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Preface

Radionuclides find application in many areas. Their major use, however, is in medi-
cine, both for diagnosis and internal radiotherapy. The production technology of
commonly used standard radionuclides is well established. Yet there is a constant
need to develop novel radionuclides, which are opening up new avenues in clinical
research.

This book deals with the production of some useful or potentially useful medi-
cal radionuclides. It is an extended version of a special lecture course developed
and taught by the author for more than 15 years to students of nuclear chemistry
at the University of Cologne, Germany and to students of a course “European
Master in Nuclear Applications (EMiNA)” at the Aachen University of Applied
Sciences (FH) in Jiilich, Germany. In a condensed form the lecture course was also
held at a few foreign universities and international summer schools. Thus, the
first few chapters of the book deal with the related science (i.e. nuclear data, irra-
diation techniques, chemical processing and quality assurance of the product) in
a coherent way. Then follows a description of production methods of commonly
used standard radionuclides at nuclear reactors and cyclotrons. More emphasis is,
however, on development of novel radionuclides using cyclotrons for applications
in positron emission tomography (PET) and internal targeted radiotherapy. The
author and his research group at the Forschungszentrum Jiilich have been
actively engaged in this area of research for more than 30 years, and some of the
reported results provide firsthand information on the methodologies developed.
The future perspectives of this fast developing technology are also discussed. The
book is supplemented by seven review articles periodically written by the author.
They should shed some light on the historical development of the field.

Several earlier books on nuclear chemistry and radiopharmaceutical chemistry
contained chapters on medical radionuclide production. In this book, an attempt
has been made to present a detailed and balanced overview of the basic science and
technology involved. The approach is to describe the principles and methodologies
in a generally understandable way rather than in indulging in intricate technical de-
tails of a production process. It is hoped that the book will attract the attention of
students, researchers, technologists and others interested in this field.

Syed M. Qaim

Institut fiir Neurowissenschaften und Medizin:
INM-5 (Nuklearchemie)

Forschungszentrum Jiilich, Germany

January 2019
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1 Introduction

1.1 Historical Background
1.1.1 Use of Natural Radioactivity in Life Sciences

Soon after the discovery of radioactivity by H. Becquerel, M. Curie and P. Curie in 1896
in Paris, France, thoughts started developing at several places about a possible appli-
cation of this phenomenon in life sciences. Although its external therapeutic use was
established empirically rather early, it was Georg von Hevesy, a Hungarian physical
chemist, who carried out the first biological experiments with natural radioactivity in
1920s. While working in Copenhagen in 1923, he added a small amount of ThB (**Pb)
to the culture solution of a growing plant and, after some period of growth, removed
the various parts of the plant, ashed them and measured the radioactivity under an
electroscope, thereby showing the movement of lead atoms through the plant. Thus,
Hevesy had discovered the concept of metabolic turnover [1]. In 1924, he extracted
RaE (?°Bi) from RaD (2°Pb) and studied the metabolism of Bi in rabbits [2]. However,
due to toxicity of heavy metals which were the source of natural radioactivity, Hevesy
himself was critical of the application of those metals in biology. He therefore got in-
terested in radionuclides of body constituents that were not available in the 1920s.

1.1.2 Discovery of Artificial Radioactivity and the Dawn of its Medical Use

In 1934, 1. Curie and F. Joliot reported from Paris, France, the discovery of artificial
radioactivity [3] by characterising the product *°P (T, = 2.5 min, " emitter), formed
by the %Al(a,n)*°P reaction in irradiation of Al with a-particles emitted from a ?°Po
source. Similarly, irradiation of B and Mg yielded two additional radioactive products,
namely, ®N (T, = 10.0 min, 8* emitter) and 2*Al (T, = 2.2 min, 8~ emitter), produced
by the °B(a,n)®>N and *Mg(a, p)*®Al processes, respectively. Further investigations on
the formation of radioactive products in irradiations of various elements with
a-particles emitted by *°Po (or some other a-emitting radioactive source) were contin-
ued. However, because of low energies of the a-particles available for irradiations
(E < 5 MeV), the threshold of the investigated nuclear reaction was barely overcome.
For this reason, the reaction cross section (which is defined as the probability of inter-
action) was very low, that is, the product, if at all observed, was in very small amount.
Thus, the artificially produced short-lived radioactive products, though very interest-
ing for biological applications, could not be made available for metabolic turnover
studies proposed by Hevesy (for early history of artificial radioactivity, cf. [4]).
Parallel to the production of a few radionuclides in irradiations of some light
mass elements with low-energy a-particles emitted from a few radioactive nuclei,

https://doi.org/10.1515/9783110604375-001
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two developments occurred in the 1930s. One was based on the use of the neu-
tron, which was discovered by J. Chadwick in 1932 in Cambridge, UK, and the
other one depended on the utilization of a device for accelerating charged par-
ticles (termed as cyclotron), which was invented by E.O. Lawrence and M.S.
Livingston in 1932 in Berkeley, USA. A brief discussion of the two approaches is
given below.

Utilization of Small Neutron Sources

Very soon after the discovery of the neutron, E. Fermi and his collaborators designed
and prepared the first small neutron source in 1933 in Rome, Italy. It consisted of an
encapsulated mixture of 2°Ra and a light element, like Be. The a-particles emitted
from *Ra interacted with Be and a neutron was produced via the nuclear reaction
“Be(a,n)"C. The neutron coming out of the encapsulation reacted with the surround-
ing material and induced radioactivity. Soon thereafter, such sources were made
available at several places, for example, Paris, France; Vienna, Austria; Berlin,
Germany; Boston, USA and so on. Those neutrons had kinetic energies of a few MeV
and they played an important role in the production of medically interesting radionu-
clides in the mid 1930s, especially via the (n,p) reaction.

Using the Ra/Be neutron source, Fermi et al. studied in 1934 the radioactive
products formed in the interactions of neutrons with a large number of elements [5],
for example, via the reactions >'P(n,p)*'Si (T, = 2.6 h); **Fe(n,p)**Mn (T, = 2.6 h);
>As(n,y)"®As (Ty, = 26.4 h); *¥1(n,y)"*®I (T, = 25.0 min). The given half-lives are the
values accepted today. It is known now that, due to the increasing threshold of the
(n,p) reaction with the increasing mass of the target nucleus, this reaction can lead to
radioactive products in appreciable quantities only in the light mass region; in
a heavier mass target nucleus, the thermalised neutron led mainly to the (n,y) reac-
tion product.

For biological studies with radionuclides produced using a Ra/Be neutron source,
0. Chiewitz and G. Hevesy, working in 1935 in Copenhagen, Denmark, irradiated sul-
fur for several days and the *P (T, = 14.3 d) formed via the *’S(n,p)*’P reaction was
chemically separated. The product was free of the target material and its quantity
(a few hundred kBq) was sufficient for biological studies. In today’s terminology,
it was of “relatively good specific activity” (for more discussion of this term, see
below). They used that radionuclide for the study of phosphorus metabolism in
rats [6]. By that time the Geiger—Miiller counter was developed. So the distribution
of the radioactivity in various organs of the rat could be easily determined. That
study led to the formulation of the “tracer principle” and it is regarded today as
the dawn of nuclear medicine. The real progress in medical radionuclide produc-
tion, however, came after the discovery of fission of uranium [7] by Hahn and
Strassmann in 1938 in Berlin, Germany, and subsequent construction of nuclear
reactors (with high neutron fluxes) in USA in the 1940s (see below).
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Advent of Small Cyclotrons
Small cyclotrons delivering proton and deuteron beams of energies of a few MeV
could be used to produce a few short-lived B -emitting radionuclides of the light
elements already in the 1930s. A few examples are ''C (T, = 20.4 min) through the
B(p,n)"'C reaction [8]; N (T, = 10.0 min) through the **C(d,n)"*N reaction [9];
50 (T, = 2.0 min) through the *N(d,n)"0 reaction [10] and '®F (T., = 109.8 min)
through the '®0(p,n)'F reaction [11]. Due to the low intensities of the then avail-
able charged particle beams, only small quantities of those radionuclides could
be produced and the radionuclidic purity of the product was not satisfactory.
Nonetheless, several tracer studies in biology could be carried out. Very interest-
ing is the early study by Tobias et al. [12] on 'CO inhalation in humans in order to
see its possible metabolism to CO, which, however, they could not observe.
Besides the above mentioned short-lived low-mass 8" emitters, a few longer lived
heavier mass  -emitting radionuclides were also produced using the cyclotron. Three
important examples are: *°P (T, = 14.3 d) through the **S(d,a)*’P reaction and its initial
use in treatment of leukemia [13], ™' (T, = 8.02 d) through the “°Te(d,n)""I reaction
[14] and its use in the study of metabolism of radioiodine from outside of the body
using Geiger—Miiller counter [15] and ®°Sr (T., = 50.5 d) through the #3Sr(d,p)®’Sr reac-
tion and its application to cure metastatic bone cancer [16].

1.1.3 Enhanced Availability of Radionuclides through Use of Nuclear Reactors

From 1945 onwards, with the availability of nuclear reactors, a tremendous activity en-
sued to produce a large number of radionuclides. Although by using a “Be(a,n)"*C
neutron source only a few radionuclides could be produced in small quantities, in the
case of reactor neutrons, the list of radioactive products could be extensively enlarged.
The neutron spectral shapes involved, as known today, are given in Fig. 1.1(A) and (B)
for an **'Am(Be) neutron source [17] and a fission reactor [18], respectively. In the
former case, the emitted neutrons have a strong low-energy component, followed by
a structured shape beyond 2 MeV, with three relatively strong peaks at 3.1, 5.0 and
7.5 MeV, and the tail extending up to 11 MeV. The fission neutrons, on the other hand,
have the maximum at about 0.8 MeV, with a weak intensity tail extending up to about
20 MeV. In a nuclear reactor, however, a lot of low-energy neutrons are also present. One
distinguishes empirically four energy groups in a fission reactor neutron spectrum: ther-
mal (0.025 eV); epithermal (0.1-500 eV); medium fast (500 eV-0.5 MeV) and fast
(>0.5 MeV). The latter two groups are often collectively described as fast neutrons. The
relative contributions of the various groups depend on the reactor configuration
and the location of the irradiation point. The most well-defined parts are generally
the thermal region and the fast region above about 0.30 MeV. The latter region is gen-
erally characterised by multiple foil activation and spectrum unfolding technique.
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Fig. 1.1: (A) Neutron spectrum from an Am/Be source. The standard input spectrum is compared
with an unfolded spectrum. Taken from Uddin et al. [17], with permission from Elsevier. (B) Typical
reactor neutron spectrum, taken from Erdtmann and Petri [18], with permission from Wiley-

Interscience. The thermal neutrons are useful for the (n,y) reaction and the fission neutrons for the
(n,p) reaction.

Due to high thermal neutron fluxes and high neutron capture cross sections,
combined with the relatively high fluxes of fast neutrons above 0.3 MeV, many
radionuclides could be produced in a nuclear reactor in sufficient quantities either
via the (n,y) reaction or the (n,p) process. The spectral neutron source given in
Fig. 1.1(A) was thus incidentally advantageous for the production of >’P via the
32S(n,p) reaction, utilized by Chiewitz and Hevesy in their pioneering work [6].
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In the late 1940s, longer lived 8~ emitters tritium, “C, **S and **P became avail-
able. They could be transported to long distances from the reactor sites. Furthermore,
the practice of labelling drugs and biomolecules with these long-lived “organic” ra-
dionuclides made the tracer technique an essential tool in life sciences. Later on,
many more radionuclides were produced and their uses in medical diagnosis and ra-
diotherapy were demonstrated. Furthermore, the *Mo/**™Tc and °°Sr/°°Y generators
were developed by Tucker et al. [19] at the Brookhaven National Laboratory, USA.
This concept involved the periodic removal of a short-lived decay product from
a long-lived parent. This marked the beginning of a new era in nuclear medicine.
With the availability of generator systems, short-lived products could be made avail-
able even in some remote parts of the world.

1.1.4 Renaissance of the Cyclotron

In the 1950s, the nuclear reactor became a strong source of supply of a large num-
ber of radionuclides for medical applications. But the short-lived 8*-emitting ra-
dionuclides of organic elements could not be obtained satisfactorily using nuclear
reactors. Although many of those 8" emitters were first produced using a small cy-
clotron (see above), from late 1940s onwards, the emphasis of cyclotron techno-
logy got shifted to building big machines for fundamental studies related to
nuclear chemistry and nuclear physics, and the radionuclide production was
given very little attention. However, from 1960s onwards, cyclotrons for medical
use experienced a renaissance. The activities in support of radionuclide produc-
tion were tremendously intensified. Several types of compact cyclotrons dedicated
to the production of medical radionuclides were developed, especially after the
advent of positron emission tomography (PET). Today, radionuclides are pro-
duced using both reactors and cyclotrons. With some new development, there
may be a shift from one technology to the other, but, in essence, the two technolo-
gies are considered as complementary. In the following pages of this book, the
science and technology behind the two production methodologies are considered
in some detail.

1.2 Radionuclides for Medical Use

1.2.1 General: Types of Applications

Radionuclides find application in many fields; their major use, however, is in medi-
cine, both in diagnosis and therapy [20]. A few radionuclides emitting hard 8~ or y-rays

are used as external sources for radiation therapy (e.g., ®°Co (To, = 5.3 a), ®Cs
(T, = 30.2 a) and 4r (T., = 73.8 d)). A few other soft f~ -emitting radionuclides
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(tritium, **C, %S, etc.), initially used for in vitro investigations, are now mostly utilized
in biochemical research. The majority of the radionuclides are administered today into
the human body.

The diagnostic use of a radionuclide entails injection of a small amount of radio-
activity in the body to be able to investigate the functioning of an organ from outside
of the body via tomographic studies. This is called emission tomography. The radionu-
clide for therapy, however, is brought close to the tumour mechanically in the form
of a stent, seed or wire. This is called brachytherapy. Occasionally the radionuclide in
the form of a conglomerate or colloid is inserted into a joint. Although in the former
case curative therapy is aimed at by destroying the tumour, in the latter, mostly pallia-
tive effect is observed. A more common way of introducing a therapeutic radio-
nuclide in the human body, however, is through a physiological pathway (i.e.,
internal radiotherapy, also known as open source radiotherapy or endoradiotherapy).

Each of the above mentioned applications demands a special type of radio-
nuclide, the choice being dependent on its decay properties. Furthermore, the
chemical form of the injected radionuclide is of paramount importance. A brief dis-
cussion of the two considerations (physical and biochemical) in the medical appli-
cation of a radionuclide is given below.

1.2.2 Physical Considerations

There are two major physical considerations in internal use of radionuclides,
namely, suitability for imaging and radiation dose caused to the patient.

Suitability for Imaging

The suitability of a radionuclide for imaging plays a very important role in diag-
nostic studies. The underlying principle of in vivo medical diagnosis is that the
radiation dose to the patient is as low as possible, compatible with the required
quality of imaging and the diagnostic advantage in comparison to nonradioactive
methods. This is achieved through imaging of the human organ from outside of
the body using short-lived radionuclides, emitting predominantly a low-energy
y-ray or a positron. The low-energy y-ray facilitates single photon emission com-
puted tomography (SPECT), and the positron emitter allows PET through detec-
tion of the photons generated in its annihilation. The SPECT and PET techniques
are collectively known as emission tomography (see above). In contrast to diag-
nosis, internal radiotherapy stipulates that a certain radiation dose is specifically
deposited in a malignant tissue. This is brought about through the use of radio-
nuclides emitting corpuscular radiation, that is, a- or B-particles, or Auger and
conversion electrons, in combination with a targeted compound labelled with the
radionuclide.
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Radiation Dose

The common methodology to calculate the internal dose to the patient from the
administered radioactivity was developed by the Medical Internal Radiation Dose
Committee (MIRD) of the Society of Nuclear Medicine in the United States of
America with its many collaborators and consultants. It is referred to as the MIRD
formalism. According to the basic formalism [21], the radiation dose (D) to the
patient in gray (Gy) is given by the expression:

D=213 - ¢y m -E - ¢
i

where c is the cumulative concentration of radioactivity (Bq . % / kg), n; the num-
ber of emitted particles or photons per decay, E; the average energy of the emitted
radiation, ¢; the part of the radiation absorbed in the organ and T the effective
half-life of the radioisotope in the organ.

Thus, long-lived radionuclides emitting corpuscular radiation (8~ and a-particles),
which are completely absorbed in an organ, lead to higher doses. Short-lived radio-
nuclides decaying by electron capture (EC) or by internal transition through y-ray
emission, on the other hand, cause lower radiation doses. In the latter case, however,
the additional dose caused by the emitted secondary electrons (conversion or Auger
type) has also to be taken into account. Thus, a complete set of radionuclide decay
data is needed to calculate the full radiation dose and to decide whether the radio-
nuclide under consideration is suitable for diagnostic or therapeutic studies. Several
updated and computerised versions of the MIRD formalism are now available to calcu-
late the dose.

Choice of Radionuclides

Based on physical considerations, the choice of radionuclides for medical applica-
tions is thus limited to a maximum of about 80. For SPECT studies, radionuclides
decaying by EC or IT and emitting a strong y-ray in the energy range of 100-250 keV
are preferred. The lower y-ray energy limit is given by the body barrier to be crossed
and the upper limit by the efficiency of the detector, which is generally maximum
for y-rays of energies around 150 keV. Two radionuclides, namely, **™Tc (T, = 6.0 h)
and 'ZI (T, = 13.2 h), ideally meet those requirements. In PET studies, on the other
hand, detection is based on the coincidence events registered for the two 511 keV
quanta emitted in the annihilation of the positron. Since the positron emitted from
a radioactive nucleus traverses at first a certain length in the tissue before getting
thermalised and then destroyed in combination with an electron, the energy of the
emitted positron plays an important role. A high-energy positron with a long path
length in the tissue affects the resolution of the scan. Similarly, a y-ray of energy in
the vicinity of the annihilation radiation may distort the scan. Furthermore, for ob-
taining better counting statistics, radionuclides with high positron branchings are
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desired. Thus, there are three basic criteria for a positron-emitting radionuclide to be
used in PET: low positron energy, high positron intensity and absence of a y-ray.
Incidentally, all three criteria are met in the case of '°F (T, = 109.8 min), which is
regarded as a gold standard for PET studies.

As far as internal radiotherapy is concerned, the list of useful and potentially use-
ful radionuclides has been large. Two major considerations are (a) linear energy
transfer to the tissue (i.e., eV pm™) and (b) the range of the corpuscular radiation. In
general, previously high-energy  -emitting radionuclides were used in attempts to
destroy the whole large-sized malignant part of the tissue. In recent years, however,
the emphasis has been shifting to targeted therapy using low-energy B~ particles,
Auger electrons or highly ionizing a-particles, attached to a specific compound.
Attention is thus now getting focused on a smaller number of special radionuclides.

1.2.3 Biochemical Considerations

It is basically important that the radionuclide to be used in medicine is in only one
chemical form and free of all radioactive and nonradioactive impurities. An efficient
chemical processing of the irradiated target is therefore absolutely necessary to re-
move all non isotopic impurities, and thus to avoid unnecessary radiation and toxi-
cological effects of those impurities. Another consideration is the specific activity of
the radioactive product (which is defined as the radioactivity per unit mass of the
product). It should be as high as possible.

Of greater significance from the biochemical point of view are the following
properties:
— Organ selectivity of the radioactive product
— Suitable kinetics in the organ

As is understandable, radionuclides in simple chemical forms are seldom used, some
of the exceptions being ®?RbCl and °'TICI in cardiology, [*°0]0, in oxygen uptake by
the brain, and *?RaCl, in blood cancer therapy. In most cases, however, the radio-
nuclide has to be attached to a chemical compound that selectively seeks an organ in
the body and its stability in the organ is compatible with the kinetics of the metabolic
turnover. Those aspects, however, belong to the realm of radiopharmacy and are
beyond the scope of this book. The emphasis here is on radionuclides.

1.2.4 Uniqueness of Radiotracers
A radionuclide in a well-defined chemical form is termed as a radiotracer. For medi-

cal application, it has to be available in pharmaceutical quality and in sufficient
quantity. This requires considerable technical effort, especially if the half-life is
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short. Due to the high starting radioactivity and very low mass of the radioactive
material involved (~1071° g), efficient and automated/remotely controlled radio-
chemical processes have to be followed. Nonetheless, the use of the tracer tech-
nique in medical diagnosis offers some unique advantages:

— Possibility of dynamic studies from outside of the body

— Biological equilibrium remains undisturbed (allowing use of even toxic material

at the subnanoscale level, e.g., °'TICl)

— Organ imaging can be done at a real molecular level

— Study of physiological function is possible

- Repeated investigations are possible (due to short half-life)

In view of increasing efforts to understand development of certain diseases at an
early stage, the use of radiotracer technology appears to be very promising.

1.2.5 Overview of Medical Radionuclides

Many radionuclides are now routinely used in patient care studies, both with regard
to diagnosis and internal radiotherapy. Those radionuclides are termed as standard
radionuclides. A summary of the most commonly used radionuclides is given in

Table 1.1. Their decay data have been taken from standard sources [22-24]. They are

Table 1.1: Standard medical radionuclides and their decay data.

Radionuclide T, Mode of Epnax Of E,: keV(%)
decay(%) corpuscular
radiation:
keV

Soft radiation emitters

3H 12.3 a B~ (100) 18

thc 5730 a B (100) 156

33p 25.3d B (100) 248

335 87.5d B~ (100) 167

103pq 17.0d EC (100) Auger: 17 357.4(0.0221)
125 59.4d EC (100) Auger: 18 35.5 (6.7)

y-Ray emitters for SPECT

%7Ga 3.26 d EC (100) Auger: 7.5 93.3 (38.9); 184.6 (21.4)
99mTca 6.0h IT (100) 140.5 (87.6)

1p 2.81d EC (100) Auger: 19.3 171.3 (90.7); 245.4 (94.1)

123 13.2h EC (100) 159.0 (83.3); 529.0 (1.4)

2017y 3.06d EC (100) 69-82 keV X-rays; 167.4 (10.0)
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Table 1.1 (continued)

Radionuclide T, Mode of Ernax Of E,: keV(%)

decay(%) corpuscular

radiation:
keV
Positron emitters for PET

e 20.4 min B*(99.8) 960

EC (0.2)
3N 10.0 min B*(100) 1190
50 2.0 min B*(99.9) 1720

EC (0.1)
18 109.8 min B (97) 630

EC (3)
8GaP 1.15h B* (90) 1900 1077.3 (3.2)

EC (10)
82Rb¢ 1.3 min B*(96) 3350 776.5 (13.4)

EC (4)

B~ and a-particle emitters for internal therapy

32p 14.3d B~ (100) 1710
895y 50.5 d B (100) 1470
90yd 2.7d B (100) 2290
131 8.02d B (100) 607 364.5(81.7), 637.0 (7.2)
1335m 1.93d B (100) 808 69.7 (4.8), 103.2 (28.3)
Y7y 6.65d B (100) 498 113.0 (6.2), 208.4 (10.4)
188Re" 17.0h B~ (100) 2150 155.0 (15.0), 633.1 (1.25)
21t 7.2h a(41.8) 5869 687.0 (0.246)

EC (58.2)
213jf 45.6 min a2 5840 440.5 (25.9)

EC (98)
223Ra 11.4d a(100) 5697 154.2 (5.7), 269.5 (13.9)
225A¢ 10.0d a(100) 5750

2 Via the generator system ?Mo(2.75d) B somye,
b Viia the generator system $8Ge(271.0d) =5 8Ga.
“Via the generator system 25r(25.3d) -5 82Rb.

4 Via the generator system 9°Sr(28.9a)& 90y,

¢ Via the generator system 188W(69.8d) P 1sspe,
fvia the generator system 22°Ac(10.0d) = 22Fr(4.9min) = 27At(32.3ms) % 213Bj,

well known and the relevant production methodologies are also well developed, ei-
ther at a reactor or at a cyclotron. To the group of “standard radionuclides” also
belong several other radionuclides which have been finding very wide application
in biochemical research. Those radionuclides emit very soft f~ radiation and do not

require elaborate shielding. They are also listed in Table 1.1.
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In addition to patient care studies and routine biochemical research using stan-
dard radionuclides, continuous and extensive research has been underway for the
last three decades to develop some novel radionuclides. In recent years, those efforts
have been intensified. The production technology is fast developing and a few radio-
nuclides are now available for preclinical or clinical research. The techniques in-
volved are of interdisciplinary nature and the use of both cyclotrons and accelerators
in increasing. The major emphasis is on non-standard positron emitters, as well as on
radionuclides emitting low-energy 8~ particles and highly ionizing a-particles. Those
novel radionuclides and the relevant developing production technologies are dis-
cussed in some detail in the later part of this book.

1.3 Some Basic Considerations in Medical Radionuclide
Production

Radionuclides for medical applications are obtained either via direct production at
a nuclear reactor or a cyclotron, or by using a radionuclide generator system.
Detailed considerations of the three methodologies are given in Ref. [25]. In this sec-
tion, only some basic principles relevant to general understanding are briefly
described.

1.3.1 Production at a Nuclear Reactor

General: Classification of Research Reactors

A nuclear reactor is a large facility based on a controlled chain of fission events; it
constitutes a strong source of neutrons. Very extensive studies exist on the physics
and neutronics of fission reactors. The radionuclide production technology is also
well developed [cf. 26]. Here only some salient aspects are discussed.

For radionuclide production different types of research reactors are used. To re-
move a misconception, it should be clearly stated that nuclear power plants are
very rarely utilized for radionuclide production or development work. In the world
about 275 research reactors are available and a large number of them are used in
some sort of radionuclide production work. They may be classified according to the
available neutron flux density, as given in Table 1.2. The radionuclide product yield
in a low power reactor is generally low, and high power reactors are used more in
fundamental nuclear and materials research rather than for radionuclide produc-
tion. The major emphasis regarding radionuclide production is thus on the use of
medium power reactors. Presently, large-scale production for general world supply
of radionuclides is limited to about 10 medium power reactors, some of them reach-
ing approximately the level of high flux reactors, for example, in Petten, Oak Ridge,
Demitrovgrad and so on.
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Table 1.2: Classification of nuclear research reactors used in radionuclide production.

Parameter Type of reactor

Low power Medium power ? High power
Power (MW) <5 6-30 >50
Flux (n-cm™2.s7%) <10 1.0 x 10*4-5 x 104" 210"°

# Most commonly used in medical radionuclide production.
b A typical neutron flux distribution (n cm™2 s7%) at an irradiation position in the 20 MW DIDO
reactor at FZ Jiilich was: @, = 2.5 x 10™; Pepith = 6.2 x 10™%; ¢rage = 8 x 10",

Formation of a Radionuclide
The formation of a radioactive product in irradiation of a target in a nuclear reactor
is described by the following activation equation (in a simplified form):

A=N¢o (1- eM)

where A is the absolute activity of the reaction product (Bq) at the end of irradia-
tion, N the number of target nuclei, ¢ the projectile flux density (cm™2 s™), o the
cross section (cm?), A the decay constant and ¢ is the time of irradiation (s). The
number of nuclei exposed to projectiles is calculated from the mass of the target
used, the irradiation time is properly chosen and A is a constant. The cross section
of a reaction is generally known and the projectile flux has to be determined. The
absolute activity of the product is determined experimentally and the obtained
value can be compared with the calculated value from the above equation. The
level of agreement between the two values reflects the accuracy of o and ¢ values
used. It should, however, be pointed out that in real practice several modifications
in the above equation are often necessary to take account of the following factors:
self shielding in the target,

— power variation in the reactor (change in ¢),

— burn up of the target material,

— burn up of the product radionuclide through a subsequent (n,y) process.

Those factors may vary for different target materials being irradiated with neutrons
in various energy segments of the neutron spectrum shown in Fig. 1.1(B).

Competing Nuclear Reactions

The most common nuclear processes involved in the interaction of slow neutrons
with target nuclei are scattering (elastic and inelastic) and radiative capture. The
elastic scattering has no significance in radionuclide production. But the inelastic
scattering, that is, the (n,n’y) process, may lead to the formation of a radioactive
isomeric state. The radiative capture, that is, the (n,y) reaction, on the other hand,
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is extensively used in radionuclide production. The major drawback of the above
two processes, however, is the low specific activity of the product. Since in an irra-
diation only a very small fraction of the target nuclide is converted to a radioactive
nuclide of the same element, and the large amount of the inactive target nuclide
remains unchanged, the radioactivity obtained per unit mass of the element re-
mains low. For many applications, such as brachytherapy, a low specific activity
product may be acceptable. But for open-source internal medical applications, gen-
erally radionuclides with high specific activity are needed. There are two possibili-
ties of increasing the specific activity:

Szilard-Chalmer’s process: This involves the separation of the recoiling radioactive
atoms following the (n,y) reaction (from the bulk of the inactive target material), be-
cause they often occur in a different valence state as compared to the target atoms.
The specific activity of the separated species is then high, but its yield amounts to only
a small fraction of the total activity. The method was previously used in preparation of
radioactive products of metals like Cr, but it is now hardly used.

Precursor/generator system: This involves the use of the daughter radionuclide
formed via B~ or EC decay of the (n,y) reaction product. Two important examples
are ®Mo(n, y)99M0ﬁ—> 9mTc; 124Xe(n, y)' " Xe 5 sy,

Besides the (n,y) reaction, the (n, fission) process is also extensively used, but only
in a few highly advanced production laboratories. In general, products lying on one of
the two mass-yield peaks of the fission process can be advantageously obtained. Three
very important radionuclides, namely, *°Sr (T., = 28.87 a), Mo (T, = 2.75 d) and
B (T, = 8.02 d), are produced via the fission of °U. The first two are used in genera-
tor systems to supply the medical radionuclides *°Y (T,, = 2.67 d) and **™Tc
(T,, = 6.0 h), respectively, and “'I is used directly in internal radionuclide therapy.
Another fission-produced radionuclide *’Cs (T, = 30.2 a) is partly used in external ra-
diation therapy. The fission-produced radionuclides are of very high specific activity.
The main disadvantage, however, is the extensive chemical processing involved.

A yet another nuclear reaction used for the production of a few special radio-
nuclides in a nuclear reactor is the (n,p) process. This reaction has a certain thresh-
old. Therefore, in general, only the fast part of the fission neutron spectrum (i.e.,
above about 1 MeV) is effective for the production of the desired radionuclide. This
reaction is generally applied in the light mass region where the reaction threshold is
low and the competition between charged particle emission and neutron emission is
in favour of the former. Two important radionuclides, namely, 4c (T, = 5,730 a) and
3P (T,, = 14.3 d) are produced with high specific activity via the "N(n,p)"“C and
325(n,p)*?P reactions, respectively. Their yields are fairly high.

It should also be mentioned that in certain cases the charged particle emitted (p or t)
in a neutron induced reaction may induce a secondary reaction on a neighbouring nu-
cleus. Protons are created in the interaction of neutrons with hydrogen-containing
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compounds and tritons are emitted in the interaction of neutrons with Li-containing
compounds. An example is the formation of *F via the reaction sequence °Li(n,a)’H -
160(t,p)*®F. Thus irradiation of Li,CO; leads to the formation of appreciable quantities of
18E, The role of such secondary reactions in production of tracer quantities of a few radio-
nuclides in a nuclear reactor has been recently summarized [27].

1.3.2 Production at a Cyclotron

General: Classification of Cyclotrons

A cyclotron is a charged particle accelerator in which the particles travel in
a succession of semicircular orbits of increasing radii under the influence of
a magnetic field. They are accelerated at each such orbit by an electric field pro-
duced by a high-frequency generator. A large number of low- and intermediate-energy
cyclotrons have been constructed over the last 85 years for performing fundamental and
applied research. During the last three decades, however, several types of special cyclo-
trons have been developed to meet the particular demands of medical radionuclide pro-
duction. They were classified according to their production capacities [28]. An updated
summary list is given in Table 1.3.

Table 1.3: Classification of cyclotrons used for radionuclide production.

Classification Characteristics Energy Major radionuclides produced
(charged particle) (MeV)
Level | Single particle <4 50
(d)
Level Il Single particle ® <12 11, 13N, 150, 18F
)]
Level Il Two particle <20 ¢, 13N, 150, I8, 4Cu, B0y, 124
(p, d) (123|’ 67Ga, lllln)
Level IV Multiple particle <40 38K, 3Se, 75777Br, 123), 81Rb(®'Kr), ¢7Ga,
(p, d, >He, “He) 111y, 20071, 22Ng, 7Co, #Ti, %®Ge, "?As,
lloONdY 211At, 227Ac
Level V Single or multiple particle ¢ <100 28Mg, 2Fe, *“Cu, "Se, *®Ge, 825r,
(p’ d, 3He’ 4He) 117msn’ 123|
Level VI Single particle >100 261, 149Th, 152Tb, 227Ac, etc.
(P

# Some linear tandem accelerators of this energy are also finding limited use.

b Most commonly used at PET Centres.

¢ Intense electron linear accelerators (E = 30 MeV) are also under development to provide high-
intensity neutrons or high-intensity and high-energy bremsstrahlung for radionuclide production,
the former inducing an (n,y) reaction and the latter a (y,p) or (y,n) reaction.

9 Intense beams of deuterons (E = 40 MeV) incident on a Be target provide breakup neutrons

(E = 14 MeV), which could be used for radionuclide production via (n,2n), (n,p) or (n,np) reaction.
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The smallest machine (Level I) is a cyclotron that accelerates deuterons only up to
4 MeV, that is, below the breakup threshold of the deuteron (to avoid neutron
background and thus concrete shielding). Its utility was demonstrated a long time ago
[cf. 29], and it is used exclusively in a hospital environment to produce O for PET
studies, for example, in Berlin, London, Turku, St. Louis and so on. A small linear two
particle (p and d) accelerator with energies below 3.7 MeV has also been developed
with the aim of producing 0 and '®F, but its use has been very limited. The next-stage
accelerator (Level II) is a single-particle negative ion machine for proton acceleration
up to an energy of 11 or 12 MeV. It can be used to produce the four major 8+ emitters,
namely, ''C, BN, 0 and '®F, although the absence of the deuteron beam is somewhat
disadvantageous with regard to the production of 0, and the rather low proton energy
gives a low yield of N. It has been extensively developed and used in Madison, USA.
The next higher group of cyclotrons (Level III) generally comprises two particle ma-
chines with E;, < 20 MeV and Eq4 < 10 MeV. It is ideally suited for production of the stan-
dard PET radionuclides and has therefore been recently installed at a large number of
PET Centres. Many of the non-standard PET radionuclides (discussed later in this
book) have also been developed using such a cyclotron. The even higher energy
machines (Levels IV-VI) have capabilities of producing many more radionuclides, in
particular when, besides p and d, the a-particle beam is also available. On the other
hand, when energies above 100 MeV are under consideration, only the proton beam is

Photograph: Partial view of the IBA Cyclotron CPX 30 at the Forschungszentrum Jiilich (courtesy
FZ Jiilich).
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of interest. At large research centres generally several cyclotrons exist. At the
Forschungszentrum Jiilich, for example, four cyclotrons and a beam line at the cooler
synchrotron COSY, covering the proton energy range up to 150 MeV, are available for
routine production of a few radionuclides as well as for research and development
work on novel radionuclides. A recently installed Level IV machine is shown in the
photograph. It delivers proton, deuteron and a-particle beam of energy up to 30 MeV.

It should be mentioned that in radionuclide production work, high-intensity
beams are absolutely necessary; otherwise, the total batch yield of the product may
not be sufficient for application. Thus in contrast to fundamental nuclear science
work, the emphasis in radionuclide production is on beam intensity rather than on
beam quality, and the above-mentioned cyclotrons, especially the Levels I-IV ma-
chines, have been developed with this aim in view.

A passing reference needs also to be made to increasing use of linear tandem ac-
celerators with E, < 12 MeV to produce some medical radionuclides. Furthermore,
considerable interest is also developing to make use of high-energy bremsstrahlung
in medical radionuclide production. A 30 MeV or higher energy electron linear
accelerator (LINAC) is used to generate high-intensity neutrons or hard photons that
can produce a few special radionuclides, the former inducing an (n,y) reaction and
the latter a (y,n) or (y,p) reaction. Attempts are also underway to generate intense
fast neutron fields via the d/Be or d/C breakup process and to use that field for pro-
duction of some radionuclides through an (n,2n), (n,p) or an (n,np) reaction. Thus,
there is an overall increase in efforts to produce accelerator-based radionuclides.

Considerable interest has existed in the past in the use of cyclotrons for medical
radionuclide production [30], but in recent years it has been rapidly increasing and
today, about 1200 cyclotrons are being partly or fully utilized for this purpose [31].
Most of them are Level III machines and are specifically manufactured for PET
application in medicine.

Some Special Considerations

While using charged particles (from a cyclotron or an accelerator) in radionuclide
production, three special considerations, namely, energy loss in the matter, heat
generation and changing cross section, need to be taken into account. Those con-
siderations are discussed below in some detail.

Energy Loss

While traversing a medium, a charged particle loses part of its kinetic energy via exci-
tation and ionization of the surrounding atoms. It is an atomic phenomenon (and not
a nuclear reaction where the charged particle is destroyed). In other words, the
charged particle continues to lose its energy till it comes to rest. The degradation in
energy is described by the well-known Bethe-Bloch equation given below (in
a simplified form, i.e., neglecting the density effect correction and the shell correction):
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where

- ﬁ—f is the energy loss per unit length,

K the constant in stopping power (0.3070 MeVcm?),

Z the incident particle charge,

Z the atomic number of absorbing material,

A the molar fraction of absorbing atoms (g mol™),

B the u/c (relative velocity of the incident particle),

c the velocity of light in vacuum,

Mme the electron rest mass and

I the mean electronic excitation energy of an element (eV).

Thus, the stopping power depends on the charge and velocity of the incident particle
as well as on the effective ionization potential and the atomic and mass numbers of
the medium. With the decreasing energy of the projectile, the stopping power of the
absorber increases, reaching maximum values during the last stages of the energy
loss. This is reflected in a peak called the Bragg peak. As expected, the energy degra-
dation is higher in solids than in liquids and gases. Thus, for covering a certain en-
ergy range of the projectile in a production target, solid material is much more
effective; in case of liquids and gases, larger volumes are needed.

It should be noted that although the degradation of the projectile energy is de-
pendent both on the absorbing material and the type of the projectile, the latter has
more serious consequences because of the squared dependence on the charge of
the projectile. Due to this reason, protons have a much longer path length in an
absorber than the a-particles. In practice, it means that the production yield of
a radionuclide via an a-particle-induced reaction on a medium or heavy mass
nucleus is much lower than that via a proton-induced reaction [cf. 32], even if the
a-particle induced reaction cross section is higher.

An accurate calculation of the projectile energy loss in a target plays an impor-
tant role in the optimisation of a production process because an uncertainty in the
calculation influences both the energy scale and the yield of the product. Extensive
documentations on range-energy relationships of charged particles in various mat-
ters exist in the literature [cf. 33, 34] and well-established codes are available
(STACK, SRIM, etc.) for accurate energy loss calculations.

Heat Generation in Target

Charged particles lose energy while traversing a medium. This energy is deposited
in the medium and leads to heat generation, the latter depending on the total en-
ergy loss of the projectile and its intensity. In fundamental nuclear chemistry work
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involving nuclear reaction cross-section measurements, the heat generation is not
a problem, since the beam currents used are low (50-500 nA). In real production
runs, however, beam currents of up to 1 mA may be used. Heat generation and the
incumbent heat transfer then usually become the limiting factors in large-scale pro-
duction of several radionuclides. Design and construction of highly sophisticated
target systems with efficient cooling are therefore absolutely mandatory for mean-
ingful production of radionuclides at cyclotrons.

Changing Reaction Cross Section

The loss in the energy of a neutron traversing a thin target is generally negligible and
so the reaction cross section is considered to be practically constant for the target. In
the case of a charged particle induced reaction, however, due to the rapid loss of en-
ergy of the projectile within the target, a relatively broad range of energies is encoun-
tered. Since the reaction cross section is often very sensitive to the incident energy, an
average cross section over a chosen energy range cannot be used. Instead a full know-
ledge of the change in cross section as a function of projectile energy (termed as the
excitation function) is required. It is therefore incumbent to determine the cross section
using a very thin sample where the energy loss is very small. Another difference
between work with neutrons and charged-particle beams lies in the geometry and con-
figuration of the system. Although in the case of neutrons one uses the term flux den-
sity ¢ (n cm™s™"), for charged particles it is only flux or current (I = particles s™). The
activation equation given above is then expressed in the form:

N, -H

A
M

I(1-e ™) mo

where N;, is the Avogadro number, H the enrichment (or isotopic abundance) of the
target nuclide, M the mass number of the target element, I the projectile current
(particles s71), m the surface mass of the target material needed to decrease the pro-
jectile energy over a very small range (g cm ™% denoted as surface density), o is the
cross section at the energy effective in the target and A, t and A have the same
meaning as in the equation for activation with neutrons. Thus, the rapid changes in
both the stopping power of the projectile and the cross section of the reaction de-
serve special attention while calculating the yield of the product over a certain tar-
get thickness. For thicker targets, a slightly modified form of the above equation is
used to calculate the product activity (see Chapter 2).

Competing Nuclear Reactions

With the increasing energy of a charged particle incident on a target nucleus, sev-
eral competing reaction channels start opening up, each leading to a different sta-
ble or radioactive product. Several of those products may be medically interesting,
provided they could be obtained with high purity. As an example, the radioactive
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products expected in the interaction of about 70 MeV protons with the isotopically
enriched ®®Zn are listed in Table 1.4.

Table 1.4: Nuclear reactions induced by protons on ®3Zn to produce medical radionuclides.

Reaction T, Nuclear Q-value * Effective energy Cross section at
product reaction (MeV) range maximum of the
(MeV) excitation function

(mb)

%%Ga 1.15h  %8Zn(p,n) -3.703 8-18 900
%7Ga 3.26d  %Zn(p,2n) -11.977 15-30 730
57Cu 2.58d  *%zn(p,2p) -11.192 30-80 12
4Cu 12.7h  °%Zn(p,an) -7.786 15-35 63
8Zn(p,2p3n) -36.205 45-100 52

* Q-value is defined as the energy released or absorbed in a nuclear reaction. It is calculated from
the difference in masses of the reactants and the resultants (in units of energy). By adding the
recoil and Coulomb barrier corrections to the Q-value, one obtains the threshold of the reaction.

The various reactions with their calculated Q-values and the experimentally deter-
mined effective energy ranges are given. All four radioactive products, namely, %8Ga,
’Ga, ®’Cu and ®“Cu are medically interesting and they can all be produced in high
purity provided proper proton energy ranges are used and clean chemical separations
are performed. The gallium radionuclides can be chemically separated well from the
copper radionuclides. Individual production of radionuclides could be achieved
through the choice of proton energy ranges in the target; for example, intermediate
energy range for the production of ®’Ga and low energy range for ®®Ga. Similarly
intermediate energy range is suitable for the production of ®*Cu and higher energy
range for ®’Cu. The exact energy ranges can and should be derived from the known
excitation functions. The point to be emphasized here is that, with the increasing pro-
jectile energy, the number of products increases, but the production of several radio-
nuclides with acceptable purity is possible, provided proper conditions are chosen.
All those aspects are discussed in some detail in other chapters.

1.3.3 Comparison of Reactor and Cyclotron Production of Radionuclides

General
As discussed above, nuclear reactors and cyclotrons are to be regarded as comple-
mentary with regard to medical radionuclide production. However, there are some
typical characteristics of each of the two facilities, and also some advantages and
disadvantages associated with their use. A brief discussion follows.

The major characteristic of a reactor is that it delivers neutron excess radionuclides
that mainly decay by = emission and are thus very suitable for internal radionuclide
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therapy. In contrast, the major characteristic of a cyclotron is that it supplies neutron-
deficient radionuclides, which find application in diagnostic nuclear medicine. Many
other radionuclides, for example, y-ray emitters as well as a-particle and Auger elec-
tron emitters, can often be produced using both reactors and cyclotrons.

The major advantage of a reactor is that large quantities of radionuclides can be
produced. Since the two commonly used production processes, namely, (n,y) and (n,f),
have generally large cross sections, and since large samples can be irradiated for
relatively long times at intermediate to high neutron fluxes, the product batch yields
could be very high. For example, the radionuclide *Mo is regularly produced via the
fission process at a few reactors in TBq quantities and supplied to the world for
producing *Mo/**™Tc generators. Some longer lived radionuclides, such as **P and
BIy are also produced in batches of >100 GBq. In contrast, the batches of short lived
radionuclides produced at cyclotrons are generally limited to about 400 GBg.

The great advantage of a cyclotron is that short-lived f"-emitting radionuclides
of biological elements like carbon, nitrogen, oxygen and fluorine can be easily pro-
duced. They are of particular interest in the study of organ physiological functions
using PET. The new approach to utilize metal complexes in diagnostic studies is also
realized by using non standard positron emitters, that is, positron-emitting radio-
nuclides of metals, which are produced at cyclotrons. Needless to say that, if proper
precautions are undertaken, charged-particle induced reactions can lead to radio-
active products of high specific activity. Although in reactor production as well, as
discussed above, high specific activity product could be made available if use is
made of a decay product rather than of the parent itself (e.g., > Tc obtained via the
decay of %Mo), in general the specific activity remains a problem. Furthermore, no
suitable reactor-produced radionuclide of the above mentioned biological elements is
available for in vivo diagnostic investigations.

Shift in Production Technologies

The production technologies of medical radionuclides are constantly under investi-
gation because new demands keep on emerging. Those demands are mostly related
to one or all of the following factors: increase in production yield, higher purity,
higher specific activity and security in supply. The existing or developing technolo-
gies thus often require a shift to newer technologies, either using a different proce-
dure at the same irradiation facility or making resort to a complementary facility.
More discussion on this topic will follow in the later part of this book.

1.3.4 Generator Produced Radionuclides

Several medical radionuclides are not produced directly through a nuclear reaction.
Instead they are obtained as decay products of their parents. Those products are called
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generator produced radionuclides. Generally the parent radionuclide is adsorbed on
a column and the daughter is eluted periodically (but other systems are also possible).

The general principle of a generator is that the half-life of the parent is longer
than that of the daughter. This leads to a transient decay equilibrium within
a reasonable time and the number of nuclei of the daughter (N,) at time t can be
calculated by the equation:

T A

N, x N? et

where N;° is the initial number of nuclei of the parent, and A, and A, are the decay
constants of the parent and the daughter, respectively. In terms of radioactivity, at
equilibrium the ratio of the daughter activity to the parent activity (4,/A,) is higher
than the parent activity by the factor A,/(A,-A;). An example of such a generator sys-
tem is ®°Mo (2.75 d)/*™Tc (6.0 h) where A, < A,. However, if the half-life of the parent
is much longer than that of the daughter (A; << A,), then a secular equilibrium is
reached and the above equation is reduced to N, = N; % In this equilibrium, the
daughter activity will not exceed the parent activity, that is, A; = A,. An example is
the ®3Ge (271.0 d)/*®Ga (1.15 h) system.

Four widely used generator systems are ®®Ge/°®Ga, 8’Sr/®’Rb, °°Sr/°°Y and
2Mo/**™Tc. It is emphasized that in a generator system several sequential separa-
tions should be possible and the daughter activity should have a high value over
a relatively long time. In certain decay systems where the parent and the daughter
have almost comparable half-lives, or when the parent is even shorter lived than
the daughter, the separation of the daughter is meaningful only once because of
the drastic decrease in its activity in the second or third separation cycle. Such
a parent—-daughter system has to be denoted as a precursor system, and not
a generator system. Two prominent examples are %Xe(n,y)”XeZs I and
130T (n, y)™8 Te”, 111, where the desired daughter radionuclide is separated after
the complete decay of the parent. To call such a system as “generator” is a misnomer.

It is worth pointing out that the parent nuclide of a generator may be produced
in a reactor or at a cyclotron. In the above mentioned four cases, for example, Mo
and °°Sr are produced using a reactor and *®Ge and 3%Sr at a cyclotron. Detailed
discussions of the production methodologies involved are given in later sections of
this book.

1.4 Development of Novel Medical Radionuclides
The development of a novel radionuclide for medical application calls upon inter-

disciplinary work in several directions. It involves the so-called four pillars,
namely, studies related to nuclear data, development of irradiation technology,
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elaboration of chemical separation scheme and establishing quality assurance.
Most of the development work is presently related to cyclotron production of
radionuclides, but some work on the improvement of reactor radionuclides is also
continuing. There are many similarities in the development of radionuclides using
a reactor or a cyclotron, as far as chemical processing and quality control methods
are concerned. With regard to nuclear data and irradiation technology, however,
the cyclotron production of a radionuclide is much more demanding than that
using a reactor.

The aim of accurate knowledge of nuclear data is to facilitate the choice of
a radionuclide for a particular application and to provide optimum conditions for
its production with high purity. Thus, the nuclear data provide the scientific basis
for a new production route. The development of high-current targetry allows to pro-
duce the radionuclide in quantities sufficient for applications and the chemical
processing renders the radioactive product in a suitable form for internal medical
use. All those aspects need detailed consideration.

1.5 Scope of this Book

This book aims at presenting a clear understanding of the science and technology
involved in the production of medical radionuclides at reactors and cyclotrons. The
basic approach is to describe the principles and methodologies in a generally
understandable way rather than indulging in the intricate technical details of
a production process.

To this end, the three major production parameters, namely, nuclear data, targetry
for high-current irradiations and chemical processing, are treated in detail in three sep-
arate chapters. Closely connected with chemical processing is the quality assurance of
the radionuclide produced. It is also explicitly discussed. Thereafter, consideration is
given to the production methodologies of the well-established standard radionuclides
used in patient care (both diagnosis via SPECT and PET, and internal radionuclide
therapy). The major emphasis in this book is, however, on the development of novel
metallic radionuclides, especially utilizing cyclotrons. Among those radionuclides are
non-standard positron emitters, which are finding increasing applications in PET to
study slow metabolic processes, and radionuclides for targeted therapy, which emit
low-energy 8~ and a-particles or conversion and Auger electrons. The development and
production work related to those radionuclides is treated in a separate chapter in some-
what more detail. The development and medical application of novel metallic radionu-
clides is progressing at a tremendous pace. For several new applications, further novel
radionuclides need to be developed. Attempts are also underway to utilize new irradia-
tion facilities for radionuclide production purposes. All those new perspectives are
briefly considered in the last chapter of the book.
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Furthermore, for following some of the development work over the last 35 years,

seven review articles, periodically published by the author, are given as appendices
to the main body of this book. They deal with the following:

Nuclear data relevant to cyclotron-produced radionuclides (Appendix I);
RCA 30, 147-162 (1982).

Production of radiohalogens (Appendix II); RCA 34, 25-40 (1983).

Cyclotron production of generator radionuclides (Appendix III); RCA 41,
111-117 (1987).

Therapeutic radionuclides and nuclear data (Appendix IV); RCA 89, 297-302
(2001).

Development of novel positron emitters (Appendix V); RCA 99, 611-625 (2011).
The present and future of medical radionuclide production (Appendix VI); RCA
100, 635-651 (2012).

New trends in nuclear data research (Appendix VII); RCA 101, 473-480 (2013).

It is hoped that this book presents a balanced view of the science and technology
involved in the production and development of medical radionuclides, and that it
will attract the attention of graduate students, researchers and others interested in
this field.
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2.1 General

The term nuclear data encompasses all data which describe either the properties of
nuclei or their interactions. In literature a huge body of data is available which, in
general, can be grouped under three headings, namely, nuclear structure, nuclear
decay and nuclear reaction data (Fig. 2.1). The nuclear structure data are related to
configuration of nucleons within a nucleus at rest or in an excited state, depicted in
the form of nuclear levels. At low excitation energies discrete levels occur, each level
being characterised by its spin, parity and gamma transition probability. At high exci-
tation energies, the levels become indistinguishable and they are collectively called
the continuum region. The nuclear decay data refer to decay properties of radioactive
nuclei and include parameters such as half-life, energies and intensities of emitted
radiation as well as their sequences of emission and correlations. The nuclear reac-
tion data describe the interaction of two nuclei, the important parameters being
Q-value, cross section of the reaction, energy and angular distribution of the emitted
particle, yield of the reaction product and so on.

The major aims of nuclear data research are:
a) to test nuclear models and thereby to advance nuclear theory,
b) to provide reliable data for applications in various fields.

Continuous work has been going on for the last 80 years to improve our knowledge of
nuclear properties, and further studies are expected to continue also in the future. The
provision of accurate experimental data helps to confirm and substantiate various nu-
clear models and theories. The major direction in nuclear data research today, however,
is oriented towards applications. It is a well-organised field. Whereas measurements are
done in a large number of laboratories around the world, the coordination of many activ-
ities, for example, compilation of data files and libraries, and dissemination of data, is
generally done by four major regional data centres, namely National Nuclear Data
Centre, Brookhaven (USA), Data Bank of the Nuclear Energy Agency, Paris (France),
Nuclear Data Section of the International Atomic Energy Agency (IAEA), Vienna
(Austria) and Data Centre, Obninsk (Russia). Some of the large data files issued by them
are EXFOR, ENSDF, ENDF-B/VIIL1, JEFF-3.2 and ROSFOND-2010.

Accurate nuclear data are needed for applications in energy-related research
(fission, fusion, accelerated-driven systems, etc.) as well as non-energy-related
studies (medical radionuclide development, radiation therapy, astrophysics, etc.).
The scope of this chapter is limited to data for medical applications of radio-
nuclides. The basic aim of the related data is to provide a fundamental base for

https://doi.org/10.1515/9783110604375-002
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Nuclear structure data
(e.g., nuclear level, spin, parity)

/ Nuclear decay data
Nuclear data < " (e.g., Tyyp, @, B—, y-ray energy)

A
\ Nuclear reaction data

(e.g., Q-value, energy/angular
distribution, cross section,
fission yield)

Fig. 2.1: Classification of nuclear data.

optimum production and internal application of those radionuclides. The activities
consist of new experimental measurements, nuclear model calculations, and stand-
ardisation and evaluation of existing data.

As it has been mentioned in Chapter 1, the decay data of a radionuclide play
a key role in its selection for internal medical use (diagnosis or therapy). The
nuclear reaction cross-section data, on the other hand, facilitate its efficient produc-
tion at a reactor or a cyclotron in high purity and sufficient quantity for application.
The nuclear structure data have been gaining more significance in recent years
because several of the nuclear isomeric states, decaying by emission of conversion
or Auger electrons, are increasingly being used in some special therapeutic applica-
tions. A discussion of the various types of data involved is given below, with
particular emphasis on charged-particle induced reaction cross-section data for pro-
duction purposes.

2.2 Radioactive Decay and Nuclear Structure Data

Extensive efforts have been underway for more than 50 years on experimental deter-
mination, compilation and evaluation of decay data for a large number of radio-
nuclides in general [24], and for about 200 radionuclides of medical interest in
particular [23]. The basic decay schemes of the standard diagnostic and therapeutic
radionuclides are known except for some special details in a few cases. As examples,
decay schemes of three commonly used radionuclides, namely **™Tc in SPECT, '*F in
PET and "' in internal radiotherapy, are shown in simplified forms in Fig. 2.2(A)—-(C),
respectively. The radionuclide **™Tc (T, = 6.0 h); excitation energy: 143 keV deex-
cites via internal transition to 0.2 ns intermediate level which then further deexcites
to the long-lived ground state and emits a main y-ray of energy 141 keV (87.6%). This
is ideal for SPECT studies. The dose to the patient is small. The radionuclide
18F (T, = 109.8 min) decays simply to the ground state of stable '*0 via " emission
(97%) and electron capture (EC) (3%). It is ideally suited for PET investigations.
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Fig. 2.2: Simplified decay schemes of (A) SPECT radionuclide **™Tc, (B) PET radionuclide *®F and
(C) therapy radionuclide 1.

In contrast to the above diagnostic radionuclides, *'I (T,, = 8.02 d) decays by
several 8 transitions, the most prominent being the 607 keV transition (90%).
The levels of *Xe populated in the decay of *'I are shown. They are very short-
lived and deexcite by y-ray emission. The most intense 364 keV y-ray is shown as
a bold line. Since a lot of corpuscular radiation is emitted and the effective half-
life of ' (especially in the thyroid) is also relatively long, the radiation dose
involved is rather high. This radionuclide is therefore extensively used in internal
radionuclide therapy.

Although the basic decay features of the standard radionuclides are well estab-
lished, there is always room for improvement. New evaluations of many of the
decay mass chains have been recommended by several working groups and, in
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recent years, even some new experimental measurements have been initiated to
clarify small discrepancies or to get more detailed knowledge on the relevant decay
scheme (cf. for example a recent study on 3’Rb [35]).

As regards novel radionuclides, the decay data are fairly well established in
many cases, but more efforts are still required to improve them [36] for several
radionuclides. The decay data for many non-standard positron emitters, for ex-
ample, need revision. In particular, the positron emission intensities should be
determined with more modern techniques. In older measurements, many of the
radioactive samples were prepared without radiochemical separations; they were
radionuclidically not pure. Furthermore, -ray spectroscopy has not attained the
same precision as high-resolution y-ray spectroscopy. The X-ray component,
which is related to EC decay, was determined in older works generally using
a gas counter. The modern methodology of determination of positron emission
intensity consists of preparation of a very clean thin source, accurate measure-
ment of the annihilation radiation (using both HPGe detector y-ray spectroscopy
and yy-coincidence counting) and determination of the EC component via high-
resolution X-ray spectroscopy using a thin Si(Li) detector. The results for ®*Cu,
taken from [37], are given in Fig. 2.3 as a typical example. The 8~ branching was
determined by mass spectrometry, and the contributions of EC and 8* decay via
the method described above. For most of the positron emitters rather away from
the stability line, the B~ decay component is not observed and only EC and
B* decay are in competition. New precise measurements are considered to be ab-
solutely necessary to determine the positron emission intensities of the novel
positron emitters. Also the intensities of the weak y-rays need to be measured ac-
curately, especially if they are used in cross-section measurement. In the above
example, the intensity of the 1346 keV y-ray is still controversial.

EC (4380/0) 1+ 12.7 h

B~(38.4%)

2t ot
6llzn
1346 keV (stable)
(0.54%) / B*(17.8%)
0+
64Ni
(stable)

Fig. 2.3: Decay scheme of %4Cu with intensities of emitted radiations, taken from Qaim et al. [37],
with courtesy of De Gruyter.
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Similar to non-standard positron emitters, for several novel therapeutic radio-
nuclides as well, especially those emitting low-energy 8~ or a-particles and conver-
sion electrons, the intensities and spectra need better characterisation. This
applies, for example, to Th which decays by a combination of EC, f* and
a-particle emission. In the case of '°>Pd, the X-ray emission intensity is somewhat
discrepant. The radionuclides *>™Pt and **™Pt are very interesting isomeric states.
They are very promising for Auger therapy and demand more precise determination
of Auger electron spectra.

The above discussion simply outlines the general aspects of decay data of ra-
dionuclides. The main decay data of the standard medical radionuclides have been
given in Table 1.1 and those of the novel radionuclides, considered later in this
book, are given in chapters on production technology, where the production yields
are also given.

2.3 Cross-Section Data of Neutron Induced Reactions

Neutrons have no charge, so they can easily penetrate various materials and induce
radioactivity even at very low kinetic energies. With the increasing energy of the neu-
tron, the list of competing reactions increases. Extensive experimental, theoretical and
evaluation studies have been underway for many decades. The major aim was to sup-
ply accurate data for energy-related applications, but the radionuclide production
technology has also greatly profitted from those data. It is to be emphasized that cross-
section measurements of neutron induced reactions require special considerations.
Using the four quasi-monoenergetic neutron sources, namely “Li(p,n)’Be, >H(p,n)°He,
’H(d,n)’He and >H(d,n)*He, covering the energy region from about 0.2 to 20 MeV,
measurements of excitation functions for the formation of many radioactive products
have been performed. However, in the case of spectral neutrons, which are more
commonly encountered and used in radionuclide production because of high fluxes
(e.g., in a reactor), use of choppers, absorbers and time-of-flight (TOF) techniques is
common to measure the cross sections. Those measurements are rather demanding.
Nonetheless, a huge body of data has been accumulated and evaluated. The nuclear
processes used in production of radionuclides in a nuclear reactor are discussed
below.

2.3.1 Neutron Capture
This is the major activation reaction in a nuclear reactor and many radionuclides
are produced via this route. Extensive measurements, compilations and evaluations

on capture cross sections exist [38]. The direct capture of a neutron occasionally fol-
lows a sequential capture of another neutron. The two modes are discussed here.
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Direct Capture

The (n,y) reaction has generally a high cross section and therefore the yield of the
product is also rather high. The excitation function of a typical neutron capture re-
action [39] is shown in Fig. 2.4. Starting from the lowest energies (cold neutrons)
and proceeding to about 1 eV, the cross section shows a 1/v dependence, that is, the
cross section decreases inversely with the increasing kinetic energy of the neutron.
The major interest is in the thermal energy region where the (n,y) cross section is
high and the neutron flux in a reactor is also high (see Fig. 1.1(B)). The energy
spread of the neutrons in the thermal region is described by the well-known
Maxwellian distribution, with maximum intensity at about 0.025 eV. In the epither-
mal region, the cross section has a resonance character and the integrated cross
section (resonance integral) has a high value but, since the neutron flux is relatively
low, the contribution of this region to the formation of the radionuclide is rather
small. The high energy component of the neutron spectrum contributes only negli-
gibly to the formation of the (n,y) reaction product since both the spectrum-
averaged reaction cross section and the neutron flux have low values. The curve for
the **Mo(n,y)*’Mo reaction taken from [39] and shown in Fig. 2.4 is based on a large
number of experimental data points and extensive theoretical calculations. The

Thermal (seven studies) M
~ 25 keV (nine studies) 98Mo(n,y)99Mo
Lyon (1959)

Weston (1960) (corr.)
Kapchigashev (1964)
A Pet6 (1964)

O Stupegia (1968)

4 Dovbenko (1969)

® de L. Musgrove (1978)
+4 Trofimov (1984)

10*

> B K

103

102

Cross section (mb)

Wang Chunhao (1992)
Bilnov (1996)

Bhike (2009)

Uddin (2015)
——TENDL-2017

10t

- B O*
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Neutron energy (MeV)

Fig. 2.4: Experimental data for the *®Mo(n,y)*’Mo reaction available in the literature together with
the evaluated data given in the file TENDL-2017, taken from Tarkanyi et al. [39], with courtesy of
Springer.
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recommended value of the (n,y) reaction cross section for thermal neutrons is
0.130 + 0.006 b and the resonance integral (Iy) amounts to 6.9 + 0.3 b [38]. The (n,y)
cross section averaged over the fast neutron spectrum is estimated to be 14 + 3 mb.
Several other evaluations of the **Mo(n,y)*’Mo excitation function have also been
reported (cf. ENDF/B-VIIL1, JEFF-3.2). They generally agree with the accepted data
for the production of “Mo.

It is evident that for calculating the activity of %Mo, a cross-section value of the
(n,y) reaction averaged over the whole reactor neutron spectrum cannot be used.
Such a calculation should consider the three energy regions (thermal, epithermal
and fast) separately. Thus if the activation of **Mo in a medium power reactor is
calculated using the typical neutron flux density distribution for the DIDO reactor
given in Table 1.2 and the cross-section data mentioned above, it is found that
about 60% of the product *’Mo activity is formed through the thermal neutrons and
the rest through higher energy neutrons. This is a somewhat unfavourable case
because here the oy, is relatively low. In many other cases, for example in the reac-
tion *’Sm(n,y)">>Sm, where oy, is high, the contribution of the thermal neutrons to
the product formation amounts to about 84%. The general experience is that the
thermal component of the neutron spectrum plays a dominant role in the produc-
tion of a radionuclide via the (n,y) process. However, while calculating the produc-
tion yield of the radionuclide, the contribution of both the thermal and the
epithermal components of the neutron spectrum should be taken into account. It
should also be mentioned that, while irradiating a sample in the core of a reactor,
several threshold reaction products with relatively long half-lives may also be
formed as impurities. For example, in irradiation of "**Mo, ***Nb (T, = 10.1 d),
%Nb (T, = 35.0 d) and *°Zr (T, = 64.0 d) are also formed via the **Mo(n,p)°*"Nb,
%Mo(n,p)®°Nb and *®Mo(n,a)®°Zr reactions, respectively [40]. At a few reactors,
therefore, irradiations for radionuclide production are done in pure thermal col-
umns. In general, however, a knowledge of cross sections of all possible reac-
tions is important.

Sequential Capture

Occasionally, the radioactive product of an (n,y) reaction not only shows radio-
active decay but has also a tendency to capture another neutron. Thus the two
processes, namely radioactive decay and sequential neutron capture, compete
with each other. On the other hand, since the amount of the radioactive product is
very small, the second neutron capture occurs mostly in high flux reactors.
Furthermore, since the amount of the product of the (n,y) reaction increases with
time, the extent of sequential capture also increases with time. The build up of the
final product can be calculated through a set of Bateman equations, but the calcu-
lation is only approximate. As regards the determination of nuclear data for
the second stage of production, it is obvious that the difficulties are tremendous
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due to the very small number of target nuclei involved. Nonetheless, attempts
have been made in a few important cases to obtain some data both on thermal
neutron capture cross sections and resonance integrals. The two most important
examples are '*“Dy(n,y)'*°Dy(n,y)'**Dy and '**W(n,y)'"¥W(n,y)'*¥W. In the first
case, the product activity '**Dy decays with a half-life of 2.35 h but has also a very
high (n,y) capture cross section (o, = 3500 b). The product 16Dy decays with
a half-life of 81.5 h to the daughter '**Ho (T, = 26.8 h), which emits low energy
B~ particles. Since the final product is in no-carrier-added form, it has a high spe-
cific activity and is suitable for internal radiotherapy. The same applies to
the second case as well. The product of the '®*W(n,y)'®’W reaction decays with
a half-life of 23.7 h but the cross section of the process '*’W(n,y)'**W (o, = 70 b) is
relatively high and so the product *8W is formed in sufficient quantity. Because
of its relatively long half-life, the final product '*®W is used in the preparation of
the generator system '®8W (69.0 d)/'®8Re (17.0 h). The no-carrier-added daughter
product finds application in internal radiotherapy.

A yet another case of sequential capture of the neutron entails the capture not
by the radioactive product of the (n,y) reaction but by the decay product of the (n,y)
reaction product. The most typical example is the formation of the very important
radionuclide 1. It is produced via the **Xe(n, y)leXeE—C> 121 process. During the
irradiation of the '**Xe gas, the (n,y) reaction product '*Xe decays with a half-life of
16.9 h to the long-lived I (T, = 59.4 d), which gets accumulated in the irradiation
vessel. In case of a short irradiation, pure I can be separated from the vessel.
However, if the irradiation is long, and enough ®I nuclei have been accumulated,
due to the relatively high cross section of the *I(n,y)"**I process (g, = 900 b), the
amount of I formed is not negligible. This then becomes an undesired impurity.
A knowledge of nuclear data therefore helps to choose a suitable irradiation time to
keep the impurity level to a minimum.

2.3.2 Neutron Induced Fission

The splitting up of a nucleus under the impact of an incident neutron into two un-
equal or equal parts is termed as fission, the former being called asymmetric and
the latter symmetric fission. With the increasing energy of the neutron the asymme-
try decreases. Extensive experimental and theoretical studies have been performed
to understand the phenomenon of fission. In general, up to 200 different radio-
nuclides are formed in the fission process. Their nuclear data are of great impor-
tance in nuclear technology. From the viewpoint of radionuclide production,
however, the most relevant nuclear data are the fission yields of the products. In
low-energy fission, the mass distribution curve of the products shows a two hump
structure separated by a deep valley. The mass chain fission yields have been gen-
erally accurately measured and thoroughly evaluated.
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It is understood that the radionuclide production via the fission process is mean-
ingful only for products of relatively high yields, that is, the products that lie on one or
the other hump of the mass distribution curve. Those humps relate to nuclides with
masses in the range of 85-106 and 129-140. Some of the long-lived products with their
respective fission yields are listed in Table 2.1. The very long-lived products *Tc,
12T and ®°Cs are a menace in the disposal of radioactive waste from nuclear power
reactors. The radioactive *’Cs is partly used in external radiation therapy. The radionu-
clide ®Sr is commonly used in internal radiotherapy but it cannot be obtained in
a pure form via the fission process because it is always contaminated with *°Sr. Its pre-
ferred production route is therefore the 8Y(n,p)®°Sr reaction (see below). The emphasis
in radionuclide production via the fission process is thus limited to *°Sr, *Mo and ™I

Table 2.1: Some long-lived radionuclides formed in high yields in the
thermal neutron induced fission of 2°U.

Radionuclide Half-life Fission yield (%)
89gy 50.5d 4.69 £ 0.06°
205r 28.9a 5.77 £ 0.40°
Mo 2.75d 6.13 £ 0.09°
%Tc 2.1x10°a 6.13 £ 0.09°
129) 1.6 x 107 a 0.71+0.03°
131 8.02d 2.88 = £0.26"
135Cs 2x10°a 6.62 +0.23°
137¢s 30.2a 6.21 £ 0.45°

@ From IAEA-INDC(NDS)-0534 (2008).
® From IAEA-Technical Report-473 (2011).

It should be emphasised that very elaborate chemical separation methods need to
be applied to obtain the desired radionuclide in a radionuclidically pure form.
However, the product is no-carrier-added, so its specific activity is high. The radio-
chemically separated *°Sr is used to prepare the *°Sr/°°Y generator. The isolated
daughter *°Y (T, = 2.7 d) is used in internal radiotherapy. Similarly the separated
%Mo is utilized in the preparation of the *Mo/?*™Tc generator where the daughter
#MTc (T, = 6.0 h) finds application in SPECT. The radionuclide *'I (T., = 8.02 d),
on the other hand, is used directly in internal radiotherapy.

2.3.3 Neutron-Induced Charged-Particle Emission Reactions

The interaction of a neutron with a target nucleus may also lead to emission of
a charged particle, especially in the region of light mass elements. The light mass
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nuclei *He and °Li, for example, interact with thermal neutrons to produce a lot of

tritium via the reactions *He(n,p)’H (o = 5330 b) and °Li(n,a)’H (¢ = 940 b). In gen-

eral, however, the emission of a charged particle involves overcoming a certain bar-
rier which consists of a sum of the energy threshold and the Coulomb barrier. The
energy threshold is the minimum kinetic energy of the neutron needed to induce

a reaction. The Coulomb barrier on the other hand may, in certain cases, be relaxed

through the tunneling effect, that is, sub-Coulomb barrier emission may occur. The

emission of a proton has generally a higher probability than the emission of an a-

particle; so the (n,p) reaction is often utilized in medical radionuclide production in

a reactor. It should, however, be kept in mind that the fission neutron spectrum has

only a small fraction of neutrons in the MeV region (cf. Fig. 1.1(B)). The (n,p) reac-

tion cross section with fission neutrons is thus generally low. There are two meth-
odologies for obtaining the (n,p) reaction cross section averaged over the fission
neutron spectrum:

a) Direct measurement of the yield of the radioactive product after irradiation of
the target with a given fast neutron flux. The result describes the integral cross
section.

b) Measurement of the excitation function of the (n,p) reaction using quasi-
monoenergetic neutron sources covering the energy range up to about 20 MeV.
The cross section is then averaged over the fission neutron spectrum. It is then
called integrated cross section.

A comparison of the integral and integrated cross section serves to validate the two
types of data. Measurement of an excitation function often delivers good informa-
tion on the mechanism of emission of the charged particle, but the integrated data
have generally higher uncertainties than the integrally determined values.

The excitation function of the 3°S(n,p)*?P reaction, taken from [41], is shown in
Fig. 2.5 as an example. A large number of measurements were done and the results
showed considerable discrepancies. The two curves given in Fig. 2.5 are based on rig-
orous evaluations of all data. The dumb-bell-shaped curve is typical of the excitation
function of an (n,p) reaction. A few fluctuations (or resonances) in the energy region
up to 5 MeV are characteristic of light mass target nuclei because of preferential pop-
ulation of some of the discrete energy levels of the product nucleus. The cross section
averaged from this excitation function over the fission neutron spectrum amounts to
68.2 mb. Several integral measurements of the cross section of the same reaction
using the fission neutron spectrum gave a mean value of 69.0 + 1.4 mb [41, 42]. The
agreement is excellent but the effort devoted to data evaluation has been extensive,
partly because of the importance of this reaction in reactor dosimetry (cf. IAEA-IRDFF
-2014). Incidentally, this reaction was the original process used by Chievitz and
Hevesy [6] to produce **P using neutrons from a Ra-Be source (see Section 1.1).

Besides >?P, several other medically useful radionuclides have been produced via
the (n,p) reaction. The common examples are **Cl(n,p)**S (T, = 87.5 d), *“Zn(n,p)**Cu
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Fig. 2.5: Excitation function of the 32S(n,p)*?P reaction, taken from Qaim et al. [41], with courtesy
of IAEA.

(Ty, = 12.7 h), *Zn(n,p)*’Cu (T, = 2.58 d) and %°Y(n,p)®**Sr (T., = 50.5 d). The fission
neutron spectrum averaged cross sections of all those reactions have been extensively
measured and evaluated, and recommended data are available [41, 42]. The excitation
function measurements of those reactions up to 20 MeV, however, are far from being
complete and therefore the neutron spectrum integrated cross sections of those
reactions often show discrepancies with the integral measurements [36]. Nonetheless,
for production purposes the integral database is reliable. The yields are low because
the cross sections are rather small. The batch yields achieved after long reactor irradi-
ations are, however, generally enough for medical applications. The major advantage
of the (n,p) process is that the product radionuclide is obtained in a no-carrier-added
form.

In addition to routine production of the above mentioned radionuclides, the (n,p)
process has been investigated for the production of several other radionuclides as well.
Some of the examples are *°Zr(n,p)*°Y (T, = 2.7 d), **Eu(n,p)**Sm (T., = 1.93 d),
19Tm(n,p)"**Er (T, = 9.4 d) and “Lu(n,p)"””Yb (T., = 4.2 d). The work has, however,
been limited to cross-section measurement [43]. Due to the rapidly decreasing value of
the (n,p) reaction cross section with the increasing mass of the target nucleus, no
radionuclide beyond mass 90 is produced via the (n,p) reaction.

It should be observed that out of the above-mentioned five radionuclides pro-
duced via the (n,p) reaction, viz. >?P, *S, ®Cu, ®’Cu and ®°Sr, the production of
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64Cu and ®’Cu has shifted mainly to cyclotron but the other three are still produced
via the (n,p) reaction in nuclear reactors.

2.4 Charged-Particle Induced Reaction Cross-Section Data
2.4.1 General

In contrast to neutron induced reaction cross sections, which received great
attention right from the beginning because of their energy-related applications,
the charged-particle induced reaction cross sections were initially measured
mostly in the context of reaction mechanisms. The main emphasis in those inves-
tigations was on the measurement of emitted particles, especially their energy
and angular distributions. In principle, an integration of the emitted particle
spectrum over the whole range of energy and angular distribution would yield
the cross section for the formation of a product nucleus. In practice, however,
such fundamental studies on nuclear reactions hardly reported integrated cross
sections for the formation of product nuclei. Though some attempts to determine
the formation cross sections of the medically important radionuclides *'C, >N and
8F via measurements of the neutron spectra emitted in (p,n) reactions on B,
13C and 80, respectively, were fairly successful [44], the integral cross-section
data as a function of incident particle energy (excitation function), needed in
radionuclide production, required special consideration. Experimental work
specifically related to cyclotron production of individual radionuclides was
started already in the late 1960s and continued in 1970s in several laboratories,
for example, Brookhaven, London, Saitama and Jiilich. But more systematic and
critical studies on the role and status of charged-particle induced reaction cross-
section data relevant to the production of medical radionuclides were initiated
at the Forschungszentrum Jiilich in the late 1970s. After two plenary talks in
1978 at the newly established International Conferences on Radiopharmaceutical
Chemistry in Oxford and Nuclear Data for Science and Technology at Harwell,
this author wrote the first review article on the topic in 1982 (see Appendix I), dis-
cussing various aspects of this emerging area of research. The field developed
further and the data for the production of radiohalogens as well as generator
parents at cyclotrons were also reviewed (Appendices II and III, respectively).
Thereafter, the IAEA got interested in the subject and several consultants” and
technical meetings were held, all under guidance of this author. Those meetings
led to the formation of several successive Co-ordinated Research Projects (CRPs)
for standardisation of charged-particle data. Over the years it has become a still
more interesting area. The field of charged-particle induced reaction cross-
section data is still developing. Therefore, its salient features are discussed below
in some detail.
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2.4.2 Significance of Data

The significance of charged-particle data was discussed already in 1982 (see
Appendix I); here a brief updated outline is given.

Reaction Cross Section

The cross-section data are needed in radionuclide production for

(i) determining the energy range optimum for the production of a specific
radionuclide,

(ii) calculating the expected thick target yield of the radionuclide to be produced,

(iii) calculating the yields of radionuclidic impurities for a given thickness and en-
richment of the target material.

A selection of the projectile energy range that will maximise the yield of the desired
product and minimise that of the radioactive impurities is of vital importance in op-
timising a production method. At low projectile energies, the number of open reac-
tion channels is generally small but with increasing incident particle energies
several competing reactions set in. Whereas the non-isotopic impurities produced
can be removed by chemical separations, the level of isotopic impurities can be
suppressed only by using enriched isotopes as target materials and/or by careful
selection of the particle energy range effective in the target. At high incident projec-
tile energies, naturally the nuclear data needs are also higher. Often only a very
narrowband of energy is utilized to ensure the purity of the desired radionuclide.
A knowledge of the excitation function plays a very important role, especially in
designing gas targets. The incident energy of the projectile, the length of the target
as well as the pressure of the target gas are to be selected in such a way that only
the desired portion of the excitation function is utilized, the remaining energy of
the projectile being dumped on a beam-stop.

Thick Target Yield

The activation equation for the formation of a product via a charged-particle induced
reaction using a very thin target given in Section “Some Special Considerations” in
Chapter 1 is used in the following modified form while calculating the yield of
a radionuclide from a target of a particular thickness (thick target yield):

A= N;&H I(1- e-“)EJ2 (j(li()_lo(E)dE
E

where Ny, H, M, I, A and t have the same meaning as mentioned in Section “Some
Special Considerations” in Chapter 1. The term (ﬁ) describes the stopping power,
o(E)dE the cross section at energy E, and E; and E, are the lower and upper energy
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limits of the projectile in the target. Yields are generally calculated for a certain
energy range for a current of 1 pA and irradiation time of 1 h (MBq pAh™). In some
cases, saturation yields appear to be more meaningful (MBq pA™).

The calculated yield value from the above equation represents the maximum
yield, which can be expected for a given target system. In practice, however, the
experimentally obtained yield in a high-current production run is invariably lower
than the theoretical value, possibly due to inhomogeneity in the incident beam, ra-
diation damage effect, loss of the product as a result of high power density effective
at the target and so on. It is therefore emphasised that the result of an experimental
thick target yield measurement is not enough for optimising a production process.
The basic parameter in the production of a radionuclide is the cross section and not
a particular target yield. The latter reflects only the specific conditions prevalent
during the production process. An accurate knowledge of the excitation function,
and therefrom the calculated thick target yield, helps in designing target systems
capable of giving higher yields. On the other hand, it should also be pointed out
that the problems associated with the large-scale production of radionuclides are
not solved simply by measuring the cross section. Other factors like suitability of
a material for target construction, heat transfer, remote handling, chemical process-
ing and quality control are often of greater importance. The efforts in the field of
nuclear data should therefore go hand in hand with the other development work.

Similar to the yield calculation for the desired radionuclide, the yields of the
impurities can also be calculated if the excitation functions of the relevant reactions
are known. It is then easy to keep a check on the radionuclidic impurities associ-
ated with a particular production method.

2.4.3 Experimental Determination of Charged-Particle Induced Reaction Cross Section

The experimental techniques involved in the determination of charged-particle
induced reaction cross sections are somewhat different than those in the case of
neutron induced reactions. As discussed in Section “Some Special Considerations”
in Chapter 1, this is mainly due to the rapid decrease of the projectile energy in the
target material and the accompanying change in the cross section. The experimen-
tal techniques were outlined earlier (see Appendix I). However, the cross-section
measurement methodology has experienced a tremendous improvement in recent
years. This warrants a more detailed discussion of this subject.

Two techniques have been used for measuring reaction cross sections. The first
one is applicable in the case of variable energy cyclotrons. Thin samples of the target
material are irradiated either with extracted beams of varying energies or at appropri-
ate radii in the internal beam. The activated products are assayed quantitatively,
often using radiochemical methods. The second technique consists of irradiating
a set of foils, thin sandwiches or thin pellets of the material under investigation
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together with a few monitor foils, placed together in a stack. The induced radioacti-
vity in each foil is then determined. This technique is called stacked-foil technique.
Besides foils the technique has also been applied to gas targets. Several thin-walled
gas cylinders are placed in a row to constitute a stack of samples. A schematic
arrangement for irradiation of a stack of foils is shown in Fig. 2.6(A) and that for irra-
diation of gas cylinders in Fig. 2.6(B). The monitor foils are used to determine the
beam intensity and adjust the beam energy (see below).

The use of stacks of foils, pellets or cylinders is very useful since cross-section
data at several energies are obtained in a single irradiation. On the other hand, if
proper precautions are not taken, considerable errors may occur both in the energy
scale and the cross section. Over the years, this technique has attained a great de-
gree of sophistication in four directions, namely thin sample preparation, beam
characterization, projectile energy adjustment in the stack and radioactivity mea-
surement. A discussion of those features is given below.

Thin Sample Preparation and Irradiations

In order to avoid excessive energy degradation in each sample it is essential to use
thin foils. This is all the more important in the low-energy rising part of the excita-
tion curve to be able to get more detail. The foils should, however, be thick enough
to produce measureable activities for getting good counting statistics. In the case of
ductile metals (e.g., Al, Ti, Cu, Mo, Ag and Au), foils of varying thicknesses are com-
mercially available. However, it is absolutely necessary to determine the thickness
of each foil in the laboratory and not to rely simply on the supplier’s specification.
Most of the reaction cross-section measurements reported in the literature in recent
years were carried out using foils of metals of natural isotopic composition. Thin
foils of non metallic and amorphous substances, however, are difficult to get.
Similarly the isotopically enriched target material is also generally supplied in pow-
der form. Thus, in those cases special preparative methods are necessary.

The techniques of sublimation and vacuum evaporation have been occasionally
used for getting thin films on a suitable backing [45]. The use of sedimentation pro-
cess to prepare thin samples of isotopically enriched amorphous materials has
found a relatively wide application [46, 47], although the spread is often not uni-
form. Occasionally, the target material in powder form was pressed to obtain a thin
pellet [46]. A more elegant method is electrolytic deposition which gives rise to
desired thin films which are uniform in thickness, dense and adherent. Uniformity
in the thickness of the film is a very important parameter in cross-section work.
Through the development of a small-volume electrolytic cell [48, 49], with
a hanging rotating electrode in the middle, the technique was found to be very use-
ful. A sketch of the apparatus is shown in Fig. 2.7. Using different electrolytic solu-
tions, the apparatus has been extensively applied over the last 25 years at the
Forschungszentrum Jiilich to prepare thin samples (1-10 pm thickness) of Cr, Fe,
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Fig. 2.6: Schematic arrangement for irradiation of samples with a charged particle beam: (A) stack
of target and monitor foils, (B) Part (a) stack of gas cylinders, (b) broadening beam in rear
cylinders, determined by the activity distribution in the front Ti window, (c) decreasing >He-particle
beam energy in rear cylinders, calculated by the code STACK. Figure (B) is taken from Tarkanyi

et al. [57], with permission from Elsevier.

Ni, Zn, Se, Te and Os, often working with small amounts of rather expensive, highly
enriched target isotopes (e.g., *°Cr, **Fe,®'Ni, ®Ni, "°Zn, "°Se, *°Te, ZTe, *Te,
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Fig. 2.7: Schematic diagram of the mini-cell used for electrolytic deposition of metals (e.g., "°Ge
from a solution of °GeCl, in propylene glycol), taken from Mushtaq and Qaim [48], with courtesy
of De Gruyter.

125Te, 125Te and '%?0s), to measure cross sections of proton, deuteron, *He- and a-
particle induced reactions, especially in the low-energy region up to 25 MeV. After
preparation, the thickness of each sample was accurately determined.

In addition to the thickness of the foil or of the deposited material, it is impor-
tant to keep a check on the chemical purity of the prepared sample. It is therefore
advisable to submit a few independent samples to full physicochemical analysis.
Furthermore, if an enriched isotope is used as the target material, it is important to
know not only the percentage enrichment of the target isotope but also the exact
isotopic composition of the target since many of the radioactive impurities accom-
panying the desired radionuclide may originate through nuclear reactions on the
less abundant isotopes in the target.

As far as gas targets for nuclear reaction cross-section measurements are con-
cerned, useful cryogenic techniques have been developed for handling expensive
isotopically enriched gases. A typical apparatus is shown in Fig. 2.8 [50]. It is made
of stainless steel, with manually operated bellow valves and metal tube fittings.
The connections between the gas cells and the movable gas handling system had to
be frequently separated; therefore they consisted of O-ring face sealed couplings.
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Prior to use, the gas cells and the handling system were carefully checked against
leakage at 10°° Torr using a helium leak detector. The enriched target gas was gen-
erally delivered by the supplier under low pressure in a relatively large cylinder. It
was therefore necessary to transfer it first by cryogenic pumping to a small 10 mL
container. Thereafter, the gas cells used for cross-section measurements were filled
to a pressure of 1-2 bar from that container. The same vacuum line could also be
used for filling or evacuating a production target with enriched or natural gas.
Similar to highly enriched solid targets, in recent years extensive cross-section
measurements on isotopically enriched gases, like *20,, 3®Ar, %8>83Kr and **Xe,
were also performed at the Forschungszentrum Jiilich.

Beam Characterisation

The charged-particle beam from an accelerator or a cyclotron needs to be properly
characterised before it impinges on a target, the quality factors being the energy,
the shape and the intensity. The energy of the extracted beam is generally given by
the accelerating machine parameters and the shape of the beam is controlled,
besides the magnets, by the collimator placed in front of the irradiation target. The
intensity of the beam is registered by charge collection.

In general, small-sized linear accelerators (van de Graaff, pelletron, etc.)
deliver more well-defined beams than a cyclotron. Regarding cyclotrons, the older
physics machines delivered high-quality beams (e.g., at Berkeley, Brookhaven,
Harwell, Birmingham, Amsterdam, Saclay, Jiilich and Saitama) but of low intensi-
ties. A lot of work on nuclear reaction cross-section measurements was done
using those cyclotrons. However, the production possibilities of radionuclides in
quantities sufficient for medical applications were limited. With the development
of application-oriented robust cyclotrons (levels II-IV, Table 1.3), the emphasis
has now become more on higher intensity rather than on beam quality. Some of
them have a short beamline for tuning an extracted beam while in many others
the production target is directly connected to the exit port. In recent years, several
of those dedicated cyclotrons have also found some application in nuclear reac-
tion cross-section measurements. The characterisation of those beams is abso-
lutely necessary. It is briefly described below.

a) Incident Particle Energy

The determination of the incident particle energy is particularly important in nuc-
lear reaction cross-section measurement. This has been done by developing TOF
methods [51, 52], but more commonly by the activation method [49] which involves
a comparison of the normalised radioactivities of two different reaction products in-
duced in a monitor foil. This method was used, for example, to determine energies
of the extracted proton beams from two cyclotrons at Jiilich, namely BC1710 and
CV28. For this purpose a thin Cu foil (~20 pm thick) was placed in front of a target
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and irradiated with protons. The radioactivities of the three products, viz. ®*Zn
(T, = 9.2 h), ©Zn (T, = 38.5 min) and ®*Zn (T, = 243.9 d), were determined by y-ray
spectrometry and normalised for the cross section and the irradiation-time
dependent saturation factor. Therefrom the ratios of the activities of >Zn/%?Zn and
2Zn/%Zn were obtained. The ratios were also calculated theoretically from the
evaluated excitation functions [53] of the three relevant reactions, namely
natcy(p,x)%%Zn, " Cu(p,x)®>Zn and "'Cu(p,x)®°Zn. From a comparison of the two
ratios, the average energy of the proton beam within the foil was deduced. The
energy of the extracted proton beam at the cyclotron BC1710 was found to be
16.7 MeV [54]. This value is about 3% lower than the value of 17.2 MeV given by
the cyclotron parameters. Similarly the proton beam energy at the compact cyclo-
tron CV28 was found to be 18.7 MeV [49], which was 6.5% lower in comparison to
20.0 MeV given by the cyclotron parameters. Interestingly, at that cyclotron the
TOF measurement [51] showed the proton energy to be 18.8 MeV. Thus, the radio-
activity comparison method appears to be quite reliable for the determination of
incident projectile energy in various energy regions, provided suitable cross-
section data for monitor reactions with different thresholds are available. In re-
cent years, the knowledge on monitor reactions has considerably enhanced [55].
Because of its simplicity the technique is therefore now being used in many labo-
ratories engaged in nuclear reaction cross-section measurements.

b) Beam Shape

The beam coming out of the cyclotron and passing through a beamline generally
falls on a collimator whereby it is reshaped by the setting of the aperture of the
collimator. To determine the beam profile at the target position, a metal foil, for
example, Nb, is irradiated and the glow is registered with a camera [56]. A simpler
method is to irradiate a Cu foil at a low current of 1 pA, and to determine the con-
tour of the radioactive spot by instant imaging. At the cyclotron BC1710 mentioned
above, for example, an 8 mm aperture collimator was used and the Cu foil was
irradiated immediately behind the collimator. The beam was found to be dense
and more or less of spherical shape with a diameter of about 8 mm [54]. Another
foil irradiated at 630 mm away from the collimator, however, showed a diffused
shape, though the major intensity appeared to be concentrated over an area of
about 9 mm diameter. It is therefore recommended that the samples to be irradi-
ated for nuclear reaction cross-section measurements are placed as near as possi-
ble to the back of the collimator and the diameter of the irradiation sample is
comparable to that of the collimator.

It should also be pointed out that the shape registered at the first foil of a stack
undergoes some change within the stack due to scattering effect. This small change
in shape is not of any great consequence as long as the sample and the monitor are
of the same size and shape. In a row of gas cylinders, however, the beam scattering
effect is very pronounced and care has to be taken that the beam remains within

printed on 2/13/2023 3:41 AMvia . All use subject to https://ww.ebsco. confterms-of-use



EBSCChost -

2.4 Charged-Particle Induced Reaction Cross-Section Data =—— 45

the cell even in the farthest cylinder [57]. Considerable errors in reaction cross sec-
tions would occur if part of the beam is lost within a cell by hitting its inner wall.

c) Beam Intensity

The beam intensity is often deduced from the electric charge collected at the target.
At high-precision low-current physics cyclotrons, a well-insulated charge collector
(Faraday cup) can give accurate results. At production cyclotrons, however, the
charge collected gives only approximate beam current because the effect of second-
ary electrons is not eliminated, particularly at low beam currents. The production
cyclotrons are tuned to deliver relatively high currents, nominally up to 50 pA. The
currents registered at the target have uncertainties of about 5% as ascertained by
activation measurements. The relatively low currents needed in nuclear reaction
cross-section measurements, however, are more difficult to adjust. The minimum
extracted current at BC1710, for example, was about 500 nA and the uncertainty
could be up to 20%. An exact measurement of the current is therefore invariably
done in each experiment via the common practice of foil activation and determi-
nation of the radioactivity of a known monitor reaction product (see above).

Projectile Energy Adjustment in Sample Stacks
As mentioned earlier, most of the excitation functions of application-oriented
nuclear reactions are measured today using the stacked-foil activation technique.
In all those experiments, the energy of the projectile incident on the front sample is
measured either via the physical method or more commonly via the activation of a
monitor foil. The latter technique also gives a relatively accurate value of the inci-
dent flux of the projectile. The energies effective in the back samples are calculated
using the range—energy relationship programs (see Introduction, Section “Some
Special Considerations”) which, however, have uncertainties. In general, the uncer-
tainties increase with the thickness of the stack. Thus many old measurements
where initial projectile energies of about 70 MeV or more were used and the stacks
were rather thick to degrade the energies to 10 MeV or even lower, the calculated
energies of the back samples could contain errors of several MeV. In modern meth-
odology, therefore, not just one but a large number of monitor foils are placed inter-
spersed in the stack. By considering the generated monitor activities, the calculated
energy effective in each foil is adjusted and normalised. This procedure suggested
and developed, after several IAEA-CRPs on charged-particle data evaluations, is
now applied by most laboratories performing nuclear reaction cross-section meas-
urements. The quality of the data obtained has therefore considerably improved in
recent years.

The case of gas cells again needs special attention. In contrast to solid samples,
in a gas target plasma is built under the impact of radiation and the gas tends to
move towards the inner wall of the cell. Consequently, the gas thickness in the path
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of the beam decreases and the energy calculation may contain an additional error.
This effect is low at low currents but increases rapidly with the increasing beam in-
tensity. In nuclear reaction cross-section measurement on a gas, therefore, it is
strongly advised that only a low beam current is used.

Measurement of Radioactivity

Most of the radionuclides potentially useful for in vivo applications emit suitable
y-rays. In cross-section work, therefore, high-resolution HPGe detector y-ray spec-
troscopy combined with efficient software for peak area analysis is now the most
commonly used method for determining the radioactivity. When using samples of
isotopically enriched materials, the y-ray spectra registered are relatively clean and
the peak area analysis is rather straightforward. Many experimenters, however, use
only materials of natural isotopic composition. The resulting spectra are then more
complex. This is especially the case when a lanthanide element is irradiated: due to
the occurrence of many low-lying closely spaced nuclear levels, the y-ray spectra
encountered are complex. A very careful analysis of the spectrum is then called for.

In the case of pure 8" emitters, that is, when no characteristic y-ray is emitted
(e.g., 'F, >°P), use is generally made of the 511 keV annihilation radiation, either via
y-ray spectroscopy or via yy-coincidence counting. However, since annihilation radia-
tion is emitted by every B* emitter, it is absolutely necessary to carry out a full analysis
of the decay curve. If two B* emitters of almost similar half-lives are expected, a
B-spectrometric analysis is essential. In work on *°P (T, = 2.5 min), for example, it was
suspected that some 0 (T., = 2.0 min) may be present. Measurement of * > 2.0 MeV
(i.e., beyond the cutoff energy of the positrons from 0) therefore yielded accurate
contribution of >°P.

Many radioactive products under investigation are determined quantitatively via
high-resolution y-ray spectroscopy without involving a radiochemical separation. For
identification of products emitting soft radiation (e.g., *I), however, it is almost
invariably necessary to isolate the radionuclide from the matrix activity. The same
applies to the study of some low-lying isomeric states of a few radionuclides which
are of interest in internal radiotherapy. Their decay via EC or IT is associated with the
emission of Auger electrons and X-rays or low-energy y-rays, for example, "'"™Sn,
193mpy 195Mpt  So a new approach to cross-section measurement has emerged. It
involves a clean radiochemical separation of the product and determination of its
radioactivity by high-resolution X-ray spectrometry [cf.58]. Thus, radiochemical sepa-
rations are not only important in the full production process, as discussed in later
chapters, but occasionally also in reaction cross-section measurements [59].

Excitation Functions and their Uncertainties
From the measured count rate of a radionuclide, extrapolated back to the end of
bombardment (EOB), the absolute activity is calculated by the relation

printed on 2/13/2023 3:41 AMvia . All use subject to https://ww.ebsco. confterms-of-use



EBSCChost -

2.4 Charged-Particle Induced Reaction Cross-Section Data =— 47

CPS - fabs - fpile * feoinc
I-¢

A(ingg) =

where cps represents counts per second, fi,s the corrections for self-absorption in
the source and adsorption in the intervening medium between the source and the
detector, f,;e the correction for “pile-up” of the activity, feoinc the corrections for co-
incidence losses (random and real), I, the intensity of y-ray (per decay event) and &
the efficiency of the detector for the radiation counted (considering the size and dis-
tance of the source).

From the measured radioactivity in each sample and the effective beam current
the cross section of a reaction is obtained using the well-known activation equation
given in Chapter 1. A plot of the cross section against the respective energy then
yields the excitation function needed in the radionuclide production work.

There are three major sources of uncertainty in the measured excitation functions:
(i) Determination of beam current
(ii) Determination of absolute activity of the activation product
(iii) Range—energy calculation

The beam current measurement has considerably improved in recent years through
the use of well-evaluated monitor reactions (see above), at least up to about 30 MeV.
In general, an uncertainty of about 6% is assigned to the beam current measurement.
The uncertainty in the determination of the absolute activity of the activation product
arises mainly from the uncertainty in the efficiency of the counting system as well as
the decay data used. In most cases, both the efficiency and the decay data are known
well so that the total uncertainty due to this source generally does not exceed 3%.
The uncertainty in the range—energy calculation leads to errors in the energy scale.
Use of rather thick foils in the case of low energy projectiles causes considerable
errors, and in the sharply increasing or decreasing section of an excitation function,
it may mask the fine structure, if any. Again, as discussed above, in recent years the
projectile energy adjustment in a sample stack has led to increased accuracy of the
results. The reported cross sections have, in general, total uncertainties of about
8-10%; for low-yield products the total uncertainty may be up to 25%.

2.4.4 Standardisation of Charged Particle Data

It is important to evaluate and standardise the charged-particle induced reaction
cross-section data to assist the user to choose proper conditions for the cyclotron
production of medical radionuclides with acceptable quality. Considerable
amount of experimental effort has been devoted over the last 30 years by many
groups to determine reaction cross sections. All data have been compiled in the
EXFOR file of the IAEA. The evaluation of those data was initiated under the
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auspices of the IAEA about 20 years ago. Since no evaluation methodology existed

at that time, the initial work was rather empirical. However, in later years, strong

application of nuclear model codes could be built in. All the major available nu-
clear model codes, namely GNASH, STAPRE, ALICE-IPPE, TALYS and EMPIRE,
were tried. With the exception of ALICE-IPPE, which is based purely on the exci-
ton precompound model, all of the other codes entail a combination of compound
and precompound processes.

While developing the evaluation methodology, three points clearly emerged:

(a) The need to adjust the reported formation cross sections of a radionuclide
according to its latest available decay data, especially y-ray intensities.

(b) The absolute necessity to standardise cross sections of reactions used for
charged-particle flux measurement (monitor reactions). This need led to the
development of a large number of monitor reactions for proton, deuteron, >He-
and a-particle beams over a wide range of energies. As mentioned earlier,
through the use of those monitor reactions, the accuracy of data reported in re-
cent years from various laboratories has considerably increased.

(c) The nuclear model calculations reproduce the experimental data with varying
degrees of success. They are not applicable to reactions on very light mass
nuclei and are also not very successful in reproducing isomeric cross sections
without special parametrization. Their main objective in the evaluation process
is therefore to check the consistency in the reported data.

The finally recommended excitation function is generally based on statistical fitting
of the selected experimental data. The evaluated and recommended data for the
major diagnostic radionuclides are now available in ref. [53] and those for the thera-
peutic radionuclides in ref. [41]. They should allow a proper selection of the projec-
tile energy range in a target to ensure high radionuclidic purity of the desired
radionuclide, and the accompanying radioactive impurities can be accurately calcu-
lated. The two files are being continuously updated. Work on the evaluation of data
of some novel radionuclides is in progress in several laboratories.

It should also be pointed out that the evaluated charged-particle induced
nuclear reaction cross-section data need to be validated before they are finally
recommended for applications. As mentioned earlier, the evaluation methodology
is still developing. This is all the more so for validation methodology, which is
presently only rudimentary. One option is to compare the evaluated data from
enriched isotopic targets with those from the natural element, after appropriate
normalisations. This method was utilized in the validation of evaluated produc-
tion data for '*“I, 7°Br and ®’Ga. A second option is that highly enriched target
material is irradiated under very well-defined conditions, and the radioactivity
generated is precisely determined. A comparison of the integrally measured value
with that calculated from the evaluated excitation function should then throw
light on the reliability of the recommended data. Important is here, however, that

printed on 2/13/2023 3:41 AMvia . All use subject to https://ww.ebsco. confterms-of-use



EBSCChost -

2.5 Typical Examples of Charged Particle Data = 49

well-planned benchmark type experiments are performed, that is, a simple yield
measurement in a production run is not sufficient. This type of nuclear data vali-
dation work related to charged-particle activation of materials for medical radio-
nuclide production has hitherto not been paid much attention, but it is expected
to gain more importance in the future.

2.5 Typical Examples of Charged Particle Data
2.5.1 General

The charged-particle induced reaction cross sections are dependent on several fac-
tors, for example,

— type and energy of the projectile,

— atomic mass of the target nucleus,

- type of nuclear reaction and

— level structure of the product nucleus.

Those factors are briefly discussed. In light mass target nuclei (A < 25), due to low
Coulomb barrier, interactions of charged particles with nuclei are possible with high
probability even at low projectile energies, leading mainly to the formation of short-
lived positron emitters. In fact this characteristic of formation of positron emitters in
low-energy reactions has led to the development of production of large amounts of
radionuclides at small-sized cyclotrons for PET studies. The variation of the reaction
cross section as a function of the projectile energy (i.e., the excitation function), how-
ever, often shows a resonance structure, the various peaks being attributed to preferen-
tial population of some well-separated isomeric states of the product nucleus. The
results are difficult to reproduce by nuclear model calculations because of the weak
contributions of statistical processes and dominance of direct interactions.

For target nuclei with mass number above 25 (especially above 40) and pro-
jectile energies up to about 30 MeV, the excitation function generally becomes
smooth because of the increasing significance of the statistical processes. Most of
the non-standard positron emitters, many of the SPECT radionuclides and a few
therapeutic radionuclides are produced over this energy range via relatively sim-
ple reactions with high cross sections, for example, (p,xn). In case of heavy mass
targets and projectiles of intermediate energy (up to about 100 MeV), more com-
plex, relatively low-yield reactions like (p,2p), (p,an), (p,xpyn) and others also
occur and are utilized in a few cases for production of some special therapeutic
radionuclides. Finally, in the heavier mass region, a few low-lying high-spin
isomeric states are preferentially populated by a-particle induced reactions. With
a view to elucidating the above points, some typical excitation functions are dis-
cussed below.
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2.5.2 Data for Formation of Standard Positron Emitters

The four standard short-lived positron emitters (namely *'C, N, 0 and '®F) are com-
monly produced via low-energy reactions, that is, “*N(p,a)"'C, °0(p,a)®N, N(d,n)*0,
80(p,n)'®F and *°Ne(d,a)'®F. A summary of other reactions used earlier is to be found
in Appendix I. Cross sections for the reaction N(p,n)”0 have also been measured for
its use in the production of 0 utilizing a highly enriched N, target, in case the deu-
teron beam is not available at the cyclotron. The evaluated data for all those reactions
are available in ref. [53]. A few more recently studied interesting aspects related to
data for '8F, 'C and 0 production are considered here.

The detailed excitation function for the production of '8F via the reaction
80(p,n)'®F is given in Fig. 2.9. The cross section was determined via spectroscopic
measurement of the emitted neutron [44] as well as via y-ray spectroscopic mea-
surement of the activation product ®F [60, 61]. The resolution of the resonance
peaks observed in neutron spectroscopy is superior to that in the activation mea-
surement. Nonetheless, because of better quantification of data in the activation
technique, the results obtained from the '8F measurement are considered to be
more reliable. It is worth pointing out that in the most detailed work [61], four
accelerators, namely a van de Graaff, a small cyclotron, a medium-sized cyclotron

700 o
600 | P
Neutron measurements
—— Bair et al. (1964, 1973, 1981)
500 F
Q2
E
p Activation measurements
-% 40 (LY e Blaser et al. (1951)
@ o Ruth and Wolf (1979)
2 300 Kitwanga et al. (1990)
8 —e— Hess etal. (2001)
200
100
(= P L i W1l | L | B I i
0 5 10 15 20 25

Proton energy (MeV)

Fig. 2.9: Excitation function of the *¥0(p,n)'®F reaction. Results of both neutron and activation
measurements are shown. The rather bold curve is an eye guide to the activation data, taken from
Hess et al. [61], with courtesy of De Gruyter.
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and an intermediate energy cyclotron, were used to cover the whole energy range
of 2.7-30 MeV, and three types of highly enriched 20 targets were utilized. They
consisted of '®0, (gas), electrolytically prepared Al,'®0; solid layers and thin
Si'®0, discs. The comprehensive results shown in Fig. 2.9 now constitute the basic
data for the production of the most important PET radionuclide ®F using various
target designs. The level of radionuclidic impurities produced is very low. Only
a small amount of N is produced via the °0(p,a) reaction if the enrichment of
80 used is not high. The integral yield of '®F calculated from the excitation func-
tion is really high and so even a small cyclotron with E; ~ 10 MeV can deliver
large amounts of '8F needed in routine PET applications (see Chapter 5).

The excitation function for the production of C via the commonly used reaction
YN(p,a)"'C also depicts several resonance peaks and was thoroughly investigated in
many laboratories in the 1970s. Some newer measurements, however, revealed also
the formation of the undesired radionuclides 'O (T, = 70 s) and N (T, = 10 min) via
the reactions **N(p,n)**0 and “N(p,pn)N, respectively [62]. The results are given in
Appendix VII. Those data allow calculation of undesired amounts of the two radio-
active impurities formed during the production of ''C.

The case of 0 is similar to that of ''C. The cross sections for its formation via the
¥N(d,n)™0 reaction were measured and the production technology was developed
already in the 1970s. Some later measurements [63] revealed the formation of the
radionuclides >N and !'C via the nuclear reactions “N(d,t)*N and N(d,an)''C,
respectively. The integral yields of those two products calculated from the measured
cross sections were compared with the integral yield of the major radionuclide 0,
and the results are discussed in Chapter 5 dealing with the production aspects of
standard radionuclides.

Thus, in short, the nuclear data for the production of standard positron emitters
are well established. Yet some occasional optimisation work may still improve the qua-
lity of the product by avoiding some undesired radioactive impurities. Further-more,
there are two other standard positron emitters, namely “®Ga (T, = 1.15 h) and *Rb
(T, = 1.3 min). They are produced via generator systems and are therefore treated
below separately.

2.5.3 Data for Formation of Non-standard Positron Emitters

To date about 25 novel positron emitters have been developed for medical applications.
The methodologies involved in the development have been reviewed (see Appendix V).
Those radionuclides, like the commonly used positron emitters, are produced exclu-
sively at cyclotrons (accelerators). The need for development of non-standard positron
emitters was first realized at centres already engaged in PET studies using standard
positron emitters. Since at those centres generally only a small-sized cyclotron
(Ep < 20 MeV; Eq4 < 10 MeV) was available, the development work was oriented mainly
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to low-energy nuclear reactions. The strategy of development thus became to utilize
a highly enriched isotope as a target material and investigate possible production
routes. In general, the low-energy (p,n) reaction on an enriched target isotope has be-
come the common production route for most of the non-standard positron emitters.
In a few cases, other low-energy reactions, such as (d,n) and (p,a), have also been
employed. For a few potentially very useful positron emitters, however, intermediate
energy charged-particle induced reactions are applied. The nuclear reaction cross-
section data for the production of five interesting radionuclides, namely **Cu, °Y, 8°7r,
%I and "Se, are discussed below in some detail. They should serve as typical exam-
ples of the utilization of charged-particle beams of various energies in the production
of radionuclides in the medium and heavy mass regions. The first four
radionuclides have already received relatively wide application, and "Se is of great
potential interest.

64Cu (T,, =12.7 h)

Several routes have been investigated for the production of no-carrier-added ®*Cu.
The oldest among them is the 64Zn(n,p)e‘*Cu reaction in a nuclear reactor. The yield
and purity of the product achieved, however, do not meet the present demands for
medical applications. Proton- and deuteron-induced reactions on several target iso-
topes were investigated over a wide energy range of up to 80 MeV with the aim of
obtaining data for the production of ®*Cu. Based on a critical analysis of the pub-
lished nuclear reaction data, Aslam et al. [64] presented a comparison of the various
production reactions of ®*Cu. Of all the investigated processes, the ®*Ni(p,n)®*Cu
reaction, initially reported by Szelecsényi et al. [65], was found to be the best. It gives
the product in high yield and with high specific activity. Its evaluated excitation func-
tion is given in Appendix VI. The threshold lies at about 3 MeV and the maximum at
about 10 MeV. Thereafter, the cross section decreases due to the onset of the
competing (p,2n) reaction. The optimum energy range for production is thus between
7 and 14 MeV. This energy range is within the capacity of a medical cyclotron.
A comparison of the experimental data with the results of calculations using three
nuclear model codes, namely EMPIRE, STAPRE and TALYS, showed good agreement.
The (p,n) reaction can thus be described relatively well by nuclear model calculations
(see Fig. 1 in Appendix VI). The result shows that, if many data points are available,
a theory-based selection of the data is possible. A polynomial fit or any other fit to
the selected data then gives the recommended curve.

8¢Y (T,,=14.7 h)

Several nuclear reactions have been investigated for the formation of this radio-
nuclide but the studies have not been exhaustive. Two critical evaluations of data for
some of the important reactions were performed [66, 67]. The recommended method
for the production of 8°Y is the originally proposed #°Sr(p,n)®°Y reaction [68] on
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a highly enriched target. Its excitation function is given in Fig. 2.10. The experimental
cross-section data are compared with the results of nuclear model calculations using
three standard codes, namely ALICE-IPPE, TALYS and EMPIRE. All the codes describe
the shape of the excitation function rather well but the magnitudes are different. It is
evident that the scatter in the experimental data is large and more precise measure-
ments are called for. On the other hand, despite this deficiency, the production meth-
odology is established (see Chapter 6).
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Fig. 2.10: Normalised experimental data for the 86Sr(p,n)“Y reaction along with the results of three
nuclear model calculations, viz. ALICE-IPPE, TALYS and EMPIRE, shown as a function of proton
energy, taken from Zaneb et al. [66], with permission from Elsevier.

897r (T.,=78.4 h)

The main nuclear reaction used for the production of ®Zr is the #Y(p,n)®*Zr pro-
cess. It has been investigated by several groups and a summary of the cross-section
data is given in ref. [69]. Except for a few data points, most of the results appear to
agree well. A critical evaluation may help in solving the small discrepancies. The
method is very advantageous: it can be used at a small-sized cyclotron and the tar-
get material 7Y is monoisotopic.
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1241 (T,, = 4.18 d)

For production of I, initially the reaction **Te(d,2n)'**I was used. Later on,
cross sections of the reactions '**Te(p,n)"**1, *Te(p,2n)'**I, *°Te(p,3n)'*I as well
as of *He- and a-particle induced reactions on antimony (naturally and isotopi-
cally enriched isotopes) were measured over energy ranges of up to 100 MeV.
A critical analysis of all the reactions was performed and it was concluded that
the **Te(p,n)"**I reaction, originally suggested by Scholten et al. [70] is the most
suitable for the production of ?*I. The cross-section data for protons on 99.8% en-
riched "®*Te [70] are shown as excitation curves in Fig. 2.11. The suitable energy
range for the production of **I is E,, = 12 > 8 MeV. The product obtained is of the
highest radionuclidic purity. If the production of the radionuclide I is desired,
the suitable energy range would be E, = 25 - 18 MeV. These data thus clearly de-
pict the practical application of the excitation functions: by using a sharp energy
window it is possible to obtain a desired radionuclide in a pure form.

103 E 124Te(p,2n)123l
_ [ 1247¢(p,n)124| \/
fe)
2 L
c 102k \
2 E
é C ——
p L
© 10'E
© =

10° ! ;

0 5 10 15 20 25 30 35

Proton energy (MeV)

Fig. 2.11: Excitation functions of *“Te(p,n)*?“l and ***Te(p,2n)'?I reactions. The curves are based
on data reported by Scholten et al. [70]. The suitable energy range for the production of *?l is
E, = 25.0 > 18.0 MeV and that for **l it is £, = 12 > 8 MeV.

3Se (T,,=7.1h)

In contrast to the production of the above mentioned four non-standard positron
emitters via the low-energy (p,n) reaction, for the formation of 3Se several nuclear
processes have been investigated, for example, "°As(p,3n)">Se, °As(d,4n)”*Se,
2Ge(*He,2n)">Se and "°Ge(a,n)">Se. They all need intermediate energy projectiles.
Recently, a critical analysis of the cross-section data of all those reactions was
performed [32] and the relevant excitation functions are reproduced in Fig. 2.12.
The (a,n) reaction has the highest cross section. The calculated thick target
yields, however, showed that due to the very short range of a-particles, the (a,n)
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Fig. 2.12: Excitation functions of a few nuclear reactions in the intermediate energy range used for
the production of 7>Se, taken from Qaim et al. [32], with courtesy of De Gruyter.

reaction is not very advantageous [32]. Considering the levels of the associated
longer lived impurities "*Se (T., = 120.0 d) and "*Se (T, = 8.5 d), it was con-
cluded that the "“As(p,3n)’?Se reaction over the energy range of E, = 40 >
30 MeV, originally suggested by Mushtaq et al. [71] is most suited, the levels of
the °Se and 7°Se impurities being 0.05% and 0.11%, respectively, of the amount
of Se. This method has also the advantage that the target material arsenic is
monoisotopic.

Other Non-standard Positron Emitters

Besides the above-discussed five non-standard positron emitters, several others are
also finding increasing attention. Using a low-energy cyclotron, investigations are
underway on “*Sc (T, = 3.9 h), **Sc (T, = 3.9 h), **Ti (T., = 3.1 h), **Mn (T, = 5.6 d),
»Co (Ty, = 17.5 h), ®'Cu (T., = 3.3 h), **Ga (T., = 9.5 h), ®As (T,, = 26.0 h), "°Br
(T., = 16.2 h), **™Tc (T, = 52 min), "®°I (T,, = 1.3 h) and so on. Their nuclear data are
known to some extent and the status has been reviewed [36]; the data near the thresh-
olds are somewhat uncertain. For development of a few other novel positron emitters,
use of intermediate energy reactions is necessary. In particular, the production of *’Fe
(T, = 83 h), *’Ni (T., = 36.0 h), “Kr (T,, = 1.2 h), ®Sr (T., = 32.4 h) and *’Tb
(T., = 17.5 h) by the nuclear reactions *>Mn(p,4n)*’Fe, *’Co(p,3n)*’Ni, "*Br(p,3n)"’Kt,
8Rb(p,3n)*>Sr and °Gd(p,4n)>>Th, respectively, demands cyclotrons accelerating
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proton energies up to about 100 MeV. The cross-section data of some of those reac-
tions are known, but in many cases more extensive measurement and evaluation pro-
grams are needed.

2.5.4 Data for Formation of Standard Photon Emitters

A large number of y-ray emitting radionuclides have found application in diag-
nostic nuclear medicine using either y-cameras or, in recent years, mainly SPECT.
The production cross sections of the five major ones listed in Table 1.1 are
discussed here.

The most commonly used SPECT radionuclide **™Tc (T, = 6.0 h) is commer-
cially available on a routine basis via the “Mo/**™Tc generator, the *Mo being
produced in a nuclear reactor using one of the two processes, namely *®Mo(n,y)*’Mo
and *°U(n,f)*’Mo. The cross-section data of those processes have been discussed ear-
lier (see Sections 2.3.1 and 2.3.2). In recent years, the apprehension of shortage in the
supply of this radionuclide, due to possible shutdown of nuclear research reactors,
has led to considerable efforts to develop alternative production methods (for
a discussion cf. [72]). Among the charged-particle induced reactions, the °°Mo(p,2n)-
99MTc process appears to be very promising. A large number of cross-section meas-
urements have been done and a critical evaluation of all data has been performed
[73]. The evaluated curve for this reaction is shown in Fig. 2.13 together with the cal-
culated results for the formation of two other long-lived Tc isotopes. The energy
range E, = 22 - 10 MeV appears to be optimum for the cyclotron production of
2MTc, However, the level of **®Tc (T, = 2.1 x 10° a) will be considerably higher
than that via the ’Mo/**™Tc generator system. Furthermore, some °®Tc
(T, = 4.2 x 10° a) may also be formed.

The four other major SPECT radionuclides, namely ®Ga (T,, = 3.26 d), "In
(T, = 2.81 d), *®I (T, = 13.2 h) and *°'T1 (T», = 3.06 d), are routinely produced at a
medium-sized cyclotron. For each radionuclide, many reactions were investigated (see
Appendix I). Today, the metallic radionuclides ’Ga and ™In are routinely produced
via the (p,2n) reactions on isotopically enriched targets ®®Zn and "Cd, respectively.
The excitation functions of both the reactions are well documented by experimental
studies. They have also been well evaluated using both nuclear model calculations and

fitting methods [53]. The same applies to 2°'TL In this case, however, the nuclear

EC
route of interest is the process 203Tl(p,3n)201Pb o4t 201T], that is, the desired

product is obtained via the decay of the reaction product **'pp, The optimum condi-
tions for its production were described rather early (see Appendix I); in particular,
the level of the 2°°T1 impurity in 2°!Tl as a function of incident proton energy was
established. Some newer cross-section measurements have strengthened the data-
base and recommended cross sections are now available [39, 53].

printed on 2/13/2023 3:41 AMvia . All use subject to https://ww.ebsco. confterms-of-use



EBSCChost -

2.5 Typical Examples of Charged Particle Data =—— 57

1,200 -
] Experiment(Gagnon,zou) Calculation (Qaim, 2014)
1 A %5Tc —— TALYS
1,000 — - - - STAPRE
] —— Evaluated
= 800
é -
= J
.2 1
S 600
[«
Q J
@ J
3 J
O 400
200
0 ——
0

Proton energy (MeV)

Fig. 2.13: Excitation functions of proton induced nuclear reactions on ®°Mo. The curve for the
reaction °°Mo(p,2n)°°™Tc is based on an evaluation of all reported experimental data. For the
reactions *°°Mo(p,2n)°?%Tc and *®°Mo(p,3n)°®Tc, the available experimental data [74] and the results
of nuclear model calculations are shown; taken from Qaim et al. [73], with permission from Elsevier.

For the production of I, about 25 nuclear processes were investigated (for early
review, see Appendix II). Among them only four are of significance. At low energy
cyclotrons, the '*Te(p,n) reaction over E, = 14.5 - 10 MeV is applied and at medium-
energy cyclotrons, the '**Te(p,2n) process over E, = 25 - 18 MeV (cf. Fig. 2.11). In
either case, highly enriched target material is used. The disadvantages of the (p,n)
process are the low '?[ yield and the relatively high I impurity, if '>Te of low en-
richment is used. The ™I impurity level is still higher in the case of the (p,2n)

EC
route. The third route of I-production consists of the I(p,5n)”Xe > 7 1

process. The optimum energy range for this route is E, = 65 -> 45 MeV. This is a
relatively high yield process and the only impurity observed is I (~0.25%). The
cross-section data have been evaluated, and recommended values are available
[53]. There are still some discrepancies in the data. The fourth route of ZI-
production consists of the **Xe(p,x) process. It involves the use of highly enriched
124X e as target, but requires only a medium-sized cyclotron. In contrast to the above
mentioned three routes, this process leads to '2I of the highest purity. The natural
abundance of **Xe is only 0.1%; consequently, the highly enriched **Xe is very
expensive. The production method has been well developed, though some discrep-
ancies in the cross-section data still exist. The formation of I occurs through three
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contributing processes shown in Fig. 2.14. The major contribution is furnished by
the **Xe(p,2n)'>>Cs reaction, whereby the reaction product '>Cs decays rapidly to
12%e. The second contributing reaction is the **Xe(p,pn)!**Xe process. Thus, ZXe
is formed directly as well as via the decay of the precursor '>Cs.

The decay of 'ZXe then leads to the product '?I, which is also partly formed
directly through the **Xe(p,2p)'*I reaction. The contribution of the latter reaction to
the formation of '®I was, however, found to be <5%; the contributions of the (p,2n)
and (p,pn) reactions amounting to approximately 75% and 20-25%, respectively. Only
three measurements have been reported [75-77]. The data for the (p,2n) reaction are
well characterised, partly using the radiochemical technique. In the case of the (p,pn)
reaction, the three reported cross-section values differ widely. An updated evaluation
[39] does not solve the problem. The major problem is that the directly formed 'ZXe is
much smaller in quantity than that formed via the decay of the '>Cs precursor. By the
time 'ZXe is measured, it contains appreciable contribution from the decaying precur-
sor. Thus, the independent formation cross section has appreciable uncertainty.
A sophisticated radiochemical investigation involving a fast removal of the short-lived
13(Cs followed by measurement of the 'ZXe radioactivity may remove the discrepancy.
On the other hand, despite this discrepancy, the optimum energy range for the produc-
tion of I via this route was deduced as E,, = 29 - 23 MeV [76].

New Development

Regarding the y-ray emitting radionuclides, a new emerging aspect is worth men-
tioning. It relates to the use of SPECT for imaging the dose distribution in Auger
therapy with ®Ga and ™In, and in B~ therapy with radionuclides like ’Lu
(T., = 6.7 d) and ®¢Re (T, = 3.78 d). Those B -emitting therapeutic radionuclides
emit y-rays of energies 208.4 and 137.2 keV, respectively, which allow convenient
use of SPECT for semi-quantitative determination of the activity distribution in an
organ. The same may apply also to several other developing therapeutic radio-
nuclides (see Chapter 6). However, since the emphasis in those cases is on therapy
and not on diagnosis via SPECT, the production data of those radionuclides are con-
sidered under the topic of therapeutic radionuclides.
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2.5.5 Data for Formation of Standard Radionuclides for Internal Radiotherapy

Most of the radionuclides used in internal radiotherapy are produced using neutron
induced reactions. However, in recent years, charged-particle induced reactions are
also finding increasing applications in the production of some therapeutic radio-
nuclides, particularly those emitting low-range but highly ionizing radiation. Among
them are the radionuclides ®’Cu (T, = 2.58 d), '**Re (T, = 3.78 d), *'At (T., = 7.2 h),
**Ac (Ty, = 10.0 d), ""™Sn (T, = 13.6 d), ""Br (T, = 2.37 d), °™Pt (T, = 4.33 d), "*°>™Pt
(Ty, = 4.02 d) and '°°Pd (T, = 17.0 d). The radionuclides ®’Cu and '*°Re are low-energy
B~ emitters, ?'At and *Ac are a-emitters, "’Br, >™Pt and '*>™Pt are Auger electron
emitters and '°°Pd is an X-ray emitter.

The radionuclide “/Br was originally used in SPECT studies but recently inter-
est has been growing in its application in Auger therapy. This radionuclide as
well as ?MAt have been produced for several decades via the "’As(a,2n)’’Br and
209Bj(a,2n)*'' At reactions, respectively (see Appendix II and ref. [53]), and the exci-
tation functions are well documented, both experimentally and through nuclear
model calculations. The radionuclide ’“Br was also produced in low yield but high

purity through the route "Br(d, 4n)77Kri’ﬁ: "7Br [46]. An exhaustive analysis of
1.2

all reactions considered for the production of “/Br is given in ref. [78]. Considerable
efforts have been or are being devoted to production of the remaining seven radio-
nuclides through charged-particle induced reactions. The relevant production data
are discussed below individually.

7Cu (T, = 2.58 d)

Many of the suggested methods for the production of this S -emitting radionuclide
have been reviewed [79]. The cross-section data for its production via the 67Zn(n,p)67Cu
reaction have been discussed in detail [36, 72]. Four routes induced by charged par-
ticles, namely "°Zn(p,a)®’ Cu, "°Zn(d,an)® Cu, **Zn(p,2p)®’Cu and **Ni(a,p)*’Cu, were in-
vestigated: the first two at a low-energy cyclotron and the latter two at an intermediate
energy cyclotron or accelerator. In each case a highly enriched target is necessary. The
cross-section data for the 7°Zn(p,a)®’Cu and *®Zn(p,2p)®’Cu reactions have been evalu-
ated [41] and the database of the other reactions is weak. Furthermore, there are some
discrepancies in the data. The *®Zn(p,2p)®’Cu reaction over the energy range E,=70->
30 MeV appears to be more suitable (see Appendix VI). Presently, a few neutron and
photon induced reactions are also being developed for production of this important
radionuclide. The production possibilities using those routes are discussed later in
Chapter 6.
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186Re (T,, = 3.78 d)

This radionuclide decays 92.5% by S~ emission and 7.5% by EC. The endpoint
energy of f~ particles is 1070 keV. A y-ray of energy 137 keV (I, = 9.5%) is also
emitted. This radionuclide was originally produced via the **Re(n,y)'®Re reac-
tion but the specific activity was low. It is being superseded by the ®*W(p,n)'®°Re
process. Many groups have reported reaction cross sections. Calculations done
using three nuclear model codes, namely STAPRE, EMPIRE and TALYS, reproduce
most of the data well (see Fig. 4 in Appendix VII). Based on a critical discussion
[80], it was concluded that high-purity '®°Re can be obtained only by using
a highly enriched ®°W target and the maximum proton energy of 18 MeV. This
radionuclide can also be produced via the ¥*W(d,2n)'®°Re reaction but the cross-
section database is weaker [80].

225p¢ (T, = 10.0 d)

There is great interest in this a-particle emitting radionuclide; it is useful in itself as
well as for providing **Bi (T, = 46 min; E, = 5900 keV) through a generator system.
Regarding its production using charged particles, two processes are presently
under investigation. The first one is the 2°Ra(p,2n)**Ac reaction on the radioactive
target material 2°Ra. Only one cross-section measurement exists [81] and the data-
base is weak. The second method involves the irradiation of 2>’Th with intermediate
energy protons [82-86] and the cross sections for the formation of *Ac are shown
in Fig. 2.15. The optimum energy range for the production of **Ac is deduced to be
E, = 140 > 60 MeV.

7msn (T,, =13.6 d)

The high-spin isomeric state (I = 11/27) of "™Sn, lying at 314.6 keV above the
ground state, decays by two transitions in cascade. The first of these (156 keV) is
highly internally converted but the second one leads to a 159 keV y-ray (I, = 86.4%).
This radionuclide was therefore initially of interest for SPECT studies. In later years,
the interest changed because the emitted conversion electrons of energies 151.6 keV
(27.4%), 129.4 keV (11.9%) and 127 keV (66.3%) are well suited for internal thera-
peutic applications.

For some palliative applications, the carrier-added products obtained via the
163n(n,y)"""™Sn and ’Sn(n,n"y)""™Sn processes have been commonly used. The
effective cross section of the first reaction (considering oy, and Iy) is low
(19.5 + 2.0 mb), but the neutron fission spectrum-averaged cross section of the latter
reaction is much higher (222 + 16 mb) [87]. The '“Sn(n,n"y)"""™Sn route using
a highly enriched target thus leads to higher specific activity. Nonetheless, in order
to obtain no-carrier-added "™Sn, charged-particle induced reactions were investi-
gated. The status of data was reviewed [36, 72]. Among them the °Cd(a,3n)""™Sn
reaction appears to be the most suitable. The cross section is high, apparently due
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Fig. 2.15: Cross-section data [82-86] (left scale) for the formation of >*°Ac in irradiation of 2>2Th
with intermediate energy protons shown as a function of projectile energy. The thick solid line is
an eye guide. The level of the 277 ¢ impurity (thin solid line, right scale) is also given [82].

to the preferential population of the high-spin isomer in the a-particle induced reac-
tion [32]. The evaluated excitation function [88] based on consistent experimental
data [89-92] is reproduced in Fig. 2.16. The optimum energy range for the produc-
tion of "'"™Sn is deduced to be E, = 45 -> 25 MeV. A discussion of other production
aspects is given in Chapter 6.

193mpt (T,, = 4.33 d) and **™Pt (T, = 4.02 d)

These two radionuclides are pure X-ray and Auger electron emitters, each decay
leading to more than 30 secondary electrons, with their energies distributed
between 10 and 130 keV. They have thus great potential in Auger electron therapy.
The reactor production routes, namely the *?Pt(n,y)'*>*™Pt and **Pt(n,n"y)"**™Pt
reactions, lead to low specific activity, even while using enriched targets. This is
due to relatively low cross sections [87] for the formation of these two high-spin
isomers in low-energy neutron induced reactions. The production of **™Pt via the
19205(ar,n) reaction was investigated but the cross section is too low. However, the
production of **™Pt via the '*°0Os(a,3n)'*>™Pt reaction on a highly enriched target
appears to be very promising. The results of a radiochemical measurement em-
ploying X-ray spectrometry [58] showed that the cross section of the reaction is
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Fig. 2.16: Evaluated excitation function of the reaction *°Cd(a;,3n)**’™Sn based on consistent
experimental data [89-92], taken from Aslam et al. [88], with permission from Elsevier.

fairly high, presumably due to the favourable population of the high-spin (13/2")
193mpy (see Fig. 3 in Appendix VI). The optimum energy range for its production is
deduced to be E, = 40 - 30 MeV. The nuclear database, however, needs further
strengthening.

193pg (T,, = 17.0 d)

This radionuclide is a pure X-ray emitter with a few Auger electrons. It was origi-
nally produced using the '°2Pd(n,y)'°>Pd reaction. The cross-section data are
known [38]. However, due to the low percentage of '°’Pd (1.02%) in natural palla-
dium, the specific activity of the product achieved was very low. The method has
therefore been superseded by the '°>Rh(p,n)'°’Pd reaction at a cyclotron. The
cross-section data were obtained using neutron detection as well as measurement
of the activation product. In the latter case, both y-ray and X-ray spectrometry
were applied. The results of an evaluation [93] are shown in Fig. 2.17. More
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reliance was placed on data obtained by X-ray spectrometry because the intensity
of the 357 keV y-ray used (I, = 0.0221%) is very low. The optimum energy range for
the production of '>>Pd was deduced as E,, = 16 - 7 MeV. This method is exten-
sively used in large-scale production of °>Pd. The production was also investi-
gated using the °>Rh(d,2n)!°*Pd reaction and the ™'Ag(p,x)!°’Pd process. The
database for the latter reaction, however, is as yet not very strong.

Fig. 2.17: Experimental data and the evaluated excitation function of the reaction *°>Rh(p,n)*°>Pd,
taken from Hussain et al. [93], with permission from Elsevier.

Other Therapeutic Radionuclides

In addition to the above-mentioned nine typical therapeutic radionuclides (viz. ""Br,
At ¢7Cu, ¥Re, 2°Ac, 1'™Sn, 19°™Pt, °>MPt and °Pd) being produced via charged-
particle induced reactions, several others are also considered to be of great potential
use, and the relevant development work is going on. For example, the production of
the low-energy B~ emitter “’Sc (T., = 3.35 d) via the “®Ti(p,2p)*’Sc reaction is
attracting attention. Regarding targeted a-particle therapy, *°Th (T, = 31 min) is
receiving some attention. It can be obtained through a generator column loaded with
20y (T,, = 20.8 d), which is also an a-emitter and is produced through the
Z2Th(p, 3n)23°Paﬂ23°U process. A rather exotic a-particle emitter, namely *°Tb
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(T,, = 4.1 h), has also been used in a special investigation. It is difficult to produce;
to date only a heavy-ion induced reaction or the spallation process has been uti-
lized. Similarly the radionuclide “°Nd (T, = 3.37 d) is considered to be interesting
for Auger therapy. It is produced via the *'Pr(p,2n)“°Nd reaction. Thus, the use of
accelerators in development of radionuclides for internal radiotherapy is enhanc-
ing. The cross-section database, however, in most of the cases is rather weak and
further detailed measurements are needed.

2.5.6 Data for Formation of Standard Generator Parent Radionuclides

As mentioned earlier, two important reactor-produced generator systems, namely
9Mo/?°™Tc and °°Sr/°°Y, are extensively used in diagnosis and internal radiother-
apy, respectively. Their nuclear databases are well established. As regards cyclo-
tron-produced systems, a comprehensive review dealing with all potentially
useful generator systems and possible production reactions of the parent nuclides
was published already in 1987 (see Appendix III). In the meantime, several of
those systems have received more attention [94]. Today, two generator-produced
positron emitters, namely **Ga (T., = 1.15 h) and ®?Rb (T, = 1.3 min), are routinely
used in diagnostic studies and are now considered as “standard PET radionu-
clides.” They are available via the generator systems ®®Ge(271.0 d)/°®Ga and ®%Sr
(25.3 d)/®’Rb, respectively. Originally, the two parent radionuclides (°®Ge and
82Sr) were produced via the spallation process. In recent years, however, produc-
tion methodologies have been modified and the two radionuclides are now gener-
ated using an intermediate energy accelerator/cyclotron.

For production of ®Ge, the method used now is the "*'Ga(p,x)*Ge process. Its
excitation function is known (cf. Fig. 8 in Appendix V). The database is not very
strong and further measurements are needed. Nonetheless, it is obvious that the
first peak at about 21 MeV is due to the 69Ga(p,2n)68Ge reaction, and the second
bump beyond 35 MeV originates from the contribution of the "*Ga(p,4n)®®Ga pro-
cess. Thus using an enriched ®°Ga target, the energy range suitable for the produc-
tion of ®®Ge would be E, = 28 - 12 MeV, whereas in the case of a "aGa target,
a broader energy range E;, = 50 - 12 MeV could be used. In the latter case, how-
ever, considerable amount of the longer lived impurity "'Ge (Ty, = 11.4 d) would
also be formed.

For production of 8%Sr, either the 8°Rb(p,4n)®?Sr reaction or the "™'Rb(p,xn)®*Sr
process is utilized. The excitation functions of the ®°Rb(p,4n)®?Sr and other compet-
ing reactions on enriched ®*Rb were measured up to 100 MeV (cf. Fig. 7 in Appendix
V). The optimum energy range for the production of ®’Sr was deduced to be E, = 70
- 50 MeV. A small amount of the radionuclide 3°Sr (T, = 64.9 d) is formed as impu-
rity and its check is necessary. The cross-section data reported for a "*'Rb target [95]
are shown in Fig. 2.18. Since in a real production run generally "*Rb(l is used as the
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target material, it is very critical to control the energy range within the target so that
the level of the ®°Sr activity is not too high. It is recommended that the proton energy
within the target should always remain above 50 MeV.

I T ] T I T T 1 1
nat, 85
5004 = Ro(p.xn)"Sr o Qaim et al. (2007) |
+ Kastleiner et al. (2002)
4004 = Ido et al. (2002)
o v Sakamoto et al. (1984)
E o Buthelezi et al. (2006)
g 300 - Fitted curves .
2
b
& 200 - -
8 82
nat
= Rb(p,xn)*“Sr
O 100 pxn) g
0 - i

0 10 20 30 40 50 60 70 80 90
Proton energy (MeV)

Fig. 2.18: Excitation functions of the reactions "*Rb(p,xn)®°Sr and "*'Rb(p,xn)®2Sr processes. For
the latter process only the fitted curve is shown. Diagram adapted from Qaim et al. [95], with
permission from Elsevier.

Besides the above-mentioned two established generator systems for the supply
of the positron emitters ®®Ga and 8°Sr, four other cyclotron-produced generators
have also found some application. They are ®*Zn (9.2 h)/®’Cu (10.0 min),
12Xe (20.1 h)/*’I (3.6 min), ®*'Rb (4.6 h)/*'™Kr (13.1 s) and "*W (22.0 d)/""®Ta
(9.3 min), the first two being applied in PET studies and the latter in y-
scintigraphy. The first and the third are even clinically established. Their
parents are produced via the ®*Cu(p,2n)®?Zn and ®°Kr(p,2n)®'Rb reactions, and
the database is fairly good [53], yet because of their short half-lives, the use of
the corresponding generator system has been rather limited. Due to difficulties
in producing **Xe via the I(p,6n) reaction and W via the ®'Ta(p,4n) reaction,
the use of the '**Xe/!?I generator system has been still more limited. The database
of the reaction for the production of **Xe is fairly good (see Appendix III) but of
the reaction for the production of "®W is weak [96, 97].

Presently, a few potentially important generator systems are also in develop-
ment, especially ““Ti (60.4 a)/**Sc (3.9 h) and "°Se (8.5 d)/”?As (26.0 h). The prom-
ising nuclear reactions for the production of the parent nuclides ““Ti and "°Se are
“>Sc(p,2n)*Ti and "°As(p,4n)’’Se, respectively. The excitation function for the
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formation of ““Ti has been measured (cf. Fig. 8 in Appendix V), but for "*Se, data
have been reported only up to about 45 MeV [71] Thus, in the case of “*Ti the data-
base is weak, and in the case of "°Se it is incomplete and needs to be extended up
to about 60 MeV. Nonetheless, using a high-intensity intermediate energy cyclotron it
should be possible to produce both the parent radionuclides for research applications.

2.6 Some Other Issues Related to Charged-Particle Induced
Reactions

Three other issues are of importance while considering cross sections of charged-
particle induced reactions. They are related to use of multiparticle cyclotrons, use of
intermediate energy proton accelerators and formation of isomeric states in final prod-
ucts. Those issues were recently discussed [36]. A brief description is given below.

2.6.1 Use of Multiparticle Cyclotrons

As described earlier, clinical-scale production of most of the 8 emitters, especially
the non-standard 8" emitters, is carried out at medical cyclotrons using the (p,n)
reaction on the respective highly enriched target material. On the other hand, the
production of the SPECT radionuclides is carried out at a medium-sized cyclotron
using 30 MeV protons. Furthermore, for the production of a few radionuclides, the
a-particle beam is absolutely needed, for example, >°P, *®K, "/Br and *'At [32].
A few Auger and conversion electron emitters, for example, °>™Pt and *"™Sn, are
also preferentially formed in a-particle induced reactions. Similarly, the use of
a deuteron beam appears to be attractive for the production of a few radionuclides.
For example, the production of '>Pd and '®“Re via the (d,2n) reaction in compari-
son to the presently used (p,n) reaction is being favoured because, for a given en-
ergy, the yield via the (d,2n) reaction is higher (see Appendix IV and ref. [93]). It
should, however, be pointed out that the available deuteron energies and intensi-
ties at small medical cyclotrons are not sufficient for production purposes. Some
efforts are, nonetheless, underway to develop high intensity medium-sized deu-
teron accelerators. Thus, it is expected that medium-sized multiparticle cyclotrons
will continue to play an important role.

2.6.2 Use of Intermediate Energy Proton Accelerators

Nuclear reactions induced by protons of energies up to about 150 MeV are already
used today to produce a few special radionuclides, for example, *’Fe, ¢’Cu and
25¢, Several other radionuclides could also be produced. The nuclear data needs
in the intermediate energy range are expected to increase continuously.
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In a few limited laboratories, the spallation process with 500-1000 MeV pro-
tons was also studied to produce radionuclides, for example, *®Ge, "’Br and ®°Sr.
However, the conventional chemical separation methods were not adequate and
the product contained impurities. Therefore, today no radionuclide is produced via
this method in sufficient quantity and acceptable quality for broader use. In recent
years, however, the spallation process combined with an on-line mass separator
has been utilized to produce a few novel radionuclides, for example, 1521
(T.;, = 17.5 h) and "*Tb (T,, = 4.1 h), in quantities sufficient for tracer studies [98,
99]. It can lead to a very pure product, but its scope is very limited. As far as nuclear
data are concerned, the production cross sections and yields of those radionuclides
need to be accurately measured.

2.6.3 Formation of Isomeric States

Most of the commonly used diagnostic and therapeutic radionuclides do not have iso-
meric states (e.g., ''C, 8F, *°P, ¥Sr, 21, I and %°'Tl), ™ Tc being an exception.
However, many of the novel metallic radionuclides have isomeric states, which may
distort the images and cause extra radiation dose to the patient: their check is there-
fore absolutely necessary. The relative formation of the two isomeric states under con-
sideration is dependent on several factors, among them the spins of the two states
concerned, the type and energy of the projectile, and the reaction channel involved.
As an example, results for the isomeric pair >*"Mn (21 min)/*®Mn (5.6 d) are shown
in Fig. 2.19. The five nuclear processes, viz. °*Cr(p,n), *°Ct(CHe,t), >*Fe(d,a), **Fe(n,t)
and **Fe(He,ap), all leading to the pair **™&Mn, of interest in PET studies, give dif-
ferent isomeric cross-section ratios. At low energies (<10 MeV), the short-lived >>™Mn
(T, = 21 min; I = 2") is favoured because of its low spin but at higher energies
(>15 MeV) the yield of the longer lived **Mn (T, = 5.6 d; I = 6") increases consider-
ably due to its higher spin [100]. In order to avoid ambiguities in PET scans, it is
recommended to use the longer lived **®Mn after the complete decay of >*"Mn.

For other nuclei, such as **™#Tc and ?°™#], on the other hand, the desired radio-
nuclide is either shorter lived or its half-life is comparable to that of the undesired
isomer. In those cases, the demands on nuclear data are more stringent. There is
then the need to investigate several possible nuclear reactions and choose for produc-
tion a route that gives the lowest impurity level. For example, the production of
94mTc was studied in three reactions, namely **“Mo(p,n), *>Nb(*He,2n) and **Mo(a,d),
out of which the **Mo(p,n)**™8Tc process led to **™Tc with the least amount of **$Tc
[101]. Similarly, the production of °¢I was also studied in three reactions, namely
120Te(p,n), *°Te(d,2n) and *Te(p,3n), out of which the "*°Te(p,n)"*™$[ process led to
1208 with the least amount of *°™I (cf. Fig. 1 in Appendix V).

In contrast to isomeric states in non-standard positron emitters, an isomeric state
within a therapeutic radionuclide may constitute an ideal source of radioactivity
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Fig. 2.19: Isomeric cross-section ratio g,/(0m + 0g) for the isomeric pair >>™Mn/>*Mn measured as
a function of projectile energy in several nuclear reactions, taken from Qaim et al. [100], with
courtesy of De Gruyter.

(e.g., ™Sn, 193™pt, as discussed earlier). The highly converted internal transition
leads to the emission of conversion electrons, Auger electrons and X-rays, which are
useful for internal therapy. Hence, studies related to both decay and production data
of such isomers will constantly remain part of a radionuclide development pro-
gramme. As regards their production, the a-particle induced reactions are preferably
used (see above) due to the high spins of those isomeric radionuclides.

The study of isomeric states thus constitutes an interesting and challenging
problem, both from theoretical and application points of views. On one hand, im-
provements in nuclear model calculations are needed to describe the isomer ratio
and, on the other, for obtaining the desired isomer with high radionuclidic purity,
there is a constant need to investigate its novel production routes.

2.7 Photon-Induced Reaction Cross-Section Data

The y-rays emitted by a %9Co source (1.17 and 1.32 MeV) have found extensive use
in external radiation therapy, food preservation and radiation chemistry studies.
They only cause atomic and molecular effects, that is, the ionization and excita-
tion phenomena. Due to low energies, a nuclear reaction cannot be induced. The
same applies to small electron accelerators, with energies up to about 10 MeV
(called betatrons), installed at some hospitals. They deliver hard photons for
radiation therapy. Those photon energies are just near the thresholds of photonu-
clear reactions. So the interest in those reactions, if any, has been more from the

printed on 2/13/2023 3:41 AMvia . All use subject to https://ww.ebsco. confterms-of-use



EBSCChost -

2.8 Concluding Remarks = 69

radiation protection point of view rather than for medical radionuclide produc-
tion. At higher energies, however, the (y,n) and (y,p) reactions start gaining signi-
ficance. In the heavy mass region, photofission is also possible. In recent years,
photonuclear reactions have received stronger attention in connection with medi-
cal radionuclide production. Several groups are working on development of high-
intensity photon sources, especially in the USA, but also in Ukraine and Korea.
The electron beam from an accelerator falling on a heavy metal target delivers
photons with an energy spectrum extending from about 0.1 MeV to the maximum
energy of the electron. Over the energy range up to about 40 MeV, several nuclear
reactions can be induced, resulting in the formation of a few medically interesting
radionuclides. Some examples are:

48Ti(y,p)47SC; GSZH()/,p)67C11, 100M0(y,n)99M0;

104Pd()/,ﬂ)103pd; 124Xe(y’n)123xe > 1231; 232Th()/,f)99M0 and

natU()},f)99M0.

The radioactive products formed are among the diagnostic and therapeutic radio-
nuclides discussed earlier.

Nuclear model calculations on medium mass target nuclei show that the thresh-
old of a (y,n) reaction lies at approximately 8 MeV and the maximum of the excitation
function at about 15 MeV, the cross section at the maximum being around 150 mb.
The threshold of a (y,p) reaction in the same mass region lies at approximately
12 MeV, the excitation function has a broad maximum between 20 and 30 MeV, with
a cross-section value of about 10 mb. Thus, the (y,p) reaction is considerably weaker
than the (y,n) reaction. Experimentally, the (y,n) reaction has been more
commonly studied than the (y,p) reaction. The photonuclear reaction cross sections
are available in an IAEA file [102] but the database is weak. Two typical excitation
functions are shown later in Section 3.4.2. For medical radionuclide production the
(y,p) reaction is more suitable [103] because it leads to no-carrier-added product.
However, due to the low intensities of the presently available accelerators, it is very
hard to produce radionuclides in quantities sufficient for medical application. On the
other hand, it is believed that the accelerator technology can be developed further to
deliver electron beam currents of much higher intensities than in the presently avail-
able accelerators. This would compensate for the low cross section and would boost
up the batch yield. With further intensification of technological efforts related to
development of high-intensity accelerators for medical radionuclide production, the
need for accurate photon-induced reaction cross-section data will also increase.

2.8 Concluding Remarks

The role of nuclear data in efficient production and medical application of radio-
nuclides is well established. The data help to meet the quality requirements, that is,

printed on 2/13/2023 3:41 AMvia . All use subject to https://ww.ebsco. confterms-of-use



EBSCChost -

70 =—— 2 Nuclear Data

suitability for imaging and minimisation of radioactive isotopic impurities. The status
of nuclear data of the commonly used diagnostic and therapeutic radionuclides is
generally good, except for some inconsistencies both in decay and production data.
Regarding further needs, more information on Auger electron spectra originating
from the decay of the presently used diagnostic radionuclides, for example, *’Ga,
Mn and '21, is desired, especially in view of microdosimetry.

The major data needs are associated with the development of novel radio-
nuclides for medical applications or when a new production route of an established
radionuclide is searched for. Among the novel radionuclides, presently the empha-
sis is on non-standard positron emitters for diagnosis and low-range but highly ion-
izing radiation emitters for internal radionuclide therapy. Regarding the former,
both decay and production data need improvement, calling for new measurements,
evaluation of existing data and validation of the evaluated data. Regarding the
therapeutic radionuclides, the need is more for production data. As far as the search
for alternative production routes of an established radionuclide is concerned, at-
tempts to produce *?Mo and **™Tc provide the best examples: the list of data needs
is relatively long.

Medical radionuclides are mostly produced using a research reactor or a cyclotron.
In the latter case, generally a small cyclotron is used for the production of positron
emitters and a medium-sized cyclotron for SPECT and therapeutic radionuclides. For
the production of a few special radionuclides, intermediate energy charged-particle
accelerators/cyclotrons are also gaining importance. A newer approach is to develop
production routes of a few radionuclides via photonuclear reactions. On a long-term
basis, the use of non-conventional fast neutron sources, for example, deuteron
breakup neutrons or spallation neutrons, for the production of some therapeutic radio-
nuclides also deserves attention. Thus, new vistas are expected to open up in the fu-
ture with respect to further development of radionuclide production technology. The
supporting nuclear data research will therefore continue to play an important role.

It should be mentioned that this chapter covers the basic principles of nuclear
data of medical radionuclides, giving some typical examples of data and their appli-
cations. For more extensive information on a particular radionuclide, the user is ad-
vised to consult the detailed data files and libraries cited in the text.
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3.1 General

The basic methodology of medical radionuclide production is the same as of activation
cross-section measurement described in Chapter 2, the major difference being in the
amount of the induced radioactivity. Whereas in cross-section measurement generally
tracer quantities up to ~100 kBq are involved, in radionuclide production for
application, several GBq amounts are commonly encountered. A further difference lies
in the quality of the radioactive product. Whereas a nuclear reaction cross section can
be measured by characterising a certain specific radiation, for example, a y-ray, of the
investigated reaction product, even in a mixture of many activation products, the radio-
nuclide desired for medical application must be free of all isotopic and non-isotopic
impurities. This puts a heavy demand on the target material to be used: it should be
of well-defined chemical form and of high chemical purity. In special cases, the use of
isotopically enriched material is essential to obtain the required radionuclidic purity of
the product. Thus, considerable effort is needed to develop a production method based
on a known knowledge of nuclear data. The first major effort is to devise a target sys-
tem for high-intensity irradiation with a projectile (neutron, charged particle or pho-
ton). The next step is the chemical processing of the irradiated material. The irradiation
technology is described in this chapter and the chemical separation techniques are
treated in the next chapter. Due to somewhat different technologies involved in irradia-
tions for radionuclide production at a nuclear reactor or a cyclotron, they are discussed
below separately.

3.2 Reactor Irradiations
3.2.1 Solid Targets

For irradiations in nuclear reactors, generally non-corrosive solids with high melt-
ing points are used. Liquids and solutions are not used because of the formation of
hydrolytic and radiolytic products. The target material should not decompose at an
elevated temperature or substantially deteriorate under the impact of radiation.
Due to this reason almost all organic materials are excluded as targets for large-
scale production of radionuclides. Pure metals or alloys are commonly used as tar-
gets, but the dissolution of the material after irradiation and the ease of subsequent
chemical processing are important considerations in designing a target system.

In reactor irradiations, generally the target size is not a big problem, provided
the whole target is exposed uniformly to the neutron flux. However, for elements
with high (n,y) cross sections, the variation in the neutron flux within the sample

https://doi.org/10.1515/9783110604375-003
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needs to be taken into account. Furthermore, heat generation has to be considered.
Although irradiations with thermal neutrons do not cause much heating, some of
the y-rays emitted in the neutron capture process can be absorbed in the sample,
especially if its size is large. In irradiation with fast fission neutrons, larger amount
of energy is absorbed in the sample. Efficient cooling is thus essential to avoid over-
heating and destruction of the target.

The sample for large-scale production of a radionuclide is generally introduced
in a high-purity synthetic quartz ampoule, which is then sealed. The use of a pyrex
or soda glass ampoule is discouraged because of boron and sodium contents. The
19B(n,@)"Li reaction has an exceptionally high cross section (3840 b) even at thermal
energies and the emitted charged particles, a and “Li, deposit considerable amount of
energy within the ampoule, thereby increasing the risk of damage of the sample.
With regard to sodium, it undergoes activation to *Na which is a hard y-ray emitter
and causes subsequent problem in the handling of the ampoule. The sealed quartz
ampoule containing the sample is placed in an aluminium can, which is then trans-
ferred to the interior of the reactor for irradiation in a well-cooled target-holder sys-
tem. Some activity is produced through the #Al(n,y)?®Al (T,, = 2.2 min) reaction
(0w = 230 mb) as well as through the “Al(n,p)*Mg (T., = 9.5 min) reaction
(0ps = 4 mb). Their half-lives are, however, short, allowing the handling of the irradi-
ated target soon after it is taken out of the reactor.

The length of an irradiation in a nuclear reactor depends on the cross section
of the nuclear process used and the half-life of the product. For the production of
53Sm (T, = 1.93 d) via the *?Sm(n,y) reaction, for example, a one-day irradiation
may be sufficient, whereas for the production of *Mo (T., = 2.75 d) via the
25U(n,f)-process, irradiation times of about 5 days are commonly used. For the
production of #°Sr (T, = 50.5 d) via the ®*Y(n,p) reaction, on the other hand, due
to the low cross section (0w = 0.31 mb) of the nuclear process, irradiation times of
about 50 days are necessary. For irradiations of a few days, samples are generally
inserted in and removed from the irradiation position by a hydraulic system, that
is, the reactor operation is not disturbed. However, for each irradiation position in
a reactor, the heat flux capacity at the surface of the capsule is limited
(~100 kW m™?) [cf. 25]. For very long irradiations, other specially designed systems
of inserting and removing the samples are used.

3.2.2 Gas Targets

Irradiation of inert gases in reactors has also been utilized to some extent to
produce a few special radionuclides, for example, *’Ar (T., = 35.0 d) and °Kr
(T., = 34.9 h), which are of potential industrial interest. They are produced in MBq
amounts via the nuclear processes **Ar(n,y)* Ar and "®Kr(n,y)”’Kr, respectively, by
irradiating natural or enriched Ar or Kr gases. The same irradiation methodology
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has also been used in producing kBq amounts of I (T, = 13.2 h) via the

124 e(n, 2n)?Xe %; 131 process [cf. 104].

Considerable effort has been devoted to development of gas irradiation tech-
nology for large-scale production of the radionuclide '*I (T., = 59.4 d) via the

1%4Xe(n, y)lZSXe%;f1 1251 process. It consists of filling an Al capsule with Xe gas

up to a pressure of about 5 bar and then sealing it. After extensive tests against
leakage, the capsule is placed in an Al can and irradiated in the reactor [26].
Thereafter, the sample is taken out of the reactor and the capsule is cut in
a vacuum apparatus. The decay produced radioiodine (**I) is then washed from the
inner walls of the capsule and collected in a small volume of dilute alkaline solu-
tion. Efforts are underway to prepare capsules of other materials to be able to raise
the gas pressure within the capsule up to about 100 bar.

3.2.3 Yields

As mentioned above, the batch yield of a radionuclide achieved in a production run
should be as high as possible, compatible with its desired purity. This may amount,
for example, in the case of fission produced Mo, up to 30 TBq (3 x 10" Bq).
Obviously very advanced remotely controlled/automated technology is needed to
handle that level of activity.

Before reaching the maximum level of production of a radionuclide via a chosen
nuclear route, it is important to determine the production yields under various cho-
sen conditions. In general, it is found that if a proper target is chosen and the irradia-
tion is done in a well-characterised position in a reactor, the experimental batch yield
agrees within about 20 % with the yield calculated theoretically from the irradiation
parameters, that is, the mass of the target, the time of irradiation, the cross section of
the reaction and the estimated neutron flux. In case of strong flux variation or large
uncertainty in the cross section, larger deviations may be observed between the mea-
sured and the calculated yields. It may then be necessary to do further optimisation
work.

3.3 Cyclotron/Accelerator Irradiations

3.3.1 General Considerations

One of the major efforts in cyclotron/accelerator production of medically important
radionuclides consists of development of a suitable target system for irradiations

[cf. 105]. Due to use of high beam currents the power density effective at a target
could be rather high (up to a few kW cm™); an efficient heat transfer is thus one of
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the prime requirements in target construction. Some other considerations in target
design are discussed below.

In principle, several nuclear reactions may have cross sections that are high
enough for use in the production of a radionuclide. In the choice of a target mate-
rial, however, the mechanical and chemical properties of the substance play a very
important role. Solids like metals, alloys or oxides, liquids and gases can all be
used, provided they can withstand high beam currents, do not lead to radiation in-
duced strong chemical changes, give rise to a high yield of the radionuclide and
allow its easy chemical separation.

The chemical reactivity of the product is a paramount importance for subse-
quent labelling of a molecule with the radionuclide. Often the chemical state of the
product radionuclide is determined by the chemical composition of the target filling
and the reaction within the target, especially in the case of gaseous target materials.
High specific activity of the product is often essential for application in humans.
Furthermore, the recovery of the target material is an important consideration
while using isotopically enriched targets (see below).

Another important consideration in target design is the projectile energy range to be
covered within the target. In general, the specific loss of energy of a projectile in a target
increases with its decreasing energy. In practice, it means that although a small amount
of the target material may be enough to construct a target for use in a low-energy pro-
duction reaction, it may be too small for production via an intermediate energy pro-
cess. As an example, for the production of I via the **Te(p,n)'*I reaction over the
energy range of E;, = 14 - 10 MeV, about 0.22 g cm of the enriched target is needed.
For its production via the '**Te(p,3n)'*I reaction over the energy range of E, = 38 >
28 MeV, about 1.15 g cm ™ of the enriched target is needed. If the small amount of
0.22 g cm 2 used in the (p,n) reaction is also employed in the (p,3n) reaction, the en-
ergy range would correspond to E;, = 38 - 36 MeV; thus, the energy absorption would
be only 2 MeV and not 4 MeV as in the low-energy range. It is also worth pointing out
that if a higher energy beam of protons, for example, 70 MeV, would be put on a Te
target of 0.22 g cm ™2 thickness, the energy absorption would amount to only 1 MeV.
The relatively high specific absorption of the low-energy beam renders the production
of radionuclides, especially non-standard positron emitters, at low-energy cyclotrons,
using small amounts of rather expensive highly enriched materials, very effective. The
batch yields achieved, however, are limited. Much higher yields could be obtained
using intermediate energy reactions. On the other hand, the amount of the target mate-
rial needed would then also be much higher. Due to high cost of the isotopically
enriched materials, they are seldom used in the production of a radionuclide via an
intermediate energy reaction.

A further consideration in medium- to large-scale production of radionuclides
using charged particles is the energy, shape and size of the beam. In irradiations
using an internal target, the energy is given by the machine parameters and the
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beam has generally an elliptical shape. In case of extracted beams, the energy is de-
termined by the TOF or the activation method and the shape is controlled through
collimators placed in front of the irradiation target (see Chapter 2). However, in
contrast to the work on cross-section measurement, where a low-intensity well-
focussed beam is required, for radionuclide production an intense and rather dif-
fused beam is used.

Power Density
The energy generated through the absorption of a charged-particle beam per square
centimetre of the target area is called power density. A defocused beam reduces the
power density effective at the target. Furthermore, if the beam falls not perpendicu-
larly but at a slanting angle on the target, the power density is further reduced. This
is illustrated below by a numerical example.

Suppose that a 10 pA beam of 20 MeV protons of diameter 4 mm falls perpen-
dicularly on a target and is completely absorbed. Then

Energy generated = Loss in energy of particle in MeV x intensity in pA s™

Energy = 1.602 x 107" x 1 x 10° x 6.24 x 10"* 5" (for 1 MeV, 1 pA p beam)

Energy = 1Joule s* = 1 Watt

E -1
Power density = Znersys
area
For the above irradiation conditions,
10x 20
P density= —————— =1540W
ower density 02x02%7 54

Now if the beam diameter is increased to 8 mm, then

1540
P density= ———— =398 W
ower density 04 X0hXT 39
Thus, an increase in the beam size drastically reduces the power density and so
irradiations with higher beam currents can be performed if a diffused beam is used.
With regard to beam angle, the path of incident particles in the material gets

longer according to the relation
b=sinB®xa

where a is the path length at angle © and b the path length at angle 90°.
Since the beam falls on an increased area, the power density decreases. For
example, if the beam falls on a target at 20° instead of 90°, then

b=sin20xa

b=0.34xaor
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that is, the path length would increase by a factor of about 3; as a consequence, the
power density would decrease by the same factor.

In practice today, therefore, defocused beams falling perpendicularly on the
target as well as slanting beams falling at angles of 15-20° are commonly used.
A discussion of various target systems developed is given below.

3.3.2 Solid Targets

Solid material can be irradiated using both internal and extracted beams. The use of
an internal beam demands irradiation within a vacuum system of a cyclotron.
Materials having high vapour pressure or showing large sputtering effects as a result
of irradiation are therefore avoided. Metals, electroplated targets and alloys that have
high melting points and good thermal conductivity are preferred. A typical internal
target used at the CV28 cyclotron of the Forschungszentrum Jiilich [106] to produce
""Br via the "As(a,2n) reaction is shown in Fig. 3.1 (see also Fig. 3 in Appendix II).
A thin layer of CusAs alloy was brought on the surface of a wedged Cu backing,
which was intensely cooled by running water at the back. The beam fell on the target
at a grazing angle of 6.2° and so a 10 pm thick layer of the alloy was sufficient to
cover the desired energy range E, = 26 > 15 MeV for the production of ““Br. Due to
the very low angle of the slanting beam, however, the positioning of the beam on the
target presented some difficulty. The use of a temperature sensor helped overcome
this difficulty. Several hour irradiations with a-particle beams of about 80 pA were
routinely done. The main advantages of internal beam irradiations are: (a) higher in-
tensity than in the case of an extracted beam and (b) full use of the maximum avail-
able energy by eliminating energy absorption in the intervening window foils. This
may be critical in case of very low-energy cyclotrons. On the other hand, the disad-
vantages are the rather undefined shape of the beam and the risk of vapourisation of
the target material within the vacuum system of the cyclotron.

With regard to irradiation of solid targets with extracted charged-particle
beams, it should be mentioned that this is the most common methodology for medi-
cal radionuclide production at cyclotrons. There is more versatility in working with
the extracted beam than with the internal beam. The technology is very well devel-
oped. For example, sketches of three typical target systems in use [cf. 107] are given
in Fig. 3.2(A-C). In the first system, the target is in a perpendicular position to the
beam direction with cooling water flowing through the target base (Fig. 3.2(A)). The
solid target material in the form of a thin disk of 13 mm diameter was fixed by
a threaded open cap on the top of the holder [cf. 108]; the irradiation thus being
done in the vacuum of the beam tube. The second holder design (Fig. 3.2(B)) is
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Fig. 3.1: Internal target system at a cyclotron. (A) Thin layer of the target material with high-
intensity charged-particle beam falling at a slanting angle of 6.2°. (B) A thermoelement placed in
a cavity in the middle of the target allows adjustment of the beam. (C) Beam profile determined by
autoradiography. Taken from Blessing and Qaim [106], with permission from Elsevier.

inclined with an angle of 20° relative to the beam [109]. The target material is either
electroplated or pressed in a slab of copper with a circular groove of 8 mm diameter
and 0.6 mm depth. This slab is soldered to the holder using Sn soldering wire. The
charged-particle beam is again directly incident on the target material (see Fig. 2 in
Appendix V). After irradiation, this slab is removed from the holder by heating and
is subjected to further processing. In one variation of this slanting beam target sys-
tem, the whole holder is rotated [110, 111]. Furthermore, the incident beam is
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Fig. 3.2: Three typical target holders used in irradiations at a cyclotron: (A) normal target cooled by
water at the back, (B) inclined water-cooled target and (C) target cooled in front by He and the back
by water. Diagram taken from Hassan et al. [107], with courtesy of De Gruyter.

wobbled. Thus, this combination of a wobbled slanting beam and the rotating tar-
get head decreases considerably the effective power density and even metals like Se
could be irradiated [110, 111]. In both the variations, only 2r water cooling is done.
Depending on the target material, beam currents of up to 10 pA in arrangement (A)
and 30 pA in arrangement (B) could be used. In the third arrangement (Fig. 3.2(C))
the cooling is done by water on the backside of the sample and a stream of He gas
on its front side [cf. 112]. This system is well suited for materials that could be fixed
on a metal base coupled to the holder. A closed-cycle heat exchanger is used to
cool the circulating He gas, flowing along the target surface, to 7 °C. Irradiations
with beam currents of up to 30 pA could be done.

A further special target system was developed in which 4 n water cooling was
applied, that is, flowing water was used both in front and at the back of the target
(see Fig. 5 in Appendix II). An open view of such a target is presented in Fig. 3.3.
The powder material was pressed to a pellet which was then placed into a groove in
a target holder [113] made of aluminium. The groove was closed by a sliding lid. The
target was then fitted in the irradiation target head. After irradiation, the target
head was remotely opened, and the target holder fell in a lead pot. In the produc-
tion of I via the ®*Te(p,2n) reaction on a **Te0, target, melted on a Pt backing,
22 MeV proton beam of up to 45 pA could be employed. While using a pellet of
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Fig. 3.3: An open view of the 4m water-cooled target head used for irradiation. The Al target holder
with a groove for inserting the target pellet is shown on the right, with courtesy of FZ Jiilich.

865rCO; for the production of ®°Y via the #Sr(p,n) reaction, however, a 19 MeV pro-
ton beam of only up to 10 pA was applied.

The target systems described above were developed for use at the cyclotron
CV28. Because of their versatility, several of them have been recently adapted for
irradiations with an extracted beam of 45 or 30 MeV protons available at the Jiilich
Isochronous Cyclotron (JULIC) and the newly installed IBA CPX 30 cyclotron, re-
spectively, at the Forschungszentrum Jiilich.

In recent years a large number of Level III cyclotrons (E < 20 MeV) have been
installed at many PET centres. Since at those cyclotrons generally no facility exists
for irradiation of solid targets to produce non-standard positron emitters, a few lab-
oratories are building small beamlines to extract the beam and devise suitable tar-
get systems. The quality of the extracted beam is generally not good for irradiating
small amounts of highly enriched solid material. However, the quality of the beam
incident on the target can be improved through careful development work. One
such example has been furnished by the installation of a suitable target system at
the BC 1710 cyclotron of the Forschungszentrum Jiilich [54]. Development work in
other laboratories is also being pursued.

In contrast to a low-energy cyclotron, where the rapid loss of projectile energy and
the use of small enriched targets demand special ingenuity in target design, at interme-
diate energy cyclotrons and accelerators the construction of a solid target irradiation
device is somewhat easier, because the higher available energy gives more flexibility in
the application of more effective heat dissipation methods. Several such systems have
been reported from BLIP (Brookhaven), LAMPF (Los Alamos), TRIUMF (Vancouver),
iThemba LABS (Cape Town) and INR (Moscow). They are of considerable advantage in
the production of some longer lived radionuclides (e.g., *®Ge/*®Ga and ®°Sr/*’Rb
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generators). Recently at iThemba LABS, a vertical beam target station has been devel-
oped which allows irradiations with 66 MeV protons at nominal beam currents of
about 250 pA over extended periods of time. The removal of the heat, however,
requires a larger surface in contact with the fast flowing cooling water. The target mate-
rial is therefore contained in a suitable metal capsule of extended surface area.

Occasionally a series of targets (tandem mode) is irradiated. It is then possible
to produce two or more radionuclides simultaneously. However, this technique has
found only limited application. It was partly used some time ago at TRIUMF. In
recent years it has been applied at the iThemba LABS to produce %°Sr and ¢’Ga, the
former using a RbCl target in front to cover the energy range E, = 66 -> 55 MeV and
the latter using an electroplated zinc target over E;, = 30 -> 20 MeV. Similarly two
nalas targets in tandem mode have been utilized to produce °>Pd and '°°Cd using
two chosen energy ranges [114].

In addition to the target systems described above for irradiations of solids,
considerable efforts are presently underway to develop new target materials for
high-current charged-particle irradiations. In many cases, new alloys and binary
compounds are being developed. A few examples are °°Mo,C to produce **™Tc at
St. Louis, AlL,'**Te; to produce **I (at Wisconsin) and NiSe to produce "’Br (at
Jiilich). Further extensive studies are continuing.

Summarizing this section it should be stated that, although several systems for
irradiations of solid targets have been developed, the most common ones in use at
Levels II-1V cyclotrons are similar to those given in Fig. 3.2(B) and (C). The system
in Fig. 3.2(C), with He cooling in front and water cooling at the back, is commonly
used at low-energy cyclotrons to produce non-standard positron emitters via the
(p,n) reaction on enriched targets. On the other hand, the system in Fig. 3.2(B) is
extensively used in large-scale industrial production of radionuclides, especially if
the enriched target material can be electroplated on a metal backing, for example,
871 on Au to produce ¢’Ga via the °®Zn(p,2n) reaction. Under optimised conditions,
irradiations with 30 MeV protons of beam currents up to about 800 pA constitute
now almost standard technology. The production of radionuclides at intermediate
energy cyclotrons and accelerators is presently receiving enhanced attention and
optimised irradiation systems are being developed.

3.3.3 Liquid Targets

As mentioned earlier, liquids are never used as target materials in reactor irradia-
tions for radionuclide production. In contrast, liquids are often irradiated with ex-
tracted beams from cyclotrons. Originally large-sized water targets of volumes up
to 20 mL were used, for example, for the production of '®F via the ®0O(’He,p)'®F
and '°0(a,d)'®F reactions with *He- and a-particles of energies up to 50 MeV. Also
flowing loop water targets were employed. In a few cases, molten salt target was
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used, especially while producing 21 via the ZI(p, 5n)>Xe EC 13y process (for more
discussion see Appendix II). After the introduction of the **Xe(p, x)123XeE—C> 1231
route, the whole emphasis with regard to '®I production got shifted to gas targetry
(see below).

The main problem in liquid targetry was the formation of hydrolytic prod-
ucts. With the introduction of the low-energy nuclear reactions *°0(p,a)*>N and
80(p,n)"®F for the production of >N and '®F, respectively, combined with the de-
velopment of high-intensity low-energy cyclotrons (Level III), it became common
to utilize water targets for the production of those two radionuclides for PET
studies. Since the material needed to cover the optimum energy range for the
production of >N or '8F is small, it proved advantageous to use targets filled with
H,0 to generate >N or with H,'®0 to produce '®F, both under pressure to avoid
radiolysis. In particular for '®F, the constraints of low proton energy and high
cost of the highly enriched target material called upon construction of specially
designed small-sized targets (for a review of earlier work cf. [115]). Today those
small-sized targets are extensively used for large-scale production of '°F.

A typical water target developed at the Forschungszentrum Jiilich is shown in
Fig. 3.4 [20, 115]. It consists of a titanium body, electron beam welded to two tita-
nium foils (75 pm thick), which act as front and back windows. The target takes
1.3 mL of water with no expansion space and the thickness of the water filling
amounts to 3.5 mm. During irradiation, the back window is water-cooled, typically

Silver sealing

—=

He-cooling

Ti-foil 75pm ;
_\\\\_f
\ =

Water jet 1=

¢21tmm L [

Cooling 3.5

17 MeV p
beam

uuru

Titanium body ﬂ

Fig. 3.4: Typical medium-pressure water target system for the production of >N and *F at
a cyclotron, taken from Stocklin et al. [20], with courtesy of De Gruyter.
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to 10 °C, and the front window is helium-cooled to -7 °C. The target can be remotely
loaded with water and evacuated by using a He drive transfer system. The same tar-
get can be used for the production of both N and ®F. In the former case, natural
water (H,'°0) is used and the proton energy range within the target corresponds to
E, =16 > 7 MeV. In the latter case, however, enriched water (H,'20) is employed
and the effective projectile energy range is E;, = 16 - 3 MeV. The target is normally
operated at a beam current of about 20 pA of 17 MeV protons. The pressure in a rou-
tine production run is about 7 bar. The purity of the '®0-labelled water is of major
concern. High chemical purity is absolutely necessary to avoid excessive pressure
build-up. For large-scale production, greater than 90% 180-enrichment is needed to
avoid generation of excessive N as impurity. Organic impurities must be absent
because they may prevent recombination of radiolytically generated oxygen and hy-
drogen atoms, causing the target to burst. The batch yield of '®F~ at the end of a2 h
irradiation amounts to about 75 GBq.

Due to the increasing significance of '®F in PET, several modified designs of
high-pressure (> 10 bar) water target have been developed in recent years. They can
withstand beam currents of up to about 40 pA. The resulting batch yield of
8F amounts to about 150 GBq. A spherical niobium target [116] proved to be very
effective for use at cyclotrons with proton energies above 20 MeV. Industrial scale
high-pressure targets are now capable of producing up to about 400 GBq '®F~ per
batch.

The fact that many of the non-standard positron emitters can be produced via
the (p,n) reaction using low-energy cyclotrons (cf. Appendix V and [36]) has given
a tremendous impulse to their production at hospital-based cyclotrons. Since gener-
ally those cyclotrons have only liquid and gaseous targets (to produce °F, 'C, 0,
etc.), in recent years a conspicuous development has come up, namely, to utilize an
existing or a modified liquid target for irradiating solutions of target isotopes
[cf. 117, 118]. Those targets are termed as solution targets. The solutions irradiated
with protons and the radionuclides produced this way (given in brackets) include
calcium nitrate (**Sc), yttrium nitrate (3%Zr) and so on. It is, however, necessary to
take care of the radiation-induced chemical species [cf. 118]. A clean chemical sepa-
ration of the product is mandatory. The yield of the desired radionuclide is gener-
ally low, but it may be enough for local use.

3.3.4 Gas Targets

General Aspects

In contrast to rather scarce use of gas targets in reactor irradiations, highly sophisti-
cated technology has been developed and is extensively used in irradiations of gas-
eous targets with charged particles, especially at low-energy cyclotrons (Levels I-III),
to produce short-lived positron emitters of light mass elements. Initially, in early
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1970s, gas flow targets were constructed. The target holder consisted of a relatively
broad and long metal tube (@ = 5 cm; length = 50 cm) through which a stream of
target gas was made to flow. The pressure of the gas was adjusted to provide enough
target nuclei in the path of the beam to cover the optimum energy range of the excita-
tion function of the nuclear reaction used (cf. Appendix I). The radioactive gaseous
product was continuously led to the laboratory area where some chemical processing
was done prior to its use in patient studies [cf. 119]. The concentration of the radioac-
tivity was, however, low for preparing many radiopharmaceuticals.

With the development of PET technology, from late 1970s onwards, a big impetus
came to gas targetry. Small target holders were designed for batch mode irradiations
of pressurised gases with high-intensity charged-particle beams. This called upon
thorough considerations of the following factors and phenomena within the gas filled
in a target body:

i) scattering of the beam,

ii) formation of plasma and build-up of high pressure,
iii) heat generation and its efficient dissipation,

iv) chemical fate of the radioactive product,

v) vyield, purity and specific activity of the product.

A brief discussion of those aspects is given below.

Scattering

The scattering of a charged-particle beam is more pronounced in a gaseous target
than in liquids or solids. This is due to the longer path length of the beam in
gases. Thus if the target holder is long and its body is not broad enough, part of
the beam in the hind part of the target may not strike the gas but the inner wall of
the holder. This loss of the beam would decrease the yield of the radioactive prod-
uct and deposit considerable extra heat energy on the target wall. For contain-
ment of the beam within the gas, therefore, target bodies of conical shape were
introduced. In general, the length of the conical body is 10-12 cm, with the diame-
ter of the front part about 1 cm and that of the back part about 3 cm. An added
advantage of this shape is that the amount of the gas required for target filling is
smaller. In a typical gas target (see Fig. 3 in Appendix V), the beam shape was
deduced from optical measurements [120] done when the chamber was filled with
4 bar "™Kr, and irradiation was done with 14.5 MeV protons at I, = 10 pA. It was
observed that a 6 mm diameter beam in front was broadened to 19 mm at the end
of the target.

Formation of Plasma
The interaction of a charged-particle beam with the gas in a target system creates
plasma, which moves towards the inner wall of the target body. With the increasing
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intensity of the beam, the plasma formation increases and the density of the gas
along the beam direction decreases. Consequently the number of the nuclei in the
path of the beam becomes smaller and the yield of the product is affected. In
a production process, the target is generally filled to pressures of about 20 bar which,
under the impact of beam currents of about 30 pA, may rise up to about 30 bar. This
increase in pressure is often used as a test of positioning of the beam on the gas.

Heat Generation

The high pressure and formation of plasma cause a severe strain on the window
metal foils, separating the target from the cyclotron vacuum. Materials like Al, V,
Ti, Ni, Nb and Havar have found extensive use as foils. The target body has to be
a good heat conductor, and materials like Al, Ti, Ni, Cu, stainless steel and Inconel
have found wide applications. For an efficient dissipation of the heat generated
during a high-current irradiation, the target body is cooled by circulating water.
The target generally has in front a double window, consisting of two foils, through
which cooled He gas flows in a closed loop.

Chemical Form

The chemical form of the radioactive product in a gas target strongly depends on
the target body and the filling gas. Under the impact of a high-intensity beam, ex-
tensive radiation chemical interactions may take place, leading to a variety of radio-
active and non-radioactive chemical products. The presence of additives is often
a deciding factor regarding the radiochemical state of the product radionuclide.

Yield and Purity

In a good production method, besides high yield, a low level of radionuclidic impu-
rities is desired. This is achieved via the choice of a suitable nuclear process, the
relevant target material and the chemical separation scheme. Furthermore, the
level of chemical impurities should also be low. Those impurities are introduced via
the reagents used and, to some extent, via radiation induced effects like radiolysis
and sputtering from the target body. The inactive impurities may have toxic effects
and may also form complexes with the radioactive product, thereby decreasing its
chemical reactivity. Whenever high specific activity is demanded, special precau-
tions in target construction are required.

Typical Gas Target Systems

The gas targets could be divided into two systems depending on the possibility of
removal of the radioactive product, either directly with the target gas or first its de-
position on the inner wall, followed by removal in a second step. A discussion of
the two systems is given below.
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Direct Removal of Radioactive Product

This system is used in the production of ''C, °0 and partly ['®F]fluorine. Extensive
work on the production of ''C via the *N(p,a)"'C reaction has been done in many
laboratories. A typical batch target used at the Forschungszentrum Jiilich [20, 115]
for the production of MC via this reaction is reproduced in Fig. 3.5. It consists of
a conical cylinder made of aluminium-magnesium alloy containing 3% magnesium
(AlMg3). The target is 144 mm long, with front and rear parts having diameters of 18
and 44 mm, respectively. The double window in front of the target consists of
a 0.6 mm thick aluminium sheet (closing the target) and a 50 pm thick aluminium
foil (separating the cyclotron vacuum). A helium stream (0.8 bar, -7 °C) flows
through the two foils and cools the window. The target body is cooled by flowing
water. The target filling and evacuation systems are also shown. It is filled with
high-purity nitrogen gas to a pressure of 12 bar. In a typical production run at
30 pA the pressure rises to 16 bar. The proton energy range within the gas corre-
sponds to E;, = 13 - 3 MeV. While using “pure nitrogen” containing traces of oxy-
gen as target gas, both ["'C]carbon monoxide and [*!C]carbon dioxide are formed.
Furthermore, some N is also formed via the N(p,pn)®>N reaction. Experience
has shown that after a high-current irradiation of about 40 min, the 'C formed
exists mostly as ["'C]carbon dioxide and the amount of >N is small. After the irra-
diation, the pressure valve of the target is opened to release the target gas and He
(at 0.3 bar) is used to flush the target. The gas stream is then led in a metal tubing
(stainless steel, small diameter) to a synthesis apparatus placed in a hot cell. The
recovery yield of the radioactivity is >90%.

The above described target system is adapted and also used for O production
via the **N(d,n)™0 reaction. The target is generally filled with high-purity nitrogen
gas containing 0.2% oxygen. Irradiation is done with deuterons and the energy
range within the gas corresponds to Eq = 8 > 0 MeV. This energy minimises the
production of the longer lived radionuclidic impurities N (T, = 10.0 min) and
1C (T, = 20.4 min) generated by the "*N(d,t)">N (threshold energy: 4.9 MeV) and
¥N(d,an)"'C (threshold energy: 5.8 MeV) reactions, respectively (see Chapter 2,
Section 2.5.2). A 5 min irradiation with a nominal deuteron beam of 30 pA was
found to be sufficient. The gas stream is led in a stainless steel tubing to a hot cell
where synthesis of 0-labelled molecules, for example, [>0]H,0 and n-[**O]buta-
nol is done. The recovery yield of the radioactivity is >90%. It may be mentioned
that, besides the batch target described here, some gas flow targets are still exten-
sively used for the production of 0 in other chemical forms, such as [*>0]oxygen,
[*0]carbon monoxide and [**O]carbon dioxide. In each case the radioactivity is
carried out of the target with the gas stream.

With regard to [*®F]fluorine production, the reaction *°Ne(d,a)'®F is utilized.
Extensive work on targetry and radionuclide removal has been done in many labora-
tories. A typical target is of conical shape [cf. 56], about 100 mm long, made of Ni,
with a He-cooled double window in front. It is filled with Ne gas containing 0.18% F,

printed on 2/13/2023 3:41 AMvia . All use subject to https://ww.ebsco. confterms-of-use



3 lIrradiation Technology

86

"193An19 2@ Jo ASaUN0I Yim ‘[0T] "I 33 UIPIQIS WOy udXe) ‘U0130]IAI B Je O pue D, Jo uondnpoid 10y 3pow ydjeq ul pasn waisAs Jasie) ses jedidA] g€ “Siy

leq ¢t leq €0

dwndjeSnyuuay: 4D
Jaonpsuelyainssald:  Id
saAjeA pajelado wnaud :ZA-TA
101eInSa1 MOJ4 : ‘T ¥4

Ydums moy4 s S

Aeydsip aunssaud

2l T
(v 0€)
EEHH juaund 1931e]
N

198183 Y21eq-C0Dy; _

1908(
Apog-1y  491em Su1jo0) peay ja8ie]
_ (ASW €T < ASW 1°ZT)
_ 1 EE o-o
> N V7777 | A MopuIm — |y
O%H A 4

198UuBeYIXd JBaH

D LdNaW 72T
A

1eq ZL N N/ E

JAN

. N

- 184Dy OL Cod)iN<— —

1sneyxa/aH TX
SA

£ A 7,
dd S4 slojensu|
dd A A
smeledde sisayjuAs| _VnA__
9H

8u1j00d - 9H
Mopuim 3)gnog

use subject to https://ww.ebsco.confterns-of-use

Al

EBSCChost - printed on 2/13/2023 3:41 AMvia .



EBSCChost -

3.3 Cyclotron/Accelerator Irradiations =—— 87

to a pressure of 18 bar. On irradiation for about 2 h with 14 MeV deuterons at a beam
current of about 25 pA the pressure rises to 28 bar. At the end of the irradiation, the
pressure valve of the target is released and the target gas with the radioactivity is led
through a Cu tube to a lead cell for synthesis work. The main factor determining the
[*®F]fluorine recovery is the chemical state of the target surface. Passivation (pre-
fluorination) of the target inner surface is necessary before performing the irradiation
to avoid losses of ®F through adsorption on the inner wall. Under optimised condi-
tions, about 75% of the ®F can be recovered in a production run.

Removal of Deposited Radioactive Product

In irradiations of inert gases with light mass charged particles, generally radiohalo-
gens, alkali metals or alkaline earth metals are formed. They are all deposited on the
inner walls of the target body. In order to remove them from the walls and to recover
them for subsequent use in radiopharmaceutical production, two techniques have
been developed. The first one applies specifically to the recovery of [*®F]fluorine
through a second irradiation, and the second one, involving the rinsing of the target
walls with water, is of more universal application.

a) Recovery of ['®F]fluorine

The technique of two-step electrophilic '®F production via the *0(p,n)'®F reaction
was developed at Wisconsin and Los Angeles, USA. An optimised target and recovery
system used at the Forschungszentrum Jiilich [121] is reproduced in Fig. 3.6. The tar-
get body has a conical shape with front and back radii of 8 and 10 mm, respectively,
and a length of 122 mm. The dimensions correspond to the beam shape, which was
calculated by Monte Carlo simulation. In this way any interactions between the beam
and the wall are avoided and the entire beam is utilized for the nuclear reaction.
A hemispherical entrance window with a wall thickness of 500 pm is used instead of
the usual double window. The target body including the window is made of an alu-
minium alloy containing 3% magnesium (AIMgs). The target chamber is cooled with
20 °C circulating water. The window is separately cooled by 6 °C water.

In the first irradiation, the target was filled with 97% 20, to a pressure of
12.8 bar. On irradiation with 16 MeV protons at 25 pA, the pressure rose to 25 bar.
At the end of the irradiation, the gas was cryogenically trapped on molecular
sieve into a stainless steel reservoir. For the subsequent recovery of '®F deposited
on the inner wall, the target was filled with a 0.8% fluorine/krypton mixture to
10.3 bar and irradiation was done for 15 min with 16 MeV protons at 20 pA. At the
end of the second irradiation, that is, the activation step, the [18F]ﬂuorine/l<rypton
gas was transferred via a 60 m long, 3 mm @, Cu-tube to the chemical laboratory
area to perform labelling reactions. Similar to the Ni target used for the production
of [*®F]fluorine via the *°Ne(d,a)'®F reaction described above, also for the present
target a daily passivation of the internal surface is necessary to obtain
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Fig. 3.6: Scheme of the manifold used for handling the highly enriched *®0, gas as target in the

production of electrophilic *8F via the *¥0(p,n)*®F reaction, taken from Hess et al. [121], with
permission from Elsevier.

a reproducible [*®*F]fluorine yield. Under optimised conditions, the recovery yield
of [*®F]fluorine was estimated to be about 70%.

b) Recovery by rinsing the inner wall

The technique of rinsing the inner wall of the target body to remove the deposited
radionuclide is common and has been used in several variations. In the simplest
form, after the end of the irradiation, at first the target gas is removed, and then
sufficient amount of water (or other solvent) is introduced in the target body and,
after some shaking, the solution is sucked out of the target. The total volume of the
collected solution is generally large (~ 20 mL) [cf. 57].
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In an improved version, a conical-shaped cylinder was placed inside the target,
which could be rotated using an electrical drive motor. The radionuclide produced
during the irradiation got adhered to the inner wall of the conical cylinder. After
the end of the irradiation, the target was evacuated, about 5 mL of water was
sucked inside the conical cylinder, which was then rotated. After a 5 min rinsing
the water containing the radionuclide was pressed out by Ne gas. This methodology
was used in the production of '*F,, via the nuclear process *°Ne(d,a)'®F [56]. The
removal yield of the product was found to be between 60% and 70%.

Another elegant method developed for the removal of rubidium radionuclides
from a Kr target [120] made use of steam (see Fig. 3 in Appendix V). The conical-
shaped target body is made of stainless steel (length: 12 cm; front @ = 1.2 cm; back
@ = 3.0 cm) and it has in front a standard double window He cooling arrangement.
For the production of 8™Rb via the ®Kr(p,n)®*™Rb reaction, > 95% enriched ’Kr
gas was filled in the evacuated target up to a pressure of 3 bar and then irradiation
was done with 15 MeV protons at a beam current of 20 pA. After the end of the irra-
diation, the target gas was removed from the target and collected cryogenically in
the reservoir. Steam under pressure (at 500 °C) was then introduced into the target
and, on cooling, it dissolved some 8™Rb adsorbed on the inner wall of the target.
The water droplet was then sucked out of the target. This process was repeated
seven times till most of the *™Rb formed was collected in about 0.5 mL of water.
The removal yield of the radionuclide was found to be > 95%.

It should be noted that besides clinical scale production of #2™Rb, the above
mentioned technology was also used in tracer level production of "°Br via the
"8Kr(p,a)”Br reaction. Furthermore, using a still more advanced methodology,
particularly with regard to the safe handling of the highly expensive enriched
124Xe gas as target material, the technology has been fully developed at
Karlsruhe and Vancouver for large-scale production of the important SPECT-
radionuclide '®I via the '**Xe(p,x)'®’I process at a medium-sized cyclotron.
Further work on improvement of gas targets, especially those employing highly
enriched gases as target materials, is continuing. The major aims are to decrease
the leakage of the gas and to improve the recovery of the product.

3.3.5 Production Yields

The integral yield of a radionuclide calculated from the excitation function repre-
sents the maximum yield, which can be expected via the nuclear process used. In
practice, the experimentally obtained yields in high-current production runs are in-
variably lower than the theoretical values. The experimental batch yield generally
increases with the increasing current. However, the normalised production yield
per pA current decreases as a function of the integrated current, presumably due to
some loss of the beam in wobbling, due to inhomogeneity in the incident beam as
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well as radiation damage effects. Although not many detailed systematic yield
measurements have been performed under standardised conditions as a function of
increasing beam current, some trends in relative experimental yields for three types
of target materials (solid, liquid, gaseous) were ascertained [cf. 105]. Due to differ-
ent target thicknesses (energy ranges), a quantitative comparison was not admissi-
ble. However, qualitatively it was found that the yield decreases rapidly in the case
of a gaseous or liquid target. In the former case, it is presumably due to density re-
duction along the beam direction and, in the latter, due to local boiling and bubble
formation [cf. 122]. The experimental yields thus reflect a cumulative effect of the
specific conditions prevalent during the production process. Establishing the opti-
misation parameters of a production process is thus of critical importance in achiev-
ing reproducible yields of a radionuclide in charged-particle irradiations. In recent
years, considerable progress has been achieved in beam positioning through Monte
Carlo simulation calculations, for example, using the codes FLUKA or MCNPX, and
more efficient heat dissipation methods have been developed. Nonetheless, experi-
mental yields nearing the theoretical values are not reached. Thus, a constant vigi-
lance on irradiation conditions is mandatory.

A consideration of batch yields of all commonly used cyclotron radionuclides
suggests that they lie between 50 and 400 GBq. Those quantities are sufficient for
most of the patient care studies, but are often much lower than those encountered
in reactor production of radionuclides (see section 1.3.3). Thus, there is always
room for further improvement.

3.4 Other Irradiation Systems

Besides the use of nuclear reactors and cyclotrons in medical radionuclide produc-
tion, presently two other irradiation systems are also finding increasing interest.
Although both the systems have been known for more than 50 years, their possible
use in medical radionuclide production has been gaining enhanced attention only in
recent years. They include the use of (a) fast neutrons other than those from radio-
nuclidic sources and nuclear reactors described above and (b) high-energy photons
mentioned above. A brief discussion of the irradiation possibilities is given below.

3.4.1 Deuteron Breakup Neutrons, Spallation Neutrons and White Neutron Sources

Neutrons produced by breakup of 30-50 MeV deuterons on Be have been extensively
used in neutron therapy and nuclear reaction cross-section measurements. Because of
the forward-peaked nature of the neutron spectrum, the irradiation is done mostly in
the 0° direction. A schematic arrangement for irradiations with breakup neutrons at
the JULIC and CV28 cyclotrons of the Forschungszentrum Jiilich [123] is shown in
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Fig. 3.7(A) and the neutron spectrum, characterised by the multiple-foil activation and
spectrum unfolding technique, for 30 MeV deuterons on Be, is reproduced in Fig. 3.7
(B). Extensive integral cross-section measurements were done at Jiilich using 14 MeV
d(Be) neutrons [43, 124] as well as 30 MeV and 53 MeV d(Be) neutrons [125-127]. It
was found that the cross sections for the formation of many radionuclides via (n,p)
and (n,np) reactions are much higher than those with reactor neutrons.
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Fig. 3.7: (A) Arrangement for irradiations with deuteron/beryllium breakup neutrons. (B) Neutron flux
distribution for 30 MeV deuterons on Be, taken from Wolfle et al. [125], with permission from Elsevier.

At low deuteron beam currents, the neutron irradiations were done in air. For radio-
nuclide production, however, intense deuteron beams would have to be used,

printed on 2/13/2023 3:41 AMvia . All use subject to https://ww.ebsco. confterms-of-use



EBSCChost -

92 — 3 Irradiation Technology

necessitating thereby the construction of a well-cooled Be target, and the irradia-
tion sample would also have to be cooled and placed in a closed system. In recent
years attempts have been made at JAERI Tokai to produce ®’Cu and a few other
radionuclides using breakup of deuterons on a graphite target rather than on a Be
target [128, 129]. A high-current target system is being developed.

Besides deuteron breakup neutrons, spallation-type neutrons have also been
used in some preliminary investigations on production possibilities of a few radio-
nuclides [130, 131], mainly via the (n,p) reaction. Similarly some thoughts are also
developing on the use of white neutron sources produced at high-intensity electron
linear accelerators (LINACs) with energies of about 50 MeV. Their use would presum-
ably be more in utilizing the (n,y) reaction (i.e., as a substitute of a nuclear reactor).
However, to date irradiations for practical radionuclide production using a spallation
neutron source or a white neutron source have not been reported.

3.4.2 High Energy Photons

As mentioned in Chapter 2, considerable interest has arisen in recent years to pro-
duce a few special radionuclides via photonuclear reactions. Enhanced efforts are
therefore underway to develop high-power electron linear accelerators (LINACs) to be
able to supply intense photon beams. A typical irradiation geometry to produce
a radionuclide via a photonuclear reaction is shown in Fig. 3.8(A). The electron beam
from an accelerator falling on a heavy metal target delivers photons. The calculated
photon spectrum for 40 MeV electrons is shown in Fig. 3.8(B) [cf. 103, 132]. In the
same diagram, the excitation functions of the “®Ti(y,p)*’Sc and '*°Mo(y,n)*’Mo reac-
tions, taken from Ref. [102], are also shown. Obviously the photon spectrum is suit-
able for the production of both “’Sc and *Mo, but extensive development work is
necessary to achieve production yields sufficient for medical applications (for more
discussion see Chapter 6).

3.5 Concluding Remarks

In this chapter the principles of sample irradiation technology at various facilities
have been discussed. Evidently the technology is more demanding in the case of
charged-particle irradiations than in neutron irradiations. In particular, the use of
highly expensive isotopically enriched material at low-energy charged-particle ma-
chines calls upon ingenuous methods for optimum utilization of the beam and safe
handling of the material. Also the use of liquids and gases as target materials is very
demanding. Some examples of those systems have been presented. Extensive studies
continue worldwide, both on target design and target materials. On the other hand,
the handling of much larger amounts of radioactivity in reactor irradiations than in

printed on 2/13/2023 3:41 AMvia . All use subject to https://ww.ebsco. confterms-of-use



EBSCChost

3.5 Concluding Remarks —— 93

'V"\j{\'“
e ’
Y4
- Sample
(Y] 1 | W-converter
100 -
— Photon flux 1160
: - — = 1%%\o(y,n)**Mo ]
107 i — ®Ti(y,p)*"Sc - 140

-
e
r
-
LS
(=]

100
80

60

Cross section (mb)

_.
<
L

40

Photons cm™ per electron
=
w

20

-
<
o«

(B) Energy (MeV)

Fig. 3.8: (A) Photon production by impinging a beam of high-energy electrons on a W target.

(B) Bremsstrahlung spectrum from 40 MeV electrons on W, taken from Mamtimin et al. [103], with
permission from Elsevier. The excitation functions of the reactions *°°Mo(y,n)*’Mo and “®Ti(y,p)*’Sc
shown in the diagram, are based on the cross-section values given in the data file [102].

cyclotron irradiations demands high-class radiation shielding and sample transport
technology. Continuous research and development work is therefore underway with
regard to irradiation facilities, as is evidenced by the series of conferences and work-
shops on targetry and isotopes. For the latest developments in technology, the reader
is referred to the proceedings of those conferences. Similarly for more detailed infor-
mation on industrially established technologies, it is advisable to consult the infor-
mation supplied by various commercial organizations.
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4.1 General Considerations

The chemical processing of an irradiated target material, called radiochemical process-
ing, is similar to normal chemical analysis, except for two distinct differences:

a) the radioactive product may exist in the form of several chemical species,

b) the amount of the radioactive product is very small.

The formation of various chemical species occurs due to radiation-induced chemi-
cal reactions and nuclear recoil effects. Those effects are more pronounced in gas-
eous and liquid targets. In a nitrogen gas target for the production of 'C via the
YN(p,a)"'C reaction, for example, the product radionuclide occurs as *CO, or 'CO,
depending on the target filling, the beam current used and the time of irradiation.
Similarly in a water target for the production of >N via the °0(p,a)"N reaction, the
radioactive product could occur as ®NO,™ or ®NO;", depending on the radiation
dose effective in the target. Also in solid targets, the radioactive product may exist
in several oxidation states. For example, '*I produced in a '**Te0, target via the (p,n)
reaction, or ' formed in a "*'Te0, target through the 39Te(n, y)"*"™2Te GRED) pro-
cess, may exist as I", I03~ or 10,". The chemical processing to be applied must
therefore take all these aspects in consideration. Often an oxidation/reduction cycle
is necessary to convert the desired radioactive product to one species before per-
forming the radiochemical separation.

The small amounts of radioactive products to be handled after an irradiation
are typical of radiochemical work. As is well known, in a nuclear reaction only
a very small part of the target isotope is converted into an activated product. In
a 1 g target sample, for example, after irradiation the total quantity of the radioac-
tive product may amount to between 10~ and 10™*? g (often termed as tracer quan-
tity). If the activation process involves an (n,y) reaction, the product radionuclide
and the target nuclide are isotopes of the same element, and a chemical separation
is generally not possible. Consequently the specific activity achieved is small. If,
however, another nuclear reaction occurs, for example, (n,p) or (p,n), the activated
product is again in a small quantity, but it is of a different element and can there-
fore be chemically separated. Though processing of sub-nanograms of materials is
a challenge, yet it is often absolutely necessary to achieve high specific activity of
the radioactive product for medical application. Several difficulties may be encoun-
tered while dealing with tracer quantities of a material, such as loss of radioactivity
via adsorption on glass walls, radiocolloid or aerosol formation. It is therefore ad-
visable to use quartz or teflon, instead of glass, and the highest purity reagents and
gases available.

https://doi.org/10.1515/9783110604375-004
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There are two major aims of chemical processing:
i) toisolate the desired radionuclide in a pure form,
ii) to recover the isotopically enriched target material for reuse.

Although the latter aim is more of economic interest, and is often of great impor-
tance in the production of radionuclides at low- and medium-sized cyclotrons
(Levels II -1V), the first aim, that is, achieving a high purity of the desired product,
is of absolute necessity for medical application. A few other factors related to a good
radiochemical separation are: high yield, fast speed, reproducibility of results, simpli-
city of the procedure, and adaptability to remote control and/or automation. The
speed of separation is critical for short-lived radionuclides and the adaptability of the
developed separation procedure to remotely controlled/automated processing of
highly radioactive targets in a lead cell is of paramount importance from the radiation
protection point of view. A further demand is that the highly purified radioactive prod-
uct has to be made available in a small volume of the final solution (~0.3 mL). Finally
it has to meet certain quality assurance criteria before it could be used in further
synthetic radiopharmaceutical work. Thus the chemical processing of the irradiated
material for medical application demands special expertise in analytical radiochemis-
try. The separation procedures are discussed in Section 4.2 and the quality assurance
methods in Section 4.3.

4.2 Chemical Separation Procedures

Radiochemical separations have been extensively used in fundamental studies on
nuclear reactions, where the product radioactivity is low. In medical radionuclide
production, however, because of special demands mentioned above, only those
methods are interesting that can be applied to large-scale or at least clinical-scale
production of the radionuclide. In general, both on-line and off-line methods have
been applied. A brief discussion of the two methodologies is given below.

4.2.1 On-line Method of Separation

This method is mostly applied in cases where the radionuclide produced or its precur-
sor is in gaseous form. It has been extensively used in the production of the short-
lived radionuclides "'C (T, = 20.4 min) and O (T, = 2.0 min), both using a flow or
batch target filled with N, gas. For production of ''C, the irradiation is done with pro-
tons and for >0 with deuterons. The radionuclide coming out of the target in the gas
stream is then subjected to chemical processing for converting it to the desired chemi-
cal form. The removal of [*®F]fluorine formed via the 2*°Ne(d,a)'®F reaction in a gas
target filled with Ne and 0.18% F, is also based on the same principle. On-line
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removal of the gaseous products from solid targets has also been applied, for exam-
ple, in the production of I via the ?I(p, 5n)123XeE—C> 2] process. On irradiation,
the target material Nal gets melted within the target. A stream of He gas is then led
through the molten system, whereby '>Xe formed is carried out of the target with
the He stream. It is then cryogenically separated from He and used for the recovery
of I (see Fig. 8 in Appendix II). Some success was also achieved with respect to
on-line removal of **®Tc from a molten enriched **MoO; target being irradiated
with 11 MeV protons to induce the (p,n) reaction. Another example is the removal of
"’Kr by a He stream from a NaBr target during irradiation with 60 MeV deuterons,
whereby 7’Kr is formed via the “Br(d,4n)-process. After removal, “"Kr is trapped in
a vessel cooled by liquid nitrogen. It is then used as a precursor for '’Br production
(see Appendix II).

A yet another on-line system of removal of radioactivity from a target
involves the use of two irradiations, for example, in the production of [*®F]fluo-
rine via the ¥0(p,n)'®F reaction in a gas target filled with highly enriched '20,.
As mentioned in Chapter 3, the primary irradiation leads to the formation of the
no-carrier-added product ®F, which gets adsorbed on the inner wall of the target
body. After cryogenic removal of '20,, the target is filled with Kr containing 0.8%
F,, and the second short activation irradiation is carried out. The [*®F]fluorine is
then removed from the target vessel with the outgoing gas stream. Furthermore,
the removal of radioactivity adsorbed on the inner wall of a gas target (after irra-
diation) by rinsing the wall with water or introducing steam and collecting the
wash solution (see Chapter 3) may be regarded as a special form of on-line sepa-
ration of the product.

Besides on-line separations from gaseous and molten targets described above,
the isolation of no-carrier-added '®F activity formed via the '®*0(p,n)'®F reaction in
a H,'®0 target constitutes a very special form of on-line separation. The irradiated
water is transferred from the target to the hot cell through a polypropylene tube
(@ = 0.8 mm) and led to an ion-exchange resin (carbonate form) column. The radio-
nuclide '®F is adsorbed on the column, whereas the ¥0-enriched water flows
through and is recovered for reuse. Later ®F is removed from the column for further
chemical processing.

4.2.2 Off-line Methods of Separation

As discussed in Chapter 3, most of the irradiations for radionuclide production,
both in reactors and at cyclotrons, are carried out using solid targets. A large
number of dry and wet chemical processing methods have been developed to sep-
arate the desired radionuclides in no-carrier-added form from macroamounts of
inactive material and strong matrix activities. Some of the commonly used meth-
ods are discussed below.
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Distillation
This method makes use of the volatility of certain elements or their chemical com-
pounds and the separation is based on differences in vapour pressures. The conver-
sion of a non-volatile element to a volatile form is achieved through adjustment of
experimental conditions. Both dry and wet distillation methods have been used.

The technique is applicable at both macro- and tracer levels. In the latter case,
the use of a non-isotopic carrier is needed. An example of the removal of a volatile
rare gas is furnished by the production of "’Kr via the "’Se(*He,3n) reaction [110].
A thin layer of 7/Se metal on an Al plate was irradiated with *He-particles at
a slanting angle of 20°. The radioactive "’Kr produced remained trapped in the tar-
get. After the irradiation, the target was placed in a degassing apparatus, a stream
of He was led through the apparatus and heating was started. Radiokrypton was
swept through and adsorbed on a molecular sieve in a stainless steel trap cooled
with liquid nitrogen. The product was found to be quite pure and could be directly
used in inhalation studies.

The dry distillation method finds extensive use in the removal of radioiodine from
a tellurium dioxide target. It has been applied in the reactor production of *'I through

the 13°Te(n, y)?'™8Te F. 1] process on a ™Te0, target as well as in the cyclotron
production of 2°I, 121 or 2] via the (p,n) reaction on the respective enriched target
120Te0,, PTe0, or *Te0,. The apparatus used earlier (see Fig. 6 in Appendix II)
has been updated and the presently used version [112] is shown in Fig. 4.1. The dis-
tillation tube is made of quartz (@ = 3.9 cm, length = 30 cm) and is placed in an

Fig. 4.1: Simplified sketch of quartz distillation apparatus for the separation of radioiodine
(*2°1, 21 or %)) from irradiated **°Te0,, >Te0, or ?“Te0, target, respectively. The tube area
outside the oven is heated by a stream of hot air. Taken from Qaim et al. [112], with permission
from Elsevier.
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oven. It is connected on one side with a row of traps (two containing about 0.5 mL
of 0.02 M NaOH solution each, and the third one solid CO,) and a vacuum pump.
The other end is open for introducing the irradiated target that consists of tellurium
dioxide on a platinum backing. A vacuum suction allows air to flow through the
tube gently. The oven is warmed up to 750 °C in steps and maintained at that tem-
perature for about 15 min. The radioiodine released is carried with the air stream
and is deposited mainly in the first trap (>98%); a small fraction is found in
the second trap (<2%). The overall distillation yield was found to be about 90%.

It should be mentioned that the exact mechanism of radioiodine removal from the
target is not known, but presumably it involves the formation of high oxides of iodine
that are volatile and get decomposed immediately when they come in contact with the
solution in the first trap. Optimisation experiments showed that the distillation tempera-
ture should lie above the m.p. of TeO, (733 °C) but should not be too high to avoid Te
loss. Since on melting, the radiation damage effects are healed out, the enriched tellu-
rium dioxide target can be reused without applying any further target recovery process.

Besides the dry distillation method used for the separation of rare gases and
radioiodine, radionuclides of many other elements produced in various matrices
are separated by the conventional dry or wet distillation method. The irradiated tar-
get element is treated with a gas or is dissolved in a suitable medium, so that the
radionuclide is converted to a volatile chemical form, and is distilled over to
another vessel. A few general examples of separations via distillation are given
below:

- as oxide (0sQ,, Ru0,, Re,0;, Tc,0,),
- as chloride (GeCl,, AsCls, SeCly, ZrCl,),
- as hydride (SbH;, PH;, AsH;, etc.).

Some typical examples of separations based on distillation applied in the produc-
tion of medical radionuclides are:

— Separation of 'At formed via the 2*°Bi(a,2n)*""At reaction. The standard procedure
used involves distillation at 650 °C in a quartz oven. A stream of dry nitrogen,
argon or oxygen carries 2"At out of the distillation apparatus, which is then
trapped in a cooled vessel. Thereafter astatine is dissolved in a small volume of an
organic solvent.

— Separation of ' from a Te metal target irradiated in a nuclear reactor. The tar-
get is treated in a distillation flask with a mixture of chromic acid and sulfuric
acid, heated and refluxed. After addition of some oxalic acid, the flask is again
heated and the radioiodine distilled over is collected in a receiver containing
about 10 mL of 0.01 M Na,SOs solution.

— Separation of *°P formed via the % Al(a,n)*°P reaction. The irradiated target was
transferred to a distillation flask containing NaOH solution. On dissolution of
Al the nascent H converted *°P to phosphine, which was swept off by He gas.
The gas stream was then led through a liquid nitrogen trap to condense *°PHs.
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- Separation of *’Ru formed via the "Mo(*He,xn)°’Ru process. The irradiated
molybdenum was dissolved in a mixture of H,SO,, HNOs; and HCIO, by gentle
heating. Thereafter CrO; solution in water was added and the oxidized RuO,
was distilled over and collected in dilute HCI.

The distillation technique is apparently very useful for isolation of many elements.
However, the purity of the product achieved may or may not be acceptable for med-
ical application. A subsequent purification step may thus also be necessary.

Thermochromatography

Thermochromatography, like distillation, makes use of the volatility of compounds of
elements. However, the various volatile species remain in the column with a tempera-
ture gradient and are deposited at different distances from the original location of the
solid target. This gas phase separation method was developed and extensively used at
the Joint Institute of Nuclear Research, Dubna, Russia, for investigations on super
heavy elements and decay properties of some spallation products. Extensive work was
carried out later at the Paul Scherrer Institute, Villigen, Switzerland, which was also
related to super heavy elements. As far as the medical radionuclide production is con-
cerned, the technique was first applied at the Forschungszentrum Jiilich in the large-
scale production of ”Br and "’Br (see Appendix II). A CusAs target, irradiated with
100 pA beam of 36 MeV *He-particles to produce "°Br via the ">As(*He,3n)-reaction, was
introduced in the thermochromatographic column placed in an oven at 950 °C
(see Fig. 4 in Appendix II). Radiobromine separated from the target was carried over by
a He stream and got condensed in the tube at a certain distance from the target. It was
recovered by rinsing with 0.5 mL of water. Similarly, for the production of “’Br via the
>As(a,2n)""Br reaction, the CusAs target was irradiated with 100 pA beam of 28 MeV
a-particles and the thermochromatographic separation was performed. Both Br and
"Br were found to be in the form of bromide (>95%). The thermochromatographic
apparatus was completely automated and controlled by a microcomputer. Another ra-
dionuclide produced and separated by the thermochromatographic method was "Se.
Two nuclear processes used were ">As(p,3n)">Se on a CusAs target and "°Ge(a,n)">Se on
a Cuy°Ge target. The separation of radioselenium from the CusAs target, irradiated
with 40 MeV protons, was carried out utilizing an oxygen stream [133]. In the second
case, a thin layer of electrodeposited Cu;’°Ge alloy on a wedged Cu-backing was irradi-
ated with 28 MeV a-particles at a beam current of about 100 pA and the radioselenium
formed was separated by thermochromatography in a helium stream [134].

Besides the application of the horizontal thermochromatographic system, a verti-
cal apparatus was also developed [135]. It is shown in Fig. 4.2. It consists of a wide
quartz tube (@ = 5 cm) in which two narrower quartz tubes (@ = 2 and 3 cm) can be
fitted in. The irradiated target material is introduced into the open wide tube and the
apparatus is closed after inserting the narrower quartz tubes. The whole assembly is
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Fig. 4.2: Schematic representation of apparatus for thermochromatographic separation of **™Tc
from irradiated ®*MoO; target: 1, inner quartz tube for adsorption of **™Tc; 2, middle quartz tube
for condensation of **Mo0s; 3, outer quartz tube; 4, electric resistance oven. The zones of *“™Tc
adsorption and “Mo0; condensation are shown. Taken from Résch et al [135], with courtesy of
De Gruyter.

placed in a vertical oven with the required temperature distribution, and the reactant
gas is passed through it. At the end of the separation process, the apparatus is taken
out of the oven and cooled, and from it the inner narrow tube is removed with the
adsorbed product. On rinsing the deposition spot of the product with a minimum vol-
ume of an appropriate solution, the desired radionuclide is obtained. This apparatus
was first developed to separate *“™Tc from a **MoO; target irradiated with protons
[135]. As flow gas moist oxygen was used. Subsequently the apparatus was also used
to separate a few other systems. Recently it is being adapted to separate *™Tc pro-
duced via the '®°Mo(p,2n) reaction at a cyclotron.

It should be mentioned that thermochromatography was successfully utilized to
separate several product radionuclides when the irradiation was done at a small or
medium-sized cyclotron (Levels II-IV). The collected radioactive product, however,
though radionuclidically pure, may not always exist only as one species. It may then
be necessary to introduce a second purification step. This was done, for example, in
the case of the separated **™Tc mentioned above. The activity collected in a small
volume of 107 M NaOH solution contained some impurity besides Tc(VII). On
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passing the solution through a small alumina column, the eluted technetium
activity was found to be >99% *“TcO,” (see Fig. 6 in Appendix V). It may also be
emphasized that in case the target is irradiated with high-energy projectiles, the
thermochromatographically separated product may not meet the purity demands.
In that case, the thermochromatography may simply remove the radioactive pro-
duct from the bulk target, that is, it would allow to concentrate the radionuclide
in a small volume of the rinsing solution. A subsequent separation step could
then enhance the purity of the radionuclide to the desired standard.

Solvent Extraction

Solvent extraction involves distribution of a solute between two immiscible phases,
with enhanced concentration in one phase. The solutes are mostly metal ions and
the two phases are aqueous and organic, although other types of liquid-liquid sys-
tems, for example, molten salts or liquid metals, may also occur. In most cases,
a transfer of the metallic radionuclide to an organic phase is desired. There are
many factors which affect this transfer. Some of them are as follows:

concentrations of reagents and the extracted species,

ratio of volumes of the two phases,

temperature of the system and mixing time,

pH value of the aqueous system.

Under optimised conditions, the technique can be applied to a large number of sys-
tems. It has been extensively used in radiochemistry. The method works over a very
wide range of concentrations, from concentrated solutions in nuclear industry, in-
volving uranium production or nuclear fuel reprocessing, to single atom separations
in search of the heaviest elements. The processes related to medical radionuclide
production involve concentrations somewhere in between.

In the aqueous phase, the radioactive metal radionuclide under consideration
may be present as free metal ion or as positive, negative or neutral complex. Its extrac-
tion in an organic phase, however, can take place only as a neutral aggregate or che-
late. For example, >°Fe formed via the >’Cr(*He,3n)*°Fe reaction is extracted in ether as
52Fe(l; after dissolution of the target in HCL. In general, however, the extraction of an
inorganic species occurs only after its interaction with a chelating organic molecule.
Very commonly the chelating agent is dissolved in a non-polar organic solvent. Some
of the examples are theonyl trifluoro acetone dissolved in benzene, di-(2-ethylhexyl)
phosphoric acid dissolved in n-heptane and so on. An organic reagent may form
extractable complexes with several elements, but, under proper conditions, selective
extraction of a single element is possible. The extraction process is then described in
terms of the distribution ratio, given by
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where C, is the total analytical concentration of the metal radionuclide in the or-
ganic phase and C,q the analytical concentration in the aqueous phase. D is simply
the ratio of the specific activities of the phases. The radionuclide concentrated in
the organic phase has finally to be back extracted into an aqueous phase.

In medical radionuclide production, the solvent extraction technique is occasion-
ally used either alone or in combination with some other preconcentration technique.
Among the most common examples are the purification of ®’Ga and "In formed via
the ®8Zn(p,2n)®’Ga and ™Cd(p,2n)'""In reactions, respectively. Extraction of the two
radionuclides is done in diisopropyl ether from HCl and HBr solution, respectively,
and back extraction is easily achieved in a small volume of 0.05 M HCl. A more de-
manding case is the separation of radioselenium formed via the "*As(p,xn)”>">Se pro-
cess. Attempts to separate it from an irradiated As,05 target were not very successful.
Using a CusAs target, however, radioselenium was first removed from the bulk mate-
rial by thermochromatography [cf. 133], then dissolved in 6 M HCl and thereafter
subjected to solvent extraction [133]. After reduction with SO,, extraction was done
with benzene. The apparatus used is shown in Fig. 4.3.
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Fig. 4.3: Apparatus for extraction of radioselenium in benzene from a solution containing
thermochromatographically separated radioselenium. Taken from Blessing et al. [133], with
courtesy of De Gruyter.
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It consists of a round bottom distillation flask connected to an extractor in the
form of a perforator. Benzene is distilled; some of it condenses around the Dimroth
cooler and falls through a funnel into the dropping tube having a frit at the end.
With the magnetic stirrer on, the reduced radioselenium solution is injected into
the extractor. By adjusting the benzene dropping rate at 5 mL min™" under continu-
ous stirring, the radioselenium is extracted quantitatively in the organic phase
within about 35 min (cf. Fig. 4.4).Thereafter the aqueous phase is separated via the
waste removal part and the radioselenium concentrated in benzene. The elemental
radioselenium in benzene was found to be chemically very reactive. Some other sol-
vent extraction systems specifically used to separate several medical radionuclides
are mentioned in the next chapters.
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Fig. 4.4: Extraction yield of radioselenium in benzene as a function of time. Taken from Blessing
et al. [133], with courtesy of De Gruyter.

lon-Exchange Chromatography

Ion-exchange chromatography involves adsorption of ions on an ion exchanger,
followed by selective elution of individual elements. Most common ion exchang-
ers are synthetic organic polymers having a functional group (they are termed as
resins). Both anion and cation exchangers are used in separation of metal radio-
nuclides. An anion exchanger contains one of the three groups —(CH,NR;)Cl, -
(CH,NHR,)Cl or —(CH,NH,R)Cl, whereby R denotes an alkyl chain. A cation
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exchanger typically consists of a sulfonic acid group attached to a cross-linked
polystyrene matrix (i.e., R-SO57). In this case, the exchange reaction can be writ-
ten as

R-SO3™ ... H" + M'X™ <> R-S05™ ... M" + H'X™

where M"* is a metal ion and X~ is an anionic ligand. For this reaction the equilib-
rium constant k; can be written as

_ - + oy -
_ R=S0, . M7J,H X ], (at equilibrium)

o= [R-SO; ... H'|,[M*X],

where a is the concentration in resin and b the concentration in solution.

In a separation cycle the equilibrium constant for different metals are different.
Thus in principle, a separation is always possible. However, due to very small differ-
ences in equilibrium constants, especially in the case of metals of similar chemical
properties, for example, lanthanides, many cycles are needed. Nonetheless, it is pos-
sible to separate the lanthanides from one another using this technique, which other-
wise are very difficult to separate.

The experimental procedure in applying this separation technique consists of
loading a column of appropriate dimensions with an anion or cation exchanger, fol-
lowed by its conditioning through flow of appropriate reagents. Thereafter the irra-
diated target dissolved in an appropriate solvent is transferred to the column,
whereby the product radionuclide is generally adsorbed. On changing the eluent
and maintaining well-defined conditions, it is possible to selectively elute the
desired radionuclide from other products. Thus in principle, the technique is simple
but considerable optimisation work is needed to obtain satisfactory results.

In general, the ion-exchange technique works very well when the amounts of the
substances put on a column are small so that the column is not overloaded. In funda-
mental studies on nuclear reactions a thin irradiated sample weighing a few milli-
grams may be dissolved in a solvent and transferred to a small resin column, and the
reaction products could be sequentially eluted for radioactivity measurement. In a real
radionuclide production run at a low to medium-sized cyclotron, however, 0.2-0.5 g
of the target is generally used; at intermediate energies even a thicker target may be
used. Dissolving and transferring such a target to an ion-exchange column causes
a heavy load. Since the target element and the product elements have generally adja-
cent Z values, the separation peaks may not be well resolved. In production processes,
therefore, one of the two strategies is followed:

a) A system is chosen in which the bulk target element runs through, but the prod-
uct elements in tracer quantities are adsorbed on the column. They are then
eluted using another eluent. The system is used in a modified form if both the
bulk target and the reaction products are adsorbed on the column. Conditions
are then chosen such that the desired radionuclide is eluted first.
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b) The product radionuclide is separated from the target through coprecipitation
with a small amount of a non-isotopic carrier, followed by an ion-exchange sep-
aration of the radionuclide from the non-isotopic carrier.

As an example of the first strategy, the results on the separation of radioiodine from an
antimony target irradiated with a-particles are discussed [136, 137]. In one system [136],
about 200 mg of 99.45% enriched 2'Sb in the form of a pressed pellet was irradiated
with 26 MeV a-particles. The radionuclide '**I was formed via the ™'Sb(a,n)"‘l
reaction. After the irradiation, the pellet was dissolved in hot 10 mL of 7 M HCI with
a few drops of H,0, and the solution was transferred to a pretreated Amberlyst A21
anion-exchange column (@ = 1 cm, length = 30 cm). Antimony was eluted with 100 mL
of 7 M HCl. The fraction was collected for recovery of the enriched material. The radio-
iodine was then eluted with 20 mL of 5 mM tetrabutyl ammonium bromide solution in
ethylacetate (with a few drops of sodium dithionate) and the fraction was collected.
Finally the column was washed with 35 mL of 2 M HCl to remove radiotellurium. In
another system [137], about 200 mg of "*Sh,05 in the form of a pellet was irradiated
with 38 MeV a-particles, whereby '?*I was formed via the >Sh(a,3n)'**I reaction. The
irradiated pellet was dissolved in 30 mL of 7 M HCI and then transferred to an anion-
exchange column (Amberlyst A26, @ = 1 cm, length = 20 cm). Successive elutions with
tetrabutyl ammonium hydrogen sulfate, 2 M HCl and 0.7 M NaOH led to a complete
separation of *I from '?'Te and bulk of Sh. The elution curves are shown in Fig. 4.5
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© 3 mM TBAHS
124 1217¢ 0 2MHCI
4 0.7 M NaOH
12,000 -
[122Sb]Sh
2
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o
o
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Fig. 4.5: Elution profile of radioiodine, radiotellurium and carrier-added **?Sb from the anion-
exchange column Amberlyst A26 using various eluents, taken from Uddin et al. [137], with courtesy
of De Gruyter.
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[137]. The volume of the collected 2*I fraction in both the separation schemes [136, 137]
was somewhat large, but due to the relatively long half-life of **“I, the activity could be
concentrated in a smaller volume of the solution.

A good example of the second strategy, that is, removal of the radionuclide by
coprecipitation, is furnished by the separation procedure used in the production of
86Y via the ®°Sr(p,n)®®Y reaction. A 97% enriched 2°SrCO; pellet weighing about
200 mg was irradiated with 17 MeV protons. Thereafter it was dissolved in a small
volume of concentrated HCl, and 2 mg La was added as carrier. On addition of
NH,OH solution, lanthanum was precipitated as La(OH);, carrying %°Y (in tracer
quantity) with it. After centrifugation, the La(OH); precipitate was taken up in a few
drops of HCl and the solution was transferred to a small column (@ = 4 mm,
length = 40 mm) filled with Aminex A5 cation exchanger, whereby both #°Y and La
were adsorbed. Elution of the column was then done with a-hydroxyisobutyric acid
(a-HIB). The %Y activity was eluted first and the whole activity could be collected
in 150 pL of solution [138] (see Fig. 5 in Appendix V). Originally the separation was
done at normal pressure, but later it was adapted to a high-performance liquid
chromatography system [139].

In general, ion-exchange chromatography, also termed now as ion chroma-
tography, is commonly used in the separation of radionuclides produced for med-
ical application, provided the bulk effect of the target material is overcome by a
pre-separation step. Thus, separations of the radionuclides **Mn, *?Fe, ®*Cu, *’Ga
and #Zr have been achieved through the ion-chromatographic technique. In re-
cent years, new types of resins are being synthesized and their use in analytical
radiochemistry is increasing. Furthermore, some nanomaterials are being devel-
oped for use in radiochemical separations. Both those approaches have great
potential for specific separations of several novel radionuclides presently under
development for medical applications.

Electrolytic Separation
The electrolytic method of separation involves the removal of the desired product
using an electric potential. However, the procedure is often slow and not very spe-
cific. It is used more in preparation of thin uniform samples for irradiations for
nuclear data measurements (as discussed in Chapter 2) or for preparing thicker
samples for large-scale production of a radionuclide using an inclined target (as de-
scribed in Chapter 3) rather than in separation of reaction products. Nonetheless, it
has been applied successfully or appears to be potentially useful in separation of
several medical radionuclides from the bulk media. Three prominent cases are 18g
%Co and #°Y. They are discussed below.

For the electrochemical separation of '®F formed through the ®0(p,n)'®F reaction
in a H,'®0 target, a special cell was developed [140], which is shown in Fig. 4.6.
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Fig. 4.6: Cell design for electrochemical separation of no-carrier-added *®F from proton irradiated
H,'80 for subsequent *®F-fluorination reactions. Taken from Hamacher et al. [140], with permission
from Elsevier.

It consists of a heatable cylindrical glassy carbon vessel that serves as the anode.
A centric platinum kennel serves as the cathode and is also used to fill or empty the
cell. The distance between the two electrodes is 2.7 mm. The irradiated water (1.3 mL)
was transferred to the electrochemical cell and an electric field of about 50 V cm™
was applied for 5 min, whereby > 96% of the '®F activity was deposited on the carbon
cylinder. The defluorinated target water was transported out of the cell using a gentle
stream of helium. Thereafter, the electric field was changed to opposite polarity and
a solution of the phase transfer catalyst in a dipolar aprotic solvent, for example, di-
methylformamide was filled into the electrochemical cell. On applying a current of
about 10 V cm™ at a temperature of 100 °C, about 90% of the ®F activity was des-
orbed from the carbon walls and went into the solution, which was then used for syn-
thesis of radiopharmaceuticals.

Another cell was developed [109] in connection with the production of *>Co via
the *®Ni(p,a)*°Co reaction. It was used for electroplating and later for deplating. The
cell was made of quartz glass in which a wedged target head made of Cu could be
introduced. This acted as the cathode. A rotating platinum wire served as the anode.
The cell was filled with the electrolytic solution consisting of *®Ni dissolved in weak
HCI and boric acid. On applying a current of 50 mA, *®Ni was deposited on the cath-
ode (wedged target). This target was then irradiated with 18 MeV protons. Thereafter,
it was retransferred to the same electrolytic cell as used for electroplating. About
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5 mL of 8 M HCl was then filled in the cell, the electrolytic circuit closed and the po-
larity was reversed. The radionuclide **Co and the inactive target nuclide *®Ni went
into solution and were thus separated from the Cu backing. Further processing of the
solution was then done using anion-exchange chromatography, whereby *Co was
obtained in a pure form.

With regard to the electrochemical separation of %Y formed via the 8°Sr(p,n)®°Y
reaction, the irradiated target was dissolved in dilute HNO; in a beaker, two Pt plates
were plunged for use as electrodes and were fixed 3 mm apart [141]. The electrolytic
deposition was performed at a constant current of 450 mA at 50 °C. The radionuclide
8y was deposited on the cathode, which was removed from the electrolytic cell,
washed with acetone and then transferred to another beaker filled with dilute HNOs,
in which a Pt wire was also inserted. By changing the polarity, the Pt plate became
the anode and the Pt wire the cathode. During the electrolytic procedure the %Y was
removed from the Pt plate and got deposited on the Pt wire. Finally, %Y was dis-
solved from this wire in 300 pL of dilute HCL.

4.2.3 Other Separation Methods

Besides the above mentioned separation methods commonly or occasionally used
in clinical- or large-scale medical radionuclide production, in principle, use could
also be made of a few other methods, for example, coprecipitation/scavenging/pre-
cipitation, electrophoresis, collection of recoiling products, extraction chromatogra-
phy, mass separation and so on. The coprecipitation and scavenging are used to
concentrate the desired radionuclide in a precipitate of a non-isotopic homologue
(e.g., radioiodide on AgCl, radioyttrium on La(OH)s) or on a precipitate of large sur-
face area (e.g., radiolead on Fe(OH);). A subsequent separation of the radionuclide
from the carrying element is essential. The technique of precipitation is occasion-
ally applied to remove the bulk of the target material, but the desired radionuclide
should remain in the solution so that it can be recovered by another step (e.g., re-
moval of strontium target material as SrSO, precipitate, whereby the desired radio-
yttrium formed via the (p,n) reaction remains in solution). The electrophoresis
involves movement of a chemical species in the liquid phase from another species
under the influence of an electric field. However, to date this technique has not
been used in medical radionuclide production.

The technique of recoil collection has been extensively applied in the separa-
tion of short-lived nuclear reaction products from irradiated targets using the gas
jet method, which involves the formation of aerosols that can be carried to rela-
tively long distances. However, those studies are all for fundamental investigations
and not for separation of medical radionuclides. Regarding the medical radionu-
clides, the Szilard—Chalmer’s process is of more interest (cf. Chapter 1), in which
the recoiling product formed as a consequence of a nuclear transformation (nuclear
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reaction or radioactive decay) may be in a chemical form different from that of the
parent: it can then be separated. Small amounts of *>'Cr with enhanced specific
activity have been obtained following the *°Cr(n,y)*'Cr process.

The extraction chromatography consists of a combination of solvent extraction
and column chromatography. It involves loading a carrier column with a complex-
forming reagent, sucking the solution of the irradiated material through the column,
whereby the radioactive species forms a complex and is adsorbed, followed by selec-
tive elution of the complex using a suitable eluent. An example is the separation of
lanthanides: Di(2-ethylhexyl)orthophosphoric acid is adsorbed on a silicagel column
and the irradiated lanthanide dissolved in HNOs is transferred onto it. Elution of lan-
thanides is then done with 6 M HNO3, whereby the sequence of elution of lanthanide
is from lightest to the heaviest (opposite to that in cation-exchange chromatography).
This technique has been partly used in medical radionuclide production.

In contrast to the above mentioned radiochemical separation techniques,
a more physical method, namely, mass separation, has also been extensively uti-
lized in studies on short-lived radionuclides rather far from the stability line of
elements. It is based on the charge/mass ratio of each product radionuclide. Mass
separators have been constructed to separate, on one hand fission products and,
on the other, spallation products. Like the gas jet method (see above), the use of
mass separators has also been related more to fundamental investigations. In
recent years, however, great progress has been made at CERN in Geneva through
the development of an online mass separator, and a large number of radio-
nuclides generated via the spallation process could possibly be made available in
quantities sufficient for tracer or even preclinical studies. Two potentially interest-
ing radionuclides produced this way [cf. 99, 142] are the a-emitter *°Tb
(T., = 4.1 h) and the " emitter °°Th (T, = 17.5 h).

Competing Separation Methodologies

If a radionuclide is demonstrated to be clinically interesting, then more efforts are
devoted to the development of versatile chemical separation methods, and several
competing separation methodologies may be elaborated and practically applied.
For example, the radionuclide "*'I is separated by both dry and wet distillation tech-
niques, the radionuclide ®’Ga by ion-exchange and solvent extraction techniques
and the radionuclide #°Y by ion-exchange and electrolytic methods. The method of
choice then depends on the interest and capability of a particular laboratory.

It should also be pointed out here, that although in production of many
radionuclides at low-energy cyclotrons a simple one-step separation procedure
may be sufficient, in production of many radionuclides involving intermediate
energy reactions, spallation or fission process, a combination of several techni-
ques is necessary to obtain the desired radionuclide in a pure form. Those combi-
nations of techniques specific to some very important standard and novel
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radionuclides are discussed in Chapters 5 and 6, respectively, along with other
aspects of production processes.

4.3 Quality Assurance of the Separated Radionuclide

The last important step in a chain of operations for the production of a radionuclide
consists of quality assurance of the finally separated product. In general, four char-
acteristics need to be observed. These are radionuclidic purity, radiochemical
purity, chemical purity and specific activity. A brief discussion of each item is given
below (see also Appendix V).

The radionuclidic purity means the absence of other radionuclides. This is achieved
via the choice of a suitable nuclear process and energy range, combined with a clean
chemical separation. The radionuclide '*I, for example, is produced today mainly
using the **Te(p,n)-reaction on a highly enriched **TeQ, target over the energy range
of E, = 12 > 8 MeV, because the resulting product is very pure (**I impurity < 0.1%).
The radionuclidic purity is generally tested by high-resolution y-ray spectrometry.

The radiochemical purity means that the radiochemically separated product is in
the form of one major chemical species. It is generally achieved and tested by radio-
chromatographic methods, such as thin layer chromatography, high-performance
liquid chromatography and so on.

The chemical purity means the absence of inactive impurities that are generally
introduced via the chemical reagents used in the production of the radionuclide. The
chemical purity appears to be more important in the case of metal radionuclides than
for radionuclides of organic elements. This is due to high sensitivity of metal-chelate
bond formation on foreign ions than in the labelling of organic compounds with
radionuclides. For checking the chemical purity of a radioactive product, one or more
of the standard techniques, such as atomic absorption spectroscopy, ultraviolet (UV)
or infrared (IR) detection, inductively coupled plasma-mass spectrometry (ICP-MS)
and polarography, are used.

The specific activity is defined as the radioactivity per unit mass of the product
(see Chapter 1). Cyclotron production of radionuclides leads generally to high spe-
cific activity products, unless some carrier inadvertently gets introduced by impure
target material during the chemical processing stage. For estimating the specific
activity, generally the radioactivity of the whole batch is measured in an ionization
chamber and the mass is determined using a sensitive detection method, such as
UV, IR, refractive index or conductivity measurement.

It should be pointed out that the above discussed four quality assurance tests refer
to the radionuclide in its original form. They are crucial with respect to further process-
ing of the product. If the radionuclide is to be converted into a radiopharmaceutical for
human use, several further stringent tests, like those for sterility, apyrogenicity and
toxicity, also become mandatory.
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4.4 Use of Highly Enriched Isotopes as Target Materials
and their Recovery

Many of the standard medical radionuclides are produced using materials of natural

isotopic composition. However, in some cases the necessity exists to use isotopically

enriched isotopes as targets because of one of the following two reasons:

i) greater demand on yield, purity or specific activity of the desired product,

ii) non-availability of a cyclotron with suitable particles and energy for a particular
production reaction.

In recent years, highly enriched isotopes have been finding increasing application

in medical radionuclide production, especially at cyclotrons. Three typical exam-

ples are as follows:

a) Production of the SPECT radionuclide I (T, = 13.2 h) via the '**Xe(p,2n)'*Cs >
123X e > 1] process using 99.8% enriched **Xe gas as target material.

b) Production of the standard PET radionuclide ®F (T., = 109.8 min) via the
180(p,n)'®F reaction using 98% enriched H,'®0 as target material.

c) Production of the non-standard PET radionuclide ®“Cu (T, = 12.7 h) via the
®4Ni(p,n)®*Cu reaction using >95% enriched ®“Ni electroplated on a Au backing
as target material.

The natural abundances of the above mentioned three target isotopes are low,
namely, **Xe (0.0952%), 0 (0.205%) and ®*Ni (0.9256%). Bringing those isotopes
to high enrichment for use as target materials in medical radionuclide production is
thus an expensive enterprise. It is therefore mandatory to develop high-class irradi-
ation technology that would avoid the loss of the material during irradiation. In the
three examples given above, related to the production of '*1, *®F and ®*Cu, sophisti-
cated gas, liquid and solid targetry, respectively, are involved. Furthermore, effi-
cient chemical procedures have been devised to isolate the desired radionuclides
and to recover the enriched targets for reuse. Detailed information on the various
enriched isotopes used as targets is given in the next two chapters.

4.5 Concluding Remarks

In this chapter some general considerations with regard to chemical processing of
irradiated materials have been enumerated. The principles of various dry and wet
chemical separation procedures used at the no-carrier-added level have been out-
lined and a few pertinent examples are presented. For a certain radionuclide
formed, generally several separation methods may be applicable. The choice of
a particular process for routine production, however, depends on the defined crite-
ria of yield and purity of the desired radionuclide. The separated product must
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meet the quality requirements with respect to radionuclidic, radiochemical and
chemical purity, as well as specific activity. Finally, the highly enriched target
material, if used in the production process, must be efficiently recovered for reuse.

It is, however, pointed out that the description and application of the radio-
chemical separation techniques mentioned in this chapter should serve only as
typical examples. Some more detailed descriptions of production technologies
of the standard medical radionuclides are given in Chapter 5 and those of novel
radionuclides in Chapter 6. Furthermore, Appendices II, III, V and VI provide
some supplementary information on various production processes.
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5 Production of Standard Medical Radionuclides

As mentioned in earlier chapters, the production of radionuclides is carried out
using nuclear reactors as well as accelerators/cyclotrons. Some of the fundamen-
tal nuclear, radiochemical and irradiation aspects have been considered in
Chapters 1-4. In the following two chapters, the production technology is treated
in somewhat more detail. This chapter describes the routine production of stan-
dard radionuclides for state-of-the-art patient care studies and Chapter 6 the
development of novel radionuclides.

The standard medical radionuclides, that is, those routinely used in diagno-
sis, therapy or biomedical studies (see Chapter 1) are listed in Table 1.1 together
with their decay data under four headings, namely soft radiation emitters (i.e.,
soft B~ emitters for in vitro studies or X-ray and Auger electron emitters for inter-
nal therapy), y-ray emitters for SPECT, positron emitters for PET and 8~ and a-
particle emitters for internal therapeutic applications. Those groups are treated
individually later.

The production methods of some of the radionuclides are very well established
(cf. [25, 26, 41, 53, 143, 144] and Appendices II, III and VI), while in many other
cases good knowledge is available. In this chapter, therefore, only some salient
points are described. For a few radionuclides, some newer information has been
reported in recent years. Those aspects are treated in somewhat more detail.

5.1 Standard Soft Radiation Emitters

The common methods of production of soft radiation emitters are listed in Table 5.1.
Besides nuclear data, the target materials used and typical batch yields achieved are
also given. They are all produced in large amounts using a nuclear reactor, except for
193pq which is now produced using a cyclotron. The very low-energy S -emitting
radionuclides *H and '“C have contributed tremendously to biochemistry and pharma-
cology in enhancing our understanding of kinetic, metabolic and physiological behav-
iours of biomolecules and research substances. This was due to very low radiation
hazard caused by them. Although only in vitro studies could be performed, the uni-
versal availability of those radionuclides as well as their relative ease of detection by
liquid scintillation counting (LSC) made them very popular tracers in drug develop-
ment research. The radionuclide I with its low-energy radiation emissions is very
well suited for autoradiography and is commonly used in radioimmunoassay or recep-
tor binding studies. It is also used in brachytherapy as implant seeds (utilizing X-rays)
and in cell-targeted therapy (utilizing the shower of Auger electrons created in its
decay). Over the last 20 years '*I has been partly replaced by '°>Pd as far as brachy-

https://doi.org/10.1515/9783110604375-005
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Table 5.1: Common methods of production of standard soft radiation emitters.

Radionuclide T, Production route  Cross section® Target Typical
(barn) material  experimental
batch yield (GBq)
3H 12.3a  °Li(n,a) 940 Li, LiF >500
¢ 5730a '*N(n,p) 1.81 AIN 20
33p 25.3d  33S(n,p) 1.6 x 107> 3gh 75
36Cl(n,a) 0.59 x 1073 K*cl® 75
33s 87.5d  >°Cl(n,p) 0.49 KCl 370
123 59.4d  '**Xe(n,y)'*Xe owm =114 natXe 30
15y £ 125 ly=3191 |c 1248a b 120
FS=0.44
103pqg 17.0d  °Rh(p,n) 6.5 MBq pA h™1¢ Rh metal 50
E,=137 MeV

2 Averaged for fission neutron spectrum, unless otherwise stated, values are taken from [42].

b Isotopically enriched.

¢ Cross section for thermal neutron capture (oy,), resonance integral (/,) and averaged for fission
neutron spectrum (FS). These are recently evaluated values [41].

4Yield calculated from the excitation function for the given energy range for 1h irradiation [93].

therapy is concerned, because the X-ray energies in both cases are similar but the
half-life of '®Pd is much shorter. The radionuclides **P and **S have not found the
same wide application as the other four radionuclides; they are, however, often used
in metabolic turnover studies. In those two cases also the determination of radioacti-
vity is carried out via LSC.

3H (T, = 12.3 a), **C (T,, = 5730 a); >*P (T, = 25.3 d) and **S (T,, = 87.5 d)

Tritium is produced by irradiation of Li or Li-containing compounds with neutrons
in a nuclear reactor. The reaction cross section is very high and charges in excess of
500 GBq are commonly produced. Tritium is isolated as *H, gas or as *H,0 (tritiated
water). For the production of '“C, generally a metal nitride is irradiated. The cross
section of the (n,p) reaction used for production is fairly high but due to relatively
long half-life of C, its batch yield amounts to about 20 GBq. The radionuclide is
separated as “CO, or as Ba'*COs. For the production of **P, a 60-68% enriched
33 target in elemental form or a K*°Cl target is irradiated with reactor neutrons. The
method was developed at the Oak Ridge National Laboratory [26]. The batch yields
of P from the two processes were similar due to higher neutron flux used in the
latter case. The desired product is separated by solvent extraction, whereby the en-
riched target material is also recovered. The product is finally available as H;**PO,.
With regard to the production of *°S, a KCl target is irradiated in a nuclear reactor
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for several months and the chemical separation of the desired product is carried out
via ion-exchange chromatography [26]. The radionuclide is then generally available
as H,>SO, in batch yields of about 370 GBq. It should be noted that for the latter
two radionuclides, namely **P and S, the cross sections of the (n,p) reactions in-
volved are in the mb range, and are thus much smaller than that for the production
of C, yet due to the much shorter half-lives of >*P and >*S as compared to that of
!4C, they are obtained in good batch yields.

125 (1., = 59.4 d) EC
The radionuclide '®I is produced via the nuclear process *Xe(n, y)'*Xe eon L
For this purpose generally an Al capsule, filled with natural xenon (or occasionally
with enriched **Xe) up to a pressure of about 5 bar, is irradiated in a nuclear reac-
tor for about 100 h. The capsule is then taken out of the reactor and a waiting time
of about 100 h is allowed to let '*Xe decay to ’I. Thereafter, xenon is cryogenically
removed from the capsule and the radioiodine deposited on the inner wall of the
capsule is isolated by rinsing it with a small volume of 0.01 M NaOH solution. The
final product is available as iodide. Large amounts of this radionuclide are pro-
duced at the Institute of Isotopes in Budapest. Occasionally, XeF, is also used as
a target material because its melting point is fairly high (130 °C). The irradiated
material is dissolved in water and the emanating Xe gas is collected in a cold trap.
After a few days of decay, '*Xe is cryogenically transferred to another cold trap and
1] formed via the '*Xe decay in the first cold trap is dissolved in a dilute solution
of a mixture of NaOH and Na,SOs. It is claimed that the radioiodine exists in the
form of iodide.

There are two important considerations with respect to the production of %I
(i) Development of high-pressure capsules for reactor irradiations. A few labora-
tories are attempting to use carborundum capsules filled with Xe up to 100 bar.
(ii) Limited duration of irradiation. In principle, a xenon capsule could be irradi-
ated for several weeks to allow maximum production of *°I because the half-
lives of the parent '*Xe and the daughter '*I are very suitable. However, '*I has
a very high cross section for the '*I(n,y)'**I reaction (o, = 892 b; I, = 9300 b).
Therefore, in long irradiations considerable amount of 1261 (T,, = 12.93 d), a hard
B~ and y-ray emitter, will be accumulated as impurity. This will jeopardize the
use of L. A general recommendation is that the level of the I impurity in
1251 should be <5%. This can be achieved only through a controlled short irradia-
tion and post irradiation decay of *Xe in the capsule outside the neutron field,
as mentioned above. The production batch yield is enough for wide distribution.
Another recommendation is to use enriched **Xe as target material. In a few lab-
oratories, this has been done and batch yields of about 120 GBq were obtained in
24 h irradiations.
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193pqg (T,, = 17.0 d)

The radionuclide '>’Pd was originally produced via the '°*Pd(n,y)'’Pd reaction
in a nuclear reactor [26]. However, since the target isotope in natural Pd is only
1.02%, the specific activity of the product '°>Pd was very low. The problem was
not alleviated even by using an enriched '°°Pd target. Due to the increasing demand
for '®Pd of high specific activity for application in prostate cancer therapy, for sev-
eral nuclear processes were investigated (for review cf. [93]), and the ®*Rh(p,n)'°*Pd
reaction (see Fig. 2.17) is now routinely used. The calculated thick target yield is
given in Fig. 5.1. As the target material Rh is rather expensive, a good separation of
193pd and recovery of Rh are mandatory. The Rh metal target (plated layer, foil or
wire) irradiated with protons of suitable energy is frequently dissolved by sodium
bisulfate fusion, or by static AC electrodissolution in hydrochloric acid [144].
Separation of '°>°Pd from the solubilized Rh matrix is effected by several methods
based on solvent extraction, anion or cation exchange chromatography. The tar-
get Rh is recovered by electrolysis. The final product used for seed preparation
should preferably be no-carrier-added (nca) palladium chloride solution in dilute
ammonium hydroxide. The accepted radionuclidic purity is at least 99.95% '*>Pd.
On the other hand, in many cases, 103p( is not separated. The irradiated Rh in the

30— S — —

N
1%,
1
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L

103Rh(d,2n)103Pd

Thick target yield (MBq pA h™Y)
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1°3Rh(p,n)1°3Pd |
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0 e : : - :
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Fig. 5.1: Calculated integral yields of *°Pd via the **Rh(p,n)*°>Pd and *°>Rh(d,2n)'°>Pd reactions as
a function of projectile energy. Taken from Hussain et al. [93], with permission from Elsevier.
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form of very thin seeds is introduced into the prostate, and the therapy effect is
achieved through the X-rays coming out of the seed. In this case, however, it is
mandatory that the proton energy does not exceed 13 MeV, so that the reaction
193Rh(p,pn)'*’Rh is not induced and the long-lived impurity '®’Rh (T, = 207 d) is
avoided [143]. Using slanting beam targets and high current irradiations, batch
yields of '°*Pd amounting up to 50 GBq have been achieved.

The great success in the application of '°>Pd in prostate cancer therapy led to
the construction of about 20 medium-sized cyclotrons in the USA to produce exclu-
sively this radionuclide. Furthermore, due to the much higher yield of the product
achieved via the °®Rh(d,2n)'°>Pd reaction (cf. Fig. 5.1), attempts have also been
made to use the deuteron beam. However, since the intensity of the deuteron beam
is generally not as high as that of the proton beam, the method of choice for pro-
duction of '°°Pd is still the '>Rh(p,n) reaction. On the other hand, it should also be
pointed out that because of a new competition between °>Pd and ’Lu, the use of
193pd has started declining.

5.2 Standard y-Ray Emitters for SPECT

The production data of the five commonly used y-ray emitters in diagnostic studies
via SPECT are listed in Table 5.2. The yields of the radionuclides produced via
charged-particle induced reactions were calculated from the evaluated excitation
functions given in ref. [53].

The radionuclide *™Tc is by far the most commonly used SPECT radionuclide.
It ideally emits a 140.5 keV photon and causes the least radiation dose to the
patient. It is almost always available in a clinic via the *Mo/**™Tc generator sys-
tem. Furthermore, by virtue of its versatile complex formation chemistry, labelling
methods have been established to rather easily bind technetium to various com-
pounds. Also the radionuclide I is commonly used. In fact, chemically seen,
12 is superior to **™Tc. However, due to its lesser availability and higher cost,
121 is much less broadly used than **™Tc. The third radionuclide, viz. ?°’Tl, is exten-
sively used for myocardial perfusion measurements. The remaining two radionu-
clides, namely ®’Ga and 'In, form stable metal complexes and are therefore of
great potential interest. However, their present use as SPECT agents is limited. They
are now partly considered for therapeutic application because they emit a large
number of Auger electrons. In the following, therefore, the production methods for
99mTc, 131 and 2°'T1 are discussed in more detail but only brief information is pro-
vided on ¢’Ga and ™MIn. Furthermore, *™Tc is generated using a reactor, whereas
the other four radionuclides are produced at a cyclotron.
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Table 5.2: Common methods of production of standard y-ray emitters for SPECT.

Radionuclide T, Production Energy  Calculated Target Typical
route range yield material experimental
(MeV) (MBqpAh™) batch yield
(GBq)
%’Ga 3.26d *®Zn(p,2n) 25518 180 68zn @ 50
(electroplated
or pellet)
%Mo 2.75d 23°U(n,h Reactor FY=6.13%"  Z°UAl;° >10%
(generator) “8Mo(n,y) Reactor 0y, =0.13b MoO5 150
N2 lb=69b tc
99mTc 6.0h FS =14 mb AlLO; column  >5
(loaded with (per
2?Mo) generator)
g 2.81d '2Cd(p,2n) 25>18 166 H2cqe 50
(electroplated
or pellet)
123 13.2h '?3Te(p,n) 14510 130 1237e0,2 20
124%e(p,x)'1?Xe ¢ 29523 414° 124X e gas? 70
127)(p,5n)'3Xe ¢ 65> 45 777°¢ Nal 70
2017] 3.06d 2%TI(p,3n)%°'Pbf 28 >20 18°% 2037|3 gr " 50

(electroplated)

2 |sotopically enriched.

b Fission yield (see Chapter 2).

¢ Cross sections for thermal neutron capture, resonance integral and averaged for fission neutron
spectrum, respectively, values are taken from Ref. [38].

412Xe (T,, = 2.1 h) decays 87% through EC and 13% via B* emission to '%I.

© This is 'l yield after 7 h decay of **Xe.

f201pp (7., = 9.4 h) decays 100% via EC to 2°'Tl,

g This is 2Tl yield after optimum 2°*Pb decay time of 32 h.

99mTC (T:/2 =6.0 h)

As mentioned earlier, *™Tc is available via the *Mo/**™Tc generator. An ALO; col-
umn is loaded with *Mo and the daughter activity is periodically removed by elution
with saline. The parent nuclide **Mo is produced at a nuclear reactor, and two routes
are possible: *®Mo(n,y)*’Mo and *°U(n,f)’*’Mo. The cross section of the (n,y) reaction
is relatively small (see Chapter 2) and due to the use of ™Mo (with **Mo content of
24.13%) as target material, the specific activity of the Mo produced is low. Thus,
because of the heavy loading of the Al,05 generator column with stable molybdenum,
in spite of the rather big dimensions of the column, the risk of breakthrough of Mo is
high and **™Tc eluate volumes are large. Somewhat higher specific activity is
achieved using a high-flux nuclear reactor. However, such reactors are seldom avail-
able for radionuclide production. Furthermore, some gel and distillation generators
have been developed but their overall efficiencies are not comparable to that of the
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alumina column generator (see Appendix VI). The method of choice for production of
%Mo for medical use is thus the fission process. The cross section for thermal neutron
induced fission of *°U is 596 barn and the cumulative yield of *Mo is 6.13% (see
Chapter 2); thus large amounts of *Mo can be produced. However, the process puts
a very heavy demand on the separation of nca *’Mo from irradiated 2°U and other
fission products. Furthermore, the highly enriched **U (HEU) target material has
also to be recovered for reuse. A typical separation scheme is given in Fig. 5.2. Since
the fission of 2°U is also associated with the formation of some a-emitting actinides,
the purity requirements for *>Mo are very stringent. Nonetheless, highly developed

Irradiation
235 UAl; alloy

24 h storage
(decay of short- lived
products)

Treatment with NaOH |—| Emission and separation of 1*3Xe |

| Filtration |—| Ppt: U and fission products |
Acidification with Emission and removal of
HNOs, heating radioiodine (85%)

Adsorption on Al,03 |— Removal of remaining radioiodine
through washing with
0.01 M NH,OH

Elution of Mo with —| Removal of Te
1M NH,OH

[
Adsorption on Dowex |

Elution of Mo with
HNO,

I
Evaporation to dryness |

Dissolution 1 M NaOH | 99Mo as molybdate

Fig. 5.2: Flow sheet of the separation procedure for ®*Mo from fission products, formed in
irradiation of 2>*UAL; alloy in a nuclear reactor.
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separation technology has been established at a few specialised reactor cites around
the world, and nca *’Mo of high purity (total y-ray emitting impurity <100 ppm; total
29Sr impurity < 0.06 ppm; total a-ray emitting impurity < 0.001 ppm) is achieved in
TBq quantities. It is then used for preparing generators, that is, loading Al,O; col-
umns with ®Mo. In general, the fission-produced Mo on an AlL,O5 column is re-
garded as a gold standard generator system.

The elution of *™Tc, formed in the decay of Mo and adhering to the column,
is done by saline. The eluted **™Tc then exists as pertechnetate. The eluted solution
is transferred to an ampoule containing an appropriate lipophilized mixture of re-
agents. On shaking, the labelling of given ligands with **™Tc occurs in a specific
configuration and the product is then ready for human use.

The ease and success associated with the generator elution of ™Tc and the de-
velopment of kit formulation of some very important **™Tc-labelled diagnostic
agents has led to very wide use of *™Tc. As mentioned earlier, the fission *’Mo is
produced only at a few advanced centres and is then distributed to various labora-
tories around the world where the generator loading is undertaken (dispensing).
The generators are then sent to regional clinics. It is estimated that worldwide
40 million patients per year are subjected to diagnostic investigations with *°™Tc.
Another estimate suggests that more than 70% of all nuclear medical diagnostic in-
vestigations are performed using this radionuclide. Despite this success story and
the demonstrated need for continuous availability of this radionuclide, its future
supply appears to be somewhat jeopardized. On one hand the presently used reac-
tors are ageing and new facilities are coming up only slowly and, on the other,
there is a risk of nuclear weapons” proliferation due to the use of HEU as the target
material. Both these aspects demand a search for alternative methods of production
and separation of *Mo and/or **™Tc. Considerable efforts are underway in this
direction. A brief discussion is given below.

Recent Developments Regarding Supply of *°™Tc

Recent developments relate to both reactor and non-reactor production of the par-

ent *’Mo or direct production of **™Tc. As far as reactor production is concerned,

four points are of current interest: proliferation risk, problem of specific activity, effi-
cient use of existing reactors and development of new facilities.

— With regard to proliferation risk, a few production centres have started modify-
ing the irradiation target using low-enriched °U (LEU) and adjusting the in-
cumbent chemical processing. Due to handling of increased volumes, the costs
will go up, but they have to be taken into account. As of August 2018, it was
reported that the Reactor Centre at Petten (The Netherlands) has become the
first > Mo production facility in Europe to use LEU.

— As far as the specific activity is concerned, efforts are underway to develop
better *Mo/?*™Tc generator systems which could make use of *Mo produced
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via the ®Mo(n,y)*’Mo reaction during irradiation of "Mo in a nuclear reactor.
The company NorthStar Medical Radionuclides, USA, is currently finalizing this
%Mo production method using the University of Missouri Research Reactor.
Several other companies are also working in this direction.

— The risk in the supply of this crucial medical radionuclide has led to better co-
operation between the production centres involved as well as partial utilization
of even some research reactors which were hitherto not used for irradiations
for medical radionuclide production (e.g., the FRM-II in Munich, Germany).
A high-level working group of the Nuclear Energy Agency in Paris is continu-
ously monitoring the developments. A recent analysis (2017) suggests that the
level of “Mo supply capacity is adequate till 2022.

— As far as new reactor facilities for “°Mo production are concerned, it is known
that medium-flux reactors are reaching completion in Australia, China and
South Korea. They are expected to be operational to produce large quantities
of Mo within about 5 years” time. Plans are also underway in Russia to pro-
duce fission *Mo in large quantities. Thus the situation is not as bleak as
some analysts put it. Nonetheless, a vigilant watch on the supply chain of
%Mo is necessary and continuous developments are needed for assuring its
secure supply.

The non-reactor production of **Mo/**™Tc has been extensively investigated,
mostly in Canada, where the supply chain was in special danger due to the
planned shutdown of the two nuclear reactors at Chalk River serving as the
major producers of “Mo. In general, more use of accelerators has been proposed
[145]. Several nuclear routes using accelerators have been investigated (for a
review cf. [72]). However, most of those studies deal with reaction cross-section
measurements. Only the direct production of *°™Tc via the '°°Mo(p,2n)**™Tc
reaction has been technically investigated in some detail. The theoretical
yield of *™Tc over the energy range E, = 22 > 10 MeV calculated from the evalu-
ated excitation function [73] of this reaction amounts to 700 MBq pAh™'. This
yield is sufficient for production purposes and the method is therefore being
commercially developed in Canada. A new type of 24 MeV cyclotron has been
developed and a network of several centres is being established. Different types
of solid targets containing enriched °°Mo, prepared via pressing, rolling, elec-
troplating, electrophoretic deposition or making a °°Mo,C alloy, have been used
in irradiations with protons at low to medium currents. The radiochemical sepa-
ration of *™Tc has been done mainly using thermochromatography as described
in Section “Thermochromatography” in Chapter 4 (see Fig. 4.2), or partly via wet
chemical methods [146]. A radiochemical purity of 99.7% of the final pertechne-
tate [®™Tc]TcO, solution has been demonstrated and this meets the same USP
requirements as for the *Mo/?*™Tc generator produced pertechnetate. By irradiating
a Mo target with 22 MeV protons at 400 pA for 6 h, after chemical separation,
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a batch yield of about 1 TBq of *™Tc was achieved [146]. There are, however, two
open points: (a) the radionuclidic purity of the product when <100% enriched °°Mo
target is used, and (b) tolerable limits of the metals **®Tc and *®Tc in the pertechne-
tate. The estimated values of those stable isotopes may be up to a factor of 2 higher
than in the generator-produced **™Tc eluted at 24 h intervals [73].

The cyclotron production of **™Tc via the '°°Mo(p,2n)**™Tc reaction thus
appears to be viable provided the long-lived impurities are well investigated. The
production would solve local or at the best regional problems. It would, however,
involve daily intensive production efforts and good logistics. It will not be as conve-
niently available as from a generator system. The product would probably be ex-
pensive and technologically beyond the reach of developing countries. For meeting
international demands, the supply of generators utilizing the fission-produced Mo
may therefore remain indispensable.

2 (T,=13.2 h)

For the production of the radionuclide ' about 25 nuclear processes have
been investigated (for early reviews, see Appendices I and II). Originally, the
124Te(p,2n)'?I reaction using a 99% enriched '**Te0, target over the energy
range E, = 26 - 23 MeV was very popular. It is a high-yield process but the
level of the '**I impurity is rather high. Today, only three reactions are used.
On a small cyclotron (Level III cyclotron), the reaction '*Te(p,n)'?I over the
energy range E, = 14 > 10 MeV is utilized, provided a highly enriched '*TeO,
target is available. The yield of 1231 is, however, rather low. The separation of
radioiodine is generally done via a dry distillation technique and the target can
be repeatedly used without any further processing (see Chapter 4). The second
method involves the use of '**Xe gas as target material to produce the precursor
12Xe (T,, = 2.1 h) which decays to 'I. It demands a medium-sized cyclotron
(E, = 30 MeV, Level IV). Starting with 99.8% enriched **Xe gas, the precursor
12¥e is produced via the processes **Xe(p,2n)'?>Cs > ZXe and **Xe(p,pn)**Xe
(see Chapter 2). Over the optimum energy range of E, = 29 -> 23 MeV, the
major contribution to the formation of '?I is furnished by the (p,2n) process.
The activated xenon is allowed to decay for about 7 h and then it is cryogenically
removed from the vessel. Thereafter, the decay product '*I deposited on the inner
wall of the container is collected by rinsing. This method of production is now com-
monly used because it gives the purest product and is the only one accepted by
regulations in most countries. The enriched target gas **Xe is very expensive. The
technology related to irradiation and safe recovery of the target gas as well as an
efficient removal of I from the target wall is thus very demanding. Nonetheless,
the technology has been well developed at Karlsruhe (Germany) and Vancouver
(Canada). It is now commercially available. The third method of production of
121 utilizes the intermediate energy nuclear process *I(p,5n)'>Xe > 'ZI, the
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optimum energy range being E, = 65 > 45 MeV. The product 12Xe is removed
from the Nal target, mostly by online sweeping with a He stream (see Fig. 8 in
Appendix II). It is then collected in a cooled vessel and is allowed to decay for
about 7 h. Thereafter, '’ is obtained in a small volume by rinsing the inner wall
of the vessel. This process leads to a high yield of I but in this case the product
contains about 0.25% I (T, = 59.4 d) as impurity.

The radioiodine produced by all the three methods occurs as iodide, which is
a suitable chemical form for subsequent labelling of organic compounds via substitu-
tion reactions. With some shortage of **™Tc and the buildup of a network of 24 MeV
cyclotrons, especially in Canada, it is predicted that the use of 1231 would increase.
The most convenient reaction to produce high-purity I at those machines would be
the PTe(p,n)** process described earlier. However, a high enrichment target
(~99%) would be needed.

20| (T, = 3.06 d) EC

The production of *'Tl is mainly done via the route ***Tl(p, 3n) *'Pb 1oy, **'Tl, uti-
lizing the energy range E, = 28 - 20 MeV. The irradiation of "*T1 or >96% enriched
20371 is done at a medium-sized cyclotron (Level IV) using an electrolytically deposited
target. Since high current proton beams are used, a slanting target is preferred. The
chemical processing follows in two steps: first, the precursor *°'Pb (T, = 9.4 h) is sep-
arated and, after its decay to “°'Tl, the product is isolated as 2°’TICL. The precursor
201py (together with other lead radionuclides, e.g., 2°>Pb) is separated from ™'Tl or
203T] target (which is then reused) and other radiocontaminants by adsorption on
Fe(OH); ppt, followed by its removal from Fe carrier via anion-exchange chromatogra-
phy. Thereafter, nca ?°'Pb is allowed to decay in a solution of HCI for 32 h and the
daughter radionuclide formed is reduced by hydrazine to *°'TI'*. Finally, the separa-
tion of nca “°'TI'* from the nca ***Pb is performed via anion-exchange chromatogra-
phy [147]. This method with some modifications is still used in large-scale production
of 2°'T1.

It should be pointed out here that the target material thallium is toxic. The
product 201T], however, is in nca form and can be safely used, provided the strin-
gent quality control standards are fully complied with. These include tests on radio-
nuclidic and chemical purity, in the latter case specially on the inactive Tl and
hydrazine levels. Furthermore, 2°’Tl is useful only in the monovalent form; the tri-
valent form is not effective for medical application.

’Ga (T, = 3.26 d) and *"!In (T,, = 2.81d)

These two less commonly used SPECT radionuclides are generally produced at a
medium-sized cyclotron using the nuclear reactions ®Zn(p,2n)*’Ga and **Cd(p,2n)'"'In
on 98.5% enriched targets over the optimum energy range of E,, = 25 -> 18 MeV. At low-
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energy cyclotrons, the low-yield reactions ¢’Zn(p,n)*’Ga and 'Cd(p,n)""In on 90-95%
enriched targets have also found some local use but for large-scale commercial produc-
tion, the (p,2n) reaction is the method of choice for both the radionuclides.

The enriched ®3Zn or 2Cd target is prepared by electroplating on a Cu plate,
or simply the powder is pressed to form a pellet. High-current irradiations are
generally done using a slanting beam. The chemical processing of the irradiated
target is done by using two different methods, namely ion-exchange chromatogra-
phy or solvent extraction, thereby the enriched target material is also recovered.
The two radionuclides are commercially available in GBq amounts. The nca radio-
nuclide ®’Ga is generally made available as gallium citrate. The nca radionuclide
™MIn, on the other hand, is usually supplied as ["'In]InCl;. In both cases,
a stringent test of the non-radioactive metallic impurities, like Cu, Fe and Al is
performed.

It is pointed out that the use of ®’Ga and "'In as SPECT agents is declining.
However, since they emit a large number of Auger electrons, they are now partly
being considered for Auger therapy. In particular, 'In is attracting more attention.
The demand on its radionuclidic and chemical purity is thus increasing.

Other y-Ray Emitters

A few other y-ray emitters have also found some diagnostic application or are of
potential interest for use as SPECT agents. To the former group belongs the genera-
tor system ®'Rb/*'™Kr, which delivers the short-lived y-ray emitter 3"™Kr
(T, =13.1s, E, = 190 keV, I, = 67%) for application in lung ventilation studies. The
production of the parent radionuclide ®'Rb is carried out at a cyclotron via the
nuclear reaction **Kr(p,2n)*'Rb at E,, = 25 > 20 MeV. For this purpose, a Kr gas tar-
get is used and the rubidium activity is collected by rinsing the target with water
(cf. Chapter 3). Clinical-scale yields are easily obtained. Some of the potentially use-
ful SPECT radionuclides are discussed in Chapter 6.

5.3 Standard Positron Emitters for PET

For routine diagnostic investigations using PET, mainly the short-lived positron
emitters of organic elements, viz. "'C (T, = 20.4 min) and ®F (T, = 109.8 min), and
to a lesser extent 0 (T, = 2.0 min) and N (T., = 10.0 min), are used. They are all
produced at a small-sized cyclotron, generally Level III machine. The radionuclides
¢, BN and 0 are mainly used at the site of production. The radionuclide '*F, on
the other hand, is extensively employed for transport to nearby medical units
having a tomograph but not a cyclotron. A large variety of compounds of those or-
ganic radionuclides have been developed for clinical use. Besides those four posi-
tron emitters, two other short-lived positron emitters, namely %8Ga (T, =115 h) and
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82Rb (T:, = 1.3 min), are also widely used in diagnostic studies. A large number of
nuclear reactions have been investigated for the production of the above-
mentioned six standard positron emitters (for early reviews, see Appendices I and
III). Over the years, however, for each radionuclide just one or two most suitable
production methods have been developed.

5.3.1 Direct Production of Standard Positron Emitters

The excitation functions of nuclear reactions used for the formation of the four
organic positron emitters generally show strong fluctuations or resonances, prob-
ably due to the population of known discrete levels of the product nucleus. The eval-
uated data for the more commonly used reactions are available [53] and a later
detailed study on the '®0(p,n)'®F reaction [61] has been described in Chapter 2
(cf. Fig. 2.9). The integrated yields of the products calculated from the excitation func-
tions, however, show smooth curves, that is, in the production process the nuclear
structure effects are washed out. The common methods of production of the four stan-
dard organic positron emitters are summarized in Table 5.3. The thick target yields
were taken from ref. [53], except for the ®0(p,n)'®F reaction, where the yield was
calculated from the data given in ref. [61]. Since this is the most important reac-
tion from the point of view of standard PET technology, the integrated yield for
a saturation irradiation was also calculated from the two known extensive meas-
urements [60, 61]. The results are shown in Fig. 5.3. The information should be
useful in large-scale production of ®F. The radionuclides C, >N and '®F are eas-
ily produced using a proton beam from a low-energy cyclotron. For °0 production

Table 5.3: Common methods of production of short-lived organic positron emitters.

Nuclide T, Production Energy Thick target Target In-target Typical
(min) route range yield® product batch yield
(Mev)  (MBqpAh™) (GBq)
llco
e 20.4 ““N(p,a) 1353 3820 N,(0,) ”co, >100
2
1BNO,”
BN 10.0 *°0(p,a) 16>7 1665 H,®0 1350 ’ 30
3
50 2.0 'N(d,n) 850 2368 “N,(0,) ['*0]0, 100
N(p,n) 1050 2220 '°N,(0,) [*®0]0, 80
H,'®0 By 150
18 109.8 20(p,n) 16> 3 3893 4 2
P B0,/(F)  [*FIF, 40
2%Ne(d,a) 1450 1110 Ne(F,) [*8FIF, 25

2 Calculated from the respective excitation function [53, 61], assuming 100% enrichment of the
target isotope for an irradiation time of 1 h.
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Fig. 5.3: Thick target saturation yield of *®F via the *®0(p,n)®F reaction calculated from the
comprehensive data reported in refs. [60, 61], taken from Hess et al. [61], with courtesy of De Gruyter.

via the N(d,n) reaction, and for electrophilic '®F production via the ?°Ne(d,a)
reaction, however, deuterons of energy about 10 MeV are needed. On the other
hand, for the production of 0, in a few PET centres a small single particle cyclo-
tron (E4 < 4 MeV) has also been successfully utilized (see Chapter 1).

Extensive cooperative work was carried out in the late 1980s on the development
and standardisation of production methods of short-lived B* emitters, with the in-
volvement of about 15 laboratories from Western Europe under a COST action of the
European Union. The details of the production routes were published [115]. In the
meantime further progress has been achieved. In the case of ''C and 0, generally
high-pressure gas targets in batch mode are used (cf. Chapter 3). The product activity
is removed from the target by simple expansion and led to vessels where conversion
to other chemical forms (known as precursors) suitable for labelling of organic com-
pounds is done. The chemical form of the activity leaving the target depends upon
the additive given to the N, gas in the target and in the case of 'C, also on the radia-
tion dose effective in the target. The resulting 0 from an N,(O,) target, for example,
is [°0]0,. In the case of C production, at high radiation doses mostly ''CO, is
formed. The production of both ''C and O is rather simple, and GBq quantities are
easily obtained [148]. However, in the production of high specific activity *'C, special
precautions regarding gas composition, construction material and chemicals are
needed since stable **C is present everywhere [149]. The most reliable production of
150 demands a deuteron beam at the cyclotron. If it is not available, the (p,n) reaction
on >99% enriched "N is utilized. However, an efficient recovery system for the en-
riched target gas must then be incorporated in the system.
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An important consideration in the production of both ''C and 0 is the level of
the radioactive impurity present in the gas stream released from the target. A full
production batch of U¢ at the end of an irradiation, for example, contains about
20% 0 (T, = 70 s) and 5% N (T, = 10 min) as impurities, as calculated from
the excitation functions (see Appendix VII). This must be taken into account
while estimating the batch yield of 'C formed. The short-lived 'O decays out dur-
ing the synthesis of 'C-labelled products but the disposal of N in the waste must
be considered. Similarly in the production of >0 via deuterons on N, gas, the reac-
tions *N(d,t)">N and "N(d,an)''C also occur (cf. Chapter 2). The ratio of the activi-
ties at end of bombardment (EOB) (**N/0 and C/*0) was calculated from
the respective excitation function and the results are shown in Fig. 5.4 [63].
Obviously, at Eq ~ 10 MeV, the contribution of >N increases to about 0.4% of the
50 activity. This was experimentally confirmed by gas chromatographic analysis
of a few samples taken from the gas stream coming out of the target [63]. The pres-
ence of PN itself is not very critical but the other product of the contributing (d,t)
reaction, namely tritium, must be controlled while disposing off the wastewater.
Its content will be higher if the deuteron energy is above 10 MeV.
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Fig. 5.4: Activity ratio of >N/*0 and 'C/*0 (at EOB) as a function of deuteron energy on the N,
target gas, taken from Sziics et al. [63], with courtesy of De Gruyter.

The production of electrophilic *®F is also carried out using a gas target. However,
the removal of the activity from the target demands addition of some F, carrier. In
the case of the *°Ne(d,a)'®F reaction, the F, (0.1-0.2%) carrier is added directly to
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the neon gas target. The method was first developed at the Brookhaven National
Laboratory. Later many groups contributed [115]. Both the yield and the specific
activity of [*®F]F, are limited, especially if the maximum deuteron energy available
at the medical cyclotron is only about 9 MeV. While using the '®0(p,n)'®F reaction
on 98% enriched '®0, gas, however, a two-step irradiation is necessary [150].
Optimisation studies show that the yield and the specific activity of the
I8F obtained are higher in the case of the '0(p,n) reaction [121, 150, 151].
A correlation between the added F»-carrier and the specific activity of ®F [121] is
given in Fig. 5.5. In general, under optimum conditions, the [**F]F, yield amounts to
25 GBq and its specific activity is <0.6 TBq mmol " (now termed as molar activity).
In many cases, the achieved specific activity may be sufficient. However, it is still
about a factor of 50 lower than that needed in preparation of several radiopharma-
ceuticals, for example, 18 labelled neuroreceptor ligands.
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Fig. 5.5: Yield and specific activity of [*®F]fluorine as a function of fluorine carrier, 30 min after the
end of the activation irradiation, taken from Hess et al. [121], with permission from Elsevier.

The radionuclides >N and nucleophilic *®F are commonly produced using water tar-
gets, and several types of water targets have been developed, particularly for
'8F production. In many laboratories, intermediate pressure (up to 7 bar) targets are
used, which can withstand 17 MeV proton beam currents of up to 20 pA (cf.
Fig. 3.4). High-pressure (>10 bar) water targets can withstand beam currents of up
to about 50 pA. After the end of the irradiation, the water is transferred from the
target by a He-driven pressure of 1.3 bar to a hot cell. This is done through
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a polyethylene—polypropylene copolymer tube with an i.d. of 0.8 mm. The transfer
over 40 m through this tubing takes only 2 min, and >90% of the product activity is
recovered. The same target can be used for the production of both >N and '®F. In
the former case, natural water (H,'°0) is used and in the latter case >95% enriched
water (H,'®0). In high-current irradiations, the resulting products are 13NO3‘ and
18F aq» Tespectively. In the latter case, the recovery of the enriched water is essential.
This is commonly achieved by transferring the irradiated water to an ion-exchange
bed whereby the ®F activity is adsorbed, and the enriched water passes through
and is collected. The ®F activity is removed from the column by washing it with
0.1 M solution of Na,COs, and the batch yield amounts to about 75 GBq for interme-
diate pressure targets and up to 150 GBq for high-pressure targets. Occasionally,
separation of 8F~ from the irradiated H,'®0 is also done electrolytically [140]. The
defluorinated target water is removed from the electrolytic cell by a gentle stream of
helium, and the release of 8F~ from the electrode is affected using a suitable sol-
vent and a low-strength electric field (see Chapter 4).

Continuous developments are underway to increase the batch yield of *®F for pro-
ducing the most commonly used radiopharmaceutical [**F]-2-fluoro-2-deoxy-D-glucose
on an industrial scale. Furthermore, because of the high specific activity of 18Fa‘q, some
attempts are also being made to convert it to high specific activity electrophilic °F,
which is needed for the synthesis of a few radiopharmaceuticals. The yield achieved
so far is, however, low. Therefore, a high starting 18Fa’Ol activity is required.

The radionuclidic and chemical purities of all four organic positron emitters
obtained after the purification steps are generally >99%. If proper production condi-
tions are observed, the radiochemical purity and the specific activity are also satis-
factory. Thus, the production technology of the four standard PET radionuclides is
well established.

5.3.2 Generator-Produced Standard Positron Emitters

Two commonly used positron emitters, namely °®Ga (T,, = 1.15 h) and ®°Rb
(T, = 1.3 min), are obtained through generator systems, that is, through the decay of
their parent radionuclides **Ge (T, = 271.0 d) and ®Sr (T, = 25.3 d), respectively. They
find application mostly in PET studies at centres without a cyclotron. The 8* emitter
%8Ga is widely used for PET attenuation correction and, in recent years with increasing
tendency, for labelling molecules which find significant applications in assessment of
blood-brain barrier integrity as well as in tumour localisation. It is an ideal metallic
PET radionuclide due to its suitable half-life and chemical properties. Some radiophar-
macists believe that if suitable labelled compounds are developed, this radionuclide
may compete with or even replace '®F. The 8" emitter ®’Rb finds application in cardiac
PET, with several objectives, for example, myocardial imaging, investigation of myo-
cardial viability and non-invasive diagnosis of coronary artery disease.
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%8Ge/%®Ga Generator System

For the production of the parent radionuclide ®®Ge, nine nuclear processes were
investigated (see Appendix III). However, only two from them found practical
application. They include spallation of As or Br and ™®'Ga(p,xn)®®Ge. Earlier, the
method of choice was the spallation process and the radionuclide was exclu-
sively produced at large accelerators where long irradiations in parasitic posi-
tions were possible. The purification of the product involved multistep wet
chemical processing. The "'Ga(p,xn)®®Ge method was investigated by irradiat-
ing a Ga,Ni alloy with 20 MeV protons and radiogermanium was separated via
solvent extraction [152]. Despite the relatively high current of 45 pA and irradia-
tion time of 60 h, the product batch yield was relatively low (<2 GBq), mainly
due to the low energy of the protons used. Later cross-section measurements
showed that the useful part of the excitation function of this nuclear process ex-
tends to energies up to 50 MeV and even beyond, because both ¢°Ga and "'Ga
contribute to the formation of ®®Ge (see Fig. 8 in Appendix V). Therefore, in
recent years, with the availability of modern accelerators that deliver 70-100
MeV proton beams, the use of the (p,xn) reaction has received enhanced atten-
tion. The target for irradiation generally consists of gallium metal encapsulated
in niobium. Long irradiations with 100 MeV protons were carried out at BNL
[153]. After a waiting time of several weeks to allow short-lived products to
decay, wet chemical processing was done and radiogermanium was extracted as
GeCl, in toluene or benzene. Further purification of ®®Ge (especially from ®°Zn)
was performed by several extraction and back-extraction cycles. The batch yield
of ®8Ge corresponded to about 18 GBq and its radionuclidic purity was >99%.
The level of stable metal impurities was generally below 1 ppm. From the excita-
tion function, a suitable energy range for ®®Ge production via this route appears
to be E; =70 > 20 MeV.

For preparing the ®®Ge/®®Ga generator system, the separated ®®Ge is generally
loaded on a column, filled with tin oxide, titanium oxide or an organic resin, and the
positron emitting daughter ®®Ga is periodically removed by elution with 0.01-1 M HCL
In recent years, considerable methodological development has followed on this gen-
erator to improve its performance (e.g., minimisation of breakthrough, improvement
in elution yield and concentration of the eluate). Extensive work has led to a very effi-
cient processing of the ®®Ga-eluate for medical application [154]. In view of the in-
creasing importance of °®Ga in labelling molecules for PET studies [155], this
methodology holds good promise.

82G¢/32Rb Generator System

For the production of the parent radionuclide 3°Sr, six nuclear processes were in-
vestigated (cf. Appendix III). In later years, some further detailed studies on those
processes were performed. Initially, similar to ®®Ge, for the production of this
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radionuclide as well the Mo(p,spall)®’Sr process was extensively used, mainly at
Los Alamos. The major drawback of the process was the presence of large amount
of #Sr (T, = 64.9 d) in the separated 3°Sr. In later years, the emphasis got shifted to
the ®Rb(p,4n)®Sr reaction. On the other hand, for practical application the use of
the "™Rb(p,xn)®?Sr process was found to be more convenient and economical (by
avoiding the enriched material). The excitation function of this nuclear process is
given in Fig. 2.18 together with that of the competing process “**Rb(p,xn)®>Sr [95].
The suitable energy range for the production of ®Sr is E, =70 - 50 MeV. The target
for irradiation generally consists of RbCl encapsulated in stainless steel. Typical
irradiation time with 70 MeV protons is about a week at 50 pA [156]. The wet chemi-
cal processing of the irradiated target is generally started about 1 week later and is
based on ion-exchange chromatography. Batch yields of up to 70 GBq ®°Sr have
been reported from BNL and iThemba LABS.

The level of the ®°Sr impurity in 3°Sr is considerably reduced while using
"aRh(p,xn)®?Sr nuclear process in comparison to the spallation route. However,
a control of the effective projectile energy range within the target is essential.
Figure 5.6 shows the calculated yields of both #Sr and ®Sr as a function of proton
energy on a RbCl target [95]. The ratio of the two activities was calculated from the ex-
citation functions and also measured experimentally for various energy ranges. The re-
sults are given in Table 5.4. In order to keep the ®°Sr/®’Sr ratio below 0.25, it is
recommended that the lower energy limit should not be below 40 MeV. A very suitable
energy range for the production of ®°Sr via this route appears to be E, =70 - 50 MeV.
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Fig. 5.6: Integral yields of ®°Sr and ®2Sr in proton irradiation of "**RbCl, calculated from the
excitation functions; taken from Qaim et al. [95], with permission from Elsevier.
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Table 5.4: Ratio of 8°Sr/®2Sr activity in proton irradiation of "**RbCl".

Energy range (MeV) Ratio 85Sr/82sr @

Calculated ® Experimental
65> 44 0.21 0.18
60> 37 0.27 0.24
55> 30 0.57 0.44
50> 21 1.01 0.82
4510 3.03 2.77

*Adapted from Qaim et al. [95], with permission from Elsevier.
2 All values extrapolated to EOB.
b Calculated from the excitation functions for 1h irradiation.

For preparing the 3’Sr/®’Rb generator system, the separated ®°Sr is loaded on
a suitable column (e.g., Chelex 100 chelating resin, Dowex-1 anion exchanger
and Purolite S950) and purged with an eluent, generally a large volume of saline.
The daughter 3°Rb is then periodically removed by elution with saline. It should
be pointed out that the level of ®°Sr in 82Sr affects the quality of the generator. In
case of strontium breakthrough from the column, the amount of #Sr in the eluted
82Rb is difficult to measure because its characteristic y-ray peak at 514 keV cannot
be easily distinguished from the 511 keV annihilation peak of the §* emitter 3°Rb.
Thus, a constant watch on the level of #Sr as well as on the integrity of the col-
umn is necessary.

In order to assure a reliable and continuous supply of this generator system,
a consortium of laboratories around the world collaborates in irradiations of rubi-
dium targets. They are then all transported to Los Alamos where the chemical proc-
essing is done. The purified 3°Sr is then distributed worldwide to prepare generators.

5.3.3 Concluding Remarks about Standard Positron Emitters

In recent years, PET imaging has been gaining enhanced significance (see Appendix
VI) because it leads to quantitative information on regional physiological and phar-
macological activities by a molecular probe (labelled with a positron emitter) with
high sensitivity and with a spatial resolution down to 1 mm. The major impetus
came through the production of '®F in large quantities via the **0(p,n)'®F reaction at
a small cyclotron followed by a simplified method of nucleophilic substitution by
I8F in organic molecules, developed at the Forschungszentrum Jiilich. This led to an
easy preparation of the most frequently used PET-tracer 2-[**F]-fluoro-2-deoxy-D-
glucose in large amounts. This radiopharmaceutical is now extensively used in
neurology, cardiology and oncology. It is estimated that worldwide about 5 million
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patients per year undergo diagnostic investigations using this radiopharmaceutical.
Today, the whole PET technology (consisting of a Level III cyclotron, radionuclide
production unit and automated radiosynthesis apparatus) is commercially available.
As mentioned in Chapter 1 (Section “General: Classification of Cyclotrons”) presently
worldwide about 1000 Level III cyclotrons are either being installed or manufactured
for PET applications in medicine. This technology is thus proliferating and is reach-
ing even remote corners of the world.

A second approach involving diagnostic studies via PET is based on the utiliza-
tion of the two generator-produced positron emitters ®®Ga and ®’Rb, mainly at
centres that have no access to a cyclotron. The two generator systems are also now
commercially available and their use is being established even in many parts of the
world. In particular, the use of ®®Ga-labelled pharmaceuticals is expanding at
a rapid pace. In some laboratories with a cyclotron even the direct production of
this radionuclide is being investigated.

5.4 Standard B~ Emitters for Internal Radiotherapy

Among the large number of known S~ emitters for therapy, about 20 are of more inter-
est. Some of the criteria for their choice are given in Appendix IV (see also contribution
by Zalutsky in ref. [25]). The seven most commonly used ones are considered as “stan-
dard B -emitting radionuclides” and their production routes are given in Table 5.5.

The B~ -emitters >?P and °°Y have rather high 8~ energies (cf. Table 1.1) and are
used in palliative therapy. They are introduced into joints and cavities as gels or
microspheres. The radionuclide >*P also finds application in labelling of nucleoti-
des. Another variation of internal therapy with - emitters involves the radiosynthe-
sis of tumour-seeking agents. For this purpose, 8°Sr, >>Sm, ""Lu, '®**Re and "'I are
more commonly used. In particular, the trivalent metals are finding increasing use
in treatment of bone metastases. For example, "’Lu attached to peptides is used for
the treatment of prostate cancer. Similarly, '®®Re forms a variety of chelates which
are of great potential interest in medicine. The radionuclide I in the form of iodide
is extensively applied in treatment of thyroid tumours. In fact, *' is by far the most
important therapeutic radionuclide, having an established place in the manage-
ment of follicular thyroid carcinoma.

32p (T, =14.3 d)

The radionuclide *?P is produced via the neutron threshold reaction **S(n,p)*?P. In
fact, this was the reaction originally used by Chiewitz and Hevesy to produce this
first medical radionuclide utilizing a Ra/Be neutron source (see Chapter 1). The
cross section of the reaction averaged over the fission neutron spectrum is smaller
than that for a Ra/Be neutron spectrum. Nonetheless, due to much higher neutron
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Table 5.5: Common methods of production of standard 8~ emitters for internal therapy.

Radionuclide T, Production route Cross section Target material  Typical
experimental
batch yield (GBq)

32p 14.3d  325(n,p) 68 mb? 32g 100

(powder,
pellet or melted)
895y 50.5d %%Y(n,p) 0.31mb? Y,0;5 pellet 20
20y 2.7d  *0sr>%% FY=5.77%" 9°°SrCl, <5
(generator) (°°sr) (solution) f (per generator)
131 8.02d 2*U(n,f FY=2.88%"° Z°UAl; >10°
(131|)
13%Te(n,y)*>!™2Te 204 mb © Te metal, TeO,  600-800
131m,gTe£ 131|
1535m 1.93d  **?Sm(n,y) On: 213 b Sm,05, 20
15:2940b L4 1°25Sm,0;
FS: 70 mb (enriched)
77y 6.65d °Lu(n,y) Otn: 2097 b} ) 176,05 800
1,:919 b (enriched)
76Yb(n,1)"""Yb Ow: 2.81b 176Yh,0,4
w7yp B 17y l,:6.8b }d (enriched) 8
188Re 17.0h  ®Re(n,y) Om: 74.5b Re,0; 50
lo: 314 b d
FS: 117 mb
185W(n,y) "W Owh: 36.5b W metal,
Io: 290 b }e WO,
187\ (n,y) EBW Ow: 145 b }e 20
15:398 b (*&8w)
188> 188Re [*®W]tungstate <5
(generator) (on AL,05) (per generator)

2 Fission neutron spectrum-averaged cross section (FS), taken from [42].

b Fission yield (%).

¢ Thermal neutron capture cross section.

4 Cross section for thermal neutron capture (oy,), resonance integral (/,) and averaged fission
neutron spectrum (FS), respectively. These are recently evaluated values [41].

€ Values from [38].

fEither fixed on Dowex-50 or solvent extraction with HDEHP (di-(2-ethyl-hexyl)phosphoric acid).

flux in a reactor than that at a Ra/Be source, 3P is produced in a reactor via this
route in large quantities in nca form [25, 26]. The target material consists of puri-
fied 32S powder, either pressed to a pellet or melted together, and placed in an Al
capsule. The irradiation is done for several weeks at a fast neutron flux of about
2-3 x 10" n cm™! s7. Thereafter, the chemical processing is performed in two
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ways: either 325 is distilled over and 3?P is leached out with dilute HCI, or the tar-
get is melted and >?P is leached out with H,SO, and ethyl alcohol. Further purifi-
cation of radiophosphorus is done through cation-exchange chromatography. The
radionuclide 3?P is then finally achieved as H;*’PO, in batch yields of about
100 GBq. It is commercially available.

895y (T, = 50.5 d)

This radionuclide is partly produced via the ®8Sr(n,y)®’Sr reaction. However, due to
very low specific activity, the product 3°SrCl, has been used only in palliative therapy
of malignant metastases in the skeleton. For preparation of radiopharmaceuticals
with high specific activity, a production route involving the neutron threshold reac-
tion #Y(n,p)®°Sr has been developed [26]. The target material consists of Y,0; powder
pressed to a pellet, and placed in an Al capsule. The irradiation is done for several
weeks at a fast neutron flux of 2-3 x 10" n cm™2 s™%, Thereafter, the chemical process-
ing starts by dissolving the irradiated target in HNO; and extracting the bulk of
yttrium in tributylphosphate. The purification of #Sr is then done by incorporating
several cation-exchange chromatographic steps. The finally purified product is then
obtained as #SrCl, in dilute HCl in a batch yield of about 20 GBq. Large quantities of
this radionuclide are produced mainly at the reactor RIAR in Dimitrovgrad, Russia.

Y (T, =2.7d)

This radionuclide is easily produced via the #Y(n,y)°Y reaction even in a low-power
reactor because the target is monoisotopic and the (n,y) cross section with thermal
neutrons is 1.28 b. However, for obtaining a product of high specific activity, the
0Sr/°°Y generator system is used. The parent nuclide *°Sr (T, = 28.9 a) is formed in
the fission of °U with a high yield (5.77%) and is separated from the other fission
products as *°SrCl, through a laborious procedure. The coproduced #°Sr (T., = 50.5 d)
is shorter lived and has a lower yield (4.69%), so it does not cause any serious prob-
lem in the preparation of the generator after a decay time of several months. The solu-
tion is fixed on a Dowex-50 cation-exchange chromatographic column and °Y is
eluted with 0.003 M ethylenediaminetetraacetic acid for routine use. In another
system, *°Y is separated from the parent *°Sr via batch extraction using di-(2-ethyl-
hexyl)phosphoric acid [26]. Both generator systems are commercially available.

B (T,,=8.02d)

This radionuclide is produced via two routes, namely fission of *°U and the reac-
tion sequence *°Te(n, y)Blm’gTeB—> BI], Regarding the fission route, the irradiated
B5UAL; pellet is first processed to extract Mo (see above). Thereafter, radioiodine
is separated by anion-exchange chromatography combined with a distillation step.
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The radioiodine in the separated form exists as iodide. The method has been well
established at the SAFARI reactor in Pretoria, South Africa, as well as at several
other reactor sites. The yields achieved are sufficient for wide distribution.

Regarding the second route of production of 'I, viz. the reaction sequence
B0Te(n, y)131m’gTeﬁ—> B, the target material used is either pure Te metal or TeO,. The
cross sections for the formation of *"™Te (T., = 30 h) and *'¢Te (T, = 25 min) with
thermal neutrons are only 12 and 192 mb, respectively, calling for relatively long irra-
diations. The irradiation is therefore generally done for a few days at a neutron flux
of ~10" n cm™ s™". The longer lived *"™Te decays 77.8% by 8~ emission directly to
31 and 22.2% by IT to !8Te, which subsequently decays to 'I. After a waiting time
of about 2 days during which most of the *"™2Te has decayed to "', the chemical
processing is started. The metallic Te target is dissolved in an oxidizing mixture of
chromic acid and H,SO, and the radioiodine is distilled over and collected in a dilute
solution of NaOH. The TeO, target, on the other hand, is subjected to the dry distilla-
tion process described earlier (cf. Chapter 4). The batch vield of ' obtained using
the two target and processing systems is approximately the same. It is, however,
lower than that via the fission route. In all three cases, the radioiodine obtained ex-
ists as iodide. In small reactor laboratories, the production of I is mostly done via
the activation of >°Te to >'™2Te, followed by its decay to 'I.

38m (T., =1.93 d)

This radionuclide is produced via the simple neutron capture reaction *’Sm(n,y)">>Sm
[26]. The target isotope *°Sm in ™'Sm is only 26.75% but the cross section of the reac-
tion is relatively high. So in many laboratories, Sm,05 of natural isotopic composition
is used as target. However, in order to increase the specific activity of the product and
to avoid the longer lived radiocontaminants, like *Sm (T., = 340 d) and ™'Sm
(T, = 93 a), >98% enriched ?Sm,0; is utilized as a target. A few milligrams of the
material is sealed in a quartz ampoule, which is placed in an Al capsule, and then
irradiated in a medium flux reactor for several hours. At the end of the irradiation,
the target material is taken up in ethylene diamine tetramethylene phosphoric
acid (EDTMPA) dissolved in alkaline water. The solution is heated for about 1 h at
75 °C. Thereafter, it is used as a stock solution. The batch yield of >Sm is gener-
ally about 20 GBq and its specific activity about 18 GBq mg™" of ’Sm,0;. For
many studies, this specific activity is sufficient and, therefore, this radionuclide is
finding increasing applications. But for some investigations, higher specific activ-
ity would be very desirable. Unfortunately, to date no method has been developed
that would produce '*>Sm in nca form in sufficient quantity. The two hitherto in-
vestigated methods, namely **Eu(n,p)”>Sm and **°Nd(a,n)">>Sm, deal only with
nuclear reaction cross-section measurements, that is, no attempt at production has
been reported.
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177|.U (T/2 = 6.65 d)

This radionuclide is produced e1ther r directly via the 7Lu(n,y)"”"Lu reaction or indi-
rectly via the route 7°Yb(n, y)mYb — 7Lu. Regarding the direct neutron capture pro-
cess, both the thermal neutron cross section and the resonance integral are rather
high, but since the abundance of ®Lu in ™'Lu is only 2.6%, often an enriched target
(~43%) is used [25]. In a typical case, about 10 mg of "°Lu,0s is sealed in a quartz tube
and irradiated at a neutron flux of ~ 1 x 10 n cm™?s™ for a few days. After the irradia-
tion the target is dissolved in HCl. The final product ““LuCl; is obtained in a high
batch yield. There are, however, two major drawbacks of the method: first, the specific
activity of the product is limited to about 1600 GBq mg ™" of Lu after a 4 d irradiation in
a relatively high flux reactor and second, the longer lived 77my (T., = 160.4 d), also
formed during the irradiation, is present in a small amount (0.012%).

The second route of production involving the activation of "°Yb to ’Yb
(T, = 1.9 h) followed by its decay leads to much lower batch yield of '"’Lu. This
is due to two reasons: (a) abundance of only 12.7% of the target nuclide 76yh in
natural Yb, (b) rather low neutron capture cross section and resonance integral
(see Table 5.5). In many cases, therefore, about 96% enriched 176Yb203 is used as
a target material. In a typical run, about 10 mg of the material is sealed in
a quartz ampoule and irradiated in a nuclear reactor for a few days. The chemi-
cal processing of the irradiated target is started by its dissolution in HCI.
Thereafter, nca ’’Lu is separated from the bulk of Yb by ion-exchange chroma-
tography. The separation is typical of those encountered in nuclear reaction
studies, where the target material is bulky and the reaction product is at nca
level. However, because of the intended medical use, the purity criteria are
much more stringent than in nuclear reaction studies. As a result of several re-
cent studies, '""LuCl; of specific activity approaching about 3000 GBq mg ™" of Lu
has been achieved [25]. This is by a factor of about 2.0 higher than that via the
direct route. A further advantage of the indirect route of ’’Lu production is the
much lower level of the ""™Lu impurity (<107%). The total yield of "’Lu via the
indirect route is, however, much lower.

It should be mentioned that production of ’Lu through charged-particle in-
duced reactions, for example, Ta(p,spall), Hf(p,x) and 7°Yb(d,n), has also been in-
vestigated. However, due to low cross sections and high impurity levels involved,
none of those reactions was found to be of practical value.

188Re (T., =17.0 h)

This radionuclide can be produced directly via the '®’Re(n,y)'**Re reaction or via the
188 /18%Re generator system. Originally, the direct production route was used.
However, due to the very low specific activity of the product, combined with the de-
velopment of the convenient '®®W/!®¥Re generator system, the direct production
route is now rarely used. The indirect route, however, is not easy to follow in
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a normal reactor because it is based on a two-step neutron capture process. In the
first step, the reaction '®W(n,y)"*’W occurs. The product '®’W is radioactive and de-
cays with a half-life of 23.7 h. It has, however, a rather high neutron capture cross
section as well, so that there is a competition between radioactive decay of W and
the "¥W(n,y) '®8W reaction, the latter leading to the formation of '*¥W (T., = 69.8 d).
As expected the second neutron capture process is favoured in a relatively high flux
reactor. For production of ¥W, a metallic or oxide tungsten target is used. Typical
irradiations at neutron fluxes between 5 x 10 and 2 x 10" n cm™ s are done for
several weeks. The chemical processing of the irradiated target involves dissolution
in hot 1 M NaOH in the presence of H,0, followed by several purification steps to ob-
tain pure '®®W. Presently large quantities of '®*W are produced mostly at the Oak
Ridge National Laboratory, followed by smaller amounts at the University of
Missouri. The method is also under development at Dimitrovgrad.

For preparation of the ®®W/!®8Re generator, the purified '®®W is generally
loaded on an Al,O; column and, similar to the *’Mo/**™Tc generator, elution of
the '®8Re is done with saline. A few other types of generators have also been
reported.

Other 8~ Emitters

In addition to the above discussed standard B -emitting therapeutic radio-
nuclides, there are many others which have also found some application or
which are potentially useful. Among them are “’Sc, ¢’Cu, '°°Rh, '®°Pd, 'Ag,
Namyy - 137¢cg, 165Dy, 166Ho, 199Ey, 17°Yh, '86Re and '*?Ir. Furthermore, the X-ray
emitter ®!Cs and the Auger electron emitters ’™Sn, >™Pt and *™Pt are also
interesting therapeutic radionuclides. Among those radionuclides, *?Ir
(T, = 73.8 d) and "*’Cs (T, = 30.2 a) find some application in brachytherapy or
external irradiation of the retina, respectively. They are produced via the (n,y)
and the (n,fission) process, respectively. Some of the other radionuclides have
either already been produced using nuclear reactors, or their production meth-
ods are in development. In particular, the radiolanthanides are of considerable
interest [157]. For example, the radionuclides '*°Dy (T., = 2.3 h), *°Ho
(T, = 1.1 d), *°Er (T, = 9.4 d) and °Yb (T., = 4.2 d) are occasionally used in
palliative therapy of inflammatory joint diseases. Similar to >>Sm they are all
produced via the (n,y) reaction. In addition, '°°Ho is also obtained via the
166Dy /1®Ho generator system, whereby the parent '**Dy (T, = 3.4 d) is produced
through the double neutron capture reaction ***Dy(n,y)'**Dy(n,y)'*°Dy, similar
to the case of W described above. On the other hand, in several cases, new
demands on purity and specific activity have led to stronger efforts to develop
more efficient production methods. Some of those efforts are given due consider-
ation in Chapter 6 where newer developments are treated in detail.
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5.5 Standard a-Particle Emitters for Targeted Therapy

The highly ionizing property of a-particles was recognized soon after the discovery
of natural radioactivity and in that early phase it was rather extensively used in ex-
ternal local therapy of skin diseases on empirical basis, that is, without properly
understanding the biological effects. Today, a-radiation is used internally in the
form of “targeted therapy,” which calls upon great skills and expertise in the choice
of the a-particle emitter and in the nature of the designed targeted molecular carrier
[158]. The therapeutic value of a-particles is based on their short-range and high
linear energy transfer (LET), amounting to about 100 keV pm™, compared to
a value of about 0.2 keV um™* for a high-energy ~ particle (see also Appendix IV).
Since the relative biological effectiveness of radiation is maximum at LET values of
about 100 keV pm™ [158], internal radionuclide therapy using a-particles is of great
interest.

Although approximately 100 radionuclides are known to decay by a-particle
emission, only a few have appropriate properties for internal radionuclide therapy
in humans [159]. The four more commonly used ones are *"'At, ?°Bi, “’Ra and
25 c. Their production routes are discussed below.

At (T, =7.2 h)

This radionuclide has been under consideration for more than 40 years. It decays by
direct a-particle emission (42%) to *°’Bi or by EC (58%) to *"'Po (T;/,=0.5 s), followed
by a-emission. Thus, each decay of *'At is associated with the emission of an a-
particle. Astatine is a halogen and the expectation had been that several of the radio-
iodination methods could be adapted to 21At. However, astatine also exhibits metal-
lic character under certain conditions. To date astatine has been used to attach to
antibodies, proteins and inorganic colloids. The main problem, however, is the sta-
bility of the compound under physiological conditions. Nonetheless, considerable
progress has been achieved in a-therapy using *'At-labelled compounds.

For the production of *!!At several nuclear processes have been used, involv-
ing either a direct route or an indirect route via the decay of the parent *!'Rn (for
an early review see Appendix II, and for a recent review cf. [160]). The parent
2Rn (T, = 14.6 h) is obtained in a small quantity either through the spallation
of 22Th or via the ?°°Bi(“Li,5n)*'Rn reaction. In recent years, some new attempts
have been successful in producing ?''At via the indirect route in small quantities
for preclinical research [161]. Nonetheless, the method of choice remains the
direct production reaction *°°Bi(a,2n)*''At. The excitation function is known
very well [41]. For production, the energy of the a-particles must be kept below
29 MeV to avoid the formation of *!°At (T, = 8.1 h), which decays to longer lived
a-particle emitting radionuclide #*°Po (T, = 138.0 d) and causes high extra radia-
tion dose. For the optimum energy range of E, = 28 > 20 MeV, the calculated

printed on 2/13/2023 3:41 AMvia . All use subject to https://ww.ebsco. confterms-of-use



EBSCChost -

142 — 5 Production of Standard Medical Radionuclides

yield of *'!At amounts to 25.3 MBq pA h™', without any contamination from '°At.
The target for irradiation generally consists of a thin layer of Bi (melted, pressed
or vacuum evaporated) on an Al backing. High current irradiations in internal
target systems using slanting beams have been reported [162, 163]. In a 4 h irra-
diation at 55 uA beam current, a batch yield of up to 7 GBq *"'At was reported
[162]. The standard method for removing *"’At from the irradiated target is by dry
distillation at 650 °C in an Ar stream (cf. Chapter 4). The ?'At removed from the
distillation apparatus is trapped at —77 °C. For subsequent radiosynthesis work,
the trapped astatine is recovered with a small volume of organic solvent. Very
recently an automated flow system has been developed [164] which incorporates
in-line acid dissolution of irradiated bismuth metal for use in the isolation of
ZUAt, In irradiations of Bi targets (of masses about 4.5 g) with 40 pA a-particle
beams for about 50 min, the batch yield of ?*At amounted to about 1 GBq [164].
Thus, sufficient quantities of this radionuclide could be made available for
patient studies. However, due to the short half-life of the radionuclide, forma-
tion of a network of cyclotrons delivering 30 MeV a-particles is being attempted
both in Europe and in the USA.

213Bj (T, = 45.6 min)

This radionuclide decays only 2.2% via a-particle emission directly to 2°°T1 and
97.8% through B~ decay to *°Po (T., = 3.7 ps), which decays further 100% by a-
particle emission to 2°’Pb (T, = 3.2 h). Thus, each decay of *"Bi is associated with
the emission of an a-particle. This relatively short-lived a-particle emitter is
obtained from a generator system loaded with the parent activity **Ac
(T\, = 10.0 d). The radionuclide 25)c jtself is difficult to produce (see below) and
the question existed whether a short-lived a-particle emitter would be effective
enough as a therapeutic agent. Some recent studies on prostate-specific membrane
antigen(PSMA)- monoclonal antibody labelled with #*Bi have, however, led to the
convincing result [165] that some B -resistant tumours can be effectively handled
using this radionuclide, if multiple applications are carried out. Further develop-
ment and optimisation work on the generator system to ensure a regular and reli-
able supply of ?Bi thus appears worthwhile.

?23Ra (T, = 11.4 d)

This radionuclide is a 100% a-particle emitter. Its importance has grown in recent
years and it has now been approved for use in the form of *RaCl, as a drug in
many jurisdictions, especially for treatment of blood cancer. It was first obtained
via the chain %6Ra (n, y)*’Ra (42.2 min)ﬁ—> 27Ac (21.8a) P 2Ra. The parent activity
27Ac is available in a certain limited quantity and **Ra is periodically removed
from it. In view of the increasing significance of this radionuclide, more **’Ac needs
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to be produced. A potentially interesting production route involving the irradiation
of ’Th with intermediate energy protons is being developed, especially at Los
Alamos. This route is discussed in the next chapter together with work on other
novel radionuclides.

225p¢ (T, = 10.0 d)
This radionuclide decays via the series:

255 ¢ % 2y (4.9 min) % 27 At (32 ms) - 25Bi (45.6 min) "

2pg (37 us) ™ 209pb (3.2h) £ 209B;

Thus each decay of ?*Ac results in the production of four a-particles, making it an
extremely potent therapeutic source. On the other hand, the decay chain products
2IEy and ?Bi have measureable half-lives, raising some concern that the release of
those radionuclides may result in excessive toxicity to normal organs. Today, this
radionuclide is used directly but also as a generator parent of *°Bi for therapeutic
application (see above).

Extensive efforts have been devoted to production of **Ac. Its separation from
nuclear waste (**Th) has been optimised [166], and generators are now commer-
cially available. However, the total amount of **Ac activity available per year is
limited to about 75 GBq. In view of the increasing demand of this radionuclide, two
cyclotron production processes, namely **°Ra(p,2n)**Ac and Z?Th(p,spall)**Ac,
are being developed The cross-section data of those reactions have been described
in Chapter 2 (Section 2.5.5). Since further extensive work is continuing, those two
cyclotron production routes are discussed in more detail in Chapter 6, which deals
with the development of novel radionuclides.

5.6 Concluding Remarks

In this chapter, the basic technology of production of standard medical radio-
nuclides has been described. The methodology is generally well established and
the radionuclides are commonly available for routine patient care studies, involving
both diagnosis and therapy. Occasionally, some improvement in a production
method may be needed to meet newer quality requirements. The major thrust
regarding each commonly available radionuclide, however, is towards developing
newer radiopharmaceuticals for preclinical or clinical research. The production of
the radionuclide then becomes the realm of the industry.

In medical research it is also often realized that the standard radionuclides
described in this chapter are not sufficient for many investigations. This calls upon
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the development of novel radionuclides rather than radiopharmaceuticals. In those
cases, more attention is paid to nuclear, radiochemical and technological aspects of
the production process under consideration. The guiding principle in all those stud-
ies is to develop a method that would allow the production of the radionuclide in
a suitable form and in sufficient quantity for a specific medical application. Thus,
a blend of fundamental research and technological work is involved.
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Besides routine production of standard medical radionuclides for patient care studies
(as discussed in Chapter 5), in recent years considerable work has been done towards
development of research-oriented novel radionuclides. The present emphasis is on
two types of radionuclides, namely, non-standard positron emitters for positron emis-
sion tomography (PET) and highly ionizing low-range radiation emitters for internal
radiotherapy. Some attention is also being devoted to y-emitting radionuclides for
potential use in single-photon emission computed tomography (SPECT). The general
scientific background to development work related to radionuclide production has
been provided in Chapters 2—4. In this chapter, some of the technical details of pro-
duction of several novel radionuclides are given.

6.1 Non-standard Positron Emitters
6.1.1 General

With the growing significance of PET in diagnostic nuclear medicine, the need for
innovative, non-standard positron emitters has been increasing, especially for
studying slow functional processes and for quantification of targeted therapy.
In particular, many non-standard positron emitters are finding application in thera-
nostics. This concept involves the simultaneous use of a positron emitter and
a therapeutic radionuclide of the same element while carrying out investigations on
a particular person. Thus, the chemistry during diagnosis and therapy remains un-
changed. This type of treatment is termed as personalised medicine.

As mentioned in Chapter 2, the status of decay data of non-standard positron
emitters is not as good as of standard positron emitters. The distinctive decay features
of non-standard positron emitters (in comparison to standard positron emitters) are:
(a) relatively longer half-lives, (b) rather high positron endpoint energies, (c) gener-
ally low positron intensities and (d) associated y-rays. These features affect the
resolution of scans and call upon the development of some special algorithms in the
analysis of images. Nonetheless, to date about 30 non-standard positron emitters
have been developed for medical applications. The various aspects of development
work have been elucidated (see Appendix V). An updated review discusses some
more recent work [167]. Table 6.1. gives a summary of all non-standard positron emit-
ters for which some sort of bhiological application has been demonstrated. Among the
decay data listed are half-lives, positron endpoint energies, positron emission intensi-
ties and most intense y-rays (taken mostly from [23, 24]). The half-lives are well
known, but inconsistencies are observed in the intensities of the emitted positrons.
Although in a few cases new measurements have been carried out, especially at the
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Forschungszentrum Jiilich, and improved data on the positron emission intensities of
“5Tj, ®4Cu, "®Br, *°I and '*“I have been made available [37, 168, 169], for many other
positron emitters further measurements are needed. For example, some uncertainties
exist in the positron branchings of the radionuclides ®'Cu, ®°Ga, 8'Rb, 82™Rb, ®3r,
86Y, l20gI and 152Tb.

The investigated production routes of non-standard positron emitters are also
listed in Table 6.1., together with the optimum energy ranges and the thick target
yields calculated from the excitation functions. Recently, the status of the production
data was critically reviewed and the updated references to papers dealing with cross
sections were given [36]. Most of the measurements using enriched target isotopes
were done at the Forschungszentrum Jiilich. A large number of radionuclides can be
produced using a small-sized (Level III) two-particle cyclotron (with E, < 20 MeV;
E4 < 10 MeV). The common route of production is the low-energy (p,n) reaction on
the respective enriched target isotope, and the radionuclides “*8Sc, “°Ti, >*Mn, ®'Cu,
®4Cu, *°Ga, "®Br, ®™Rb, %Y, #7r, *“™Tc, *°I and ®*I have been produced on a clinical
scale via this route, mostly using a solid target but, in recent years, also a solution
target (cf. sections 3.3.2 and 3.3.3). In a few cases other low-energy reactions, such as
(d,n), (d,a) and (p,a), especially for the production of sufficient quantities of >*™Cl,
>Mn and **Co, have also been employed. On the other hand, many useful or poten-
tially useful positron emitters can be produced only using intermediate energy reac-
tions at energies above 30 MeV, in a few cases above 50 MeV. For example, the
production of the radionuclides *’Fe, *’Ni, "Se, "/Kr and ®3Sr can be done only via
(p,xn) reactions, demanding a high-intensity cyclotron or accelerator, which delivers
protons of energies up to about 70 MeV (in the case of >’Fe up to 100 MeV). Similarly
the parents of a few novel generator systems, for example, *“Ti (60.4 a)/**Sc (3.9 h),
2Se (8.5 d)/"*As (26.0 h) and “*°Nd (3.4 d)/*“°Pr (3.4 min), can be produced only using
intermediate energy protons. On the other hand, in a few special cases, besides pro-
tons, >He- and a-particles of intermediate energy may also be advantageously used for
production purposes, for example, "°Br and “°Br via (*He,xn)-reactions and >°P, **K,
%Cu and "?Se via (a,xn)-reactions on relevant targets. In all cases where at least
a small-scale production has been reported, the targets used and the batch yields
achieved are given in Table 6.1. In the case of an isotopically enriched target, the recov-
ery of the enriched material is always incorporated in the separation process. The refer-
ences given in Table 6 1. specifically deal with the production aspects [170-255].

6.1.2 Established Non-standard Positron Emitters
Of all the non-standard positron emitters studied, six of them, namely, **Mn, ®“Cu,
86y, 897y, “™Tc and '?*I, are finding broader interest and their clinical-scale produc-

tion via the (p,n) reaction has been developed in several laboratories. Their produc-
tion methods are discussed below.
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>28Mn (T2 = 5.6 d)

This radionuclide emits low-energy positrons. The positron intensity is only 29.6%
and the half-life is relatively long. Nonetheless, it is suitable for PET imaging. For
its production several reactions were investigated (for early review see Appendix I),
out of which the >*Cr(p,n) reaction was found to be the most suitable and has been
used in recent years for production purposes. The target for irradiation consists of
either enriched *2Cr or ™Cr electroplated on a Au backing or simply a high-purity
chromium disk. Irradiation is generally done for a few hours using a slanting beam
of protons of up to 20 pA [cf. 54]. For the separation of nca **Mn from the bulk of
chromium, several methods have been reported, based mainly on coprecipitation
and anion-exchange chromatography. Some improvements have been introduced
in recent years [54, 177-180]. In a novel method [178], the chemical processing
starts by dissolution of the target in HCI at 70 °C, followed by a vigorous treatment
of the solution to remove the chloride ion and to render the solution in
0.1 M H,SO,. This solution is then loaded onto a cation-exchanger Dowex 50Wx8,
preconditioned with 0.1 M H,SO,,. On elution with 0.1 M H,SO,, chromium is quanti-
tatively removed. Thereafter the column is loaded with a solution of 0.01 M hydra-
zine sulfate to reduce radiomanganese to Mn>*, which is then finally eluted with
a solution of 0.067 M ammonium citrate (pH = 7.3). The separated >*Mn was found
to be of high radionuclidic, radiochemical and chemical purity. The batch yield of
>2Mn achieved was ca. 150 MBq.

The radionuclide **Mn is of great importance in combining PET and MRI (mag-
netic resonance imaging). In view of its increasing significance in authentic radio-
labelling of new manganese contrast agents for MRI, intensified efforts are
presently being devoted to produce this radionuclide in larger quantities.

64Cu (T2 =12.7 h)
This radionuclide emits low-energy positrons, has no disturbing y-ray, has a
suitable half-life and forms interesting stable coordination complexes. It is thus
very suitable for studying slow functional processes. However, the positron
branching is only 17.8%. Thus, much higher radioactivity has to be injected to
achieve a coincidence rate similar to that of 18F-radiopharmaceuticals. In addition,
the remaining 82.2% decay branching (8~, EC) induces a non-negligible radiation
dose. On the other hand, due to its relatively low 8" energy, the resolution of PET
scans with ®Cu is almost as good as with '®F. Because of these reasons, ®*Cu is
used in radioimmunotherapy. It also allows a combination of PET with radiother-
apy, that is, the application of the theranostic approach (in combination with the
therapeutic radionuclide ¢’Cu).

Based on a critical analysis of the published nuclear reaction cross sections, a
compatison of the various production routes of **Cu was presented [64]. A summary
is given in Table 6.2. Of all the investigated processes, the ®Ni(p,n)®*Cu reaction
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Table 6.2: Comparison of production routes of *“Cu”.

Nuclear process Optimum energy range Thick target yield ¢

(MeV) (MBq pAh~)
4Ni(p,n)®“Cu® 1258 304
4Ni(d,2n)%*Cu? 17> 11 430
8Zn(p,an)®“Cu® 30> 21° 116
6Zn(p,2pn)®“Cu® 5237 316
64Zn(d,2p)®“Cu® 20> 10 27
66Zn(d,a)®“Cu® 1355 13.8
"atzn(d,x)*“Cu 25> 10¢ 57.0

* After Aslam et al. [64], with courtesy of De Gruyter.

@ Using highly enriched target material; low enrichment will lead to impurities.

b Below the threshold of the 87Cu impurity via the *3Zn(p,2p)®’Cu reaction.

¢ Below thresholds of ®'Cu and ®’Cu impurities via the ®*Zn(d,an)'Cu and
8Zn(d,2pn)®’Cu reactions, respectively.

d Calculated from the excitation function, assuming 100 % enrichment of the target
isotope (unless mentioned otherwise) for an irradiation time of 1 h.

was found to be the best. It gives the product in high yield and with high specific
activity. Although it involves the use of rather expensive highly enriched target
material, generally electroplated on a Au backing, the technology has been fully
developed [65, 182-191] utilizing this route for the production of ®*Cu over the en-
ergy range of E, = 12 > 8 MeV. Batch yields of about 40 GBq %4Cu are achieved
and the enriched target material ®Ni is efficiently recovered. The separation of
64Cu is generally done via anion-exchange chromatography and the quality of the
product is acceptable for subsequent radiopharmaceutical production. Due to the
increasing demand for this radionuclide, a commercialization of the process is
now being pursued. On the other hand, small quantities of ®*Cu for local use are
produced using the same nuclear reaction and a solution target at a medical
cyclotron. Furthermore, tracer amounts of ®*Cu have also been produced using
the nuclear processes ®“Zn(d,2p)®*Cu [192] and ®®Zn(p,an)®*Cu [193]. In both
cases, modified forms of ion-exchange chromatography were used for the separa-
tion of ®*Cu.

86Y (T, =14.7 h)

This radionuclide decays via electron capture and positron emission, followed by
emission of more than 12 y-rays. There are six positron groups with varying end-
point energies (maximum = 3153 keV) and intensities, the total 8 emission intensity
amounting to about 33%. In view of the rather high positron energy and presence
of several y-rays in the vicinity of the annihilation radiation, it was expected that
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this radionuclide would require considerable effort to make its use in PET investiga-
tions. Nevertheless it was developed [68, 138] and administered to a patient [194]
together with the therapeutic radionuclide *°Y (T, = 2.7 d). A following PET mea-
surement [194] led to an exact estimation of the dose from the °°Y-labelled com-
pound in terms of mGy per MBq of °°Y. This investigation is regarded today as the
initiation of the theranostic approach in nuclear medicine. The subsequent historical
development has been described in a recent article [67].

A critical evaluation of the data [66] for the investigated nuclear reactions
showed that for the production of 2¢Y, the #Sr(p,n)®°Y reaction on a highly enriched
target covering the energy range E, = 14 > 7 MeV is most suitable (see Section 2.5.3).
The production methodology is established [138, 139, 141, 195—199+]. Very recently
some preliminary results on a new route, namely, ¥Y(p, 4n)862r el 86Y, have been
reported [200], but further investigations are needed to exhibit its suitability for
production of °Y.

In contrast to a relatively small number of nuclear data measurements and
use of only one target material (8¢SrCO5: 96-97 % enriched) for irradiations, the
efforts devoted to chemical separation of radioyttrium have been extensive [138,
139, 141, 195-199, 201-203] and six methods have been investigated. They involve
precipitation and ion-exchange chromatography, electrolysis, single column
chromatography, multiple column chromatography, solvent extraction and pre-
cipitation of the target element. A brief overview is given in Table 6.3. and
a detailed discussion elsewhere [67]. Out of those processes, the method involving

Table 6.3: Overview of separation methods of 2¢Y from a SrCOj; target used in real production runs
via the 8¢Sr(p,n)®®Y reaction.

Method Efficiency of Typical Volume of Srchemical  References
chemical production final impurity
separation(%) batch yield solution (ngmL™)
(GBq)

Coprecipitation 90 1.3-3.5 150pL 2.6 [138, 139]
and ion-exchange
Electrolysis 90 1.2 250pL 100-700 [141, 196]
Single-column 90 0.5 20mL 500 [202]
cation exchange
Multiple-column 80 0.7 200pL [201]
chromatography
Solvent 89 0.5 10mL 1000 [202]
extraction
Precipitation of 88 0.9 500pL 15000 [197]
bulk target as
SrSO,
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coprecipitation followed by ion-exchange chromatography appears to lead to the
product of the highest chemical purity. So far the maximum batch yield of about
3.5 GBq was also reported using that method [139]. The two-step electrolytic pro-
cess is also very useful [141, 196].

The radionuclide Y has become the most important imaging nuclide for quanti-
fication of radiation dosimetry of *°Y-labelled therapeutics [67], although many spu-
rious coincidence corrections are needed [204]. Due to the ever increasing demand
for this radionuclide, its large-scale production via the 86Sr(p,n)gGSr reaction is either
already established or is being planned at several centres. On the other hand, its pro-
duction at a few hospital-based cyclotrons has also been achieved using a solution
target [199]. The yield is low but it may be enough for local use.

897r (T, =3.27 d)

This radionuclide is one of the most promising metallic radionuclides for develop-
ing new agents for immuno-PET. The positron emission intensity of only 22.3% is
rather low, but due to the relatively low positron endpoint energy, the resolution of
PET scans is high and comparable to that of ®Cu.

For production of this radionuclide, several nuclear reactions have been inves-
tigated. However, the method of choice is the ®°Y(p,n)®*Zr reaction. The target ele-
ment is monoisotopic, the reaction cross section is high [cf. 69] and production can
be carried out at a small-sized medical cyclotron. The standardised method of its
production [205, 206] consists of irradiation of a Y-metal foil with about 15 MeV pro-
tons for several hours at beam currents of about 15 pA. The chemical processing
starts with dissolution of the target in HCl and separation of radiozirconium by use
of a hydroxamate resin, followed by further purification steps. In fact, the most dif-
ficult part of the production process is the purification step. The product is obtained
as [®°Zr]Zr-oxalate. Finally it is converted to chloride form and reconstituted in
water or saline. In a typical production run the batch yield of ¥Zr amounted to
2 GBq. This amount is sufficient for most applications. However, for potential use in
labelling of monoclonal antibodies (mAbs), the radionuclide should be of high spe-
cific activity. Despite the established production procedure, there are often difficul-
ties in achieving the desired purity and specific activity. A recent publication [207]
presents a simple scheme of separation of radiozirconium by ion-exchange chroma-
tography using Dowex 1x8 resin and elution with 2 M HCI, whereby the product is
obtained as ZrCl,. The batch yield achieved was about 1 GBq. The radionuclidic pu-
rity was high but tests on its suitability for labelling work need to be demonstrated.
In view of increasing significance of this radionuclide, several laboratories have de-
veloped solution targets. In order to avoid in-target salt precipitation, the use of Y
(NO;); in dilute nitric acid solution has been recommended [118], and #°Zr yields of
up to 350 MBq have been reported.
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%4mT¢ (T, = 52.5 min)

This radionuclide is rather short-lived and the accompanying y-ray at 871 keV
creates some difficulty in PET measurement. Nevertheless, because of its high
B emission intensity and medium positron endpoint energy, it is used for
quantifying *°™Tc-SPECT scans. In fact this is the most suitable positron-emit-
ting radionuclide of technetium. For its production, several routes have been
investigated (for a review cf. [101]), but the **Mo(p,n)**™Tc reaction over the
energy range of E, = 13 > 7 MeV was found to be the best. It is a high-yield
process and the level of the ground state impurity (**¥Tc) is low. In general,
a 94% enriched **Mo0O; pellet was irradiated with protons at beam currents of
about 5 pA. The chemical separation of radiotechnetium was done by extrac-
tion from alkaline solution with methylethylketone and a radiochemical yield
of about 60% was achieved [208]. However, the thermochromatographic
method using a vertical quartz apparatus (cf. Fig. 4.2) was found to be more
suitable [135]. While using moist air as carrier gas, **™Tc was removed and de-
posited on the upper part of the quartz tube, from where it was collected in
5 mL of hot 10°* M NaOH and quickly purified using a minimised alumina col-
umn (see Appendix V). The solution contained >99% **™Tc0O,” and the batch
yield amounted to about 10 GBq. This thermochromatographic method of sepa-
ration is now so established that it is often used in the separation of **™Tc pro-
duced via the '°°Mo(p,2n)**™Tc reaction at a cyclotron.

124 (T, = 4.18 d)

This radionuclide is somewhat longer lived and it has also a relatively low posi-
tron branching of 22.0% [37]. The B* endpoint energy amounts to 2137 keV and
several y-rays are associated with its decay. The radionuclide is thus not ideal for
PET studies. Nonetheless, after applying certain y-ray scattering corrections, it is
possible to use it even in animal PET. For the production of *I, a large number of
nuclear reactions have been investigated (for review cf. [72] and references to nu-
clear data cited therein). A summary is presented in Table 6.4. It was concluded
that the '**Te(p,n)'*I reaction over the energy range of E, = 12 > 8 MeV is most
suitable for the production of '?*I. The yield of **I is not very high but the product
obtained is of the highest radionuclidic purity, the level of the associated long-
lived I (T, = 59.4 d) impurity being < 0.1%. Today, for clinical-scale production
of ] this reaction is almost universally applied, and batch yields of a few GBq
are obtained. The procedure commonly involves irradiation of a 99.8% enriched
124Te(Q, target and removal of radioiodine by a distillation process [112, 209-213] at
755 °C (cf. Fig. 4.1). Radioiodine is collected almost quantitatively in 0.3 mL of
0.02 M NaOH solution. Its radiochemical form is checked by high-performance
liquid chromatography; it is generally > 98% iodide, which is very suitable for
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Table 6.4: Routes for production of 24",

Nuclear Energy range Thick target Impurity (%)
reaction (MeV) yield of *24

(MBq uAh_l) 123| 125| 126|
124Te(d,2n) 14> 10 17.5 - 1.7¢ -
124Te(p,n)° 1258 16 1.0 <0.1¢ -
125Te(p,2n) 21> 15 81 7.4 0.9 -
126T¢(p,3n) 36> 26 190 148 1.3 1.0
1215k (a,n) 22>13 2.1 895 <0.05¢ <0.16
natSh(a,xn) 45532 6.7 537 1.8¢ 0.6
1235h(a,3n) 45532 15.5 236 1.8 0.6
1235h(>He, 2n) 19> 13 0.73 11 0.6 0.6

" Information deduced from measurements and evaluations of cross-section data done at FZ (Jiilich)
in cooperation with ATOMKI (Debrecen), iThemba LABS (Cape Town), EAEA (Cairo) and GCU
(Lahore).

2 Calculated from the excitation function, assuming 100 % enrichment of the target isotope (unless
mentioned otherwise) for an irradiation time of 1 h.

P This route gives the purest form of 4.

¢ Also validated by experimental measurement [112, 136, 137].

subsequent synthesis steps. The enriched target material is regenerated (without
any substantial loss) for reuse. The radionuclide '*I is widely used in tumour tar-
geting as well as in thyroid dosimetry.

6.1.3 Emerging Non-standard Positron Emitters

Many of the non-standard positron emitters listed in Table 6.1 are interesting,
but their use is as yet not so pronounced as of the established positron emitters
described above. Some of them have been gaining more importance in recent
years. They include “*Sc, “°Ti, ®'Cu, "Se, "°Br and '°Tb. Their production
methods are described below.

4485¢ (T, =3.9 h)

This radionuclide has a suitable half-life, a high positron emission intensity and
not a too high positron endpoint energy. It is thus very useful for preparing metal
complexes for functional studies using PET. Furthermore, it forms an excellent
theranostic pair with the therapeutic radionuclide “’Sc (T, = 3.35 d).
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The production methods of ““8Sc have been very recently reviewed [214]. Two
routes are of interest:
a) “Sc(p,2n)**Ti (60.4a) E¢ 4485¢ generator system,
b) direct production via ““Ca(p,n)**8Sc or ““Ca(d,2n)**8Sc reaction.

The first route involves the production of the parent ““Ti via the nuclear reaction
#3Sc(p,2n)*“Ti at an intermediate energy accelerator. However, due to its very long
half-life, the production is a rather difficult proposition. Over the energy range of
E, = 35 > 15 MeV the calculated yield of **Ti amounts to ~4 kBq pAh™’, calling
upon a long irradiation of the target. To date only a 185 MBq generator has been
reported [215, 216] (for more details see Appendix V), but extensive
radiochemical work is underway [217, 218]. The separated “*#Sc is free of ““™Sc
(T, = 2.44 d).

The second route makes use of highly enriched **CaO or *“*CaCO; as target
material [219, 220]. The product **#Sc is then separated by ion-chromatography
and batch yields of up to 2 GBq have been reported [220]. Smaller amounts of
4485c have been produced using the “*Ca(d,2n)**%Sc reaction [221, 222].
A drawback of the direct method is the formation of the longer lived isomeric
state **™Sc in amounts of up to 2.5% of the ground state. On the other hand, this
drawback is positively used in some laboratories to prepare a so-called in-vivo
generator [223]. The longer lived ““™Sc decays 100% by isomeric transition to
“448Sc, which can be measured via PET. Further work on clinical-scale production
of #*8Sc is continuing. A new aspect of direct production of “*8Sc is the use of
a solution target [117], as described above for a few other non-standard positron
emitters.

“Ti (T.,=3.1h)

This radionuclide has somewhat similar decay properties as “*Sc and so it is very
suitable for PET studies. However, due to its tetravalent character, its chemistry is
different from that of scandium. Titanium(IV) complexes, particularly titanocene
complexes, exhibit high antitumour activity. This radionuclide is thus of potential
interest in tumour research.

The radionuclide “°Ti is generally produced via the **Sc(p,n)**Ti reaction [169,
224-226]. In a typical production experiment, natural Sc foil was irradiated with
14.5 MeV protons at about 10 pA beam current. Thereafter the foil was dissolved in
6 M HCI and transferred to a cation-exchange column filled with the resin AG
50Wx8. On further treatment of the column with 6 M HCl, titanium was eluted as [-
“>Ti]/HCI solution. It was evaporated to dryness and the “°Ti residue was taken up in
a desired solvent for further studies. Typically the batch yield of “°Ti amounted to
about 2 GBq and its radionuclidic purity to 99.8% A new approach under develop-
ment is to separate this radionuclide as “>TiCl,.
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iCu (T,,=3.3h)

This short-lived positron-emitting copper radionuclide is occasionally considered
as an alternative to ®*Cu because it can be applied in smaller doses. However, the
resolution of PET scans with ®'Cu is not as high as with ®*Cu due to the additional
y-rays and the higher positron endpoint energy of ¢’Cu. Nevertheless, it has recently
attracted some interest in a few laboratories.

A large number of nuclear reactions have been investigated to produce ®'Cu and the
relevant data have been evaluated [227]. Three routes, namely, *'Ni(p,n)®'Cu, **Zn(p,
a)®'Cu and *’Co(a,2n)®’Cu have been developed to achieve batch yields enough
for clinical studies. The ®Ni(p,n)®'Cu route is well established [65, 182] because
the production methodology is the same as for ®“Cu, except that the target used is
highly enriched ®'Ni instead of ®*Ni.

The production of ®'Cu via the *Zn(p,a)®'Cu reaction demands the use of highly
enriched ®“Zn as target material to be able to achieve both the desired quality and
quantity of the product. The electrolytic preparation of the target is similar to that
for the production of radiogallium from zinc targets. The radiochemical separation
of ®!Cu is achieved through ion-exchange chromatography. In a typical production
run, the batch yield of ®’Cu amounted to about 1 GBq [228], with good radionuclidic
purity and high specific activity.

The *?Co(a,2n)°'Cu reaction for the production of ®'Cu is used if the a-particle
beam of about 40 MeV is available. The target material is a monoisotopic metal that
can withstand high beam currents. The irradiated target is dissolved in HNO; and
separation of °!Cu is effected either by a combination of cation- and anion-
exchange chromatography or by using a chelating resin [229, 230]. In a typical pro-
duction experiment, the batch yield of ¢’Cu amounted to about 1.5 GBq [229] with
99.3% radionuclidic purity and good specific activity.

38e (T.,=7.1h)

This radionuclide has a relatively high positron branching, the positron end-
point energy is not too high and only a few y-rays are emitted. It is therefore
suitable for a study of selenium metabolism in living systems via PET.
Selenium is also an analogue of sulfur, which itself has no suitable positron
emitting radionuclide. The radionuclide ">Se could thus be utilized in the study
of sulfur metabolism as well. However, due to the difficulty in production and
chemical separation of "3Se, its medical application has so far been very lim-
ited. For its production several nuclear processes were investigated (see
Section 2.5.3). Recently a critical analysis of the cross-section data of all reac-
tions was performed. The thick target yields were calculated [32] and the re-
sults are reproduced in Fig. 6.1. From those yields and also considering the
levels of the associated longer lived impurities "°Se (T, = 120.0 d) and "Se
(T, = 8.5 d), it was concluded that the >As(p,3n)”>Se reaction over the energy
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Fig. 6.1: Thick target yields of 7>Se calculated from the excitation functions of several reactions in

the intermediate energy range given in Fig. 2.12. Taken from Qaim et al. [32], with courtesy of
De Gruyter.

range of E, = 40 - 30 MeV is most suited. The target used for production was
either As,03 or CusAs alloy. The separation of radioselenium from the As,0;
target was performed via ion-exchange chromatography [71]. A recently im-
proved method makes use of solid phase extraction after selective complex for-
mation with aminophthaline [231]. In contrast, the separation of radioselenium
from the CusAs target was based on a two-step thermochromatographic process
(see Fig. 4 in Appendix V and [133]), followed by extraction with benzene.
Batch yields of about 6 GBq were achieved.

In case of nonavailability of a cyclotron with 40 MeV protons, the "°Ge(a,n)">Se
reaction could be used as an alternative on a limited scale [134]. A high current
Cu;"°Ge target (using 99% enriched "°Ge) was developed and irradiated at 80 pA
beam of 28 MeV a-particles. The separation of radioactivity was performed via ther-
mochromatography, followed by a further purification step. The batch yield
amounted to 2 GBq. It should be mentioned that small amounts of ">Se have also
been produced using the intermediate energy reaction "*'Br(p,x)”>"*Se [232].

7$Br (T,,=16.2 h)

This radionuclide has been under consideration for a long time. However, due to its
high positron endpoint energy and due to the difficulty in its production, its use
has been limited. In recent years, some new interest has developed.
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For the production of “®Br a large number of nuclear processes were investi-
gated (see Appendices I, II and VII) and partly evaluated [233]. Out of those reac-
tions ">As(CHe,2n)’Br and ®Se(p,n)’®Br have been more often utilized. Regarding
the first reaction, the high-current irradiation technology using a CusAs alloy target
and the thermochromatographic separation of “®Br are very well established [108,
234] and batch yields of about 600 MBq were obtained. However, due to the rare
availability of the He-particle beam, this method cannot be generally used. The
emphasis is, therefore, on the 76Se(p,n)76Br reaction, which can be employed even
at a small-sized cyclotron. The procedure, though very promising, is afflicted with
great problems of targetry. The compound Cu,’Se has proved to be the best and
a thermochromatographic method of radiobromine separation has been developed
[235], which is presently the method of choice. The “®Br batch yield is limited to
about 300 MBg. In a few recent studies, other target materials have also been criti-
cally evaluated [cf. [107, 236]. In particular, the newly proposed NiSe compound as
target material is advantageous in that the radiobromine is completely removed
from the distillation apparatus and collected in a water trap [236]. However, the util-
ity of this procedure in a full production run using a highly enriched target has as
yet not been demonstrated. Thus, constant development work is presently being
pursued with respect to the production of this radionuclide in sufficient quantity
and good quality.

21b (T,,=17.5 h)

The radionuclide *°Th is the only suitable * emitter in the region of lanthanides,

which has been successfully developed for PET measurements. It can thus serve

as an exact diagnostic match to the B~ emitting therapeutic radionuclide '*'Th

(T., = 6.9 d) as well as to the a-particle emitting "**Th (T, = 4.1 h). Its production

methods have been very recently reviewed [214]. To date its production has been

carried out via two very special methods:

(a) C-induced reactions on ™Nd, producing *?Dy that decays to ?Tb. The final
product was chemically separated using cation-exchange chromatography [98].
The batch yield amounted to a few MBq and was not sufficient for a PET phan-
tom measurement.

(b) Spallation of ™Ta with 1000 MeV protons whereby the **Tb produced was first
separated by an on-line mass separator and thereafter purified chemically [99].
Batch yields of about 150 MBq were achieved and its utility in human PET stud-
ies has been recently demonstrated [245].

The production of **Tb could also be done using the **Gd(p,4n)">?Tb reaction, but

so far only reaction cross sections have been measured [254]. Further development
work is continuing.
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6.1.4 Other Potentially Useful Positron Emitters

In addition to the six established and six emerging non-standard positron emitters
discussed above, several others listed in Table 6.1. have also been produced on
a clinical scale. The respective nuclear reactions and the batch yields achieved are
given in Table 6.1. Many of the radionuclides were produced only for local use, and
the general interest has been shifting. Thus, the short-lived radionuclides >°P, *™Cl
and *®K were produced almost exclusively using the a-particle beam [170, 173-175],
the radionuclides "°Br and ""Kr using the >He-particle beam [108, 110] and the radio-
nuclides *’Mn and *°Co using the deuteron beam [176, 181]. Small amounts of **Fe
were also produced using the >He- and a-particle beams [240, 241]. Most of the
other radionuclides could be produced using the proton beam of varying energy.
Over the energy range below 20 MeV, for example, the (p,n) reaction was used to
produce *¥K [172], ®®Ga [237], 8*™Rb [120], °°Nb [239] and '*°I [54, 112], and the (p,a)
reaction to produce *Co [109] and "Br [238, 246]. Over the energy range above
25 MeV, the (p,xn) reactions were utilized to produce *K, >’Fe, ““Ti (parent of *“Sc),
27n (parent of ®Cu), "°Se (parent of "?As), 81Rb, 3Sr, and *°Nd (parent of “°Pr) (for
references see Table 6 1.).

In conclusion, it may be added that the production technology of non-standard
positron emitters is developing very fast. Hitherto the batch yields are limited for
the established non-standard radionuclides to about 40 GBq, and for the others to
about 1 GBq. With emerging novel applications, continuous research and develop-
ment work is underway to improve the known methods or to investigate newer
methods of production, the main criteria being the yield, the purity and the specific
activity of the desired radionuclide.

6.2 Novel Radionuclides for Internal Radiotherapy

The number of potentially useful therapeutic radionuclides is very large. However,
as mentioned above, the present emphasis is on radionuclides emitting highly ion-
izing low-range radiation. In this connection, a particular demand is on the chemi-
cal purity and specific activity of the radionuclide under investigation, especially if
it is of metallic nature. Many of the novel therapeutic radionuclides have been occa-
sionally discussed (see Appendices IV and VI). The scope of this section is limited
to a few typical novel radionuclides, emitting low-energy - particles, a-particles,
conversion electrons or Auger electrons. A summary is given in Table 6.5. The refer-
ences given therein deal specifically with the production aspects [256—290]. Some
of those radionuclides were previously produced in a nuclear reactor. The trend is
now shifting over to the use of accelerators. However, in contrast to novel 8* emit-
ters, the production of many of the novel therapeutic radionuclides demands
an accelerator/cyclotron delivering intermediate energy protons/deuterons and/or
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a-particles. Efforts are also underway in some laboratories to produce a few of
those radionuclides using fast neutrons and intense photon sources.

6.2.1 Novel Low-Energy B8~ Emitters

47S¢ (T,,=3.35d)

This radionuclide decays 100% by B~ emission with the endpoint energy of
610 keV. It is gaining importance as a 8~ theranostic pair of the * emitter **8Sc
(or also **Sc). Being a trivalent metal, scandium forms good chemical complexes
with many oxygen-containing bifunctional chelators which are potentially use-
ful for internal radiotherapy. The methods for its production in no-carrier-added
form have been recently reviewed [214]. The main production route so far has
been the *’Ti(n,p)*’Sc process in a nuclear reactor. Several groups attempted to
produce this radionuclide using a "*'Ti target. Although the chemical procedures
developed to separate radioscandium were fairly successful, the radionuclidic
purity achieved was not acceptable. By irradiating a highly enriched “’TiO, tar-
get in a high neutron flux reactor at the Brookhaven National Laboratory, the
method could be successfully used. The separation of radioscandium was done
by ion-exchange techniques and high-purity *’Sc was achieved in batch yields of
about 1.5 GBq [256].

Some efforts have also been devoted to the possible production route
46Ca(n, y)”Ca[L 47Sc. Due to very low abundance of “°Ca (0.0049%) in "*'Ca and due
to the relatively low (n,y) cross section, the yield of “’Sc achieved was very low.
However, by irradiating a 31.7% enriched “®Ca(NO5), target in the high neutron flux
reactor at Grenoble, combined with a clean chemical separation of radioscandium
from calcium, a batch yield of 0.6 GBq of “’Sc was obtained [257].

In recent years, there has been an increasing interest in the utilization of elec-
tron linear accelerators for medical radionuclide production (see Section 3.4).
Some studies on the possibility of production of *’Sc via the “®Ti(y,p)*’Sc reaction
have been going on for some time [103, 258-260] and very recently “’Sc has been
produced via this route at the Argonne National Laboratory in batch yields of
about 185 MBq [260].

The production of #’Sc via charged-particle induced reactions has also been under
investigation. For example, the reaction “®Ti(p,2p)*’Sc was studied, but the yield was
very low. Another possible production route is the ““Ca(a,p)*’Sc reaction. In a feasibi-
lity study using a 97% enriched **CaO target and a 28 MeV a-particle beam at the NIRS
Chiba, highly pure “’Sc in a batch yield of 11 MBq was achieved [261]. This production
method should be interesting for obtaining “’Sc for local use. For increasing the yield,
high-current targetry needs to be developed.

In summary, considerable further research and development work is essential
to obtain *’Sc in sufficiently high yield and medically acceptable purity.
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7Cu (T,, = 2.58 d)

This radionuclide also decays 100% by 8~ emission with the endpoint energy of
577 keV. It is gaining enhanced attention for use as a theranostic pair of the 8" emit-
ter ®*Cu (see above). The radionuclide has been under consideration for more than
40 years and the knowledge available till 2011 was critically reviewed [79], supple-
mented later by some other reviews [36, 72, see also Appendix VI]. Similar to %4Cu,
the reactor production of %’Cu is not very fruitful. As mentioned in Section 2.5.5,
four routes using charged particles appear to be promising for the production of
’Cu. They are "°Zn(p,a)®’Cu, "°Zn(d,an)®’Cu, **Ni(a,p)®’Cu and ®®Zn(p,2p)*’Cu.
A detailed review of the production possibilities using those reactions has been re-
cently published [214]. The first two reactions can be used at a low-energy cyclotron,
the third one at a medium-sized cyclotron with an a-particle beam and the last one
at an intermediate-energy cyclotron or accelerator. The thick target yields calcu-
lated from their cross-section data are given in Fig. 6.2., which is an updated version
of Ref. [167]. Evidently the 68Zn(p,2p)67Cu reaction is more suitable. The low-energy
reactions “°Zn(p,a)®’Cu and "°Zn(d,an)®’Cu were investigated for practical produc-
tion [262-264], but the batch yield was small. The interaction of protons with "°Zn
at about 60 MeV may lead to higher yield of ®’Cu due to the expected high cross
section of the "°Zn(p,2p2n)®’Zn process. Very recently the **Ni(a,p)®’Cu reaction
[265, 266] was used to produce small amounts of ®’Cu for preclinical studies [267].
Presently work is underway in a few laboratories to develop the ®®Zn(p,2p)®’Cu

80 4
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Fig. 6.2: Integral yields of ®’Cu from several charged-particle induced reactions, calculated from
the excitation functions given in Refs. [41, 264-266)].
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production route using about 80 MeV protons [268] on an enriched °®Zn target.
A ™'Zn target and also proton energies beyond 80 MeV, even on an enriched **Zn
target, lead to considerable formation of stable %Cu, which decreases the specific
activity of ®’Cu. The chemical separation of ®’Cu is generally done by ion-exchange
chromatography, and batch yields of a few GBq have been achieved [268]. More
efforts are needed to increase the yield.

In recent years, similar to 43¢ (see above), attempts have been made to uti-
lize high-energy photon sources to produce ®’Cu via the reaction *®Zn(y,p)®’Cu
[cf. [258, 259]. The yield is rather low and the present-day photon sources are not
capable of delivering the radionuclide in the required quantity. Nevertheless,
with intensified technological efforts, the feasibility of production of appreciable
quantities of ®’Cu via this route has been demonstrated at the Idaho Accelerator
Centre and the Argonne National Laboratory. In parallel, the use of intense fast
neutron sources to produce this radionuclide is being extensively pursued at the
Japan Atomic Energy Research Institute. Using a 50 MeV deuteron breakup neu-
tron source (see Chapter 3), the reaction 68Zn(n,np)67Cu has been investigated
and ’Cu of high purity has been obtained in quantities sufficient for preclinical
studies [129]. Development of more powerful fast neutron sources should lead to
higher yields of ®’Cu. A further newer approach is to harvest ®’Cu from the cool-
ing loop of the Facility for Rare Isotopes under construction in the United States
[cf. [269]. The question whether the photon and neutron induced reactions or
parasitic production sources would lead to ®’Cu in yields and purity comparable
to that via the (p,2p) reaction is presently open. Further extensive efforts are
needed to improve the availability of this very important radionuclide.

186Re (T,, = 3.78 d)

Because of similarity in Tc and Re chemistry, the radionuclide ®¢Re is attractive for
internal radiotherapy. A real theranostic application of this radionuclide, however,
cannot be achieved because of lack of availability of a positron emitting isotope of
Re. Nevertheless, there is optimism that the therapeutic uptake of this radionuclide
could be determined through SPECT imaging.

Due to the low specific activity of '®°Re achieved via the ®°Re(n,y)'*°Re
reaction, and due to the short half-life and rather high B~ endpoint energy
of 2110 keV of the generator-produced '®®Re (see Chapter 5), the emphasis got-
shifted over the last 20 years towards the development of ®°Re of high specific
activity using a cyclotron. So far two nuclear routes have been successfully
applied for its production. They are "®*W(p,n)'®®Re and *°W(d,2n)'®°Re. Most of
the studies have dealt with nuclear reaction cross-section measurements (for
references to original literature see [41, 80] and Appendix VII). A critical analysis
of data showed [80] that, for obtaining a high-purity product, an enriched
186\ target is absolutely necessary. The theoretical yields of ®°Re calculated
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from the evaluated excitation functions of the two reactions were reported (see
Fig. 4 in Appendix IV and further updates [41, 80]). The yield via the (d,2n) reac-
tion is higher. Experimentally, yields of the two reactions have been accurately
measured [270]. The (d,2n) reaction thus appears to be more suitable if deuter-
ons of the required energy and intensity are available. The yields from both the
reactions are, however, much lower than those normally expected from the (p,n)
and (d,2n) reactions in this mass region. This is due to the existence of the long-
lived high-spin isomer '®¢™Re (T, = 2x10° a, I = 8*), which is more favourably
populated than the low-spin isomer *¢Re (I = 17). Thus, high-current beams are
needed to compensate for the low yield of the reaction product.

In recent years, strong efforts are being devoted to develop suitable target mate-
rials for the production of ®°Re. Studies have been reported on the use of W metal
[271-274], W05 [274-276], WC [277] and WS, or OsS, [278]. For separation of radio-
rhenium, dry distillation, liquid-liquid extraction and ion-exchange chromatogra-
phy have been successfully applied. Further detailed chemical separations are
being devised.

Based on nuclear model calculations, the expected specific activity of
186Re was predicted [80]. In more recent experiments, attempts were made to
achieve high specific activity of 186Re [270, 276, 280, 281]. High-current targetry
and efficient separation methods are in development to produce this radio-
nuclide in quantities sufficient for medical applications. A clinical-scale pro-
duction has hitherto not been reported.

6.2.2 Novel a-Particle Emitters

Several a-particle emitting radionuclides have been attracting attention for their pos-
sible use in a-targeted therapy. The radionuclides already in clinical use, namely,
Mpt, 2PRa and *®Ac, have been discussed in Chapter 5. The radionuclide
0y (T, = 20.8 d, 100% a-emission; E, = 5888 keV) is of some interest and its pro-
duction has been studied (for original references, see Appendix VI). There are many
other potentially useful a-emitters. More effort has been devoted in recent years to
Y“9Th and **Ac and further work is continuing. A brief discussion of production
routes of those novel radionuclides presently in development is given below.

149Tb (T,, = 4.1h)

This is a rather exotic a-particle-emitting lanthanide and has so far found some lim-
ited application. The a-branching is only 16.7%. However, due to the relatively low
energy of 3970 keV of the a-particle and the good complex chemistry of lantha-
nides, it is of great potential interest in a-targeted therapy. For its production
two nuclear routes, namely, “>Nd(**C,5n)**°Dy > *°Tb and '®*Ho(p,spall)***Th,
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have been utilized. In the first, tracer quantities of radioterbium were chemi-
cally separated by ion-exchange chromatography. In the second, on-line
mass separation was done at CERN and the applicability of this radionuclide
in therapeutic studies was demonstrated [282, 283]. Further optimisation work
assured its higher production yield [99]. A possible third route, namely, **Gd
(p,4n)**°Tb reaction, has also been investigated up to proton energies of
66 MeV, but so far only reaction cross sections were measured [254]. Another
potentially interesting reaction is *>Gd(p,7n)'*°Tb, which has hitherto not been
investigated. It could be induced by about 120 MeV protons, and the cross sec-
tion is expected to be high (cf. [36]). In summary, with the increasing signifi-
cance of this radionuclide, intensified efforts would be needed to make it
more generally available for preclinical work.

225pc (T, = 10.0 d)

Considerable interest has been aroused in recent years in this a-particle emitting
radionuclide. Its characteristics and method of production via isolation from nu-
clear waste have already been described in Chapter 5 (Section 5.5.4). Presently
two cyclotron production routes, namely, **Ra(p,2n)**Ac and 2**Th(p,spall)**Ac,
are receiving considerable attention. The use of the *?°Ra(p,2n)***Ac reaction [81]
for the production of ?’Ac is extremely challenging because the target material is
an a-particle-emitting radioactive isotope. Furthermore, the radionuclide ?Rn
(T., = 3.8 d) is formed in the decay of *°Ra. Since it is an inert, diffusible gas
under standard ambient conditions, there is a significant danger of contamina-
tion. The production technology for **Ac therefore demands specially conditioned
irradiation and chemical processing laboratories. The optimum energy range for
the production of **Ac via this route is Ej, = 22 - 10 MeV and the calculated thick
target yield amounts to 7 MBq pAh™'. Based on their pioneering work at
Karlsruhe, Apostolidis et al. [81] described the basic technology for its production
in quantities of about 500 MBq. Further technological development is continuing
to commercialize the production procedure.

A major thrust in relation to **Ac production today is being directed to the
Z2Th(p,spall)*®Ac process [82—-86]. The optimum energy range for this route is
E, = 140 > 60 MeV and the thick target yield of *Ac calculated from the excitation
function amounts to about 4 MBq pAh™. Since worldwide only a few accelerators in
this energy range are available, a concerted collaborative action in this direction
would be very useful. The chemical processing of the target to isolate *Ac from the
other spallation products is also challenging. The *’Ac impurity (T, = 21.8 a) level
in **Ac produced needs to be carefully controlled (see Appendix VII). Presently
work on purification of radioactinium impurities is continuing [cf. [82, 84, 284].

Two other efforts to produce **Ac involve the study of formation of **Ra
(T., = 14.8 d), which is the parent of **Ac. To this end, attempts are being made to
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separate “’Ra from the 2?Th(p,spall) products. On the other hand the photonuclear
reaction 2%Ra(y,n)** Ra’- 25 A¢ has also been suggested. Considering the presently
on-going strong discussion on the development of powerful photon sources for
medical radionuclide production, it may be worthwhile to pay attention to this
route, though the problem of handling the radioactive target *°Ra, as in the case of
the #**Ra(p,2n)**Ac process, will remain. In any case, all suggested methods of pro-
duction of *’Ac demand extensive development work.

6.2.3 Novel Conversion and Auger Electron Emitters

The number of low-energy electron emitters is very large, but only a few
have found medical application. In many cases, the intensity of Auger elec-
trons is too weak to cause any noticeable therapeutic effect. Three radionu-
clides previously used in medical diagnostic studies via SPECT, namely, ® Ga,
"Br and "In, are now more of potential interest for Auger therapy. The pro-
duction methods of ®’Ga and "In have been described in Chapter 5, and an
early review on the methods for the production of “/Br is given in Appendix
II. Some more recent experimental and standardisation studies related to “Br
are given in Refs. [78, 167]. The method of choice for its production remains
the old reaction °As(a,2n)’’Br over the energy range of E, = 30 > 20 MeV,
and batch yields of about 2 GBq have been reported. In this section, only
three radionuclides in development, namely, ’™Sn, *™Pt and !°°™Pt, are
briefly discussed and their production routes are described.

7msp (T, = 13.6 d)

The decay and production data of the high-spin isomeric state (I = 11/27) of *"™Sn
have been partly discussed in Chapter 2 (Section 2.5.5). Due to the emission of low-
energy conversion electrons, "™Sn is unique among all beta emitting radio-
nuclides. Besides its production in a nuclear reactor, efforts are being devoted to
obtain it with high specific activity via charged-particle induced reactions. The inte-
gral yields of ''™Sn calculated from the excitation functions of those reactions are
shown in Fig. 6.3. The "®Cd(a,3n)"""™Sn reaction gives a high yield, amounting to
about 8.4 MBq pAh™! over the energy range E, = 60 - 30 MeV. This reaction utiliz-
ing a highly enriched target is therefore very suitable for the production of no-
carrier-added *™Sn. An ion-chromatographic method of separation of radiotin
from a '°Cd target has been developed for commercial production [285]. On the
other hand, for production of small amounts of W7mgn for tracer studies, the reac-
tion ’In(a,d)""™Sn at a-particle energies of about 30 MeV is also interesting. The
yield is by a factor of about 15 lower than that from the (a,3n) reaction, but the
advantage is that an enriched target is not needed. Furthermore, a simple dry
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Fig. 6.3: Integral yields of *"™Sn calculated from the excitation functions of several reactions in the
intermediate energy range. The curve for the "'Sb(p,x)"”™Sn process describes experimental
values. Taken from Qaim [36], with permission from Elsevier.

distillation method for the separation of ’™Sn from an In target was developed
[286]. The reaction "'Sh(p,x)""™Sn is also useful if protons of energy above 80 MeV
are available [287]. The chemical purity of the product achieved, however, has so
far not been very satisfactory. The °Cd(a,3n)""™Sn reaction is thus presently the
method of choice. In view of the increasing demand for this radionuclide, an up-
scaling of the production procedure appears to be mandatory. It is being vigorously
pursued at the Clear Vascular, Inc., USA.

193mpt (T,, = 4.33 d) and ***"™Pt (T., = 4.02 d)

Since platinum complexes (like cis-di-chlorodiaminplatinum) have been in use in
chemotherapy as potent antitumour agents for a long time, both *>™Pt and **™Pt
have great potential in Auger electron therapy. So far the major drawback in their
wide-spread use was their non-availability with a high specific activity. The calcu-
lated yields of the two radionuclides via the *?0s(a,3n)*>™Pt and *?0s(a,n)*>™Pt
reactions, respectively, are reproduced in Fig. 6.4. [32]. The yield of >™Pt via the
19205(a,3n)'>™Pt reaction over the energy range E, = 40 > 30 MeV is fairly high.
In small production runs, 99.65% enriched 19205 was electroplated on a 10 pm thick
Ni foil and irradiated with 38 MeV a-particles, followed by isolation of radioplati-
num via distillation and solvent extraction techniques [288]. The batch yield of
193mp¢ was about 10 MBq [288]. The product was found to be of high radionuclidic
purity and specific activity. An upscaling of this production process should lead to
clinically interesting quantities.
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Fig. 6.4: Integral yields of *>™Pt and '°>™Pt calculated from the excitation functions [58, 289].
Taken from Qaim et al. [32], with courtesy of De Gruyter.

With regard to '*>™Pt, in contrast to the **Pt(n,y)"**™Pt and **Pt(n,n"y)"**™Pt reac-
tions (cf. [87]), the ®?0s(a,n)**>™Pt process gives higher specific activity, but the yield is
low [289]. Thus, development of a high-current target is needed to compensate for the
low yield. The idea to produce it via double neutron capture by **Ir and subsequent
decay of the product to **™Pt (i.e., via the route 3Ir(n, y)"**Ir(n, y)l%m’glrﬁ—» 195m pt)
has not been investigated in detail. Nevertheless, the development of this route as
well as the development of the (a,n) route (mentioned above) appear to be worth-
while for obtaining no-carrier-added **™Pt in sufficient yield.

6.3 Enhanced Use of SPECT in Imaging

As discussed above, PET imaging is preferred because of its quantitative nature.
Due to this reason, a real theranostic application in medicine involves the use of
two radionuclides of the same element, one emitting positrons and the other cor-
puscular radiation. In recent years, however, the tendency is increasing to use only
the therapeutic radionuclide and to determine its organ uptake by registering an
associated y-ray via SPECT. This is not an ideal way because the radionuclide is
only localised and not quantified (as in PET). Nevertheless, with the improving fast-
ness and resolution in SPECT imaging combined with the much lower cost involved
in it than that in PET, the newer approach appears reasonable for routine patient
care studies, provided the therapeutic radionuclide emits a y-ray of suitable energy
and intensity for SPECT imaging. The application of SPECT could thus be in two
directions:
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a) Auger therapy: Auger and other low-energy electron emitters generally also
emit a suitable y-ray, for example, ®’Ga, ’Br, "In and '"™Sn, thereby allowing
the use of SPECT. However, '*I and '*>™Pt cannot be assayed by SPECT because
no suitable y-ray is emitted.

b) B therapy: Many of the conventional f~ emitting radionuclides emit a y-ray,
which allows SPECT imaging, for example, 778Lu. A few novel therapeutic radio-
nuclides like “’Sc and '*“Re also emit a suitable y-ray whose compatibility with
SPECT measurement has been demonstrated (cf. [276]). On the other hand,
SPECT is not applicable to pure 8~ emitters, for example, >*P, #°Sr and *°Y.

In general, there is more reliance on SPECT while using a heavy mass metallic radio-
nuclide, because very little work has been reported in that mass region with regard to
production of positron emitters in tracer quantities. One radionuclide worth mention-
ing is "Gd (T, = 38.1 h), which was produced via the '*’Sm(*He,3n)'*/Gd reaction
[290]. It is useful for a combination of MRI with SPECT, because Gd is an important
contrast agent in MRI. Further development work will possibly lead to more extended
use of SPECT imaging of heavy mass nuclei.

6.4 Concluding Remarks about Novel Medical Radionuclides

The above discussion shows that considerable efforts are being harnessed to develop
novel radionuclides, with emphasis on non-standard positron emitters for special
diagnostic studies and low-range 8~ and a-particle emitters for targeted internal ther-
apy. New facilities are being established, not only for irradiations with charged par-
ticles but also with fast neutrons and high-energy photons. Work is progressing in all
directions, that is, nuclear data, high-current targetry, chemical processing and qual-
ity assurance methods. The demands on radionuclidic and chemical purity as well as
on specific activity are increasing. In short, the field of production and medical appli-
cation of novel radionuclides is fast expanding. It is thus a dynamic area of research.
The related future perspectives are discussed in the next chapter.
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Starting with the tracer principle formulated by Georg von Hevesy in the mid 1930s,
the production of radionuclides for internal use in humans has made tremendous
progress, and today a variety of products are available for patient care studies. In
fact radioactivity has revolutionized medicine, both with regard to diagnosis and
therapy. Through the advent of tomographic techniques (PET and SPECT) and use of
suitable radionuclides it is now possible to study organ functions dynamically at
a real molecular level. Similarly, great advances have been achieved in localisation
and killing of tumour through radionuclide targeted therapy. Nevertheless, being
a dynamic field, further research and development work is continuing. This entails
commissioning of new irradiation facilities, development of newer technologies
and continuous analysis of new directions in radionuclide applications. All those
areas are briefly discussed below.

7.1 New Irradiation Facilities

The production of standard radionuclides will strongly depend also in the future on
research reactors as well as on small- and medium-sized cyclotrons. In recent years,
a few purely research-oriented nuclear reactors are being adapted partly to sample
irradiations for radionuclide production. In addition, several new research reactors are
being constructed with facilities for medical radionuclide production. Furthermore,
big efforts are underway to establish PET centres for patient care studies in various
parts of the world, and about 1000 level III medical cyclotrons are being installed.
In addition, a network of medium-sized cyclotrons is being established, mainly in
Canada, to promote accelerator production of *™Tc.

For development of novel research-oriented radionuclides, in addition to the
established systems, newer irradiation facilities in the following three directions are
expected to gain more significance (see also Section 2.5.7 and [36]):

— Intermediate energy accelerators with multiparticle beams
— High-energy and high-intensity photon sources
— Fast neutron sources based on deuteron breakup and spallation processes

With regard to intermediate energy accelerators, the demands for proton beams of
energies up to about 150 MeV are increasing. Moreover, higher energy protons (1-2 GeV)
in combination with on-line mass separation may find enhanced application in produc-
tion of some special radionuclides. The a-particle beam is of great advantage in populat-
ing low-lying high-spin isomeric states of a few radionuclides that are of interest in
Auger therapy. Furthermore, even heavy-ion-induced reactions could be utilized occa-
sionally to produce some rare radionuclides in tracer quantities.

https://doi.org/10.1515/9783110604375-007
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Regarding high-intensity photon sources, the electron linear accelerator techno-
logy is well proven, and its further development to achieve high-power photon
sources is being vigorously followed in a few laboratories. It is expected that photon
sources will find more application in the production of a few selected radionuclides
via (y,n) and (y,p) reactions.

As far as fast neutron sources are concerned, the breakup of 40 or 50 MeV deuter-
ons on Be or C provides a hard neutron spectrum, which could be used for produc-
tion of several special radionuclides via (n,p) and (n,n"p) processes. The same way it
is expected that the spallation neutrons could also be advantageously used to induce
the (n,p) reaction for radionuclide production purposes [36]. On a limited scale, the
secondary neutrons produced in the interactions of intermediate energy protons with
various target materials could be used to produce a few radionuclides via the (n,y)
reaction, especially if access to a reactor is not available.

Thus, presently strong efforts are being devoted to develop versatile newer irra-
diation facilities to meet the increasing challenges in medical radionuclide produc-
tion. This enhanced interest is opening up new perspectives for related work.

7.2 Novel Technological Developments

The four basic pillars of radionuclide development technology, namely nuclear data,
high-current targetry, efficient chemical processing and quality assurance of the
radionuclide produced (see Chapters 2-4) have all been receiving enhanced attention
in recent years, especially with respect to production of novel radionuclides using
accelerators.

Regarding nuclear data, extensive reaction cross-section measurements as
well as data evaluations have been done up to about 50 MeV. With increasing use
of intermediate energy charged particles and high energy photons and neutrons,
the available databases for medical radionuclide production will have to be
strengthened. Also the decay data of several potentially useful therapeutic radio-
nuclides, especially in the region of lanthanides, need to be improved. Even in
reactor production of radionuclides, several (n,y), (n,n"y) and double neutron cap-
ture processes need to be thoroughly investigated.

As regards targetry, new ideas related to development of both target materials
and target holders are emerging. New electrolytic procedures are being optimised to
prepare suitable targets consisting of highly enriched expensive target isotopes,
for example, ®*Ni to produce ®*Cu, ®®Zn to produce *Ga, '*°Os to produce *>™pt. In
many other cases, new intermetallic compounds or alloys are being developed for
use as target materials, for example, NiSe to produce "/Br, W05, WC and WS, to
produce'®Re. Ingenuity in designing and constructing target holders has been
demonstrated, for example, solution targets for use at medical cyclotrons, vertical
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targets for irradiating molten materials and tandem targets for full utilization of
intermediate energy beams. Further efforts would continue also in the future.

With regard to efficient chemical processing, newer chelating agents are being
developed for solvent extraction studies and new resins for ion-exchange chroma-
tography. To a limited extent, some nanomaterials are being developed for use in
column chromatography. The use of online mass separation in the isolation of
a few special radionuclides from spallation products has also been demonstrated. It
is a promising development.

As regards quality assurance of the radionuclide produced, besides the usual
radionuclidic, radiochemical and chemical purity requirements, there is enhancing
demand on the specific activity of the novel metallic radionuclides, especially
because labelling of medically interesting small molecules with those radionuclides
is extremely sensitive to inactive metallic impurities present in the separated radio-
nuclide. An interesting example is "**Re for which several experimental and theoreti-
cal efforts have been described to obtain high specific activity [80, 270, 274-276, 281].

In short, extensive efforts are presently being invested in several directions to
develop radionuclide production technologies for the future.

7.3 New Directions in Radionuclide Applications

The use of radionuclides in medicine for diagnostic and therapeutic purposes is
continuing and even enhancing. In addition, three new directions in applications
are emerging (see [36] and Appendix VI):

— Theranostic approach

— Multimode imaging

— Radioactive nanoparticles

The theranostic approach entails a combination of diagnosis and internal radio-
nuclide therapy. By combining a 8" and a 8~ (or Auger electron or a-particle) emitting
pair of radionuclides of a given element in the same chemical form, it is possible to
measure the uptake kinetics by PET imaging, thereby allowing an accurate dosimetric
calculation related to therapy. This methodology of applying a matched pair of radio-
nuclides on a specific patient is called personalised medicine. It was first applied in
the case of internal therapy with °°Y after mixing it with the positron emitter
86y [194]. Today, several other pairs are also finding great interest. They are
4485c/47Sc; ¢4Cu/%Cu; BSr/%%Sr; 241/, >°Th/**'Th, >°Tb/*“Th. A very recent review
discussed their production possibilities in detail [214]. Further development of those
pairs as well as of a few other pairs is continuing.

The multimode imaging involves a combination of two or more organ-imaging
techniques. The PET (and to some extent also SPECT) is being coupled with X-ray
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tomography (CT) and magnetic resonance imaging (MRI). The latter combination is
particularly interesting due to quantitative nature of PET and high resolution of
MRI. In MRI, the elements Mn and Gd are often used as contrast agents. In the case
of manganese, the positron emitting radionuclide >Mn has attracted considerable
attention [177-180, 291], and authentic tracers labelled with >*Mn have been pre-
pared [292, 293]. As regards gadolinium, no positron emitting radionuclide is avail-
able. In that case, either SPECT utilizing **’Gd [290] and MRI could be combined, or
some other strategies could be followed (see Section 4.2 in Appendix VI).

The use of radioactive nanoparticles in medicine is presently under active inves-
tigation (see section 4.2 in Appendix VI). The expectation is to ensure a more effec-
tive delivery of the radionuclide, through the use of nanoparticles, to the organ or
tissue under investigation. In animal studies, some limited applications of nanotar-
geted materials in imaging and therapy have been demonstrated [294, 295].
Regarding use in humans, two problems have to be overcome: (a) toxicity of the
material, (b) possible loss of the advantage of molecular level investigation. The
radionuclides needed will probably be the same as in present day internal radio-
therapy. However, extensive further development work is needed to achieve the
aim.

7.4 Future Perspectives of Medical Radionuclide Production

Development of radionuclide production technology is a thriving and dynamic field
and is expected to lead to availability of a large number of novel radionuclides for
use or potential use in newly emerging medicinal concepts, especially theranostics
and multimode imaging. Very promising appears to be the realization among the
scientists and technologists to contribute to human health by considering all chan-
nels and possibilities of radionuclide production, not only utilizing reactors and
cyclotrons but also even exotic and purely research facilities, for example, heavy-
ion accelerators and on-line mass separators associated with spallation machines.
Those efforts could lead to availability of highly neutron-deficient radionuclides in
the heavy mass region, of particular interest in PET studies and Auger therapy. On
the other hand, it is emphasised that the clinical use of a radionuclide demands its
availability in sufficient quantity, high purity and high specific activity. Thus
reliance on reactors and low to intermediate energy accelerators will remain.
Although all vistas should be kept open, in many cases concerted interdisciplinary
efforts will be needed to reach the goals. Since the work involved is a blend of fun-
damental nuclear studies and technological development, it should be stimulating
to young researchers as well. The perspectives of the field thus appear to be very
bright.

printed on 2/13/2023 3:41 AMvia . All use subject to https://ww.ebsco. confterms-of-use



References

[1]

2

[3]

[4]

[6]

[71

(8]

[9]

[10]

[11]

[12]

[13]

[14]
[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

Hevesy, G. The absorption and translocation of lead by plants. A contribution to the
application of the method of radioactive indicators in the investigation of the change of
substance in plants. Biochem. ). 17, 439-445 (1923).

Hevesy, G. Recherches, par une methode radiochimique, sur la circulation du bismuth dans
"organisme. Compt. Rend. Acad. Sci. Paris 178, 1324-1329 (1924).

Curie, 1., Joliot, F. Un nouveau type de radioactivité. Compt. Rend. Acad. Sci. Paris 198,
254-256 (1934).

Guillaumont, R., Trubert, D. On the discovery of artificial radioactivity. Radiochim. Acta 70/
71, 39-49 (1995).

Fermi, E., Amaldi, E., D’Agostino, O., Rasetti, F., Segre, E. Artificial radioactivity produced by
neutron bombardment. Proc. Royal Soc., London 146, 486-500 (1934).

Chiewitz, O., Hevesy, G. Radioactive indicators in the study of phosphorus metabolism in
rats. Nature 136, 754-755 (1935).

Hahn, 0., Strassmann, F. Uber den Nachweis und das Verhalten der bei der Bestrahlung des
Urans mittels Neutronen enstehenden Erdalkalimetalle. Naturwissenschaften 27, 11-15
(1939) [received December 22, 1938].

Lauritsen, C.C., Crane, H.R. Disintegration of boron by deutons and by protons. Phys. Rev. 45,
493-495 (1934).

Crane, H.R., Lauritsen, C.C. Radioactivity from carbon and boron oxide bombarded with
deutons and the conversion of positrons into radiation. Phys. Rev. 45, 430-432 (1934).
Livingston, M.S., McMillan, E. The production of radioactive oxygen. Phys. Rev. 46, 437-438
(1934).

Snell, A.H. A new radioactive isotope of fluorine. Phys. Rev. 51, 143 (1937).

Tobias, C. A., Lawrence, ).H., Roughton, F.J.W., Root, W.S., Gregersen, M.l. The elimination of
carbon monoxide from the human body with reference to the possible conversion of CO to
CO,. Am. J. Physiology 145, 253-263 (1945).

Lawrence, ). Nuclear physics and therapy, preliminary report on a new method for treatment
of leukemia and polyeythemia. Radiology 35, 51 (1940).

Livingood, J.J., Seaborg, G.T. Radioactive iodine isotopes. Phys. Rev. 53, 1015 (1938).
Hamilton, J.G., Soley, M.H. Studies in iodine metabolism by the use of a new radioactive
isotope of iodine. Am. J. Physiology 127, 557-572 (1939).

Pecher, ). Preliminary report on the use of radioactive strontium in the treatment of
metastatic bone cancer. Univ. Calif. Publ. Pharmacology 11, 117 (1942).

Uddin, M.S., Zaman, M.R., Hossain, S. M., Spahn, 1., Sudar, S., Qaim, S.M. An Am/Be neutron
source and its use in integral tests of differential neutron reaction cross-section data. Appl.
Radiat. Isot. 68, 1656-1661 (2010).

Erdtmann, G., Petri, H. (Forschungszentrum Jiilich), private communication 1973; also published
as: Nuclear activation analysis: Fundamentals and techniques, in ,, Treastise on Analytical
Chemistry“, Edited by Kolthoff et al, Part |, 14, 419, Wiley-Interscience, New York, 1976

Tucker, W.D., Greene, M.W., Weiss, A.J., Murrenhoff, A.P. USAEC Report BNL-3746 (1958).
Stocklin, G., Qaim, S.M., Rosch, F. The impact of radioactivity on medicine. Radiochim. Acta
70/71, 249-272 (1995).

Loevinger, R., Berman, M. A Schema for Adsorbed-Dose Calculations for Biologically-
Distributed Radionuclides. MIRD-Pamphlet No.1, Society of Nuclear Medicine, USA, 1968, and
several periodic improvements.

Lederer, C.M., Shirley, V.S. (Editors) Table of Isotopes, 7th ed., John Wiley and sons

New York, USA, 1978.

https://doi.org/10.1515/9783110604375-008

EBSCChost - printed on 2/13/2023 3:41 AMvia . All use subject to https://ww.ebsco.conlterns-of-use


https://doi.org/10.1515/9783110604375-008

180

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[391]

[40]

—— References

Eckerman, K.F., Endo, A. Radionuclide Decay Data and Decay Schemes. SNM MIRD
Committee, Reston, VA, USA, 2007.

Evaluated Nuclear Structure and Decay File (ENSDF), BNL, USA. Available online: www.nnds.
bnl.gov/ensdf (accessed on 6 June 2017).

Vertes, A., Nagy, S., Klencsar, Z., Lovas, R.G., Rosch, F. (Editors) Handbook of Nuclear
Chemistry, Vol. 4, Springer, Heidelberg, Germany, 2011; see contribution by Mirzadeh, S.,
Mausner, L.F., Garland, M.A. on Reactor produced medical radionuclides, page 1857; by
Qaim, S.M. on Cyclotron production of medical radionuclides, page 1903; and by Résch, F.,
Knapp, F.F. on Radionuclide generators, page 1935.

Manual for Reactor Produced Radionuclides, IAEA-TECDOC-1340, IAEA, Vienna, Austria, 2003.
Cohen, I.M,, Siri, S., Fornaciari lljadica, M.C. A survey of new methods for production of some
radionuclides, at laboratory scale, through secondary reactions in nuclear reactors. Adv.
Chem. Eng. Sci. 4, 300-307 (2014).

Qaim, S.M. Nuclear data relevant to the production and application of diagnostic
radionuclides. Radiochim. Acta 89, 223-232 (2001).

Mackay, D.B., Steel, C.J., Poole, K., McKnight, S., Schmitz, F., Ghyoot, M., Verbruggen, R.,
Vamecq, F., Jongen, Y. Quality assurance for PET gas production using the Cyclone 3D
oxygen-15 generator. Appl. Radiat. Isot. 51, 403-409 (1999).

Directory of Cyclotrons used for Radionuclide Production in Member Sates, IAEA-DCRP/2006,
IAEA, Vienna, Austria, 2006.

Synowiecki, M.A., Perk, L.R., Nijsen, J.F. Production of novel diagnostic radionuclides in
small medical cyclotrons. EJNMMI Radiopharm. Chem. 3:3, 1-25 (2018).

Qaim, S.M., Spahn, I., Scholten, B., Neumaier, B. Uses of alpha particles, especially in
nuclear reaction studies and medical radionuclide production. Radiochim. Acta 104,
601-624 (2016).

Williamson, C.F., Boujot, J.P., Picard, J. Tables of Range and Stopping Power of Chemical
Elements for Charged Particles of Energy 0.5 to 500 MeV. Report CEA-R 3042, Paris, France
1966.

Ziegler, ).F., Biersack, J.P. The Stopping and Range of lons in Matter (SRIM-2006) version
2006.01. Available from URL:http://www.srim.org

Nino, M.N., McCutchan, E.A., Smith, S.V., Lister, C.]., Greene, J.P., Carpenter, M.P., Muench,
L., Sonzogni, A.A., Zhu, S. High-precision gamma-ray spectroscopy of the cardiac PET
imaging isotope 82Rb and its impact on dosimetry. Phys. Rev. C93, 024301 (2016).

Qaim, S.M. Nuclear data for production and medical application of radionuclides: Present
status and future needs. Nucl. Med. Biol. 44, 31-49 (2017).

Qaim, S.M., Bisinger, T., Hilgers, K., Nayak, D., Coenen, H.H. Positron emission intensities in
the decay of ®*Cu, 7®Br and 4. Radiochim. Acta 95, 67-73 (2007).

Mughabghab, S.F., Garber, D.l. Neutron Cross Sections, Vol. |, Resonance Parameters,
BNL-325, 1973, and several later editions.

Tarkanyi, F.T., Ignatyuk, A.V., Hermanne, A., Capote, R., Carlson, B.V., Engle, J.W.,

Kellett, M.A., Kibedi, T., Kim, G.N., Kondev, F.G., Hussain, M., Lebeda, O., Luca, A.,

Nagai, Y., Naik, H., Nichols, A.L., Nortier, F.M., Suryanarayana, S.V., Takacs, S.,

Verpelli, M. Recommended nuclear data for medical radioisotope production:

Diagnostic gamma emitters. J. Radioanal. Nucl. Chem. 319, 487-531(2019).

Zaidi, J.H., Karim, H.M.A., Arif, M., Qureshi, I.H., Qaim, S.M., Stocklin, G. Fission neutron-
spectrum averaged cross sections of some threshold reactions on molybdenum: Estimation
of radioactive impurities in (n,y)-produced *’Mo/?°™Tc generator system. Radiochim. Acta
49, 107-112 (1990).

EBSCChost - printed on 2/13/2023 3:41 AMvia . All use subject to https://ww.ebsco.conlterns-of-use


http://www.nnds.bnl.gov/ensdf
http://www.nnds.bnl.gov/ensdf
http://www.srim.org

EBSCChost -

[41]

(42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

(51]

(52]

(53]

(54]

(55]

[56]

[57]

References = 181

Qaim, S.M., Tarkanyi, F., Capote, R. (Editors) Nuclear Data for the Production of Therapeutic
Radionuclides. IAEA Technical Report Series No. 473, |AEA, Vienna, Austria, 2011.

Calamand, A. Cross sections for fission neutron spectrum induced reactions. Handbook on
Nuclear Activation Cross Sections. Technical Report No. 156, IAEA, Vienna, Austria, 1974.
Al-Abyad, M., Spahn, I., Sudar, S., Morsy, M., Comsan, M.N.H., Csikai, J., Qaim, S.M.,
Coenen, H.H. Nuclear data for production of the therapeutic radionuclides 2P, ¢*Cu, *’Cu,
895r, 9°Y and *3Sm via the (n,p) reaction: Evaluation of excitation function and its validation
via integral cross-section measurement using a 14 MeV d(Be) neutron source. Appl. Radiat.
Isot. 64, 717-724 (2006).

Bair, J.K., Miller, P.D., Wieland, B.W. Neutron yields from the 4-12 MeV proton-bombardment
of !B, *C and 80 as related to the production of *C, >N and *®F. Int. J. Appl. Radiat. Isot. 32,
389-395 (1981).

Basile, D., Birattari, C., Bonardi, M., Goetz, L., Sabbioni, E., Salomone, A. Excitation
functions and production of arsenic radioisotopes for environmental toxicology and
biomedical purposes. Int. J. Appl. Radiat. Isot. 32, 403-410 (1981).

Qaim, S. M. Stocklin, G., Weinreich, R. Excitation functions for formation of neutron deficient
isotopes of bromine and krypton via high-energy deuteron induced reactions on bromine:
Production of 7Br, 7®Br and 7°Kr. Int. ). Appl. Radiat. Isot. 28, 947-953 (1977).

Hassan, H.E., Qaim, S.M., Shubin, Y., Azzam, A., Morsy, M., Coenen, H.H. Experimental
studies and nuclear model calculations on proton induced reactions on "Se, 7Se and 7’Se
with particular reference to the production of the medically interesting radionuclides “°Br
and “7Br. Appl. Radiat. Isot. 60, 899-909 (2004).

Mushtag, A., Qaim, S.M. Excitation functions of a- and 3He-particle induced nuclear reactions
on natural germanium: Evaluation of production routes for >Se. Radiochim. Acta 50,
27-31(1990).

Piel, H., Qaim, S.M., Stocklin, G. Excitation functions of (p,xn)-reactions on "*'Ni and highly
enriched 2Ni: Possibility of production of medically important radioisotope >Cu at a small
cyclotron. Radiochim. Acta 57, 1-5 (1992).

Tarkanyi, F., Qaim, S.M., Stécklin, G. Excitation functions of >He-particle induced nuclear
reactions on enriched 82Kr and ®3Kr. Radiochim. Acta 43, 185-189 (1988).

Kormanyi, Z. A new method and apparatus for measuring the mean energy of cyclotron
beams. Nucl. Instr. Methods A 337, 258-264 (1994).

Sonck, M., Van Hoyweghen, J., Hermanne, A. Determination of the external beam energy of
a variable energy multiparticle cyclotron. Appl. Radiat. Isot. 47, 445-449 (1996).

Charged Particle Cross Section Database for Medical Radioisotope Production: Diagnostic
Radioisotopes and Monitor Reactions. IAEA-TECDOC-1211, IAEA, Vienna, Austria, 2001, for
later updates see www-nds.iaea.org/medical/.

Spellerberg, S., Scholten, B., Spahn, I., Bolten, W., Holzgreve, M., Coenen, H.H., Qaim, S.M.
Target development for diversified irradiations at a medical cyclotron. Appl. Radiat.Isot. 104,
106-112 (2015).

Hermanne, A., Ignatyuk, A.V., Capote, R., Carlson, B.V., Engle, J.W., Kellett, M.A., Kibedi, T.,
Kim, G., Kondev, F.G., Hussain, M., Lebeda, O., Luca, A., Nagai, Y., Naik, H., Nichols, A.L.,
Nortier, F.M., Suryanarayana, S.V., Takacs, S., Tarkéanyi, F.T., Verpelli, M. Reference cross
sections for charged-particle monitor reactions. Nuclear Data Sheets 148, 338-382 (2018).
Blessing, G., Coenen, H.H., Franken, K., Qaim, S.M. Production of [*3FF,, HF(*®F) and *®F(aq)
using the 2°Ne(d,o)'®F process. Int. ). Appl. Radiat. Isot. 37, 1135-1139 (1986).

Tarkanyi, F., Qaim, S.M., Stocklin, G. Excitation functions of 3He- and o-particle induced
nuclear-reactions on natural krypton: Production of 32Sr at a compact cyclotron. Appl. Radiat.
Isot. 39, 135-143 (1988).

printed on 2/13/2023 3:41 AMvia . All use subject to https://ww.ebsco. confterms-of-use


http://www.nds.iaea.org/medical/

182

(58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

—— References

Uddin, M.S., Scholten, B., Hermanne, A., Sudar, S., Coenen, H.H., Qaim, S.M. Radiochemical
determination of cross sections of a-particle induced reactions on *°20s for the production of
the therapeutic radionuclide *>™Pt. Appl. Radiat. Isot. 68, 2001-2006 (2010).

Qaim, S.M. Radiochemical determination of nuclear data for theory and applications.

J. Radioanal. Nucl. Chem. 284, 489-505 (2010).

Ruth, T.J., Wolf, A.P. Absolute cross sections for the production of *®F via the *¥0(p,n)*® F
reaction. Radiochim. Acta 26, 21-24 (1979).

Hess, E., Takacs, S., Scholten, B., Tarkanyi, F., Coenen, H.H., Qaim, S.M. Excitation function
of the 18O(p,n)lgF nuclear reaction from threshold up to 30 MeV. Radiochim. Acta 89,
357-362 (2001).

Kovacs, Z., Scholten, B., Tarkanyi, F., Coenen, H.H., Qaim, S.M. Cross section measurements
using gas and solid targets for production of the positron-emitting radionuclide

'40. Radiochim. Acta 91, 185-189 (2003).

Sziics, Z., Hamkens, W., Takacs, S., Tarkanyi, F., Coenen, H.H., Qaim, S.M. Excitation
functions of **N(d,t)>N and **N(d,an)*'C reactions from threshold to 12.3 MeV:

Radionuclidic purity of 0 produced via the **N(d,n)*0 reaction. Radiochim. Acta 80,

59-63 (1998).

Aslam, M.N., Sudar, S., Hussain, M., Malik, A.A., Shah, H.A., Qaim, S.M. Charged particle
induced reaction cross section data for production of the emerging medically important
positron emitter ®“Cu: A comprehensive evaluation. Radiochim. Acta 97, 669-686 (2009).
Szelecsényi, F., Blessing, G., Qaim, S.M. Excitation functions of proton induced nuclear
reactions on enriched ¢*Ni and ®“Ni: Possibility of production of no-carrier-added ¢*Cu and
4Cu at a small cyclotron. Appl. Radiat. Isot. 44, 575-580 (1993).

Zaneb, H., Hussain, M., Amjed, N., Qaim, S.M. Nuclear model analysis of excitation functions
of proton induced reactions on °Sr, ®8Sr and "'Zr: Evaluation of production routes of

86y, Appl. Radiat. Isot. 104, 232-241 (2015).

Rosch, F., Herzog, H., Qaim, S.M. The beginning and development of the theranostic
approach in nuclear medicine, as exemplified by the radionuclide pair #Y and

90y, Pharmaceuticals 10, Article No. UNSP 56, 1-28 (2017).

Rosch, F., Qaim S.M., Stécklin, G. Nuclear data relevant to the production of the positron
emitting radioisotope 2¢Y via the ¢Sr(p,n)- and "*Rb(*He,xn)-processes. Radiochim. Acta 61,
1-8(1993).

Omara, H.M., Hassan, K.F., Kandil, S.A., Hegazy, F.E., Saleh, Z.A. Proton induced reactions on
89y with particular reference to the production of the medically interesting radionuclide 8°Zr.
Radiochim. Acta 97, 467-471(2009).

Scholten, B., Kovacs, Z., Tarkanyi, F., Qaim, S.M. Excitation functions of **“Te(p,xn)*?>:*%4|
reactions from 6 MeV to 31 MeV with special reference to the production of 2l at a small
cyclotron. Appl. Radiat. Isot. 46, 255-259 (1995).

Mushtag, A., Qaim, S.M., Stécklin, G. Production of ”>Se via (p,3n) and (d,4n) reactions on
arsenic. Appl. Radiat. Isot. 39, 1085-1091 (1988).

Qaim, S.M. Nuclear data for medical radionuclides. J. Radioanal. Nucl. Chem. 305, 233-245
(2015).

Qaim, S.M., Sudar, S., Scholten, B., Koning, A.J., Coenen, H.H. Evaluation of excitation
functions of **®Mo(p,d+pn)*°Mo and °°Mo(p,2n)*°™Tc reactions: Estimation of long-lived Tc-
impurity and its implication on the specific activity of cyclotron produced **™Tc. Appl. Radiat.
Isot. 85, 101-113 (2014).

Gagnon, K., Bénard, F., Kovacs, M., Ruth, T.J., Schaffer, P., Wilson, J.S., McQuarrie, S.A.
Cyclotron production of ®*™Tc: Experimental measurement of the *°°Mo(p,x)°’Mo, °°™Tc and
998T¢ excitation functions from 8 to 18 MeV. Nucl. Med. Biol. 38, 907-916 (2011).

EBSCChost - printed on 2/13/2023 3:41 AMvia . All use subject to https://ww.ebsco.conlterns-of-use



EBSCChost -

[75]

[76]

[77]

(78]

[79]

[80]

[81]

[82]

(83]

(84]

[85]

[86]

[87]

[88]

(89]

[90]

References = 183

Kurenkov, N.V., Malinin, A.B., Sebyakin, A.A., Venikov, N.I. Excitation functions of proton
induced nuclear reactions on *2#Xe: Production of *?I. J. Radioanal. Nucl. Chem. 135,

39-50 (1989).

Tarkanyi, F., Qaim, S.M., Stocklin, G., Sajjad, M., Lambrecht, R.M., Schweickert, H. Excitation
functions of (p,2n) and (p,pn) reactions and differential and integral yields of **3| in proton
induced nuclear reactions on highly enriched *“Xe. Appl. Radiat. Isot. 42, 221-228 (1991).
Hermanne, A., Tarkanyi, F., Takacs, S., Rebeles, R. A., Ignatyuk, A., Spellerberg, S.,
Schweickert, H. Limitation of the long-lived **Te contaminant in production of *23I through
the '#*Xe(p,x)-route. Appl. Radiat. Isot. 69, 358368 (2011).

Hassan, H.E., Qaim, S.M. A critical survey of experimental cross sections, comparison with
nuclear model calculations and estimation of production yields of ”Br and 7’Kr in no-carrier-
added form via various nuclear processes. Nucl. Instr. Meth. B269, 1121-1129 (2011).

Smith, N.A., Bowers, D.L., Ehst, D.A. The production, separation, and use of *’Cu for
radioimmunotherapy: A review. Appl. Radiat. Isot. 70, 2377-2383 (2012).

Hussain, M., Sudar, S., Aslam, M.N., Malik, A.A., Ahmad, R., Qaim, S.M. Evaluation of
charged particle induced reaction cross section data for production of the important
therapeutic radionuclide *®¢Re. Radiochim. Acta 98, 385-395 (2010).

Apostolidis, C., Molinet, R., McGinley, ., Abbas, K., Méllenbeck, J., Morgenstern, A. Cyclotron
production of 2?Ac for targeted alpha therapy. Appl. Radiat. Isot. 62, 383-387 (2005).
Ermolaev, S.V., Zhuikov, B.L., Kokhanyuk, V.M., Matushko, V.L., Kalmykov, S.N., Aliev, R.A.,
Tananaev, |.G., Myasoedov, B.F. Production of actinium, thorium and radium isotopes from
natural thorium irradiated with protons up to 141 MeV. Radiochim. Acta 100, 223-229 (2012).
Weidner, J.W., Mashnik, S.G., John, K.D., Hemez, F., Ballard, B.D., Bach, H., Birnbaum, E.R.,
Bitteker, L.J., Couture, A., Dry, D., Fassbender, M.E., Gulley, M. S., Jackman, K.R., Ullmann, J.
L., Wolfsberg, L.E., Nortier, F.M. Proton-induced cross sections relevant to production of
225Ac and %?3Ra in natural thorium targets below 200 MeV. Appl. Radiat. Isot. 70,

2602-2607 (2012).

Engle, J.W., Weidner, ).W., Ballard, B.D., Fassbender, M.E., Hudston, L.A., Jackman, K.R., Dry,
D.E., Wolfsberg, L.E., Bitteker, L.J., Ullmann, J.L., Gulley, M.S., Pillai, C., Goff, G., Birnbaum,
E.R., John, K.D., Mashnik, S.G., Nortier, F.M. Ac, La, and Ce radioimpurities in 2?°Ac produced
in 40-200 MeV proton irradiations of thorium. Radiochim. Acta 102, 569-581 (2014).
Griswold, J.R., Medvedev, D.G., Engle, J.W., Copping, R., Fitzsimmons, J.M., Radchenko, V.,
Cooley, J.C., Fassbender, M.E., Denton, D.L., Murphy, K.E., Owens, A.C., Birnbaum, E.R., John,
K.D., Nortier, F.M., Stracener, D.W., Heilbronn, L.H., Mausner, L.F., Mirzadeh, S. Large scale
accelerator production of ??*Ac: Effective cross sections for 78-192 MeV protons incident on
2327 targets. Appl. Radiat. Isot. 118, 366-374 (2016).

Duchemin, C., Guertin, A., Haddad, F., Michel, N., Metivier, V. Production of medical isotopes
from a thorium target irradiated by light charged particles up to 70 MeV. Phys. Med. Biol. 60,
931-946 (2015).

Mirzadeh, S., Knapp, F.F., Alexander, C.W., Mausner, L.F. Evaluation of neutron inelastic
scattering for radioisotope production. Appl. Radiat. Isot. 48, 441-446 (1997).

Aslam, M.N., Zubia, K., Qaim, S.M. Nuclear model analysis of excitation functions of alpha-
particle induced reactions on In and Cd up to 60 MeV with relevance to the production of
high specific activity ”™Sn. Appl. Radiat. Isot. 132, 181-188 (2018).

Montgomery, D.M., Porile, N. T. Reactions of *°Cd with intermediate energy >He and “He
ions. Nucl. Phys. A130, 65-76 (1969).

Rebeles, R.A., Hermanne, A., van Den Winkel, P., Tarkanyi, F., Takacs, S., Daraban, L. Alpha
induced reactions on *“Cd and °Cd: An experimental study of excitation functions. Nucl.
Instr. Meth. B 266, 4731-4737 (2008).

printed on 2/13/2023 3:41 AMvia . All use subject to https://ww.ebsco. confterms-of-use



184 — References

[91] Ditréi, F., Takacs, S., Haba, H., Komori, Y., Aikawa, M., Sziics, Z., Saito, M. Excitation function
of the alpha particle induced nuclear reactions on enriched *°Cd, production of the
theranostic isotope ’™Sn. Nucl. Instr. Meth. B 385, 1-8 (2016).

[92] Duchemin, C., Essayan, M., Guertin, A., Haddad, F., Michel, N., Metivier, V. How to produce
high specific activity ’™Sn using alpha particle beam. Appl. Radiat. Isot. 115, 113-124 (2016).

[93] Hussain, M., Sudar, S., Aslam, M.N., Shah, H. A., Ahmad, R., Malik, A.A., Qaim, S.M. A
comprehensive evaluation of charged-particle data for production of the therapeutic
radionuclide *°3Pd. Appl. Radiat. Isot. 67, 18421854 (2009).

[94] Production of Long-Lived Parent Radionuclides for Generators: ®Ge, 5°Sr, °°Sr and *%4W. IAEA
Radioisotopes and Radiopharmaceuticals Series No. 2, IAEA, Vienna, 2010.

[95] Qaim, S.M., Steyn, G.F., Spahn, ., Spellerberg, S., van der Walt, T.N., Coenen, H.H. Yield and
purity of 32Sr produced via the "*Rb(p,xn)®2Sr process. Appl. Radiat. Isot. 65, 247-252 (2007).

[96] Neirinckx, R.D., Ku, T.H., Holman, B.L., Jones, A.G., Richards, P. Production and purification
of tungsten-178. Int. J. Appl. Radiat. Isot. 30, 341-343 (1979).

[97] Dmitriev, S.N., Zaitseva, N.G., Starodub, G.Y., Maslov, 0.D., Shishkin, S.V., Shishkina, T.V.,
Buklanov, G.V., Sabelnikov, A.V. High-purity radionuclide production: Material, construction,
target chemistry for 2°Al, °’Ru, "W, 2**Np, 2>*Pu, *”Pu. Nucl. Instr. Meth. A397, 125-130
(1997).

[98] Allen, B.)., Goozee, G., Sarkar, S., Beyer, G., Morel, C., Byrne, A.P. Production of terbium-152
by heavy ion reactions and proton induced spallation. Appl. Radiat. Isot. 54, 53-58 (2001).

[99] Miiller, C., Zhernosekov, K., Kdster, U., Johnston, K., Dérrer, H., Hohn, A., van der Walt, T.N.,
Tiirler, A., Schibli, R. A unique matched quadruplet of terbium radioisotopes for PET and
SPECT and for a- and B radionuclide therapy: An in vivo proof-of-concept study with a new
receptor-targeted folate derivative. J. Nucl. Med. 53, 1951-1959 (2012).

[100] Qaim, S.M., Sudar, S., Fessler, A. Influence of reaction channel on the isomeric cross-section
ratio. Radiochim. Acta 93, 503-506 (2005).

[101] Qaim, S.M. Production of high purity 94mTc for positron emission tomography studies. Nucl.
Med. Biol. 27, 323-328 (2000).

[102] Handbook on Photonuclear Data for Applications: Cross Sections and Spectra. IAEA-TECDOC
-1178, IAEA, Vienna, Austria, 2000.

[103] Mamtimin, M., Harmon, F., Starovoitova, V.N. *’Sc production from titanium targets using
electron linacs. Appl. Radiat. Isot. 102, 1-4 (2015).

[104] Zaidi, J.H., Karim, H.M.A., Qaim, S.M. Fission neutron-spectrum averaged cross-sections of
some threshold reactions on xenon: Evaluation of 3| production using fast neutrons.
Radiochim. Acta 38, 123-129 (1985).

[105] Qaim, S.M. Target development for medical radioisotope production at a cyclotron. Nucl.
Instr. Methods A282, 289-295 (1989).

[106] Blessing, G., Qaim, S.M. An improved internal CusAs-alloy cyclotron target for the production
of ””Br and 77Br and separation of the by-product ®’Ga from the matrix activity. Int. J. Appl.
Radiat. Isot. 35, 927-931 (1984).

[107] Hassan, H.E., El-Azony, K.M., Azzam, A., Qaim, S.M. Investigation of selenium compounds as
targets for 7577Br production using protons of energies up to 34 MeV. Radiochim. Acta 105,
841-850 (2017).

[108] Blessing, G., Weinreich, R., Qaim, S.M., Stécklin, G. Production of 7°Br and 7Br via the
7>As(*He,3n)”>Br and 7°As(a,2n)””Br reactions using CusAs-alloy as a high-current target
material. Int. ). Appl. Radiat. Isot. 33, 333-339 (1982).

[109] Spellerberg, S., Reimer, P., Blessing, G., Coenen, H.H., Qaim, S.M. Production of %5Co and
57Co via proton induced reactions on highly enriched >®Ni. Appl. Radiat. Isot. 49, 1519-1522
(1998).

EBSCChost - printed on 2/13/2023 3:41 AMvia . All use subject to https://ww.ebsco.conlterns-of-use



References = 185

[110] Suzuki, K., Blessing, G., Qaim, S.M., Stocklin, G. Production of high-purity 7Kr via the
77Se(*He,3n)”"Kr-process. Int. J. Appl. Radiat. Isot. 33, 1445-1448 (1982).

[111] Kovacs, Z., Blessing, G., Qaim, S. M., Stocklin, G. Production of 7°Br via the 7°Se(p,2n)”°Br
reaction at a compact cyclotron. Int. ). Appl. Radiat. Isot. 36, 635-642 (1985).

[112] Qaim, S.M., Hohn, A., Bastian, T., El-Azoney, K.M., Blessing, G., Spellerberg, S., Scholten, B.,
Coenen, H.H. Some optimisation studies relevant to the production of high-purity ***l and
1208 at a small-sized cyclotron. Appl. Radiat. Isot. 58, 69-78 (2003).

[113] Michael, H., Rosezin, H., Apelt, H., Blessing, G., Knieper, J., Qaim, S.M. Some technical
improvements in the production of *?*| via the ***Te(p,2n)***| reaction at a compact cyclotron.
Int. J. Appl. Radiat. Isot. 32, 581-587 (1981).

[114] Ineza, C., Naidoo, C., Vermeulen, C., Mphahlele, J. The production of *°>Pd and °°Cd from
a proton irradiated tandem "*Ag/"*Ag targets. ). Radioanal. Nucl. Chem. 301, 227-236 (2014).

[115] Qaim, S.M., Clark, J.C., Crouzel, C., Guillaume, M., Helmeke, H.J., Nebeling, B., Pike, V.W.,
Stocklin, G. PET radionuclide production, in Radiopharmaceuticals for Positron Emission
Tomography-Methodological Aspects (G. Stocklin, V.W. Pike, Editors), Kluwer, Dordrecht,
1993, pp.1-43.

[116] Zeisler, S.K., Becker, D.W., Pavan, R.A., Moschel, R., Riihle, H. A water-cooled spherical
niobium target for the production of [*®F]fluoride. Appl. Radiat. Isot. 53, 449-453 (2000).

[117] Hoehr, C., Oehlke, E., Bénard, F., Lee, C.J., Hou, X., Badesso, B., Ferguson, S., Miao, Q., Yang,
H., Buckley, K., Hanemaayer, V., Zeisler, S., Ruth, T.J., Celler, A., Schaffer, P. “48Sc
production using a water target on a 13 MeV cyclotron. Nucl. Med. Biol 41, 401-406 (2014).

[118] Pandey, M.K., Engelbrecht, H.P., Byrne, J.F., Packard, A.B., DeGrado, T.R. Production of 897r
via the 8%Y(p,n)®°Zr reaction in aqueous solution: Effect of solution composition on in-target
chemistry. Nucl. Med. Biol. 41, 309-316 (2014).

[119] Clark, ).C., Buckingham, P.D. Short-lived Radioactive Gases for Clinical Use, Butterworth,
London, 1975.

[120] Blessing, G., Tarkanyi, F. Qaim, S.M. Production of 2™Rb via the 82Kr(p,n)-process on highly
enriched 82Kr: A remotely controlled compact system for irradiation, safe handling and
recovery of the target gas and isolation of the radioactive product. Appl. Radiat. Isot. 48,
37-43 (1997).

[121] Hess, E., Blessing, G., Coenen, H.H., Qaim, S.M. Improved target system for production of
high purity [*®F]fluorine via the *¥0(p,n)*®F reaction. Appl. Radiat. Isot. 52, 1431-1440 (2000).

[122] Heselius, S.J., Schlyer, D.J., Wolf, A.P. A diagnostic study of proton-beam irradiated water
targets. Appl. Radiat. Isot. 40, 663-669 (1989).

[123] Wélfle, R., Sudar, S., Qaim, S.M. Determination of excitation function of triton emission
reaction on aluminum from threshold up to 30 MeV via activation in diverse neutron fields
and unfolding code calculations. Nucl. Sci. Eng. 91, 162-172 (1985).

[124] Spahn, I., Coenen, H.H., Qaim, S.M. Enhanced production possibility of the therapeutic
radionuclides ®*Cu, 8”Cu and #Sr via (n,p) reactions induced by fast spectral neutrons.
Radiochim. Acta 92, 183-186 (2004).

[125] Wblfle, R., Khatun, S., Qaim, S.M. Triton emission cross sections with 30 MeV d(Be) break-up
neutrons. Nucl. Phys. A 423, 130-138 (1984).

[126] Qaim, S.M., Walfle, R. Triton emission in interactions of fast neutrons with nuclei. Nucl. Phys.
A 295, 150-162 (1978).

[127] Qaim, S.M., Wu, C.H., W&lfle, R. >He-particle emission in fast neutron induced reactions.
Nucl. Pys. A 410, 421-428 (1983).

[128] Kin, T., Nagai, Y., lwamoto, N., Minato, F., lwamoto, O., Hatsukawa, Y., Segawa, M., Harada,
H., Konno, C., Ochiai, K., Takakura, K. New production routes for medical isotopes ®*Cu and
7Cu using accelerator neutrons. J. Phys. Soc. Jap. 82, 034201 (2013).

EBSCChost - printed on 2/13/2023 3:41 AMvia . All use subject to https://ww.ebsco.conlterns-of-use



186 —— References

[129] Sato, N., Tsukada, K., Watanabe, S., Ishioka, N.S., Kawabata, M., Saeki, H., Nagai, Y., Kin, T.,
Minato, F., Iwamoto, N., lIwamoto, O. First measurement of the radionuclide purity of the
therapeutic isotope ¢”Cu produced by ®8Zn(n,x) reaction using "®C(d,n) neutrons. J. Phys.
Soc. Jap. 83, 073201 (2014).

[130] DelLorme, K., Engle, )., Kowash, B., Nortier, F., Birnbaum, E., McHale, S., Clinton, J., John, K.,
Jackman, K., Marus, L. Production potential of #’Sc using spallation neutrons at the Los
Alamos Isotope Production Facility. J. Nucl. Med. 55 (Supplement 1), 1468 (2014).

[131] Mosby, M.A., Engle, J.W., Jackman, K.R., Nortier, F.M., Birnbaum, E.R. Determination of
spallation neutron flux through spectral adjustment techniques. Nucl. Instr. Methods B 381,
29-33 (2016).

[132] Yang, S., Kim, K., Zaman, M., Naik, H., Kim, G.N., Song, T.Y., Lee, Y.0., Shin, S.G., Key, Y.U.,
Cho, M.H. Isomeric yield ratios for the "®*Nd(y,xn)">*™&Nd, *4™8Nd reactions in the
bremsstrahlung energy region from 45 to 60 MeV. . Radioanal. Nucl. Chem. 300, 367-377
(2014).

[133] Blessing, G., Lavi, N., Hashimoto, K., Qaim, S.M. Thermochromatographic separation of
radioselenium from irradiated CusAs-target: Production of no-carrier added °Se. Radiochim.
Acta 65, 93-98 (1994).

[134] Blessing, G., Lavi, N., Qaim, S.M. Production of Se via the 7°Ge(a,n)-process using high
current target materials. Appl. Radiat. Isot. 43, 455-461(1992).

[135] Résch, F., Novgorodov, A.F., Qaim, S.M. Thermochromatographic separation of **™Tc from
enriched molybdenum targets and its large-scale production for nuclear medical application.
Radiochim. Acta 64, 113-120 (1994).

[136] Hassan, K.F., Spellerberg, S., Scholten, B., Saleh, Z.A., Qaim, S.M. Development of an ion-
exchange method for separation of radioiodine from tellurium and antimony and its
application to the production of *2*| via the *?’Sb(a,n)-process. ). Radioanal. Nucl. Chem. 302,
689-694 (2014).

[137] Uddin, M.S., Qaim, S.M., Hermanne, A., Spahn, I., Spellerberg, S., Scholten, B.,

Hossain, S.M., Coenen, H.H. lon-exchange separation of radioiodine and its application to
production of ***l by alpha particle induced reactions on antimony. Radiochim. Acta 103,
587-593 (2015).

[138] Résch, F., Qaim, S.M., Stocklin, G. Production of the positron emitting radioisotope Y for
nuclear medical application. Appl. Radiat. Isot. 44, 677-681 (1993).

[139] Kettern, K., Linse, K.H., Spellerberg, S., Coenen, H.H., Qaim, S.M. Radiochemical studies
relevant to the production of %Y and ®2Y at a small-sized cyclotron. Radiochim. Acta 90,
845-849 (2002).

[140] Hamacher, K., Hirschfelder, T., Coenen, H.H. Electrochemical cell for separation of [*®F]fluoride
from irradiated *®0-water and subsequent no-carrier-added nucleophilic fluorination.

Appl. Radiat. Isot. 56, 519-523 (2002).

[141] Reischl, G., Rosch, F., Machulla, H.J. Electrochemical separation and purification of
86y, Radiochim. Acta 90, 225-228 (2002).

[142] Beyer, G.J., Comor, J.)., Dakovic, M., Soloviev, D., Tamburella, C., Hagebo, E., Allan, B.J.,
Dmitriev, S.N., Zaitseva, N.G., Starodub, G.Y., Molokanova, L.G., Vranjes, S., Miederer, M.,
ISOLDE Collaboration: Production routes of the alpha emitting **°Th for medical application.
Radiochim. Acta 90, 247-252 (2002).

[143] Qaim, S.M., Coenen, H.H. Produktion pharmazeutisch relevanter Radionuklide. Pharm.
Unserer Zeit (Radiopharmaka) 34, 460-466 (2005).

[144] Cyclotron Produced Radionuclides: Physical Characteristics and Production Methods.
Technical Report Series No. 468, IAEA, Vienna, Austria, 2009.

[145] Ruth, T.). Accelerating production of medical isotopes. Nature 457, 536-537 (2009).

EBSCChost - printed on 2/13/2023 3:41 AMvia . All use subject to https://ww.ebsco.conlterns-of-use



References — 187

[146] Andersson, ).D., Thomas, B., Selivanova, S.V., Berthelette, E., Wilson, ).S., McEwan, A.).B.,
Gagnon, K. Robust high-yield approx. 1 TBq production of cyclotron based sodium [**™Tc]
pertechnetate. Nucl. Med. Biol. 60, 63-70 (2018).

[147] Qaim, S.M., Weinreich, R., Ollig, H. Production of 2°*Tl and 2°>Pb via proton-induced nuclear
reactions on natural thallium. Int. J. Appl. Radiat. Isot. 30, 85-95 (1979).

[148] Crouzel, C., Langstrom, B., Pike, V.W., Coenen, H.H. Recommendations for a practical
production of [*!C]methyl-iodide. Appl. Radiat. Isot. 38, 601-603 (1987).

[149] Suzuki, K., Yamazaki, T., Sasaki, M., Kubodera, A. Specific activity of [*'C]CO, generated in
a N, gas target: Effect of irradiation dose, irradiation history, oxygen content and beam
energy. Radiochim. Acta 88, 211-215 (2000).

[150] Roberts, A.D., Oakes, T.R., Nickles, R.). Development of an improved target for [*8FIF,
production. Appl. Radiat. Isot. 46, 87-91 (1995).

[151] Bishop, A., Satyamurthy, N., Bida, G., Phelps, M., Barrio, ).R. Identification and quantitation
of gaseous compounds of fluorine generated in [*®F]F, target systems. Nucl. Med. Biol. 23,
391-405 (1996).

[152] Loch, C., Maziere, B., Comar, D., Knipper, R. A new preparation of %8Ge. Int. ). Appl. Radiat.
Isot. 33, 267-270 (1982).

[153] Meinken, G.E., Kurczak, S., Mausner, L.F., Kolsky, K.L., Srivastava, S.C. Production of high
specific activity °®Ge at Brookhaven National Laboratory. ). Radioanal. Nucl. Chem. 263,
553-557 (2005).

[154] Ro6sch, F., Riss, P.). The renaissance of the ®®Ge/%®Ga radionuclide generator initiates new
developments in Ga-68 radiopharmaceutical chemistry. Curr. Top. Med. Chem. 10,
1633-1668 (2010).

[155] Rosch, F., Baum, R.P. Generator-based PET radiopharmaceuticals for molecular imaging of
tumours: On the way to THERANOSTICS. Dalton Trans. 40, 6104-6111 (2011).

[156] van der Meulen, N.P., van der Walt, T.N., Steyn, G.F., Raubenheimer, H.G. The production of
825y using larger format RbCl targets. Appl. Radiat. Isot. 72, 96-99 (2013).

[157] Rosch, F. Radiolanthanides in endoradiotherapy: An overview. Radiochim. Acta 95, 303-311
(2007).

[158] Zalutsky, M.R., Vaidyanathan, G. Astatine-211-labeled radiotherapeutics: An emerging
approach to targeted alpha-particle radiotherapy. Current Pharm. Design 6, 1433-1455
(2000).

[159] Wilbur, D.S. Chemical and radiochemical considerations in radiolabeling with a-emitting
radionuclides. Current Radiopharm. 4, 214-247 (2011).

[160] Lahiri, S., Maiti, M. Recent developments in nuclear data measurements and chemical
separation methods in accelerator production of astatine and technetium radionuclides.
Radiochim. Acta 100, 85-94 (2012).

[161] Crawford, J.R., Yang, H., Kunz, P., Wilbur, D.S., Schaffer, P., Ruth, T.J. Development of
a preclinical >*'Rn/?"At generator system for targeted alpha therapy research with 2At.
Nucl. Med. Biol. 48, 31-35 (2017).

[162] Zalutsky, M.R., Zhao, X.G., Alston, K.L., Bigner, D. High-level production of alpha-particle
emitting 2*!At and preparation of 2*!'At-labeled antibodies for clinical use. ). Med. Med. 42,
1508-1515 (2001).

[163] Lebeda, 0., Jiran, R., Ralis, J., Stursa, J. A new internal target system for production of 2'At
on the cyclotron U-120M. Appl. Radiat. Isot. 63, 49-53 (2005).

[164] O’Hara, M.)., Krzysko, A.J., Niver, C.M., Morrison, S.S., Owsley, S.L., Hamlin, D.K., Dorman, E.
F., Wilbur, D.S. An automated flow system incorporating in-line acid dissolution of bismuth
metal from a cyclotron irradiated target assembly for use in the isolation of astatine-211.
Appl. Radiat. Isot. 122, 202-210 (2017).

EBSCChost - printed on 2/13/2023 3:41 AMvia . All use subject to https://ww.ebsco.conlterns-of-use



188 —— References

[165] Sathekge, M., Knoesen, O. Meckel, M. Modiselle, M., Vorster, M., Marx, S. 2>Bi-PSMA-617
targeted alpha-radionuclide therapy in metastatic castration-resistant prostate cancer. Eur.
J. Nucl. Med. Mol. Imaging 44, 1099-1100 (2017).

[166] Apostolidis, C., Molinet, R., Rasmussen, G., Morgenstern, A. Production of 22*Ac from 2%°Th
for targeted alpha therapy. Anal. Chem. 77, 6288-6291 (2005).

[167] Qaim, S.M., Spahn, I. Development of novel radionuclides for medical application. . Label.
Compd. Radiopharm. 61, 126-140 (2018).

[168] Hohn, A., Coenen, H.H., Qaim, S.M. Positron emission intensity in the decay of
1202) Radiochim. Acta 88, 139-141 (2000).

[169] Kuhn, S., Spahn, I, Scholten, B., Coenen, H.H. Positron and gamma-ray intensities in the
decay of “°Ti. Radiochim. Acta 103, 403-409 (2015).

[170] Takei, M., Nagatsu, K., Fukumura, T., Suzuki, K. Remote control production of an aqueous
solution of no-carrier-added *™Cl via the 32S(a,pn) nuclear reaction. Appl. Radiat. Isot. 65,
981-986 (2007).

[171] Engle, )., Barnhart, T.E., DeJesus, 0.T., Nickles, R.J. Production of >*™Cl and 38Cl via the (d,a)
reaction on 3%Ar and "*Ar gas at 8.4 MeV. Appl. Radiat. Isot. 69, 75-79 (2011).

[172] Tarkanyi, F., Kovacs, Z., Qaim, S.M., Stocklin, G. Production of 33K via the 3®Ar(p,n)-process
at a small cyclotron. Appl. Radiat. Isot. 43, 503-507 (1992).

[173] Sahakundu, S.M., Qaim, S.M., Stocklin, G. Cyclotron production of short-lived °P. Int.

J. Appl. Radiat. Isot. 30, 3-5 (1979).

[174] Qaim, S.M., Ollig, H., Blessing, G. A comparative investigation of nuclear reactions leading to
the formation of short-lived 3°P and optimization of its production via the 2’Al(a,n)*°P process
at a compact cyclotron. Int. J. Appl. Radiat. Isot. 33, 271-275 (1982).

[175] Blessing, G., Qaim, S.M. A remotely controlled target and processing system for routine
production of 28K via the >*Cl(a,n)-reaction. Appl. Radiat. Isot. 41, 1229-1232 (1990).

[176] Klein, A.T.)., Résch, F., Coenen, H.H., Qaim, S.M. Production of the positron emitter >*Mn via
the *°Cr(d,n) reaction: Targetry and separation of no-carrier-added radiomanganese.
Radiochim. Acta 90, 167-177 (2002).

[177] Lewis, C.M., Graves, S.A., Hernandez, R., Valdovinos, H.F., Barnhart, T.E., Cai, W.B.,
Meyerand, M.E., Nickles, R.J., Suzuki, M. >Mn production for PET/MRI tracking of human
stem cells expressing divalent metal transporter 1 (DMT1). Theranostics 5, 227-239 (2015).

[178] Buchholz, M., Spahn, I., Coenen, H.H. Optimized separation procedure for production of
no-carrier-added radiomanganese for positron emission tomography. Radiochim. Acta 103,
893-899 (2015).

[179] Graves, S.A., Hernandez, R., Fonslet, )., England, C.G., Valdovinos, H.F., Ellison, P.A., Barnhart,
T.E., Elema, D.R., Theuer, C.P., Cai, W.B., Nickles, R.]., Severin, G.W. Novel preparation
methods of >2Mn for immuno PET imaging. Bioconjug. Chem. 26, 2118-2124 (2015).

[180] Fonslet, )., Tietze, S., Jensen, A.l., Graves, S.A., Severin, G.N. Optimized procedures for
manganese-52: Production, separation and radiolabeling. Appl. Radiat. Isot. 121, 38-43
(2017).

[181] Zaman, M.R., Spellerberg, S., Qaim, S.M. Production of >*>Co via the **Fe(d,n)-process and
excitation functions of **Fe(d,t)*>Fe and **Fe(d,x)*>*™Mn reactions from threshold up to 13.8
MeV. Radiochim Acta 91, 105-108 (2003).

[182] McCarthy, D.W., Shefer, R.E., Klinkowstein, R.E., Bass, L.A., Margeneau, W.H., Cutler, C.S.,
Anderson, C.J., Welch, M.). Efficient production of high specific activity ®*Cu using
a biomedical cyclotron. Nucl. Med. Biol. 24, 35-43 (1997).

[183] Szajek, L.P., Meyer, W., Plascjak. P., Eckelman, W.C. Semi-remote production of [¢*Cu]CuCl,
and preparation of high specific activity [*“Cu]Cu-ATSM for PET studies. Radiochim. Acta 93,
239-244 (2005).

EBSCChost - printed on 2/13/2023 3:41 AMvia . All use subject to https://ww.ebsco.conlterns-of-use



References —— 189

[184] Avila-Rodriguez, M.A., Nye, J.A., Nickles, R.J. Simultaneous production of high specific
activity ®“Cu and ®'Co with 11.4 MeV protons on enriched ®“Ni nuclei. Appl. Radiat. Isot. 65,
1115-1120 (2007).

[185] Alliot, C., Michel, N., Bonraisin, A.C., Bosse, V., Laize, J., Bourdeau, C., Mokili, B.M., Haddad,
F. One step purification process for no-carrier-added ®“Cu produced using enriched nickel
target. Radiochim. Acta 99, 627-630 (2011).

[186] Thisgaard, H., Jensen, M., Elema, D.R. Medium to large scale radioisotope production for
targeted radiotherapy using a small PET cyclotron. Appl. Radiat. Isot. 69, 1-7 (2011).

[187] Burke, P., Golovko, O., Clark, J.C., Aigbirhio, F.I. An automated method for regular productions
of copper-64 for PET radiopharmaceuticals. Inorg. Chim. Acta 363, 1316-1319 (2010).

[188] Rebeles, R.A., Van Den Winkel, P., Hermanne, A., De Vis, L., Waegeneer, R. PC-controlled
radiochemistry system for preparation of no-carrier-added ®“Cu. J. Radioanal. Nucl. Chem.
286, 655-659 (2010).

[189] Thieme, S., Walther, M., Pietzsch, H.)., Henniger, ., Preusche, S., Madding, P., Steinbach,

J. Module-assisted preparation of ®“Cu with high specific activity. Appl. Radiat. Isot. 70,
602-608 (2012).

[190] Kume, M., Carey, P.C., Gaehle, G., Madrid, E., Voller, T., Margenau, W., Welch, M.J., Lapi, S.E.
Module-assisted preparation of “Cu with high specific activity. Appl. Radiat. Isot. 70,
1803-1808 (2012).

[191] Elomaa, V.V., Jurttila, )., Rajander, J., Solin, O. Automation of ®*Cu production at Turku PET
Centre. Appl. Radiat. Isot. 89, 74-78 (2014).

[192] Kozempel, )., Abbas, K., Simonelli, F., Zampese, M., Holzwarth, U., Gibson, N., Leseticky,

L. A novel method for n.c.a. ®*Cu production by the ¢#Zn(d,2p)®“Cu reaction and dual ion-
exchange column chromatography. Radiochim Acta 95, 75-80 (2007).

[193] Smith, S.V., Waters, D.)., DiBartolo, N. Separation of ®*Cu from ®’Ga waste products using
anion exchange and low acid aqueous/organic mixtures. Radiochim. Acta 75, 65-68 (1996).

[194] Herzog, H., Rosch, F., Stocklin, G., Lueders, C., Qaim, S.M., Feinendegen, L.E. Measurement
of pharmacokinetics of 2®Y radiopharmaceuticals with PET and radiation dose calculation of
analogous °°Y radiotherapeutics. J. Nucl. Med. 34, 2222-2226 (1993).

[195] Yoo, )., Tang, L., Perkins, T.A., Rowland, D.J., Laforest, R., Lewis, J.S., Welch, M.). Preparation
of high specific activity 2Y using a small biomedical cyclotron. Nucl. Med. Biol. 32,
891-897 (2005).

[196] Lukic, D., Tamburella, C., Buchegger, F., Beyer, G.)., Comor, J.J., Seimbille, Y. High efficiency
production and purification of 8Y based on electrochemical separation. Appl. Radiat. Isot.
67, 523-529 (2009).

[197] Avila-Rodriguez, M.A., Nye, J.A., Nickles, R.). Production and separation of no-carrier-added
86Y from enriched 2°Sr targets. Appl. Radiat. Isot. 66, 9-13 (2008).

[198] Sadeghi, M., Aboudzadeh, M., Zali, A., Zeinali, B. %Y production via ®Sr(p,n) for PET
imaging at a cyclotron. Appl. Radiat. Isot. 67, 1392-1396 (2009).

[199] Oehlke, E., Hoehr, C., Hou, X.C., Hanemaayer, V., Zeisler, S., Adam, M.J., Ruth, T.J., Celler, A.,
Buckley, K., Benard, F., Schaffer, P. Production of Y and other radiometals for research
purposes using a solution target system. Nucl. Med. Biol. 42, 842-849 (2012).

[200] Baimukhanova, A., Radchenko, V., Kozempel, J., Marinova, A., Brown, V., Karandashev, V.,
Karaivanov, D., Schaffer, P., Filosofov, D. Utilization of (p, 4n) reaction for 2¢Zr production
with medium energy protons and development of a 8¢Zr > 8¢Y radionuclide generator.

J. Radioanal. Nucl. Chem. 316, 191-199 (2018).

[201] Park, L.S., Szajek, L.P., Wong, K.J., Plascjak, P.S., Garmestani, K., Googins, S., Eckelman, W.
C., Carrasquillo, J.A., Paik, C.H. Semi-automated ®Y purification using a three-column
system. Nucl. Med. Biol. 31, 297-301 (2004).

EBSCChost - printed on 2/13/2023 3:41 AMvia . All use subject to https://ww.ebsco.conlterns-of-use



190 —— References

[202] Kandil, S.A., Scholten, B., Hassan, K.F., Hanafi, H.A., Qaim, S.M. A comparative study on the
separation of radioyttrium from Sr- and Rb-targets via ion-exchange and solvent extraction
techniques, with special reference to the production of no-carrier-added %Y, 7Y and
88y using a cyclotron. J. Radioanal. Nucl. Chem. 279, 823-832 (2009).

[203] Garmestani, K., Milenic, D.E., Plascjak, P.S., Brechbiel, M.W. A new and convenient method
for purification of 8Y using a Sr(ll) selective resin and comparison of biodistribution of
86y and In labeled Herceptin (TM). Nucl. Med. Biol. 29, 599-606 (2002).

[204] Herzog, H., Tellmann, L., Scholten, B., Coenen, H.H., Qaim, S.M. PET imaging problems with
the non-standard positron emitters Y and *2“I. Quart. J. Nucl. Med. Mol. Imaging 52,
159-165 (2008).

[205] Meijs, W.E., Herscheid, J.D.M., Haisma, H.J., Wijbrandts, R., Vanlangevelde, F., Vanleuffen, P.
J., Mooy, R., Pinedo, H.M. Production of highly pure no-carrier added #°Zr for the labeling of
antibodies with a positron emitter. Appl. Radiat. Isot. 45, 1143-1147 (1994).

[206] Holland, ).P., Sheh, Y.C., Lewis, J.S. Standardized methods for the production of high
specific-activity zirconium-89. Nucl. Med. Biol. 36, 729-739 (2009).

[207] Tang, Y., Li, S.T., Yang, Y.Y., Chen, W., Wei, H.Y., Wang, G.Q., Yang, J.)., Liao, J.L., Luo, S.Z.,
Liu, N. A simple and convenient method for production of 8Zr with high purity. Appl. Radiat.
Isot. 118, 326-330 (2016).

[208] Christian, B.T., Nickles, R.)., Stone, C.K., Mulnix, T.L., Clark, J. Improving the radionuclidic
purity of ®*™Tc for PET imaging. Appl. Radiat. Isot. 46, 6973 (1995).

[209] Sheh, Y., Koziorowski, J., Balatoni, J., Lom, C., Dahl, J.R., Finn, R.D. Low energy cyclotron

production and chemical separation of “no carrier added” iodine-124 from a reusable,

enriched tellurium-124 dioxide/aluminum oxide solid solution target. Radiochim. Acta 88,

169-173 (2000).

Glaser, M., Mackay, D.B., Ranicar, A.S.O., Waters, S.L., Brady, F., Luthra, S.K. Improved

targetry and production of iodine-124 for PET studies. Radiochim. Acta 92, 951-956

(2004).

[211] Sajjad, M., Bars, E., Nabi, H.A. Optimization of *?*I production via ***Te(p,n)***I reaction.
Appl. Radiat. Isot. 64, 965-970 (2006).

[212] Nye, J.A., Avila-Rodriguez, M.A., Nickles, R.J. Production of [***I]-iodine on an 11 MeV
cyclotron. Radiochim. Acta 94, 213-216 (2006).

[213] Nagatsu, K., Fukada, M., Minegishi, K., Suzuki, H., Fukumura, T., Yamazaki, H., Suzuki,

K. Fully automated production of iodine-124 using a vertical beam. Appl. Radiat. Isot. 69,
146-157 (2011).

[214] Qaim, S.M., Scholten, B., Neumaier, B. New developments in the production of theranostic
pairs of radionuclides. J. Radioanal. Nucl. Chem. 318, 1493-1509 (2018).

[215] Filosofov, D.V., Loktionova, N.S., Résch, F. A ““Ti/#*Sc radionuclide generator for potential
application of #*Sc-based PET-radiopharmaceuticals. Radiochim. Acta 98, 149-156 (2010).

[216] Pruszynski, M., Loktionova, N.S., Filosofov, D.V., Rosch, F. Post-elution processing of
44Ti/44sc generator-derived ““Sc for clinical application. Appl. Radiat. Isot. 68, 16361641
(2010).

[217] Radchenko, V., Engle, ].W., Medvedev, D.G., Maassen, .M., Naranjo, C.M., Unc, G.A., Meyer,
C.A.L., Mastren, T., Brugh, M., Mausner, L., Cutler, C.S., Birnbaum, E.R., John, K.D., Nortier, F.
M., Fassbender, M.E. Proton-induced production and radiochemical isolation of #“Ti from
scandium metal targets for *“Ti/*“Sc generator. Nucl. Med. Biol. 50, 25-32 (2017).

[218] Radchenko, V., Meyer, C.A.L., Engle, J.W., Naranjo, C.M., Unc, G.A., Mastren, T., Brugh, M.,
Birnbaum, E.R., John, D., Nortier, F.M., Fassbender, M.E. Separation of 44Tj from proton
irradiated scandium by using solid-phase extraction chromatography and design of “4Ti/**Sc
generator system. J. Chromatogr. A 1477, 39-46 (2016).

[210

EBSCChost - printed on 2/13/2023 3:41 AMvia . All use subject to https://ww.ebsco.conlterns-of-use



References — 191

[219] Krajewski, S., Cydzik, I., Abbas, K., Bulgheroni, A., Simonelli, F., Holzwarth, U., Bilewicz,

A. Cyclotron production of *“Sc for clinical application. Radiochim. Acta 101, 333-338 (2013).

[220] van der Meulen, N.P., Bunka, M., Domnanich, K.A., Miiller, C., Haller, S., Vermeulen, C.,
Tiirler, A., Schibli, R. Cyclotron production of 44Sc: From bench to bedside. Nucl. Med. Biol.
42, 745-751 (2015).

[221] Duchemin, C., Guertin, A., Haddad, F., Michel, N., Metivier, V. Production of scandium-44m
and scandium-44g with deuterons on calcium-44: Cross section measurements and
production yield calculations. Phys. Med. Biol. 60, 6847-6864 (2015).

[222] Alliot, C., Kerdjoudj, R., Michel, N., Haddad, F., Huclier-Markai, S. Cyclotron production of
high purity ““™Sc, ““Sc with deuterons from (CaC05)*“Ca targets. Nucl. Med. Biol. 42,
524-529 (2015).

[223] Huclier-Markai, S., Alliot, C., Rousseau, J., Chouin, N., Fani, M., Bouziotis, P., Maina, T.,
Cutler, C.S., Barbet, J. Promising prospects of “*™Sc/*%Sc as an in vivo generator: Biological
evaluation and PET images. Nucl. Med. Biol. 41, 601-604 (2014).

[224] Merrill, J.C., Lambrecht, R.M., Wolf, A.P. Cyclotron isotopes and radiopharmaceuticals - “’Ti.
Int. ). Appl. Radiat. Isot. 29, 115-116 (1978).

[225] Ishiwata, K., Ido, T., Monma, M., Murakami, M., Fukuda, H., Kameyama, M., Yamada, K.,
Endo, S., Yoshioka, S., Sato, T., Matsuzawa, T. Potential radiopharmaceuticals labelled with
“>Ti. Appl. Radiat. Isot. 42, 707-712 (1991).

[226] Vavere, A.L., Laforest, R., Welch, M.). Production, processing and small animal PET imaging
of titanium-45. Nucl. Med. Biol. 32, 117-122 (2005).

[227] Aslam, M.N., Qaim, S.M. Nuclear model analysis of excitation functions of proton and
deuteron induced reactions on ®Zn and He- and a-particle induced reactions on *°Co
leading to the formation of copper-61: Comparison of major production routes. Appl. Radiat.
Isot. 94, 131-140 (2014).

[228] Thieme, S., Walther, M., Preusche, S., Rajander, J., Pietzsch, H.J., Lill, J.0., Kaden, M., Solin,
0., Steinbach, J. High specific activity %1Cu via 64Zn(p,ot)“Cu reaction at low proton energies.
Appl. Radiat. Isot. 72, 169-176 (2013).

[229] Fukumura, T., Okada, K., Szelecsényi, F., Kovacs, Z., Suzuki, K. Practical production of iCy
using natural Co target and its simple purification with a chelating resin for Cu-61-ATSM.
Radiochim. Acta 92, 209-214 (2004).

[230] Das, S.S., Chattopadhyay, S., Barua, L., Das, M.K. Production of *Cu using natural cobalt
target and its separation using ascorbic acid and common anion exchange resin. Appl.
Radiat. Isot. 70, 365-368 (2012).

[231] Kénigs, U., Humpert, S., Spahn, 1., Qaim, S.M., Neumaier, B. Isolation of high purity ">Se
using solid phase extraction after selective 4,5-[">Se]benzopiazselenol formation with
aminonaphthalene. Radiochim. Acta 106, 497-505 (2018).

[232] Fassbender, M., de Villiers, D., Nortier, M., van der Walt, N. The "®'Br(p,x)”3Se, "*Se- nuclear
processes: A convenient route for the production of radioselenium tracers relevant to amino
acid labelling. Appl. Radiat. Isot. 54, 905-913 (2001).

[233] Aslam, M.N., Sudar, S., Hussain, M., Malik, A.A., Qaim, S.M. Evaluation of excitation
functions of proton, >He- and a-particle induced reactions for production of the medically
interesting positron-emitter 7°Br. Appl. Radiat. Isot. 69, 1490-1505 (2011).

[234] Qaim, S.M. Recent developments in the production of *8F, 7°Br, 7®Br, "/Br and *2I. Appl.
Radiat. Isot. 37, 803-810 (1986).

[235] Tolmachev, V., Lovqvist, A., Einarsson, L., Schultz, J., Lundqvist, H. Production of 76Br by
a low-energy cyclotron. Appl. Radiat. Isot. 49, 1537-1540 (1998).

EBSCChost - printed on 2/13/2023 3:41 AMvia . All use subject to https://ww.ebsco.conlterns-of-use



192 — References

[236] Breunig, K., Spahn, I., Spellerberg, S., Coenen, H.H. Production of no-carrier-added
radiobromine: New nickel selenide target and optimized separation by dry distillation.
Radiochim. Acta 103, 397-402 (2015).

[237] Lewis, M.R., Reichert, D.E., Laforest, R., Margenau, W.H., Shefer, R.E., Klinkowstein, R.E.,
Hughey, B.)., Welch, M.J. Production and purification of gallium-66 for preparation of tumor-
targeting radiopharmaceuticals. Nucl. Med. Biol. 29, 701-706 (2002).

[238] Friedman, A.M., Dejesus, 0.)., Harper, P., Armstrong, C. Preparation of °Br by the 7®Kr(p,a)”*Br
reaction. J. Labell. Compd. Radiopharm. 19, 1427-1428 (1982).

[239] Busse, S., Rosch, F., Qaim, S.M. Cross section data for the production of the positron
emitting niobium isotope °°Nb via the °Zr(p,n)-reaction. Radiochim. Acta 90, 1-5 (2002).

[240] Akiha, F., Aburai, T., Nozaki, T., Murakami, Y. Yield of >Fe for reactions of >He and alpha on
chromium. Radiochim. Acta 18, 108-111 (1972).

[241] Fessler, A., Alfassi, Z.B., Qaim, S.M. Excitation functions of He-particle induced nuclear
reactions on natural chromium - Possibilities of production of >*Fe, >3Fe and >?Mn for medical
use. Radiochim. Acta 65, 207-213 (1994).

[242] Steyn, G.F., Mills, S.)., Nortier, F.M., Simpson, B.R.S., Meyer, B.R. Production of >2Fe via
proton-induced reactions on manganese and nickel. Appl. Radiat. Isot. 41, 315-325 (1990).

[243] Blauenstein, P., Pellikka, R., Schubiger, P.A. Reinvestigation of a physiological eluate of the
52Fe/>2™Mn generator. Appl. Radiat. Isot. 48, 1097-1101 (1997).

[244] Nagatsu, K., Kubodera, A., Suzuki, K. A novel way of producing an aqueous solution of
via the “®Ar(p,3n) process. Appl. Radiat. Isot. 49, 1505-1510 (1998).

[245] Baum, R.P., Singh, A., Benesova, M., Vermeulen, C., Gnesin, S., Késter, U., Johnston,
K., Miiller, D., Senftleben, S., Kulkarni, H.R., Tiirler, A., Schibli, R., Prior, J.0., van der Meulen,
N.P., Miiller, C. Clinical evaluation of the radiolanthanide terbium-152: First-in-human PET/CT
with Th-152-DOTATOC. Dalton Transactions 46, 14638-14646 (2017).

[246] Tarkanyi, F., Kovacs, Z., Qaim, S.M. Excitation functions of proton-induced nuclear reactions
on highly enriched “®Kr: Relevance to the production of °Br and ””Br at a small cyclotron.
Appl. Radiat. Isot. 44, 1105-1111 (1993).

[247] Kastleiner, S., Qaim, S.M., Nortier, F.M., Blessing, G., van der Walt, T.N., Coenen, H.H.
Excitation functions of °Rb(p,xn)&™&-83-82:815, reactions up to 100 MeV: Integral tests of
cross section data, comparison of production routes of 33Sr and thick target yield of 32Sr.
Appl. Radiat. Isot. 56, 685-695(2002).

[248] Fukumura, T., Okada, K., Suzuki, H., Nakao, R., Mukai, K., Szelecsényi, F., Kovacs, Z., Suzuki,
K. An improved ¢2Zn/®2Cu generator based on a cation exchanger and its fully remote-
controlled preparation for clinical use. Nucl. Med. Biol. 33, 821-827 (2006).

[249] Ng, Y., Lacy, ).L., Fletcher, J.W., Green, M.A. Performance of a ®2Zn/%2Cu microgenerator in
kit-based synthesis and delivery of [*2Cu]Cu-ETS for PET perfusion imaging. Appl. Radiat.
Isot. 91, 38-43 (2014).

[250] Jennewein, M., Qaim, S.M., Kulkarni, R.V., Mason, R.P., Hermanne, A., Résch, F. A no-carrier-
added 72Se/”?As radionuclide generator based on solid phase extraction. Radiochim. Acta
93, 579-583 (2005).

[251] Ballard, B., Wycoff, D., Birnbaum, E.R., John, K.D., Lenz, ).W., Jurisson, S.S., Cutler, C.S.,
Nortier, F.M., Taylor, W.A., Fassbender, M.E. Selenium-72 formation via "*Br(p,x) induced by
100 MeV protons: Steps towards a novel 7>Se/”?As generator system. Appl. Radiat. Isot. 70,
595-601 (2012).

[252] Medvedev, D.G., Mausner, L.F., Srivastava, S.C. Irradiation of strontium chloride targets at
proton energies above 35 MeV to produce PET radioisotope 2°Y. Radiochim. Acta 99,

755-761 (2011).

38K+

EBSCChost - printed on 2/13/2023 3:41 AMvia . All use subject to https://ww.ebsco.conlterns-of-use



References —— 193

[253] Zhernosekov, K.P., Filosofov, D.V., Qaim, S.M., Résch, F. A **°Nd/*°Pr radionuclide
generator based on physico-chemical transitions in **°Pr complexes after electron capture
decay of **°Nd-DOTA. Radiochim. Acta 95, 319-327 (2007).

[254] Steyn, G.F., Vermeulen, C., Szelecsényi, F., Kovacs, Z., Hohn, A, van der Meulen, N.P.,
Schibli, R., van der Walt, T.N. Cross sections of proton-induced reactions on **2Gd, ***Gd and
19Th with emphasis on the production of selected Th radionuclides. Nucl. Instrum. Methods
B 319, 128-140 (2014).

[255] Kovacs, Z., Tarkanyi, F., Qaim, S.M., Stocklin, G. Excitation functions for the formation of
some radioisotopes of rubidium in proton-induced nuclear reactions on "Kr, 82Kr and 83Kr
with special reference to the production of *Rb(®'™Kr) generator radionuclide. Appl. Radiat.
Isot. 42, 329-335 (1991).

[256] Kolsky, K.L., Joshi, V., Mausner, L.F., Srivastava, S.C. Radiochemical purification of no-carrier
-added scandium-47 for radioimmunotherapy. Appl. Radiat. Isot. 49, 1541-1549 (1998).

[257] Miiller, C., Bunka, M., Haller, S., Koster, U., Groehn, V., Bernhardt, P., van der Meulen, N.,
Tiirler, A., Schibli, R. Promising prospects for ““Sc-/’Sc-based theragnostics: Application of
475¢ for radionuclide tumor therapy in mice. J. Nucl. Med. 55, 1658-1664 (2014).

[258] Starovoitova, V.N., Cole, P.L., Grimm, T.L. Accelerator-based photoproduction of promising
beta-emitters ¢’Cu and “’Sc. J. Radioanal. Nucl. Chem. 305, 127-132 (2015).

[259] Starovoitova, V.N., Tchelidze, L., Wells, D.P. Production of medical radioisotopes with linear
accelerators. Appl. Radiat. Isot. 85, 39-44 (2014).

[260] Rotsch, D.A., Brown, M.A., Nolen, J.A., Brossard, T., Henning, W.F., Chemerisov, S.D.,
Gromov, R.G., Greene, . Electron linear accelerator production and purification of scandium-
47 from titanium dioxide targets. Appl. Radiat. Isot. 131, 77-82 (2018).

[261] Minegishi, K., Nagatsu, K., Fukada, M., Suzuki, H., Ohya, T., Zhang, M.R. Production of
scandium-43 and -47 from a powdery calcium oxide target via the "2/““Ca(a,x)-channel. Appl.
Radiat. Isot. 116, 8—12 (2016).

[262] Jamriska, Sr. D.J., Taylor, W.A., Ott, M.A., Heaton, R.C., Phillips, D.R., Fowler, M.M. Activation
rates and chemical recovery of ¢’Cu produced with low-energy proton irradiation of enriched
7%Zn targets. J. Radioanal. Nucl. Chem. Art. 195, 263-270 (1995).

[263] Hilgers, K., Stoll, T., Skakun, Y., Coenen, H.H., Qaim, S.M. Cross-section measurements of
the nuclear reactions "Zn(d,x)®“Cu, *6Zn(d,®)®“Cu and *®Zn(p,an)®“Cu for production of ¢Cu
and technical developments for small-scale production of ¢’Cu via the 7°Zn(p,®)®”Cu process.
Appl. Radiat. Isot. 59, 343-351 (2003).

[264] Kozempel, )., Abbas, K., Simonelli, F., Bulgheroni, A., Holzwarth, U., Gibson, N. Preparation
of 8”Cu via deuteron irradiation of 7°Zn. Radiochim. Acta 100, 419-423 (2012).

[265] Skakun, Y., Qaim, S.M. Excitation function of the ®*Ni(a,p)®”Cu reaction for production of
87Cu. Appl. Radiat. Isot. 60, 33-39 (2004).

[266] Uddin, M.S., Kim, K., Nadeem, M., Sudar, S., Kim, G. Measurements of excitation functions of
a-particle induced reactions on "*Ni: Possibility of production of the medical isotopes ¢*Cu
and ’Cu. Radiochim. Acta 106, 87-93 (2018).

[267] Ohya, T., Nagatsu, K., Suzuki, H., Fukada, M., Minegishi, K., Hanyu, M., Zhang, M.R. Small-
scale production of ’Cu for a preclinical study via the ¢*Ni(a,p)®”Cu channel. Nucl. Med. Biol.
59, 56-60 (2018).

[268] Medvedev, D.G., Mausner, L.F., Meinken, G.E., Kurczak, S.0., Schnakenberg, H., Dodge, C.).,
Korach, E.M., Srivastava, S.C. Development of a large scale production of ¢’Cu from %®Zn at
the high energy proton accelerator: Closing the ®®Zn cycle. Appl. Radiat. Isot. 70, 423-429
(2012).

[269] Mastren, T., Pen, A., Loveless, S., Marquez, B.V., Bollinger, E., Marois, B., Hubley, N., Brown,
K., Morrissey, D.)., Peaslee, G.F., Lapi, S.E. Harvesting ®’Cu from the collection of

EBSCChost - printed on 2/13/2023 3:41 AMvia . All use subject to https://ww.ebsco.conlterns-of-use



194 — References

a secondary beam cocktail at the national superconducting cyclotron laboratory. Anal. Chem.
87,10323-10329 (2015).

[270] Bonardi, M.L., Groppi, F., Manenti, S., Persico, E., Gini, L. Production study of high specific
activity NCA *8%2Re by proton and deuteron cyclotron irradiation. Appl. Radiat. Isot. 68,
1595-1601 (2010).

[271] Novgorodov, A.F., Bruchertseifer, F., Brockmann, )., Lebedev, N.A., Rosch,

F. Thermochromatographic separation of no-carrier-added *®°Re or ®%Re from tungsten
targets relevant to nuclear medical applications. Radiochim. Acta 88, 163-167 (2000).

[272] Lapi, S., Mills, W.)., Wilson, J., McQuarrie, S., Publicover, J., Schueller, M., Schlyer, D.,
Ressler, J.J., Ruth, T.J. Production cross-sections of ¥7*8¢Re isotopes from proton
bombardment of natural tungsten. Appl. Radiat. Isot. 65, 345-349 (2007).

[273] Kakavand, T., Mirzaii, M., Eslami, M., Khaleghi, M. Production of *®°®Re using low-energy
protons. ). Radioanal. Nucl. Chem. 307, 253-258 (2016).

[274] Balkin, E.R., Gagnon, K., Strong, K.T., Smith, B.E., Dorman, E.F., Emery, R.C., Pauzauskie, P.).,
Fassbender, M.E., Cutler, C.S., Ketring, A.R., Jurisson, S.S., Wilbur, D.S. Deuteron irradiation
of W and WO; for production of high specific activity ®°Re: Challenges associated with thick
target preparation. Appl. Radiat. Isot. 115, 197-207 (2016).

[275] Fassbender, M.E., Ballard, B., Birnbaum, E.R., Engle, J.W., John, K.D., Maassen, J.R., Nortier,
F.M., Lenz, J.W., Cutler, C.S., Ketring, A.R., Jurisson, S.S., Wilbur, D.S. Proton irradiation
parameters and chemical separation procedure for the bulk production of high-specific-
activity '®¢8Re using WO; targets. Radiochim. Acta 101, 339-346 (2013).

[276] Mastren, T., Radchenko, V., Bach, H.T., Balkin, E.R., Birnbaum, E.R., Brugh, M., Engle, J.W.,
Gott, M.D., Guthrie, J., Hennkens, H.M., John, K.D., Ketring, A.R., Kuchuk, M., Maassen, J.R.,
Naranjo, C.M., Nortier, F.M., Phelps, T.E., Jurisson, S.S., Wilbur, D.S., Fassbender, M.E. Bulk
production and evaluation of high specific activity *®Re for cancer therapy using enriched
186\ 0,-targets in a proton beam. Nucl. Med. Biol. 49, 24-29 (2017).

[277] Richards, V.N., Rath, N., Lapi, S.E. Production and separation of 1865Re from proton
bombardment of *¥¢WC. Nucl. Med. Biol. 42, 530-535 (2015).

[278] Gott, M.D., Hayes, C.R., Wycoff, D.E., Balkin, E.R., Smith, B.E., Pauzauskie, P.).,

Fassbender, M.E., Cutler, C.S., Ketring, A.R., Wilbur, D.S., Jurisson, S.S. Accelerator-based
production of the ®*™Tc/*®¢Re diagnostic-therapeutic pair using metal disulfide targets
(MoS,, WS, 0sS,). Appl. Radiat. Isot. 114, 159-166 (2016).

[279] Moustapha, M.E., Ehrhardt, G.J., Smith, C.)., Szajek, L.P., Eckelman, W.C., Jurisson, S.S.
Preparation of cyclotron-produced **¢Re and comparison with reactor-produced
186Re and generator-produced *®%Re for the labeling of bombesin. Nucl. Med. Biol. 33,
81-89 (2006).

[280] Gott, M.D., Ballard, B.D., Redman, L.N., Maassen, J.R., Taylor, W.A., Engle, J.W., Nortier, F.M.,
Birnbaum, E.R., John, K.D., Wilbur, D.S., Cutler, C.S., Ketring, A.R., Jurisson, S.S.,
Fassbender, M.E. Radiochemical study of Re/W adsorption behavior on a strongly basic
anion exchange. Radiochim. Acta 102, 325-332 (2014).

[281] Balkin, E.R., Gagnon, K., Dorman, E., Emery, R., Li, Y.W., Wooten, A.L., Smith, B.E., Strong, K.
T., Pauzauskie, P.)., Fassbender, M.E., Cutler, C.S., Ketring, A.R., Jurisson, S.S., Wilbur, D.S.
Scale-up of high specific activity *®°%Re production using graphite-encased thick W targets
and demonstration of an efficient target recycling process. Radiochim. Acta 105,

1071-1081 (2017).

[282] Beyer, G.)., Comor, J.)., Dakovic, M., Soloviev, D., Tamburella, C., Hagebo, E., Allan, B.,
Dmitriev, S.N., Zaitseva, N.G., Starodub, G.Y., Molokanova, L.G., Vranjes, S., Miederer, M.,
ISOLDE Collaboration: Production routes of the alpha emitting **°Tb for medical application.
Radiochim. Acta 90, 247-252 (2002).

EBSCChost - printed on 2/13/2023 3:41 AMvia . All use subject to https://ww.ebsco.conlterns-of-use



EBSCChost -

References —— 195

[283] Beyer, G.)., Miederer, M., Vranjes-Duric, S., Comor, J.J., Kunzi, G., Hartley, O., Senekowitsch-
Schmidtke, R., Soloviev, D., Buchegger, F. Targeted alpha therapy in vivo: Direct evidence for
single cancer cell kill using **°Tb-rituximab. Europ. J. Nucl. Med. Imaging 31, 547-554 (2004).

[284] Radchenko, V., Engle, J.W., Wilson, J.J., Maassen, J.R., Nortier, M.F., Birnbaum, E.R., John, K.
D., Fassbender, M.E. Formation cross-sections and chromatographic separation of
protactinium isotopes formed in proton-irradiated thorium metal. Radiochim. Acta 104,
291-304 (2016).

[285] Stevenson, N.R., St George, G., Simon, ., Srivastava, S.C., Mueller, D.W., Gonzales, G.R.,
Rogers, J.A., Frank, R.K., Horn, I.M. Methods of producing high specific activity **™Sn with
commercial cyclotrons. J. Radioanal. Nucl. Chem. 305, 99-108 (2015).

[286] Qaim, S.M., Déhler, H. Production of carrier-free *’™Sn, Int. J. Appl. Radiat. Isot. 35, 645-650
(1984).

[287] Ermolaev, S.V., Zhuikov, B.L., Kokhanyuk, V.M., Abramov, A.A., Togaeva, N.R., Khamianov, S.
V., Srivastava, S.C. Production of no-carrier-added *”™Sn from proton irradiated antimony.

J. Radioanal. Nucl. Chem. 280, 319-324 (2009).

[288] Uddin, M.S., Hermanne, A., Scholten, B., Spellerberg, S., Coenen, H.H., Qaim, S.M. Small
scale production of high purity **>™Pt by the **?0s(a,3n)-process. Radiochim. Acta 99,
131-135 (2011).

[289] Hilgers, K., Coenen, H.H., Qaim, S.M. Production of the therapeutic radionuclides **>™Pt and
195mpt with high specific activity via a-particle induced reactions on *°?0s. Appl. Radiat. Isot.
66, 545-551 (2008).

[290] Denzler, F.O., Lebedev, N.A., Novgorodov, A.F., Résch, F., Qaim, S.M. Production and
radiochemical separation of */Gd. Appl. Radiat. Isot. 48, 319-326 (1997).

[291] Topping, G.)., Schaffer, P., Hoehr, C., Ruth, T.J., Sossi, V. Manganese-52 positron emission
tomography tracer characterization and initial results in phantoms and in vivo. Med. Phys.
40, 042502 (2013).

[292] Coenen, H.H., Buchholz, M., Spahn, I., Vanasschen, C., Ermert, )., Neumaier, B. Towards
authentically labelled bi-modal PET(SPECT)/MR-probes. EJNMMI Phys. 1, A79 (2014).

[293] Vanasschen, C., Brandt, M., Ermert, ., Coenen, H.H. Radiolabelling with isotopic mixtures of
>2Mn/>>Mn(ll) as a straight route to stable manganese complexes for bimodal PET/MR
imaging. Dalton Trans. 45, 1315-1321 (2016).

[294] Huang, W.Y., Davis, J.J. Multimodality and nanoparticles in medical imaging. Dalton Trans.
40, 6087-6103 (2011).

[295] Simone, E.A., Zern, B.]., Chacko, A.M., Mikitsh, J.L., Blankemeyer, E.R., Muro, S., Stan, R.V.,
Muzykantov, V.R. Endothelial targeting of polymeric nanoparticles stably labeled with the
PET imaging radioisotope iodine-124. Biomaterials 33, 5406-5413 (2012).

printed on 2/13/2023 3:41 AMvia . All use subject to https://ww.ebsco. confterms-of-use



EBSCChost - printed on 2/13/2023 3:41 AMvia . All use subject to https://ww.ebsco.conlterns-of-use



Appendices

EBSCChost - printed on 2/13/2023 3:41 AMvia . All use subject to https://ww.ebsco.conlterns-of-use



EBSCChost - printed on 2/13/2023 3:41 AMvia . All use subject to https://ww.ebsco.conlterns-of-use



Appendix |

https://doi.org/10.1515/9783110604375-009

EBSCChost - printed on 2/13/2023 3:41 AMvia . All use subject to https://ww.ebsco.conlterns-of-use


https://doi.org/10.1515/9783110604375-009

200 — Appendix|

EBSCChost - printed on 2/13/2023 3:41 AMvia . All use subject to https://ww.ebsco.conlterns-of-use



Appendix] — 201

EBSCChost - printed on 2/13/2023 3:41 AMvia . All use subject to https://ww.ebsco.conlterns-of-use



202 — Appendix|

EBSCChost - printed on 2/13/2023 3:41 AMvia . All use subject to https://ww.ebsco.conlterns-of-use



Appendix] =— 203

EBSCChost - printed on 2/13/2023 3:41 AMvia . All use subject to https://ww.ebsco.conlterns-of-use



204 — Appendix|

EBSCChost - printed on 2/13/2023 3:41 AMvia . All use subject to https://ww.ebsco.conlterns-of-use



Appendix] =— 205

EBSCChost - printed on 2/13/2023 3:41 AMvia . All use subject to https://ww.ebsco.conlterns-of-use



206 —— Appendix|

EBSCChost - printed on 2/13/2023 3:41 AMvia . All use subject to https://ww.ebsco.conlterns-of-use



Appendix| =—— 207

EBSCChost - printed on 2/13/2023 3:41 AMvia . All use subject to https://ww.ebsco.conlterns-of-use



208 —— Appendix|

EBSCChost - printed on 2/13/2023 3:41 AMvia . All use subject to https://ww.ebsco.conlterns-of-use



Appendix] —— 209

EBSCChost - printed on 2/13/2023 3:41 AMvia . All use subject to https://ww.ebsco.conlterns-of-use



210 —— Appendix|

EBSCChost - printed on 2/13/2023 3:41 AMvia . All use subject to https://ww.ebsco.conlterns-of-use



Appendix | =— 211

EBSCChost - printed on 2/13/2023 3:41 AMvia . All use subject to https://ww.ebsco.conlterns-of-use



212 —— Appendix |

EBSCChost - printed on 2/13/2023 3:41 AMvia . All use subject to https://ww.ebsco.conlterns-of-use



Appendix| =— 213

EBSCChost - printed on 2/13/2023 3:41 AMvia . All use subject to https://ww.ebsco.conlterns-of-use



214 — Appendix|

EBSCChost - printed on 2/13/2023 3:41 AMvia . All use subject to https://ww.ebsco.conlterns-of-use



Appendix I

EBSCChost - printed on 2/13/2023 3:41 AMvia . All use subject to https://ww.ebsco.conlterns-of-use



216 —— Appendix I

EBSCChost - printed on 2/13/2023 3:41 AMvia . All use subject to https://ww.ebsco.conlterns-of-use



Appendix Il =—— 217

EBSCChost - printed on 2/13/2023 3:41 AMvia . All use subject to https://ww.ebsco.conlterns-of-use



218 —— Appendix i

EBSCChost - printed on 2/13/2023 3:41 AMvia . All use subject to https://ww.ebsco.conlterns-of-use



Appendix Il =—— 219

EBSCChost - printed on 2/13/2023 3:41 AMvia . All use subject to https://ww.ebsco.conlterns-of-use



220 — Appendix |l

EBSCChost - printed on 2/13/2023 3:41 AMvia . All use subject to https://ww.ebsco.conlterns-of-use



Appendix Il =— 221

EBSCChost - printed on 2/13/2023 3:41 AMvia . All use subject to https://ww.ebsco.conlterns-of-use



222 — Appendix I

EBSCChost - printed on 2/13/2023 3:41 AMvia . All use subject to https://ww.ebsco.conlterns-of-use



Appendix Il =—— 223

EBSCChost - printed on 2/13/2023 3:41 AMvia . All use subject to https://ww.ebsco.conlterns-of-use



224 — Appendix |l

EBSCChost - printed on 2/13/2023 3:41 AMvia . All use subject to https://ww.ebsco.conlterns-of-use



Appendix Il =—— 225

EBSCChost - printed on 2/13/2023 3:41 AMvia . All use subject to https://ww.ebsco.conlterns-of-use



226 =—— Appendix|l

EBSCChost - printed on 2/13/2023 3:41 AMvia . All use subject to https://ww.ebsco.conlterns-of-use



Appendix Il =—— 227

EBSCChost - printed on 2/13/2023 3:41 AMvia . All use subject to https://ww.ebsco.conlterns-of-use



228 —— Appendixli

EBSCChost - printed on 2/13/2023 3:41 AMvia . All use subject to https://ww.ebsco.conlterns-of-use



Appendix Il = 229

EBSCChost - printed on 2/13/2023 3:41 AMvia . All use subject to https://ww.ebsco.conlterns-of-use



230 —— Appendix Il

EBSCChost - printed on 2/13/2023 3:41 AMvia . All use subject to https://ww.ebsco.conlterns-of-use



Appendix Ill

EBSCChost - printed on 2/13/2023 3:41 AMvia . All use subject to https://ww.ebsco.conlterns-of-use



232 — Appendixlil

EBSCChost - printed on 2/13/2023 3:41 AMvia . All use subject to https://ww.ebsco.conlterns-of-use



Appendix Il —— 233

EBSCChost - printed on 2/13/2023 3:41 AMvia . All use subject to https://ww.ebsco.conlterns-of-use



234 — Appendixlll

EBSCChost - printed on 2/13/2023 3:41 AMvia . All use subject to https://ww.ebsco.conlterns-of-use



Appendix Il —— 235

EBSCChost - printed on 2/13/2023 3:41 AMvia . All use subject to https://ww.ebsco.conlterns-of-use



236 = Appendix il

EBSCChost - printed on 2/13/2023 3:41 AMvia . All use subject to https://ww.ebsco.conlterns-of-use



Appendix lll =—— 237

EBSCChost - printed on 2/13/2023 3:41 AMvia . All use subject to https://ww.ebsco.conlterns-of-use



Appendix IV

EBSCChost - printed on 2/13/2023 3:41 AMvia . All use subject to https://ww.ebsco.conlterns-of-use



Appendix IV —— 239

EBSCChost - printed on 2/13/2023 3:41 AMvia . All use subject to https://ww.ebsco.conlterns-of-use



240 — Appendix IV

EBSCChost - printed on 2/13/2023 3:41 AMvia . All use subject to https://ww.ebsco.conlterns-of-use



Appendix IV =— 241

EBSCChost - printed on 2/13/2023 3:41 AMvia . All use subject to https://ww.ebsco.conlterns-of-use



242 — Appendix IV

EBSCChost - printed on 2/13/2023 3:41 AMvia . All use subject to https://ww.ebsco.conlterns-of-use



Appendix IV =—— 243

EBSCChost - printed on 2/13/2023 3:41 AMvia . All use subject to https://ww.ebsco.conlterns-of-use



EBSCChost -

printed on 2/13/2023 3:41 AMvia .

Appendix V

Radiochim. Acta 99, 611-625 (2011) / DOY 10.1524/ract.2011.1870
© by Oldenbourg Wissenschafisverlag, Miinchen

Development of novel positron emitters for medical applications:
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Quality control / Radionuclide generator /

New generation high power accelerator

Summary. In molecular imaging, the importance of novel
longer lived positron emitters, also termed as non-standard
or innovative PET radionuclides, has been constantly increas-
ing, especially because they allow studies on slow metabolic
processes and in some cases furnish the possibility of quantifi-
cation of radiation dose in internal radiotherapy. Considerable
efforts have been invested worldwide and about 25 positron
emitters have been developed. Those efforts relate to in-
terdisciplinary studies dealing with basic nuclear data, high
current charged particle imadiation, elficient radiochemical
separation and quality control of the desired radionuclide, and
recovery of the enriched target material for reuse. In this
review all those aspects are briefly discussed, with particular
reference to three radionuclides, namely ®Cu, "1 and *Y,
which are p ly in great d d. For each rad Tid

several nuclear routes were investigated but the (p, #) reaction
on an enriched target isotope was found to be the best for
use at a small-sized cyclotron. Some other positron emitting
radionuclides, such as **Co, ™Br, ¥Zr, ®™Rb, *"Tc¢, "I,
eic., were also produced vig the low-energy (p.n), (p, )
or (d,n) reaction. On the other hand, the production of
radionuclides “Fe, "Se, *Sr, efc. using intermediate energy
(p,xn) or (d,xn) reactions needs special consideration, the
nuclear data and chemical processing methods being of key
importance. In a few special cases, a high intensity *He- or
a-particle beam could be an added advantage. The production
of some potentially interesting positron emitlers via generator
systems, for example #Ti/*Sc, 7Se/As and '""Nd/"°Pr is
considered. The significance of new generation high power
accelerators is briefly discussed.

1. Introduction

Radionuclides find application in many fields. However,
their major use is in medicine, both for diagnosis and ther-
apy [¢f. 1]. This is manifested by the International Sym-
posium on Radiopharmaceutical Sciences, held biennially
in some part of the world. The underlying principle of an

*E-mail: s.m.qaimé@fz-juelich.de.

in vivo diagnostic application is that the radiation dose ta
the patient is as low as possible, compatible with the de-
sired quality of imaging. This calls upon the use of very
special radionuclides which can be detected efficiently from
outside of the body. In general, short-lived p-ray emitters
or positron emitters are commonly used, the former finding
application in Single Photon Emission Computed Tomogra-
phy (SPECT) and the latter in Positron Emission Tomogra-
phy (PET). In contrast, an internal therapeutic application
requires that a certain amount of dose is specifically de-
posited in a malignant tissue. Thus for internal radiotherapy,
radionuclides emitting corpuscular radiation (a- or A~ par-
ticles, conversion and/or Auger electrons) are of interest,

The production of radionuclides for medical applica-
tions is carried out using both nuclear reactors and cy-
clotrons. The most commonly used SPECT radionuclide
7#Te (1), = 6.0h) is produced using a nuclear reactor. Its
widespread use is mainly based on its convenient availabil-
ity as a "Mo /"™ Tc generator. Many of the cyclotron pro-
duced y-ray emitting radionuclides, such as “Ga (7, =
78.3h), "'In (1);; =2.9d), "1 (T} =13.2h) and *"'T1L
(7,2 =73.1 h) also find application. They are commercially
available. In recent years, however, the positron emitting ra-
dionuclides have been gaining more significance because
PET has made it possible to quantitatively measure regional
activities of a molecule (labelled with a positron emitter)
with high sensitivity and a spatial resolution of a few mm.
The commonly used short-lived organic positron emitters,
viz. "C (112 =20.3 min), N (1}2 = 10.0 min), "0 (T} =
2.0min) and "*F (7}, = 110 min), are produced via low-
energy nuclear reactions at small-sized cyclotrons [¢f. 2].
Besides those four organic positron emitters, two other
short-lived positron emitters, namely “Ga (7,; = 67.6 min)
and ¥Rb (7, = 1.3 min), are produced via generator sys-
tems. Their respective long-lived parents “Ge (7}, =271 d)
and “Sr (7}, =25.3d) are produced through intermedi-
ate energy nuclear reactions. The whole PET technology
{consisting of eyclotron, radionuclide production unit, and
automated radiosynthesis apparatus) is now commercially
available,

Among the therapeutic radionuclides, "1 (7}, = 8.02 d)
is by far the most important, having an established place in
the management of follicular thyroid carcinoma. The other
radioiodine, "I (7, = 59.41d), is used in Auger elec-
tron therapy. Several other reactor produced radionuclides,
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for example P (T;, = 14.3d), ¥Sr (T, = 50.5d), ™Y
(T2 =2.7d) and '"¥Sm (T),; = 1.9d), find application in
palliative treatment. In recent years cyclotrons have also
been increasingly used to produce some therapeutic radionu-
clides, in particular those emitting low energy but highly
ionising radiation [cf. 3].

Today, research work on radionuclides for nuclear med-
icine is carried out mainly in two directions:
1. Development of novel longer lived positron emitters.
2. Development of novel low-energy but highly ionising ra-

diation emitters for intemal radiotherapy.
This article deals with nuclear and radiochemical aspects
of development of novel positron emitters. Those radionu-
clides can only be produced at cyclotrons (or accelerators).
With the increasing significance of PET in diagnostic nu-
clear medicine, the need for longer lived novel positron
emitters, also termed as non-standard or innovative positron
emitters, has been increasing, especially for studying slow
metabolic processes [¢f. 4]. Some aspects of their produc-
tion have been considered [¢f. 5-8]. The present review
discusses their production methodologies in more detail.

2. Fundamental considerations in development
of novel positron emitters

The development of a novel positron emitter has to comply
with certain constraints with respect to production possi-
bilities (e.z. type of available cyclotron, yield of nuclear
reaction to be used, enrichment of the target material, erc. ).
It calls upon interdisciplinary work comprising nuclear data
measurement, high-current targetry, chemical processing,
automation of the procedure and quality control of the prod-
uct. Furthermore, its suitability for imaging, which is related
to its decay characteristics, also needs to be demonstrated.
A discussion of all those aspects, is given below, furnishing
examples from a few recent investigations,

2.1 Nuclear data
2.1.1 Reaction cross section data

In cyelotron production of radionuclides, the reaction cross
section data play a very important role [¢f. 9, 10]. One needs
the full excitation function of the nuclear process under
consideration to be able to calculate the expected produc-
tion yield with a reasonable accuracy. The data are needed
mainly for the optimization of the production route, ie to
maximize the yield of the desired product and to minimize
the yields of the radioactive impurities, The calculated yield
value of the desired product represents the maximum yield
which can be expected from a given nuclear process. It
should be pointed out that, whereas the non-isotopic impu-
rities produced can be removed by chemical separations, the
level of isotopic impurities can be suppressed only by using
an enriched isotope as target material and/or by a careful se-
lection of the particle energy range effective in the target, the
latter information being derived from the respective excita-
tion function.

Besides isotopic impurities, isomeric impurities also
need to be considered. Several novel medical radionuclides
have isomeric states, which are rather disturbing. A few
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Proton energy [MeV]

Fig. 1. Excitation functions of """ Te(p. xn)-reactions leading to the for-
mation of " %[ and "] The solid lines are eye-guides. The
shaded area gives the optimum energy range for the production of '*%]
(after Ref. [13]).

examples are “"Y(**Y), ¥ Te(™Te) and “"™1(*™1). The
isomeric impurities cannot be controlled through a care-
ful adjustment of the energy window (as mentioned above).
Since the isomeric cross section ratio is primarily depen-
dent on the type of reaction involved [¢f. 11], it is essential
to investigate all the possible production routes and then
to choose the reaction and the energy range giving the
best results. Obviously, nuclear data play here a very im-
portant role. Nuelear reaction cross section measurements
performed [12, 13] in connection with the development of
the positron emitter "1 (7},5 = 1.35 h) provide a good ex-
ample of the importance of nuclear data. The results on
the "Te(p, xn)""™1*™¢] reactions [13] are shown in Fig. |.
The energy range £, = 16 — 9 MeV appears to be optimum
for the production of "1. Over this energy range the cal-
culated thick target yield of "1 is high (2.3 GBq/pA h),
and the levels of the impurities are: 120m1 (4 8%) and '"1
(4.4%). The impurity "1 is not a problem. Being short-lived
(Ty: = 19.1 min), it almost completely decays out during
the separation of ™1 from the irradiated target. The iso-
meric impurity ™1 (7}, = 53min) is also shorter lived
as compared to "1 its relative contribution would there-
fore decrease with the decay time. On the other hand, if
the reaction "*Te(p, 3n)"*™=] is used [12] for the produc-
tion of "1, with a calculated thick target yield of "1 of
3.6 GBq/pA h over the energy range of £, =37 — 32 MeV,
the contribution of '™ may amount up to 25%,

Extensive nuclear data studies in connection with the
development of innovative positron emitters have been car-
ried out at the Forschungszentrum Jillich over the last
25 years. In most of the cases the low-energy (p.n) re-
action on a highly enriched target isotope was found to
be ideal. The pertinent examples are: “Ni(p, n)*Cu [14],
Se(p, n)*Br [15], “Kr(p.n*Rb [16], “Sr(p, n)*Y
[17], “Mo(p, n)*"Te [18], ""Te(p,n) ™1 [13] and
" Te(p, n)'™1 [19]. In the case of “Cu, *Y and '*I, the
three most prominent novel positron emitters, the suggested
(p, n) reaction has become the method of choice for obtain-
ing a high-purity product.

Besides the (p, n) reaction, for several radionuclides
other low and intermediate energy reactions, for example,
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(poee), (don), (p.xn), (d, xn), (*He, xn) and (e, xn), have
also been investigated. Furthermore, in several cases, for
example ®Cu and "1, extensive comparisons of various
production routes have been presented [¢f. 8, 20]. Detailed
evaluations of the data using nuclear model calculations and
statistical fitting procedures have also been performed for
several radionuclides [¢f. 21-24]. Thus the nuclear reac-
tion cross section database for the production of innovative
positron emitters appears to have considerably improved in
recent years.

2.1.2 Decay data

In addition to the production data, some attention also needs
to be paid to the radioactive decay data. Those data are of
considerable significance in determining the quality of the
image and the radiation dose deposited while using that ra-
dionuclide. In general, the decay data are fairly well known
(cf. e.g. Evaluated Nuclear Structure and Decay Data File
(ENSDF)). A problem with many of the novel positron
emitters, however, is that the positron emission intensity
is often rather low and not exactly known (¢f. Report:
TAEA-INDC{NDS)-0535 (2009)}), thereby causing some un-
certainty in the quantification of tomographic scans. Since
decay schemes of many of the medically interesting radionu-
clides were determined using mixtures of radionuclides, of-
ten utilising detectors with rather poor resolution, it appears
worthwhile to reinvestigate some of the special radionu-
clides in more detail using radiochemical techniques. Many
of those medical radionuclides can now be produced with
very high purities; the use of ultrapure sources should thus
provide accurate information on the decay data as well,
Some measurements on the positron emission intensities in
the decay of “Cu, ™Br, ™I and '*'1 have recently been
carried out [25, 26]. Similar measurements on several other
novel positron emitters also need to be performed.

2.2 High current targetry

The high current irradiation technology needed for medium
to large scale production of a radionuclide is rather different
from the low current irradiations performed for nuclear reac-
tion cross section measurements. In fact the development of
targetry for irradiations with intense charged particle beams
constitutes one of the major efforts in cyclotron production
of radionuclides [¢f. 27]. The loss of energy of the charged
particle in the target generates a lot of heat and, i high
currents are used, the power density effective at a target
may reach a high value (up to a few kW em™). An efficient
heat transfer is thus one of the prime requirements in target
construction. Several other considerations for target design
are: (1) ease of chemical separation of the radicactive prod-
uct, (2) high yield of the product, (3) radionuclidic purity,
(4) chemical reactivity and specific activity of the desired
product, and (5) recovery of enriched target material.
Whercas in the production of conventional short-lived
organic positron emitters for PET, which are isotopes of
light elements, gaseous and liquid targets are used, for the
production of innovative positron emitters under considera-
tion here, use is generally made of solid targetry [¢f. 3,27],
as it is done in the case of several SPECT radionuclides,

eg. “Ga, "'In and *TI. Occasionally a gas target is also
used.

Irradiation of solid material is often carried out in a con-
ventional target system, where the front side consists of
a double foil window through which He gas flows for cool-
ing the target material. The back side of the target is cooled
by flowing water. The beam impinges on the target orthog-
onally. Rather commonly employed solid targetry today in-
volves preparation of a relatively thick layer (up to a few
hundred pm) of the target material via electrolytic deposi-
tion on a metal backing, and irradiations are performed with
slanting beams. In other cases, where no ¢lemental material
is employed, suitably prepared alloys or intermetallic com-
pounds are also used. Oceasionally, the target material is an
oxide which is spread on another metal, melted or sintered,
and then used as an irradiation target.

A typical solid target system used, eg for the pro-
duction of *Co and *Cu via the reactions “*Ni(p, &)*Co
and “Ni{p, n)"Cu, respectively, is shown in Fig. 2 [28].
The corresponding highly enriched nickel isotope is electro-
plated on an oval shaped gold backing which fits in a target
holder designed 1o be exposed to the charged particle beam
at an angle of 20°. The target holder is cooled at the back
by a water jet. Beam currents of about 30 pA are commonly
used. With a better design of the system, beam currents of
up to 300 pA could be put on the target. The same target set
up has also been employed in the production of '**1 via the
1#¥Te( p, m)-reaction. In this case the target material "**TeO,
is melted on a Pt backing (rather than electroplating on gold)
which is then attached to the target holder for irradiation.

For noble gases as target material, e.g. for the production
of ¥K, *'Rb, ¥ Rb and ¥Sr via the reactions *Ar(p, ny*K,
2Rr(p, 2n)"Rb, PKr(p, n)*Rb and “Kr(*He, 2n)*Sr,
respectively, a typical target system used is shown in
Fig. 3 [29]. The conical shaped target has a double foil
window in front, which is cooled by He gas. The other acces-
sories form a complex system for sale handling of the highly
enriched rare noble gas (filling the target, irradiation and its
recovery for reuse). Beam currents of about 30 pA are used.

Fig. 2. Typical solid target system used for the production of *Co,
“Cu ar "1 vig the nuclear reactions *Ni(p. @) Co, *Ni(p, m)*Cu
and " Te(p. n)'*1, respectively. In the first two cases, the highly en-
riched target material is clectrolytically deposited on oval shaped gold
backing; in the latter case **TeO, is melted on a Pt backing. The target
fits in a target holder which is exposed to the proton beam at an angle
of 20¢ and is cooled at the back by a water jet (after Ref. [28]).
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foil window in front, which is cooled by He gas. The other accessories form a compact system for safe handling of the highly enriched rare gas.

The product ““Rb is

fliciently removed from the target inner wall by introducing steam, and is collected in water. The same system has been used

also for the production of K, ¥Rb or ®Sr vig the nuclear reactions “Ar(p, n)*K, “Kr{p, 2n)"Rb and “Kr(*He, 2n)"'Sr, respectively; in ¢ach
case proper target gas and charged particle beam energy have to be used (adapted from Ref. [29]),

Afier irradiation, at first the enriched target gas is recovered.
The product alkali or alkaline earth metal activity remains
adsorbed on the inner walls of the target. For its removal,
superheated steam (at 500°C) is introduced in the target.
On cooling, the condensed water is forced out by a stream
of nitrogen and is efficiently collected in a trap. The pro-
cess is repeated seven times so that = 90% of the activity is
accumulated in about 2.5 mL of water.

2.3 Chemical processing
There are two major aims of chemical processing:

I. to isolate the desired radionuclide in pure form,
2. to recover the enriched material for reuse.

In production of novel positron emitters, both dry and wet
chemical separation methods have been applied [c¢f. 3]. The
dry method involves distillation and thermochromatogra-
phy. The best example of the dry distillation technique is
furnished by separation of the increasingly important ra-
dioiodines, especially "1 and "I, from irradiated " TeO,
and "TeO, targets, respectively, at 755°C [¢f. 30]. Ra-
dioiodine is collected almost quantitatively and the target
is regenerated (without much loss) for the next produc-
tion run. Thermochromatography, on the other hand, in-
volves the formation of a chemical species of the radioac-
tive product which leads to its removal from the irradi-
ated target but the vapour pressure of which is not high
enough to allow its transport to large distances. The ac-
tivity gets deposited in the cooler part of the thermochro-
matographic tube from where it is generally removed
by rinsing. The method has been successfully employed

in the separation of ™Se [31,32], ™Br [33], ™Br [34]
and "™ Te [35]. The thermochromatographic behaviour of
a proton-irradiated Cu,As-target in an oxygen atmosphere
is shown in Fig. 4 [32]. The major radioactive products
formed are 7Se, ™As and *Zn through the nuclear reac-
tions As(p, 3n)7Se, "As(p, pn)*As and “Cu(p, n)*Zn,
respectively. The removal of [*As]As,0; is carried out at
about 660 °C and that of radioselenium at about 1100°C,
while *Zn remains in the quartz tube within the oven area. It
should, however, be mentioned that thermochromatography
only serves to concentrate the desired activity at one point. It
does not necessarily give a pure product. For a cleaner sepa-
ration, a subsequent wel chemical step is often necessary. On
the other hand, the recovery of the enriched target material is
relatively easy while using distillation or thermochromatog-
raphy for the separation of the desired radioactive product.
In many production processes a wet chemical procedure
is absolutely necessary. Preferentialy solvent extraction and
ion-exchange techniques are used but occasionally a prior
concentration of the radionuclide is achieved through co-
precipitation, adsorption, efc. Several of the emerging ra-
dionuclides are separated using these methods. In the pro-
duction of “Cu via the *Ni(p, n)-reaction, for example,
anion-exchange chromatography was applied [¢f. 14]. In the
production of *Y via the “*Sr(p, n)-reaction the separation
proceeds in two steps [36]. The irradiated enriched “SrCO;
is dissolved in a small volume of cone, HCI and no-carrier-
added ™Y is coprecipitated with La(OH); by addition of
NH,OH solution. The precipitate is centrifuged off and
taken up in a few drops of HCI, The separation of radioyt-
trium from inactive La is then effected through ion-exchange
chromatography by elution with e-hydroxyisobutyric acid,
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Fig.4. Two step thermochromatographic procedure for separation of
radioselenium from the Cu, As-target irradiated with protons (adapted
from Ref. [32]). (a) Removal of ["As]As,0, from the target in an
oxygen siream at 660°C to zone (a). The deposition profile was de-
termined using the 595keV y-ray of “As. (b) Replacement of the
external quartz tube by another quartz tube, Removal of radioselenium
at 900-1100°C to zone (a). The activity profile was determined using
the 361 keV y-ray of "Se. The volatalized “Zn0Q remains in the quartz
tube within the oven area.
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either by normal pressure [36] or in combination with high
performance liquid chromatography [37]. Fig. 5 shows the
elution profile of radioyttrium. The activity amounting to
several GBq is collected in only 150 plL solution. The sep-
aration of *Mn, **Fe, *Co, ¥7r, efc. is also carried out vig
wn-exchange chromatography.

2.4 Remote handling

In a real production run the aim is to achieve the maximum
batch yield of the radionuclide (with the minimum level of
the radionuclidic impurities). The amount of radioactivity
involved is rather high (often up to 100 GBqg). All the unit
operations, such as removal of the irradiated target from the
beamline, its transfer to the radiochemistry laboratory, and
finally the chemical processing, need to be handled remotely
in order to decrease the radiation dose to the researcher.
Some of those operations even demand automated methods
to avoid human errors. Many of the novel positron emitters
are still at the experimental stage of production for local use,
On the other hand, a few of them have passed that stage;
their large scale production now appears necessary and use-
ful, The examples are: “Cu, *Y and 1. In those cases the
need for development of remotely controlled or even auto-
mated methods of production is imminent.
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Fig. 5. Elution diagram of radioyttrium from a column filled with
Aminex A5 cation-exchanger (4mm @ x 40 mm). The no-carrier-
added ™Y, coprecipitated with La(OH);, was dissolved in a small
volume of HCland transferred to the above column, Elution was done
with e-hydroxyisobutyric acid (a-HIB). The *Y activity was collected
in a few drops (after Ref. [36]).

2.5 Quality control of the product

An important step in a chain of operations for the produc-
tion of a novel radionuclide consists of quality assurance of
the obtained product. In general, four characteristics need to
be considered. These are radionuclidic purity, radiochemical
purity, chemical purity and specific activity. A brief discus-
sion of each item is given below.

The radionuclidic purity means the absence of any other
radionuclide. This is achieved via the choice of a suitable
nuclear process and energy range, combined with a clean
chemical separation. The radionuclide '*'1, for example can
be produced viag a large number of reactions [¢f. 20]. How-
ever, its production is carried out today mainly using the
"*Te( p, m)-reaction on a highly enriched **TeO, target over
the energy range of E, = 14 — 9 MeV. Although the yield
of this process is not very high, the resulting product is very
pure ("1 impurity < 0.1%).

The radiochemical purity means that the radiochemically
separated product is in the form of one major chemical
species. In the case of a solid target the separated radionu-
clide is generally brought into a desired radiochemical form
through oxidation/reduction cycles. The radiochemical pu-
rity is generally tested by radiochromatographic methods,
such as thin layer chromatography (TLC), e.g. in production
of “Te¢ [¢f. 35], high performance liquid chromatography
(HPLC), e.g. in production of " and '*'I [¢f. 30], and ion-
exchange chromatography, e.g. in production of Y [¢f. 36,
37]. A typical example relevant to *™Te production [35] is
shown in Fig. 6. The thermochromatographically separated
fraction was dissolved in a small volume of 10~ M NaOH
and the solution subjected to TLC analysis. Two species
were detected (Fig. 6a), one representing TeO,™ (R = 0.95)
and amounting to 80-90%, and the other a radiochemical
impurity ( Ry == 0) with the contribution of 5-10%. When the
solution was passed through a small alumina column, it was
purified; the technetium then oceurred almost 100% in the
chemical form of pertechnetate (Fig. 6b).
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Fig. 6. Radiochemical quality control of the radiotechnetium solution
(afier dissolution of the thermochromatographically separated tech-
netium fraction from a MoO; target) in 10~ M NaOH: (a) original
solution, (b} after final purification using alumina column chromatog-
raphy. § denotes starting point and F the final position. Thin layer
chromatography was done on Merck TLC plates (silica gel 60 Fy,),
and acetone was used as solvent system (after Ref. [35]).

The chemical purity means the absence of inactive im-
purities which are generally introduced vig the chemical
reagents used in the production of the radionuclide. Apart
from their possible toxicity, those impurities may form com-
plexes with the radionuclide, thereby decreasing its reactiv-
ity. The chemical purity appears to be more important in
the case of metal radionuclides, such as novel positron emit-
ters, than for radionuclides used in the labelling of organic
compounds. For checking the chemical purity one or more
of the standard techniques, such as atomic absorption (AA)
spectroscopy, ultraviolet (UV) or infrared (IR) detection, in-
ductively coupled plasma-mass spectrometry (ICP-MS) and
polarography are used.

The specific activity is defined as the radioactivity per
unit mass of the produet. Cyclotron production of radionu-
clides leads inherently to high specific activity products,
unless some carrier inadvertently gets introduced by impure
target material during the chemical processing stage. The
co-production of stable or longer-lived species also needs
to be considered since it would decrease the specific activ-
ity of the desired product. In case of metal radionuclides
it is quite a serious consideration; very pure reagents and
clean working methods are absolutely needed. For estimat-
ing the specific activity, generally the radioactivity of the
whole batch is measured in an fonisation chamber and the
mass is determined using a sensitive detection method, such
as UV, IR, refractive index or conductivity measurement.

It should be mentioned that the above discussed four
quality assurance tests refer to the radionuclide in its original
form. They are crucial with respect to further processing of
the radionuclide. If the radionuclide is converted into a ra-
diopharmaceutical for human use, several further stringent
tests, like those for sterility, apyrogenicity and toxicity, also
become mandatory.

2.6 Suitability of novel positron emitters for PET
imaging

In contrast to standard positron emitters, PET imaging with

novel or non-standard positron emitters is often associated

with two major problems:

1. High end-point energy of the positron,
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2. Emission of y-rays accompanying the positron.

These may cause reduction of spatial resolution and blur-
ring of the image. PET phantom measurements are therefore
needed to demonstrate the suitability of a novel positron
emitter for imaging purposes [¢f. 38-44]. The high positron
end-point energies of “Ga, ™Br and "1 (in each case
around 4 MéV), for example, limit the use of those radionu-
clides. Similarly the large number of y-rays associated with
several radionuclides, e.g. "Br and *Y, cause considersable
distortion of images. However, with the development of ef-
ficient algorithms these effects can be often efficiently cor-
rected [cf. 38—44]. Thus, prior to application, the correction
factor needs to be determined individually for each novel
positron emitter through PET phantom measurements.

3. Production of novel positron emitters

Several types of accelerators and nuelear reactions have
been used for the production of novel radionuclides. A dis-
cussion is given below.

3.1 Production using low-energy reactions

Most of the novel positron emitters have been developed
at laboratories where standard positron emission tomogra-
phy facilitics already existed. Since at PET centres generally
only a small-sized cyclotron is available (with £ < 20 MeV),
almost all of the development work has been carried out
using those cyclotrons. A brief overview of the produc-
tion routes using low-energy reactions is given in Table 1
[ef. 13-19, 28-30, 34-37, 45-50, 53-92]. In each case, ex-
cept for “Ti, *Mn, ®As, “Zr and "Nb, highly enriched
target material was used. The suitable energy range, the
thick target yield calculated from the excitation function,
the expected radionuclidic impurities and the relevant ref-
erences are given. For production, in general. solid tar-
getry was used, except for the *Ar{p, ny*K, *Kr(p, )*Br,
HKr(d, «)Br and “Kr(p, n)*™Rb reactions where gas tar-
getry was employed. Technical development work has been
performed in many institutes around the world but several
of the radionuclides have been investigated only in one or
two laboratories, with limited application. Radionuclides of
more general interest are “Co, "' Cu, "As, "Br, ¥Zr, *"T¢
and "1, Their production methods have been well worked
out [¢f, 14, 34,35, 68-70, 81-89] and radionuclidically pure
products are available for medical development work. On
the other hand, three novel positron emitters, namely “Cu,
Y and "1, have become of wide interest and are now in
great demand. Their production is discussed in some detail
below.

The radionuclide **Cu emits low-energy positrons, has
no disturbing y-ray and has a suitable half-life 1o study slow
metabolic processes. The production route “Ni(p, #)*Cu,
originally suggested by the Jiilich group [14], has been fur-
ther developed in several other laboratories [c¢f. 45-50].
In a recent work sophisticated targetry calculations have
been done [50]. Batches of about 40 GBq are now rou-
tinely produced. Several intermediate energy reactions have
also been investigated for the production of “Cu [for re-
view ¢f. §21], but the levels of impurities are higher.
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Table 1. Novel PET radionuclides produced at low-energy eyclotrons (£ < 20 MeV),

Decay data® Production data®
Radio- T as Ege E, Commaon Energy Calculated  Radionuclidic  Reference
nuclide [%a]  [keV]  [keV (%0)] production Irl\‘ain c\fl ’MByielfA e imp‘;‘ri:y
route q/ (%)
»y. 7.6min 99.4 2724 2168(99.9) HAr(p.n) 16— 12 777 - [63]
i 3.08h 848 1040 719 (0.15) “Seip.n) 125 10.5 3374 ad [64,65]
“'Mn 46.2min  97.1 2185 749 (0.26) “Cr(d. n) 10—4 700 “oMn (=4) [66]
“Mn 5.6d 296 576 1434 (100} “Cr{p, xn) 20— 10 04 Mn (< 0.5) [66,67]
935 (94)
“Co 17.5h 76.0 1498 931 (75) “Nilp. a) 157 14 “Co (0.5) [68]
477 (20) “Fe(d,n) 105 12 w1 (< 0.1) [69,70]
“Cy 3.3h 610 1215 283 (12.5) “INi(p, 1) 129 647 DOy (14.6) [14]
656 (10.7) “Zn(p, o) 19 = 10 366 “Cu (0.5) [82]
20y 9Tmin 974 2926 1173(0.34) ENi(p, n) 14 = 10 13 % 10° SOy (0.8) [71]
0y 12.7h 17.8 653 1346(0.53) “Ni(p, n) 129 236 “Cy (0.4) [14,72]
HGa 9.5h S6° 4153 1039 (38) “Fnip, i) 138 433 - [73]
2752 (23.8)
TAs 26.0h 878 334 8M(79.5) =Gl p, xn) 188 93 TAs (< 10} [74]
" 1.6h 7 286 (9. -"‘ . T— 7 - 75
" ’ WO oS e emen ()
"Br 16.2h 582 3941 559 (74) “Selp, ) 15> 8 360 - [15]
657 (15.9) TKr(d. a) 13-4 .06 = [76]
1854 (14.7)
“'Rb 4.6h 2771026 190 (64.3) Kr(d, n) 14—6 372 mRb(<0.1) [78]
446 (23.3)
“m Ry 6.5h 217 899 776 (84.5) “Krip.n) 145+ 10 370 “Rb (0.01) [16]
1044 (32.1)
1317(23.7)
ny 14.7h 33¢ 2019 1077(82.5) “Sr(p, n) 14— 10 400 Fmey (3) 7
628 (32.6)
1153 (30.5)
nzy 784 h 223 897 909 (100} YUY (p, n) 12— 6 43 B (<0.1) [79]
HNb 14.6 h 1.2 1500 1120(92.T) =7 p, xn) 158 423 LHSN (3) [80]
2319 (82.0)
141 (66.7)
TS 52 min 720 2470 871(94.2) “Mo(p, n) 137 2% 10 METe (6) [18,89]
| L.3h 56.0 4593 560 (73) Te(p, n) 159 2= 107 1=l (4.8) [13]
1522(11.2) " Teld, 2n) 149 09 1 (68) [88]
L 4.18d 220 2137 603 (61) Ue(p,n) 12=+8 16 ] (0.1) [19]
1691 (10.4) " Te(d, 2n) 14— 10 17.5 2] (1.7) [54]
723 (10.0)

a: Decay data were mostly taken from ENSDF. For “Cu, ™Br, '**I and "1 the /s« values were adopted from Refs. [25,26].
b Using highly enriched isotope as target material, unless monoisotopic or denoted otherwise.
¢ f value has rather large uncertainty.

d: Experimental value,
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Small amounts of “Cu can also be produced using the
deuteron induced reactions on ®Zn and ™Zn [¢f. 51,52].
Due to extensive demand for this radionuclide for radioim-
munotherapy, attempts are underway to commercialize its
production.

The radionuclide '**1 is both a diagnostic and a therapeu-
tic agent. It was originally produced via the '**Te(d, 2m)'*'1
reaction [53]; accurate cross section data were measured
later [54]. Several other reactions have also been investi-
gated [¢f. 20-24]. However, due to the high level of the
(1), = 60.0 d) impurity associated with those processes,
the method "*Te( p, n)"**1 suggested by our group [19], was
found to be more suitable. With this process the '*'I impu-
rity level is < 0.1%. Today almost all the laboratories use
this method [¢f. 55-58]. It involves irradiation of a **Te0,
target and removal of radioiodine by a dry distillation pro-
cess [¢f. 30]. The yield is rather low and the product is some-
what expensive. Nonetheless, due to increasing demands for

this radionuclide, efforts are underway to produce this ra-
dionuclide in larger qunatities.

The production of ®¥ was also investigated in detail at
Jiilich and the reaction *Sr(p, n)*Y was found to be the
most suitable [17, 36, 37]. The irradiated *SrCO, target was
dissolved in a small volume of conc. HCI and the separa-
tion of radioyttrium was carried out, as mentioned above,
by coprecipitation followed by ion-exchange [36]; later in
combination with HPLC [37]. Four other methods of sepa-
ration have also been applied: one involves electrolysis [59,
90, 911, the other one multiple column chromatography [60],
the third one solvent extraction [¢f. 61], and the fourth one
a simple precipitation of the target material [62,92]. The
electrolytic method appears to be more promising. The ra-
dionuclide ™Y obtained has a purity of about 99%. The
target material *Sr is recovered easily and, since the sug-
gested proton energy of 14 MeV is below the threshold of
the **Sr(p, pn)™Sr reaction, the recovered target material is
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free of any radioactive impurity. In contrast, the interme-
diate energy reactions used for the production of ™Y, eg.
TSr(p, 20)°Y and ®Sr(p, 3n)Y reactions, lead to high
Y impurity (see below).

The radionuclide ™Y has become the most suitable
positron emitter for quantification of radiation dosimetry of
“¥-labelled therapeuticals. The demand for this radionu-
clide is also increasing and so its large scale production is
being planned at several centres.

3.2 Production using intermediate energy reactions

Despite the above discussed capability of low-energy nu-
clear reactions on highly enriched target isotopes to produce
many novel positron emitters there are some radionuclides
which can be produced exclusively or alternatively using
intermediate-energy reactions. A list of those radionuclides
is given in Table 2 [¢f. 93-122]. Some of the examples
are: “Fe(p, 2n)*Co, ™Se(p, 2n)*Br, ""Cd(p, 2n)"""In,
B Te(p, 2n)' 1, *Ar(p, 3n)F K, TAs(p, 3n)"Se, "Br(p,
3n)7Kr, “Rb(p, 3n)Sr, " Te(p, 3m)'**1, “Mn(p. 4n)"Fe
and “Zn(p. an)*Cu. The (p.2n) reaction can generally
be performed at a 30 MeV cyclotron. For other reactions,
higher proton energies, in some cases up to 100 MeV, are
needed. With the emission of a large number of nucleons,
the nuclear data work becomes rather extensive. As a typ-
ical example, the excitation functions of several measured
reactions in the interaction ol protons with “Rb [123] are
shown in Fig. 7. Evidently, for the production of a desired
radionuclide, a narrow energy window has to be chosen.
In the example given above, the suitable energy range for
the production of the novel positron emitter *Sr amounts
to £, =38 — 30MeV. Similarly, the radionuclide *Sr
(the parent nuclide used in the preparation of the standard
“8r/“Rb generator system) is advantageously produced
over the energy range of £, = 70 — 50 MeV,

Although in the intermediate energy region mostly pro-
tons are available and are also preferably used, other
charged particles like deuterons, *He- and g-particles may
also induce a few useful reactions. For example, the in-
termediate energy deuterons could be useful in the pro-
duction of “*Cu via the ™Zn(d, x)-process [100, 101] and
"Se via the ™As(d, 4n)-reaction [102]. Similarly, "Br
and ™Br are still produced via the *As(*He, 3n)*Br and
As(*He, 2n)"Br reactions, respectively, because of the
difficulty in target construction while using enriched ™Se.
In some other cases, e.g. “*Fe, "Kr, ®Sr, *Y and *Tc,
the use of the *He-particle beam is optional, the yield
being lower than that using the corresponding (p, xn) re-
action. As far as the a-particle beam is concerned, o date
the radionuclides P and **K have been exclusively pro-
duced in GBq amounts by an («, #) reaction [¢f. 124, 125].
In case of non-availability of 40MeV protons, the util-
ity of the ™Ge(a,n)™Se reaction in the production of
“Se in GBq amounts has also been demonstrated [31].
The use of the ™Cule, x)*Ga and “Srie, x)”7r reac-
tions to produce “Ga and ¥Zr is again optional [115, 133],
since the vields of the commonly used **Zn( p, n)*Ga and
“Y(p.n)"Zr processes are much higher. The possibil-
ity of production of ®Sr vig the ®Kr(a, 4n)*Sr reaction
has also been investigated [126]. Though less effective,
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Fig.7. Excitation functions of proton induced nuclear reactions on
“Rb. (a) “Rb(p, xn)-reactions leading to the formation of the ra-
dionuclides **Sr, “*Sr, “Sr and *'Sr. (b) “Rb{p, pxn)-reactions giving
rise to the radionuclides **Rb, “Rb, “Rb and *'Rb. The experimental
data [112,123] are shown as eye-guide solid curves and the results of
calculations using the nuclear reaction model code ALICE-IPPE [123]
as dotted curves. With increasing projectile energy the number of ra-
divactive products formed increases considerably.

it could be an alternative method to the “Rb(p, 4n)“Sr
process if the available proton energy is below 70 MeV.,
Very recently the "Sb(w, 3n)'**1 reaction was carefully
studied [122] and it was concluded that irradiation of '*Sb
with 45 MeV e-particles, especially in a parasitic position,
could lead to appreciable quantities of the radionuclide
IBII_

The above discussion shows that intermediate energy
cyclotrons have great potential for production of novel
positron emitters. For most of the listed radionuclides, suf-
ficient quantities for medical applications have been pro-
duced. However, a eritical look at the various processes is
necessary. The radionuclides P and *K are shori-lived
and can only be locally used. The radionuclides “Mn,
*Co, *Cu, “Ga, “Br, *Y, “Zr, *"Tc and "™ pro-
duced vig intermediate energy reactions (¢f. Table 2 and
also Refs. [127-130]) often contain larger radionuclidic
impurities than in the case of low-energy production re-
actions, so that their preferred routes are those given in
Table 1. This has been clearly demonstrated in the case
of *Co, ™Y and "™1. Whercas the “Fe(p, 2n)*Co [98],
H8rip, 3n)™Y [116] and '"#Te(p, 3n)"™1 [12] reactions
give much higher yields of the products than the low-¢nergy
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Table 2. Novel PET radionuclides produced using i fiate energy ¢
Decay data” Production data
Radie- T [ Epg+ E, Commaon Energy Calculated  Radionuclidic  Reference
nuclide [%a] [kev] [keV (%)) production range yield impurity
route [Mev] IMBg/pA h) (%)
op 25min 999 3245 2235 (0.06) 7 Al (e, n) 28— 10 740 - [93]
WK T.6min 99.4 2724 2168 (99.9) BCle, n) 227 270 > [94]
WAr(p, In) 3923 550 5 [95]
Mn s6d 296 576 1434 (100) 20 *He, 1) 36— 10 56 “Mn (0.8) [96]
935 (94)
SFg 83h 555 806 169 (99.2) “Mnip,4n)  100== 60 2 “Fe (<2) [97]
“2Cr(*He, 3n) 36—+ 17 13 “Fe (< 0.01) [96]
®Co 17.6h  76.0 1498 931 (75) “Fe(p, 2n) 3218 130 *Co (2) [98]
477 (20)
“Cu 12.7h 178 653 1346 (0.53) “Zn(p.an)® 021 116 “Cu (= 0.1) [99]
“Zn(d, x) 2510 57 Cu (=1) [100,101]
“Ga 95h 567 4153 1039 (38) “Cufer, x) 20— 10 33 “Ga (1.2) [133]
2752(23.8)
Tige 71h 654 1651 67 (70) As(p, 3n) 4030 14 % 10° [102]
361 (97) ™ As(d, 4n) 4533 650 HGe (<0.3) [102]
iGe(*He, xn) 36—+ 13 37 nTGe (2.0) [103]
I Ge(gr, xn) 28— 13 26 g (1.0) [103]
“Br{p, x) 63— 42 81 F8e (1.2) [104]
By 16h T3 2008 286 (92) FAsCHe, 3n) 36— 25 278 *Br (1.7) [105]
Se(p, 2n) 24121 1.2x 10 Br (2) [106-108]
TSelp, 3n)t 60— 40 2x10 "Br (25) [108]
"Br 16.0h 582 3941 559 (74) As(*He, 2n) 18—=10 11 "Br (1.6) [105]
657 (15.9) TSe(p. 2m)" 66— 14 1.3x 10 TBr (< 15) [108]
1854 (14.7)
TKr 12h 84 2041 130 (80) 7Se("He. 3m)" B—=15 425 PKr (0.7) [109]
146 (38) TBr(p, 3n)" 40— 30 T4 % 10° PKr (< 1) (1]
HRb 460 277 1026 190 (64.3) SKrip. 2n)" 2719 1.8% 10° Smph (7) [
446 (23.3)
gy 324h 267 1254 763 (30) “Rb(p, 3m)t 37—+ 30 160 8 (0.2) [12)
381 (19.6) 2Kr(*He, 2m)" 18— 10 5 28 (0.2) [113]
Hy 14.7h 33 2019 1077 (82.5) “Rb(*He, xn) 412 190 Ty (12) [17
628 (32.6) “Sr(p, In)* 4230 1.0 10° Y (10.0) [114,1186]
1153 (30.5)
s7r 78.4h 223 897 90 ( 100) S (o, x) 20— 8 09 BEr (0.6) [115]
=T 52min 720 2470 871 (94.2) “Nb(*He, 2n) 18— 10 33 T (25) 7
Mo, ) 26—+ 18 a8 T (30) [118]
1o [y L1k 62° 2300 658 (98) 19Cd(*He, x)*  36-»25 81 [ (< 0.8) 19
nedip, 2n) 23 16 6= 107 e ((10) [120]
] I.3h  56.0 4593 560 (73) = Te(p, 3m)" 3732 36x 10" 1] (25) [1z]
1522(11.2)
L1 4184 220 2137 603 (61) " Te(p, 20 215 93 E{0.7) (21
1691 (10.4) B 8h(e, 3m)" 4530 16 6] (2.5) [122]

723 (10.0)

a: Decay data were mostly taken from ENSDF. For “Cu, *Br, "1 and "I the /,. values were adopted from Refs. [25,26].

b: Using highly enriched isotope as target material.
< {g+ value has rather large uncertainty.

“Fe(d, n)*Co, “Sr(p, n)™*Y and " Te(p, n)*™1 reactions,
respectively, the level of the “Co impurity in *Co, of Y
in ®Y and of "™ in ™[ is much higher. On the other
hand, the production of the radionuclides *Fe, ™Se, "Kr
and *Sr demands a high intensity cyelotron, accelerating
protons up to about 70 MeV (in the case of *Fe prefer-
ably up to 100 MeV). Furthermore, the production of "1 via
the ' Te(p, 2n)-reaction deserves more attention. The '*1-
impurity level of 0.7% in this process [121] is higher than
that of < 0.1% in the '*Te(p, n)-process [19], but the yield
of *1 is by a factor of about six higher. Thus more efforts
need to be invested in intermediate energy reactions to make
better use of production possibilities of some novel positron
emitters.

3.3 Production of novel parent generator
radionuclides

Two standard positron emitters, namely “Ga (T); = 68 min)
and “Rb (7, = 1.3 min) are routinely available via the
generator systems “Ge(271 d)/*Ga and ®Sr(25.3 d)/*Rb
(see Introduction). For production of the parent radionu-
clide, a high intensity intermediate energy accelerator is
needed. Presently the supply of both ®Ge and ®Sr ap-
pears to be adequate. However, due to enhancing in-
terest in “Ga-radiopharmaceuticals, more efforts related
to “Ge production and an efficient generator column
preparation may soon be called for. Furthermore, since
the half-life of ®Ga is not very short, its direct pro-
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Table 3. Production of novel positron emitters via generator systems.
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Parent Decay data of daughter Production Energy Theor. yield Reference
nuclide method of range of parent
(Nia) Nuclide Tz Tt E o g £ parent [MeV] [MBg/jAh]
[%] [keV] [keV (%]
“Ti (60.4a) 8¢ 39h 94.3 1474 1157 (99.9)  “Seip, 2m) 32— 18 ~3x 10 [141]
“Fe (8.3h) M 21 min 95.0 2633 1434 (98.2) “Mn(p,4n) 100 60 22 [97]
“Cr("He, 3ny 36— 17 1.3 [96]
“Zn (9.1h) “Cu 9.7 min 974 2926 H73(0.34) “Cu(p.xn) 30— 18 230 [133]
=Zn(p.x) T0— 30 700 [134]
"Se (8.5d) "As 26.0h 87.8 EXXD 834 (79.5) TAs(p.dn) 45357 8 [102]
™ Asid, 5n) 5540 7 [102]
“Ge(*He, xn) 36— 10 0.7 [103]
1¥e (20.1h) 12z 3.6 min 77.0 3100 S64(18)  (p. bm) 55— 43 230 [135]
HXe(p,3n) 4335 500 [136]
g (3.4d) 1py 3.4 min 510 2366 1506 (0.5)  "Prip,2n) 30— 15 210 [139]
=Ce("He, xn) 35— 20 12 [139]
a: The production process was investigated only up to 43 MeV.
duction via the “Zn(p, n)-reaction is also gaining some 10°. i

importance.

Some other generator systems have also been proposed
(for a review of production routes ¢f. [131,132]). A few
interesting systems for furnishing some novel positron emit-
ters are listed in Table 3. They are discussed in some detail
below. The systems “Fe/“™Mn, “Zn/“Cu and '*Xe/'*]
were proposed rather long time ago. Out of those, more
detailed studies have been carried out only on the system
“2Zn/%Cu. In general not much progress has been reported
regarding their further applications. This is mainly due to the
short half-lives of the parents, combined with the difficulties
in their production. Although the “Zn parent nuclide can
be produced with 30 MeV protons [¢f. 133], the production
of “Fe and "2Xe demands higher energies [97, 135, 136].
Another reason for the limited use of those systems is the
relatively short half~life of the daughter positron emitter.

The generator systems “Se/™As and "Nd/"“Pr have
great polential, the former for studying the biological be-
haviour of arsenic and the latter as an fn vive generator,
if' the Auger electron emitter ""Nd is used in endoradio-
therapy. The yield of the parent radionuclide ™Se is rather
low [gf. 102, 103]. Nonetheless two generator systems for
obtaining the daughter ™ As, one based on distillation [137]
and the other one on solid phase extraction [138] have been
developed. With regard to "'Nd, the (p, 2n) and (*He, xn)
reactions on '"'Pr and ™Ce, respectively, have been inves-
tigated in detail [cf. 139]. As expected, the former reaction
leads to a much higher yield. A generator system based
on physico-chemical transitions in "*"Pr complexes has also
been described [¢f. 140].

The generator system *Ti/*Sc has received some at-
tention in recent years. Due to the long half-life of 60.4
years of the parent, it is rather difficult to produce. Fur-
thermore, there may be some regulatory problems in the
introduction of this very long-lived system. Nonetheless,
from the scientific and application point of view (see be-
low), it appears worthwhile to develop it further, The sug-
gested production reaction is *Sc(p, 2m)*Ti and the exci-
tation function, recently measured [141], is reproduced in
Fig. 8. Evidently the cross section is not very high, which
is qualitatively understandable, because the emission of two
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Fig. 8 Comparison of excitation functions of the nuclear reactions
BSe(p, 2m)MTi and = Galp, xm)*Ge used to induce the parent activ-
ities for preparation of the radionuclide generator systems “Ti/*S¢
and *Ge /™ Ga. The data for the former reaction are reproduced from
Ref. [141] and those for the latter from Ref. [142].

15 in the int of a proton with a relatively
light mass nucleus, such as “*Sc, is not very favoured. For
comparison the excitation function of the "Ga(p, xn)*Ge
reaction [¢f. 142] is also shown in Fig. 8. The first peak
at about 21 MeV is atiributed to the “Ga(p, 2n)*Ge reac-
tion and the second increase beyond 35 MeV is due to the
contribution from the "'Ga(p, 4n)*Ge process. The excita-
tion function for the formation of “Ge has a slightly lower
threshold and an order of magnitude higher cross section
than the *Se( p. 21" Ti reaction, Thus there is little analogy
between the two reactions. The production of “Ge is rou-
tinely done. In the case of “Ti, to date a 185 MBq generator
has been reported [143] and some post-elution purification
of #Sc has been described [ 144]. Higher current targetry and
long irradiation periods will be called for to obtain higher
yields.

4. Applications of novel positron emitters

The applications of novel positron emitters are mani-
fold [¢f. 4]. A detailed discussion is beyond the scope of this
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article; therefore, only the three major areas of application
are briefly mentioned.

1. Study of slow metabolic processes, e.g. protein synthesis,
cell proliferation, efc..

. Quantification of SPECT-radiopharmaceuticals.

3. Quantification of targeted therapy.

b3

Some of the important positron emitters under the first
category are “Fe (7}, =8.3h), *Co (7}, = 17.6 h), "As
(T2 =26.0h), "Se (1, ="7.1h), and "I (7},; =4.18d).
When attached to proper organic compounds, they could be
used for detection of tumor, neuronal damage or organ func-
tional deficiency. The slow uptake kinetics by an organ can
be conveniently and quantitatively followed using a longer
lived positron emitter and positron emission tomography.
With regard to quantification of SPECT-radiopharma-
centicals, an analogue approach is needed, which involves
the use of a positron emitting nuclide of the chemical elem-

ent of the SPECT radionuclide. Thus for quantification of

a "™Te.-radiopharmaceutical, labelling can be done using
the positron emitting radionuclide *"Te (7}, = 52 min) fol-
lowed by a PET measurement. This way the "™ Te-based
SPECT flow agent terboroxime (CardioTec) was labelled
with *T¢ for quantitative PET investigation [¢f. 145], Sim-
ilarly, “™Tc has been applied in studies related to changes
in dopamine transporter concentrations (e.g. with TRODAT-
1) [146].

A very significant application of non-standard longer
lived positron emitters is in therapy planning. Since dosime-
try in endotherapy with purely B~ emitling radionuclides
like ™Y (7}, = 2.7 d) has a rather large uncertainty, a mix-
ture of the 8% emitting *Y (7}, = 14.7h) and the thera-
peutic radionuclide ™Y was used [147]. The uptake kinetics
were determined by PET imaging of ™Y, and the results
were used in an accurate dosimetric calculation. This con-
cept is now finding increasing application. Another radionu-
clide investigated is “*Sr (7),; = 32.2 h) which can be com-
bined with the purely f~ emitting therapeutic radionuclide
"8r (1, = 50.0d). The dosimetry in the case of the most
commonly used therapeutic radionuclide ™'l (7;; = 8.0d)
is fairly well established. However, if a PET study using "1
precedes the use of '], the dosimetric calculations can be
done even more precisely. A further advantage of "1 is that
it could itself be used as a therapeutic agent. Because of the
combination of PET and endoradiotherapy, allowing precise
dosimetry, this radionuclide is superior to the commonly
used reactor radionuclide "'I. The cost of '**1, however, is
higher than that of "*'I.

In recent years, the importance of metallic positron emit-
ters in quantification of radioimmunotherapy has been in-
creasing. Radionuclides such as “'Cu (7, =2.6d), “Ga
(Th,=33d) and "In (7}, =2.8d) can be attached to
monoclonal antibodies (mAB) leading to therapeutic effects
through interactions of 8- particles or Auger electrons with
the tissue. The use of the respective positron emitting ra-
dionuclides *Cu (7}, = 12.7 h), ®*Ga (T}, = 67.6 min) and
"%In (T, = 1.1 h) allows PET imaging for quantification
purposes. In particular, the radionuclide “Cu (with multiple
decay mode) has proved to be very suitable for combining
PET imaging and targeted therapy [cf. 148].

5. Conclusions and perspectives

Radionuclide production technology at cyclotrons has been
well developed, especially for short-lived organic positron
emitters. In this regard, all components of the technology,
i.e., special purpose cyclotron, high current irradiation tar-
get and automated or remotely controlled chemical process-
ing unit can now be commercially purchased. Furthermore,
two radionuclide generator systems providing short-lived
positron emitters (“Ga and “Rb) are supplied by several
companies, though the parent nuclides are produced through
intermediate energy nuclear reactions only ata few large re-
search centres.

In contrast to the commonly used positron emitters, a few
other longer lived positron emitting radionuclides, having
passed the stage of laboratory scale production and clini-
cal evaluation, are now in great demand, but are not easily
available. A few examples are “Cu, ™Y and '"™1. They are
produced using highly enriched target material but low en-
ergy cyclotrons, whereby the radionuclidic purity is high but
the yield is low. Efforts are therefore underway in commer-
cially oriented laboratories to increase the production yields
of those radionuclides and thus to ensure their availability on
a broader scale,

The number of positron emitters potentially interesting
for medical applications is relatively large. They are re-
search type radionuclides and the development work needed
is rather heavy, calling for investigations in many direc-
tions, starting from nuclear data measurements, proceed-
ing through high current target construction and chemical
processing, and leading up to quality control of the final
product. Similar to the three novel positron emitters men-
tioned above, in many cases a combination of isotopically
enriched target material and a small-sized cyclotron may be
sufficient for production. However, for production of many
new nuclides high intensity intermediate energy cyclotrons.
have great potential. This appears to be particularly true for
metallic positron emitters used in combination with a longer
lived g~ emitter or Auger electron emitter for radioim-
munotherapy. The four pairs, namely *Sc /'S¢, *Cu/*"Cu,
“Ga/"Ga and "™ In/""In, could be developed further with
the availability of a new generation high power accelera-
tor having proton energies up to 100 MeV, In general it is
concluded that the field of cyclotron production of medi-
cal radionuclides is flourishing and that many new impulses
are expected within the next few years, especially with re-
gard to the use of novel positron emitters and therapeutic
radionuclides.
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Summary. Medical radionuclide production technology is
well established. Both reactors and cyclotrons are utilized
for production; the positron emitters, however, are produced
exclusively using cyclotrons. A brief survey of the production
methods of most commonly used diagnostic and therapeutic
radionuclides is given. The emerging radionuclides are con-
sidered in more detail. They comprise novel positron emitters
and therapeutic radionuclides emitting low-range electrons
and o-particles. The possible alternative production routes
of a few established radionuclides, like ¥Ga and *™Tc, are
discussed. The status of standardisation of production data of
the commonly used as well as of some emerging radionu-
clides is briefly mentioned. Some notions on anticipated future
trends in the production and application of radionuclides are
considered.

1. Introduction

Radioactivity is unique in the sense that, in spite of its
hazardous nature, it finds application in medicine both in
diagnosis and therapy [¢f. 1]. Each application, however,
demands a special type of radionuclide. For in vive diag-
nostic investigations involving organ imaging, for example,
radionuclides are required that can be efficiently detected
from outside of the body. To this end, short-lived y-ray emit-
ters, like “™Te¢ and '*I, and positron emitters, like "'C and
'*F, are commonly used, the former finding application in
Single Photon Emission Computed Tomography (SPECT)
and the latter in Positron Emission Tomography (PET). The
underlying principle in diagnostic nuclear medicine is that
the radiation dose to the patient is as low as possible, com-
patible with the required quality of imaging and the diag-
nostic advantage in comparison to non-radioactive methods.
Thus a complete set of decay data of a radionuclide is re-
quired to be able to calculate the radiation dose which plays
a very important role in its choice for a diagnostic medical
application.

*E-mail: s.m.qaim@fz-juelich.de.
Co-ordinaring Editor of the Journal.
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The therapeutic application of radioactivity involves ei-
ther external radiation therapy or internal radiotherapy.
Whereas for the former, radionuclides emitting energetic
@~ particles or hard y-rays are commonly used, for ex-
ample “Co (1y; = 5.27a), 'Cs (1), = 30.17 a) and "Ir
(T,;; =73.8d), the spectrum of radionuclides required in
internal radionuclide therapy (endotherapy) is very broad.
Since in this case a localised, well-defined radiation dose
needs to be deposited in a malignant or inflammatory tissue,
radionuclides emitting low-range highly-ionising radiation,
i.e. o or A particles, conversion and/or Auger electrons, are
of great interest.

The medical radionuclide production technology is well
developed and is pursued both at commercial centres and
some nuclear science research institutes. However, besides
routine production and medical application of radionuclides,
constant research work is going on around the world to
improve the existing production methodologies of some es-
tablished radionuclides as well as to develop novel radionu-
clides for new medical applications. Some thoughts and ef-
forts are also constantly devoted to future development of
this technology to meet the challenges of new approaches in
medical investigations,

The production of radionuclides is carried out using nu-
clear reactors [for reviews ¢f. 2, 3] and accelerators/cyclo-
trons [for a review ¢f. 4]. The reactor production generally
leads to neutron excess radionuclides. They mostly decay by
B~ emission and are therefore especially suitable for radio-
therapy. The cyclotron produced radionuclides, on the other
hand, are mainly neutron deficient and decay by electron
capture (EC) or f* emission, They are therefore particu-
larly useful for diagnostic studies. The positron emitters can
be produced only at eyclotrons, For production of some nu-
clides both nuclear reactors and cyclotrons are extensively
used. In other words, their roles are to be regarded as com-
plementary. Worldwide there exist about 400 research re-
actors and about 500 cyclotrons. Most of them are at least
partly used for production of medically useful radionuclides.
The radionuclide production technology today has thus be-
come an integral part of modem nuclear medicine and its
future prospects also appear to be bright.

This article deals with three aspects of medical radionu-
clide production technology. In the first part, the routine pro-
duction for state-of-the-art patient care is briefly outlined;
in the second, the on-going new developments are discussed
in some detail; and in the third, some emerging thoughts
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relevant to the future perspectives of this technology are
considered.

2. Present status of radionuclide production
technology

The radionuclides commonly used in medicine and in drug
development are listed in Table 1, together with their decay
properties and production routes [¢f. 1, 5]. They are divided
in four groups depending on the function they serve. Each
group is discussed below.

2.1 Soft f~ emitters for in vitro studies

In this group the most important radionuclides include *H
(T2 = 12.30), “C (T, = 5730a) and "1 (7}, = 59.4 d).
They are available in large quantities in all parts of the
world. Over the last 60 years, the radionuclides *H and "C
have played a very important role in biochemistry for en-
hancing our understanding of physiological functions of
molecules and radiopharmaceuticals (drug development re-
search). This was possible due to the relatively simple
method of measurement of their radioactivity via liquid scin-
tillation counting. The radionuclide '*1 with its low-energy
emissions is very well suited for autoradiography and is
commonly used in radioimmunoassay or receptor binding
studies.

All the three radionuclides mentioned above are pro-
duced in a nuclear reactor: Tritium via the *Li(n, ¢ )-reaction
on a Li or LiF target, *C through the “N(n, p)-reaction
on an AIN target, and '*°I using the "*Xe(n, )" Xe — 1
process by irradiating "*Xe or enriched **Xe filled in an
Al-capsule. Tritium is generally available as tritium gas or
tritiated water, "*C as “CO, or Ba"*CO,;, and '#1 as '*1",

In addition to the three major soft S emitting radionu-
clides mentioned above, two other soft f~ emitting nu-
clides, namely *P (7, =25.3d; E, = 248keV) and 'S
(T, =87.5d; Ez- = 167 keV), also find some limited ap-
plication involving in vitro investigations. Both are produced
in the no-carrier-added form in a high fast flux nuclear reac-
tor, the former via the *S(n, p)**P reaction on isotopically
enriched *S and the latter through the *Cl(n, p)™*S reaction
on a KCI target [¢f. 6]. The radionuclides *P and *S are
generally available as H,*PO, and H,¥SO,, respectively,
besides other forms.

2.2 Gamma emitters for SPECT

The number of y-ray emitters which have found some appli-
calion in imaging using gamma cameras is relatively large.
However, with the advent of SPECT tomographs, it be-
came incumbent to use radionuclides emitting either only
one y-ray or at least one predominant y-ray within the en-
ergy range of 100-200 keV. The choice was thus reduced
to five radionuclides, namely “Ga (7, = 3.26d), "™Tc
(Niz=6.0h), "In (1, =2.84d), 1 (T),,=13.2h) and
T (1,2 = 3.06 d). The radionuclide ™ Tc is by far the
most commonly used SPECT radionuclide, It ideally emits
a 141 keV photon and causes the least radiation dose to
the patient. It is almost always available in a clinic vig the
“Mo /™ Tc generator system. Furthermore, by virtue of its
versatile complex formation chemistry, labelling methods

are established to rather easily bind it to various compounds.
This characteristic has led to development of several robust
labelling kits. The eluted ™™ Tc as pertechnetate is trans-
ferred to an ampoule containing an appropriate lyophilised
mixture of reagents. On shaking, the labelling of given lig-
ands with ™ Te¢ occurs in a specific configuration and the
product is then ready for human use. Also the radionuclide
1 is commonly used. However, due to its lesser availabil-
ity and higher cost, "1 is much less broadly used than "™ Te.
The third radionuclide, viz. *™TI, is extensively used for
myocardial perfusion measurements. The remaining two ra-
dionuclides, namely “"Ga and ""'In are less commonly used
as SPECT agents. They are partly being considered for ther-
apeutic applications because they emit a large number of
Auger electrons.

As mentioned above, ™ Te is available via the "Mo/
Pl generator. An Al:Os-column is loaded with Mo
and the daughter activity is periodically removed by elu-
tion with saline. The parent nuclide **Mo (7,2 = 66.0 h) is
produced at a nuclear reactor, and two routes are possible:
"Mo(n, )”Mo and **U(n, £)”Mo. The cross section of
the (n, y)-reaction is relatively small and due to the use of
Mo (with a “*Mo content of 24.13%) as target material, the
specific activity of the ”Mo produced is low. Thus, because
of the heavy loading of the Al;O-generator column with
stable molybdenum, in spite of the rather big dimensions of
the column, the risk of breakthrough of Mo is high and ™" Te
eluate volumes are large. Somewhat higher specific activ-
ity is achieved using a high-flux nuclear reactor. However,
such reactors are seldom available for radionuclide produc-
tion. Attempts have been made to enrich ™Mo via a Szilard
Chalmers process [¢f. 7] but the separation yields are low.
Furthermore, some gel and distillation generators have been
developed [cf. 8, 9] but their overall efficiencies are not com-
parable to that of the alumina column generator. In view of
the situation, combined with the fact that for production pur-
poses irradiations are mostly done at medium-flux reactors,
the method of choice for production of Mo for medical use
is the fission process.

The cross section for the thermal neutron induced fis-
sion of **U is 596 barn and the cumulative yield of Mo
is 6.16%; thus TBq amounts of ™Mo can be produced per
batch. Although the chemical processing of the irradiated
target is very laborious, especially in view of the high de-
mand on the quality assurance of the separated product, only
the fission process is accepted because it leads to Mo of
very high specific activity. In fact the fission produced *Mo
on an Al,Oy column is regarded as a gold standard generator
system. The eluted ™™ Te¢ occurs as pertechnetate.

The ease and success associated with the generator elu-
tion of "™ T¢ and the development of kit formulation of
some very important ™ Tc-labelled diagnostic agents has
led to the very wide use of ™ Tc. The fission “Mo is pro-
duced only at a few advanced centres and is then distributed
to various laboratories around the world where the genera-
tor loading is undertaken (dispensing). The generators are
then sent to regional clinics. It is estimated that worldwide
35 million patients per year are subjected to diagnostic in-
vestigations with ™™Te [¢f. 10]. Despite this success story
and the demonstrated need for continuous availability of
this radionuclide, its future supply appears to be somewhat
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Table 1, Commonly used medical radionuclides and their production methods (decay data taken from www.nndc,bnl/

nudat2/).
Radionuclide 7, Emitted Production process Energy Typical
radiation™” range batch yield
(energy in keV) [MeV] [GBgq]
Soft f~ emitters for in vitro studies
‘H 12.3a B “Li(n, e) ¢ = 500
L o) 5730a B "“Nin. p) c 20
L | 59.4d Auger electrons Hxe(n, p)¥FXe - 1 c 50
(and X-rays)
y-emitters for SPECT
“Ga 3.26d ¥ (93) y (185) SZn(p, 2n)"Ga 26— 18 50
“Mo 2.75d B B5U(n, f)*Mo ¢ = 10°
(generator)
b 1 6.0h ¥ “Mo(n, y)”Mo ¢ 10
=g 13.2h ¥ B Te(p, n) 145— 10 20
2¥e(p, x)'*Xe = 2] 2923 T0°
T p, 5n)' P Xe — ] 65— 45 T0°
Mp 2.8d ¥ (173) 12Cd(p, 20) M n 2518 50
¥ (247)
A 3.06d XK-rays (69-82) BT, 3n)"'Pb — " TI 28— 20 50/
y (166)
Positron emitters for PET
Mg 20.4 min At UNip. ) 133 100
BN 10.0 min Bt O p, o) 16 =7 30
By 2.0 min Bt "Nid, n) E—0 100
UN(p.n) 100 50
i 110 min A SO(p.n) 16— 3 100
“Ne(d, a) 14—0 30
SGa 68.3 min Bt “Gaip, 2n)*Ge 213 5
®Ge — ®Ga (generator)
“Rb 1.3 min Bt "Rb(p, x)PSr 70— 50 40
8r — “Rb (generator)
Therapeutic radionuclides 8~ emitters
“p 14.3d 'y S, p) d > 100
=5r 50.54d ] “Y(n. p) d 20
Yy 2.7d A BU(n, £Sr c 20
P8r — ™Y (generator)
" 8.0d B "Te(n, p) e Te — ¢ =100
B, /1] c = 100
HEm 1.9d B 285min, ) ¢ = 100%
1 Er 9.4d B SEr(n, y) c 50"
"L 6.7d B " Lu(n, y) c 50¢
"Y¥bin, ¥)7Yb— "Ly ¢ 50
"R 17.0h A W (i, )W, y) S W d 20
YW — " Re (generator)
cr-emitter
LY. 1 T2h o M Bi(ce, 2n) 28—20 <35
X-ray and Auger electron emitters
1%pd 17.0d Auger electrons "SRh{p, n) 137 50
and X-rays
=y 59.44d Auger electrons H¥e(n, y)'* Xe = '] ¢ 50
and X-rays

: For g, p* and w-particles the values are maximum energies.

: The y-ray is used in SPECT studies. For PET studies annihilation radiation is used.

: With reactor neutrons.

: With neutrons in a high flux reactor.

e: '] yield after a 7 h decay of " Xe.

f: ™71 yield after a 32 h decay of ®'Pb.

g: Product of moderate specific activity.

h: Product of low specific activity.

i: This radionuclide is also listed above under soft 8~ emitters for in vitro investigations,
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jeopardised, On one hand the presently used reactors are
ageing and there appears to be no planning for their replace-
ment and, on the other, there is the risk of nuclear weapons®
proliferation due to the use of highly enriched U as the
target material, Both these aspects demand a search for alter-
native methods of production and separation of Mo and for
P e, Considerable efforts are underway in this direction,
They are discussed in detail below (Sect. 3.3).

For the production of the radionuclide '**1, about 25 nu-
clear processes have been investigated [¢f. 1]. Out of them

only three are commonly used, mainly due to the level of

the radionuclidic impurity associated with most of the pro-
cesses. On a small cyclotron (£ < 20 MeV) the reaction
"B Te(p, n)'*1 over the energy range £, = 14.5 — 10 MeV
is utilized, provided a highly enriched " Te-target is avail-
able. The yield of "1 is, however, rather low. The separation
of radioiodine is generally done via a dry distillation pro-
cess [¢f. 4].

The second method involves the production of the pre-
cursor '*Xe (77; = 2.1 h) which decays to "I, It demands
a medium-sized cyclotron (£ = 30MeV). Starting with
highly enriched 1y gas as target material, the precursor
'#Xe is produced via the processes *Xe(p, 2n)PCs —
BXe and " Xe(p, pn)' @ Xe [¢f. 11]. Over the optimum
energy range of £, =29 — 23 McV the major contribu-
tion to the formation of "1 is furnished by the (p, 2n)
process. The level of the only radionuclidic impurity ™'l
(Ty2 = 2.1 h) is negligibly small. However, if the incident
proton energy exceeds 30 MeV, the cross section of the pro-
cess '"Xe(p, x)"*'] becomes appreciable [¢f. 12]. The latter
decays to long-lived *'Te (7,, = 154d) which is a dis-
advantage. An energy control of the beam incident on the
targel is therefore mandatory. The activated xenon gas is al-
lowed to decay for about 7h and "1 is then collected by
rinsing the inner wall of the container. This method of pro-
duction is now commonly used because it gives the purest
product and is the only one accepted by regulations in most
countries. The enriched target gas ' Xe is relatively expen-
sive. The technology related to irradiation and safe recovery
of the target gas as well as an efficient removal of '*1 from
the target wall is thus very demanding. This technology is,
however, now commercially available.

The third method of production of "1 utilizes the in-
termediate energy nuclear progess '1(p, Sn)"**Xe — 1,
the optimum energy range being £, = 65 — 45 MeV. The
product P Xe is removed from the Nal target, collected in
a vessel and is allowed to decay for about 7 h. Thereafter 1
is collected in a small volume by rinsing the inner wall of the
vessel. This process leads to a high yield of "1 but in this
case the product contains about 0.25% "1 (7}, = 59.4 d) as
impurity.

The radioiodine produced by all the three methods occurs
as iodide which is a suitable chemical form for subsequent
labelling of organic compounds vig substitution reactions.

The production of Tl is mainly done via the route
*TI(p, 3nY"'Pb — *'TI, utilizing the energy range £, =
28 = 20 MeV [¢f. 4]. The irradiation of ™ T1 or **T1 is done
at a medium-sized cyclotron and the chemical processing
follows in two steps: first the precursor “'Pb (¥, =9.4h)
is separated and, after its decay for 32 h, during which the
maximum growth of *' Tl occurs, the product is isolated as

TICL It should be pointed out here that the target ma-
terial thallium is toxic. The product *'T1, however, is in
no-carrier-added form and can therefore be safely used, pro-
vided the stringent quality control standards are fully com-
plied with. Furthermore, **'TI is useful only in the mono-
valent form; the trivalent form is not effective for medical
application [¢f. 4],

The above mentioned two less commonly used SPECT
radionuclides, namely “'Ga and "'In, which are now also
considered for Auger therapy (see below) are produced
at a medium-sized cyclotron over the optimum energy
range of K, =25 — 18MeV vig the nuclear reactions
SZn(p, 2n)7Ga and "*Cd(p, 2n)"" In, respectively [¢f. 4].
In each case an enriched target is used and eflicient methods
of chemical purification have been worked out. The two ra-
dionuclides are commercially available in GBq amounts,

2.3 Positron emitters for PET

The number of positron-emitting radionuclides is large. For
present day medical diagnostic imaging, the radionuclide
used should have a short half-life, and emit only a low
energy positron and possibly no high-energy y-ray. Thus
for routine PET investigations, mainly the shori-lived or-
ganic positron emitters, viz. "'C (7}, = 20.4 min} and ""F
(712 = 110 min), and to a lesser extent O (T, = 2 min)
and "N (7, = 10min), are used. The radionuclides "'C,
N and O are generally used at the site of production.
"F, on the other hand, is extensively employed for trans-
port to nearby medical units having a PET but not a cy-
clotron. They can all be produced at low-energy cyclotrons,
Besides those four positron emitters, two other short-lived
positron emitters, namely “*Ga (T,,; = 67.6 min) and *Rb
(7,2 = 1.3 min), widely used in diagnostic studies, are pro-
duced vig generator systems. Their long-lived parents “Ge
(T, =271 d) and ®Sr (T, = 25.3 d), respectively, are pro-
duced through intermediate energy reactions.

The organic positron emitters are generally produced
using low-cnergy reactions [for reviews of. 1,13], eg
"'C via the "“N{p. e)-reaction, "N through the “O(p. a)-
reaction and "*F using the "O(p, n)-reaction. For "0 pro-
duction via the "N(d, n)-reaction, and for electrophilic '*F
production via the *Ne(d, a)-reaction, of course a deuteron
beam is needed. If it is not available, the radionuclide O
can be produced using the ""N(p,n)-reaction on highly
enriched "N. On the other hand, for the production of
0, in a few PET centres a small single particle cyclotron
(E4 = 4 MeV) has also been successfully utilized.

Regarding the technical aspects of production of short-
lived positron emitters, considerable attention has been de-
voted over the last 25 years to high-current targetry and
chemical processing. For production of "'C and "0, for ex-
ample, high-pressure gas targets have been developed, and
the two radionuclides can be easily obtained in 100 GBq
quantities. The chemical form of the product coming out
of the target depends on the composition of the target gas
and the accumulated radiation dose. Thus precursors for la-
belling work with "'C comprise ''CO,, ""CH, and increas-
ingly ""CO, and with O it is ["*O]0,. For the production of
"C of high specific activity, special precautions are neces-
sary since stable C is present everywhere, The composition
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of the target body material, the purity of the filling gas and
the quality of the used chemicals must meet the recom-
mended specifications [¢f. 14]. For the production of "N
and "*F, generally water targets are used. In the former case,
natural water (H;'"0) is employed and the species obtained
is "NO,"; in the latter, enriched water (H,"*0) is used and
the species obtained is ["*F~] fluoride. The radionuclide "F
can now be produced in quantities up to 100 GBq per target
batch.

As mentioned above, the production of the parent nu-
clides of the two commonly used generator-produced g*
emitters, namely “Ga and *Rb, is done using intermediate
energy reactions [¢f. 15]. The radionuclide “Ge is basically
produced via the “Ga(p, 2n)*Ge reaction since the cross
section is rather high (see discussion below). However, due
to its long half-life, the yield is low and high proton beam
fluxes approaching the mA level are essential. Furthermore,
long irradiations are required. It is partly obtained via the
spallation of bromine or arsenic; however, the purification
of the product is cumbersome. Due to the increasing signif-
icance of the B emitter “*Ga (see discussion below), more
concerted efforts are needed to ensure its continuous sup-
ply. The radionuclide Sr is produced today mainly via the
"Rb(p, xn)-process al £, = T0 — 50 MeV. A consortium
of laboratories collaborates in irradiations but the chem-
ical processing is mainly done at Los Alamos. The purified
*28r is then distributed worldwide to prepare generators. Re-
cently the available generator has come to some disrepute
because of the breakthrough of the long-lived radiostron-
tium. Efforts to remediate this drawback are underway.

In recent years, PET imaging has been gaining enhanced
significance because it leads to quantitative information on
regional physiological and pharmacological activitics by
a molecular probe (labelled with a positron emitter) with
high sensitivity and with a spatial resolution down to I mm.
The major impetus came through the production of "F
in large quantities via the "O(p, n)"*F reaction [13, 16] at
a small cyclotron followed by a simplified method of nucle-
ophilic substitution by "F in organic molecules [17]. This
led in particular to the preparation of the most frequently
used PET-tracer 2-["*F]-fluoro-2-desoxy-D-glucose in large
amounts [18]. This radiopharmaceutical is now extensively
used in neurology, cardiology and oncology. It is estimated
that worldwide a few million patients per year are treated
using this radiopharmaceutical. Today, the whole PET tech-
nology (consisting of cyclotron, radionuclide production
unit, and automated radiosynthesis apparatus) is commer-
cially available. It is now reaching almost all corners of the
globe.

2.4 Radionuclides for internal radiotherapy

As mentioned above, for internal radiotherapy f°, a-, Auger
electron and X-ray emitters are of great interest [¢f. 1, 19].
In the simplest case the radiation emitter is brought mech-
anically to the vicinity of the tumour to be treated. This
type of therapy, known as brachytherapy, is commonly per-
formed with "Ir (7}, = 73.8 d) in the form of a wire, '**1
(T =59.4d) as astent or "“Pd (7}, = 17.0 d) as a seed or
a stent. In the case of "Ir, the long-range f~ particles are
effective but in the latter two cases, X-rays cause the ther-
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apeutic effect. Afier a given period the radioactive source
is removed from the organ. A more common application
is palliative therapy. Radionuclides like P (T, = 14.3d)
and ™Y (7, =2.7d), which are pure g~ emitters with
rather high 8~ energy. are introduced into joints and cav-
ities as gels, glass microspheres or conglomerates. In case
of small joints, ""Er (7}, = 9.4 d) with low g~ energy, is
also used. Great care needs to be taken of the size of the
particulate matter so that it does not ooze out of the cavity.
The interaction of the radiation with the membrane cover-
ing the inner surface of the bone leads to palliative effect.
A third variation of internal radiotherapy with 8 emitters
involves the radiosynthesis of tumour secking agents. For
this purpose the radionuclides "Sr (7}, = 50.5d), ""Sm
(T2 = 1.9d), Lu (T, =6.7d), ™Re (T, = 17.0h) and
I (T,,: = 8.0d) are commonly used, the first four in case
of bone metastases and the radionuclide "'1 in the form
of iodide for treatment of thyroid tumours. Some other ra-
dionuclides in development are discussed separately.

Regarding the a-emitters, to date many preclinical and
some clinical studies have been performed using "' At
(1}, = 7.2 h). In fact the application of *'' At has a very long
story, but it is still in the research phase. The radionuclide
= Ac is potentially very important but it is still under devel-
opment and is therefore treated in the next section. As far as
Auger electron therapy is concerned, to date most of the ex-
perimental studies have been performed using '**1. The low
range of the Auger electrons demands that the radiophar-
maceutical, e.g. a labelled DNA compound, has the chance
of reaching the cell nucleus in order to destroy the tumour.
Thus '*1 finds great interest not only for in vitro applica-
tions (see above) but is attractive for internal radiotherapy of
tumours as well.

The production of the therapeutic radionuclides *P and
*Sr with high specific activity is carried out in a nuclear
reactor vig the *Sin, p)*P and Y (n, p)™Sr reactions, re-
spectively. The cross sections are rather low and therefore
the yields are also low. Large amounts of “Sr, for ex-
ample, are produced at the high fast flux reactor RIAR in
Dimitrovgrad, Russia, based on long irradiations of about
60 days [¢f. 6]. The radionuclide "'I is typically pro-
duced via the fission process, but the precursor system
B0 Te(n, ) Te — M similar to the ' Xe(n, 1) Xe —
1] system described above for '**1, is also used. Both those
radionuclides are thus obtained with high specific activity.
For the production of the radionuclides ™'Y and "*Re, gen-
erator systems are used, viz. “Sr/™Y and "W /"™ Re. The
parent radionuclide ™'Sr is separated from fission products,
but the parent "W is produced by double neutron capture
on "W in a high flux reactor, e.g. at Oak Ridge or Missouri,
USA. Both the parents are long-lived and so special care is
needed to assure that the daughter therapeutic radionuclides
are isolated free of the parents. As expected, the specific
activity of the two products is high, approaching almost the-
oretically maximum levels.

Regarding '""Lu it should be pointed out that, besides the
6.71 d " Lu, there exists a longer lived isomeric state "™ Lu
2 = 160 d) which is undesirable. The direct production
" Lu(n, y)-reaction leads to a mixture of both the
isomers and since the abundance of the target isotope '™ Lu
in ™Lu is only 2.59%, despite the high capture cross sec-
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tion of 1780 b, the specific activity of the product ™ Lu
achieved is not high. In comparison, the indirect production
route "*¥b{n, 1)'"Yb — ""Lu not only gives " Lu in no-
carrier-added form but also the contamination from "™ Lu is
much lower [¢f. 20]. The emphasis in recent years has been
on improvement of chemical separations [¢f. 3].

In contrast to the above mentioned seven therapeutic ra-
dionuclides (i.e. *P, ¥Sr, ™Y, '"#I, "1, ""Lu and '""Re)
which are produced with high specific activity vig irradia-
tions in a nuclear reactor, the yield and the specific activity
of the radionuclide "*Pd, originally produced in a nuclear
reactor via the reaction "“Pd(n, )™ Pd, could not be im-
proved. The production has therefore shifted from reactor to
cyclotron, It is now routinely produced via the " Rh(p, n)-
reaction, though the "™ Rh(d, 2n)-process is also interesting
{for a recent review on nuclear data ¢f. [21]). Over the last
15 years about 20 cyclotrons have been installed in USA to
produce exclusively " Pd, because this radionuclide is com-
monly used in treatment of prostate cancer, though now with
a declining trend.

As far as the radionuclide '*Sm is concerned, production
is done at a reactor via the 'Sm(n, y)-reaction. Conse-
quently the specific activity is not high. On the other hand,
since the cross section for this reaction is relatively high
(206 b), the specific activity of "*Sm is not as low as in the
case of many other radionuclides produced via the (n, y)-
reaction.

Regarding the production of the e-emitting radionuclide
AL, the only reaction utilized so far is the *”Bi(e, 2n)*"' At
process. A precise control of the energy range is abso-
Tutely necessary to avoid the formation of the radioisotope
1" At which decays to long-lived *'"Po (T, ; = 138.4 d). The
methods of chemical separation of radicastatine from the
bismuth target have been well worked out [¢f. 22]. Other
c-emitting radionuclides, presently in development, are dis-
cussed below.

3. New developments

In recent years, development work related to radionuclide

production has been carried out mainly in four directions:

— Development of novel positron emitters,

~ Development of novel highly ionising radiation emitters
for internal radiotherapy,

— Development of novel methodologies for production of
some established radionuclides,

— Standardisation of production data.

A brief discussion of those areas is given below.

3.1 Novel positron emitters

With the growing significance of PET in diagnostic nuclear
medicine, the need for novel positron emitters, also termed
as non-standard or innovative positron emitters, has been
increasing, especially for studying slower metabolic pro-
cesses and for quantification of targeted therapy [¢f. 23, 24].
Those radionuclides, like the commonly used positron emit-
ters, are also produced exclusively at cyclotrons (or accel-
erators). The subject has been treated in detail in a recent
review [25]. In this article, therefore, only some salient fea-
tures are discussed.

Table 2. Some novel positron emitters for medical applications.®

Radionuclide Major Energy  Application®
(T2} production range
route [MeV]

K (7.6 min) YClig,m) 22— 10 Cardiology
“Co (17.6h) “*Ni(p.a}  15—7 Tumour imaging;
“Feld, m) 10— 35 mneuronal Ca marker
*Cu (12.7h) “Ni(p. n) 14—9 Radioimmunotherapy
“Ga (9.4 h) “Enip, n) 13—3%  Quantification of
SPECT-pharmaceuticals
ZAs (26.0h) =Ge(p. xn)  18—8§  Tumour imaging;

immuno-PET
"8e (T.1h) PAs(p, 3y 40— 30 Selenopharmaceuticals
"“Br (16.0h) "Selp, n) 15— % Radioimmunotherapy
*Y (14.7h) ®Sr(p.n) 14— 10 Therapy planning
7r (T8.4h) Y () 14— 10 Immuno-PET

“=Te (52min)  “Molp.n)  13—8 Quantification of
SPECT-pharmaceuticals

(L3N Te(pon) 135 12 lodopharmaceuticals
] (4.08d) B Te(pon) 12— 8 Tumour targeting;
dosimetry

a: Produced using a small or medium-sized cyclotron.
b: Each application involves PET imaging.

Most of the novel positron emitters have been developed
at laboratories where facilities for the production of standard
positron emitters already existed. Some of the very promis-
ing non-standard positron emitters are given in Table 2. The
common route of production of each radionuclide is the low-
energy (p, nr)-reaction on an enriched target isotope. In a few
cases other low-energy reactions, such as (4, n) and (p, @),
have also been employed. For all those radionuclides some
sort of novel medical application has been reported. For
a few radionuclides, like “Cu, "I and *Y, a large num-
ber of applications have already been demonstrated. The
number of relevant reactions studied has therefore also been
correspondingly large [¢f. 26, 27]. However, the low-energy
{p. n)-reaction on an enriched target isotope is favoured be-
cause it generally leads to a high-purity product,

A typical excitation function of the commonly used
(p, n)-reaction for the production of a novel positron emitter
in the medium mass range is shown in Fig. 1. The thresh-
old lies at about 3 MeV and the maximum at about 10 MeV.
Thereafler the cross section decreases due to the onset of
the competing (p, 2n)-reaction. The optimum energy range
for production is thus between 7 and 14 MeV. This energy
region is within the capacity of a small medical cyclotron
and therefore (as mentioned above) most of the development
work on novel positron emitters has been done at estab-
lished PET centres. The (p. n)-reaction can be described
relatively well by nuclear model calculations and thus, if
many data points are available, a theory-based evaluation is
possible [28]. Fig. 1 shows, as an example, the data for the
excitation function of the “Ni{p, n)*Cu reaction (for ori-
ginal references ¢f. [28]).

The production of the three more widely used novel
positron emitters, viz. ®Cu, "I and *Y, mainly developed
at the Research Centre Jiilich, is described in some detail
below,

The radionuclide ®Cu emits low-energy positrons, has
no disturbing y-ray, has a suitable half-life and forms in-
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teresting stable co-ordination compounds. It is thus very
suitable for studying slow metabolic processes. How-
ever, the positron branching is only 17.8% [29], so that
much higher radioactivity has to be injected to achieve
a coincidence rate similar to that, for example, with "F-
radiopharmaceuticals. In addition, the remaining 82.2%
decay branching (-, EC) induces a non-negligible radiation
dose. Due to this reason “Cu allows a combination of PET
with radioimmunotherapy .

The suggested production route “Ni(p, n)**Cu [30] in-
volves the use of the rather expensive highly enriched tar-
get material electroplated on a gold surface. Nonetheless,
the technology has been well developed [30-35] for pro-
duction of *Cu in batches of about 40 GBq and recovery
of the enriched target material. The separation of “Cu is
generally done vig anion-exchange chromatography. A re-
cent work [36] describes sophisticated targetry calculations.
Due to increasing demand for this radionuclide in radioim-
munotherapy, presently a commercialization of this produc-
tion process is being pursued. However, systematic human
usc is pending.

In comparison 1o the “Ni(p, n)*Cu reaction, for the
“Nifd, 2n)"Cu reaction only cross section measurements
have been reported. Although the expected yield of “Cu
vig the latter reaction is higher, the availability of only low-
energy deuterons at medical cyclotrons has precluded the
use of this reaction for production purposes. On the other
hand, small amounts of “Cu have been produced using
a deuteron induced reaction on "Zn [¢f. 37, 38] as well as
vig an intermediate energy proton induced reaction on en-
riched *Zn [¢f. 39].

The radionuclide "1 is somewhat longer lived (T, =
4.18 d) and it has also a relatively low positron branching of
22.0% [¢f. 29]. The radiation dose from this radionuclide is
therefore also higher as compared to standard PET radionu-
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the codes EMPIRE, STAPRE and TALYS
for the “Ni(p. n)**Cu reaction. The encir-
cled data were deselected in further evalu-
ation (taken from Ref. [28]).

clides. The production route "*Te(p, n)'*1 [¢f. 40] com-
monly involves irradiation of a "**TeO, target and removal
of radioiodine by a distillation process, whereby the irradi-
ated enriched target is regenerated for reuse [¢f. 41-45]. The
use of a " Te-metal target followed by a wet chemical sepa-
ration of radioiodine has not been very successful. The yield
of "1 vig the " Te( p, n)-reaction is rather low and the prod-
uct is somewhat expensive but it is of very high radionuclidic
purity [¢f. 27]. Due to increasing demands for this radionu-
clide, intensified efforts are underway to produce it in larger
quantities,

The production of the radionuclide ™Y is carried out
via the *Sr(p, n)-reaction [46] on an enriched *SrCO; tar-
get. The five major separation methods for *Y involve:
(a) coprecipitation with La{OH); followed by ion-exchange
separation of radioyttrium from bulk lanthanum [47, 48],
(b} electrolysis [49-51], (c) multiple column chromatog-
raphy [52], (d) solvent extraction [53] and (e) simple pre-
cipitation of the target element [54,55]. Out of those pro-
cesses, the electrolytic method appears to be more promis-
ing. The radionuclide Y has become the most suitable
positron emitter for quantification of radiation dosimetry
of ™Y -labelled therapeuticals. Due to the ever increasing
demand for this radionuclide, its large scale production is
cither already established or is being planned at several cen-
tres.

Despite the above discussed capability of low-energy
nuclear reactions on enriched target isotopes to produce
many novel positron emitters, there are some radionuclides
which can be obtained only using intermediate energy re-
actions (for a detailed discussion ¢f. [25]). In particular the
production of “*Fe (T =8.3h), ®Se (7} =7.1h), "Kr
{7y;» = 1.2 h) and ®Sr (7}, = 32.4 h) by the nuclear reac-
tions *Mn( p, 4n)=Fe, ™ As(p, 3n)"Se, "Br(p, 3n)"Kr and
SRb(p, 3n)" Sr demands a high intensity cyclotron, acceler-
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ating protons of energies up to about 70 MeV (in the case of
“Fe preferably up to 100 MeV).

Although in the intermediate energy range mostly pro-
tons are available and are also predominantly used, other
charged particles like deuterons, *He- and e-particles may
also induce a few useful reactions. For example, interme-
diate energy deuterons could be wseful in the production
of “Cu via the ™Zn(d,x)-process, a *He-particle beam in
the production of ™Br by the ™ As(’He, 3n)-process and an
a-particle beam in the production of K and ™Se via the
Cl(e, n)*K and ™Ge(a, n)”Se reactions, respectively (for
more details ¢f. [25]).

Similar to some commonly used positron emitters made
available vig generator systems, a few novel and potentially
useful positron emitters could also be produced through gen-
erators. Some of them are: #Ti (60.4 a)/*Sc (3.9h), Fe
(9.1 h)/“"Mn (21 min), “Zn (9.1 h)/*Cu (9.7 min), *Se
(8.5d)/7As (26.0 h), "= Xe (20.1 h)/"#1 (3.6 min) and "'Nd
(3.4 d)/"Pr (3.4 min). The systems “Fe/*"Mn, “*Zn/%Cu
and '#Xe/'"?1 were proposed rather long time ago (for more
details ¢f. [25]). Out of those, more detailed studies have
been carried out only on the system “Zn/“Cu. In general
not much progress has been reported regarding their fur-
ther applications. The systems “Se/™As [¢f. 56,57] and
N/ Pr [¢f. 58] have great potential and deserve more
detailed investigations. The generator system ¥7Ti/%Sc may
also prove to be useful [¢f. 59,60], though the parent half-
life is very long and the cross section of the **Sc(p, 2n)*Ti
reaction is rather low [¢f. 61]. All of the above mentioned
parent radionuclides can be produced only using intermedi-
ate energy cyclotrons,

3.2 Novel therapeutic radionuclides
3.2.1 General remarks

The number of potentially interesting therapeutic radionu-
clides is very large, especially among the lanthanoids
[ef. 62]. However, as mentioned above, in intemal radionu-
clide therapy the emphasis has shified to low-range but
highly ionising radiation emitters. They include low-energy
B~ emitters and w-particle emitters as well as Auger and
conversion electron emitters. Among the 5~ emitters, the
radionuclides 'S¢ (7}, = 3.35d; £z = 610keV), “Cu
(T2 =2.58d; £4- =577keV), "Rh (1, = 1.47d; E- =
560keV), ""'Th (T, =6.90d; £ = 590keV), "Yb (T),,
=4.19d; Eg- =466keV) and "“Re (7}, =3.72d; E4- =
1070 keV') have been receiving enhanced attention. Attached
to an ideal chemical compound, the therapeutic radionu-
clide would selectively reach the tumorous cells and cause
the therapeutic effect without causing much damage to the
healthy surrounding tissue. Some of those radionuclides
have been under consideration for a long time, but their pro-
duction methods have been improving only in recent years,
resulting in enhanced interest in novel applications of those
radionuclides. A few other 8 emitting radiolanthanides, for
example ""Pm (7, = 2.21 d; Ez = 1060 keV) and "“Ho
[Ty =112 d; £y = 1860 keV) are also of potential interest
for preparing tumour seeking agents.

Concerning targeted a-particle therapy, presently there is
great interest in **Ac (7}, = 10.0d; £, = 5830 keV) which

is useful in itself as well as for providing **Bi (I}, =
46 min; £, = 5900 keV) through a generator system. In re-
cent years some interest has also developed in **Th (T, =
31 min; £, = 6340 keV) which can be obtained through
a generator column loaded with *°U (T, = 20.8d; E, =
5890 keV'). A few other potentially useful e-emitters are
WTh (T, = 4.1 h; E, = 3970 keV), ®Ra (T, = 11.43 d;
E, =5720keV) and **Ra (7; =3.66 d; £, = 5683 keV).
As far as novel Auger electron, conversion electron and
X-ray emitters are concerned, it should be mentioned that
the radionuclides “Ga (7, =3.26d) and "'In (7}, =
2.8d), previously used as SPECT radionuclides, are now
also being considered for application in Auger therapy.
Other potentially interesting radionuclides are "™ Sn (7, =
13.6d, conversion electrons), '*'Cs ((Ty,; = 9.7 d; X-rays),
HONd (T); = 3.37 d; Auger electrons), "*"Pt (7, =4.33 d;
Auger electrons) and """ Pt (¥} ; = 4.02 d; Auger electrons).

3.2.2 Novel low-energy S~ emitters

The production of the six low-energy - emitting radionu-
clides mentioned above, viz. Sc, “'Cu, "™Rh, "' Tb, " Y
and " Re, was started using a nuclear reactor, and in
the case of VSc, "Rh and "'Tb it is still done at reac-
tors, although following modified routes to achieve higher
specific activity. The radionuclide “'Sc is produced ei-
ther via the “Ca(n, ¥)"Ca g0 process or through the
Ti(n, p)"Sc reaction. In both cases a highly enriched tar-
get is needed. The production via the Y Ti(n, p)""Se reaction
is more economical and the radionuclide has been pro-
duced in quantities sufficient for applications, though only
uﬁing the high flux reactor at BNL [¢f. 63, 64]. For the pro-
duction of ""Rh, the process "Ru(n, )" Ru 2 0Rp is
utilized [¢f. 65]. The radionuclide "'Tb is produced through

the process "“Gd(n, ¥)'*'Gd ) [ef. 62]. In the case
of "Yb, production is still done using the '"¥Yb(n, y)-
reaction, since the possible route " Lu(n, p)'™¥b, expected
to give a higher specific activity product, has so far not been
developed.

In contrast to 'S¢, " Rh, "'Tb and "Yb, the produc-
tion of the radionuclides “"Cu and "™ Re is shifiing over ta
eyclotrons. The quality and quantity of “’Cu produced by
the “Zn(n, p)"Cu reaction in a nuclear reactor do not meet
the specifications required for its use in radioimmunother-
apy due to many active and inactive impurities. Its produc-
tion has been investigated at a small cyclotron (£, = 18 —
12 MeV) through the reaction “Zn(p, &) Cu on an enriched
target [¢f. 66]. The vield is, however, low. More promis-
ing is the “Zn(p. 2p)*'Cu reaction using high-energy pro-
tons. This route was applied earlier [¢f. 67, 68]. However,
since ™7n was used as target material, the specific activ-
ity achieved was rather low for radicimmunotherapeutic ap-
plications due to the formation of stable “““Cu [¢f, 64].
Some recent radiochemical measurements [¢f. 69] show
that a highly enriched ™Zn target and the energy range
E,=70— 30MeV lead to “Cu of high quality. A com-
parison of the “"Cu yields calculated from the excitation
functions of the two production reactions developed at cy-
clotrons, namely ™Zn(p, «)Cu and “Zn(p, 2p)"Cu, is
given in Fig. 2. Evidently the latter reaction is more suitable,
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Fig. 2. Integral yields of “'Cu in proton-induced production reactions
on highly enriched target isotopes “Zn and ™Zn, shown as a function
of proton energy (curves are based on the numerical values given in
Ref, [117]).

but it demands an intermediate energy cyclotron. In view of
the great therapeutic potential of this radionuclide, consider-
able efforts are underway in several laboratories to produce
it efficiently, mainly vig the “Zn(p, 2p)"Cu process, ie
using about 70 MeV protons.

Very recently the reaction "Zn(d, an)* Cu on highly en-
riched ™Zn has also been investigated over the deuteron
energy range of 10 to 20 MeV [70]. The reaction cross sec-
tions and the “"Cu yield are about 50% higher than those for
the Zn{ p, @) Cu reaction. However, the rare availability of
high-intensity 20 MeV deuteron beam and the high cost of
the enriched target material may be restrictive factors in the
use of this reaction for production purposes.

With regard to the production of "Re, the original
"Re(n, ¥)'*Re reaction has been dropped due to the re-
sulting low specific activity. The new method of preparation
of this radionuclide is the "*W({p, n)'*Re reaction, though
the "W (d, 2n)"**Re reaction has also been investigated and
gives higher yield than the (p. n) reaction. Most of the stud-
ies deal with nuclear reaction cross-section measurements
[for a review ¢f. T1]. Only in three works [72-74] small
scale production has also been reported. A recent critical
analysis [T1] showed that, for obtaining a high-purity prod-
uct, an enriched "W target is absolutely necessary and the
maximum proton energy used should not exceed 18 MeV.
The formation of the very long-lived isomer, ""Re (7}, =
2 % 107 a) also needs special consideration in both ( p, 1) and
(d, 2Zn) reactions. Presently, efforts are underway in a few
laboratories to produce this radionuclide in larger quantities,
without which its availability will remain limited.

Research and development work on the production of
many other potentially useful B~ emitting radionuelides, es-
pecially lanthanoids, is also going on. This involves mainly
nuclear reaction cross-section measurements using charged
particles and development of chemical separations for reac-
tor neutron irradiated targets.

3.2.3 Novel a-emitters

Extensive effort is presently being invested in the devel-
opment of **Ac. On one hand its separation from nuclear
waste (*Th) is being optimised and, on the other, the

printed on 2/13/2023 3:41 AMvia .

Appendix VI =—— 267

Ra(p, 2ny* Ac reaction, making use of the radioactive
target material ***Ra, is being developed [¢f. 75]. A third
possibility under i igation is its production vig irradi-
ation of **Th with intermediate energy protons [76,77]. In
the latter case, however, strong chemical effort is involved to
separate the desired radionuclide from the fission products.

The a-emitting radionuclide **Ra holds great promise
for bone cancer therapy [78]. It was obtained via the chain
2Ra(n, ) Ra (42.2 min) o miae (21.77 a) F, mp,
Another potentially interesting production route entails
the irradiation of **Th with intermediate energy protons
[ef. 76].

The production of *'U (and its daughter **Th) has
been studied by *'Paip,2ny¥* U, *'Pa(d, 3ny*U and
I Thp, 3n)Pa - 0y processes [79-81]. The target
material 'Pa is radioactive; the chemical separation in-
volved is thus very demanding [79]. There appears to be
some potential for therapeutic application of this radionu-
clide.

The radionuclide "“Tb is a rather exotic but an inter-
esling a-emitter, particularly because of its low w-particle
energy of about 4 MeV. It has been produced to date by two
high-energy processes, namely "“Gdip, xn)'"Tb (at E, >
100 MeV) and "““*Ho(p, spall)'“’Tb (at £, > 200 MeV), as
well as by the heavy-ion induced reaction '"*'Pr("*C, 4n)'*Th.
Further development work will depend on the demonstrated
therapeutic utility of this radionuclide.

3.2.4 Novel Auger electron emitters

The production of the radionuclides “Ga and '"'In, used
previously for SPECT studies and now being considered
for Auger electron therapy, is well established (see above).
In both cases the (p, 2n)-reaction on an enriched target is
used [¢f. 4]. The same is true for "Br (7}, = 57.0h). It
was previously regarded as a SPECT nuclide but is now
being considered more for Auger therapy. Regarding the
potentially interesting Auger electron emitters '*'Cs, "*'Nd,
" Er, ""Yb, ""Pt and '"Pt, various production methods
are under investigation. The radionuclides "“Er and ""Yb
are produced by the (n, y)-reaction which again results in
low specific activity. Several charged particle induced re-
actions have been investigated for their production in no-
carrier-added form. However, both the radionuclides appear
to be unsuitable for open source therapy: the half-life of
"Er is too short and that of ""¥b rather long. '“Yb is
being considered for brachytherapy, possibly as a substi-
tute for "Ir, But for that purpose the reactor production
of "Yb appears to be adequate. The radionuclide "*'Cs,
on the other hand, is of considerable promise for prostate
cancer brachytherapy and it may compete with the well-
established radionuclide " Pd mentioned above. Its effective
production through the "' Xe(p, n)"*'Cs reaction has been
demonstrated [¢f. 82]. The radionuclide “"Nd is interesting,
not only because of its therapeutic effect but also because
of its positron-emitting short-lived daughter nuclide "'Pr
which allows its localisation via PET imaging. Its produc-
tion is carried out either by the *Ce(*He, xn)'*'Nd process
or through the "' Pr{ p, 2n)"*"Nd reaction [¢f. 83].

The radionuclides '"*™Pt and ""Pt are pure X-ray and
Auger electron emitters, each decay leading to more than
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Fig.3. Experimentally determined and theoretically calculated cross
section data for the "™ Os(w, 3n)"""Pt reaction, shown as a function
of the a-particle energy. The model calculations were done using the
codes TALYS and STAPRE (taken from Ref. [35]).

30 secondary electrons. Furthermore, platinum-complexes
(like cis-di-chlorodiaminplatinum} have been in use in
chemotherapy as potent antitumour agents for a long time.
Thus both those radionuclides have great potential in
Auger electron therapy. So far the major drawback in their
widespread use has been their non-availability with a high
specific activity. In a recent study it could be shown that
small amounts of "™ Pt could be produced with high specific
activity vig the "Os(a, n)™ Pt reaction [84]. Using the
same target but higher energy a-particles, on the other hand,
it was found that "™ Pt of high specific activity could be ad-
vantageously produced through the "Osia, 3n)""""Pt reac-
tion [85]. The excitation function of this reaction is shown in
Fig. 3. It is reproduced very well by nuclear model calcula-
tions. Over the optimum energy range £, = 40 — 30 MeV,
"mpt theoretical yield amounts to about 10 MBq/uA h.
Thus this radionuclide can be produced in quantities suf-
ficient for therapeutic applications. This has already been
practically demonstrated [86].

3.3 Novel methodologies for production of some
established radionuclides

There may be several motivations behind the search for

novel methodologies for production of some established ra-

dionuclides, eg., to

— increase the yield, radionuclidic purity or specific activity
of the desired product,

~ produce the daughter nuclide directly, if the parent of
a generator system is not easily available,

~ achieve more security in the supply of the radionu-
clide due to technical constraints regarding irradiation
facility.

The first motivation has been amply discussed above. The

shifts in the production of “Cu, “Cu, "*Pd, "™ Re and ""™Pt

from reactor to cyclotron serve here as very good examples.

Charged-particle induced reactions generally give products

of higher specific activity. In some cases, however, even

an alternative route does not serve the purpose. For pro-

duction of '"“Sm, '""Gd, "Er, "*Ir and several other ra-

dionuclides in the group of lanthanoids, for example, exten-

sive charged-particle induced reaction cross-section meas-
urements have been performed at Brussels, Debrecen and
Jiilich, but no suitable alternative route has been found to
replace the (n. y)-reaction and thus increase the specific ac-
tivity of the desired product. Only in the case of "**Sm, the
1*'Nd(a, n)-reaction on a highly enriched target bears some
promise [¢f. 87] to provide a high specific activity product,
The cost would, however, be rather high.

In recent years considerable methodological develop-
ment has followed also on some known generators to
improve their performance (e.g. minimisation of break-
through, improvement in elution yield, concentration of the
eluate, erc.). Of particular interest in this respect is the
“Ge/"Ga system where extensive work has led to a very
efficient processing of the “Ga-cluate for medical applica-
tion [¢f. 88,89]. In view of the increasing imporiance of
“*Cia in labelling molecules for PET studies [¢f. 90-93] this
methodology holds great promise.

Under the second motivation, attempts related to “in-
house™ direct production of two generator products, namely
“2Cu (T} = 10 min) and “Ga (7}, = 1.13 h), may be men-
tioned. The “Zn/™Cu generator demands frequent pro-
duction of the parent “Zn at a 30 MeV' cyclotron because
it is rather short-lived (7, =9.13h). It was therefore
thought worthwhile to produce ®Cu directly through the
“Ni(p, n)-reaction on an enriched target at a small-sized cy-
clotron [94] or via the *’Co(a, n )-reaction on a natural target
at a medium-sized cyclotron [95]. Those procedures have,
however, not found much practical application because of
the short half-life of “Cu. Regarding the second system,
viz, “Ge/“Ga generator, though commercially developed,
the availability is rather limited. In view of the ever enhanc-
ing importance of ““Ga, the notion is developing to produce
this radionuclide directly through the ™Zn(p. n)-reaction
on an enriched target at a small-sized cyclotron or via the
““Cufer, n)-reaction on ™Cu at a medium-sized cyclotron
(for more discussion ¢f. [96]). The prospects for direct pro=
duction of this radionuclide appear to be favourable, though
the effort involved will be much more than in the generator
elution.

The most conspicuous and important example under the
third motivation is that of "™ Tc. As discussed above, the
supply of this commonly used diagnostic radionuclide is
rather jeopardized due to increasing uncertainty in the avail-
ability of the fission produced ™Mo for preparing a gen-
erator system. An intense search for alternative routes of
production of “Mo and ™ Tc is therefore imminent. This
topic is therefore discussed in more detail.

3.3.1 Alternative routes of production of * Mo and ™™ Te
The suggested routes which are not dependent on a nuclear
reactor are given below:

(@) ™U(y, /)”Mo;  (b) ™ Th(p, f)"Mo;

(c) ™Moy, m)"Mo;  (d) "™Mo(n, 2nY”Mo;

(€) ""Mol(p,d+ pm)”"Mo; (D) ""Mo(d,  + p2n)"Mo;

(2) "Mo(p, 20)"™Te;  (h) ""Mold, 3m)™™Te.

It has been suggested [97] that high-energy photons pro-
duced at accelerators could be used for production of Mo
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vig photofission of "U, This would lead to high specific ac-
tivity Mo, but due to the low photofission cross section of
") (160 mb), the yield of Mo would be by a factor of
about 3.5 > 10° lower than that in the neutron induced fis-
sion of **U. The yield could be increased by developing
a high power accelerator, but this has yet to be demaonstrated.

The cross section for the formation of ”Mo in the fis-
sion of **Th with 22 MeV protons is about 34 mb [98].
Recently, Abbas et al. [99] performed a feasibility study and
showed that with 40 MV protons about 50 GBq of Mo
could be produced. This is a potentially useful reaction, pro-
vided a high-current accelerator is made available and an
effective procedure for the radiochemical separation of Mo
is worked out. The expected yields, however, suggest that
this procedure could meet the regional demands but not in-
ternational needs.

The cross section of the "“Mo(y. 1)” Mo reaction is also
small (150mb at the maximum of the peak at 14 MeV)
[¢f. 100]. A study on the "™Mo(n, 21)” Mo process [¢f. 101]
claims that amounts of Mo comparable to those produced
through the "Mo(n, ¥)”Mo reaction in a low flux reactor
could be obtained, provided a proper accelerator for 14 MeV
neutron production (through the d, 1 reaction) is developed.
The technical difficulties to be overcome are enormous; fur-
thermore, the drawbacks of the Mo produced with large
amount of the inactive carrier will remain (see discussion
abowve). More attention is therefore presently focused on pro-
duction of ™Mo and ™" Tc using charged-particle induced
reactions on ""Mo.

The possibility of production of "Moo through the
Mol p,  + pn)”Mo reaction was investigated under an
IAEA-sponsored project, utilizing highly enriched "*Mo
target [¢f. 102]; due to low cross section it was found to
be unsuitable. Although GBq amounts of Mo could be
produced using long irradiations of thick targets covering
the energy range £, =65 — 10 MeV, the preparation of
the generator and, above all, the recovery of the expen-
sive enriched material would pose great technological and
handling problems. Furthermore, the product would not be
carrier-free. Although subsequent measurements and evalu-
ations [¢f. 103=106] showed slightly higher cross sections,
the basic conelusion given in [102] did not change. The
"Mold. t + p2n)”Mo reaction has a threshold of about
20 MeV and the cross section is lower than for the proton in-
duced reaction [¢f. 107—109]. Furthermore, in this case also
the problem of carrier will remain. It is therefore concluded
that this reaction is also not suitable for routine production of
Mo, being even less favourable than the "Mo(p, d + pn)
reaction.

It was also concluded that the direct route of production
of ™ T¢ vig the "™Mo(p, 2n)™™Tc reaction at a cyclotron
using 22 MeV protons on the target is worth considering
for local production and consumption [102]. The corres-
ponding "Mold, 3n)”"Te¢ reaction with 25 MeV deuterons
would give a slightly higher yield of ™™ Te [107-109], but
as deuterons of that energy are rarely available with high in-
tensities, the method is presently not of much interest. As
regards the "Mo(p, 2n)*™Te reaction, recently some more
accurate cross section measurements have been done [ 104
106] and its practical application was demonstrated first by
Guérin eral. [110] and later by Morley eral. [111]. The
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quality of eyclotron-produced "™ Tc with regard to radio-
pharmaceutical production was found to be similar to that
obtained via the ”Mo /™ Tc generator system.

However, the effect of the long-lived impurities ("*Tc,
*Te, "™Tc; all with 7z = 10%a) on the ™™ Tc specific ac-
tivity has still to be investigated [¢f. 112], as well as the
achievable radionuclidic purity as a function of the isotopic
composition of the enriched ™Mo target [¢f. 112,113]. In
fact they may both become the deciding factors in the use of
the cyclotron-produced "™ Te.,

A critical analysis of the "Mo(p, 2n)™Tc route for the
production of ™™ Te at a cyclotron suggests that four basic
requirements will have to be fulfilled to make this method
effective:

1. Use of highly enriched "™Mo target, including efficient
recycling,
2. Radiochemical separation immediately after irradiation,
3. Daily production schedule,
4. Good logistics.
The target enrichment is crucial. If it is of low enrich-
ment, several radionuclidic impurities (*™Te, " Te, efc.)
will occur as it has been shown in recent studies [of. 112,
113]. The radiochemical separation of " T¢ froma "'MoO,
target could be performed via thermochromatography, as it
was done in the case of *™T¢ from a *MoO; target [114].
Alternatively, a wet chemical method using ion-exchange
chromatography could be used [¢f. 110, 115]. An important
aspect is also the recovery of the enriched target material. Fi-
nally, due to its short half-life, the production of ™ Te will
have to be done on a regular (daily) basis, and the supply of
various nearby laboratories would need good logistics.

The on-going development work will certainly lead to
sufficient quantities of ™™ Te¢ for local or regional use, pro-
vided the level of the ™#Tc impurity is comparable to that
in the generator produced ™™ Te. However, this author is
convinced that it is illusory to expect that the cyclotron pro-
duction of *Tc¢ will solve the world shortage problem. For
large scale production and supply to all parts of the world,
the utilization of the **U(n, f)-process will remain a neces-
sity, though intensive efforts need to be invested to shifi the
process from high enrichment uranium (HEU) target to low
enrichment uranium (LEU) target.

3.4 Standardisation of production data

As described above, presently extensive research and devel-
opment work on various aspects of production of medical
radionuclides is going on in many of laboratories. It is there-
fore imperative that some sort of evaluation of the reported
information is done to standardise the data and procedures to
be able to assist the user in production of medical radionu-
clides of acceptable quality.

As regards commonly used reactor radionuclides, exten-
sive neutron-induced reaction cross section data are avail-
able in several evaluated nuclear data files {e.g. ENDF/B-
WII), thanks to energy-related reactor programmes, and an
excellent manual [2] has been prepared conceming other
production details of those radionuclides.

For accelerator-based radionuclides, whereas vast infor-
mation is available, particularly on targetry and chemical
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separation procedures, no authentic standardisation work
has been reported. The main reason is that each laboratory
uses a methodology suitable to its own cyclotron and radio-
chemistry facility. As regards nuclear data for production,
however, the situation is better and is discussed below.

All charged-particle induced reaction cross section data
are promptly compiled in the EXFOR file coordinated by the
TAEA. For potentially interesting production reactions, gen-
erally a large number of measurements are available in the
literature. It appeared therefore incumbent to devote some
effort to the evaluation of those data. The IAEA embarked
on this mission about 15 years ago and organised two suc-
cessive co-ordinated research programmes (CRPs) in which
about a dozen laboratories participated, under guidance of
the Research Centre Jiilich. Since no evaluation methodol-
ogy existed for charged-particle induced reactions, the initial
work was rather empirical. However, in later years strong
application of nuclear models could be built in. The eval-
vated and recommended data for the major diagnostic ra-
dionuclides are now available in [116] and those for the ther-
apeutic radionuclides in [117]. They should allow a proper
selection of the projectile energy range in a target to ensure
high radionuclidic purity of the desired product. In addition,
the exact yields of the desired radionuclide and the accom-
panying radioactive impurities can be accurately calculated.
A few groups are now also individually engaged in this type
of work [¢f. 21, 118].

Further work on the validation of evaluated data as well
as on the evaluation of data for other emerging radionuclides
is necessary.

4. Future directions and perspectives

Radioactivity has revolutionized medicine. The radionuclide
production technology is well developed and several suit-
able radiopharmaceuticals are now widely available for pa-
tient care, both with respect to diagnosis and radiother=
apy. The future prospects of the tracer technology look
bright. However, innovative notions and approaches will
need to be followed to keep pace with other medical imag-
ing diagnostic and therapeutic techniques. The emerging
problems will demand enhanced attention in the following
directions.

4.1 Patient care programme

With regard to the apprehension about the secure supply
of the most commonly used diagnostic radionuclide ™™ Tc,
presently produced by fission of highly enriched **U, it is
likely that the industry would modify the industrial produc-
tion process to be able to cope with the use of low-enriched
U (thereby reducing the danger of nuclear weapons® pro-
liferation). The dependence on nuclear reactors will, how-
ever, remain. If at the same time some countries in the
OECD-area may decide to utilize a few modern research
reactors for production of fission Mo, the situation may
improve, At least one initiative to make use of the Miinchen
reactor for this purpose appears promising. Furthermore, if
a few new powerful research reactors could be constructed
in countries with fast developing economies and technolo-
gies, e.g. China, the problem could be solved. On the other

hand, if no progress is made in the above mentioned three
directions, several scenarios may emerge, e.g.

1. Cyclotron production of ™" Tc. As mentioned above, the
question of short- and long-lived impurities needs ur-
gently to be solved. Furthermore, this would offer only
a regional solution in technologically advanced coun-
tries. It will be beyond the reach of developing countries.

2. Production of Mo by fission of low-enriched **U for
regional (not global) supply. Countries like Argentina,
South Africa, Russia, India, Pakistan, Ukraine, efc. could
do so. Some of them are already developing the method-
ology and producing appreciable quantities of fission
“Mo.

3. Enhanced production of Mo through the (1. ) reaction
and intensified efforts to make use of the gel generator, as
it is done today in a few developing countries.

4. Development of future technologies, e.g. production of
“Mo by fission of ™U, using an accelerator based in-
tense photon or spallation neutron source. The spallation
neutron source would be very suitable also for the pro-
duction of several therapeutic radionuclides via the (n, p)
reaction [¢f. 119].

5. Enhanced production and application of I in SPECT
studies.

6. Enhanced application of PET technology using "*F and
“Ga labelled compounds. Large amounts of ™F could
possibly be produced by using large-sized H,"™O targets
and proton energies of up to 30 MeV [¢f. 120). For pro-
ducing large quantities of “Ge (the parent of “Ga) via
the “Galp, 2Zn)-reaction, high-current targetry for gal-
lium irradiation will be required (see discussion under
Sect. 2.3). The generator preparation methodology itself
has reached sophistication [¢f. 88, 89].

Thus considerable efforts may be called upon to ensure the
smooth running of patient care programmes.

4.2 Research orientations

For research studies, the demand for longer lived positron-
emitting radionuclides, which have passed the stage of lab-
oratory scale production and clinical evaluation, eg. *Cu,
=y ®7r and "1, will certainly increase. The same may
be true for other potentially useful positron emitters, such
as “Co, "'As, ™As and "Se. If the demands for those ra-
dionuclides increase further, it may become incumbent to
intensively search for intermediale energy production routes
leading to higher yields and purity.

With regard to quantification of SPECT-radiopharma-
ceuticals, an analogue approach is applied which involves
the use of a positron-emitting nuclide of the chemical elem-
ent of the SPECT radionuclide. Thus for quantification of
several "™ Te-radiopharmaceuticals, labelling of the com-
pound was carried out using the positron emitting radionu-
clide "™ Tg (7}, = 52 min) followed by a PET measurement,
If the shortage of ™™Tc becomes acute, it is likely that
'#]-radiopharmaceuticals will play a more important role in
the future than today. For quantification of those radiophar-
maceuticals, resort may have to be made to a short-lived
positron emitting radioiodine, e.g. "l (7),; = 1.3 h).

An important application of positron emitters is in quan-
tification of radiation dose in internal radionuclide therapy.
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Combining a positron-emitting isotope of an element to-
gether with a therapeutic radioisotope of the same element,
it is possible to measure the uptake kinetics by PET imaging,
thereby allowing an accurate dosimetric calculation related
to therapy. The principle was first applied in the case of in-
ternal therapy with ™Y (7,2.7 d) after mixing it with the
positron emitter *Y (7, = 14.7h) [¢f. 121]. This concept
is finding increasing application. A - (or Auger electron)
and A* emitting pair of radionuclides of the same elem-
ent is now termed as a theragnostic pair [¢f. 64]. There
are several such pairs, eg. “Sr (), =350.0d, g )/*Sr
(Ty2=32.2h, 8*); P1(T,, =8.04d, B/ (T2 =4.18d,
BY 8¢ (T, =3.35d, p)/¥Se (T, =3.9h, p*); “Cu
(Tip=2.64d, B )/%Cu (N2 =127h, £%); “Ga ()2 =
3.3d, Auger electrons)/™Ga (T, = 67.6 min, §*) and '"'In
(T2 = 2.8 d, Auger electrons)/ " In (T2 = 1.1 h, *). Fur-
ther development of those pairs would demand consider-
able efforts which, however, would depend on demonstrated
novel applications based on a combination of PET imaging
and targeted therapy.

Regarding internal radiotherapy, presently a shift is tak-
ing place from the use of £~ particle emitters to Auger
electron and e-particle emitters which induce more cellular
effects. Several radionuclides are at the development stage
(see above, Sect. 3.2), but once the principles have been es-
tablished, the demands for those radionuclides will increase.
Many of them are low-lying, highly converted, high spin
states and are difficult to produce. Versatile nuclear routes
will have to be harnessed, involving also intermediate en-
ergy reactions or even heavy-ion induced reactions. In short,
elegant interdisciplinary approaches will be needed to obtain
the desired radionuclides in high yield and purity.

A new perspective of medical radionuclides is emerg-
ing through extremely significant developments that are cur-
rently taking place in organ imaging. The dynamic and
quantitative nature of PET (and recently to some extent also
SPECT) is being coupled with X-ray tomography (CT) and
magnetic resonance imaging (MRI) to provide a highly pow-
erful combination of systems for organ imaging. The ra-
dionuclides of potential interest for the latter combination
are considered below.

In MRI the elements Mn and Gd are often used as con-
trast agents. If a positron-emitting radionuclide is introduced
in the system, the high-resolution of MRI and the quantita-
tive nature of PET could lead to very high quality imaging.
In the case of manganese the positron emitting radionuclide
‘IMn (7, = 46.2 min) has been suggested [¢f. 122, 123].
Regarding gadolinium, no positron-emitting radionuclide is
available. However, it has been demonstrated that this elem-
ent could be converted to a so-called “intelligent (respon-
sive) agent” [¢f. 124] by chemically binding it with a metal
like Cu through pyridine [125]; This considerably increases
the contrast. Now if copper could be a positron emitter, e.g.
“Cu, PET and MRI could be advantageously combined.
A newer concept involves the conversion of a transition
metal complex from the dia- to paramagnetic state (spin
crossover) which can be used as a contrast agent [cf. 124~
127]. The metals of interest are Fe and Ni and the poten-
tially useful positron emitting radionuclides could be *Fe
(T2 = 8.3 h)and ¥Ni (T;; = 36.0 h), respectively. In view
of the increasing interest in multimode imaging, the need for

printed on 2/13/2023 3:41 AMvia .

Appendix VI = 271

further development of suitable novel positron emitters will
certainly increase.

Another long-term perspective of radionuclide technol-
ogy could involve an intensive combination of radicactiv-
ity and manotechnology. In recent years, the latter tech-
nology has made tremendous progress and its applications
are now in many fields, including nuclear energy technol-
ogy [¢f. 128]. Also in medical radionuclide research, nano-
technology has found some connection, e.g. in production
of a radionuclide for nanobioscience application [¢f. 129],
in construction of a generator column using a nanomate-
rial [¢f. 130] and in retention of the recoiling daughter
in an in vive generator used in alpha radionuclide ther-
apy [¢f. 131]. Similarly, nanotargeted materials are finding
increasing applications in tumour imaging and tumour ther-
apy (for recent reviews ¢f. [132, 133]). The types of needed
radionuclides are generally the same as in conventional diag-
nosis and therapy described above.

5. Concluding remarks

It should be mentioned that also in the future the radionu-
clide production technology will strongly depend on re-
search reactors as well as small and medium-sized cy-
clotrons with energies up to about 30 MeV. For production
of many emerging radionuclides, however, intermediate-
energy, high-intensity accelerators with proton energies up
to about 100 MeV will be required. Furthermore, there will
be a need for higher energy facilities to accelerate also
deuterons, *He and *He particles in order to extend the range
of production and to improve the radionuclidic purity. In par-
ticular the *He particle beam may be quite advantageous for
producing many of the therapeutic radionuclides. Needless
to say, that highly qualified personnel with expertise in inter-
disciplinary areas of physics, chemistry, biology, medicine
and engineering will always be needed to maintain, nur-
ture and further develop this sophisticated technology for the
benefit of human beings.
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Medical radionuclide / Optimisation of production route /
Nuclear reaction cross section / Standardisation of data /
Alternative routes for production of "™ Tc and “Ga /
Non=standard positron emitter / Novel therapentic
radionuclide

Summary. Nuclear reaction cross section data are of great
significance in optimisation of production routes of radionu-
clides. This article deals with some newer aspects of data
research related to production of both standard and novel
radionuclides. The recent work to standardise the known data
is discussed and new measurements with regard 1w further
optimisation of production routes of some commonly used
radionuclides are mentioned. Attempts to increase the spe-
cific activity of some reactor-produced radionuclides through
the use of charged-particle induced reactions are outlined.
The jeopardy in the supply of ™ Tc wia a fission-produced
Mo /Tc generator is considered and its possible direct
production at a cyclotron is briefly discussed. Regarding
the novel radionuclides, development work is presently fo-
cussed on non-standard positron emitters for diagnosis and on
low-range highly ionising radiation emitters for internal radio-
therapy. Recent nuclear reaction cross section measurements
related 1o the production of the two types of radionuclides are
briefly reviewed and some anticipated trends in nuclear data
research are considered.

1. Introduction

Radionuclides find application in both medical diagnosis
and internal radiotherapy [¢f. 1]. A suitable radionuclide
in a proper chemical form is generally administered into
the human body to allow diagnostic studies or to induce
therapeutic effect. The underlying principle of in vive med-
ical diagnosis is that the radiation dose to the patient is
minimum. This 1s achieved through imaging of the human
organ from outside of the body using short-lived radionu-
clides, emitting predominantly a gamma ray in the energy
range of 70-250 keV or a positron. The low-energy gamma
ray facilitates single photon emission computed tomography
(SPECT), and the positron emitter allows positron emission
tomography (PET). In contrast to diagnosis, intemal radio-

*E-mail: s.m.qaimi fz-juclich.de.

therapy stipulates that a certain radiation dose 1s specific-
ally deposited in the malignant tissue. This is brought about
through the use of radionuclides emitting corpuscular radi-
ation, i.e., alpha- or beta-particles, or Auger and conversion
electrons, in combination with a targeted-compound labelled
with the radionuclide. In all those applications a knowledge
of nuclear data plays an important role. Whereas the radioac-
tive decay data are of importance in the choice of a radionu-
clide for a particular diagnostic or therapeutic application,
the nuclear reaction cross section data are of great signifi-
cance in optimisation of the production route of a desired
radionuclide (for earlier reviews [¢f. 2-7]).

The production of radionuclides is carried out using nu-
clear reactors as well as cyclotrons. In reactor production
generally (n, ) and (n, f) processes are utilized. Occasion-
ally (n, p) and double neutron capture reactions are also
used. The radicactive products are often neutron excess ra-
dionuclides. They mostly decay by - emission and are
therefore especially suited for intemal radiotherapy. The
cyclotron produced radionuclides, on the other hand, are
mainly neutron deficient and decay by electron capture (EC)
or fi* emission. They are therefore ideally suited for diag-
nostic studies. The positron emitters are almost exclusively
produced using charged-particle accelerators. For produc-
tion of some radionuclides both nuclear reactors and cy-
clotrons (accelerators) are extensively used.

This article deals with nuclear reaction cross section data
for production of medical radionuclides, with emphasis on
some newer aspects. The progress made within the last
decade is briefly mentioned. 1t is not the aim of this short
review to enlist all recent publications in the field; instead
some typical examples for each aspect are given. Some an-
ticipated trends in nuclear data research are outlined.

2. Standardisation of data

A vast amount of experimental data is available in the
EXFOR file, coordinated by the IAEA. In the case of
neutron-induced reactions, the data have been extensively
evaluated and standardised, mainly in the context of energy
research, and the recommended data are available in several
data files (¢f. ENDF/B-VII). Those data are useful also for
radionuclide production in reactors. Despite this progress,
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there was still need of evaluation and standardisation of data
for many of the reactor-produced therapeutic radionuclides.

Also for charged-particle induced reactions used in ra-
dionuclide production, generally a large number of measure-
ments were available in the literature. However, no serious
evaluation effort was reported. The IAEA embarked on
this mission about 16 years ago and organised two succes-
sive co-ordinated research programmes (CRPs) in which
about a dozen laboratories participated. Since no evalua-
tion methodology existed at that time for charged-particle
induced reactions, the initial work was rather empirical. It
involved normalisation of the data (in case of outdated de-
cay intensities and monitor cross sections), simple nuclear
model calculations and statistical fitting of the data. How-
ever, in later years strong application of nuclear models
could be built in. The evaluated and recommended data
for the major diagnostic radionuclides are now available
in [8] and those for the therapeutic radionuclides in [9]. The
latter includes both reactor and cyclotron produced ther-
apeutic radionuclides. The standardised data should now
allow a proper selection of the projectile energy range
in a target to ensure high radionuclidic purity of the de-
sired product. In addition, theoretical yields of the de-
sired radionuclide and the accompanying radioactive im-
purities can be accurately calculated from the evaluated
excitation functions. A few groups are now also individ-
ually engaged in this type of studies [¢f. 10, 11]. Further
work on the validation of evaluated data as well as on
the evaluation of data for other emerging radionuclides is
necessary.

J. Optimisation studies relevant to production
routes of some standard radionuclides

During the standardisation work it was found that the pro-
duction data of some commonly used radionuclides were
rather discrepant or lacked the required accuracy, calling
upon more precise measurements. In a few other cases it was
realized that the data for the formation of some impurities
needed more attention. A brief account of some newer meas-
urements is given below.

With regard to the standard PET radionuclides, some
measurements were done relevant to the production of 'C
(T},2 = 20 min) via the "N(p, «)"'C reaction, where the for-
mation of the undesired radionuclides "0 (7}, = 70 s) and
BN (7}: = 10 min) oceurs via the reactions “N(p, )"0
and "“N(p, pn)"N, respectively [12]. The results are shown
in Fig. 1. Those data make it possible to calculate the two
radioactive impurities formed during the production of ''C.
For the optimum proton energy range within the nitrogen gas
target (£, = 13 — 4 MeV) it is estimated that the "'C formed
will contain about 20% “O and 5% "N at the end of irradi-
ation. Similarly for the production of "F (T, = 110 min)
via the O(p, n)'"*F reaction, the cross section database was
extended up to 30 MeV [13], so that large scale production
of this radionuclide using medium-sized cyclotrons could
be carried out. Furthermore, measurements on the formation
of some short-lived positron emitters were extended up to
proton energies of about 200 MeV [14]. However, the high-
energy data are of more relevance to proton therapy than to
radionuclide production.
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Fig. 1. Excitation functions of proton induced nuclear reactions on “N
(after Ref. [12]).

Some discrepancies existed in the data for the pro-
duction of the radionuclides “Ge (7),; =270d) and “Sr
(T}, = 25.5d) which are used as parents of the generator-
produced commonly used % emitting radionuclides *Ga
(T2 = 113 h) and “Rb (T)» = 1.3 min), respectively. They
are employed especially at PET centres without a cyclotron,
A recent measurement on the ™Rb(p, x)=Sr reaction [15]
solved the discrepancy about the production data of “8r;
the measured and calculated thick target yields of *Sr
over different energy ranges were found to be in good
agreement [15]. Regarding the production of ®Ge via the
=(Ga( p, x)-process, a very recent measurement of the exci-
tation function has strengthened the database [ 16].

As far as the SPECT radionuclides are concerned,
the production data for all five commonly used radionu-
clides, viz. “Ga (1, = 3.26d), ™™ Tc (7, =6.0h), "'In
(N2 =2.8d), "1 (1, = 13.2h) and ™ TI (7,2 = 73.0 h),
are generally well known. Whereas the radionuclide ™" Tc
is mostly obtained via a fission-produced ”Mo /™" Tc gen-
erator system, the other four radionuclides are produced
using a medium-sized cyclotron. Only in a few special cases
some data problems existed. The production of "I vig
the "#Xe(p, x)'1 process, for example, proceeds through
two routes, namely "#*Xe(p, 2n)'PCs — "¥Xe — "#I and
HXe(p. pr)'*¥Xe — L. Whereas the data for the first
route are well established, there exists some diserepancy in
the case of direct formation of ' Xe. The effect of the dis-
crepancy on the routine production of "1 is, however, of
little significance. The level of the only radionuclidic im-
purity "' (7,2 = 2.1 h) is negligibly small. However, it
has been recently shown [17] that if the incident proton
energy exceeds 30 MeV, the cross section of the process
2Xe(p, x)'"'1 becomes appreciable. The latter decays to
long-lived "' Te (7),, = 154 d) which is a disadvantage. An
energy control of the beam incident on the target is therefore
mandatory. It has been suggested to limit the beam energy
to 35 MeY and reduce the ' Te content by adapting cooling
times [17].

For calibration of SPECT machines the long-lived ra-
dionuclide “'Co (7,2 = 271 d) is commonly used. Some new
cross section measurements relevant to its production in no-
carrier-added form [ 18] have strengthened the database.
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The status of data for the production of common thera-
peutic radionuclides is fairly good [¢f. 9], and only a few
new measurements have been performed in recent years. For
example, with regard to the production of *P (7, , = 14.3 d),
7Cu (T, = 2.58 d) and ™Sr (T, = 50.5 d) via the nuclear
reactions 2S(n, p)?p, " Cu and Y (n, p)™Sr, re-

Zn(n, p)
spectively, integral cross section measurements were per-
formed [19, 20] using a 14 MeV d(Be) neutron source. A dis-
cussion of the results led to the conclusion that higher yields
of those radionuclides would be obtained using a spallation
neutron source than the present day fission reactors. Cross
section measurements on the production of a few therapeu-
tic radionuclides in a nuclear reactor have also been reported
[ef. 21,22).

4. Attempts to improve the specific activity
of some reactor-produced therapeutic
radionuclides

Many of the therapeutic radionuclides are produced in
a nuclear reactor, generally vig the (n, y) process, and the
specific activity (ie. the radivactivity /unit mass of all iso-
topes of the element present) achieved is rather low. Some
of them can be obtained in no-carrier-added form through
precursor decay, generator formation, (n,charged particle)
nuclear reaction or fission process. There are, however, sev-
eral important or potentially important therapeutic radionu-
clides like "™Pd (T, = 17.0d), "*Sm (T} = 1.9.d), "“Er
(T2 =9.44d), ""Yb (Tin=32.0d), "Re (T}p =3.7d),
20y (T2 = 73.8d), etc. where all those methodologies do
not function. Furthermore, the production of “Cu (7}, =
12.7h) and “"Cu (T2 = 2.6 d) via the “Zn(n, p)*Cu and
“Zn(n, p)TCu processes does not provide products of suf-
ficient purity. In recent years, therefore, charged-particle
induced reactions have been extensively investigated, es-
pecially at Brussels, Debrecen and Jilich, to explore the
production of those radionuclides in no-carrier-added form.
In particular for “Cu and ""Pd a large number of reac-
tions have been studied [for recent reviews ¢f. 9, 11,23],
out of which the “Ni(p, #)*Cu and ""Rh(p, n)""Pd pro-
cesses have been successfully developed for large scale
production of the two radionuclides. For "Cu and "™Re,
the methods are still in development (see below). Re-
garding the other above mentioned radionuclides, the in-
vestigated processes [¢f. 24-30] are not economical be-
cause the resulting yields are too low. The radionuclide
21 is used in brachytherapy and the radionuclide "Yb
is a potential candidate for brachytherapy. For that pur-
pose the reactor production is adequate. Regarding '"Er,
the real application needs to be demonstrated. The main
problem regarding the specific activity is thus presently
with '"'Sm which is now often used in internal radio-
therapy. For this radionuclide, the use of the "'Nd(e, n)-
reaction on a highly enriched target appears to be of
some promise. The measured excitation function [31] is
shown in Fig. 2. The yield of "*Sm over the energy range
E, =125 — 15MeV amounts to 2.2 MBq/pA h, with no
significant impurity. Thus a high specific-activity and high
radionuclidic-purity product could be obtained in a quan-
tity sufficient for medical application, but the cost would be
rather high.
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Fig.2. Excitation function of the "Ndie, #n)"*'Sm reaction (after
Ref. [31]).

5. Security of supply of ¥ Tc and **Ga:
search for alternative production routes

The generator-produced radionuelide ™™ Te (T, = 6.0 h) is
the most commonly used agent in diagnostic studies. Its
supply is rather jeopardized due to increasing uncertainty
in availability of the fission-produced Mo (¥}; = 66.0 h)
for preparation of generators (ageing reactors, problem with
using highly-enriched U as target material, erc.). An in-
tense search for alternative routes of production of Mo and
" Te has therefore been going on for more than a decade.
Several routes have been suggested and their cross sec-
tions have been measured (for a recent review [c¢f. T]).
Out of all those processes the direct production of ™ Te
via the Mol p, 2Zn)-reaction appears to be more promis-
ing. Several measurements have been reported in recent
years [32-36] and the data show large scatter, especially
over the energy range of 10-20 MeV. Nuclear model cal-
culations show [37] that the more recent data [33-36] are
consistent. An evaluation has produced a recommended set
of cross sections [37], which should allow calculation of
the yield with enhanced confidence. Over the suitable en-
ergy range of £, =22 — 10MeV, the calculated yield of
FnTe amounts to 700 MBq/pA h. Technical efforts to pro-
duce ™™ T¢ via this route are now underway. The levels of
long-lived impurities and their implications on the pharma-
ceutical quality of "™ Tc, however, need 1o be extensively
investigated.

Besides “™Tc, the availability of the radionuclide *Ga
(T),2 = 1.1 h) is also causing some concern. It is a g% emit-
ting generator-produced radionuclide and is finding increas-
ing application in PET studies, especially in developing
countries. The parent radionuclide ®Ge (T, =2704d) is
a relatively long-lived cyclotron product and there could be
Jjeopardy about its supply. Some studies on the direct pro-
duction of “Ga via the ®Zn(p, 1)*Ga and “Cufe,n)*Ga
reactions have been reported [¢f. 38]. The prospects of dir-
ect production of “*Ga are good but, due to low yield, the
adopted procedure will remain limited to in-house use.

6. Research-oriented radionuclides

Constant research work is going on with the aim to develop
novel radionuclides for newer applications in medicine, both
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diagnostic and therapeutic. Many of the nuclear data studies
are, however, only of academic interest, with little chances
of real application. The more important developments in the
two directions are treated below separately.

6.1 Non-standard positron emitters

In view of the enhancing significance of PET, consider-
able efforts have been devoted over the last 30 years to-
wards development of a large number of non-standard, /.e.
non-conventional positron emitters. There have been two
motivations: a) study of slow metabolic processes; b) quan-
tification of imaging and dosimetry. Two detailed review
articles [6,39] have recently been published on the devel-
opment of about 25 novel positron emitters. In this article,
therefore, only some salient features related to nuclear data
work are discussed.

Out of all non-standard positron emitters recently de-
veloped, three radionuclides, viz. "Cu (7,,; = 12.7h), 1
(T2 =4.2d)and *Y (7},; = 16.0 h), are finding worldwide
application. They are opening new perspectives in radioim-
munotherapy and radiation dosimetry. The commonly used
production method in each case is the low-energy (p,n)
reaction on the respective highly-enriched target nucleus.
The basic data in all three cases were measured at the
Forschungszentrum Jiilich [40-42]. Although extensive de-
velopment work related to targetry and chemical separation
of those radionuclides has been done in many laboratories
(for review cf. [6,7]), only one new data measurement has
been reported for the “Ni(p, n)”*Cu reaction [43]. On the
other hand, for the three radionuclides under discussion,
intermediate energy-reactions have been investigated by sev-
eral groups [¢f. 10,41, 44-54] and data evaluation has also
been performed [¢f. 9, 10, 23,55, 56]. Monetheless, it is con-
cluded that for each of those three radionuclides the respec-
tive (p. n) reaction gives the purest product, though the yield
is not very high.

Besides the above mentioned three established non-
standard positron emitters, there is great potential interest
in other positron emitters as well, e.g. ?As (7, = 26.0h),

|=———Recommanded |
|==+==95% confidence limits

Integral yield (MBa/jAh)

51915'&2'53035«04550
Projectile energy (MeV)

Fig. 3. Calculated integral yields for the ™Se(p. n)"Br, 7' Se(p, 20)“Br
and ™Se(p, 3n)“Br reactions (after Ref. [63]).
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Se (T2 ="T.1h), ™ Br (T}; = 16.2h), ®Zr (T, = 78.4 h),
elc. Detailed reports on formation cross sections of several
novel positron emitters via low and intermediate energy re-
actions have been published in recent years [¢f. 57-62].
As an example, we consider the data for the production
of ™Br [59,60]. An evaluation has been done [63] and
from the recommended cross sections the yields of ™Br
via three reactions, namely Se(p, n)*Br, "Br(p, 2n)“Br
and ™Se(p, 3n)"Br, were calculated. The results are re-
produced in Fig. 3. The method for production of this ra-
dionuclide could thus be chosen according to the proton
energy available at the cyclotron. In practice, however, the
TSe(p, n)°Br reaction is preferred because of the lowest
level of the "Br (7,; = 56.0 h) impurity.

Measurements have also been reported on parent ra-
dionuclides of some potentially useful positron emitting
generator radionuclides (eg. *Ti (60.4a)/*Sc (3.9h));
“Zn (9.1 h)/“Cu (9.7 min), efe. [64, 65]. Further extensive
cross section data work on many radionuclides is continuing
in several laboratories.

6.2 Novel therapeutic radionuclides

The new trend in internal radionuclide therapy is o make
use of radionuclides emitting low-range but highly ionising
radiation, i.e. low-energy alpha- and beta-particle emitters,
X-ray emitters or Auger electron emitters. The topic has
been discussed in some detail in a recent article [7]. In the
present contribution, therefore, only a few selected aspects
are dealt with.

Among the p~ emitters, the radionuclides “'Cu (1), =
2.58d; £, =577keV) and "Re (T, =3.72d; £y =
1070 keV) have been receiving enhanced atiention. Ra-
diochemical measurements [¢f. 66] showed that a highly
enriched “Zn target and the energy range £, =70 —
30MeV lead to “Cu of high quality. Two other new
measurements on the reactions “Ni(a, p)*Cu [67] and
TZn(d. een)’Cu [68] utilizing highly-enriched targets re-
veal that, similar to the "Zn(p, @)""Cu process [44], large
scale production of “Cu via the two new routes is also not
feasible. The necessity of a 70 MeV proton beam for the
production of " Cu is thus imminent.

With regard to the production of '"Re, the suggested
method is the "™W(p, n)*Re reaction, though the
"W (d, 2n)™Re reaction has also been investigated and
gives higher yield than the (p, ) reaction. Several measure-
ments for the "™W(p, n)"*Re reaction have been reported
in recent years [¢f. 69-74]. An analysis of those data was
carried out [9,75] and the result is given in Fig. 4. Calcu=-
lations done using the three nuclear model codes, namely
STAPRE, EMPIRE and TALYS, reproduce most of the data
well [75]. From a critical discussion it was concluded [75]
that for obtaining high-purity ""*Re, an enriched "W tar-
get is absolutely necessary and the maximum proton energy
should not exceed 18 MeV,

Among the potentially useful X-ray and Auger elec-
tron emitters, the radionuclides '*'Cs (7,2 = 9.7 d; X-rays),
MINd (T, 5 = 3.37 d; Auger electrons), Pt (T}, = 4.33 d;
Auger electrons) and "™ Pt (T, = 4.02 d; Auger electrons)
have attracted some attention, The radionuclide 'Cs is
of considerable promise for prostate cancer brachytherapy.
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Fig. 4. Normalised experimental data and results of nuclear model cal-
culations for the "™W(p, n)'™Re reaction (after Ref. [75]).

Iis effective production through the "' Xe(p, n)*'Cs re-
action has been demonstrated [¢f. 76]. The radionuclide
HINd is interesting, not only because of its therapeutic ef-
fect but also because of its positron-emitting short-lived
daughter "'Pr (7, = 3.4 min) which allows its localisa-
tion via PET imaging. Iis production is carried out ei-
ther by the =Ce(*He, xn)'Nd process or through the
WIpe(p, 2n) "N reaction [¢f. 77, 78]. Cross section data for
its production via the "'Pr(d, 3n)"*Nd reaction have also
been reported [79].

The radionuclides ""Pt and "*"Pt are pure X-ray and
Auger electron emitters, each decay leading to more than
30 secondary electrons. Thus both those radionuclides have
great potential in Auger electron therapy. In a recent study
it could be shown that small amounts of Pt can be pro-
duced with high specific activity via the "*Os(ce,n) ™™ Pt
reaction [80]. Using the same target but higher energy a-
particles, on the other hand, it was found that """ Pt of high
specific activity could be advantageously produced through
the "Os(ee,3n)"™" Pt reaction [81]. Over the optimum en-
ergy range [, = 40 — 30MeV, this radionuclide can be
produced in quantities sufficient for therapeutic applications.

Regarding targeted a-particle therapy, the radionuclide
AL (T, =T7.2h; E, =5870keV) has been under inves-
tigation for quite some time. Its production data via the
P Bife,2n)*" At reaction are well known, Presently there is
great demand for the radionuclide **Ac (T,, =10.0d; E,
5830 keV) which is useful in itself as well as for providing
B (1), = 46 min; E, = 5900 keV) through a generator
system. In recent years some interest has also developed
in *“Th (7, = 31 min; £, = 6340 keV) and **Ra (7}, =
11.43d; £, =5720keV). Extensive effort is presently be-
ing invested in the development of **Ac. On one hand its
separation from nuclear waste (**Th) is being optimised
and, on the other, the 2*Ra(p, 2n > Ac reaction, making use
of the radioactive target material **Ra, is being developed
[ef. 82]. A third possibility under investigation is its pro-
duction vig irradiation of *Th with intermediate energy
protons [83-85]. The yield of **Ac and the level of the
FAe (T): = 21.8a) impurity calculated from the recently
reported data [83] are given in Fig. 5. At a proton energy

JRETh( p.X )225.22'-‘AC

© © 0 100 "w 4
Input proton energy (MeV)
Fig. 5. Production yield of **Ac and level of *"Ac impurity depend-
ing on inlet proton energy on a thick **Th target and outlet energy of
21 MeV (after Ref. [83]).

of 140 MeV the yield of **Ac amounts to 4.2 MBg/pAh
which is lower than the value of about 7 MBq/pA h via the
=0Ral p, 2n)** Ac reaction. The advantage of the new route
is that the use of the radivactive target **Ra is avoided. The
disadvantages are: lower yield, need of an intermediate en-
ergy accelerator and extensive effort in chemical processing.
Anyway, both the latter two methods need considerable fur-
ther development.

The a-emitting radionuclide ***Ra holds great promise
for bone cancer therapy. It was obtained via the chain
=Ra(n, pFRa (42.2min) > ¥Ac (21.8a) S 'Th
(18.7dy = **Ra. Another potentially interesting produc-
tion route entails the irradiation of **Th with intermediate
energy protons [¢f. 83—85].

The production of **U (and its daughter **Th) has
been studied via P'Pa(p, 20)"°U, ¥'Pa(d. 30U and
BT p, 30y 0Pa L DU processes [86—88]. The target ma-
terial *'Pa is radioactive; the chemical separation involved
is thus very demanding [86].

7. Conclusions

Radionuclide production technology is well established and
the relevant nuclear data for production of the commonly
used radionuclides have been standardised. Yet some nu-
clear data activities are continuously underway to improve
the quality of the products, i.e. ecither decrease the level of
radivactive impurities or improve the specific activity of the
product. In recent years, considerable effort has been de-
voled to searching for alternative routes for the production
of "™Te. The major thrust of the nuclear data research to-
day is, however, towards developing non-conventional novel
positron emitters and therapeutic radionuclides. The non-
standard metallic positron emitlers are opening new per-
spectives in radioimmunotherapy and quantitative radiation
dosimetry. The use of low-range but highly ionising radi-
ation in targeted therapy is attracting great attention. It is
anticipated that nuclear data work related to the development
of the two types of radionuclides will continue also in the fu-
ture. Newer medical applications, e.g. multimode imaging,
combination of radioactivity with nanotechnology, ere., will
demand novel radionuclides. For their production, applica-
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tion of intermediate energy cyclotrons, accelerating all four
light charged particles, viz. p, d, *He and *He, may be neces-
sary. In particular, an intermediate energy a-particle beam
holds great promise for producing high-spin isomers which
decay by Auger electron emission and are thus potentially
very interesting for Auger therapy.
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