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Preface

After many years of  postgraduate training, many 
physicians have forgotten some (or most) of  their 
undergraduate and high school physics and may 
find submersion into nuclear physics somewhat 
daunting. This book begins with a very basic intro-
duction to nuclear physics and the interactions of  
radiation and matter. It then proceeds with a discus-
sion of  the methods for production of  nuclides and 
the instrumentation used for dose measurement, 
surveying radioactivity, and imaging. The imaging 
section has been expanded to cover MRI and 
PET‐MRI in addition to SPECT, PET, and PET‐CT. The 
final chapters of  the book focus on radiation biology, 

radiation safety, radiopharmaceutical therapy, and 
radiation accidents.

Numerous illustrations are included. They are 
highly schematic and are designed to illustrate con-
cepts rather than represent scale models of  their 
subjects. This text is intended for radiology residents, 
cardiology fellows, nuclear medicine residents and 
fellows, nuclear medicine technology students, and 
others interested in an introduction to concepts in 
nuclear medicine physics and instrumentation.

Rachel A. Powsner
Matthew R. Palmer
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1

CHAPTER 1

Properties and structure of matter

Matter has several fundamental properties. For our 
purposes the most important are mass and charge 
(electric). We recognize mass by the force gravity 
exerts on a material object (commonly referred to as 
its weight) and by the object’s inertia, which is the 
“resistance” we encounter when we attempt to 
change the position or motion of  a material object.

Similarly, we can, at least at times, recognize 
charge by the direct effect it can have on us, or that 
we can observe it to have on inanimate objects. For 
example, we may feel the presence of  a strongly 
charged object when it causes our hair to move or 
even to stand on end. More often than not, however, 
we are insensitive to charge. But whether grossly 
detectable or not, its effects must be considered here 
because of  the role charge plays in the structure of  
matter.

Charge is generally thought to have been recog-
nized first by the ancient Greeks. They noticed that 
some kinds of  matter, an amber rod for example, can 
be given an electric charge by rubbing it with a piece 
of  cloth. Their experiments convinced them that 
there are two kinds of  charge: opposite charges, 
which attract each other, and like charges, which 
repel. One kind of  charge came to be called positive, 
the other negative. We now know that the negative 
charge is associated with electrons. The rubbing 
transferred some of  the electrons from the atoms of  
the matter in the rod to the cloth. In a similar fash-
ion, electrons can be transferred from a cat’s fur to a 
hand. After petting, the cat will have a net positive 
charge and the person a net negative charge 

(Figure 1.1). With these basic properties in mind, we 
can look at matter in more detail.

Matter is composed of  molecules. In any chemi-
cally pure material, the molecules are the smallest 
units that retain the characteristics of  the material 
itself. For example, if  a block of  salt were to be broken 
into successively smaller pieces, the smallest frag-
ment with the properties of  salt would be a single 
salt molecule (Figure 1.2). With further fragmenta-
tion, the molecule would no longer be salt. Molecules, 
in turn, are composed of  atoms. Most molecules con-
sist of  more than one kind of  atom—salt, for exam-
ple, is made up of  atoms of  chlorine and atoms of  
sodium. The atoms themselves are composed of  
smaller particles, the subatomic particles, which are 
discussed later.

The molecule is held together by the chemical 
bonds among its atoms. These bonds are formed by 
the force of  electrical attraction between oppositely 
charged parts of  the molecule. This force is often 
referred to as the Coulomb force after Charles A. de 
Coulomb, the physicist who characterized it. This is 
the force involved in chemical reactions such as the 
combining of  hydrogen and oxygen to form water. 
The electrons of  the atom are held by the electrical 
force between them and the positive nucleus. The 
nucleus of  the atom is held together by another type 
of  force—nuclear force—which is involved in the 
release of  atomic energy. Nuclear forces are magni-
tudes greater than electrical forces.

Elements
There are more than 100 species of  atoms. These 
species are referred to as elements. Most of  the 

Basic Nuclear Medicine Physics
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2 Essentials of  Nuclear Medicine Physics, Instrumentation, and Radiation Biology

known elements—for example, mercury, helium, 
gold, hydrogen, and oxygen—occur naturally on 
earth; others are not usually found in nature but 
are  made by humans—for example, europium 
and  americium. A reasonable explanation for the 
absence of  some elements from nature is that if  and 

when they were formed they proved too unstable to 
survive in detectable amounts into the present.

All the elements have been assigned symbols or 
abbreviated chemical names: gold, Au, mercury, 
Hg; helium, He. Some symbols are obvious 
 abbreviations of  the English name; others are 

Figure 1.1 Electrostatic charge.

Na

Cl

Figure 1.2 The NaCl molecule is the smallest unit of  salt that retains the characteristics of  salt.
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 Basic Nuclear Medicine Physics 3

derived from the original Latin name of  the 
 element, for example, Au is from aurum, the Latin 
word for gold.

All of  the known elements, both natural and those 
made by humans, are organized in the  periodic 
table. In Figure 1.3, the elements that have a stable 
state are shown in white boxes; those that occur only 
in a radioactive form are shown in gray boxes. The 
number appearing above each  element’s abbrevia-
tion is referred to as the atomic number, which will 
be discussed later in this chapter.

The elements in the periodic table are arranged in 
columns (called groups) and rows (called periods). 
In general, elements within groups demonstrate 
similar properties. This is because elements in a 
group often have similar numbers of  electrons in 
their outer shell; outer shell electron configurations 
are more important in determining how an atom 
interacts with other elemental atoms. The lantha-
nides and actinides are special groups of  elements, 
conventionally shown in rows, separated and 
placed below the table. These two groups have the 
same number of  outer‐shell electrons and share 
many common properties.

Atomic structure
Atoms initially were thought of  as no more than 
small pieces of  matter. Our understanding that 

they  have an inner structure has its roots in the 
observations of  earlier physicists that the atoms of  
which matter is composed contain electrons of  
negative charge. In as much as the atom as a whole 
is electrically neutral, it seemed obvious that it must 
also contain something with a positive charge to 
balance the negative charge of  the electrons. Thus, 
early attempts to picture the atom, modeled on our 
solar system, showed the negatively charged 
 electrons orbiting a central group of  particles, the 
positively charged nucleus (Figure 1.4).

Figure 1.3 Periodic table.

+

Figure 1.4 Flat atom. The standard two‐dimensional 
drawing of  atomic structure.
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4 Essentials of  Nuclear Medicine Physics, Instrumentation, and Radiation Biology

Electrons
In our simple solar‐system model of  the atom, the 
electrons are viewed as orbiting the nucleus at high 
speeds. They have a negative charge and the nucleus 
has a positive charge. The electrical charges of  the 
atom are “balanced,” that is, the total negative charge 
of  the electrons equals the positive charge of  the 
nucleus. As we shall see in a moment, this is simply 
another way to point out that the number of  orbital 
electrons equals the number of  nuclear protons.

Electron shells and binding energy: By adding a third 
dimension to our model of  the atom, we can depict 
the electron orbits as the surfaces of  spheres (called 
shells) to suggest that, unlike the planets orbiting 
the sun, electrons are not confined to a circular 
orbit lying in a single plane but may be more widely 
distributed (Figure 1.5). Although it is convenient 
for us to talk about distances and diameters of  the 
shells, distance on the atomic scale does not have 
quite the same meaning it does with everyday 
objects. The most significant characteristic of  a 
shell is its energy level. The “closer” an electron is to 
the nucleus, the more tightly it is bound to the 
nucleus. In saying this, we mean that more work 

(energy) is required to remove an inner‐shell 
electron than an outer one. The energy that must be 
put into the atom to separate an electron is called 
the electron binding energy. It is usually 
expressed in electron volts (eV). The electron 
binding energy varies from a few thousand electron 
volts (keV) for inner‐shell electrons to just a few eV 
for the less tightly bound outer‐shell electrons.

Electron

Distribution of electron orbit

Figure 1.5 An electron shell is a representation of  the energy level associated with an atomic electron.

Electron volt

The electron volt is a special unit defined as the 
energy required to move one electron against a 
potential difference of  one volt. Conversely it is 
also the amount of  kinetic (motion) energy an 
electron acquires if  it “falls” through a poten-
tial difference of  one volt. It is a very small unit 
on the everyday scale, at only 1.6 × 10–19 joules 
(J), but a very convenient unit on the atomic 
scale. One joule is the Système International 
(SI) unit of  work or energy. For comparison, 1 J 
equals 0.24 small calories (as opposed to the 
kcal used to measure food intake).
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 Basic Nuclear Medicine Physics 5

Quantum numbers: The atomic electrons in their 
shells are usually described by their quantum 
numbers, of  which there are four types. The first is 
the principal quantum number (n), which 
identifies the shell. The first three shells (K, L, and 
M) are depicted in Figure 1.6. The electron binding 
energy is greatest for the innermost shell (K) and is 
progressively less for the outer shells. Larger atoms 
have more shells.

The second (azimuthal), third (magnetic), and 
fourth (spin) quantum numbers refer to other phys-
ical properties of  the electron. Each electron within 
an atom has a unique combination of  the four 
quantum numbers.

The maximum number of  electrons associated 
with each energy shell is 2n2, where n is the shell 
number. The first shell (the K shell) can contain a 
maximum of  two electrons, the second shell (the L 
shell) can contain a maximum of  eight electrons, 
the third shell (the M shell) can contain a maximum 
of  18 electrons, and so on.

Representation of  electron distribution: Most of  the 
diagrams (for example Figure  1.6) in this chapter 
reflect what is referred to as the Bohr model of  the 
atom and as such all electrons within each shell are 
depicted as moving along the surface of  a sphere, 
each shell represented as one such sphere with a 
distinct radial distance from a centrally located 
nucleus. The radius of  these spheres increases with 
principal quantum number. This model of  the atom 

is frequently used for teaching purposes because the 
radial distance of  an electron from the nucleus is 
used to depict with how tightly bound it is to the 
atom—the closest electrons being most tightly 
bound.

A more accurate quantum mechanical descrip-
tion of  electron distribution uses a sequence of  
orbitals. Orbitals are mathematical functions that 
describe the probability of  finding an electron in a 
region of  space near the nucleus. For each principal 
quantum number (each shell) there is a spherical 
orbital denoted by the principal quantum number 
followed by the letter “s”. This orbital contains two 
electrons (Figure 1.7a). This is the only orbital for 
the K shell which contains at maximum two elec-
trons and this orbital is called the 1s orbital. The 
neutral atom with a full K shell is the helium atom.

The next shell, the L shell (n = 2), also has a 
spherical orbital, denoted 2s (also depicted as 
Figure 1.7a) which contains two electrons, as well 
as three sub‐orbitals, denoted 2p

x, 2py, 2pz. Each 
sub‐orbital has a shape like a dumb‐bell or three‐
dimensional figure eight (see Figure  1.7b). The 
three sub‐orbitals are oriented along three orthogo-
nal axes as shown in Figure 1.7c. Each sub‐orbital 
is filled by two electrons and the neutral atom with 
completely filled orbitals for n = 1 and n = 2 is Neon.

For the higher order orbitals, n > 2, the sub‐ 
orbitals associated with higher azimuthal quantum 
number become even more complicated in struc-
ture and will not be discussed here.

L(2)

M(3)

K(1)

Figure 1.6 K, L, and M electron shells.

Quantum numbers

The term quantum means, literally, amount. 
It acquired its special significance in physics 
when Bohr and others theorized that physical 
quantities such as energy and light could not 
have a range of  values as on a continuum, but 
rather could have only discrete, step‐like val-
ues. The individual steps are so small that their 
existence escaped the notice of  physicists until 
Bohr postulated them to explain his theory of  
the atom. We now refer to Bohr’s theory as 
quantum theory and the resulting explana-
tions of  motion in the atomic scale as quan-
tum mechanics to distinguish it from the 
classical mechanics described by Isaac Newton, 
which is still needed for everyday engineering.

0005144591.INDD   5 10-26-2021   11:04:18



6 Essentials of  Nuclear Medicine Physics, Instrumentation, and Radiation Biology

Stable electron configuration: Just as it takes energy 
to remove an electron from its atom, it takes energy 
to move an electron from an inner shell to an outer 
shell, which can also be thought of  as the energy 
required to pull a negative electron away from the 
positively charged nucleus. Any vacancy in an 
inner shell creates an unstable condition often 
referred to as an excited state.

The electrical charges of  the atom are balanced, 
that is, the total negative charge of  the electrons 
equals the total positive charge of  the nucleus. This is 
simply another way of  pointing out that the  number 
of  orbital electrons equals the number of  nuclear pro-
tons. Furthermore, the electrons must fill the shells 
with the highest binding energy first. At least in the 
elements of  low atomic number, electrons within the 
inner shells have the highest binding energy.

If  the arrangement of  the electrons in the shells is 
not in the stable state, they will undergo rearrange-
ment in order to become stable, a process often 
referred to as de‐excitation. Because the stable 

configuration of  the shells always has less energy 
than any unstable configuration, the de‐excitation 
releases energy as X‐rays and electrons (this will be 
discussed in more detail later in this chapter in the 
section on internal conversion).

Nucleus
Like the atom itself, the atomic nucleus also has an 
inner structure (Figure 1.8). Experiments showed that 
the nucleus consists of  two types of  particles: pro-
tons, which carry a positive charge, and  neutrons, 
which carry no charge. The general term for protons 
and neutrons is nucleons. The nucleons have a much 
greater mass than electrons. Table  1.1 reviews the 
properties of  the various subatomic particles.

A simple but useful model of  the nucleus is a 
tightly bound cluster of  protons and neutrons. 
Protons naturally repel each other since they are 
positively charged; however, there is a powerful 
binding force called the nuclear force that holds 
the nucleons together very tightly (Figure  1.9). 

X

Y

Z

(a)

(b)

(c)

Figure 1.7 Electron orbitals and sub‐orbitals. (a) s orbital, (b) p suborbital, (c) p suborbitals, px, py, pz.
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The work (energy) required to overcome the nuclear 
force, the work to remove a nucleon from the 
nucleus, is called the nuclear binding energy. 
Typical binding energies are in the range of  2 million 

to 9 million electron volts (MeV) (approximately 
one thousand to one million times the electron 
binding force). The magnitude of  the binding 
energy is related to another fact of  nature: the 
measured mass of  a nucleus is always less than the 
mass expected from the sum of  the masses of  its 
neutrons and protons. The “missing” mass is called 
the mass defect, the energy equivalent of  which is 

Neutron

Proton

Nucleus

Figure 1.8 The nucleus of  an atom is composed of  protons and neutrons.

Table 1.1 Properties of the subatomic particles

Name(s) Symbol Massa Charge

Neutron N 1839 None
Proton P 1836 Positive (+)
Electron e– 1 Negative (–)
Beta particle 

(beta minus 
particle, 
electron)b

Β– 1 Negative (–)

Positron (beta 
plus particle, 
positive 
electron)

β+ 1 Positive (+)

Gamma ray 
(photon)

γ None None

X‐ray X‐ray None None
Neutrino ν Near zero None
Antineutrino Near zero None

a Relative to an electron.
b There is no physical difference between a beta particle 
and an electron; the term beta particle is applied to an 
electron that is emitted from a radioactive nucleus. The 
symbol β without a minus or plus sign attached always 
refers to a beta minus particle or electron.

Figure 1.9 Nuclear binding force is strong enough to 
overcome the electrical repulsion between the positively 
charged protons.
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equal to the nuclear binding energy. This inter-
changeability of  mass and energy was immortal-
ized in Einstein’s equation E = mc2.

Isotopes, isotones, and  isobars: Each atom of  any 
sample of  an element has the same number of  protons 
(the same Z: atomic number) in its nucleus. Lead 

found anywhere in the world will always be composed 
of  atoms with 82 protons. The same does not apply, 
however, to the number of  neutrons in the nucleus.

An isotope of  an element is a particular varia-
tion of  the nuclear composition of  the atoms of  that 
element. The number of  protons (Z: atomic num-
ber) is unchanged, but the number of  neutrons (N) 
varies. Since the number of  neutrons changes, the 
total number of  neutrons and protons (A: the 
atomic mass) changes. The chemical symbol for 
each element can be expanded to include these 
three numbers (Figure 1.10).

Two related entities are isotones and isobars. 
Isotones are atoms of  different elements that con-
tain identical numbers of  neutrons but varying 
numbers of  protons. Isobars are atoms of  different 
elements with identical numbers of  nucleons. 
Examples of  these are illustrated in Figure  1.11. 

Atomic mass (Z+N)
Element

Atomic number
(number of protons) Number of neutrons

Figure 1.10 Standard atomic notation.

ISOTOPES

ISOBARS

ISOTONES

Pb

K

Ca

Ti

Sc

Pb

Pb

Pb

Pb

Al

Si

P

Cl

S

208

207

206

205

204

30

31

32

33

34

17

16

15

13

14

122

126

19

20

22

23 22

21 24

25

23

45

45

45

45

45

26

125

124

123

82

82

82

82

82

17

17

17

17

17

Z = 82

A = 45

N = 17

Figure 1.11 Nuclides of  the same atomic number but different atomic mass are called isotopes, those of  an equal number 
of  neutrons are called isotones, and those of  the same atomic mass but different atomic number are called isobars. Stable 
nuclear configurations are shaded gray, radioactive configurations are white. (Adapted from Brucer, M. Trilinear Chart 
of  the Nuclides, Mallinkrodt Inc, 1979.)
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Nuclide is a general term for the composition of  a 
nucleus and includes isotopes, isotones, isobars, 
and other nuclear configurations.

The stable nucleus: Not all elements have stable 
isotopes; they do exist for most of  the light and mid‐
weight elements, those with atomic numbers 
(number of  protons) up to and including bismuth 
(Z  = 83). However, there are no stable isotopes of  
technetium (Z = 43), promethium (Z = 61), or for 
all elements with atomic numbers higher than 83. 
Prominent examples are radium (Z = 88) and 
uranium (Z = 92), which are found naturally as a 
mix of  isotopic forms that are all radioactive.

For those nuclei with a stable state there is an 
optimal ratio of  neutrons to protons. For the lighter 
elements this ratio is approximately 1:1; for increas-
ing atomic weights, stability is more likely when 

the  number of  neutrons exceeds the number of  
protons. A plot depicting the number of  neutrons as 
a function of  the number of  protons is called the 
line of  stability (Figure 1.12).

Stability

Strictly speaking, stability is a relative term. 
We call a nuclide stable when its half‐life is so 
long as to be practically immeasurable—say 
greater than 100 years. An isotope of  potas-
sium, 40K for example, which makes up about 
1% of  the potassium found in nature is con-
sidered stable but actually has a half‐life of  
109 years.

N
um

be
r

of
N

eu
tr

on
s

(N
)

50 60

60

70

70

80

80

90

90

100

100

110

110

Number of Protons (P)
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30

300

40
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50

120
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Line of Stability

Stable

Unstable
Excess Neutrons
Excess Protons

N > P

P > N

P = N

Figure 1.12 Combinations of  neutrons and protons that can coexist in a stable nuclear configuration all lie within the 
gray shaded regions.
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Radioactivity

The unstable nucleus and radioactive decay
A nucleus which is not in its stable state will adjust 
itself  until it is more stable either by ejecting por-
tions of  its nucleus or by emitting energy in the 
form of  photons (gamma rays). This process is 
referred to as radioactive decay. The type of  decay 
depends on which of  the following rules for nuclear 
stability is violated.

Excessive nuclear mass

Alpha decay: Very large unstable atoms, atoms 
with high atomic mass, may split into nuclear 
fragments. The smallest stable nuclear fragment 
that is emitted is the particle consisting of  two 
neutrons and two protons, equivalent to the nucleus 
of  a helium atom. Because it was one of  the first 
types of  radiation discovered, the emission of  a 
helium nucleus is called alpha radiation, and the 
emitted helium nucleus an alpha particle 
(Figure 1.13).

Fission: Under some circumstances, the nucleus of  
the unstable atom may break into larger fragments, 
a process usually referred to as nuclear fission. 
During fission two or three neutrons are emitted 
(Figure 1.14).

Unstable Neutron–Proton Ratio

Too many neutrons—beta decay: Nuclei with excess 
neutrons can achieve stability by a process that 
amounts to the conversion of  a neutron into a 
proton and an electron. The proton remains in the 
nucleus, but the electron is emitted. This is called 
beta radiation, and the electron itself  a beta 
particle (Figure 1.15). The process and the emitted 
electron were given these names to contrast with 
the alpha particle before the physical nature of  
either was discovered. The beta particle generated 
in this decay will become a free electron until it finds 
a vacancy in an electron shell either in the atom of  
its origin or in another atom.

alpha particle
(α)

Figure 1.13 Alpha decay.

235U
Neutron

Fission fragments

Figure 1.14 Fission of  a 235U nucleus.
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Careful study of  beta decay suggested to physicists 
that the conversion of  neutron to proton involved 
more than the emission of  a beta particle (electron). 
Beta emission satisfied the rule for conservation of  
charge in that the neutral neutron yielded one posi-
tive proton and one negative electron; however, it did 
not appear to satisfy the equally important rule for 
conservation of  energy. Measurements showed that 
most of  the emitted electrons simply did not have all 
the energy expected. To explain this apparent 
 discrepancy, the emission of  a second particle was 
postulated and that particle was later identified 
experimentally. Called an antineutrino (neutrino 
for small and neutral), it carries the “missing” energy 
of  the reaction.

Too many protons—positron decay and  electron 
capture: In a manner analogous to that for excess 
neutrons, an unstable nucleus with too many 
protons can undergo a decay that has the effect of  
converting a proton into a neutron. There are two 
ways this can occur: positron decay and electron 
capture. In general, these proton rich nuclei decay 
by a combination of  these two processes.

Positron decay: A proton can be converted into a 
neutron and a positron, which is an electron with a 
positive, instead of  negative, charge (Figure 1.16). 

The positron is also referred to as a positive beta 
particle or positive electron or anti‐electron. In 
positron decay, a neutrino is also emitted. In many 
ways, positron decay is the mirror image of  beta 
decay: positive electron instead of  negative electron, 
neutrino instead of  antineutrino. Unlike the negative 
electron, the positron itself  survives only briefly. 
It  quickly encounters an electron (electrons are 
plentiful in matter), and both are annihilated (see 
Chapter 8, Figure 8.1). This is why it is considered an 
anti‐electron. Generally speaking, antiparticles react 
with the corresponding particle to annihilate both. 
During the annihilation reaction, the combined 
mass of  the positron and electron is converted into 
two photons of  energy equivalent to the mass 
destroyed, each with an energy of  511 keV or a total 
of  1.022 MeV. Following ejection of  a positron from a 
nucleus the atom must also shed an orbital electron 
to keep the overall charge of  the atom neutral. So, in 
essence, the atom is losing the mass equivalent of  
two electrons (remember positrons are basically 
positively charged electrons). Positron emission will 
only occur when the difference in mass between the 
parent (original) and daughter atoms is at minimum 
the mass of  two electrons, which, as we will see in 
Chapter  2, Figure 2.12 is equal to 1.02 MeV of  
energy.

Antineutrino ν– Beta particle (β–)
–

Figure 1.15 β– (negatron) decay.

Neutrino ν
Positron (β+)
+

Figure 1.16 β+ (positron) decay.
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Electron capture: Through a process that competes 
with positron decay, a nucleus can combine 
with one of  its inner orbital electrons to achieve 
the net effect of  converting one of  the protons in 
the nucleus into a neutron (Figure  1.18). An 

outer‐shell electron then fills the vacancy in the 
inner shell left by the captured electron. 
The  energy lost by the “fall” of  the outer‐
shell  electron to the inner shell isemitted as an 
X‐ray.

F
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Energy of beta particle (MeV)

E
–

β   = 0.7 MeV

Eβ  = 1.71 MeV

0 0.5 1.0 1.5 2.0

Figure 1.17 Beta emissions (both β– and β+) are ejected from the nucleus with energies between 0 and their maximum 
possible energy (Eβmax). The average energy ( E ) is equal to approximately one third of  the maximum energy.

Energy of beta particles and positrons

Although the total energy emitted from an atom 
during beta decay or positron emission is con-
stant, the relative distribution of  this energy 
between the beta particle and antineutrino (or 
positron and neutrino) is variable. For example, 
the total amount of  available energy released 
during beta decay of  a phosphorus‐32 atom is 
1.7  MeV. This energy can be distributed as 
0.5 MeV to the beta particle and 1.2 MeV to the 
antineutrino, or 1.5 MeV to the beta particle and 
0.2 MeV to the antineutrino, or 1.7 MeV to the 
beta particle and no energy to the antineutrino, 
and so on. In any group of  atoms the likelihood of  
occurrence of  each of  such combinations is not 
equal. It is very uncommon, for example, that all 

of  the energy is carried off  by the beta particle. It 
is much more common for the particle to receive 
less than half  of  the total amount of  energy emit-
ted. This is illustrated by Figure 1.17, a plot of  the 
number of  beta particles emitted at each energy 
from zero to the maximum energy released in the 
decay. Eβmax is the maximum possible energy that 
a beta particles can receive during beta decay of  
any atom, E  is the average energy of  all beta 
particles for decay of  a group of  such atoms. The 
average energy is approximately one‐third of  the 
maximum energy or

E E1
3 max
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Appropriate numbers of nucleons, but too 
much energy

Isomeric transition: Following alpha and beta decay 
and electron capture, the nucleus has a more 
favorable physical configuration of  nucleons but 
usually contains an excess of  energy. The nucleus is 
said to be in an excited state when the energy of  the 
nucleus is greater than its resting level. This excess 
energy is shed by isomeric transition. This may 
occur by either or both of  two competing reactions: 
gamma emission or internal conversion. Most 
isomeric transitions occur as a combination of  
these two reactions.

Gamma emission: In this process, excess nuclear 
energy is emitted as a gamma ray (Figure 1.19). The 
name gamma was given to this radiation, before its 
physical nature was understood, because it was the 
third (alpha, beta, gamma) type of  radiation 
discovered. A gamma ray is a photon (energy) 
emitted by an excited nucleus. Despite its unique 
name, it cannot be distinguished from photons of  
the same energy from different sources, for example 
X‐rays.

Internal conversion: The excited nucleus can transfer 
its excess energy to an orbital electron (generally 
an inner‐shell electron) causing the electron to be 
ejected from the atom. This can only occur if  the 
excess energy is greater than the binding energy of  
the electron. This electron is called a conversion 
electron. The resulting inner orbital vacancy is 
rapidly filled with an outer‐shell electron (as the 
atom assumes a more stable state, inner orbitals 
are filled before outer orbitals). The energy released 
as a result of  the “fall” of  an outer‐shell electron to 
an inner shell is emitted as an X‐ray (Figure 1.20a) 
or as a free electron, an Auger electron 
(Figure  1.20b). The emitted X‐ray is called a 
characteristic X‐ray because its energy always 
equals the difference in binding energies between 
the electron shells.

Decay notation
Decay from an unstable parent nuclide to a more 
stable daughter nuclide can occur in a series of  
steps, with the production of  particles and photons 
characteristic of  each step. A standard notation is 
used to describe these steps (Figure  1.21). The 
uppermost level of  the schematic is the state with 

X-ray

Neutrino

Figure 1.18 Electron capture.
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the greatest energy. As the nuclide decays by losing 
energy and/or particles, lower horizontal levels rep-
resent states of  relatively lower energy. Directional 
arrows from one level to the next indicate the type 
of  decay. By convention, an oblique line angled 
downward and to the left indicates electron capture; 
downward and to the right, beta emission; and a 
vertical arrow, an isomeric transition. The dogleg is 
used for positron emission. A dogleg with a “Z” 
denotes alpha decay. Notice that a pathway ending 
to the left, as in electron capture or positron emis-
sion, corresponds to a decrease in atomic number. 
On the other hand, a line ending to the right, as in 

beta emission, corresponds to an increase in atomic 
number.

Figure  1.22 depicts specific decay schemes for 
99mTc, 111In, 131I, and 226Ra (this is not the isotope used 
for treatment in nuclear medicine, 223Ra, which will 
be discussed in detail in Chapter  18). The “m” in 
99mTc stands for metastable, which refers to an 
excited nucleus with an appreciable lifetime (>10–12 
seconds) prior to undergoing isomeric transition.

Half‐life
It is not possible to predict when an individual 
nuclide atom will decay, just as in preparing 

Gamma emission (γ)

Figure 1.19 Isomeric transition. Excess nuclear energy is carried off  as a gamma ray.

Conversion electron

γ

Auger electron

X-ray

(a)

(b)

Figure 1.20 Internal conversion. As an alternative to gamma emission, it can lead to emission of  either an X‐ray (a) or an 
Auger electron (b).
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 popcorn one cannot determine when any particu-
lar kernel of  corn will open. However, the average 
behavior of  a large number of  the popcorn kernels 
is predictable. From experience with microwave 
popcorn, one knows that half  of  the kernels will 
pop within 2 minutes and most of  the bag will be 
done in 4 minutes. In a like manner, the average 
behavior of  a radioactive sample containing billions 
of  atoms is predictable. The time it takes for half  of  
these atoms to decay is called (appropriately 
enough) the half‐life, or in scientific notation T

1/2 
pronounced “T one‐half ”). It is not surprising that 
the time it takes for half  of  the remaining atoms to 
decay is also T1/2. This process continues until the 
number of  nuclide atoms eventually comes so close 
to zero that we can consider the process complete. A 
plot of  A(t), the activity remaining, is shown in 
Figure 1.23.

This curve, and therefore the average behavior of  
the sample of  radioactivity, can be described by the 
decay equation:

A t A e t T0 0 693 1 2. / /  

where A(0) is the initial number of  radioactive 
atoms.

A commonly used alternative form of  the decay 
equation employs the decay constant (λ), which is 
approximately 0.693 divided by the half‐life (T1/2):

λ = 0.693/T1/2 

The decay equation can be rewritten as

A(t) = A(0)e−λt 

The amount of  activity of  any radionuclide may 
be expressed as the number of  decays per unit time. 
Common units for measuring radioactivity are the 
curie (after Marie Curie) or the SI unit, the bec-
querel (after another nuclear pioneer, Henri 
Becquerel). One becquerel is defined as one radioac-
tive decay per second. Nuclear medicine doses are 
generally a million times greater and are more eas-
ily expressed in megabecquerels (MBq). One curie 
(Ci) is defined as 3.7 × 1010 decays per second (this 
was picked because it is approximately equal to the 
radioactivity emitted by 1 g of  radium in equilib-
rium with its daughter nuclides). A partial list of  
conversion values is provided in Table 1.2.

A related term that is frequently confused with 
decay is the count, which refers to the registration of  
a single decay by a detector such as a Geiger counter. 
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Figure 1.21 Decay schematics.
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Figure 1.22 Decay schemes showing principal transitions for technetium‐99m, indium‐111, iodine‐131 and 
radium‐226. Energy levels are rounded to three significant figures.
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Most of  the detectors used in nuclear medicine detect 
only a fraction of  the decays, principally because the 
radiation from many of  the decays is directed away 
from the detector. Count rate refers to the number of  

decays actually counted in a given time, usually 
counts per minute. All things being equal, the count 
rate will be proportional to the decay rate, and it is a 
commonly used, if  inexact, measure of  radioactivity.
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t = time (half lives)

0 1 2 3 4 5

Figure 1.23 Decay curve. Note the progressive replacement of  radioactive atoms (parent) by relatively more stable atoms 
(daughter) as shown schematically in each box.

Table 1.2 Conversion values for units of radioactivity

One curie (Ci) = 1 × 103 mCi 1 × 106 μCi 37 × 109 Bq 37 × 103 MBq
One millicurie (mCi) = 1 × 10–3 Ci 1 × 103 μCi 37 × 106 Bq 37 MBq
One microcurie (μCi) = 1 × 10–6 Ci 1 × 10–3 mCi 37 × 103 Bq 37 × 10–3 MBq
One bequerel (Bq)* = 27 × 10–12 Ci 27 × 10–9 mCi 27 × 10–6 μCi 1 × 10–6 MBq
One megabequerel (MBq) = 27 × 10–6 Ci 27 × 10–3 mCi 27 μCi 1 × 106 Bq

* One bequerel = 1 decay per second.
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Questions

1. The chemical interactions between various 
 elements are mainly determined by:
(a) The number of  protons.
(b) The number of  neutrons.
(c) The number of  electrons in the outermost 

shell.
(d) The number of  protons minus the number of  

electrons.

2. For each of  the five terms below, choose the best 
definition:
(1) Isobars.
(2) Isoclines.
(3) Isomers.
(4) Isotones.
(5) Isotopes.

(a) Atoms of  the same element (equal Z) 
with different numbers of  neutrons (N).

(b) Atoms of  the same element (equal Z) 
with different numbers of  protons.

(c) Atoms of  different elements (different Z) 
with equal numbers of  neutrons (N).

(d) Atoms of  different elements with equal 
atomic mass (A).

3. Which of  the following statements are correct?
(a) There is a stable isotope of  technetium.
(b) Atoms with atomic numbers (Z) > 83 are 

inherently unstable.
(c) For lighter elements nuclear stability is 

achieved with equal numbers of  protons 
and neutrons; for heavier elements the 
number of  neutrons exceeds the number of  
protons.

4. For internal conversion to occur, the excess 
energy of  the excited nucleus must equal or 
exceed:
(a) 511 keV.
(b) 1.022 MeV.
(c) The internal conversion coefficient.
(d) The average energy of  the Auger electrons.
(e) The binding energy of  the emitted electron.

5. For an atom undergoing beta decay, the average 
energy of  the emitted beta particles is 
approximately:
(a) 511 keV.
(b) 0.551 times the loss of  atomic mass.
(c) One half  of  the total energy released for the 

individual event.

(d) One third of  the maximum energy of  the 
emitted beta particles.

(e) Equal to the average energy of  the accom-
panying antineutrinos.

6. You receive a dose of  99mTc measuring 370 
MBq from the radiopharmacy at 10 am. Your 
patient does not arrive in the department until 
2 pm. How much activity, in mCi, remains? 
(The T1/2 of  99mTc is 6 hours. The constant  
e = 2.718).

7. Rank the following binding energies from 
greatest to least:
(1) Electron binding energy for outer shell 

electrons.
(2) Nuclear binding energy.
(3) Electron binding energy for inner shell 

electrons.

8. True or false: The term metastable refers to an 
intermediate state of  nuclear decay lasting 
longer than 10–12 seconds prior to undergoing 
isomeric transition.

9. Which of  the following is true regarding beta 
decay of  a specific radioisotope:
(1) The energy of  the emitted beta particle is 

always the same.
(2) The energy of  the emitted antineutrino is 

always the same.
(3) The summed energy of  the emitted beta par-

ticle and antineutrino is always the same.

10. Which unit of  measurement for radioactivity is 
defined as one radioactive decay per second?
(1) Bequerel.
(2) Millicurie.
(3) Megabequerel.

11. 10 mCi equals how many MBq?
(1) 2.7 MBq.
(2) 37 MBq.
(3) 270 MBq.
(4) 370 MBq.

12. Lighter nuclides (Z < 83) with an excess of  
neutrons tend to decay by:
(1) Gamma emission.
(2) Beta minus decay.
(3) Isomeric transition.
(4) Positron emission.
(5) Alpha emission.
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