of the positron before annihilation, 

c) the coincident nature of the -photons.  

 

3. Brief overview of applications of positron annihilation 

The three characteristics described above have great implications in solid state materials 

research, plant physiology and medical diagnostic imaging via positron emission tomography 

(PET). A brief discussion is given below. 

 

3.1. Materials research 

The path length of the positron before thermalisation is dependent on the energy of the positron 

and the medium in which the positron is embedded. A reconstruction of the transport process 

of the positron thus delivers information on some properties of the absorbing material. Positrons 
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electron densities. The main applications of this phenomenon are therefore reflected in studies 

dealing with the influence of annealing on radiation damage in metals, in investigations on 

effect of temperature and pressure on vacancy concentrations in pure metals, etc. 

The life-time of the positron is strongly affected by the surrounding material. In a conducting 

metal it could be very short (  s) but in semi-conducting or organic material it is longer 

(  s) due to formation of a positronium. For example, the probability of positronium 

formation in H2O was estimated to be about 36 % and in benzene about 57 %. In general, the 

life-time of the positronium depends on the electron density in the material and, therefore, a 

study of interaction of positrons with the material leads to chemical information on the 

surrounding medium. 

Over the years the positron annihilation spectroscopy (PAS; positron annihilation life-time  

spectroscopy PALS) has been developed to a very sophisticated technique for characterisation 

of surfaces of topological insulator materials and studies on material defects, partly alone, but 

also in combination with other techniques, like Mössbauer spectroscopy, Doppler broadening 

spectroscopy, etc. (for recent reviews cf. [9-11]). The positron annihilation spectroscopy is 

based on measurement of the time difference between the emission of the positron and the 

registration of the annihilation -rays. The start signal, i.e. the emission of the positron from a 

radionuclide, is generally registered by measurement of a -ray emitted by the same 

radionuclide in coincidence with the positron. The measurements lead to the determination of 

the life-time of the positron in the material, wherefrom the electron density in the material is 

deduced. The investigation thus requires a special radionuclide, i.e. a radionuclide which emits, 

besides the positron, also a suitable -ray in coincidence with the positron. The most commonly 

used radionuclide is 22Na (T½ = 2.6 a). In its decay a -ray of energy 1274.5 keV follows the 

emission of the positron. There are a few other useful or potentially useful radionuclides as 

well, e.g. 44mSc (T½ = 2.44 d), 48V (T½ = 15.9 d), 68Ge (T½ = 270.8 d) in equilibrium with 68Ga 

(  = 1.1 h), etc. The production aspects of some of those radionuclides are considered in detail 

later in this article. 

 

The use of positrons in materials research follows in four different ways: 

i) by placing a small drop of the source activity (typically 1 MBq) between two thin 

metal or polymer foils [cf. 11],  
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ii) by implanting the positron emitter in a thin metal foil which then acts as the source 

[cf. 12], 

iii) by using spin-polarized slow positron beams, e.g. from 18F, 22Na, 68Ge, etc. [13, 14], 

generated in a specially developed apparatus,  

iv) by creating a positron through pair production via the interaction of high-energy 

photons with a converter. The photons are obtained from a high energy electron 

linear accelerator (LINAC). Such accelerators are commercially available today. 

The first three techniques making use of positron-emitting radionuclides are more relevant to 

this article. 

 

3.2 Plant physiology 

A large number of radionuclides have found application in tracer studies related to plant 

biology, using both in vivo and in vitro investigations. However, because of the coincident 

emission of two annihilation quanta in the decay of positron emitters, some special 

physiological functions in plants are advantageously studied in vivo using organic positron 

emitters and a few metallic positron emitters like 48V (T½ = 16.0 d), 52Fe (T½ = 8.3 h), etc.. The 

emphasis, however, lies on organic positron emitters, namely 11C (T½ = 20.4 min) and 13N (T½ 

= 10.0 min) and to some extent on 15O (T½ = 2.3 min) and 18F (T½ = 109.8 min). The 

investigations are generally related to leaf photosynthesis, including 11CO2 fixation, leaf export 

of 11C-photosynthates, uptake of a carbon-containing compound (labelled with 11C) by the leaf 

or the stem of a plant, and its disintegration or transport towards the root, etc. Other studies are 

related to uptake of nitrogen-containing compounds (with 13N as a tracer), e.g. 13NH3 by leaves, 

[13N]N2 by roots, etc. However, due to the short half-lifes of the radionuclides used, their 

application can be effected only in the vicinity of a production cyclotron. In the last few years, 

in many cyclotron laboratories such plant physiological studies have been included. However, 

extensive efforts have been devoted to such investigations at three large research centres, 

namely Forschungszentrum Jülich (Germany), Brookhaven National Laboratory (USA) and 

Research Centre Takasaki (Japan), each centre having several cooperative partners. The salient 

features of those studies are given in a few recent reviews [15-20]. The techniques have reached 

a great degree of sophistication through a combination of positron emission tomography (PET) 

with magnetic resonance imaging (MRI) [cf. 15, 16]. On the other hand, efforts are also being 

intensified to develop real-time radioisotope imaging methods to study living plant activity, 
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both for elements and water, revealing some new aspects of plant physiology (for a review cf. 

[21]). 

 

3.3 Medical diagnosis via positron emission tomography (PET) 

This is the most widely expanding field of application of positron-emitting radionuclides. 

Whereas in materials research the positron and its annihilation time are of primary interest, no 

matter where the positron comes from, i.e. whether from a radionuclide or from an accelerator, 

in PET studies (related to both plant physiology and medical diagnosis) the whole radionuclide 

and its chemical binding are of great importance. The radionuclide is intentionally attached to 

a molecule to facilitate its movement in the body and its localisation in a given organ under 

investigation. The positron annihilation time is not of much consequence, but the other two 

characteristics, namely the path length in the tissue prior to annihilation and the coincident 

nature of the annihilation quanta are of paramount importance. 

 

Although not many experimental measurements related to positrons and positronium chemistry 

in tissue have been performed, it is argued theoretically and concluded therefrom that most of 

the annihilations in tissue result in two -ray emission [cf. 22]. Measurement of the two -rays 

in coincidence thus makes the technique quantitative. This is a unique and very advantageous 

characteristic of the PET methodology. On the other hand, if other -rays emitted by the 

radionuclide lie in the vicinity of the 511 keV photons, some random coincidences may occur. 

A scattering correction then becomes essential [cf. 23]. In general, therefore, radionuclides with 

high positron-emission intensity and no or very low -ray emission are considered most 

suitable. 

The spatial resolution in PET imaging is limited by the path length (i.e. the range) of the positron 

prior to its annihilation, which depends on its initial kinetic energy. For example, the maximum 

 energy of 18F is 0.63 MeV and the average energy about 0.25 MeV. This results in a range 

distribution with a FWHM of approximately 1.0 mm. In contrast, the maximum energy of 

76Br amounts to about 4.0 MeV which results in a range distribution having a FWHM of 

approximately 6.0 mm. Consequently, the resolution of the PET scan is deteriorated. Therefore, 

positron-emitting radionuclides with low kinetic energies are preferable. 

Most of the PET measurements in diagnostic nuclear medicine deal with fast metabolic 

processes, which involve use of standard short-lived positron emitters (11C, 18F, 68Ga, etc.) 
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attached to suitable organic molecules. Such investigations are generally well established and 

are routinely performed in patient care programmes. However, many slow biological processes 

cannot be investigated using those radionuclides. For such processes longer lived positron 

emitters are needed. There are two other emerging applications of PET radionuclides. One 

entails a combination of PET with magnetic resonance imaging (MRI). Another one makes use 

of a diagnostic and therapeutic pair of the same element for theranostic approaches. 

It is understood that out of all the positron emitters listed in Table 1, only a limited number of 

them is suitable or potentially suitable for medical applications. The production methods of 

some important radionuclides are discussed below. 

 

4. Production of positron-emitting radionuclides 

The so-

data, irradiation targetry, chemical processing and quality assurance of the product [cf. 24], 

have all to be well developed to establish a reliable supply of the positron-emitting radionuclide 

for routine patient applications. Such a radionuclide is then termed as a standard positron 

emitter . In contrast, novel positron-emitting radionuclides for which development work is still 

going on or which are not commercially available are called non-standard positron emitters . 

We discuss the production methods of the two types of positron emitters in some detail below. 

 

4.1 Standard positron emitters 

Several nuclear reactions have been investigated for the production of positron emitters (for 

early review cf. [25]). The common methods used today for the production of the seven standard 

positron emitters, viz. 11C, 13N, 15O, 18F, 22Na, 68Ga and 82Rb are summarized in Table 2. They 

are all produced directly via charged-particle induced reactions, except for 68Ga and 82Rb, which 

are made available via generator systems. The parent generator radionuclides, however, are also 

produced using charged-particle induced reactions. All of them except for 22Na find application 

in routine patient care studies using PET. The radionuclide 22Na is the major positron emitter 

used routinely in materials research. The radionuclides 11C and 13N are often employed in plant 

physiological studies. 

The first four radionuclides, often termed as organic positron emitters, are typically produced 

at a medical cyclotron (Ep   18 MeV; Ed  9 MeV). The extensive development work carried 
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out in many laboratories was evaluated in early 1990s under a COST Action of the European 

Union (EU) and the most suitable production methodologies were recommended [26]. Later on, 

the cross section data were evaluated and standardized under the auspices of the International 

Atomic Energy Agency (IAEA), and the recommended values are given in Ref. [27]. The 

electronic version of the file is updated periodically. The calculated yields for all reactions given 

in Table 2 are based on those data except for the 18O(p,n)18F reaction where extensive 

measurements by Hess et al. [28] were used to calculate the yields. In general, at a medical 

cyclotron only gas and liquid targets are available, and they are sufficient for the production of 

the above mentioned four organic positron emitters. Thus 11C, 15O and [18F]F2 are produced 

using pressurized gas targets, and 13N and 18F-
(aq) using pressurized water targets. The 

enrichment of the target material used, the chemical form of the radionuclide produced in the 

target and the typical batch yields achieved [24, 29] are also listed in Table 2. The production 

technology of those radionuclides is well established and the standard PET imaging technique 

is rapidly expanding. The radionuclide 18F has become the positron emitter of paramount 

importance in PET imaging. 

In recent years most of the development work related to the production of the above mentioned 

organic positron emitters has concentrated on increasing the radionuclidic purity of all 

radionuclides, the specific activity of 11C, the batch yield of 18F-
(aq), and the yield and specific 

activity of [18F]F2. We consider a few features of those development studies. 

The activation products formed in the interaction of nitrogen with protons of energy up to 

200 MeV were measured. The results up to 20 MeV are relevant to this article and are shown 

in Fig. 2. The dominating reaction is the 14N(p, )11C process which is commonly used for the 

production of 11C (T½ = 20.4 min). Its cross section data have been standardized (see above). 

The relatively new data [cf. 30] for the reactions 14N(p,n)14O and 14N(p,pn)13N, leading to the 

positron emitting undesired radionuclides 14O (T½ = 70 s) and 13N (T½ = 10.0 min), respectively, 

make it possible to calculate the radioactive impurities formed during the production of 11C. 

For the proton energy range within the nitrogen gas target (Ep
 = 13  4 MeV) it is estimated 

that the 11C formed will contain about 20 % 14O and 5 % 13N at the end of irradiation. This is 

very useful information to ensure the final radionuclidic purity of the 11C-labelled compound. 

Similar studies have been performed in the case of 15O production via the 14N(d,n)-reaction [cf. 

31]. Regarding the specific activity of 11C, special precautions are necessary with respect to gas 

composition, target construction and chemicals used, since stable 12C is present everywhere. 

Under optimum conditions [11C]CO2 was obtained in high specific activity up to 610 GBq/µmol 

[cf. 32]. With regard to the batch yield of 18F, targetry has been advanced at commercial units 
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and up to 400 GBq of 18F-
(aq) are produced routinely. These quantities as well as the specific 

activity of 18F are sufficient for preparation of most of the radiopharmaceuticals via nucleophilic 

reactions for routine use. However, for preparation of some radiopharmaceuticals, still 

electrophilic reactions are more favourable. The starting labelling species [18F]F2 was 

previously obtained via the 20Ne(d, )-reaction but both the yield and the specific activity were 

limited [cf. 33]. A modified route involving the 18O(p,n)18F reaction using an enriched gas target 

and two successive irradiations led to improved results [34, 35]. Under optimized conditions a 

batch yield of about 25 GBq of [18F]F2 was obtained and its specific activity amounted to about 

0.6 TBq/mmol [35]. This specific activity may be sufficient for preparation of a few compounds 

but, in general, a still higher specific activity is needed. Attempts have therefore also been 

directed to convert the nucleophilic form of 18F to the electrophilic form. However, hitherto 

only modest success has been achieved [cf. 37]. 

For the production of 22Na, the standard positron emitter used in materials research, several 

nuclear routes were investigated (for an early review, cf. [38]). The cross section data for all 

those reactions given in the EXFOR file of the IAEA [39] were considered, smooth eye-guided 

curves were fitted, and the results are given in Fig. 3(A) and (B). They describe the reactions 

induced by protons and deuterons on -particles on F and 

Al. Among the low-energy reactions (Fig. 3 (A)), the natMg(d,x)22Na process has been 

commonly used. Among the intermediate energy reactions (Fig. 3 (B)), on the other hand, the 

natMg(p,x)22Na and 27Al(p,x)22Na processes are interesting because the yields are expected to 

be higher. The suitable energy ranges for the production of 22Na by these three processes, the 

expected thick target yields and typical batch yields achieved (if available) are given in Table 

2. 

For practical production of 22Na, the natMg(d,x)22Na process (involving mainly the low-energy 

24Mg(d, )22Na reaction) with about 15 MeV deuterons has been in use for more than 50 years. 

The chemical separation of 22Na in no-carrier-added form is generally performed by cation-

exchange chromatography [cf. 40, 41]. In a typical experiment, a 4 h irradiation at a beam 

current of 25 A led to a 22Na batch yield of about 7 MBq [40]. Longer irradiation times, higher 

beam currents and use of an isotopically enriched 24Mg target considerably enhance the product 

yield. Very recently, a high-current gas target has been developed to produce 22Na via another 

low-energy reaction, namely natNe(p,x)22Na [42]. The calculated thick target yield of this 

reaction over  = 15  6 MeV amounts to 0.028 MBq/ Ah. After filling the target with Ne 

gas up to 12 bar, irradiation was carried out with 17 MeV protons at 5 A for 6 days. Thereafter 
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the evacuated target was rinsed with a dilute solution of NaOH. The batch yield of 22Na 

amounted to 11 MBq [42]. By using highly enriched 22Ne gas as target material (instead of 

natNe), the batch yield of 22Na could be significantly increased. The third low-energy reaction 

is 19F( ,n)22Na. The calculated thick target yield of this reaction over  = 14  4 MeV amounts 

to 0.022 MBq/ Ah. It has also been used to produce tracer amounts of 22Na at -particle 

energies of < 15 MeV. 

Relatively large amounts of 22Na have been produced to date using the 27Al(p,3p3n)22Na and 

natMg(p,x)22Na processes induced by intermediate energy protons. In a typical experiment, a 

thick Al target irradiated with 146 MeV protons was transferred to a crucible placed in a 

distillation apparatus, and heated to 1200  1300 K. The radiosodium was removed from the 

molten target by a He stream and collected in 0.1 M HCl. The batch yield of 22Na amounted to 

1.3 GBq [43]. Similar amounts of 22Na activity have been produced at the Los Alamos National 

Laboratory (LANL, USA). In a specialized variation of the technique, used in preparation of a 

source for astrophysical studies, the radiosodium atoms released from the molten target were 

ionized, extracted as an ion beam and directed to a collector foil by a mass spectrometric system. 

As expected, the batch yield in this case was much lower, amounting only to 0.22 MBq [44]. 

As far as the use of the natMg(p,x)22Na reaction to produce 22Na is concerned, a thick target 

yield measurement of 22Na after a 2 h irradiation of Mg with 70 MeV protons delivered a value 

of 2.54 MBq [45]. The highest amount of 22Na activity is, however, produced at the iThemba 

Labs (S.A.). After irradiation of a Mg target for several weeks with protons over the energy 

range Ep = 61  40 MeV at a beam current of 80 A, the radiosodium was separated by cation-

exchange chromatography. The batch yield of 22Na amounted to 11 GBq [46]. 

Summarizing the production possibilities of 22Na, it may be stated that tracer amounts of this 

radionuclide can be conveniently obtained via the three relatively low-energy processes, namely 

19F( ,n)22Na, natNe(p,x)22Na and natMg(d,x)22Na. A medium-sized cyclotron like the CPX 30 

(IBA, Louvain-La-Neuve, Belgium), is well suited for this purpose. Large amounts of 22Na, 

however, can be produced only via the 27Al(p,3p3n)22Na and natMg(p,x)22Na processes at an 

intermediate energy accelerator wit Ep  
 70 MeV. Furthermore, regarding the quality of 22Na, 

it is emphasized that the demands are high even though the major applications are in materials 

research. Of particular interest are the radionuclidic purity, the chemical purity and the specific 

activity. The presence of all other elements as chemical impurities in the vicinity of the 

radionuclide 22Na influences the electron density and could be very disturbing in studies on 

materials properties. 
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The radionuclides 68Ga and 82Rb are also standard positron emitters, being widely used in 

patient care. The radionuclide 68Ga finds application also in materials research. Those two 

radionuclides are obtained via generator systems. Their long-lived parents 68Ge (T½ = 271 d) 

and 82Sr (T½ = 25.3 d), respectively, are produced using intermediate energy protons. 

 

For the production of 68Ge, generally a natGa target is used. The suitable proton energy range is 

Ep = 70  20 MeV [2]. In a typical experiment gallium metal encapsulated in niobium was 

irradiated with 100 MeV protons and the radiogermanium, formed via the natGa(p,xn)-process, 

was extracted as GeCl4 in toluene, benzene, etc. after dissolving the target. Further purification 

of 68Ge was performed by several extraction and back-extraction cycles. The batch yield of 68Ge 

corresponded to about 20 GBq and its radionuclidic purity was > 99% [47]. Further 

improvements have led to batch yields of up to 40 GBq of 68Ge. 

For the preparation of the 68Ge/68Ga generator, the separated 68Ge is generally loaded on a tin 

oxide column, and the positron emitting daughter 68Ga, formed by the decay of 68Ge, is 

periodically eluted with 1 M HCl. Optimisation studies have led to a very efficient processing 

of the 68Ga-eluate for medical application [48]. 

 

With regard to the production of 82Sr, previously the 85Rb(p,4n)-reaction using an enriched 85Rb 

target was employed but recently, for economic reasons, more use has been made of natRb as 

target material. This, however, leads to the formation of appreciable amounts of the longer lived 

impurity 85Sr (   = 64.9 d) as well. The excitation functions for the formation of both 82Sr and 

85Sr in proton induced reactions on natRb are shown in Fig. 4. From those data it is concluded 

that the optimum energy range for the production of 82Sr is Ep = 70  50 MeV [49]. Over this 

energy range the ratio of 85Sr to 82Sr amounts to 0.25 which is tolerable. The target for 

irradiation generally consists of RbCl encapsulated in stainless steel. The wet chemical 

processing of the irradiated target is based on ion-exchange chromatography. The batch yield 

of 82Sr corresponds to about 70 GBq [cf. 50]. 

For the preparation of the 82Sr/82Rb generator system, the separated 82Sr is loaded on a suitable 

column (e.g. Chelex 100 chelating resin, Dowex-1 anion exchange resin) and purged with an 

eluent. The daughter 82Rb is then periodically eluted with saline. Regarding the quality of the 

separated 82Sr, a vigilant watch on the integrity of the column against 85Sr breakthrough is 

necessary. 
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4.2 Non-standard positron emitters 

4.2.1 General 

Non-standard positron emitters are needed for studying slow biological functions. A few 

radionuclides are also used in radioimmunotherapy. Many  emitting radionuclides attached 

to an antibody are promising diagnostic and therapeutic agents. Several other non-standard 

positron emitters are now finding application in theranostics. This entails a combination of 

diagnosis and internal radionuclide therapy. By combining a  and a  (or Auger electron or 

-particle) emitting pair of radionuclides of a given element in the same chemical form, it is 

possible to measure the uptake kinetics by PET imaging, thereby allowing an accurate 

dosimetric calculation related to therapy. It was first applied in the case of internal therapy with 

90Y after mixing it with the positron emitter 86Y [51]. Today, several pairs are finding great 

interest [52]. A yet another application of non-standard positron emitters is in multimodal 

imaging. This stipulates a combination of two or more imaging techniques. For example PET 

can be combined with magnetic resonance imaging (MRI) using one agent bearing two signal 

transmitters. This combination is particularly interesting due to quantitative nature of PET and 

high resolution of MRI. 

The non-standard positron emitters were periodically reviewed [53-56]. Later on various 

aspects of development work were elucidated [57] and an updated review discussed some 

further work [58]. More recently, a comprehensive review covered all medically useful or 

potentially useful positron emitters [2], describing the common production routes, the optimum 

energy ranges deduced, and the thick target yields, calculated from the excitation functions, 

together with a list of all relevant references to nuclear data. In the present review therefore 

only a short summary of the important non-standard positron emitters and their applications is 

presented (cf. Table 3). Some salient features relevant to their clinical scale production are 

enumerated below. 

In general, most of the non-standard positron emitters are produced via a low-energy (p,n), (p, ) 

or (d,n) reaction on an isotopically highly enriched solid target. A few examples of the 

radionuclides produced are 55Co, 61Cu, 64Cu, 86Y, 120I, 124I, etc. [cf. 59-64]. The exceptions are 

45Ti and 89Zr where the natural target material is monoisotopic. The expensive enriched material 

has to be economically handled. Furthermore, there is the constraint of low particle energy. 

This calls upon ingenuity in target preparation and recovery of the enriched material for reuse. 
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Many of the nuclear reaction cross section data were measured at the Forschungszentrum Jülich 

but the other development work was carried out at several other laboratories as well. In those 

studies, electrochemical deposition [cf. 59, 61, 63], melting [cf. 64-67], pressed pellet formation 

[cf. 60, 62, 68,69,71] and alloy formation [cf. 70] have been often used for preparation of high-

current irradiation targets. Efficient chemical separation methods were applied to isolate the 

desired positron emitter in high purity and high specific activity. For this purpose, a large 

number of methods have been developed, for example, dry distillation for 120I and 124I [cf. 64-

67, 69], thermochromatography for 76Br and 94mTc [cf. 70, 71], ion-exchange chromatography 

for 64Cu and 124I [cf. 61, 72-74], solvent extraction for 66Ga, 86Y and 124I [cf. 75-77], etc. The 

successful use of a low-energy (p,n) reaction to produce a non-standard positron emitter at a 

medical cyclotron has also led to the development of the so-called solution target in which a 

solution of the enriched target isotope is irradiated, instead of a solid target. This technology 

has been successfully developed for the production of a few non-standard positron emitters, e.g. 

44Sc [78], 86Y [79], 89Zr [80], etc. It is, however, necessary to take care of the irradiation-induced 

chemical species [cf. 80]. The yield of the desired radionuclide is generally low but it may be 

enough for local use. As a special case some low melting target materials have been irradiated 

in molten form using a vertical beam [cf. 81]. 

Despite the successful application of the low-energy (p,n) reaction to produce a large number 

of non-standard positron emitters at a medical cyclotron, the development of a few other novel 

positron emitters demands the use of intermediate energy nuclear reactions. A few examples 

are 52Fe, 73Se, 83Sr, 152Tb, etc. They can be produced via (p,xn) reactions at a high-intensity 

cyclotron, accelerating protons to energies up to 100 MeV [cf. 2]. Some work on those 

radionuclides is progressing in a few laboratories. At those charged-particle beam energies, 

there is some flexibility in target construction because thicker foils and stronger cooling circuits 

can be utilized. Furthermore, highly enriched targets are not as often used as in the case of low-

energy production processes. It should also be mentioned that a few non-standard positron 

-particle beam, e.g. 30P, 38K, 34mCl, etc. (for a 

review cf. [82]). 

A few novel and potentially useful positron emitters could possibly be obtained from 

generators. Some of them are 44Ti (59.1a)/44Sc (3.9 h), 72Se (8.5 d)/72As (26.0 h) and 140Nd 

(3.4d)/140Pr (3.4 min). The production of all those parent nuclides can only be conducted by 

using intermediate energy reactions. 
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4.2.2 Established non-standard positron emitters 

Out of all non-standard positron emitters listed in Table 3, four of them, namely 64Cu, 86Y, 89Zr 

and 124I, are finding broader interest and they may be regarded as established non-standard 

positron emitters. They are all suitable for PET imaging, although in the case of 86Y strong -

ray scattering corrections need to be applied. There are numerous applications of those 

radionuclides in organ function studies. The radionuclides 64Cu, 89Zr and 124I are partly used in 

radioimmunotherapy as well. The major use of 64Cu, 86Y and 124I, however, is in theranostics, 

i.e. in combination with their respective  emitting therapeutic partners, namely 67Cu (T½ = 

2.58 d), 90Y (T½ = 2.7 d) and 131I (T½ = 8.02 d), respectively. The most established pair is 

86Y/90Y, although 86Y is not ideal for PET imaging (as mentioned above). The pair 124I/131I has 

found broad application but 124I is somewhat long-lived and rather expensive. Nevertheless, 

occasionally 124I is used alone both as a PET radionuclide and a therapeutic nuclide. The pair 

64Cu/67Cu would be ideal but so far 67Cu is not readily available. Thus, all three theranostic 

pairs demand further development work. However, as far as the availability of the above 

mentioned four positron emitters is concerned, clinical scale quantities are produced via the 

(p,n) reaction in a large number of  laboratories (for original references see earlier reviews [57, 

58]). Large scale productions of those four established non-standard positron emitters are now 

being realized by several commercial companies. 

 

4.2.3 Emerging non-standard positron emitters 

Many of the non-standard positron emitters listed in Table 3 are of great importance but their 

use is so far not as pronounced as of the established positron emitters described above. Some 

of them have gained more importance in recent years and could be termed as emerging positron 

emitters. They include 44gSc, 45Ti, 52gMn, 73Se and 152Tb. The major interest in 44gSc and 152Tb 

is in their possible use in theranostics, i.e. in combination with their respective  emitting 

therapeutic partners, namely 47Sc (T½ = 3.35 d) and 161Tb (T½ = 6.9 d). The pair 44gSc/47Sc 

would be ideal. Although a clinical scale production of 44gSc via the 44Ca(p,n)-reaction has been 

developed, so far 47Sc is not readily available. The pair 152Tb/161Tb, on the other hand, is 

somewhat exotic. Whereas 161Tb can be produced in a nuclear reactor, the positron emitter 152Tb 

has hitherto been obtained only via on-line mass separation from the spallation products of Ta 

with high energy protons. The production of both those pairs has been recently reviewed in 

detail [52]. It is therefore not treated in this review. The interest in 73Se relates to metabolic 

investigations of inorganic and seleno-organic compounds using PET. Furthermore, since 
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selenium is an analogue of sulphur, which itself has no suitable positron emitting radionuclide, 

the radionuclide 73Se could be utilized in the study of sulphur metabolism as well. The 

production of 73Se is generally carried out via the 75As(p,3n)-reaction at an intermediate energy 

cyclotron and is therefore not readily available. The various methods of its production have also 

been very recently reviewed [58]. In the present article, therefore, we will discuss only the 

production methodologies of 45Ti and 52gMn. For those two radionuclides some new 

development work carried out in recent years in our laboratory is reported. 

 

45Ti (T½ = 3.1 h) 

This radionuclide has decay properties very suitable for PET studies (half-life, high positron 

emission intensity, medium positron energy, almost no -ray). Due to its tetravalent character, 

titanium forms interesting Ti(IV) complexes, particularly titanocene complexes, which exhibit 

high antitumour activity. This radionuclide is thus of potential interest in tumour research. 

For the production of 45Ti, generally the 45Sc(p,n)45Ti reaction has been used. The measured 

cross section data [83, 84] show scatter but an eye-guided curve could be drawn through the 

more consistent data. The excitation functions of the 45Sc(d,2n)45Ti and 52 45Ti reactions 

have also been reported [85, 86]. We calculated the expected thick target yields of 45Ti from 

the excitation curves for the (p,n) and ( ,n) reactions for 1 h irradiation, but adopted the 

calculated values for the (d,2n) reaction from Ref. [85]. The results are reproduced in Fig. 5. 

Evidently the low-energy (p,n) reaction is most suitable for the production of 45Ti. The optimum 

energy range deduced is Ep = 14.5  5 MeV and the calculated yield amounts to 433 MBq/ Ah. 

In typical production experiments [87-89], Sc foil was irradiated with 14.5 MeV protons at 

about 10 A beam current. Thereafter the foil was dissolved in 6 M HCl and 45Ti was separated 

by cation-exchange chromatography. Typically the batch yield of 45Ti amounted to about 2 GBq 

and its radionuclidic purity to 99.8%. Recently a continuous liquid-liquid extraction using 

membrane based separator was utilized for the separation of [45Ti]TiCl4. [90] A further new 

strategy for the separation of 45Ti has been developed in our laboratory. It involves the 

thermochromatographical removal of radiotitanium from the irradiated Sc in the form of 

[45Ti]TiCl4 [91]. Further optimization work with regard to the quality of the separated product 

and its use in preparing suitable 45Ti-complexes is in progress. 

 

52gMn (T½ = 5.6 d) 
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This radionuclide is of great importance in multimodal imaging, especially in combining PET 

with MRI, because Mn is used as a contrast agent in MRI. Authentic tracers labelled with 52gMn 

have been prepared [92, 93] and thus the significance of this radionuclide is increasing. The 

radionuclide 52gMn (I = 6+) has also a higher lying isomeric state 52mMn (T½ = 21.0 min; I = 2+). 

It decays > 97 % by emission to stable 52Cr and < 2% to the ground state 52gMn. The isomeric 

cross section ratio for the formation of the two states was determined in five different reactions 

and a systematic analysis was performed [94]. At low energies (< 10 MeV) the short-lived 

52mMn is favoured because of its low spin but at higher energies (> 15 MeV) the yield of the 

longer lived 52gMn increases considerably due to its higher spin. In order to avoid ambiguities 

in PET scans, it is recommended to use the longer lived 52gMn after the complete decay of 

52mMn. 

For the production of 52gMn several nuclear reactions were investigated (for an early review see 

[25]), out of which the 52Cr(p,n)-reaction was found to be the most suitable. Since the 

52Cr(p,2n)51Mn (T½ = 46.2 min) and 50Cr(p,n)50Mn (T½ = 1.8 min) reaction products are short-

lived, it is not absolutely necessary to use an enriched 52Cr target. Most of the studies have, 

therefore, been carried out using natCr as target material. The results of the nuclear reaction cross 

section measurements [95-100] are shown in Fig. 6. The optimum energy range for the 

production of 52gMn is deduced to be Ep = 17  8 MeV; its calculated yield amounts to 14 

MBq/ Ah. The estimated impurity level of 54Mn (T½ = 312.2 d) formed via the 54Cr(p,n)54Mn 

reaction on the 2.36 % 54Cr present in natCr amounts to about 0.25%. If this level is not tolerable, 

it would be mandatory to use an enriched 52Cr target. 

The target for irradiation consists of either enriched 52Cr or natCr, electroplated on a Au backing, 

or simply a high-purity chromium disk. Irradiation is generally carried out for a few hours using 

a proton beam of up to 20 A on a slanting [cf. 65]. For the separation of n.c.a. 52gMn from the 

bulk of chromium, several methods have been reported, based mainly on co-precipitation and 

anion-exchange chromatography. Some improvements have been introduced in recent years 

[65, 101-104]. In a novel method [99] the chemical processing starts by dissolution of the target 

in HCl at 70  followed by reduction of radiomanganese to Mn2+, and finally applying 

chromatography. The typical batch yield of the obtained [52gMn]MnCl2 was ca. 150 MBq. 

Intensified efforts are presently being devoted in several laboratories to produce this 

radionuclide in larger quantities. 
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5. Concluding remarks 

Radioactive elements constitute a significant part of the present Periodic Table of Elements. 

Furthermore, radioisotopes are important players in its background being highly relevant to life 

science and materials research. particle emission from many heavy mass 

-targeted therapy. In the region of the lightest mass elements, 

on the other hand, the neutron deficient radionuclides decay predominantly by positron 

emission.  With the increasing charge of the nucleus, the competition between positron emission 

and electron capture increases, the latter becoming the most dominant decay mode in the region 

of rare earths and heavier mass elements. The annihilation of a positron is utilized in materials 

research, in quantitative imaging of organs as well as in determination of metabolic turnover 

rates in plants and humans. 

Each application needs a suitable positron emitter. In materials research the origin of the 

positron is not important. It may come from a commonly used 22Na source or from an 

accelerator delivering hard photons which generate positrons via pair production. In plant 

physiological studies, mainly 11C finds wide application. For medical use, however, a large 

number of positron emitters attached to very specific chemical molecules are needed. Some 

standard radionuclides are routinely produced in hospital environments for patient care, but 

work is underway to develop novel   emitters for new emerging medical applications. 

Although most of the  emitters are produced using low- and medium-sized cyclotrons, the 

necessity of availability of intermediate energy proton accelerators is increasing to be able to 

produce unusual  emitting isotopes of the heavier mass elements. 

The periodicity of the Periodic Table of Elements is reflected to some extent in the uptake of 

radionuclides and radiopharmaceuticals by living systems. Alkali and alkali-like metals (e.g. 

the positron emitters 38K and 82gRb, and the -ray emitter 201Tl+1) find application in cardiac 

blood flow studies. Other examples are the specific attachment of  emitters of trivalent 

metals (e.g. 44gSc, 86Y, lanthanides) to tumour seeking agents or of halogens to biomolecules 

(via an analogue approach) for study of metabolic processes. 

In summary, it may be stated that the radionuclide development work constitutes a very 

versatile and dynamic area of research related to non-energy applications of nuclear sciences. 

In view of enhancing interest in human health, the future perspectives of this field thus appear 

to be very promising. 
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Figure Captions 

 

Fig. 1  Schematic representation of the positron annihilation process. 

Fig. 2 Excitation functions of proton induced nuclear reactions on 14N (after Kovács 

  et al [30]). 

Fig. 3 Excitation functions of nuclear reactions leading to the formation of 22Na. (A) 

  Low-energy reactions, (B) Intermediate energy reactions. 

Fig. 4 Excitation functions of the reactions natRb(p,xn)85Sr and natRb(p,xn)82Sr. For 

  the latter process only the fitted curve is shown. (adapted from Qaim et al  

  [49]) 

Fig. 5 Thick target yields of 45Ti calculated from the excitation functions of  

  45Sc(p,n)45Ti, 45Sc(d,2n)45Ti and 42Ca( ,n)45Ti reactions for 1 h irradiation.  

  The values are shown as curves as a function of particle energy. 

Fig. 6 Excitation functions of the reactions natCr(p,xn)52Mn and natCr(p,xn)51Mn 

  based on data reported in Refs. [95-100]. The curves are eye-guides. 
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