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The paper presents a survey of experimental methods for cyclotron production of ultrashort-lived (USL) and

short-lived (SL) radionuclides recommended by the IAEA as most widely used in nuclear medicine. The data on

radionuclide-producing nuclear reactions, the required energy range and targets are given. The undertaken analysis

of experimental studies carried out at different scientific centers as well as the comparison with the parameters of the

cyclotron CV-28 to be put into operation at the NSC KIPT suggest the conclusion about the operational capabilities of

the isochronous cyclotron CV-28 to produce the mentioned radionuclides and the possibility of creating the positron-

emission tomography (PET) with the CV-28 as the base.

PACS: 87.57.U-

1. INTRODUCTION

At the present time there are more than 2300 ra-
dionuclides (RN) known to us, of which more than
200 RN are employed in different fields of science,
technology and medicine.

These RN are predominantly of artificial origin
at the expense of their production in the reactions
of charged particle/neutron interaction with the tar-
get material, realizable at accelerators or in nuclear
reactors.

The RN find the widest use in nuclear medicine
and biochemistry. Considerable recent attention has
been focussed on radionuclide diagnostics of human
diseases through introduction of radioisotopes into
the human body [1]. The radionuclide diagnostics
makes it possible to investigate not only structural
failures in all human internals and body tissues, but
also functional failures in the life support systems
(blood circulation, nerves, digestion, breathing, etc.),
which are difficult if not possible at all to be diag-
nosed otherwise. The radionuclide diagnostics con-
sists in the analysis of the information obtained af-
ter introduction of a certain chemical or biological
compound labeled with a gamma-emitting radionu-
clide into the body, with a subsequent registration of
space-time distribution of the compound in the body
by a position-sensitive gamma-ray detector. Relying
on the results obtained, conclusions are drawn about
both the failures in the metabolism systems and func-
tional failures in the body.

Positron-emission tomography is the method of
radionuclide diagnostics that is most efficient and

gaining an increasing advancement. The method is
based on the detection of annihilation photons result-
ing from the positron decay of RN, which are reg-
istered by many pairs of coincidence detectors that
form a circular system [1]. Presently, the PET is
the most informative method of radionuclide diagnos-
tics, which provides a three-dimensional image of the
body’s organ, a possibility of measuring the absolute
activity of the organ under study, a quantitative es-
timate of physiologic processes. It is of importance
for PET studies to choose the RN with a low maxi-
mum positron energy, that provides a high resolution
of the image.

Another factor, which must be taken into account
when choosing the RN for the PET studies, is a low
radiation dose. On the basis of radiation exposure es-
timates for the man, all other conditions being equal,
the preference is given to ultrashort- and short-lived
radionuclides, which are capable of entering into vital
complex molecules, without changing their chemical
and functional properties. These are the so-called or-
ganic radionuclides (carbon-11, nitrogen-13, oxygen-
15, fluorine-18) with the decay time of tens of minutes
[2].

The production of radionuclides and radiophar-
maceuticals (RP) based on them, is impossible with-
out the equipment that permits the automated in-
sertion and removal of targets; irradiation; handling
of irradiated targets, including various chemical op-
erations; and also, when the occasion requires, sam-
pling of radioactive products in the process of irra-
diation; production of final preparations and their
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quality control. This equipment is created on the
basis of electronic and computer hardware provided
with appropriate software for stable operation with
high-activity materials [1].

There exist nuclear data for ultrashort-lived iso-
topes [1]. Nuclear reaction cross-sections have been
defined to a high accuracy, the target operation has
been investigated. Developed and automated are the
methods of on-line extraction of USL RN and prepa-
ration of numerous radiopharmaceuticals on their ba-
sis.

2. PRODUCTION OF USL
RADIONUCLIDES AT THE CYCLOTRON

CV-28

Artificial radioactive isotopes came into use in
nuclear medicine shortly after creation of the first
cyclotron by Lawrence (1930) and discovery of the
neutron by Chadwick (1932). The pioneer work of
Joliot-Curie (1934), where he obtained the 30P iso-
tope with T1/2 = 2.5 min in the 27Al(α, n)30P re-
action, gave rise to cyclotron radionuclides that had
certain advantages in their properties over the reactor
radionuclides [2].

Generally, the required amounts of USL RN are
produced at small cyclotrons [2]. A regular use of cy-

clotrons for the production of medical radionuclides
has begun since 1950. Small medical-only cyclotrons,
the so-called ”baby”-cyclotrons (E ≤ 20 MeV ), are
convenient for their location directly at medical cen-
ters, where they serve for generation of USL RN and
PET studies with the RN produced. In current nu-
clear medicine, more than 50 cyclotron radionuclides
having the half-life from a few minutes to several
years are applied for scientific research, diagnostic
and therapeutic purposes.

In practice, to produce RN in nuclear reactions,
beams of charged particles (p, d, 3He, 4He) are used,
of which protons find the widest application [2]. In
the nearest future, the NSC KIPT will put into op-
eration the isochronous cyclotron CV-28 with a reg-
ulated energy of light ions p, d, 3He, 4He. The char-
acteristics of the cyclotron are given below in Table
1 [3].

In this connection, it appears of interest to con-
sider the possibility of generating the USL and SL
radionuclides at the cyclotron CV-28 with their sub-
sequent use for medical diagnostics. Table 2 gives
the USL and SL RN, their half-lives, RN-producing
nuclear reactions, and the required energy range [4].

Table 1

Accelerated particles Particle energy External target current Internal target current
(MeV ) (µA) (µA)

p 2-24 40-60 200
d 4-14 50-100 300

3He 6-36 5-50 135
4He 8-28 6-40 90

Table 2

Radionuclides Half-life, T1/2 Nuclear reactions Energy (MeV ) Yield from a
”thick” target,
µCi/µA · hour

USL

11C 20.4 min 11B(p, n) 22 756
13N 9.96 min 16O(p, α) 18 24
15C 2.03 min 14N(d, n) 15 4
18F 109.7 min 18O(p, n) 15 56
SL

123I 13.2 hour 124Te(p, xn) 5.2
124I 4.2 day 124Te(p, n)
89Sr 50.5 day 89Y (p, n)
64Cu 12.7 day 64Ni(p, n) 19
67Cu 61.9 hour 70Zn(p, α) 26.5
169Y b 32 days 70Tm(p, n)

The USL RN 11C, 13N , 15O, 18F are the ”or-
ganic” nuclides, which are positron emitters in their
nuclear-physical properties.

The main problems in the process of RN produc-
tion are the operations of target preparation, irradia-
tion and preparation of the final radioactive product.

76



The design of targets and target complexes is deter-
mined by physical-chemical properties of the target
material.

In practice, targets of three types of the state of
aggregation (solid, liquid, gaseous) are used [1, 5].

When possible, it is metals that are used as solid
targets. In this case, the amount of working target
nuclei makes up nearly 100% (impurities may con-
stitute an insignificant portion). Besides, the target
compactness, and hence, the small size of the target
facilitate the design.

Various salts and oxides have received wide accep-
tance. In recent years there have appeared specially
prepared ice targets - these are H2O (18O) and CO2

(18O) to produce 18F [1].
Gaseous targets such as O2, Ne, the CF4-H2 mix-

ture are also widely used to obtain 18F [1, 2].
In accordance with a particular program of RN

production and the accelerator parameters, the tar-
get material is chosen and target complexes of var-
ious degrees of complexity are created. To extract
the RN from the target material, to purify and
concentrate them, various combinations of physical-
chemical methods are used, i.e., deposition, extrac-
tion, ion-exchange chromatography, distillation, elec-
trodeposition, electromagnetic separation of isotopes.
The choice of the methods is governed by physical-
chemical properties of the target material and ra-
dioactive isotopes produced in it, and also, by the
requirements for the quality of the final preparation
(high degree of purity, carrier-free RN condition, high
specific activity). Of importance are the factor of
time, especially in the case of SL isotopes, and envi-
ronmental standards requiring radioactive waste min-
imization. The issues connected with the solution of
all these problems are regularly discussed at inter-
national meetings ”Target devices and chemistry of
targets” [1].

Among the USL RN, 18F is a relatively long-lived
isotope (see Table 2, T1/2 = 109.7 min). The radio-
pharmaceuticals based on it play the main role in the
development of PET studies that may take 1 to 4
hours for scanning from the moment of RP injection.
18F can be obtained in a greater quantity and with a
higher specific activity in comparison with 11C, 13N ,
15O. Of greatest practical interest for the produc-
tion of 18F are the nuclear reactions 20Ne (d, 4He)
18F and 18O (p, n) 18F , which can proceed at a par-
ticle energy ≤ 15 MeV and at relatively moderate
currents providing an acceptable yield of the isotope
[1, 4]. When designing targets for 18F production, it
is necessary to take into account a high chemical ac-
tivity of the element, because its interaction with the
structural materials of the target and RP production
equipment may reduce the real yield of the product
and change its chemical form.

The choice of the target is dependent on the
way of introducing 18F into the RP molecules. The
H2

18O target has certain advantages over other ma-
terials (low cost, simplicity of the target device, high
yield of 18F and its production in the required ionic

form). However, there are some problems arising dur-
ing irradiation with intense particle beams. They are
connected with the target heating and water radioly-
sis, which result in increased gas evolution and pres-
sure inside the target, and hence, in a possible failure
of the target [1, 5].

Carbon-11 can be produced in the reactions
14N(p, α), 11B(p, n), 10B(p, n), 11B(d, 2n) at en-
ergies E 15, 22, 5, 11.5 MeV , respectively [4].

Nitrogen-13 is obtained in the reactions 16O(p, α),
12C(d, n), 14N(p, pn) at energies E equal to 18, 7.5
and 22 MeV , respectively.

To obtain oxygen-15, one can make use of the
reactions 14N(d, n), 12C (4He, n), 16O(p, pn) at
E = 15, 25 and 33 MeV , respectively [4].

The production of USL radioisotopes at irradi-
ation of targets (liquid, solid and gaseous) in cy-
clotrons has been considered in a number of papers
[7] - [13].

The radionuclides carbon-11, nitrogen-13,
oxygen-15 were produced by irradiation of targets
with deuterons of very low energies (0.5 to 2MeV )
[7, 11]. The authors of ref. [12] have discussed the
applicability of liquid, solid and gaseous targets for
the generation of the mentioned USL RN. In this
case, liquid and gaseous targets were shown to have
an essential advantage over solid targets. The exper-
imental optimization of gaseous target systems was
described.

The production of oxygen 15O-labeled water for
PET has been described in ref. [13]. A continuous
gas flow O2 (15O) was produced at the cyclotron by
means of the nuclear reaction 14N(d, n) 15O as the
neutral nitrogen target (1%O2 in N2) was irradiated
with a deuteron beam of energy 5 MeV . Paper [10]
describes the program requirements for the cyclotron
production of USL radionuclides. The clinical need
of 15O-labeled water has been demonstrated along
with the substantiation of the modification and ef-
ficiency of combining two gas target systems: one
labeled with 15O resulting from the 14N(d, n) 15O
reaction, which is combined with the other gas tar-
get labeled with the 11C radionuclide. The system
permits the on-line production of an extremely high
yield of radionuclides of excellent purity. The char-
acteristics of upgraded cyclotron target systems and
the results of radiochemical analyses have been pre-
sented.

On account of a short half-life, the application
of USL RN in nuclear medicine calls for territor-
ial union of all the processes such as target irradi-
ation, radiochemical extraction of RN, preparation
of RP followed by their use in in-vivo studies. Thus,
the diagnostic complex must include the cyclotron
(CV-28 in our case), the PET facility; radiochemical,
radiopharmaceutical, analytical laboratories and the
nuclear medicine branch. The required amounts of
USL RN are generally produced at small cyclotrons
[1], and the cumulative volume in the countries with
their every-day RN production makes several curies
per week.
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3. CYCLOTRON CV-28 PRODUCTION OF
SL RADIONUCLIDES

The methods of production and use of RN have
been described in numerous original and survey pa-
pers that comprise results of long-term experimental
and theoretical studies. The data obtained at differ-
ent scientific centers for the last 20 - 25 years have
formed the basis for elaborating standard IAEA rec-
ommendations concerning the methods of production
of a number of most widely used RN [2].

We have considered the possibility of production
of a variety of promising medical SL radioisotopes
(Table 2) at the cyclotron CV-28 in accordance with
the IAEA recommendations [6].

Along with the use of USL isotopes in nuclear
medicine, recent attention has been given to other
radionuclides, which decay mostly with emission of
β-particles and have the half-life T1/2 optimum for
PET diagnostics. The usage of RN with these prop-
erties makes it possible to investigate the kinetics of
physiological and biochemical processes, to study the
RN behavior, including the time stability of RP, in-
vitro and in-vivo.

So, in PET studies 124I is used, which is cyclotron
produced in the reactions with charged particles, pri-
marily of energies up to 40 MeV. The nuclear data
on 124I have been known sufficiently well [2]. This
isotope is used in both PET diagnostics and radio-
therapy. Among nuclear reactions of 124I production
[4] we mention the 124Te(p, n) and 124Te(d, 2n) re-
actions as most well studied, with detailed measure-
ments of excitation functions, yield, purity of 124I
obtained in the selected energy ranges. In practice,
it is the reactions 124Te(p, n) and 125Te(p, 2n) that
are mainly used. The dioxide TeO2 with enriched
tellurium isotope is mostly used as a target. After its
irradiation, radioactive iodine is extracted by the dry
distillation technique.

123I is considered an ideal radionuclide for clinical
diagnostics. Owing to its nuclear-physical properties
it is widely used for in-vivo multifunctional investi-
gations. As a special advantage, it should be noted
its less radiation load on the patients, as opposed to
other iodine isotopes, this being of primary impor-
tance for children and pregnant women [2].

There are about twenty 123I-producing nuclear re-
actions, which form the basis for two principal meth-
ods of production:

1) direct method, by which 123I is produced di-
rectly on antimony and tellurium, and

2) indirect (generator) method, where 123I results
from the decay of 123Xe.

For direct production of 123I, it is most common
practice to use enriched 124Te targets, and less com-
mon - 122Te or 123Te. The radionuclide purity of 123I
obtained from tellurium targets does not exceed 96%,
the main impurity comes from 124I (T1/2 = 4.1days).
This fact and also, a high price of highly enriched
target material as well as the necessity of its regen-
eration make the generator method more preferable,

where the extraction of radioxenon needs no special
chemical operations and 123I of high radionuclide pu-
rity is obtained (≥ 99.5%, 125I ≤ 0.2%). Owing to
this, the 123I preparations obtained by the generator
technique are applicable for a wide use in the diag-
nostics of diseases of different organs, while 123I ob-
tained by the direct method is applicable mainly for
the diagnostics of thyroid gland diseases [2, 5].

At generator production of 123I, it appears most
optimum from the radionuclide purity viewpoint to
irradiate highly enriched 124Xe with protons of en-
ergy up to 30 MeV. The target irradiation with in-
tense proton beams at small and medium cyclotrons,
the absence of corrosion problems in the target sys-
tems, a simple chemistry, a high radionuclide purity
of the product (125I content is less than 10−3%), a
rather high yield, all these factors make the generator
method most promising for batch production of 123I
[4].

Numerous experiments in a number of scientific
centers of different countries are dedicated to the
methods of obtaining the mentioned radionuclides at
cyclotrons [14] - [27].

The results of three-year studies and the program
of synchrocyclotron production of high-purity 123I
during proton bombardment of diiodomethane have
been presented in ref. [4]. The ways of solving the
problems and the equipment were also described.

A relatively simple and inexpensive method of
123I production in the 124Te(p, 2n) 123I reaction has
been presented in ref. [15].

A regular cyclotron production of 123I isotope has
been organized in Orleans [16]. The enriched target
of tellurium oxide was irradiated with protons. As a
result of the 124Te(p, 2n) 123I reaction, the required
isotope was produced. The paper [16] also discusses
the irradiation equipment and the process of dry ex-
traction of the radioisotope.

For nuclear medicine diagnostics, the enriched tel-
lurium dioxide target was irradiated in the cyclotron
to produce 123I radioisotope [18, 20].

The authors of ref. [21] have discussed the possi-
bility of 123I isotope production at small cyclotrons at
proton energies of about 18 to 20MeV . Among pos-
sible nuclear reactions for production of this radionu-
clide, consideration was given to the 122Te(d, n) 123I
and 123Te(p, n) 123I reactions. In comparison with
Te, the preference is given to TeO2 targets. The 123I
preparation comprises a certain amount of 130I and
124I. The 130I impurity that gives rise to high-energy
gamma-radiation appears to be more dangerous.

The cyclotron production of high-purity 123I with
the use of enriched xenon-124 has been described in
ref. [22]. Since the production of 123I by using the
127I(p, 5n) reaction calls for energies higher than at-
tainable at compact commercial cyclotrons, consid-
eration was given to possible production of 123I in
the reactions 124Xe(p, n)123Cs →123 Xe →123 I and
124Xe(p, pn)123Xe →123 I with the use of xenon
comprising 50% of xenon-124. A conclusion has
been drawn on the possibility of successful use of
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a compact cyclotron with an external beam of en-
ergy 24 ... 26 MeV to produce high-quality 123I in the
(p, 5n) reaction with the use of a gas target 124Xe.

The production of 123I for medical purposes
(diagnostics and RP preparation) was also re-
alized at the isochronous cyclotron [23]. The
127I(p, 5n)123Xe →123 I reaction was used. NaI was
used as a target material. The resulting isotope had a
high radionuclide purity and was produced in quan-
tities sufficient to carry out medical and biological
studies.

For cyclotron production of a variety of radioiso-
topes, including 123I and 124I radionuclides, a special
remote-control system of internal targets has been de-
signed [24]. The target stability conditions at high
current values have been considered.

Studies have been made into principal conditions
of 123I isotope production in the 124Te(p, 2n) 123I re-
action at the cyclotron CV-28 for the proton energy
E = 24MeV [25]. The targets of two types (TeO2

and TeO2 + 2%Al2O3) were used, and the influence
of Al2O3 on the iodine extraction was investigated.
Iodine was separated by dry distillation with the use
of the induction furnace in O2 atmosphere.

In accordance with the IAEA recommendations
[6], the SL isotopes 64Cu, 67Cu and 169Y b also hold
promise for nuclear medicine.

64Cu is a positron radiator, which is cyclotron-
produced in the reactions of charged particles, pri-
marily of energies up to 40 MeV (see Table 2) [2].
The 64Cu RN is applied for labeling biomolecules and
monoclonal bodies, and also in PET diagnostics of
tumor masses.

67Cu is a beta radiator (Table 2), which is
used, similarly to 64Cu RN, for studies of copper
metabolism and for labeling monoclonal antibodies
used in radioimmunotherapy. However, owing to its
nuclear characteristics, 67Cu has some advantages for
diagnostic and therapeutic applications. The studies
have demonstrated that the greatest amounts of 67Cu
can be generated in the (p, α) reaction with irradia-
tion of enriched 70Zn at low-energy accelerators [2].

Experiments at the cyclotron CS-30 capable of
accelerating protons up to 26.5 MeV were made to
investigate the possibility of producing various ra-
dionuclides simultaneously with production of 67Cu
on one and the same target. Among those radionu-
clides there were 64Cu and 67Cu. Both of them are
used for obtaining radiopharmaceuticals and have the
commercial potential [26].

64Cu is the radioactive label for radiopharmaceu-
ticals in PET studies. This radionuclide was pro-
duced at the cyclotron by irradiating the Zn target
with deuterons in the nuclear reactions (d, xn) and
(d, 2pxn) in the energy range up to 19 MeV [26].

The authors of paper [26] have described the
outcome of experiments on production of 169Y b ra-
dioisotope from the target irradiated at the cyclotron
U-120. The 169Y b radioisotope was obtained in
the 168Tm(d, n)169Y b reaction and was extracted by
means of ion-exchange chromatography.

The 87Sr radionuclide was produced for nuclear
medicine by exposing the strontium-88 target to pro-
tons at the cyclotron [26].

The analysis of literature data on the production
and use of USL and SL radionuclides and the above-
given information (Table 2) indicates that the cy-
clotron CV-28 available at the NSC KIPT has the
operational capabilities of producing USL and SL ra-
dionuclides, including 18F radionuclide.

4. CONCLUSIONS

The advancement of studies on USL isotopes,
and particularly, on 18F , is stimulated by the cre-
ation of new PET centers in the world, which include
a positron-emission tomograph and a small-sized cy-
clotron for isotope production.

From the literary sources, including the IAEA
information, it is known that the nuclear medicine
needs make up more than 50% of the world annual
production of radionuclides [2]. The demands for
USL RN (11C, 13N , 15O, 18F ), and also, for other
β+-radiators (124I) have particularly increased in the
last decades in connection with the development of
PET investigations and creation of new PET centers.
Buy 2000, there were more than 150 such centers in
the world, and nearly a half of them are operating in
Northern America [27].

It should be noted that for the time being, in
Ukraine there are no PET centers in combination
with a cyclotron for radionuclide production. In view
of this, the possibility of creating the PET center for
medical diagnostics at the NSC KIPT with the avail-
able isochronous cyclotron CV-28 as the basis is of
special interest.

It can be seen from Table 2 that, e.g., the
cyclotron can efficiently produce about 7000Ci of
fluorine-18 annually. Taking into account that one
diagnostic run requires about 5 to 10 mCi, it can
be easily calculated that the amount of the isotope
produced would be sufficient to make about 106 ex-
aminations of patients.

Therefore, one complex including the PET cen-
ter and the cyclotron CV-28 can obviously meet the
current requirements in Ukraine for SL and USL ra-
dionuclides for nuclear medicine.

Besides, being equipped with a special target, the
cyclotron can be used for neutron therapy.
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ПОЛУЧЕНИЕ УЛЬТРАКОРОТКОЖИВУЩИХ И КОРОТКОЖИВУЩИХ
ИЗОТОПОВ НА ЦИКЛОТРОНЕ CV-28 ДЛЯ ЯДЕРНОЙ МЕДИЦИНЫ

Ю.Т.Петрусенко, Л.И. Николайчук, А.И.Тутубалин, А.Г.Шепелев, Т.А.Пономаренко,
О.В. Немашкало

В работе дан обзор экспериментальных методов получения циклотронных ультракороткоживущих
(УКЖ) и короткоживущих (КЖ) радионуклидов, рекомендованных МАГАТЭ как наиболее широ-
ко используемых в ядерной медицине. Представлены ядерные реакции, из которых они получаются,
необходимый диапазон энергий, мишени для их получения. На основе проведенного анализа экспе-
риментальных исследований в различных научных центрах и сравнения с параметрами циклотрона
СV-28, который планируется запустить в ННЦ ХФТИ, делается вывод о реальной возможности на-
работки этих радионуклидов на изохронном циклотроне СV-28 и создания на его основе ПЭТ-центра
для ядерной медицины.

ОДЕРЖАННЯ УЛЬТРАКОРОТКОЖИВУЧИХ ТА КОРОТКОЖИВУЧИХ IЗОТОПIВ
НА ЦИКЛОТРОНI CV-28 ДЛЯ ЯДЕРНОЇ МЕДИЦИНИ

Ю.Т.Петрусенко, Л.I. Нiколайчук, А.I.Тутубалiн, А.Г.Шепелєв, Т.О.Пономаренко,
О.В. Немашкало

В роботi наведено огляд експериментальних методiв одержання циклотронних ультракороткоживу-
чих (УКЖ) та короткоживучих (КЖ) радiонуклидiв, рекомендованих МАГАТЕ для найбiльш широко-
го використання в ядернiй медицинi. Представлено данi про ядернi реакцiї, в яких вони одержуються,
необхiдний диапазон енергiй, мiшенi для їх одержання. На основi проведеного аналiза експеримен-
тальних дослiджень в рiзних наукових центрах i порiвняння з параметрами циклотрона СV-28, який
плануеться запустити в ННЦ ХФТI, робиться висновок про реальнi можливостi наробки цих радiонук-
лидiв на iзохронному циклотронi СV-28 та створення на його основi ПЕТ-центра для ядерної медицини.
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