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CHAPTER 1  

The structure of matter   
 

1.1 INTRODUCTION 
Matter is the name given to the materials of which the universe is composed. It exists in three physical 

forms: solid, liquid or gas. All matter consists of a number of simple substances called elements. 

An element is a substance that cannot be broken down by ordinary chemical processes into simpler 

substances. There are 92 naturally occurring elements, some examples of which are carbon, oxygen, 

iron and lead. Another 25 or so have been produced artificially over the past 75 years, the best known 

of which is plutonium. 

In nature, elements are usually chemically linked to other elements in the form of compounds.             

A compound consists of two or more elements chemically linked in definite proportions, for example 

water, H2O, which consists of two atoms of hydrogen and one atom of oxygen. 

 
1.2 THE ATOM 
Consider an imaginary experiment in which a quantity of some element is subjected to repeated subdi-

visions. Using ordinary optical instruments, a stage would eventually be reached when the fragments 

would cease to be visible. Supposing, however, that suitable tools and viewing apparatus were 

available, would it be possible to repeat the divisions of the original element indefinitely, or would a 

stage be reached where the matter can no longer be subdivided? 

More than 2000 years ago, Greek philosophers considered this question. With none of our modern 

instruments available to them, all they could do was consider the problem in a logical manner. From 

this philosophical approach, some of them decided that eventually a limit must be reached. They called 

the individual particles of matter which could not be further subdivided atoms. It was also postulated 

by some of the philosophers that all substances consist of these same atoms, different arrangements of 

the constituent atoms giving the different properties of the substances and the density being determined 

by how tightly the atoms are packed. 

Early in the nineteenth century, an atomic theory with a scientific basis was advanced which confirmed 

many of the views held by the ancient philosophers. This was the atomic theory of Dalton, which was 

able to explain the well-established but little-understood chemical laws. Modern theory has diverged 

somewhat from Dalton’s but he did establish the principle that matter consists of atoms, each element 

having its own characteristic atom. 

 
1.3 THE STRUCTURE OF THE ATOM 
It is now known that atoms are not solid, indivisible objects as the Greek philosophers believed but are 

composed of even smaller particles. These particles, from which all atoms are constructed, are called 

protons, neutrons and electrons. 
 

 



   

The proton (p) carries a positive electrical charge of magnitude 1 unit on the nuclear scale, and a mass 

of approximately 1 atomic mass unit (u). 

 

The electron (e−) has a negative electrical charge of the same magnitude as the proton’s positive 

charge. It has a mass of 1/1840 u, which, for most purposes, is neglected when considering the mass of 

the atom. 

 

The neutron (n) is electrically neutral and has a mass of approximately 1 u. It can be helpful in under-

standing the processes of radioactive decay (see Chapter 2) to regard the neutron as a close combina-

tion of a proton and an electron, with the positive charge of the proton being cancelled by the negative 

charge of the electron. 

 

It should be realized that the charges and masses on the nuclear scale are extremely small. The elec-

trical charge associated with a proton or electron is about 1.6 × 10−19 coulombs (C). For comparison, 

the charge stored in a typical A A-type battery is about 5000 C. Similarly, 1 u corresponds to a mass of 

about 1.7 × 10−27 kg. 

 

The neutrons and protons of an atom form a central core or nucleus, around which the electrons 

occupy various orbits, normally referred to as shells. The shell closest to the nucleus can contain a 

maximum of two electrons, the second can have up to eight, and the outer shells have progressively 

greater numbers. The inner shell is known as the K shell, the second is called the L shell, the third the 

M shell, the fourth the N shell and so on. The maximum numbers of electrons in the K, L, M and N 

shells are 2, 8, 18 and 32, respectively. For example, the atomic system of zinc, illustrated in Figure 

1.1, has 30 electrons arranged in four shells. 

Each atom normally has the same number of protons as electrons. This means that the total positive 

charge on the nucleus is equal to the total negative charge of the atomic electrons, and so the atom is 

normally electrically neutral. Two simple atoms, those of hydrogen and helium, are illustrated in 

Figure 1.2. This particular hydrogen atom is the only atom that does not contain neutrons. This is 

because the repulsive positive charges do not allow more than one proton to form a nucleus without 

the presence of one or more neutrons. 

 

1.4 ELEMENTS AND ATOMIC NUMBER 
In the early stages of the evolution of the universe, the two elements hydrogen and helium constituted 

essentially 100% of matter (apart from a very small   
 

 
quantity of lithium). However, processes occurring during the life cycles of early generations of stars 

resulted in the production of heavier elements by successive fusion reactions. This process, known as 

nucleosynthesis, eventually led to the creation of all the elements that are found on Earth today. 

Each element is characterized by the number of protons in the atomic nucleus and this is called the 

atomic number, represented by the symbol Z:  



   

Atomic number (Z) = Number of protons 

For example, hydrogen has one proton, Z = 1, and helium has two protons, Z = 2. It is the number of 

electrons in an atom that determines its chemical properties. In an electrically neutral atom, the number 

of protons equals the number of electrons, and so, indirectly, it is the number of protons in an atom that 

defines the element. Table 1.1 lists a selection of elements with their symbols and atomic numbers. 

About 25 elements of a higher atomic number have been artificially produced in small quantities over 

the past 75 years or so. They are all unstable and can only be created by processes that do not occur 

naturally on Earth. 

 

1.5  ISOTOPES AND MASS NUMBER 
Although all the atoms of a particular element contain the same number of protons, they may occur 

with different numbers of neutrons. This means that an element can have several types of atoms. For 

example, hydrogen can occur with zero, one or two neutrons in its nucleus, and the three different 

types of atoms are called isotopes of hydrogen. 

The mass of an atom is determined by the number of protons and neutrons if the very small mass of the 

atomic electrons is neglected. The sum of the number of protons plus the number of neutrons is 

 
called the mass number and is represented by the symbol A:  

Mass number (A) = Number of protons + Number of neutrons 

For example, the helium atom in Figure 1.2b contains two protons and two neutrons and so has a mass 

number of 4. Helium can also occur with one or three neutrons in the nucleus, as shown in Figure 1.3. 

These three isotopes are normally referred to as helium-3, helium-4 and helium-5, usually written as 

He-3, He-4 and He-5. 

An isotope can also be written in symbolic form as ZXA, where X is the symbol for the element. In this 

format, helium-3 is written 23He. Strictly, showing the atomic number is unnecessary because the 

name of the element defines the atomic number, so in most cases it is sufficient to write this as 3He. 

Throughout this text, the notation X-A is used (e.g. He-3) except where inclusion of the atomic number 

assists an understanding of the topic or where it is felt necessary to give the full name of the element. 

Considering another example, the element phosphorus (P) has an atomic number of 15 (i.e. each atom 

contains 15 protons) and it occurs in its stable, natural form as P-31, which means that the nucleus 

contains 16 neutrons. However, other isotopes can be produced by artificial means, though these are all 

unstable. They include isotopes between P-28 and P-34, as listed next: 

P-28 has 15 protons and 13 neutrons (Z = 15, A = 28) 

P-29 has 15 protons and 14 neutrons (Z = 15, A = 29) 

P-30 has 15 protons and 15 neutrons (Z = 15, A = 30) 

P-31 has 15 protons and 16 neutrons (Z = 15, A = 31) 

P-32 has 15 protons and 17 neutrons (Z = 15, A = 32) 

P-33 has 15 protons and 18 neutrons (Z = 15, A = 33) 

P-34 has 15 protons and 19 neutrons (Z = 15, A = 34) 

It is important to note that all the isotopes of a given element are chemically identical since the 

chemical properties are determined by the atomic number of the element. 

Most elements occur naturally as a mixture of isotopes, and other isotopes may be produced by bom-

barding a naturally occurring isotope with nuclear particles, for example by neutrons in a nuclear reac-



   

tor. These artificially produced isotopes are unstable and will eventually disintegrate with the emission 

of a secondary particle (see Chapter 2). 

Apart from the few lightest elements, the number of neutrons exceeds the number of protons in an 

atom. The difference becomes greater as the atomic number increases, as illustrated by the following 

examples: 

He-4 has 2 protons and 2 neutrons 

P-31 has 15 protons and 16 neutrons 

Zn-65 has 30 protons and 35 neutrons 

U-238 has 92 protons and 146 neutrons 

Data on the known isotopes of all the elements, both naturally occurring and artificially produced, 

have been arranged systematically in a table known as the chart of the nuclides, which will be 

discussed in more detail in Chapter 2. The term nuclide means any isotope of any element. 

 

ANCIENT AND MODERN THEORIES 
It can now be seen that the ancient Greek philosophers were remarkably close to the truth in their 

theory that all substances are constituted from the same basic particles. However, instead of being 
different arrangements of only one type of particle, different substances appear to result from 

various combinations of protons, neutrons and electrons. It is now known that protons and neutrons 
are made up of even smaller particles called quarks, and there is some evidence of apparently more 
fundamental particles. Thus, the ancient Greeks may yet prove to have been right in their conjecture 

that there is just one fundamental particle that provides the basis for all others. 

 
 
 

1.6 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 recognized 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, and the other negative. We 

now know that negative charge is associated with electrons. 

    

Matter is composed of molecules. In any chemically 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 fragment 

with the properties of salt would be a single salt molecule (Figure 1.2). With further 

fragmentation, the molecule would no longer be salt. 

Molecules, in turn, are composed of atoms. Most molecules consist of more than one 

kind of atom salt, for example, 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 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—the nuclear force—which is involved in 

the release of atomic energy. Nuclear forces are orders of magnitude greater than 

electrical forces. 

 

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

Most of the 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, for 

example gold, Au;mercury, Hg; and helium, He. Some symbols are obvious 

abbreviations of the English name; others   



   

 

 
are 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, can be organized 

into 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 abbreviation 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 lanthanides and 

actinides are special groups of elements, 

conventionally shown in rows separated from 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. Inasmuch 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). 
 
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: 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 the distances and diameters of the shells, 

distance on the atomic scale does not have quite the same meaning as it does with everyday objects. 

The more significant characteristic of a shell is the energy 

that it signifies. 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 innershell electrons to just a few eV for the less tightly 

bound outer-shell electrons. 
 
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 potential 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. The 

joule is the Système International (SI) unit of work or energy. For comparison, 1 J equals 0.24 small 

calories (as opposed to the large calorie (kcal) used to measure food intake). 
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 quals the number of nuclear protons. Furthermore, the electrons must fill the shells 

with the highest binding energy first.  At least in the elements of low-atomic-number electrons, 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 

rearrangement 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 

deexcitation  releases energy as photons, often as X-rays. 

 

Nucleus 

Like the atom itself, the atomic nucleus also has an inner structure (Figure 1.8). Experiments have 

shown that the nucleus consists of two types of particles: protons, which carry a positive charge, and 

neutrons, which carry no charge. The general term for protons and neutrons is nucleons. The 

nucleons, as shown in the first two rows of Table 1.1, have a much greater mass than electrons. Like 

 



   

Nuclear Binding  Energy 

According to  the  classical  electrostatic theory,  the  nucleus  of  an  atom cannot  exist as a 

single entity, because  of the  electrostatic repulsive  force among  the protons in the nucleus. 

The stability  of the nucleus  is explained by the  existence  of a strong  binding  force  called  the  

nuclear force, which overcomes the repulsive  force of the protons. The nuclear  force is 

effective equally  among  all nucleons  and exists only in the nucleus, having no influ- ence  

outside  the  nucleus. The  short  range  of the  nuclear  force  leads  to a very small size (~10−13 

cm) and very high density (~1014 g/cm3) of the nucleus. 

The mass M of a nucleus is always less than  the combined masses of the nucleons  A in the  

nucleus. The  difference in mass (M  − A) is termed the mass  defect, which  has  been  used  as 

binding  energy  for  all nucleons  in the nucleus. The average  binding  energy  of a nucleon  is 

equal  to the total binding energy (calculated from the mass defect)  divided by the number of 

nucleons.  It is of the order  of 6–9 MeV, although the binding  energy  of an individual  nucleon  

has a definite  value, depending on the shell it occupies. The binding energy of a nucleon  must 

be supplied  to completely remove  it from the nucleus. Note  that  whereas  the binding  energy  

of the nucleons  is in the megaelectron volt (MeV)  range, the electron binding  energy  in the 

atomic  orbital  is of the order  of kiloelectron volts (keV),  a factor  of 1000 lower.,… 

 

 



   

 



   

 

 SUMMARY OF KEY POINTS 

 Element: Material whose atoms all have the same number of protons. 
 u: Atomic mass unit. 
 Proton: Atomic particle, mass 1 u, charge +1 unit. 
 Electron: Atomic particle, mass 1/1840 u, charge −1 unit. 
 Neutron: Close combination of proton and electron, mass 1 u, electrically    
 neutral. 
 Atom: Central nucleus of protons and neutrons, around which electrons  
 occupy orbits. 
 Atomic number (Z): Number of protons. 
 Mass number (A): Number of protons plus number of neutrons. 
 Isotope: One of several nuclides with the same atomic number. 
 Notation: There are several ways of referring to an isotope, for example  
 phosphorus-  

 32, P-32,  32P and 
32

P. The convention P-32 is used in this text except  
 where  
 including the atomic number or the full name is necessary or assists an   
 understanding.Nuclide: A nuclear species. 
 
 

 
 
 



   

CHAPTER 2 

Radioactivity and radiation 
 

 



   

 
 



   

 
 



   

 
 



   

 



   

 
 



   

 



   

 



   

 

 



   

 
 
 



   

2.11 Radioactive Decay  

In 1896, Henri  Becquerel first discovered natural radioactivity in potassium uranyl 

sulfate. Artificial  radioactivity was not produced until 1934, when I. Curie  and F. 

Joliot  made  boron,  aluminum, and magnesium radioactive by bombarding them with 

a-particles from polonium. Radionuclides are  unstable and  decay  by  emission  of  

particle   or  - radiation to  achieve  stable  configuration of protons and  neutrons in 

the nucleus. As already  mentioned, the  stability  of a nuclide  in most  cases is 

determined by the  N/Z ratio  of the  nucleus.  Thus,  as will be  seen  later, whether a 

nuclide will decay by a particular particle  emission or -ray emis- sion  is determined 

by  the  N/Z and/or  excitation energy  of the  nucleus. Radionuclides can  decay  by 

one  or  more  of the  six modes:  spontaneous fission, isomeric  transition  (IT),  alpha 

() decay, beta ( −) decay, positron ( +) decay, and  electron  capture  (EC)  decay.  

In  all decay  modes,  energy, charge, and mass are conserved. Different decay modes 

of radionuclides are described later  in detail. 

Spontaneous Fission  

Fission  is a process  in which a heavy  nucleus  breaks  into  two fragments 

accompanied by the emission of two or three  neutrons. The neutrons carry a mean  

energy  of 1.5 MeV and the process releases  about  200 MeV energy that  appears 

mostly as heat. 

Spontaneous fission occurs in heavy nuclei, but its probability is low and increases  

with  mass  number of the  nuclei. The  half-life  for  spontaneous fission is 2 × 1017 

years for 235U and only 55 days for 254Cf. As an alternative to  the  spontaneous fission, 

the  heavy  nuclei  can  decay  by  a-particle  or g-ray emission. 

Isomeric  Transition 

A nucleus can exist in different energy or excited states above the ground state, which is 

considered as the state involving the arrangement of  protons and  neutrons with  the  

least  amount of  energy. These excited states are called the isomeric states and have 

lifetimes of fractions  of picoseconds  to many  years. When  isomeric  states  are  long-



   

lived, they are referred to as metastable states and denoted by “m” as in 99mTc. An 

excited nucleus  decays to a lower energy  state  by giving off its energy, and such 

transitions are called isomeric transitions (ITs). Several isomeric tran- sitions  may  

occur  from  intermediate excited  states  prior  to  reaching  the ground  state. As will be 

seen later, a parent radionuclide may decay to an upper isomeric state of the product 

nucleus by -particle or -particle emission, in which case the isomeric state returns to 

the ground  state by one or more isomeric transitions. A typical isomeric transition of 

99mTc is illustrated in Figure  2.1. Isomeric  transitions can occur  in two ways: gamma  

(γ )-ray emission  and internal conversion. 

Gamma (γ )-Ray  Emission 

The common  mode of an isomeric transition from an upper  energy state of a 

nucleus to a lower energy state is by emission of an electromagnetic radiation,  

called  the  γ -ray. The  energy  of the  γ-ray emitted is the  difference between  the  

two  isomeric   states.  For  example,   a  decay  of  a  525-keV isomeric  state  to a 

210-keV isomeric  state  will result  in the  emission  of a 315-keV γ -ray. 

The excitation energy  of the nucleus  is transferred  to a K-shell  electron, which is 

then  ejected,  and the K-shell  vacancy is filled by an electron from the L shell. The 

energy  difference between the L shell and K shell appears as the characteristic K 

x-ray. Alternatively, the characteristic K x-ray may transfer its energy  to an L-

shell  electron, called  the Auger  electron, which is then  ejedted. 

Internal Conversion 

An alternative to the -ray emission is the internal conversion  process. The 



   

excited  nucleus  transfers the  excitation energy  to  an  orbital  electron- 

preferably the K-shell electron-of its own atom, which is then ejected from the 

shell, provided the excitation energy is greater than the binding energy of the 

electron (Fig. 2.2). The ejected  electron is called the conversion  electron and 

carries the kinetic energy equal to Eg  – EB, where Eg  is the excitation energy  

and EB   is the binding  energy  of the electron. Even  though  the K-shell  

electrons are more likely to be ejected  because  of the proximity  to the nucleus, 

the electrons from the L shell, M shell, and so forth  also may undergo the  

internal conversion process. The  ratio  of the  number of conversion  electrons 

(Ne)  to  the  number of  observed  -radiations (Ng)  is Alpha ()-Decay 

The-decay occurs mostly in heavy nuclides  such as uranium, radon,  plu- 

tonium, and so forth. Beryllium-8 is the only lightest nuclide that decays by 

breaking up into two -particles. The -particles are basically helium  ions with  

two  protons and  two  neutrons in  the  nucleus  and  two  electrons removed 

from the helium  atom. After  -decay, the atomic  number of the nucleus  is 

reduced by 2 and the mass number by 4. 

 

The -particles from a given radionuclide all have discrete  energies  cor- 

responding to the decay of the initial nuclide to a particular energy level of the  

product (including,  of course,  its ground  state).  The  energy  of the   - particles  

is, as a rule, equal to the energy difference between the two levels and ranges  

from 1 to 10 MeV. The  -particles can be stopped by a piece  of paper,  a few 

centimeters of air, and gloves. 

Beta  ( −)-Decay 

When  a radionuclide is neutron rich-that is, the N/Z ratio  is greater than that  of  

the  nearest stable  nuclide-it   decays  by  the  emission  of  a   −- particle  and an 

antineutrino. In the  −-decay process, a neutron is converted to a proton, thus 



   

raising the atomic number Z of the product by 1. Thus: 

The  difference in energy  between the  parent and  daughter nuclides  is called 

the transition or decay energy, denoted by Emax. The −-particles carry Emax or 

part  of it, exhibiting  a spectrum of energy  as shown in Figure  2.3. The average 

energy of the  −-particles is about one-third of  Emax. This obser- vation  indicates  

that  −-particles  often  carry  only a part  of the  transition energy,  and energy  is 

not  apparently conserved in  −-decay. To satisfy the law of energy  

conservation, a particle  called  the  antineutrino , with  no charge and a negligible 

mass has been postulated, which carries the remainder of Emax in each −-decay. 

The existence of antineutrinos has been proven experimentally. 

After  −-decay,  the  daughter nuclide  may  exist  in an  excited  state,  in which 

case, one or more  -ray emissions  or internal conversion will occur to dispose of 

the excitation energy. In other  words, −-decay is followed by isomeric  

transition if energetically permitted. 

The decay process  of a radionuclide is normally  represented by what is called 

the decay scheme. Typical decay schemes of 
131

I and 
99

Mo are shown in Figures  

Positron ( +)-Decay 

When a radionuclide is proton rich-that is, the N/Z ratio is low relative  to that  of 

the nearest stable  nuclide-it  can decay  by positron ( +) emission accompanied 

by the emission of a neutrino ( ), which is an opposite entity of the antineutrino. 

Positron emission takes place only when the energy difference  (transition energy)  

between the  parent and  daughter nuclides  is greater than  1.02 MeV. In  +-

decay, essentially  a proton is converted to a neutron plus a positron, thus, 

decreasing  the atomic number Z of the daughter nuclide  by 1. Thus, 
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The requirement of 1.02 MeV for  +-decay arises from the fact that  one 

electron mass has to be added  to a proton to produce a neutron and one 

positron  is  created. Since  each  electron  or  positron  mass  is  equal   to 0.511 

MeV,  one  electron and  one  positron are  equal  to  1.02 MeV,  which is required 

as a minimum  for +-decay. 

Some examples  of  +-decay follow: 

The energetic  +-particle  loses energy while passing through matter. The range  of 

positrons is short  in matter. When  it loses almost  all of its energy, it combines with 

an atomic electron of the medium and is annihilated, giving rise  to  two  photons  

of  511 keV  emitted  in  opposite  directions. These photons are called 

annihilation  radiations. 

The  decay  scheme  of 
68

Ga  is presented in Figure  2.6. Note  that  the   +-decay 

is represented by a two-step  right-to-left arrow. 

Fig. 2.6. Decay  scheme  of 
68

Ga. The  positrons are  annihilated in medium  to 

give rise to two 511-keV -rays emitted in opposite directions. 

1.1. Electron Capture 

Decay  by electron capture (EC)  is an alternative to the  +-decay for protonrich  

radionuclides with N/Z lower than that of the stable nuclide. In EC decay,  an  electron from  

an  extranuclear shell,  particularly the  K  shell because  of its proximity,  is captured by a 

proton in the nucleus, forming  a neutron accompanied by the  emission  of a neutrino for  

conservation of energy. Thus, 

 

General Equation 

Radionuclides decay  by spontaneous  fission, -,  −-, and   +-particle  emissions,  electron 

capture, or isomeric  transition. The  radioactive decay  is a random process,  and  it is not  

possible  to  tell which atom from a group of atoms disintegrates at a specific time. Thus, one can  

only  talk  about  the  average  number of radionuclides disintegrating during  a period  of time. 



   

This gives the  disintegration rate  of a particular radionuclide. 

The disintegration rate  of a radionuclide, that  is, the number of disintegrations  per unit 

time, given as −dN/dt, is proportional to the total number of radioactive atoms  present at that  

time. Mathematically, 

−dN/dt  = N (3.1) 

where N is the number of radioactive atoms present, and  is referred to as the decay 

constant of the radionuclide. As can be seen from Eq. (3.1), it is a small fraction  of the 

radioactive atoms that  decays in a very short period of time. The  unit  of  is (time)−1.  Thus, 

ifis 0.2 sec−1  for a radionuclide, then  20% of the radioactive atoms  present will disappear 

per second. 

The disintegration rate −dN/dt is referred to as the radioactivity or simply the activity of the 

radionuclide and denoted by A. It should be understood from Eq. (3.1) that  the same amount 

of radioactivity means  the same dis- integration rate for any radionuclide, but the total 

number of atoms present and  the  decay  constants differ  for different radionuclides. For  

example,  a radioactive sample  A containing 106  atoms  and  with  = 0.01 min−1  would 

give the same disintegration rate (10,000 disintegrations per minute) as that by a radioactive 

sample  B containing 2 × 106  atoms  and with a decay constant  0.005 min−1. 

Now  from  the  preceding  discussion,  the  following  equation  can  be written: 

 (3.2) 

From  a knowledge of the  decay  constant and  radioactivity of a radionuclide, one can 

calculate  the total  number of atoms  or mass of the radionuclides present (using Avogadro’s 

number 1 g · atom  = 6.02 × 1023  atoms). 

Because Eq. (3.1) is a first-order differential equation, the solution of this equation by 

integration leads to 

Nt  = N0e
−t (3.3) 

where  N0  and Nt  are the number of radioactive atoms  at t = 0 and time t, respectively. 

Equation (3.3) is an exponential equation indicating  that  the radioactivity decays 

exponentially. By multiplying  both sides of Eq. (3.3) by , one obtains 

At  = A0e
−t (3.4)  

The factor e−t  is called the decay factor. The decay factor becomes  e+t  if the activity at 

time t before  t = 0 is to be determined. The plot of activity versus time on a linear  graph  gives 



   

an exponential curve, as shown in Figure  3.1. However, if the activity is plotted against  time 

on semilogarithmic paper, a straight  line results, as shown in Figure  3.2. 

Half-Life  

Every  radionuclide is characterized by a half-life, which is defined  as the time required to 

reduce  its initial activity to one half. It is usually denoted 

The  half-life  of the  radionuclide can be determined from the slope of the  line, which is given 

as the  decay  constant  . Alternatively, an activity  and  half its value and their corresponding 

times are read  from  the  plot. The  difference in the two time readings  gives the half-life.  

by t1/2 and is unique  for a radionuclide. It is related to the decay constant   

of a radionuclide by  

 

 (3.5) 

 (3.7) 

Mean Life 

Another relevant quantity of a radionuclide is its mean  life, which is the 

average lifetime of a group of radionuclides. It is denoted by and is related to 

the decay constant  and half-life t1/2  as follows: 

 

In one mean life, the activity of a radionuclide is reduced to 37% of its initial value. 

 Effective  Half-Life 

As already  mentioned, a radionuclide decays exponentially with a definite half-

life, which is called  the  physical  half-life, denoted by Tp   (or  t1/2). The physical  

half-life  of a radionuclide is independent of its physicochemical conditions. 

Analogous  to  physical  decay,  radiopharmaceuticals  adminis- tered   to  humans   

disappear  exponentially  from   the   biological   system through fecal  excretion, 

urinary  excretion, perspiration, or  other  routes. Thus, after  in vivo 

administration every radiopharmaceutical has a biolog- ical half-life (Tb), which 



   

is defined  as the time needed for half of the radio- pharmaceutical to disappear 

from the biologic system. It is related to decay constant b  by b  = 0.693/Tb. 

Obviously,  in any biologic  system, the  loss of a radiopharmaceutical is 

due to both  the physical decay of the radionuclide and the biologic elimination  

of the radiopharmaceutical. The net or effective  rate  (e) of loss of 

radioactivity is then  related to p  and b  by 

 

e  = p  + b (3.10)  

 

Because   = 0.693/t1/2, it follows that  

The effective  half-life, Te, is always less than  the shorter of Tp  or Tb. For a very 

long Tp  and a short  Tb, Te  is almost  equal  to Tb. Similarly, for a very long Tb  and 

short  Tp, Te  is almost  equal  to Tp. The unit of radioactivity is a curie. It is defined  

as 68 min). 



 

 

 

 



 

 

 

 



 

 

destroyed. Unless the difference between the masses of the parent and daughter atoms is at least equal 

to the mass of one electron plus one positron, a total equivalent to 1.02 MeV, there will be insufficient 

energy available for positron emission. Although the total energy emitted from an atom during beta 

decay or positron emission is constant, 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 hosphorus-32 atom is 1.7 MeV. This energy might 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 likelihoods of occurrence of such combinations are  

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 emitted. 

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. Here, Eβ max is the maximum possible energy that 

a beta particle can receive during beta decay of any atom, and Eis 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, 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 is emitted as an X-ray. 

 

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. If the 

excited state is stable enough (has a half-life longer than 10–12 seconds) then the nuclide is referred to 

as an isomer and the excess energy is shed by an isomeric transition. This may occur by either or both 

of two competing reactions: gamma emission and 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 a different source, 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 (Figure 1.20). 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 1.20(a)) or as a free electron, an Auger electron (Figure 1.20(b)).  Table 1.2 reviews the 

properties of the various subatomic particles. 

 

 



 

 

 

 

 



 

 

 



 

 

 

 



 

CHAPTER 3 

Radiation units 

 
 
 



 

 
 



 

 
 



 

 
 



 

 
 



 

 
 
 
 



 

CHAPTER 4 

Biological effects of radiation 

 
 



 

 
 



 

 
 



 

 
 



 

 
 



 

 
 



 

 
 



 

 

 
 
 
 



 

CHAPTER 5 

Natural and man-made radiation 

 
 



 

 
 



 

 
 
 
 



 

 

 
 



 

 
 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

CHAPTER 6 

The external radiation hazard 

 
 



 

 
 



 

 
 
 
 



 

 

 
 
 
 



 

 
 
 



 

 
 



 

 
 
 
 
 



 

8.7 Principles of Radiation  Protection 

Of the various  types of radiation, the -particle is most damaging  because of its 

charge  and great  mass, followed  in order  by the b-particle and the g- ray.  

Heavier particles   have  shorter ranges  and  therefore deposit   more energy  per 

unit path  length  in the absorber, causing more  damage.  On the other  hand, -

rays and x-rays have no charge or mass and therefore have a longer  range  in 

matter and  cause  relatively  less damage  in tissue. Knowl- edge of the type and 

energy  of radiations is essential  in understanding the principles  of radiation 

protection. 

The cardinal  principles  of radiation protection from external sources are based  

on four factors: time, distance,  shielding, and activity. 

Time 

The total radiation exposure to an individual  is directly proportional to the time  

of  exposure to  the  radiation source.  The  longer  the  exposure, the higher the 

radiation dose. Therefore, it is wise to spend no more time than necessary  near  

radiation sources. 

Distance 

The intensity  of a radiation source, and hence the radiation exposure, varies 

inversely as the square of the distance from  the source to the point of expo- sure. 

It is recommended that an individual  should keep as far away as prac- tically 

possible  from  the  radiation source.  Procedures and  radiation areas should be 

designed so that individuals conducting the procedures or staying in or near  the 

radiation areas  receive  only minimum  exposure. 

The radiation exposure from -ray and x-ray emitting  radionuclides can be  

estimated from  the  exposure  rate constant,  G, which  is defined  as the exposure 

from g-rays and x-rays in R/hr from 1 mCi (37 MBq) of a radionuclide at a 

distance  of 1 cm. Each g- and x-ray emitter has a specific value of G, which has the 

unit of R · cm2/mCi · hr at 1 cm or, in System Internationale (SI)  units,  mGy· 



 

m2/GBq · hr  at  1 m. The  G  values  are  derived   from  the number of -ray and 

x-ray emissions from the radionuclide, their  energies, and their mass absorption 

coefficients in air.  Because -rays or x-rays below some 10 or 20 keV are absorbed 

by the container and thus do not contribute significantly to radiation exposure, 

often g-rays and x-rays above these ener- gies only are  included  in the  

calculation of G. 

Shielding 

Various  high atomic  number (Z)  materials that  absorb  radiations can be used  

to  provide   radiation protection. Because   the  ranges  of  - and  - particles  

are  short  in matter, the  containers themselves act as shields  for these  

radiations. -Radiations, however,  are  highly penetrating. Therefore, highly  

absorbing  material  should   be  used   for  shielding   of  -emitting sources,  

although for economic  reasons,  lead  is most  commonly  used  for this purpose. 

The half-value  layer (HVL) of absorbent material for different radiations is an 

important parameter in radiation protection and is related  to  linear  

attenuation coefficient   of  the  photons in  the  absorbing material.  

Obviously, shielding is an important means of protection from radiation. 

Radionuclides should  be stored  in a shielded  area. The radiopharmaceuti- cal 

dosages  for patients should  be carried  in shielded  syringes. Radionu- clides 

emitting  -particles should be stored  in containers of low-Z material such as 

aluminum and plastic because  in high-Z material, such as lead, they produce 

highly penetrating bremsstrahlung radiations. For  example,  32P is a  −   

emitter and  should  be  stored  in  plastic  containers instead  of  lead containers. 
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CHAPTER 7 

The internal radiation hazard 
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Sources  of Radiation Exposure 

The  population at large  receives  radiation exposure from  various  sources such 

as natural radioactivity, medical  procedures, consumer products, and 

occupational sources.  The  estimates of annual  effective  dose  equivalents from  

different radiation sources  to  the  U.S. population are  tabulated in Table  

16.1.The major contribution of the exposure comes from natural sources, par- 

ticularly   from  radon   from  building   materials,  amounting  to  200 mrem (2 

mSv)/year  accounting for  82%  of the  total  exposure. Excluding  radon 

exposure, the average  exposure from natural background consisting of cos- mic 

radiations, terrestrial radiations, and so on amounts to about  100 mrem (1 

mSv)/year.  This  exposure varies  with  the  altitude of places  above  sea level. 

For example, the annual  cosmic ray exposure in cities such as Denver is about  50 

mrem  (0.5 mSv) compared to 26 mrem  (0.26 mSv) at sea level. Air  travel  at  a  

height  of  39,000 ft  (12 km)  gives  0.5 mrem/hr (5 mSv/hr), resulting  in an annual  

dose of 1 mrem  (10 mSv) to the population. 

Terrestrial radiation exposure arises from radionuclides such as 40K and from 

decay products of thorium and uranium in soil. It varies from about 16 mrem  

(160 mSv)/year in the Atlantic ocean to 63 mrem (630 mSv)/year in the Rockies  

with an average  of 28 mrem  (280 mSv)/year. 

Radionuclides ingested through food, water, or inhalation include 40K and decay 

products of thorium and uranium, particularly 210Po, and contribute about  39 

mrem  (390 mSv) annually. 

Man-made  exposure  constitutes  about   18%   of  the   total   exposure. 

Medical  procedures contribute the  highest  exposure of all man-made ra- 

diation  sources.  The  most  exposure comes  from  diagnostic  radiographic 

procedures with about  39 mrem  (390 mSv) annually  compared to 14 mrem (140 

mSv)   for   nuclear   medicine   procedures.  Exposure  from   radiation therapy is 

relatively  small. 

Consumer products such  as tobacco,  water  supply,  building  materials, 
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agricultural products, and television  receivers  contribute to radiation expo- 

Table    Annual effective dose equivalent in the U.S. population from different sources  circa 1980   to 1982 

Sources  Average annual  effective  dose equivalent in mrem  (mSv) 

Natural sources 

Radon 200 (2.0) 

 Cosmic rays    27 (0.27) 

 Terrestrial   28 (0.28)  

Ingested radionuclides   39 (0.39) 

Medical procedures 

Diagnostic x-rays   39 (0.39) 

 Nuclear  medicine   14 (0.14) 

 Radiation therapy <1 (0.01) 

Consumer products 5–13 (0.05–0.13)  

Occupational    0.9 (0.009) 

 Nuclear  fuel cycle   0.05 (0.0005)  

Miscellaneous  0.06 (0.0006) 

Total  ~360 (3.6) 

Adapted with  permission from  NCRP  Report No. 93. Ionizing Radiation  Exposure of  the Population of the 

United States. Bethesda, MD: NCRP; 1987:  

Tables  6.1 and 2.4. sure through consumption. Exposure from smoking  has been  

estimated to be 1.3 mrem (13 mSv)/year, which is not included  in Table 7.1, 

because  it is difficult to calculate  the collective  effective  dose equivalent for the 

entire population. The total  exposure from consumer products varies  between 5 

and 13 mrem  (50 and 130 mSv)/year. 

Occupational exposure is received  by the workers  in reactor plants, coal mines, 

and other industries using radionuclides. This value is about 0.9 mrem (9 

mSv)/year, which is quite small, because a great deal of precaution is taken to 

reduce  exposure in the workplace. 

Nuclear   power   plants   around the  country   release   small  amounts  of 

radionuclides to the  environment, which cause  radiation exposure to the 

population. This value is of the order  of 0.05 mrem  (0.5 mSv)/year. 
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 امثلة محلولة
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لكل نيوكلون بزيادة العدد الكتلي  ةبطالطاقة الراتزيد قيمة  (A) ، ثم 60د العدد الكتلي ، اكبر قيمة لها تكون عن

وذلك بسبب زيادة عدد البروتونات والنيوترونات أي زيادة قوى التنافر الكهربية التي تعاكس   Aتقل بزيادة 

  قوى الترابط )الجذب( النووية.
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