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Preface

Since the sixth edition of this book in 2010, armamentariums in nuclear medicine
have changed with new additions and some deletions and hence the seventh edition.
Obsolete and outdated radiopharmaceuticals and techniques have been removed,
and new useful ones have been added. Like the previous editions, the book is aimed
to the nuclear medicine and radiology fellows, residents, and technologists in prepa-
ration for their respective professional board examinations. Also nuclear medicine
physicians and radiologists should find it a useful reference in their practice.

The organization of the book remains the same as the previous editions with a total of
16 chapters with the same titles. Chapters 1, 2, and 3 remain almost unchanged except the
addition of a section on Gaussian distribution in Chap. 2 and a small section on PET/MR
imaging in Chap. 3. A number of radionuclides have been added in Chap. 4, and the
221 Ac—??"Th—?**Ra generator has been added in Chap. 5. There is no change in Chaps. 6,
8, and 12. New US FDA-approved and some non-US FDA-approved radiopharmaceuti-
cals for clinical use are described in Chap. 7. Several radiopharmacyrelated accessories
have been added to Chap. 9, and radiation doses for new radiopharmaceuticals have been
included in Chap. 10. Revised and new regulations of the US FDA as well as a brief update
of European Union regulations have been cited in Chap. 11. Specific clinical uses of new
radiopharmaceuticals described in Chap. 7 have been presented in Chap. 13. Chapter 14
contains two new sections — theranostics and translational medicine. The use of Xofigo in
the treatment of castration-resistant prostate cancer has been added in Chap. 15. Chapter
16 has been revised with new information on adverse reactions from radiopharmaceutical
administration to humans. Appendix F is a new addition containing the decay factors of
18F. Appropriate references and additional questions have been added in each chapter.

I would like to thank Dr. Guiyun Wu, staff of Nuclear Medicine at Cleveland Clinic,
for providing a few images on neuroimaging. Many thanks are due to Ms. Stephanie
Frost, developmental editor, for her skillful editing; Ms. Miranda Finch, editorial assis-
tant, Clinical Medicine; and Ms. Margaret Moore, editor, Clinical Medicine, of Springer,
for their sincere help and guidance during the production of the book. I thank Ms. Janet
Foltin, former senior editor of Clinical Medicine of Springer, for her help in the initial
phase of the book. Thanks and appreciation are due to Mr. Sivakumar Krishnamoorthy of
SPi Global for a job well done in the production of the book. Finally, I am ever grateful
to Springer Nature for its perpetual support through decades in my publication efforts.

Cleveland, OH, USA Gopal B. Saha, PhD
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The Atom

According to Bohr’s atomic theory, an atom is composed of a nucleus at the center
and one or more electrons rotating around the nucleus along different energy orbits.
The nucleus is primarily composed of protons and neutrons, collectively called
nucleons. For an atom of a given element, the number of electrons moving around the
nucleus equals the number of protons, balancing the electrical charge of the nucleus.
Protons are positively charged, electrons are negatively charged and neutrons have no
charge. The size of an atom is of the order of 10~® cm (1 angstrom, A), and that of a
nucleus is of the order of 10=13 ¢cm (1 fermi, F). The electron configuration of the
atom determines the chemical properties of an element, whereas the nuclear structure
characterizes the stability and radioactive decay of the nucleus of an atom.

1.1 Electronic Structure of the Atom

The Bohr atomic theory states that electrons in an atom rotate around the nucleus
in discrete energy orbits or shells. These energy shells, referred to as the K shell, L
shell, M shell, N shell, and so forth, are stationary and arranged in order of increas-
ing energy. When there is a transition of an electron from an upper orbit to a lower
orbit, the energy difference between the two orbits is released as the photon radia-
tion. If the electron is raised from a lower orbit to an upper orbit, the energy dif-
ference between the two orbits is absorbed and must be supplied for the transition
to occur.

According to the quantum theory, each shell is designated by a quantum number
n, called the principal quantum number, and denoted by integers, for example, 1 for
the K shell, 2 for the L shell, 3 for the M shell, 4 for the N shell, and 5 for the O shell
(Table 1.1). Each energy shell is subdivided into subshells or orbitals, which are
designated as s, p, d, f, and so forth. For a principal quantum number 7, there are n
orbitals in the main shell. These orbitals are assigned azimuthal quantum numbers,
I, which designate the electron’s angular momentum and can assume numerical
values of [ =0, 1, 2,..., n — 1. Thus for the s orbital / = 0, the p orbital / = 1, the d
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2 1 The Atom

Table 1.1 Electron configuration in different energy shells

Principal Principal No. of electrons =2(2 [ + 1)
shell quantumnumber (7) Orbital (/) in each orbital 2n?
K 1 s(0)
L 2 s(0)
p(1)
M 3 s(0)
p(1)
d2)
N 4 s(0)
p(1)
d(2)
f3)
o 5 s(0)
p(1)
d2) 10
f(3) 14
g(4) 18 50

—_

18

—_—
AN PBEOANDOANADNDDN

32

orbital [ = 2, and so forth. According to the above description, the K shell has one
orbital, designated as 1s; the L shell has two orbitals, designated as 2s and 2p, and
so forth. The orientation of the electron’s magnetic moment in a magnetic field is
described by the magnetic quantum number, m. The values of m can be m = —I, —
(-1, ..., .., (—=1),L Another quantum number, the spin quantum number,
s(s = —1/2 or +1/2), is assigned to each electron in order to specify its rotation about
its own axis. Each orbital can accommodate a maximum of 2(2/ + 1) electrons, and
the total number of electrons in a given shell is 2r°. Thus, the K shell can contain
only 2 electrons, the next L shell 8 electrons, the M shell 18 electrons, the N shell 32
electrons, and the O shell 50 electrons. In atoms, the orbitals are filled in order of
increasing energy; that is, the lowest energy orbital is filled in first. However, when
d orbitals start filling, there are some exceptions to this rule as seen in the examples
of the electron configurations of some elements given below:

uNa 1522522p°3s’

1sAT 1522522p®3s? 3p°

2sFe §22522p%3s? 3p°3dias?

sTc 15%2522p®3s? 3p®3d!°4s*4p4ds5s’
sl 15%2522p°3s? 3p°3d'°4s*4p°4d'*55°5p!

The electron configuration in different orbitals and shells is illustrated in
Table 1.1, and, for example, the structure of »5Ni is shown in Fig. 1.1.

1.2 Chemical Bonds

The electronic structure of the atom of an element determines to a large degree the
chemical properties of the element. The periodic table has been devised to arrange
the groups of elements of similar chemical properties in order of increasing atomic
number. In the periodic table (Fig. 1.2), nine groups are presented vertically, and
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Fig. 1.1 Schematic
electron configuration of
K, L, and M shells in a
nickel atom

Lanthanide
Series™

Actinide
Series**

Al
26.98

31
Ga
69.72
49 50
In Sn
114.8 1187
81 82 83
il Pb  Bi
204.38 207.2 209.0

113 114 115 116 117 118

Uut  FI Uup  Lv Uus  Uuo
(284) (289) (288) (293) (294) (294)

Fig. 1.2 Periodic table of elements (Reproduced from http://periodic.lanl.gov/index.shtml under

the rule of fair use of material)

seven periods are shown horizontally. Each group contains elements of similar
chemical properties, whereas the periods consist of elements having the same num-
ber of electron shells but dissimilar chemical properties. As can be seen in Fig. 1.2,
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group VIIB consists of manganese, technetium, and rhenium, whose chemical
properties are very similar. Period 2 contains lithium, beryllium, boron, carbon,
nitrogen, oxygen, fluorine, and neon, all of which have the K shell and L shell in
common, but are widely different in their chemical behavior.

The valence of an element is the tendency of the atom to lose or gain electrons to
achieve a stable electron configuration. It is primarily determined by the number of
electrons present in the outermost shell, referred to as the valence shell. In the most
stable and chemically inert elements, such as neon, argon, krypton, and xenon, the
valence shell has the electron configuration ns’np®. Helium, although a noble gas,
has the configuration 1s* The electrons in the valence shell are termed the valence
electrons. To achieve the stable electron configurations ns?np®, electrons can be
added to or given up from the valence shell for chemical bond formation between
the atoms of appropriate elements. All chemical bond formation is governed by the
octet rule, which states that the electronic structure of each atom in a chemical bond
assumes ns’np® containing eight electrons, with the exception of hydrogen and lith-
ium atoms, which essentially assume the structure 1s*. The energy involved in
chemical bond formation is of the order of a few electron volts (eV). An electron
volt is the energy acquired by an electron accelerated through a potential difference
of 1 V. There are three main types of chemical bonds, described below.

1.2.1 Electrovalent or lonic Bond

An electrovalent or ionic bond is formed by the complete transfer of an electron
from the valence shell of one atom to that of another atom. In ionic bonds, two
oppositely charged ions are held together in the compound by coulombic forces.
The compound NacCl is formed as follows:

Na® +Cl” - NaCl

The sodium atom has the structure 1s?25?2p%3s', which can spare the s’ elec-
tron to achieve the stable structure of neon, 15*25?2p°. On the other hand, the chlo-
rine atom has the structure 1s?25?2p°3s23p°, which is short of one electron in
achieving the electronic structure of argon, 15*25?2p®3s23p®. Thus, in the formation
of NaCl, the sodium atom loses one electron to become Na*, and the chlorine atom
receives the electron to become Cl~. Both ions are then held by an electrovalent
bond. Because of their ionic properties, compounds with electrovalent bonds con-
duct electricity in the solid state as well as in solution.

1.2.2 Covalent Bond

In covalent bonds, each of the two atoms participating in bond formation contrib-
utes one electron to the bond. Both electrons are shared equally by each atom and,
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unlike electrovalent bonds, do not belong exclusively to one atom alone. The shared
electrons are localized in the region between the two atoms and the molecules are
nonionic. The following molecules are examples of covalent bonds:

H, H x H
HCl H x CI
BeCl,Cl x Be x ClI

Here the symbols x and - represent electrons from separate partners in the bond.
Because the compounds with covalent bonds are nonionic, they are poor conductors
of electricity.

1.2.3 Coordinate Covalent Bond

In a coordinate covalent bond, the pair of electrons required for bond formation is
donated by only one atom to another that can accommodate two electrons in octet
formation. These bonds are also called semipolar bonds, because only a partial posi-
tive charge is generated on the donor atom and a partial negative charge on the
acceptor atom. Some donor atoms with a lone pair of electrons are N:, O:, S:,
and so forth, and they can form coordinate covalent bonds with various metal ions
to form metal complexes. The following molecules are examples of coordinate
covalent bonds:

H
X
NH :
H x N x H
H
H .. H+
Hgo{ x 0 x }
il

In these examples, nitrogen and oxygen atoms have donated their lone pair of
electrons to a hydrogen ion.

1.2.4 Complex Formation

Metal complexes are produced by coordinate covalent bonds that are formed by the
electrons donated by the chemical species having a lone pair of electrons. These
complexes can be cationic, anionic, or neutral, examples of which are [Co(NH;),]*,
[Fe(CN)s]*-, and [Ni(CO),], respectively.
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Fig. 1.3 Molecular HOOCH,C CH,COOH CH,COOH
\ /
structure of DTPA /N—CH2 —CH, —N—CH, — CH, —N,
HOOCH,C CH,COOH

Diethylenetriaminepentaacetic Acid (DTPA; MW = 393)

The molecules containing NH;, —CN, —SH, —COO, —NH,, CO, etc. are called
ligands, which may be neutral or ionic in structure. The common characteristic of
the ligands is that they all possess an unshared pair of electrons that can be donated
to a metal ion to form a complex. These ligands are firmly attached to the metal ion,
and the number of ligands in a complex is called the coordination number of the
complex. For example, Co in [Co(NH;)]** has the coordination number 6.

A single ligand molecule can possess more than one donor atom and can donate
more than one pair of electrons in the complex, provided spatial configuration per-
mits. In such cases, more than one coordinate covalent bond is formed in the com-
plex, and the mechanism of bond formation is called chelation (from Greek,
meaning “clawlike configuration”). Such ligands are called chelating agents.
Ethylenediaminetetraacetic acid (EDTA) and diethylenetriaminepentaacetic acid
(DTPA) are typical examples of chelating agents; the structure of the latter is shown
in Fig. 1.3. Donor atoms are nitrogen in the amino groups and oxygen in carboxyl
groups. Depending on the number of electron pair donating groups in the molecule,
the ligands are named unidentate, bidentate, tridentate, and so on.

The stability of a metal complex is influenced by the sizes of the metal ion and
the ligand and the dipole moment of the ligand molecule. The smaller the size of
the metal ion and the ligand, the more stable the coordinate covalent bond. Ligands
with larger dipole moments form more stable complexes. The stability of a com-
plex is also increased by chelation and the number of electron donor atoms in the
chelating agent.

Various **"Tc-radiopharmaceuticals, such as *"Tc-DTPA and *™Tc-
dimercaptosuccinate (DMSA), are complexes formed by coordinate covalent bonds
between *"Tc and the chelating compounds. The coordination number of techne-
tium in these complexes varies between 4 and 9 (see in Chap. 6).

1.3 Structure of the Nucleus

The nucleus of an atom is composed of protons and neutrons, collectively called
nucleons. The characteristics of nucleons and electrons are summarized in Table 1.2.
The number of protons in a nucleus is called the atomic number of the atom, denoted
by Z. The number of neutrons is denoted by N. The total number of nucleons in a
nucleus is referred to as the mass number, denoted by A. Thus, A is equal to Z + N.
An elemental atom X having a mass number A, atomic number Z, and neutron
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Table 1.2 Characteristics of electrons and nucleons

Particle Charge Mass (amu)* Mass (kg) Mass (MeV)°
Electron -1 0.000549 0.9108 x 10 0.511
Proton +1 1.00728 1.6721 x 107 938.78
Neutron 0 1.00867 1.6744 x 107 939.07

“amu, 1 atomic mass unit = 1.66 x 10" kg = one twelfth of the mass of '>C
] atomic mass unit = 931 MeV

number N is represented by 5 X, . For example, the stable aluminum nucleus has 13
protons (Z) and 14 neutrons (N), and therefore its mass number is 27. Thus it is
designated as 7] Al,,. Since all the aluminum atoms have the same atomic number,
and the neutron number can be calculated as A—Z, both the atomic number 13 and
the neutron number 14 are omitted from its representation. Thus, the aluminum
nucleus is normally designated as >’Al. Alternatively, it is written as Al-27.

Different models have been postulated for the arrangement of the nucleons in a
nucleus to explain various experimental observations. According to the Bohr liquid
drop model, the nucleus is assumed to be spherical and composed of closely packed
nucleons, and particle emission by the nucleus resembles evaporation of molecules
from a liquid drop. This theory explains various phenomena, such as nuclear den-
sity, binding energy, energetics of particle emission by radioactive nuclei, and fis-
sion of heavy nuclei.

In the shell model, nucleons are arranged in discrete energy shells similar to the
electron shells of the atom in the Bohr atomic theory. Nuclei containing 2, 8, 20, 50,
82, or 126 protons or neutrons are very stable, and these nucleon numbers are called
magic numbers.

Nuclei are less stable if they contain an odd number of protons or neutrons,
whereas nuclei with even number of protons and neutrons are more stable. The
ratio of the number of neutrons to the number of protons (N/Z) is also an approxi-
mate index of the stability of an atom. This ratio equals 1 in the stable nuclei with
a lower atomic number, such as ';C, 'S0, and "N, and the ratio increases with
the increasing atomic number of the nucleus. For example, it is 1.40 for '2/I and
1.54 for *3Pb. Nuclei with N/Z different from that of stable nuclei are unstable and
decay by p-particle emission or electron capture. The shell model explains vari-
ous nuclear characteristics such as the angular momentum, magnetic moment, and
parity of the nucleus.

According to the classical electrostatic theory, a nucleus should not hold as a
single entity because of the electrostatic repulsive forces among the protons in the
nucleus. However, its stable existence has been explained by the postulation of a
binding force, referred to as the nuclear force, which is much stronger than the
electrostatic force and binds equally protons and neutrons within the nucleus. The
nuclear force exists only in the nucleus and has no influence outside the nucleus.
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The short range of nuclear force results in the very small size (~107!* cm) and very
high density (~10" g/cm?) of the nucleus.

The mass M of a nucleus is always less than the combined masses of the nucle-
ons A in the nucleus. This difference in mass (M-A) is termed the mass defect,
which has been used as energy in binding all the nucleons in the nucleus. This energy
is the binding energy of the nucleus and needs to be supplied to separate all nucle-
ons completely from each other. The binding energy of an individual nucleon has a
definite value depending on the shell it occupies; the average energy is approxi-
mately equal to the total binding energy divided by the number of nucleons. This
energy is about 6-9 MeV and has to be supplied to remove a single nucleon from
the nucleus.

1.3.1 Nomenclature

Several nomenclatures are important and need to be mentioned here. An exact
nuclear composition including the mass number A, atomic number Z, and arrange-
ment of nucleons in the nucleus identifies a distinct species, called the nuclide.
Some nuclides (~288 or so) are stable and naturally occurring of which nearly 54
nuclides have half-life of >50 million and are considered stable. There are about
3400 artificially produced nuclides which are unstable or radioactive and decay by
spontaneous fission or emission of a-particle, f-particle, and y-ray. This group of
nuclides are termed radionuclides. Nuclides of the same atomic number are called
isotopes and exhibit the same chemical properties. Examples of oxygen isotopes are
0, %0, 70, and "0 . Nuclides having the same number of neutrons but differ-
ent atomic numbers are called isotones. Examples are 3, Fe, 5% Co, and 5Cu each
having 33 neutrons. Isobars are nuclides with the same number of nucleons, that is,
the same mass number, but a different number of protons and neutrons. For exam-
ple, $Cu, ¥Zn, Ga, and {Ge are isobars having the same mass number 67.
Nuclides having the same number of protons and neutrons but differing in energy
states and spins are called isomers. *Tc and *™Tc are isomers of the same nuclide.
The lifetime of the isomeric states ranges from picoseconds to years, and those with
long half-life are represented by “m” as in *™Tc.

The nuclides, both stable and radioactive, are arranged in the form of a chart,
referred to as the chart of the nuclides, a section of which is presented in Fig. 1.4.
Each nuclide is represented by a square containing various information such as the
half-life, type and energy of radiations, and so forth, of the radionuclide and the
neutron capture cross-section of the stable nuclides (see Chap. 4). The nuclides are
arranged in increasing neutron number horizontally and in increasing proton number
vertically. Each horizontal bar contains all isotopes of the same element; for exam-
ple, all silicon isotopes are grouped in the horizontal block designated by the proton
number 14. All isotones are grouped vertically; for example, ;sSi, 5 Al, and ;; Mg
are isotones with 12 neutrons and are positioned in the vertical column identified by
the neutron number 12. The diagonal nuclides in the chart are isobars, for example,

7Si, 7Al, and ;] Mg . The radionuclides s Al and ;s Al each have an isomer.
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10 1 The Atom
Questions
1. Describe the basic concept and significance of the Bohr atomic theory.

10.

11.

. Write the electron configuration of (C, ;Cl, 5,Xe, ;;Rb, 4;3Tc, and ln.
. What is the octet rule? Why is it necessary that the electron configuration of the

atoms be ns’np® in a chemical bond?

. The compounds with electrovalent bonds dissociate mostly into ions in water,

whereas those with covalent bonds rarely do so. Explain.

. What are ligands and chelating agents? Define coordination number and explain

complex formation.

. Group the following nuclides into isotopes, isobars, isotones, and isomers: ';C,

12 14 14 17 17 19 113 113 57 57 STNI;
sC, xC. 5B, UN, Z0, (Ne, ,In, sIn, 5;Co, ;Fe,and 3;Ni.

. Define mass defect and magic number. What does the mass defect account for?
. Explain why the nuclear force differs from the electrostatic force in the nucleus

of an atom.

. Write the following nuclides in order of increasing stability: 5 Y, 3%Sr, and

LY.

What are the sizes of an atom and a nucleus? What is responsible for this size
difference? What is the difference in magnitude between the chemical and
nuclear binding energies?

The mass of ;’ZGa is 66.9858. (a) Calculate the mass defect in MeV. (b)
Calculate the average binding energy in MeV of each nucleon in § Ga .

Suggested Reading

Cherry SR, Sorensen JA, Phelps ME. Physics in nuclear medicine. 4th ed. Philadelphia: Saunders;

2012.

Friedlander G, Kennedy JW, Macias ES, Miller JM. Nuclear and radiochemistry. 3rd ed. New York:

Wiley; 1981.

Los Alamos National Laboratory website (URL: http://periodic.lanl.gov/index.shtml).
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Radioactive Decay

2.1 Decay of Radionuclides

As mentioned in Chap. 1, some 3700 nuclides have been discovered thus far, and the
majority of them are unstable. Unstable nuclei decay by spontaneous fission,
a-particle, p-particle, y-ray emission, or electron capture (EC) in order to achieve
stability. The stability of a nuclide is governed by the structural arrangement and
binding energy of the nucleons in the nucleus. One criterion of stability is the
neutron-to-proton ratio (N/Z) of the stable nuclides; the radionuclides decay to
achieve the N/Z of the nearest possible stable nuclide. Radioactive decay by particle
emission or electron capture changes the atomic number of the radionuclide,
whereas decay by y-ray emission does not.

Radionuclides may decay by any one or a combination of six processes: sponta-
neous fission, a-decay, f-decay, f#*-decay, electron capture, and isomeric transition
(IT). In radioactive decay, particle emission or electron capture may be followed by
isomeric transition. In all decay processes, the energy, mass, and charge of radionu-
clides must be conserved. Each of these decay processes is briefly described below.

2.1.1 Spontaneous Fission

Fission is a process in which a heavy nucleus breaks down into two fragments typi-
cally in the ratio of 60:40. This process is accompanied by the emission of two or
three neutrons with a mean energy of 1.5 MeV and a release of nearly 200-MeV
energy, which appears mostly as heat.

Fission in heavy nuclei can occur spontaneously or by bombardment with ener-
getic particles. Spontaneous fission occurs due to dumbbell-shape structure of the
heavy nucleus, the middle neck part of which is prone to breakage by molecular
vibration causing fission. The probability of spontaneous fission is low and increases
with mass number of the heavy nuclei. The half-life for spontaneous fission is
2 x 107 years for »U and only 55 days for **Cf. It should be noted that

© Springer International Publishing AG 2018 1
G.B. Saha, Fundamentals of Nuclear Pharmacy,
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12 2 Radioactive Decay

spontaneous fission is an alternative to a-decay or y-emission. An example of spon-
taneous fission of 2°U is given below.

8Rb + '¥Cs+2n

250 $Mo + '8Sn +3n

~ %BSr + 'EiXe +2n

54

2.1.2 AlphaDecay (a-Decay)

Usually heavy nuclei such as radon, uranium, neptunium, and so forth decay by
a-particle emission. The a-particle is a helium ion with two electrons stripped off
the atom and contains two protons and two neutrons bound together in the nucleus.
In a-decay, the atomic number of the parent nuclide is therefore reduced by 2 and
the mass number by 4. An example of a-decay is

22U 5 2Th +af $He']

An a-transition may be followed by f-emission or y-ray emission or both. The
a-particles are monoenergetic, and their range in matter is very short (on the order
of 1076 cm) and is approximately 0.03 mm in body tissue.

2.1.3 BetaDecay (f-Decay)

When a nucleus is “neutron rich” (i.e., has a higher N/Z ratio compared to the stable
nucleus), it decays by f~-particle emission along with an antineutrino. An antineu-
trino (V) is an entity almost without mass and charge and is primarily needed to
conserve energy in the decay. In f~-decay, a neutron (n) essentially decays into a
proton (p) and a ~-particle; for example,

n—>p+p +v

The f-particle is emitted with variable energy from zero up to the decay energy.
The decay or transition energy is the difference in energy between the parent and
daughter nuclides. An antineutrino carries away the difference between the f--
particle energy and the decay energy. The f-decay may be followed by y-ray emis-
sion, if the daughter nuclide is in an excited state, and the number of y-rays emitted
depends on the excitation energy. After f~-decay, the atomic number of the daughter
nuclide is one more than that of the parent nuclide; however, the mass number
remains the same for both nuclides.

Some examples of f~-decay are

131 131 = =
Sl Xe+p + v
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99 99m = =
oMo—" S Te+pB + v

59 59 = =
xFe—>, Co+f + v

60 60 2 - -
,5,Co—e Ni+ ™+ v

The radioactive decay of nuclides is represented schematically by decay schemes,
and examples of the decay schemes of "*'T and Mo are given in Figs. 2.1 and 2.2,

respectively.

The f-particles emitted by radionuclides can produce what is called bremsstrah-
lung by interaction with surrounding medium. Electrons passing through matter are
decelerated in the Coulomb field of atomic nuclei, and as a result, the loss in

Fig. 2.1 Decay scheme of
311, Eighty one percent of
the total *'T disintegrations
decay by 364-keV y-ray
emission. The half-life of
31T is shown in parentheses

Fig. 2.2 Decay scheme of
“Mo. There is a 2-keV
isomeric transition from
the 142-keV level to the
140-keV level, which
occurs by internal
conversion. Approximately
87% of the total Mo
ultimately decays to *™Tc,
and the remaining 13%
decays to #Tc. (The energy
levels are not shown in
scale.)

131

53 | (8 days) 6
723 keV
1.6% 637
6.9%
90.4%
364
Y
80
w} \ AR *
131
54 Xe (stable)
gg Mo (66 hr)
b
0.3%
1110 keV
17%
922
<1%
513
2% 182
142 99m
Tc (6 hr)
¢ 120 4
99
\4i Te (2.1 x 10% yr)
(E N 22 Ru (stable)
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electron energy appears as continuous X-rays. These X-rays are called bremsstrah-
lung (German for “braking” or “slowing down” radiation) and are used in radio-
graphic procedures. The probability of producing bremsstrahlung increases with
increasing electron energy and increasing atomic number of the medium. In tung-
sten, for example, a 10-MeV electron loses about 50% of its energy by bremsstrah-
lung, whereas a 100-MeV electron loses more than 90% of its energy by this
process.

2.1.4 Positron or §*-Decay

Nuclei that are “neutron deficient” or “proton rich” (i.e., have an N/Z ratio less than
that of the stable nuclei) can decay by f*-particle emission accompanied by the
emission of a neutrino (v), which is an opposite entity of the antineutrino. After 5*-
particle emission, the daughter nuclide has an atomic number that is 1 less than that
of the parent. The range of positrons is short in matter. At the end of the path of f*-
particles, positrons combine with electrons and are thus annihilated, each event giv-
ing rise to two photons of 511 keV that are emitted in opposite directions. These
photons are referred to as annihilation radiations.

In f*-decay, a proton transforms into a neutron by emitting a f*-particle and a
neutrino; for example,

p—o>n+p+v

Since a f*-particle can be emitted with energy between zero and decay energy,
the neutrino carries away the difference between decay energy and f*-energy. We
know that a neutron is equivalent to one proton plus an electron. Therefore, in f*-
decay, a mass equivalent of two electrons is created by the conversion of a proton to
a neutron, as shown in the above equations, i.e., 1.02 MeV is needed to create these
two particles. So positron emission takes place only when the energy difference
between the parent and daughter nuclides is equal to or greater than 1.02 MeV. Some
examples of f*-decay are

55 Cu—5% Ni+ " +v
BFS%0+8 +v
POU N+B +v

2Fe— Mn+ B +v

The decay scheme of '®F is presented in Fig. 2.3.

2.1.5 Electron Capture

When a nucleus has a smaller N/Z ratio compared to the stable nucleus, as an
alternative to f*-decay, it may also decay by the so-called electron capture
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Fig. 2.3 Decay scheme of 1g|: (110 min)
18E. The positrons are
annihilated in a medium to
give rise to two 511-keV
y-rays emitted in opposite
directions
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process, in which an electron is captured from the extranuclear electron shells,
thus transforming a proton into a neutron and emitting a neutrino. For this pro-
cess to occur, the energy difference between the parent and daughter nuclides
is usually, but not necessarily, less than 1.02 MeV. Nuclides having an energy
difference greater than 1.02 MeV may also decay by electron capture. The
larger the energy difference, the higher the positron decay. The atomic number
of the parent is reduced by 1 in this process. Some examples of electron capture
decay are

67 = 67
2 Gat+e =5 Zn+v
111 = 111
oIn+te —, Cd+v

57 = 57
»Co+e” =5 Fe+v

Usually the K-shell electrons are captured because of their proximity to the
nucleus; the process is then called K capture. Thus, in L capture, an L-shell electron
is captured and so on. The vacancy created in the K shell after electron capture is
filled by the transition of electrons from an upper level (probably the L shell and
possibly the M or N shell). The difference in energies of the electron shells will
appear as an X-ray that is characteristic of the daughter nucleus. These X-rays are
termed characteristic K X-rays, L X-rays, and so on belonging to the daughter
nuclide. The probability of electron capture increases with increasing atomic num-
ber, because electron shells in these nuclei are closer to the nucleus. The decay
scheme of !!In is given in Fig. 2.4.

2.1.6 Isomeric Transition

A nucleus can remain in several excited energy states above the ground state that are
defined by quantum mechanics. All these excited states are referred to as isomeric
states and decay to the ground state, with a lifetime of fractions of picoseconds to
many years. The decay of an upper excited state to a lower excited state is called the



