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1. INTRODUCTION

The father of the nuclear-physics method for investigat-
ing living organisms is G. Ch. de Hevesy (1885-1966). He
was the first to use, in 1923, a natural radioactive isotope
212pp (ThB, T,,=10.6 h) to study the distribution of this
isotope in the roots, stems, leaves, and fruits of a plant (Vicia
fabe) with the aid of an electroscope, and in the following
year, using 2'°Bi (RaE, T,,=5 days), he performed the first
experiments on mice.

The study of:the possibilities of employing artificial ra-
dioactive isotopes in biochemical research and nuclear medi-
cine started soon after the discovery of the artificial transmu-
tation of elements, first discovered for *°P by Joliot Curie in
1934. In the past 20 years the use of radioactive isotopes and
labeled compounds, specially synthesized for medical—
biological studies, has greatly expanded as a result of both an
increase in the number and constant improvement of cyclo-
trons and the development of in-vivo techniques for detect-
ing the distribution of radionuclides (RNs) in humans and
animals. In different nuclear centers possessing accelerator
complexes or reactors, radionuclide production programs
based on the results of investigations in application to the
possibilities of a specific laboratory have been developed.'™

More than 2300 radionuclides are now known. Of these,
more than 200 are used in different fields of science, tech-
nology, and medicine. These RNs are predominantly artifi-
cially produced in reactions of charged particles or neutrons
with a target in accelerators or nuclear reactors.

Reactor and fuel-element RN, respectively obtained by
special irradiation of targets or produced in fuel elements as
a result of fissioning of nuclear fuel and having, as a rule,
excess neutrons (the decay of these nuclides is accompanied
by B~ emission), comprise the main product of radioisotope
production. These nuclides include 80Co, 1311, Mo, 137Cs,
and many others. Neutron-deficient radionuclides, decaying
via electron capture or with the emission of positrons, are
predominantly formed in charged-particle accelerators as a
result of the interaction of protons, deuterons, and other ac-
celerated ions with target nuclei. The type of decay found in
these so-called cyclotron RNs (these include RNs obtained in
photonuclear reactions with the aid of bremsstrahlung from
electron accelerators) is preferred over nuclides with excess
neutrons for applications in a number of fields, including
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nuclear medicine. In modern nuclear medicine more than 50
cyclotron radionuclides with half-lives ranging from several
minutes to several years (Table I) are used for scientific re-
search, diagnostics, and therapeutic purposes. In the present
review we examine the data on the most widely used or
promising cyclotron RNs. These include ultrashort-lived
(USL) isotopes (1'C, N, %0, '®F), some y emitters (**’I,
20T, 67Ga, '!'In), and generator radionuclides (3'Rb/®™Kr,
82Gr/82Rb, and others). The generator *Mo/**"Tc, for which
the isotope *Mo can be obtained in both reactors and cyclo-
trons, is a special case.

Promising or special-purpose RNs comprise quite a large
group, which now includes °Al, 3?Fe, %Cu, >""Br, *'Ru,
21t 237Py, and a number of other isotopes.

The objective of the present review is to present, on the
basis of an analysis of data obtained in the last few years
(mainly over the last 510 yrs), the current status of the
production of radionuclides for studies in biochemistry and
nuclear medicine.

2. CLASSIFICATION OF RADIONUCLIDES. BRIEF
INFORMATION ABOUT APPLICATIONS IN NUCLEAR
MEDICINE

Cyclotron RNs can be conventionally classified in sepa-
rate groups according to their distinguishing indicators. The
basic characteristics include the chemical properties of the
elements, the nuclear-physical properties of the nuclides, and
their areas of application in nuclear medicine (Tables II and
I10).

Radionuclide studies of the state of internal organs,
based on the study of the vital functions of an organism, such
as the regional blood flow, intercell exchange, and metabo-
lism, make it possible to assess the uegree to which a patho-
logical process has spread and the effectiveness of the cor-
responding medical treatment. Individual RNs are used for
therapeutic purposes (radiotherapy).

A limited number of RNs, which include 'ZI, *°'TI,
82Rb, and '22Cs, as well as inert gases, are used in the pure
ionic form. All other RNs are used for labeling different
compounds—radiopharmaceuticals (RPs), which are organo-
tropic, i.e. they possess a specific selectivity for separate or-
gans.
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TABLE 1. Cyclotron radionuclides for nuclear medicine.

Isotope Ty, Isotope T, Isotope Ty,
c 20.4 min 52Zn 9.13h 122xe 20.1 h
! !
BN 9.96 min S2Cu 9.74 min 1221 3.6 min
50 2.03 min %Ga 9.4h 123xe 2.08 h
)
Bg 109.7 min Ga 783 h 1231 132h
BMg 209 h BGe 271d 125%e 16.8 h
1 1
A1 72:100yr  %Ga 68.1 min 1231 60d
*p 2.5 min A5 260 h 127%e 36.4d
3mC) 32.06 min T4As 17.8d 12884 2.43d
BK 7.64 min Se 7.1h 128¢g 3.9 min
K 222h 57py 8.1h
44mge 2.44d TBr 97 min 17Tm 9.25d
)
“Sc 392h T5Br 16.0 h 12h¢ 1.87 yr
“Ti
1 7Kr 744min "Ly 6.7d
“Sc !
7Br 570 h 8wy 21.7d
“Cr 1
sicy 473 yr Kr 349 h 1781 9.3 min
S2pe 39h 8IRb 458 h 194y 367 yr
! 1 1
S2mpn 21.6h 8lmgy 133s 194Au 39.5h
$5Co 27.7d 195mHg 40h
56C0
51Co 82h 82gr 255d 195m Ay 30.5 s
Ni !
SN 21.1 min 82Rb 1.27 min 19971 7.42h
1Cy 17.54 h 85Sr 64.9 d | 73.1 h
620y 7876 d 8y 80.3 h 203pp 51.9h
640y 2713d 5B 153 h
1Cy 6.1d 8y 106.6 d 26g; 6.24d
36.0d 9Ru 29d AL 72h
3.4h 10lmph 444 B7py 45.6d
9.74 min B ) 283d
127h Himgp 13.6d
619h g 2.80 h

3. FACTORS DETERMINING THE STATUS OF
RADIONUCLIDES IN BIOMEDICAL STUDIES

Figure 1 displays a diagram illustrating the problems
which must be solved in order to obtain radionuclide prepa-
rations for nuclear medicine. These problems can be conven-
tionally divided into four groups, logically following one af-

ter another (A—B—C— D). We give below a brief analysis
of the known solutions, based on knowledge of nuclear data
for radionuclides, to problems grouped in this manner.

3.1. Choice of radionuclides. Significance of data on
nuclear properties

The choice of radionuclide for biomedical studies is de-
termined by a number of requirements which must corre-
spond to the properties of the radionuclide. These include the
following:

» selectivity of the nuclide or compounds labeled with it
for different organs (heart, kidneys, brain, liver, lungs, mar-
row, and so on);

» type of radiation (7y,8,«), depending on the character
of the studies being performed (diagnostics, therapy);

« high specific activity;

» minimum radiation dose.

The last three properties of RNs are determined by a
group of nuclear data which include the half-lives and the
structural properties of the decay, information about which
can be found in many handbooks, for example, Refs. 5-7.
The structure and decay characteristics of nuclei are consid-
ered when choosing RN for in-vivo studies from the stand-
point of two factors—the possibility of effective detection of
the distribution of the radionuclides in organs, using appro-
priate equipment, and the admissible radiation dose.

The type of equipment employed in radionuclide studies
is determined by the properties of the radiation from the
radionuclide and the capability of this radiation to give high
resolution of an image showing the distribution of the RN.
Different types of standard scintillation y chambers and one-
beam tomography machines exist for detecting y rays. These
devices require the use of radionuclides whose <y-ray ener-
gies fall predominantly in the range 60—-300 keV and which
make possible good-quality scanning. Examples are iodine
isotopes, employed in nuclear medicine, of which '2I is con-
sidered to be ideal from this standpoint (Table IV). If higher-
energy 7 rays are present, the scan quality decreases. In such
cases it is necessary to use thick tungsten collimators, which
make it possible to avoid or reduce substantially the distort-
ing effect of high-energy v rays. For example, such collima-
tors are employed in studies with the 2°'Tl (x rays Hg,
E.=135 keV) preparations containing an admixture of
20271 (T =12 days, E y=439 keV). Of course, this require-
ment on the energy of the 7y rays limits the number of RNs
which are suitable with respect to other indicators.

TABLE II. Cyclotron radionuclide groups according to chemical and nuclear-physical properties.

Property Group Radionuclides
Chemical “‘Organic’’ nuclides e, BN, 150, '8F, 3%
properties “Inorganic’’ nuclides BMg, YSc, ®Cr, "*Se, 2°'T1 and others
Alkali metals K, 52Rb, '2Cs
Halogens 18, 34mcy, 7577y, 1231, 21 AL
Inert gases PKr, 81mKr, ¥Xe
Nuclear- <y emitters Ga, “Ru, """In, 'ZI, '¥Xe, 2°!'TI1 and others
physical Positron emmitters ic, l:'N, l50, 18g 30p 38K, 52’"Mn,
properties %Ga, ™Br, ¥Rb, '*Cs and others

a emitters

2”Al
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TABLE III. Cyclotron radionuclide applications in nuclear medicine.

Purpose Nuclide Area of application
Diagnostics lic, BN, 1o, ¥F Positron-emission tomography (PET)
2Fe Hematology
67%8Ga Oncology

13755e Metabolism, oncology
82Rb, '28Cs, 2011 Cardiology
“Ru Oncology, lymphoangiography
iy, Oncology, nephrology, and others
123 Cardiology, oncology, endocrinology, and others
8lmygr 127Xe Pulmonology
1781y Cardiology, neurology
195m Ay Angiography
2641, 237py Metabolism
Therapy Cu, Ru, Sr Oncology
167Tm, 2!!At and others
Labeled Cu Therapy, diagnostics
monoclonal 9Ru Therapy, radioimmunology
antibodies 100pq, 10tmRpp, 21AL Therapy
Hipp, 1231 Diagnostics

Low-energy detectors based on multiwire proportional
vy chambers, created by the Nobel Laureate Sharpak,!” have
been under development for the last few years for 7y emitters
with E < 100 keV. In nuclear medicine, such detectors have
made it possible to employ low-energy 7y emitters, for ex-
ample, '"®Ta (E,=54-93 keV).

Positron-emission tomography (PET), an especially ef-
fective method of medical diagnostics, which is undergoing
increasing development, is based on the detection of annihi-
lation vy rays emitted together with positron radiation from
RNs. The 7y rays are detected by many pairs of detectors
connected in coincidence and forming a circular system. For
PET studies it is important to choose RNs with a low maxi-

Radionuclides and nuclear medicine

]
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mum ﬂ*-pgrticle energy, which makes it possible to obtain
high image resolution. The best nuclide for this application is
considered to be '®F, which has the maximum B*-particle
energy, 635 keV. Other positron emitters [with the exception
of ''C (E+=960 keV)] emit B* particles with energy ex-
ceeding 1 MeV.

Another important factor that is taken into account when
choosing RN for in-vivo studies is a low radiation dose. On
the basis of estimates of radiation loads for man, other con-
ditions being equal, short-lived RNs are preferred. An ex-
ample of such a choice is once again 1231 whose radiation
dose, calculated for the thyroid gland and for the whole

1
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TABLE 1V. Properties of iodine radionuclides used in nuclear medicine.?

Radiation dose, mrad/mCi

Type of decay E,, keV
Nuclide Ty, (%) (%) Thyroid gland Whole body
1231 132 h EC (100) 159(83) 20 0.07
124 4.1d EC (77), B* (23) 602(61) 1200 14.2
1691 (10.5)
1251 60.1 d EC (100) kx-rays 1200 2.0
1831y 8.0d B (98.9) 364(81) 1200 0.2

body, is almost two orders of magnitude lower than for other
iodine isotopes (Table 1V).

It is customarily assumed that in the ideal case the aver-
age lifetime of a radionuclide should be of the same order of
magnitude as the time required to perform the studies after
the preparation is introduced. In practice, however, many
studies are performed with RNs whose half-lives are hours or
even days, but the properties of their radiation make it pos-
sible to record, using appropriate equipment, their distribu-
tion in organs.

Thus, progress in biomedical research is closely linked
with the development and extensive use in clinical practice
of electronic equipment which reconstructs quickly and ac-
curately the pattern of localization of RNs in organs with the
aid of computer technology. The quality and quantity of such
technologies determine ultimately the assortment of radionu-
clides available for nuclear medicine.

3.2. Production of radionuclides

The methods for producing RNs are based on data on
nuclear reactions in which RNs are produced and which are
described by excitation functions (EFs)—the energy depen-
dence of the reaction cross section o of the interaction of a
target nucleus with charged particles. The magnitude of the
cross sections of nuclear reactions is one of the determining
characteristics which are required in order to choose the en-
ergy range of the reactions, which determines the maximum
possible yield of the target nuclide and the minimum (ad-
missable) quantity of radionuclide admixtures, whose level
influences the radiation dose to the patient and the resolution
of the distribution pattern of the RN. The admissible energy
interval is estimated starting from the fact that at low ener-
gies the number of reactions is limited by the energy thresh-
old of one or another of the possible reactions; as the particle
energy increases, the number of competing reactions in-
creases and this factor determines the upper energy limit.

Up to the beginning of the 1970s, less attention was
devoted to information about the cross sections of nuclear
reactions with charged particles, necessary for obtaining iso-
topes, than for neutron-type reactions (n,v), (n,p), (n,a), and
(n,f), whose data base is even now much more complete.”'°
The first steps with respect to systematic measurements and
collection of such data for charged particles were made in
Karlsruhe (Germany) by Keller, who developed a semi-
empirical method for calculating the unknown cross sections
of nuclear reactions.'' Reference works, in which the results
for reactions with protons, deuterons, *He, *He, and other
heavier charged particles™'>!? as well as for photonuclear
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reactions”'* are systematized, have appeared. These investi-
gations were later elaborated in many scientific centers
where radioisotope programs for biochemistry and nuclear
medicine were initiated (Refs. 15 and 16, and the literature
cited therein).

The last few years have been marked by the develop-
ment of numerous computer banks of experimental data and
computer programs for estimating reaction cross sections.
This is especially important in the case when there are no
experimental data (Ref. 2, p.17).

Investigation of the excitation functions of nuclear
reactions

Two methods are employed to determine excitation
functions: irradiation of isolated thin samples in particle
beams with fixed energy and the foil-stack method, consist-
ing of irradiation of a collection of samples with a particle
beam with a prescribed initial energy, varying from sample
to sample and calculated according to the data on the absorp-
tance of the material.'® Samples for determining the reaction
cross sections o consist of metal foils,'>'*~?? tablets pressed
from powders of salts,'>232* thin-layered samples prepared
by depositing uniform layers of matter on a substrate by
vacuum sputtering, electrodeposition,?® or “‘smearing on”’
thin suspensions of particles,?’ and a collection of thin her-
metically sealed gas-containing cells.”® To determine o, a
great deal of attention is devoted to the thickness and unifor-
mity of the layer of individual samples. This is especially
important for studying reactions at low energies (E<20
MeV). The chemical purity and isotopic composition of the
target material are important criteria for estimating the con-
tribution of other reactions occurring on impurity nuclei to
a.

The foil-stack method is considered to be most effective,
because it makes it possible to measure, over one irradiation
run, the entire excitation function for both the desired and
impurity radionuclides. For example, irradiation of a target
consisting of a collection of alternating lead foils enriched
with isotopes 2%Pb(94%), 2°’Pb(89%), and 2°8Pb(97%) made
it possible to determine simultaneously the 2°!'T1 yield from
lead of different isotopic composition, to estimate the admix-
ture of the undesirable 2°2T1, and to draw a conclusion about
the possibility of the practical application of such a target in
the case of irradiation with <100 MeV protons.?

In determining the reaction cross sections ¢, an impor-
tant parameter is considered to be the current of the bom-
barding particles, which is measured with the aid of an ion-
ization chamber (Faraday cylinder) or according to a monitor
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TABLE V. Monitor reactions.*

Reaction
threshold, MeV

Reaction

Nuclear reaction threshold, MeV ~ Nuclear reaction

2¢(p,pn)''C 20.3 "aTi(*He, X)®V

2Al(p,3pn)**Na 24.6 63Cu(*He,p3n)%Zn >13.1
YAl(p,3p3n)**Na 20.0 %Cu(*He,2n)®Ga* 5.0
3Co(p,pn)*2Co 10.7 %Cu(*He,p2n)%Zn 103
%Cu(p,n)**Zn* 42 2 Al(*He,4p3n)**Na 68.5
%Cu(p,2n)**Zn* 13.5 $3Cu(*He,n)%Ga* 8.0
85Cu(p,n)*Zn* 22 %3Cu(*He,pn)*Zn 134
mtCy(p,X)®!Cu 8Cu(*He,2n)Ga* 150
21A1(d,3p2n)*Na 36.2

Sly(d,2n)*'Cr* 39

natFe(d,X)*’Co

*Independent reactions, for the rest there is a contribution from other reac-
tions.

reaction whose excitation function is well known.*® For more
accurate measurements, however, it is recommended that
both methods be used simultaneously.

The choice of the monitor reaction is determined by the
type of particle, the energy range of the reaction, the half-life
of the RN, and, correspondingly, the irradiation time. A list
of some nuclear reactions which are recommended as moni-
tor reactions for determining the particle flux on the basis of
the systematic measurements of their cross section o, the
decay properties of the RNs, and the suitability of materials
for targets is given in Table V. In practice, however, a very
limited number of monitor reactions, mainly on Al and Cu,
are used.

The accuracy of the experimentally measured excitation
functions of nuclear reactions is determined by errors which
arise in the determination of the particle flux, sample thick-
ness, and correspondingly the absorbed energy, and activity
measurements. At the present level of the measurement
methods, the error for each of the listed quantities is 3—5%.

Theoretical excitation functions of reactions are obtained
by computer methods (Ref. 2, p. 17), of which the most
popular are different variants of the ALICE program (Ref. 2,
p. 115), which are based on a hybrid model of the evapora-
tion of particles with excitation energies <200 MeV
(Weisskopf—-Ewing statistical model). In the case of protons,
the calculated values of o are close to the experimental val-
ues; in calculations of o for reactions with heavier particles,
the results are less satisfactory.>?

The yield of a radionuclide, specifically, the yield for a
““thick’’ target (within a chosen energy range AE) in the
units mCi/uA-h or Bq/pA-h according to the experimental
or theoretical excitation functions, is also determined for
practical assessment of the RN production process. The theo-
retical excitation functions give the maximum yield of a RN
that can be expected for a given target under prescribed ex-
perimental conditions. As a rule, the experimental values of
the yields are lower; this could be connected with the non-
uniform distribution of the beam on the target and radiation
defects, which result in a loss of the desired product during
the irradiation process. Since these losses are determined by
the conditions of a specific experiment, the yields can only
be a secondary parameter for predicting the conditions for
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obtaining a RN; the cross sections of the nuclear reactions
are considered to be the main quantities.

As an example of making a choice, on the basis of in-
vestigations of the excitation functions of nuclear reactions,
of the production conditions for RNs we mention the studies
devoted to the measurement of o for reactions which are
considered for '’I production by the generator method:

S 16 h
127I(p,5n)123xezo_8)h 123I and mI(p,Sn) 125Xe_6__) IZSI (60
days).**** The monoisotopic composition of the target
(100% '*"1) provides clear limits for the energy range of the
reaction (p,5n), which is the only channel for the formation
of 1. To obtain %I with the required radionuclide purity
and high yield, as a rule, an energy window is chosen within
the limits 60—46 MeV. In this case, the contribution of
125¥e is decreased by the low-energy limit, keeping in mind
the fact that for the reaction (p,3n) the energy effect is
0=-18.76 MeV and 0,,,=730 mb at E,=30-32 MeV,
while for the reaction (p,5n) it is Q= —36.76 MeV and
Omax=350 mb at E,=57 MeV. In this case the impurity
127 present in the 2’ preparation as a result of irradiation (2
h) and subsequent decay of radioxenon (6 h) (standard con-
ditions) is estimated experimentally as ~0.2%. The upper
limit of the proton energy is determined by the level of the

388 m
impurity '2'Te formed in the reaction '*’I(p,7n)'?'Xe —

2.12

21, " 121Te (16.8 days), for which Q= —56.40 MeV and
Omax=70 mb at E,=80 MeV. Since traces of tellurium are
easily and effectively removed from radioiodine,” there is
no need for an upper limit on the proton energy. Moreover,
as the proton energy increases from 66 to 100 MeV, the
1231 yield increases from 20 to 27 mCi/uA-h with the impu-
rity level remaining at the level %I <0.2%.

Experimental methods

The main operations in the RN production process are
target preparation, irradiation, and obtaining the final radio-
active preparation.

Targets and target systems. The construction of the tar-
gets and target complexes is determined by the physical-
chemical properties of the target material. The aggregate
state (solid, liquid, gas), chemical composition (element,
compound), degree of enrichment with respect to the
isotope—nucleus of the target, all determine the ways to op-
timize the process not only from the standpoint of the con-
ditions for conducting a nuclear reaction but also for engi-
neering the process. Since in the ideal case a target should
accept the maximum possible charged-particle currents, im-
portant parameters are the thermal and chemical stability of
the target and constructional materials and their thermal con-
ductivity. In practice, all three types of aggregate targets are
used.5%

When possible, metals can be used as solid targets. In
these cases the number of working target nuclei is almost
100% (very few impurities are present); moreover, the target
is easier to construct because it is more compact and there-
fore its dimensions are small. When possible, preference is
given to refractory metals; for example, Mo
(T mer=2620 °C),** Tc (2000 °C),%° and Rh (1963 °C)?' are
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used to obtain *’Ru, and Ta (3000 °C) is used to obtain
178W.** For metals with low melting points, in a number of
cases alloys with a higher melting temperature are prepared,
for example, CuzAs (31% As, Tpe= 830 °C) for obtaining
75,7677y in the reactions 7As (*He, xn) and (*He, xn) with a
particle current of 30 wA.*** The alloy Ga,Ni (80% Ga,
T e =900 °C) was prepared for obtaining %%Ga in the reac-
tions Ga(p, xn) under irradiation with a 45-uA proton
beam.*’ In a number of cases, comparatively easy-melting
metals are used, for example, T1 for obtaining 20171 (Ref. 40)
and Ag and Cd for obtaining ''In,'**"*? which create the
conditions for obtaining RNs with the required purity.

Different salts and oxides are widely used. In the last
few years, targets specially prepared from ice—H,0('%0)
and CO,('80)— have appeared for obtaining '*F (Refs. 48
and 39 (5), p. 69) and xenon ('2*Xe) for obtaining 1231 49

Examples of liquid targets are H,O for obtaining '*F;*
the solutions CH,I-1, or Lil-1,,>' melts of Nil (Refs. 33,
52, and 53) and CsCl (Ref. 54) for obtaining 2.

In recent years, gaseous targets, such as O,, Ne, and the
mixture CF,—H, for obtaining '®F (Refs. 55—57), natural and
enriched Xe ('>*Xe) for obtaining '*I (Refs. 58—61), and
natural and enriched Kr (¥2Kr, #3Kr) for obtaining 8'Rb and
8251 (Refs. 62 and 63) have been extensively developed.

In summary, the target material is chosen and target
complexes of different degrees of complexity are produced
in accordance with specific RN production programs and the
accelerator parameters. They include a target, which can be
stationary or rotating and must possess a strong container
case for isolating the material and conducting irradiations in
vacuum or in a gaseous atmosphere (air, helium, and so on);
forced heating or cooling systems (when necessary); systems
for collecting radioactive products formed during the irradia-
tion process; and, sensors for recording the irradiation con-
ditions. The construction of the production targets, which are
highly active after irradiation,> is based, first of all, on
radiation-safety principles both during irradiation and during
the mechanical disassembly of the target unit and subsequent
radiochemical processing of the targets.

Questions associated with the solution of all these prob-
lems are regularly discussed at international conferences on
““Target Systems and Target Chemistry.”’*

The results of investigations of the phenomena appear-
ing when charged particles interact with the target material
(gas, liquid, solid) and the constructional materials serve as
the basis for the solutions of problems concerning target sys-
tems. Examples of target systems are conical cryogenic tar-
gets H,O('%0), CO, (Ref. 39 (5), p. 69) for obtaining '®F in
low-energy cyclotrons (~ 17 MeV protons and a current of
18 wA), and a metal Na target (Ref. 39 (5), p. 77), developed
for obtaining '°F in a proton beam (E,=T72 MeV, current
100 pA).

The behavior of constructional materials under different
conditions is investigated for the purpose of estimating how
their properties influence the final yield of RNs. For ex-
ample, it was discovered that the microstructure of different
brands of the alloy Al 6061 (TO, T4, T6), employed in the

fabrication of the casing of the gas target for obtaining '2’I,
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influences the retention of '2’I by the chamber walls (Ref. 39
(5), p. 105):

6061 Al TO T4 T6
Grain size(ASTM) 6 3 2-3
Retention '2I(%) 49 65 63

Many other examples connected with investigations of
target systems can be found in Ref. 39.

Irradiation, accelerators, and process automation. In
practice, charged-particle beams (p, d, He, and “He) are
used to obtain RNs in nuclear reactions. Protons are most
widely used. Reactions with 7y rays of bremsstrahlung from
electrons as well as reactions with multiply charged heavy
ions are much less attractive because of the low cross section
o of the nuclear reactions and, correspondingly, the low
yields of RNs.

Accelerators employed for obtaining RNs, classified by
type of particle and their energies, are conventionally divided
into three groups:

e low-energy machines (E<15-20 MeV), employed
mainly for obtaining ultrashort-lived nuclides;

« medium-energy machines (E<100-200 MeV) for ob-
taining a wide spectrum of RNs;

« high-energy machines (E>200 MeV), which acceler-
ate predominantly protons and serve for producing spallo-
genic RNs.

Of course, the use of accelerators is not limited to pro-
ducing RNs alone. They can also be used for other studies in
the fields of fundamental and applied nuclear physics, mate-
rials science, and biology.

The regular use of cyclotrons for producing RNs for
medical applications started in the 1950s, and since then the
number of cyclotrons for this purpose has been increasing
and their technical possibilities are being optimized. Small
cyclotrons for strictly medical purposes, the so-called baby
cyclotrons (E<20 MeV), are convenient for use directly in
medical centers, where they serve for the production of
ultrashort-lived isotopes and for PET studies with them.
High-current compact cyclotrons (E<42 MeV) form the
foundation of the commercial production of a large class of
RNs.

Information about accelerators installed in different cen-
ters, the technical parameters of the accelerators, and the
time required to complete one or another program, including
isotope production, can be found in the proceedings of regu-
lar international conferences on cyclotrons and their
applications.>>*¢ Analysis of data over the last few years
shows that the technical possibilities of cyclotrons for solv-
ing applied problems are constantly increasing. To this end,
the previously built machines (for example, the cyclotron at
the Russian Science Center ‘‘Kurchatov Institute,”” Moscow)
are being updated and new, modern accelerators are coming
on line. For example, a compact cyclotron with E,=65 MeV
and a current of 20 A was put into operation in 1990 in
Nice, France; a high-current linear electrostatic accelerator
with proton and deuteron energies of 3.7 MeV and a current
of 750 mA was developed in the USA for producing
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ultrashort-lived nuclides in curie quantities (Ref. 39 (4), p. 4;
Refs. 37 and 38).

The production of RNs and radiopharmaceuticals based
on them has entailed, especially in the last few years, intense
development of equipment for automating the installation
and removal of machines, irradiation, processing of irradi-
ated targets, including different chemical operations or, un-
der the required conditions, extraction of radioactive prod-
ucts in the process of irradiation, preparation of the final
product and quality control. Such equipment, produced on
the basis of electronics and computer technology with the
corresponding software, organizes both remote control of the
entire process and monitoring of separate operations, which
is important for maintaining stable operation with highly ac-
tive materials. Automation in the production of ultrashort-
lived nuclides and other short-lived isotopes plays an espe-
cially important role. Examples of such automation for
ultrashort-lived nuclides can be found in Refs. 77-80, and
for 'I and ®'Rb in Ref. 59.

Preparation of radionuclide compounds. Different vari-
ants of the standard methods (combination of methods) are
used to separate the desired radionuclide from the target ma-
terial and to purify and concentrate it: deposition, extraction,
ion-exchange chromatography, distillation, and
electrodeposition.”®”!" 131271 The choice of methods is deter-
mined by the physicochemical properties of the target mate-
rial and of the generated radioactive elements contained in it,
on the one hand, and by the requirements for quality of the
preparation (high degree of purity, carrier-free state of the
RN, high specific activity), on the other. The time factor
plays an important role for separation of short-lived nuclides.

Most RNs obtained as a result of radiochemical process-
ing of targets are used for labeling different, most often or-
ganic, compounds. These RPs, employed in nuclear medi-
cine and in biochemical studies, must meet definite quality
criteria with respect to the radionuclide, radiochemical and
chemical purity, sterility and apyrogenicity, as well as with
respect to the specific activity. All these estimates are spe-
cially important for applications of RNs in clinical in-vivo
studies.” The sources of undesirable impurities in a radionu-
clide preparation could be impurities in the target material;
the lack of enrichment of the preparation with respect to the
required isotope; products of radiolytic processes; and, im-
purities in the reagents. The radiometric and physicochemi-
cal monitoring methods make it possible to determine the
required characteristics of the RPs, which include the follow-
ing:

« content of radionuclide impurities, which should not
exceed prescribed limits for an established time; for ex-
ample, 'I content in '2’I preparations should be <0.2%
over the calibration time of the preparation, which is taken to
be 36+5 h after the preparation process is completed;*

» chemical formula of the radionuclide in the preparation
(for example, iodide for '2’I, univalent thallium for 2°'TI),
position in biomolecules (cis—trans isomerism); with all this,
the time factor is taken into account from the standpoint of
the stability of the prescribed chemical state of the RN in the
preparation;

* chemical impurities;
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« sterility, which is most often accomplished by filtering
the solutions through microporous filters; apyrogenicity of
sterile solutions;

» specific activity (the RN in a preparation can be with or
without a carrier).

The most sensitive methods, such as activation analysis,
7y spectrometry, mass spectrometry, laser spectrometry, and
others, are used for quality control of radiopharmaceuticals.
The choice of the methods of analysis depends on the aggre-
gate state of the preparation and on the duration of the analy-
sis, which is especially important for short-lived isotopes.
All factors listed above, and taken into account in monitoring
the purity of the RN in a preparation, have been examined in
Refs. 74-76 quite illustratively for a number of examples.

4. CURRENT STATUS OF THE PRODUCTION OF
SOME CYCLOTRON RADIONUCLIDES FOR NUCLEAR
MEDICINE

Individual groups of RNs can be distinguished among
the large number of cyclotron RNs employed in nuclear
medicine. These are the currently most widely used
ultrashort-lived radionuclides !'C, ®N, 0, and '®F; y emit-
ters I, 20'T1, ¢’Ga, and '''In; and, generator nuclides
81Rb/8!™Kr and 32Sr/%2Rb. Radionuclides which on the basis
of many investigations are considered to be potentially
promising comprise a large group. At the present time these
radionuclides include 26Al, 52Fe, 9’Cu, 7""Br, and %*Ru and
the generators >*Fe/**"Fe and '"*W/'7®Ta. Brief information
about the properties and methods of production of these RNs
(nuclear reactions, targets, quantities generated, and so on)
are presented below. Here it should be kept in mind that for
each nuclide listed the existing and constantly added results
of studies serve as a basis for individual reviews.2”>~%"6

4.1. Ultrashort-lived radionuclides (USL)

e, T,,=20.4 min; 8%(99.8); EC(0.2); no y; max
Eg+=960 keV;

BN, T,,=9.96 min; 8*(99.8); EC(0.2); no 7; max
Eg+=1190 keV;

150, T,,=2.03 min; B7(99.9); EC(0.1); no y; max
Eg+=1723 keV;

18, T',,=109.7 min; 8% (96.9); EC(3.1); no 7; max
Eg+=635 keV.

The development of methods for producing USL posi-
tron emitters for nuclear medicine was stimulated by the de-
velopment, in the 1970s, of positron-emission tomography
(PET),?! which had a revolutionary effect on the study of the
functions of internal organs in humans. The so-called ‘‘or-
ganic’’ RNs, which are capable of being incorporated in
molecules which are important for the organism but without
changing their chemical and functional properties, find the
greatest applications in this field. Pharmaceutical prepara-
tions labeled with ''C, N, °0, and '®F are used to investi-
gate metabolic processes and for diagnostics of diseases of
the heart, brain, liver, and kidneys.

The status of the nuclear data for USLs is good: o for
different nuclear reactions have been determined with a high
degree of accuracy, the operation of targets has been inves-
tigated, and methods for on-line separation of RNs and
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preparation of RPs on their basis have been automated, and
the conditions required for their routine production have
been optimized. Since the half-life is short, the application of
USLs in nuclear medicine requires territorial sharing of the
production processes for RNs, preparation of their RPs, and
applications for in-vivo studies, i.e. the tandem arrangement
*“‘cyclotron-PET-setup’’ should be part of the diagnostics
complex. As a rule, the production of the required quantities
of the USLs is accomplished in small cyclotrons,®’ and in
countries where they are routinely produced the total vol-
umes reach several curies per week.!

Among USLs, '®F is a relatively long-lived isotope
(Ty,=109.7 min), whose RPs play the main role in PET
studies, which require scanning from 1 to 4 h from the mo-
ment the preparation is introduced. Fluorine-18 can be used
in large quantities and with a high specific activity compared
with 1'C, 13N, and 0. The nuclear reactions in which '%F is
formed by a direct or indirect method have been well stud-
ied, and are used in practice to produce this nuclide (Table
VI). Of these reactions, 2’Ne(d, “He)'®F and '*0(p, n)'®F
are of the greatest practical interest. They require particle
energies <15 MeV and relatively moderate currents, which
provide an acceptable yield for further work with the
isotope.®® In developing targets for producing '°F (Refs. 39
(4 and 5) and 83) the high chemical activity of the element is
taken into consideration, since its interaction with the con-
structional materials of the target and other apparatus for
producing RPs could decrease the actual yield of the product
and change its chemical form. For example, after preliminary
studies were performed, the latter circumstance made it nec-
essary to silver-plate the inner walls of the irradiated vessel.
This made it possible to obtain carrier-free '3F with a repro-
ducible yield in the required anionic form (Ref. 39 (4), p.
123).

The choice of target material depends on the method
used to introduce '®F into the RP molecule: In the case of
nucleophilic reactions, 180-enriched water serves as the tar-
get; for electrophilic substitution, °Ne- and '0-enriched
gaseous targets, which have been widely used in the last few
years, are employed.gz’83 An H,!80 target84 has definite ad-
vantages over other materials: It is cheap, the target appara-
tus is simple, the '®F yield is high, and the isotope is obtained
in the required ionic form. But there are also problems,
which arise especially in the case of irradiation with intense
particle beams. These difficulties are associated with the
heating of the target and radiolysis of the water, which result
in the release of a large amount of gas and a high pressure
inside the target and therefore can damage the target.

Further studies of different processes for producing '*F
are being stimulated by the expansion of PET studies with
18F_marked RPs and the fact that in the last few years such
work has been initiated in different centers, for example, in
Belgium (Ref. 39 (4), p. 41), Japan (Ref. 39 (5), p. 39),
Australia (Ref. 39 (4), p. 245), Russia,”’* the USA (Ref. 39
(5), pp- 279, 339, 353), and elsewhere (Ref. 39 (6)).

4.2, lodine-123, thallium-201

231, T,,=13.2 h; EC(100%); main y-rays with
E,=159.0 keV (83.3%);
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271, T,,=73.1 h; EC(100%); main 7y-rays with
E,=135.3 keV (2.8%).

The application of these two RNs in nuclear medicine is
difficult to overestimate. Iodine-123, first proposed for clini-
cal diagnostics in 1962,%%¢ is considered to be an ideal RN
because of its nuclear-physical and chemical properties,
which can make possible wide applications of its numerous
RPs for in-vivo multifunctional studies. Thallium-201 was
proposed in 1970 for obtaining an image of the myocardium
with the aid of a scintillation camera, likewise on account of
its nuclear-physical and biological characteristics.¥®® There
have been many studies devoted to methods for producing
these nuclides. We give a number of references to the gen-
eralizing materials: Refs. 89-93 for '2’I, and Refs. 94 and 95
for 20'7T1.

Iodine-123. There are approximately 20 nuclear reac-
tions (Table VI(4)) for producing '2’I. These reactions form
the foundation of the two fundamental production methods:
direct, in which '2I is formed directly in the nuclear reac-
tions (a,xn) on antimony or (p,xn) on tellurium, and indi-
rect (generator), in which '2’I is formed as a result of the
decay of '2Xe.

The nuclear data for '2’I have been well studied. The
excitation functions of the nuclear reactions have been inves-
tigated by different groups, as a result of which extensive
experimental and computational material has been obtained.
As an example, the values of the cross section o of the
reactions (p,3n) and (p,5n) on '?I, which were obtained in
different studies,''?"!8 are presented in Ref. 33.

On the basis of studies of different nuclear reactions,
both methods, direct and indirect, are now used to produce
1231 together with a well-developed technology for producing
highly active preparations (Ref. 91, pp. 17 and 31; Refs. 53,
59, and 61). Predominantly enriched '?*Te targets and less
often 22Te or '3Te are used for direct production of '2’I. Sb
is almost never used. The radionuclide purity of '?’I obtained
from tellurium targets on low-energy high-current proton ac-
celerators does not exceed ~96%; the main contaminant is
1241 (T ,= 4.1 days, E ;=603 keV. This circumstance as well
as the high cost of highly enriched target material and the
need to regenerate the target make the generator method, in
which the separation of radioxenon does not require special
chemical operations, preferable. This method also has the
advantage that '>[ is characterized by a quite high radionu-
clide purity (=99.5%; '%I <0.2%). On account of this,
preparations of generator '2[ are suitable for wide applica-
tions in diagnostics of diseases of different organs, while
I3[ obtained by the direct method, is suitable mainly for
diagnostics of diseases of the thyroid gland.”®

The production of '’ by the generator method imposes
time limits on the ‘‘irradiation-accumulation’’ processes,
which are determined by the half-lives of the xenon and io-
dine isotopes. As a rule, the total time 3,=At; +At,.. does
not exceed 12 h; variations of, for example, At;;=2 h and
At,..=7 h are possible in this interval. This regime results in
a decrease of the impurity '®I, formed from '2Xe, which is
also decreased by choosing a lower energy limit (E,=
46-48 MeV).

Until recently, Nal, KI, Cs, and CsCl, CH,I,-I, have
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TABLE VI. Preparation of radionuclides that are widely used in nuclear medicine.

Fraction Thick
of nuclei in target
target -Q, Eo. Onax » E(Omax)s yield,
Nuclear reactions % MeV MeV mb MeV mCi/uA-h References
(1) Ultrashort-lived isotopes
Ic
“N(p,e) 99.63 2.92 15 243 7.6 280 [208, 209]
YB(p,n) 80 2.76 22 360 9 756 [209, 210]
1°8(d,n) 20 —6.47 7.5 200 5 3 [210-212]
1B(d,2n) 80 5.70 115 40 10 10 [210-212]
1_3N
10(p,a) 99.76 522 18 19 17.5 24 [210, 212, 213]
B¢(d,n) 98.9 0.28 1.5 150 5 100 [209, 210]
14N (p,pn) 96.63 11.00 22 44 17.7 460 [209, 210]
I_SQ
1%N(d,n) 99.63 —5.06 15 28 4 65 [210, 212]
12C(*He,n) 98.9 8.5 25 26 14.5 [11]
%0(p, pn) 99.76 15.7 33 76 32.8 25 [210, 212]
1_8E
Direct reactions
80(p,n) 0.2 —2.43 15 630 52 56 [55, 210]
2Ne(d,*He) 90.51 2.79 76 12 <25 15 [214, 215]
160(*He,pn) 99.76 18.54 40 260 36 11 [210]
150(*He,p) 99.76 —2.03 20 400 8 9 [210, 212]
1.67 s
Indirect reactions: '®Ne — ®F
B+
20Ne(*He,*Hen) 90.51 15.52 31 2.7 309 ~7 [83, 214]
160(*He,2n) 99.76 15.5 40 14 [210, 212]
150(*He,n) 99.76 3.20 36 10 [210]
2Ne(d,p3n) 90.51 30.73 76 23 575 <11 [83, 214]
7A1(p,X) 100 70 7 65 23 [216]
BNa(p,X) 100 70 50 45 88 [216]
(2) “Ga
Zn(p, 2n) 18.8 11.98 42 883 21 38 [130]
Zn(p, n) 4.1 1.78 22 673 10 43 [223]
"Zn(p,X) 100 125 19 ~3.0 [270]
%Zn(d, n) 27.9 —3.04 11 21 8.4 [246]
"Zn(*He, X) 36 271 19 [224]
BAs(p, X) 100 800 28 [2, p. 14]
Rb, Br(p, X) 800 41 [2, p. 141]
(3) lllIn
MCd(po, n) 12.75 1.62 16 530 13 0.5 [212]
95.9 30 809 11.8 2.0 [137]
12¢d(p, 2n) 24.07 11.02 22 1000 22 1.5 [209]
98.1 30 —1000 7.6 [137]
'Bcd(p, 3n) 12.26 17.56 22 900 31 40 [212]
95.8 65 682 32 16.5 [19]
Med(p, 4n) 98.9 26.60 65 500 42 15.6 [19]
1¥Ag(He, n) 48.65 —-6.55 30 500 14 0.2 [209, 225]
1%Ag(*He, 2n) 48.65 14.03 44 1200 26 0.3 [209, 226]
(4) 1231
Direct reactions
124Te(p, 2n) 4.82 11.41 30 1010 222 10.5 [27]
12Te(p, n) 0.908 1.98 15 210 11 4 [218]
122Te(d, n) 2.6 -2.71 14 351 1.5 0.7 [212, 219]
121Sb(*He, 2n) 57.3 15.35 28 ~816 27.0 0.1 [93]
Indirect reactions: '23Cs——>;’3+""“‘‘23Xe——>2'°8 minl23y
124%e{(p, 2n)+(p, pn)} 99.8 15.11 35 500-600 25 10 [217, 220]
21(p, 5n) 100 36.76 67.5 380 56 20 [34]
100 350 57 27 [33]
2\(d, 6n) 100 38.99 90 290 70 [221]
124Te(*He, 4n) 4.82 22.58 52 165 45 [222]
124Te(*He, 3n) 0.908 13.16 30 178 26 0.7 [222]
124Xe(y, n) 0.1 10.5 40 500 15 310 ¥1yr [105, 107]
Cs, Ba, La(p, X) 590;660 30-40 0.5 [141, 142]
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TABLE VL. (Continued.)

Fraction Thick
of nuclei in target
target -Q E,, Oax » E(0pax)s yield,
Nuclear reactions % MeV MeV mb MeV mCi/uA-h References
(5) "77Xe
2(p, n) 100 1.44 67.5 178 11.7 0.1 [34]
21(d, 2n) 100 3.67 90 470 15.8 [221]
13¢s(p, X) 100 100 262 91 ~0.5 [24]
590 88 [142]
PLa(p, X) 99.91 590 72 [142]
(6) 201-“
Direct reactions
22Hg(p, 2n) 29.8 8.95 24 1100 20 0.38 [39(4), p. 73; 2, p. 131]
Indirect reactions: 2°'Bi— 1.8 h and 59 min 2°'Pb—9.3 n 2°'7T1
37(p, 3n) 29.52 17.23 45 1250 27.4 22 [127, 129]
TI(p, Sn) 70.48 31.43 60 880 45.7 2.0 [128]
206207.208py(p, xn) enr. =90% 100 8.0 [29]
Pb, Bi(p, X) nat. 660, 800 50-60 0.54 [72, 132]

been used as targets for the production of '2’I by the genera-
tor method. Nal and CsCl are used for routine
production.’33979% However, from the standpoint of radio-
nuclide purity, the method of irradiation of highly enriched
124X e with up to 30-MeV protons is considered to be the best
method (Table VI(2)); since 1984, this method has been
implemented on cyclotrons in Karlsruhe (Germany),>*%
Vancouver (Canada),'® and Eindhoven (Holland).'”! In Rus-
sia (Russian Science Center ‘‘Kurchatov Institute,”” Mos-
cow) the development of a technology for irradiating '**Xe
has been completed.®! This technology has now been auto-
mated and put into production.'®? Irradiation of a target with
intense proton beams in small and medium-size cyclotrons,
the absence of corrosion problems in the target systems, the
simple chemistry, the high radionuclide purity of the product
("®I content >1073%), and the quite high yield all make
this method the most promising method for routine produc-
tion of 'I. The complex apparatus for obtaining '>I from
123X e consists of three main units—a high-pressure gas tar-
get with a system for beam diagnostics, a chemical container
holding the cell for concentrating '2*I and for monitoring its
quality, and a microprocessor for automated control and
monitoring of the process.”

Highly pure '’ can be obtained from '?*Xe by another
method: via the photonuclear reaction '**Xe(y,n)'?*Xe
— 1231037105 pyegpite the relatively low efficiency of this
method, the linear electron accelerators (LEAs) and mi-
crotrons can compete with the (more expensive to operate)
proton cyclotrons and meet the requirements for separate
clinics and regions. This possibility has now been studied at
a number of centers,'®~!!! but there is still no regular pro-
duction of '2°[ in electron accelerators.

Thallium-201. This nuclide can be obtained in the reac-
‘tions (p, xn) and (d, xn) on Hg or by the generator method

9.
via the decay 2°'Pb— h 'TI by irradiating T1, Pb, or Bi
targets with protons. The second method has been found to
be preferable, since it permits production of 2°'T1 with radio-
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isotopic purity (the minimum impurities are 20%292T]), meet-
ing the requirements of nuclear medicine.

Of the reactions producing 2°'T1 which are presented in
Table VI(6), only *®Tl(p, 3n)*'Pb, in which highly en-
riched *®*Tl is irradiated in high-current cyclotrons (E,~30
MeV), is used at the present time for commercial purposes.
Other targets have limited applications. For example, a mer-
cury target enriched with 2°'Hg up to 98.6% in the (p, n)
reaction makes it possible to obtain approximately 2 mCi/
A-h '] with up to 3—4% radioisotopic contaminants;?' a
205T1 (>99% 205T1) target requires for the (p, 5n) reaction a
proton beam with energy <45 MeV, with which the 20T
impurity decreases.

In the last few years targets consisting of natural and
enriched lead (***Pb, 2%Pb, 207 Pb, 28Pb) have been investi-
gated (Ref. 15; Ref. 95, pp. 6, 22, 77; Refs. 29 and 122-
125). The advantage of a lead target lies in the fact that the
201T] losses associated with the decay of 2°'Pb in the irradia-
tion process and subsequent transport of the target to the
reprocessing location are virtually eliminated; the separation
of the target material and extraction of thallium occur simul-
taneously, while the 2Tl target requires two-step
processing—first 2°!Pb is separated and then, after °'Pb has
decayed, the accumulated 2°'TI is separated; contamination
of the 2°'TI preparation with stable thallium is completely
eliminated; the total activity of the Pb target decreases sub-
stantially over the time of 30—40 h required for accumulating
20IT], and this eases the conditions of radiochemical repro-
cessing.

Analysis of the published data for nuclear reactions pro-
ducing %°'T1 on different targets shows that the status of the
data is good. The experimental and computed results make it
possible to estimate o and, correspondingly, the yield of
both the main nuclide *°'Tl and the impurity nuclides
200202T] in reactions on mercury (Ref. 95, p. 16),
thallium,''®120:126-130 apq lead?® %2~ nuclei. For bismuth
and natural lead, the cumulative reaction cross sections under
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TABLE VII. Production of generator radionuclides.

Yield of
Fraction of nuclei -0, E,, Onaxs E(Omax)s ““thick target,”
Nuclear reactions in target, % MeV MeV mb MeV mCi/uA-h References
(1) “Ti/*sc
Sc(p, 2n) 100 12.37 85 65 32 [238]
4Sc(d, 3n) 100 14.59 25 35 [2, p. 131]
"aTi(*He, x) 170 33 >170 [239]
“Ca(*He, 2n) 2.08 13.2 24 34 [2, p. 131]
W(p, X) 99.75 70.4 100 0.66 81 0.015-1073 [183]
200 0.06 [184]
(2) 3%Fe
SMn(p, 4n) 100 34.88 73 1.4 54 0.67 [165]
100 1.3 55 0.8 [15]
200 1.29 54 1.94 [167]
¥Co(p, 2p, 6n) 100 71.40 100 0.36 >80 0.1 [15, 234]
52Cr(*He, 3n) 83.79 16.37 45 5 35 0.05 [235]
0Cr(*He, 2n) 434 15.64 44 20 30 [236]
®Ni(p, X) 68.27 200 2.79 66 11 [167]
800 1.54 33 [168]
"Cu(p, X) 590 0.25 [237]
(3) ®Ge/®®*Ga
“Ga(p, 2n) 60.1 11.48 55 500 19 0.054 [11, 209]
"'Ga(p, 4n) 39.9 28.4 55 140 43 0.015 [11, 209]
Ga(d, 3n) 60.1 137 32 550 28 [11]
5Zn(°He, n) 279 8 11 [2, p. 131]
$7Zn(*He, 2n) 4.1 130 17 [2, p. 131]
%87Zn(*He, 3n) 18.8 12.6 493 29 [2, p. 131]
"7Zn(*He, xn) 35 150 32 0.001 [224, 209]
Rb, Br(p, X) 800 19 [240]
Y, Rb, Br, 593 6.7-11. [237]
As(p, X)
(4) 'RbA'™Kr
82Kr(p, 2n) 11.6 14.0 30 50 20 48 [229]
116 194 49.4 [269]
8Rb(p, p 4n) 72.17 43.61 70 200 69 31 [230]
81Br(*He, 3n) 49.31 119 40 320 29 2.7 [231]
"Br(*He, 2n) 50.69 14.37 40 380 30 2.0 [231]
81Br(“He, 4n) 4931 32.4 50 70 29 [232]
(5) 82S1/%2Rb
8Rb(p, 4n) 72.17 31.56 70 200 51 0.5 [230]
"Rb(p, xn) 100 180 51 0.43 [15]
8Rb(d, 5n) 72.17 65 0.19 [160]
"K r(*He, xn) 33 42 0.001 [28]
80K r(*He, 2n) 2.25 16.3 120 60 920 0.05 [62]
"tMo(p, X) 800 0.1 [233]
(6) lZBCS/IZSBa
133Cs(p, 6n) 100 43.98 100 322 63 8.4 [15]
67 298 65 3.1 [23]
1Cs(d, 7n) 100 46.19 490 75 [2, p. 131]
128X e(*He, 3n) 1.91 143 730 28 [2, p. 131]
) 178y /178,
BlTa(p, 4n) 99.99 22.99 48 780 36 [175]
100 495 40 1.3 [44;39(5), p. 208]
SHf(*He, 2n) 52 179 870 29 [2, p. 131]
"TTHf(*He, 2n) 18.6 37 53 21 [2, p. 131]
THf(*He, 3n) 18.6 24.6 0.002 [209]
18Hf(*He, 3n) 27.1 11.3 110 28 [2, p. 131]
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TABLE VIIL List of possible nuclear reactions leading to “*Ti producton in interactions of *'V with E,=100 MeV.'8?

-Q, Reaction threshold, -Q, Reaction threshold,
Reaction MeV MeV Reaction MeV MeV
p.SHe2n 41.10 41.9 p,ptn 61.88 63.1
p, He3n 42.96 43.8 p.t5n 62.64 63.9
p,*Hedn 42.10 429 p,2d4n 65.92 67.2
p,212n 53.40 54.4 p,pd5n 68.14 69.5
p,dt3n 59.66 60.8 p,2pbn 70.40 718

irradiation with 660- and 800-MeV protons were also
determined.”>!3?

In the irradiation of lead (***Pb, *Pb, *’Pb, 2°®Pb) for
29'T] and 2°T1, the (p, xn) reactions make the determining
contribution. The cross sections of these reactions at energies
ranging from 50 to 100 MeV are several hundred millibarns,
while the cross sections of the reactions (p, pxn) and (p,
axn) are estimated to be several tens or several
millibarns."3*** The relatively low yield of 2°’T1 is due to
the reactions producing this nuclide, and the variation of the
curves of the excitation functions shows that the purity of
2T obtained from enriched lead targets is determined by
the proton energy. The most favorable conditions for produc-
ing 20'T1 are obtained by irradiating 2°Pb with protons with
energies £,<65 MeV, and the results presented in Ref. 29
show the conditions under which the *°'T1 yield increases up
to ~8 mCi/uA-h in the case of irradiation of a three-layer
target consisting of 2°Pb, 2°7Pb, and 2°®Pb with protons with
energies in the range 76— 49 MeV.

4.3. Gallium-67, indium-111

%Ga, T,,=78.3 h; EC(100%); main y rays with
E,=93.3 keV (37.0%), 184.6 keV (20.4%), and 300.2 keV
(16.6%);

W, 7,,=2.83 d; EC(100%); main y rays with
E,=171.3 keV (90.3%), 245.2 keV (94.0%).

These nuclides belong to a group of five cyclotron RNs
that play an exceptional role in nuclear medicine (%’Ga,
1, 8tmgr, 1231, 201T1), For this reason, for them, despite the
fact that the nuclear data have been well studied, the data are
revised from time to time'*>'3® or o and the yields are de-
termined for the specific conditions of a particular
laboratory.'*13

The most widely used methods for obtaining ¢’Ga and
"n are presented in Table VI(2). The results of the latest
studies for !''In were connected with an estimation of its
production in the (p, xn) reactions on the separated isotopes
of Cd (M''cd, '2¢d, 'Cd, ''*Cd).!*13¢137 The optimal con-
ditions for obtaining '''In were found by analyzing the ex-
perimental and calculated excitation functions of the reac-
tions (p,3n) and (p, 4n) on the nuclei !'3Cd and ''*Cd. The
results in Table VI(3) show that !''In can be obtained with
the highest yield from enriched ''*Cd, and this quantity can
be increased by irradiating with 65-MeV protons a double-
layer ('3Cd+""*Cd)"® or multilayer (‘!'Cd, ''2Cd, '*Cd, and
14Cd) target enriched with Cd.
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4.4. Xenon-127

'27Xe, T,,=36.4 d; EC(100%); main y rays with
E,=172.1 keV (25.5%), 202.9 keV (68.3%), and 375.0 keV
(17.2%).

Radionuclides of the inert gases have been found to be
the most suitable of all radioactive gases that can be used in
lung-ventilation studies.®® The fact that the inert gases are
less soluble in water than in fatty materials (the solubility
coefficients at 37 °C in water and fat (fatty tissues) are, re-
spectively, 0.06 and 0.43 for Kr and 0.085 and 1.70 for Xe)
has turned out to be an important factor for applications of
their radionuclides as physiological tracers of transport phe-
nomena in the body (Ref. 139, p. 3). The pioneering work in
this direction was the application of '**Xe in 1955,'*® and in
1973 the first clinical studies with '>’Xe were performed.'*
On the basis of its nuclear properties, '2’Xe is considered to
be a better isotope than '33Xe in nuclear medicine. The ad-
vantage of '*’Xe is that there is no 8~ radiation. Therefore
the radiation dose is lower, and photons with energy suitable
for detection during the circulation time of the gas are
present. It is sufficient to supply '?’Xe to research institutions
once per month, while '3*Xe (7',,,=5.3 d) must be supplied
daily.

Xenon-127 can be obtained by means of direct and indi-
rect reactions (Table VI(5)). The reaction '?I (p,n)'¥"Xe is
realized in low-energy cyclotrons (E,<20 MeV), and reac-
tions with emission of several particles occur at higher ener-
gies and serve as a basis for the indirect method for produc-
ing '2"Xe. A CsCl target, which has been well investigated
for obtaining '2*Xe— 231 with high-energy protons (up to
660 MeV),"*"!* is used for producing curie quantities of
127Xe by irradiating a target at the blocker of the proton
beam. The excitation function of the total reaction forming
127Xe with the irradiation of '**Cs nuclei was measured up to
E,=100 MeV; calculations of the excitation functions for
separate reactions contributing to the formation of 2’Xe
have also been performed.”* In reactions of Cs with 100-
MeV protons, other xenon radionuclides ('??Xe, '*3Xe,
'%Xe) whose half-lives (20.1 h, 2.08 h, and 16.8 h, respec-
tively) are much shorter than the half-life of '*’Xe are
formed. Therefore to obtain pure '?’Xe the target must be
allowed to stand for several days after irradiation. This elimi-
nates contamination of '’Xe with other isotopes which in-
crease the radiation dose.
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TABLE IX. Production of radionuclides that are promising for individual studies.

Nuclear Fraction of nuclei -0, Eo, Omaxs E(0ax)s Yielf of “‘thick”’
reactions in target, % MeV MeV mb MeV target, mCi/uA -h References
(1) Al
Mg(p, n) 11.01 498 22 1.3-107° [244]
100 15 7 [198]
"tMg(d, xn) 22 100 6 23-107° [244]
natMg(*He, pxn) 44 22-107° [244]
45 160 25 [202]
2Na(*He, n) 100 3.48 10.2 334 10 [203]
2“Mg(*°Ne, X) 99.87 105 26.4 [245]
(2) Cu
$Zn(p, 2p) 18.8 9.99 85 6 0.142 [238]
200 143 [268]
“Ga(p, 3p) 60.1 16.59 55 2 0.0081 [224, 209]
5Ni(*He, p) 0.91 4.67 40 159 15.5 0.063 [206, 207]
BAs(p, X) 100 590 0.9 [237]
(3) "Br
Direct reactions
TSe(p, n) 7.6 2.147 25 232 10 0.3 [241]
"8Se(p, 2n) 23.6 12.64 25 800 22 1.0 [241]
"Se(p, xn) 50 238 20 0.92 [191]
"aSe(d, xn) 22 0.48 [241]
S As(*He, 2n) 100 13.51 40 950 25 [191]
124 h
Indirect reactions: ’Kr — 7'Br
Br(p, 3n) B*EC 50.69 22.8 65 178 35 0.8 [192]
81Br(p, 5n) 4931 40.8 85 41 60 [193]
"Br(p, xn) 100 107 35 0.8 [15]
"Br(d, xn) 90 58 43 0.64 [242]
76Se(*He, 2n) 9.0 6.22 35 370 22 0.65 [26]
"1Se(*He, 3n) 7.6 13.65 35 356 31 [26]
Mo(p,X) 800 0.01 [190]
(4) “Ru
1%Rh(p, 2p 5n) 100 49.6 67.5 56 52 1.36 [21]
PTe(p, 3n) 100 18.13 100 438 32 10.5 [20]
"2tMo(®He, xn) 36 0.12 [227]
natMo(*He, xn) 40 0.12 [43]
70 0.47 [228]
9Mo(*He, n) 9.25 8.01 36 702 18 [22]
SMo(*He, 2n) 1592 15.39 36 1293 28 [22]
(5) 2MAT
209Bi(*He, 2n) 100 20.34 30 750 30 0.5 [243]
Th, U(p, X) 660 2 [197]
(6) 237l)u
24y(*He, n) 99.6 11 44 3.09 35.6 [248]
25U(*He, 2n) 99.8 17.9 46 20.8 25.5 [248]
Z5U(*He, n) 50.3 27 1.6 27 [251]
99.99 43 0.13 41.6 [39(4), p. 82]
28(3He, 4n) 99.7 27 2.8 27 [251]

Generator radionuclides

Generator radionuclides play a large role, which has in-
creased in the last two decades, among cyclotron radionu-
clides employed in nuclear medicine.'* Widespread use of
short-lived isotopes would be impossible without the devel-
opment of different generator systems based on the principle
““long-lived parent radionuclide— short-lived daugher radio-
nuclide.”” The generator method of obtaining SLI makes it
possible to introduce repeatedly a nuclide in medical studies
and to work with such generators for a long time.

415 Phys. Part. Nucl. 27 (4), July—August 1996

The preparation of a ‘long-lived/short-lived’’ generator,
as a rule, is based on the principles of ion-exchange chroma-
tography with fast extraction of the daughter radionuclide
with an appropriate eluting solution from a column with a
sorbent, in which the parent radionuclide is strongle fixed.
For this reason, a great deal of attention is devoted to the
choice of the sorbent material (Al,0;, SnO, ion-exchange
resins, SnO,, Zr and Ti phosphates, and others).'¢"1®2

Among generator pairs, a series of which is presented in
Table I, some have wide applications (¥'Rb/%'™Kr, ¥2Sy/
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TABLE X. 2"Pu production cross sections in nuclear reactons of *U and
238y with *He and “He ions and ?*"Np with protons.

o, mb
Nuclear
reaction E, MeV [248] [254]
235U(*He,2n) 19.2 0.337
20.4 032
21.6 1.79
219 3.04 4.43
2.8 7.7
23.6 133
24.0 16.5
24.2 13.99
243 10.79
25.5 17.7;20.8
273 15.8
28.3 14.1
30.0 8.3
30.8 11.1
327 13.5
33.4 9.77
337 5.76
340 8.63;7.48
34.7 6.8
353 6.09
35.6 6.26
36.0 5.76
36.5 3.17
37.0 423
38.2 5.13
39.5 5.65
40.0 3.79
419 33
428 48
44.1 3.44
454 35
46.0 244
25U(*He,n) 17.2 0.0042
25.5 0.036
27 1.6
31.4 0.09
36.8 0.12
416 0.13
28U(*He,4n) 219 0.48
245 0.69
27.0 1.0;2.8
[226]
ZNp(p,n) 10.4 127
11.8 281
129 3.72
14.0 454
15.0 3.93
16.0 5.38
17.0 524

82Rb), while others are less applicable. Generators are devel-
oped on the basis of studies of numerous problems: nuclear
reactions for obtaining the parent nuclide, finding the best
method for separating pairs, including from the standpoint of
increasing the operating time of the generator up to break-
through of the parent nuclide, and a highly efficient technol-
ogy for preparing them, including process automation.
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¥Mo/®mTe

PMo, T,,=66 h; B~(100%); main y rays with
E,=140.5 keV (90.7%), 181.1 keV (6.08%), and 739.4 keV
(6.08%); max E g-=1200 keV;

PmTe, Typ=6.02 h; IC(100%); main 7y rays with
E,=140.5 keV (87.7%).

As is well known, among radio-isotopic generators the
““noncyclotron’’ (as a rule) generator *Tc based on Mo
has the greatest applications in nuclear medicine.!* Accord-
ing to estimates by experts at IAEA, approximately 30 mil-
lion doses of *"Tc are dispensed every year in clinics
throughout the world (a diagnostic dose of *"Tc is on the
average 10 mCi). In the commercial list of radionuclide pro-
ducers, this generator is always in the first place, both with
respect to the increase in the sales volume of Mo and in the
constant improvement of the characteristics of the generator.

The production of ®*Mo in nuclear reactors—in fission
reactions of 233U or in (n,y) reactions on Mo—is the eco-
nomically best justified method. Mo is obtained with a spe-
cific yield of 10 or 100 Ci/g, respectively, on enriched
%Mo and 25U targets with high neutron flux densities (
1013— 10" neutrons/cm?s). The technology for reprocessing
these targets in order to obtain generators is quite compli-
cated. This is a ‘‘wet’’ radiochemistry with a large quantity
of highly active wastes requiring burial. The radioecological
considerations are now the reason why in recent years alter-
native methods for obtaining Mo have been proposed.
Methods for obtaining Mo by irradiating natural and en-
riched molybdenum with 30-MeV protons'>®!3! and 70-MeV
protons'>? have been investigated. In these cases Mo is
formed in the direct reaction l°°Mo(p, pn)”Mo and indi-
rectly in the reaction

15sand 2.6 m
WOMo(p, 2p)PNb  —  ®Mo
P
with a total yield of 0.47 mCi/uA-h for "Mo. Moreover,
9mTc can be obtained in a direct reaction '“Mo(p, 2n)
9mTe with a yield of 19.7 mCi/u A -h for ™Mo in the energy
interval 67.5—7.6 MeV.!3? Therefore ~20 Ci/h of *"Tc
and ~470 mCi/h of *Mo can be obtained in high-current
cyclotrons (~100 wA) over 1 h of accelerator operation by
irradiating %Mo (97%).

The possibility of obtaining ®*Mo in photonuclear reac-
tions was recently studied,'>* and it was shown that 200—300
mCi of Mo can be obtained by irradiating 100 g of '®Mo
(95-98% enrichment) with an electron current of 20-25
1A and electron energy E,-=20.5 MeV for 100 h. Despite
its low efficiency, this method can be adopted for regional
use if electron accelerators are available.

81 Rb/mmKr

81Rb, T,,=4.58 h; B*(27%); EC(73%); main y rays
with E,=446.3 keV (23.3%); max Eg+= 1050 keV;

8Imgy, T,,=13.3 h; IC(100%); main y rays with
E,=190.3 keV (67.0%).

In recent years, besides the well-proven method of irra-
diating NaBr or CuBr, targets with *He or “He ions or RbCl
with protons (Table VII(4)), the possibility of using a gas-
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TABLE XI. "Pu production (yield and purity of preparations).

Pu isotope ratio, Bg/Bq

Target Particle 7py
Nuclear (thickness, energy, yield,
reaction enrichment) MeV kBg/100 A-h 236py/237py 238py/237py 239+240py,,237py, References
235U(*He,2n) thick 23.0 2.1074% [257]
25.5 60 1.5-107
275 150 4.1073
29.0 180 9.1073
1 g/em?, 93% ~30 200 12-1072 8-107° 4.1-107* [249]
300 mg/cm?, 90% 24 2.4-107* 23-107* 3.8-1072 [250]
10 mg/cm?, 99.99% 24 35 1.7-107 1.1-1074 2.3-107°
5 mg/cm?; 99.99% 25 1.6-1074 1.3-107% [255]
2.0-10°™*
<2-1077 <107 7HEx [280, p. 75]
5U(He,n) 1.5 mg/cm? 50.3% 27 8000 2.8-1072 [250]
10 mg/cm? 99.99% 42 33 251072 [258]
238U (*He,4n) 3.7 mg/em?; 99.7% 27 1830 731073 5.5-1072 [251]
1.9 mg/cm?; 99.7% 27 1330 23-1073 1.2-1072
3.6 mg/cm?; 99.7% 24.5 1160 7.5-107% 3.6-1072
3.7 mg/em?, 99.7% 219 1000 8.0-107* 49-1072
0.175 mm; 99.275% 28 4 1-1072 1-1073 [252]
thick; 99.275% 38 63 1.2:1072 1.3-1072 [253]
2INp(d,2n) 0.7 mg/em? 15 1400 7-107% [259]
. 25 4800 1.6:1071%
Np(p,n) 2 mg/cm? 12 300 5-1072 [259, 267]
14 1000 1-107!
16 1500 1.5-107!
*Sum ratio 26+ 238py/?*7pu.
**After enrichment of 2*’Pu in a mass separator.
***Latest results (1994).
TABLE XII. List of some centers with isotope programs.
Center [reference] Accelerator Isotope production
time, %
Canberra, Melbourne VEC (30MeV p), CYCLONE-10/5 100
(Australia) [39(4), p. 243, 245] (10MeVH,5MeV D)
S@o Paulo (Brazil) [39(4), p. 246] CS-30 (24 MeV p) 100
Vancouver, TRIUMF TR-13(13 MeV p),
(Canada) [36, p. 206,209] TR-30(30 MeV H), >90
CP-42(42 MeV H)
Jyvaskyla(Finland) [264] K-130(90 MeV p, H1) >25
Nice (France) [36] MEDICYC(65 MeV p) 80
Karlsruhe, KfK(Germany) [59] CP-42(42 MeV H) 100
Chiba, NIRC(Japan) [36] MC-40(30 MeV p), AVF(70 MeV p) 100
Obninsk
TSIKLOTRON (Russia) [39(4), p. 54, 251] U-150(20 MeV p, 20 MeV d, 41 MeVa) 100
Moscow, RSC Kurchatov Institute (Russia) [39(4), p. 252] U-150(30 MeV p)
Troitsk, Institute of Nuclear Research (Russia) [265] MMF-LINAC(160 MeV p)
Dubna, JINR (Russia) [36, p. 213] U-200(36 MeV a, MZI)
Phasotron (680 MeV p)
Faure, NAC(South Africa) [39(4), p. 60, 247] SSC(200 MeV p) 100
Villigen, PSI(Switzerland) [39(4), p. 68, 242] IP I1(72 MeV p) >20
Riyadh, RC(Saudi Arabia) [2, p. 54] CS-30(26 MeV p, 30 MeV a) >30
Aberdeen, Amersham, CS-30(26 MeV p, 15 MeV d, 38 MeV a),
Birmingham, Harwell(UK) [2, p. 37] CP-42, MC-40(40 MeV p), 90-100
VEC(60 MeV p, 42 MeV d, 85 MeV
3He, 86 MeV a)
Davis, CnL; Upton, BNL; IC(68 MeV p)
Los-Alamos, LANL; Miami BLIP (200 MeV p) 20-100
(USA) [96,98,262,263] LAMPF(800 MeV p),

CS-30(30 MeV p)
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eous target consisting of natural or enriched Kr has been
studied for the purpose of obtaining 3'Rb.>%315 The excita-
tion functions of the nuclear reactions have been measured,
and the target and generator structure have been developed.
The investigations showed that when a "™Kr target with
thickness 10 MeV (40— 30 MeV) is irradiated with a gas
pressure of 6 atm, #'Rb can be obtained within 15-90 min in
a sufficient quantity for preparing approximately 10 genera-
tors with activity from 10 to 80 mCi at the end of
irradiation.'%*

An elegant method of ion implantation of 'Rb (3'Rb*,
3.10'% ions/s) in different foils (mylar, polyethylene, alumi-
num) in a mass separator operating on-line with an
E,=600 MeV proton beam (ISOLDE-2 setup) was recently
developed to obtain the isotopically pure generator 5'Rb/
8Img r.155 This method, which makes it possible to obtain an
81Rb source, fixed in a foil matrix, on-line by irradiation of
Nb,,,; with 600-MeV protons, eliminates the standard opera-
tions of separating, concentrating, and introducing the parent
isotope into an appropriate carrier. At the end of irradiation
the foil with the implanted 8'Rb was placed in a setup from
which 3!"Kr was removed either by means of an airflow or
with a physiological solution. 3'Rb with the activity required
for one generator (~20 mCi) was obtained within several
minutes. An important advantage of the proposed method is
that there are no wastes. The first medical studies with such
a generator were undertaken in the Canton Hospital of
Geneva.

It should be noted that this method can be implemented
only in centers where complex setups, providing an on-line
system ‘‘accelerator—mass-separator’’ have been built. Such
setups operate at CERN in Geneva (ISOLDE-2), the Joint
Institute for Nuclear Research in Dubna (YASNAPP-2), and
the Leningrad Institute for Nuclear Physics in St. Petersburg
(IRIS).

82Sr/%2Rb

828r, T,,=25.5 d; EC(100%); no 7 rays;

8Rb, T,=1.27 min; B (95%); EC(5%); main vy rays
with E,,=776.5 keV (13.4%), max E g+= 3350 keV.

An on-line method combining irradiation of an Nb target
with high-energy protons, high-temperature evaporation of
the radioactive strontium formed, and mass separation and
implantation of 32Sr ions in foil, has also been used for ob-
taining the isotopically pure generator $2Sr/*2Rb.'*® To pro-
duce ®2Sr in large (curie) quantities, however, high-energy
fission reactions of molybdenum in high-current proton
beams'’ and the (p, xn) reactions accompanying the irra-
diation of rubidium targets (Rby,e, RbCl, natural or enriched
with respect to ®Rb) are used (Table VII(5)).!5%'° In con-
nection with the increased demand for this generator for PET
studies, methods for obtaining ®2Sr are still bening developed
at a number of centers where high-current proton accelera-
tors at energies above 40 MeV are available. The excitation
functions of the reaction Rb(p, xn)Sr and the ®Sr yield in
thick targets are measured,'” the target setups are constructed
in application to the target material (Rb,,, ; RbCl), and an
estimate is given of the radioisotopic purity as a function of
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TABLE XIII. List of cyclotron radionuclides obtained at the main produc-
tion centers of the USA [data at October 1988 (Ref. 263) and 1993 (Ref.
39(5)].

USA centers

Los Alamos Brookhaven

1988 1993 1988
(additional)
7 49 7
26A1 67Ga 52.59Fe
2si Se %Co
“Ti *sr “Cu
44,46 92 68
48v o 955'12: SIRbh%?mKr
S2Mn 101102pp 8251/82R D
52597 1087 o 97Ru
6Co 146p mg
Cu 1941 g/194 Ay 18T
68 123
7zg: 127)(1e
T3¢ 1285 /128
TBr 203py,
828r
828385Rb 1993
(additional)

SBZr - 67Ga
8y %Tc
109Cd SSCO
105,109m Ag ' T3pg
123,125] 778y
127y
I39Ce
145g
145p
146, 148Gd
163H0
172,173
207Bi

*LAMPF—Los Alamos Meson Production Facility, E,=800 MeV.
**BLIP—Brookhaven Linac Isotope Production, E,=200 MeV.

the conditions under which ¥2Sr is obtained.*'®® In recent
years, it has been determined that for commercial production
of ¥Sr it is best to use a rubidium metal target.'>’

12888/12805

128Ba, T,,=2.43 d; EC(100%); main 7y rays with
E,=273.4 keV (14.5%);

18Cs, T,,,=3.9 min; B8+ (61%), EC(39%); main vy rays
with E,=442.9 keV (25.8%), max E g+ =2285 keV.

For cardiological studies with the aid of ‘‘inorganic’’
radionuclides emitting positrons, the SLI of a heavy alkali
element '*8Cs is considered to be promising. Its nuclear
properties, specifically, the short half-life and, correspond-
ingly, the low radiation load on the patient, make it possible
to use this radionuclide in PET studies.

The parent 2®Ba is obtained in the reaction '**Cs(p, 6n)
'?%Ba in proton accelerators with E,>60 MeV.'>? The ex-
citation functions of the reactions '*3Cs (p, xn)'**"*Ba have
been calculated, and the experimental values of o have been
obtained for initial proton energies of 100 MeV (Ref. 15) and
65 MeV (Ref. 23). The '%Ba yield in a thick CsCl target was
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TABLE XIV. Possibilities for obtaining some radionuclides in accelerators at the Joint Institute for Nuclear Research [Refs. 3, 39(4), p. 79; 36, p. 215].

Nuclide Accelerator Production Energy Yield, Exposure, h Production
reaction interval, mCi/uAh-h volume,
MeV mCi**
A1 A #2BMg(*He,pxn) 3515 2.2:107° 100 22:107°
S’Cu A 54Ni(*He,p) 355 0.063 10 63
®Ge/*Ga A 6577n(*He,xn) 35-15 0.001 200 20
E “Ga(p,2n) 35—15 0.044 100 440
8IRb/A™Kr E 82K r(p,2n) 35-15 6.5 5 2750
9Ru A "’Mo(*He, xn) 36—14 0.1 20 180
B *Tc(p,3n) 5020 7.0 20 760
E PTe(p,3n) 3520 3.7 20 6700
Uiy A 19Ag(*He,2n) 35-10 0.7 20 1280
E 12C4(p,2n) 30—20 6.0 20 10900
E 8¢d(p,3n) 3525 9.45 20 17000
123 C 124Xe(y,n) 25 0.1/1 g "**Xe 10(+2)**%) ~200/~15 g
D 124%e(y,n) 36 13 ~2200
E 24Xe[(p,2n)+(p,pn)] 3025 10 4(+T7)**H 4000
177Xe E 271(p,n) 3510 0.015 100 145
178W/'78Ta A VIS.ITTHf(*He,xn) 3518 0.07 100 625
B 181Ta(p,4n) 60—30 1.3 50 370
E 181Ta(p,4n) 35-30 0.3 20 580
200y E 203T(p,3n) 3022 0.7 10(+32)*+%) 700
2HAL A 2Bi(*He,2n) 30—10 0.5 10 335
7py A 25U(*He,2n) 3221 0.0003 100 ~3
25524 0.00005 100 ~0.5

A—U-200 cyclotron; “He*, 36 MeV, 100 uA; G. N. Flerov Laboratory of Nuclear Research;

B—*‘F’’ phasotron; H*, internal beams 20-660, 8 nA; extracted beam 660 MeV, 2 uA, Laboratory of Nuclear problems;
C—MT-25 microtron; e, 25 MeV, 20 uA; G. N. Flerov Laboratory of Nuclear Research;

D—LUE-40 lineaer electron accelerator, e ~, 40 MeV, 60 unA; 1. M. Frank Laboratory of Nuclear Physics;

E—cyclotron, H™, 30 MeV, 100 xA (design discussion stage).
*70% of the proton beam intensity is actually used.

**Taking account of the decay over the irradiation time.

*** Accumulation time.

8.4 and 3.1 mCi/uA-h, respectively. For the generator
128B4/128Cs the main radionuclide contaminations could be
due to the pairs '*Ba/'?°Cs and 3'Ba/!3!Cs from the (p, 5n)
and (p, 3n) reactions, respectively. However, allowing the
CsCl target to stand for 22-24 h after irradiation is com-
pleted virtually eliminates the impurity '?’Ba (T,=2.1 h
and 2.2 h) and correspondingly '?’Cs (32.1 h). The contami-
nation with '’Ba (14.6 min and 11.8 d) can be neglected,
since the decay of this radionuclide and, correspondingly, the
accumulation of *!'Cs (9.7 d) occur much more slowly.

The radiochemistry of the generator '2®Ba/!?%Cs has been
studied in a number of investigations, where the production
128Cs with a high specific activity in a carrier-free state was
investigated. Al,O; (Ref. 162 and 163) or the resin Chelex-
100 (Refs. 23 and 164), which exhibit good qualities re-
quired for generators, were used as the carrier sorbents for
128,

52Fe/52"Mn

?Fe, T,,=8.2 h; BT(56%), EC(44%); main y rays
with E,=168.7 keV (99.2%);

S2"Mn, T,=21.1 min; BT (98%), EC(2%); main y
rays with E,=1434.1 keV (98.3%), max Eg+=2631 keV.

The radionuclide *Fe is the most suitable of the other
iron isotopes (**Fe, T,,=2.7 yr, no E, and *Fe,
T,,=45.1d, E,,~1 MeV) for in-vivo investigations of mar-
row, which is the blood-forming organ (Fe ions are incorpo-
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rated into erythrocytes). Another application of 32Fe is as a
generator for ™Mn, which is used in cardiology. Reactions
yielding >2Fe, among which >Mn(p, 4n)*?Fe gives the most
52Fe, are presented in Table VII(2). The excitation function
of this reaction was studied in the energy intervals 73— 39
MeV,'® 10036 MeV,"'% and 200—42 MeV.'®” From
these data it follows that for E,>80 MeV the quantity o
decreases slowly from 0.4 mb (Ref. 166) to 0.2 mb at 200
MeV.'?” The values of o obtained for >?Fe in the reaction
SMn(p, 4n) in Refs. 151 and 165-167 agree well, and it has
been shown that the 3Fe impurity amounts to 0.45-0.48%.

The results of investigations of 3*Fe production in reac-
tions of intermediate-energy protons (100-200 MeV) with
Co targetsls’166 and Ni targets'®” showed that in the first case
the °Fe yield in a thick target (100— 64 MeV) as a result of
the reactions °Co(p, X)*?Fe in the possible channels (p,
2p6n) and (p, a4n) was equal to 106 uCi/uA-h, and in the
second case in the fission reactions Ni(p, X) for a thick
target of natural Ni (200— 45 MeV) the S2Fe yield was two
orders of magnitude higher and equal to 11 mCi/uA-h.
These data show that a Ni target irradiated with initially 200-
MeV protons in a high-current accelerator can serve for ob-
taining commercial quantities of *?Fe.!6"!68

178 W/178Ta

W, T\,=21.7 d; EC(100%); no 1y rays;
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18Ta, T,,=9.3 min; EC(98.9%); main 7y rays with
E,=93.2 keV (6.6%).

Tantalum-178 has been investigated in nuclear medicine
in application to cardiodiagnostics.'®'° The decay of this
radionuclide is accompanied by x ray emission, which is
effectively detected with multiwire proportional chambers.'”
This nuclide is especially promising for pediatric cardiology
because of the low radiation load compared with the widely
used ™Tc and also because of the possibility of continuous,
repeated, and subsequent repetition of the functional exami-
nations.

Tantalum-178 produced in the decay W 21.7 /EC
178Ta 9.3 min/EC '"®Hf,,,, , does not contain the high-spin
isomer 7®"Ta (2.2 h)."”" The nuclear reactions forming
178W are given in Table VII(7). Of these reactions, the reac-
tion '81Ta(p, 4n)'"*W,"217 whose excitation function was
measured experimentally in Refs. 44, 174, and 175 and
calculated** for E »<100 MeV, is used in practice. Data on
the proton-energy dependence of o showed that the '7*W
production efficiency is approximately the same (~0.7 mCv/
#A-h) in the energy range adjoining the range of maximum
cross sections (30<E,<50 MeV) and in the tail part of the
curve (S0<E,<80 MeV) (Ref. 39 (5), p. 208). They show
that an efficient thickness of a Ta target is 6.5-7.0 g/cm? for
E,~70 MeV.

The radiochemistry of the generator system '7W/!7®Ta
is based on ion-exchange chromatography and has been stud-
ied quite well,!”>176177

4“4 Ti/*sc.

“Ti, T,,=47.3 yr; EC(100%); main 7y rays with
E,=67.8 keV (88.0%); 78.4 keV (94.5%);

43¢, T1,=3.9 h; EC(98.9%), B*(95%); main 7y rays
with E,=1157.0 keV (99.9%), max E g+= 1500 keV.

Among the radioactive scandium isotopes 44Sc(3.9 h),
45¢(83.8 d), and “’Sc(3.3 d), employed as bone scanning
agents,!”® labels for monoclonal antibodies,'” and investiga-
tions of metabolism,'go’I81 the isotope #“Sc is preferred, es-
pecially for PET studies.'®” The generator **Ti 47 yr/EC
44S¢(3.9 h) can serve as a constant source of this relatively
short-lived isotope, but it has not yet entered clinical practice
because of difficulties in obtaining “Ti. This is due to the
small “Ti production cross sections in the nuclear reactions
(Table VII(1)). Analysis of existing data showed that only
the fission reactions of vanadium V(p, X) are acceptable for
producing long-lived **Ti. In this case the prolonged irradia-
tion of a V target can be conducted on the blocker of a
high-energy proton beam together with irradiations for other
problems without paying attention to the interruptions in the
sessions.

Experimental measurements of the **Ti production cross
sections accompanying the irradiation of vanadium and theo-
retical calculations of the excitation function of the reaction
(p, 2p6n) were recently performed.'®® The values of o (a
function of the proton energy in the interval 100— 54 MeV)
are cumulative, since many reactions, leading to the forma-
tion of **Ti, of which the reaction (p, 2p6n) refers to the
high-energy part of the excitation function, can occur under
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these conditions (Table VIII). Comparing the experimental
values of o with the calculated values obtained for the (p,
2p6n) reaction with E,, from the threshold value up to 100
MeV, one finds that there is a difference of approximately a
factor of three. The cumulative yield of **Ti in the energy
interval 100— 54 MeV was equal to 0.015 uCi/uA -h, which
is more than three orders of magnitude lower than the value
60 uCi/uA-h obtained by irradiating vanadium with 200-
MeV protons.184

58Ge/%8Ga

BGe, T,,=271 d; EC(100%); no 7 rays;

%8Ga, T';;,=68.1 min; 81 (90%), EC(10%); main 7y rays
with E,,=1077.4 keV (2.93%), max E g+=1900 keV.

This generator system is becoming increasingly more
important in connection with the expansion of the assortment
of RPs labeled with ®Ga—a positron emitter—for PET stud-
ies. The nuclear reactions leading to %®Ge production are
shown in Table VII(3). This nuclide can be obtained in pro-
ton beams of medical cyclotrons using a Ga target (alloy
Ga,Ni, which withstands relatively high currents®).
Germanium-68 is also obtained in high-energy fission reac-
tions by irradiating a RbBr target with 800-MeV protons on
the blocker of the proton beam of the LAMPF accelerator.
For example, 125 mCi of %Ge were produced within two
weeks of irradiation of 48 g of RbBr with a 340-uA proton
beam.'332%° The method for obtaining a working generator is
based on the general principle of loading the ®Ge separated
from the target into an ion-exchange column for subsequent
elution of *Ga.'®¢!8” Monitoring of %Ge breakthrough,
which did not exceed 1076~ 107°% in the bolus (the eluent
volume in a single extraction of the daughter nuclide) in
routine operation, showed that such a generator can be used
for one year.

4.6. Radionuclides for separate studies

An entire series of radionuclides has a narrow, but im-
portant application in nuclear medicine and biochemistry.
Among these nuclides, T1Br, 9Ru, 2!'At, 2°Al, 9’Cu, and
7Py are studied below. Of these, there is a demand for
""Br, “Ru, 2!'At, and %’Cu for studies with monoclonal an-
tibodies, which contain these nuclides; 2Al and %"Pu are
used for metabolism studies.

Bromine-77

"Br, Ty,=57 h; EC(99.26%), B*(0.74%); main 7 rays
with E, =239 keV (23.9%), 520.7 keV (23.2%).

The radionuclides "Br, "°Br, and "’Br, which belong to
the halogen group, have not found as wide application as
18F or 2%, but they are employed as labels for some RPs
because the bromine bond with carbon is stronger than that
of iodine. In consequence, their RPs are more stable and find
application in studies of biological parameters (Ref. 92, p.
703). The most favorable nuclide for these purposes is con-
sidered to be "B, since its relatively long half-life makes it
possible to conduct quite prolonged studies. The other iso-
topes have limited applications: 7°Br(T;,,=98 min,
B*(75%)), which decays into "°Se(120 d), whose admixture
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is undesirable in in-vivo studies; "°Br(16.1 h; 8*(57%)) is
undesirable because of the high positron energy (up to 3.9
MeV).

Nuclear reactions forming 7’Br (direct and indirect)
which are employed in practice are presented in Table
IX(3).%5+188-1% The indirect (generator) method of obtaining
"Br from 7’Kr has been extensively investigated from the
standpoint of finding the optimal conditions for obtaining
pure preparations of ’'Br. The cross sections of the reactions
Br(p, xn)"'Br have been measured in the interval 85— 24
MeV,m‘193 and the results have shown that the maximum
cross section o, of the reaction (p, 3n) fluctuated from
150 to 250 mb. The excitation function of the reactions
81Br(p, xn)"’Kr up to 100 MeV was measured in Ref. 15.
The total experimental cross sections for the formation of
7’Kr in the reactions (p, 3n) and (p, 5n) on natural "#!'Br
agree satisfactorily with the calculated cross sections. Irra-
diation of a KBr target for 2 h and subsequent decay of
"Kr for 7 h make it possible to obtain preparations of ''Br
with minimum contamination with 7°Br from the decay
"Br 14.6 h/EC "°Br(16.1 h).

Ruthenium-97

Ru, T,,=2.9 d; EC(100%); main 7y rays with
E,=215.7 keV (85.8%), 324.5 keV (10.2%).

The combination of nuclear-physical and chemical prop-
erties for “’Ru (ruthenium possesses several stable degrees of
oxidation) makes it a potentially important object for nuclear
medicine. This assessment was first made in 1970,143 and
since then studies of the radiopharmaceutical chemistry of
%Ru-containing compounds for diagnostic and therapeutic
purposes have been continuing.'**!* 97Ru is also promising
because in a number of cases *’Ru-containing compounds
are found to be more stable than *"Tc and '!'In radiophar-
maceuticals, which makes "Ru pharmaceuticals preferable
for medical studies.'®

Ruthenium-97 can be obtained in several nuclear reac-
tions (Table IX(4)). Until recently it was obtained by irradi-
ating Rh metal with 70-MeV protons®' and in reactions of
“He ions with Mo;* the possibility of obtaining *’Ru by
irradiating Tc with protons was previously only mentioned,
but not investigated.'**'*” The reaction *’Tc(p, 3n)°’Ru has
recently been studied,? the excitation function in the energy
range 100—26 MeV has been measured and theoretically
calculated, and a *’Ru yield equal to 10.5 mCi/uA-h for a
thick target (12.2 g/cm?) was obtained.

Since the maximum cross section for the formation of
9Ru (440 mb) is reached at an energy of 32 MeV,? the
optimal initial energy can be E,=50 MeV. The yield for a
thick target (3 g/cm?) in this case is ~7 mCi/uA-h. If the
proton energy is increased to 60 MeV, then the *’Ru yield
increases by 15%, but then the thickness of the Tc target
increases to 4.6 g/cm?, and its total activity increases by an
order of magnitude mainly on account of the activity of the
isotopes *Tc (T,,=61 d and 20 h) and **Tc (T,=1.65 d),
which form in the reactions PTc (p, pxn)* *Tc and with
the decay of Ru (T';,,=1.65 h).

Tc metal is an excellent material for cyclotron targets. It
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is a hard but elastic metal with specific weight 11.5 g/cm’, it
is corrosion-resistant up to 300 °C, its thermal conductivity
is high, and it melts at approximately 2500 K. Irradiation of
Tc in high-current accelerators (=100 xA) will make it pos-
sible to obtain *’Ru in large quantities even with cyclotrons
with E=30 MeV. In this case the low yield of “Ru (~1
mCi/uA-h) is compensated by the possibility of directing
high proton currents on a Tc target. Experiments performed
in a 50-MeV proton beam with a current of ~8 wA showed
that the “’Ru production is quite high, 40-50 mCi/h at the
end of irradiation (Ref. 39 (5), p. 208; Ref. 148). It should be
noted that such quantities of ’Ru can be obtained in reac-
tions of Mo with 35-MeV “He ions only with currents ex-
ceeding 500 pA.

To separate gram quantities of irradiated **Tc and ul-
tratrace quantities of ’Ru and to purify and concentrate
9TRu, an efficient method giving a chemical yield of 95-98%
9TRu and a purification coefficient = 10* has been developed,
even though the chemistry of these two elements is close.!®®

Astatine 211

AL, Ty,=7.2 h; EC(58.3%), a(41.7%); main y rays
with E,=92.4 keV (2.3%), 687.0 keV (0.25%); E ,=5866
keV.

The isotope 2! At of the fifth and heaviest element in the
halogen group is one of a few neutron-deficient isotopes em-
ployed in radiotherapy.'** The nuclear data on its production
are presented in Table IX(5). The reaction 2®Bi(*He,
2n)21 At with E <29 MeV, which makes it possible to ob-
tain 2!'At with the highest yield and lowest contaminations
with 21At(8.3 h), is most widely used.'”> The excitation
function of the reaction *®Bi(*He, 2n)?!! At has been studied
by several authors.'*>!% The radiochemical separation of At
from irradiated Bi targets has been performed in recent years
most often by the method of gas thermochromatography.'®’
Preparations of At with the required radiochemical purity are
obtained in a sublimation process in a flow of air from Bi
melt (700°C), followed by selective deposition on the sur-
face of an Ag spiral placed in the section of a column with
T~250°C.

For a therapy, 2!'At is employed in the form of a prepa-
ration of colloidal Te metal (particle size 3—5 pxm) on which
2LIAt monoclonal antibodies, and other labeled preparations
are sorbed,194277.218

Aluminum-26

A1, Tp=72-10° yr; B*(82.1%), EC(17.9%); main
y rays with E,=1808.6 keV (99.7%); E g+ =1160 keV.

Until recently, this isotope was mainly an object of as-
trophysical studies as a cosmogenic nuclide, formed with the
interaction of galactic protons with cosmic matter. The
mechanism of 26A1 formation in meteorites is modeled on the
basis of studies of the interaction of proton beams of differ-
ent energy (up to several GeV) in Mg, Si, and Ni
targets. 198,199

The investigation of the metabolism of Al, which is a
common element in industry, was first made possible by the
development of a highly sensitive method of accelerator
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mass spectrometry (AMS). Studies of the metabolism of
trace amounts of Al, which are important because of the
toxicity of Al, not only for workers in the aluminum indus-
try, are impeded by the limited possibilities for obtaining
25Al, which is the only radionuclide of Al that can be used
for these purposes in combination with the AMS detection
method.?%20!

The nuclear reactions forming 26Al are presented in
Table IX(1). Of these, the reactions ****Mg(*He, pxn) and
2Na(*He, n) are most acceptable for obtaining the nuclide in
a carrier-free state.2022032% A method for obtaining highly
pure 26A1 preparations in quantities required for in-vivo stud-
ies by irradiating highly pure magnesium (99.99%) with 36-
MeV “He ions has recently been developed (Ref. 280, p. 71).
The new construction of the target made it possible to use a
current of up to 80 uA, which made the production of 26Al
quite efficient (Ref. 39 (5), p. 365).

Copper-67

7Cu, T,=6197 h; B (100%); main 7y rays with
E,=93.3 keV (16.1%), 184.6 keV (48.7%); max Eg-=5T71
keV.

The radionuclides %2Cu, %*Cu, and %'Cu are used in in-
vestigations of metabolism of copper traces, for labeling
monoclonal antibodies, and in radioimmunotherapy.?°*2%
7Cu has advantages over the other two isotopes on account
of its nuclear-physical characteristics. The reactions produc-
ing 8’Cu are given in Table IX(2). Analysis of the existing
data shows that the ®’Cu production cross sections in these
reactions are small; they do not exceed several millibarns.
For the reaction ®Ni(*He, p)®’Cu (0px=159 mb for
E,=15.5 MeV (Ref. 206)), calculations of the excitation
function?”’” show that the theoretical values of o are higher
than the few available experimental values, which were ob-
tained in only one study.?® The computed ®’Cu yield in a
thick target (35—4 MeV) enriched with **Ni (~92%) is
~63 uCi/nA-h, on the basis of which it can be predicted
that ~63 wCi of ¥’Cu will be produced over a period of 10
h of irradiation with a 100-xA current of a particles.””’

Plutonium-237

7py, T,,,=45.6 d; EC(99%), @(0.033%); main vy rays
with E,=97.1 keV (12.5%), 101.1 keV (20.1%), 113.9 keV
(7.6%); E ,= 5370 keV, 5660 keV.

B37py is of interest for studies of the metabolism of traces
of plutonium in the human body.?*”*” Such studies are im-
portant and necessary because many people work in the plu-
tonium industry and also because of environmental contami-
nations, especially near locations of nuclear explosions or
accidents. 2*’Pu is the only isotope of this transuranium ele-
ment which meets the requirements of nuclear medicine for
in-vivo studies. It decays by means of e™ capture, its x-rays
have energies up to 100 keV, and it has a small admixture of
a branching and therefore low radiation dose.

237pj can be obtained in the nuclear reactions (4He, 2n)
and (*He, n) on 25U (Refs. 248-251) and (*He, 5n) and
(®*He, 4n) on 28U (Refs. 252 and 253). The excitation func-
tions of some of these reactions have been investigated in a
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limited number of studies,u&254 whose results, as one can

see from Table X, must be refined, and additional experi-
ments must be performed.

The conditions under which %*"Pu is obtained in different
laboratories are presented in Table XI. Analyzing them, it
can be concluded that the best method for obtaining 2*’Pu
preparations with the minimum admixtures of other Pu iso-
topes is the method recently proposed in Ref. 255. Irradiation
of highly enriched *°U(99.99%) with “He particles in a
high-current accelerator, subsequent radiochemical separa-
tion of Pu from the irradiated target by the method of ion-
exchange chromatography, and then additional isotopic en-
richment of ’Pu in an electromagnetic isotope separator
have made it possible to obtain an ultrapure *’Pu prepara-
tion with isotope ratios 2°Pu:2"Pu<10~7 and 28pu:27py
<107". The %*’Pu preparation obtained in this manner at the
present time has no equals with respect to purity; it has been
used in in-vivo studies of the metabolism in several volun-
teers in Harwell (Great Britain).?®

5. OVERALL PICTURE OF RADIONUCLIDE
PRODUCTION. PROSPECTS FOR RADIONUCLIDE
PRODUCTION AT THE JOINT INSTITUTE OF
NUCLEAR RESEARCH

A local isotope-production program is determined, on
the one hand, by the availability of a certain type of appara-
tus (reactor, accelerator) and, on the other, by the current or
potential demand for one or another radionuclide. On this
basis, national or regional programs are formulated.?®® Ac-
cording to the radionuclide production data for 1992, there
are both specialized cyclotrons constructed for this purpose,
with 80—100% utilization of cyclotron time, and accelerators
in which, among other problems, radionuclide production
takes up from 10 to 70% of the working time. A list of
countries which have programs for producing cyclotron ra-
dionuclides for nuclear medicine is given in Table XII. In
Table XIII we give a list of radionuclides obtained in two of
the main production centers in the USA, reflecting the de-
mand for particular isotopes, depending on various develop-
ments in biomedical research.

The possibilities for obtaining cyclotron radionuclides at
the Joint Institute for Nuclear Research are determined by
the potential of existing accelerators. The U-200 cyclotron,
the phasotron with proton beams up to 660 MeV, the MT-25
cyclotron, the LUE-40 linear electron accelerator—all these
setups provide, on account of their parameters (different
types of accelerated particles, energy characteristics, and in-
tensities of the beams), a good foundation for obtaining a
wide spectrum of radionuclides. Moreover, at the present
time a design for a specialized accelerator with H™ ion en-
ergies of 30 MeV is under discussion. Data concerning pro-
duction methods and the expected production volumes of
some radionuclides, whose production can be organized at
the Joint Institute for Nuclear Research on the basis of pre-
liminary studies which in a number of cases have already
been performed, are presented in Table XIV.

In examining the radionuclide production programs at
the Joint Institute for Nuclear Research, from the standpoint
of requests for the radionuclides for different studies, it
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should be kept in mind that at the present time the demand
for some radionuclides (’Ga, '"'In) is satisfied quite well
both in Russia and abroad. For ¥Sr, besides existing sources
of commercial production in the USA (LAMPF, BLIP)
from Mo and RbCl targets, respectively,' %8 at the present
time this radionuclide is produced from Rb metal targets
based on work done during the Russian—Canadian collabo-
ration of the Institute of Nuclear Research (Troitsk), the In-
stitute of Biological Physics (Moscow), and TRIUMPH
(Vancouver). 199260

For a number of radionuclides listed in Table XIV, the
demand is still not adequately met, and in such cases the
development of their production becomes important. This re-
fers to '2’I, a regional radionuclide because of its relatively
short half-life; 2°'T1, which is still not produced in adequate
quantities (especially in Russia), not only for diagnostics of
mycardium infact but also in connection with the problem?®®!
of prophylactic survey of the public for cardiological dis-
eases, which at the present time are the most important dis-
eases worldwide. For cxample, the demand for 2°'T1 in Mos-
cow is ~40 Ci/yr, and only ~5 Ci/yr is produced.”” Among
other radionuclides, in recent years the demand for 87Cu and
9Ru and the generators %3Ge/®Ga and '"®*W/'7®Ta has been
increasing.

Analysis of the data presented in Table XIV shows that
among accelerators, the cyclotron designated as ‘‘D’’ plays
the main role in the radionuclide production program at the
Joint Institute for Nuclear Research. This confirms the need
to build at the Joint Institute a specialized high-current pro-
ton accelerator which in many countries (Germany, Canada,
and others) has become the main apparatus for commercial
production of radionuclides for nuclear medicine.

6. CONCLUSIONS

The following trends can be discerned in the present
status of the production of cyclotron radionuclides for bio-
medical in-vitro and in vivo-studies.

Studies directed toward the measurement of new data or
refinement of existing nuclear data (nuclear decay properties,
excitation functions of nuclear reactions, yields of radionu-
clides depending on the experimental conditions—target,
particle currents, energy intervals of nuclear reactions), and
collection and analysis of these data for subsequent practical
use, are continuing.

New methods of radionuclide production are being de-
veloped and existing methods are being improved for the
purpose of obtaining highly pure preparations of radionu-
clides (nuclear reactions, targets, radiochemical separation
methods, purification and concentration of radionuclides).

The list of radionuclides being produced is determined
by the development of directions in nuclear medicine (diag-
nostics and therapy with new marked radiopharmaceutical
compounds, investigations of the metabolism of elements)
and instrumental possibilities (detection apparatus, comput-
erization of information acquisition, and so on). Depending
on these factors, the production of individual radionuclides
has periods of “’ebb and flow’’ (an example is ’Ga (Ref.
262)).
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In recent years the demand for ultrashort-lived radionu-
clides (*'C, N, '°0, '®F) has increased in connection with
the development of PET studies and the creation of new PET
centers for this purpose. There are now ~ 140 such centers
worldwide, half of which are in North America.?” Investi-
gations of the metabolism of a number of elements have
required, specifically, the preparation of 2°Al and 2*"Pu; in-
vestigations with monoclonal antibodies and their applica-
tion in radioimmunology have made it necessary to increase
the production volumes of ¥Cu, *Ru, "'In, ?!'At, and a
number of other nuclides.

The number of newly designed or updated specialized
accelerators for the production of radionuclides for medical
purposes is increasing, and the possibilities of existing accel-
erators are being expanded as a result of an increase in the
number of channels for extracting particle beams for irradi-
ating targets. The ‘‘workhorse’’ in industry for most medical
radionuclides is now cyclotrons with intense particle beams,
primarily 30-MeV protons and 42-MeV H™ ions, whose era
started in the 1970s—1980s, and in the case of ultrashort-
lived radionuclides the ‘‘baby’’ cyclotrons with particle en-
ergy <20 MeV.

The last few years have been marked by intense devel-
opment of technical equipment for radionuclide production,
including automation of the entire production cycle. This
makes possible not only commercial implementation of ra-
dionuclide preparations but also the sale of the radionuclide
technologies themselves.

In summary, it is obvious that the entire path, starting
from investigations of nuclear data, which serve as the basis
for the choice and preparation of radionuclides for nuclear
medicine, and up to production and realization of radionu-
clides is a complex of different problems, which are solved
in nuclear centers in application to local conditions.
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