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Preface to the Third Edition 

The Third Edition covers the new 1982 Physics Syllabus for Part I of the 

examination for the Diploma of the College of Radiographers. In this 

edition all the physics required for the syllabus, and no more, is 

explained in a way that from our long experience of teaching 

radiographers we know will appeal to the student. 

The text is intended to be almost completely self-explanatory; it can 

be used with success in teaching by the following method. The student 

first reads a topic selected by the lecturer; this is then discussed in detail 

in class. Finally, the student uses the text as revision notes, with the 

assurance that no irrelevant material is included. Indeed, the text is 

based on a succession of revision notes given to student radiographers 

over a period of about 30 years; the main development has been a very 

comprehensive system of cross-referencing that is designed to assist 

comprehension. (The student is advised to read the ‘instructions’ on 

page iv.) 
We have further taken the opportunity of including information about 

material in the same syllabus that is intended for the Higher Diploma of 

the College. This material is clearly marked by a vertical line in the 

margin. 
S.I. units are used throughout, and chapters on nuclear medicine and 

ultrasound have been included. These have been written by specialists 

in the two fields who are also experienced teachers, Dr M. C. J. Barker 

and Dr H. J. Terry, respectively. We also acknowledge the expert 

typing of Miss Maureen Frost. 
We hope these changes will further extend the usefulness of the book. 

October 1982 GoAW id. 
|08 6h 
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This Edition is dedicated to the memory of Cornelius Albrecht, of 

Philips Medical Systems, The Netherlands, part designer of the Philips 

range of CT scanners, whose untimely death on 23rd June 1982 at the 

early age of 52 was a grievous loss to the physics of radiology. 

To the Student 

This book contains a continuous and logical account of the physics you 

must study. If you read it from beginning to end, and if you understand 

and remember all you have read, you may feel confident that you can 

pass the examination — if you can write it down adequately! 

Do not allow anything to go by without understanding it; make use of 

the many cross-references (referring backwards only on the first reading 

but both forwards and backwards when revising later) and ask advice if 
anything is not clear. Memorize the definitions and understand what 

they mean. Your teacher will help by discussing the various topics; he 

will also provide you with practice in working simple numerical 

calculations and in writing answers to examination questions. There is 
little in the book you needn’t know; there is little outside the book you 
must know! Good luck! 
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1 General physics 

1.1 INTRODUCTION 

1.1.1 Physics is a science which is concerned with the study of two 

concepts, matter and energy, and how they interact with each other. 

1.1.2 Matter, which may be solid, liquid or gas, is the physicist’s name 

for the material of which everything in the universe is composed. 

Common examples are copper, rubber, water and air. Matter is 

composed of sub-microscopic units called atoms or molecules. Atoms 
often combine with each other to form molecules; the distinction between 

atoms and molecules will be made clear in Chapter 2. 

In general, the physicist studies the behaviour of matter only when it 

does not change into other chemical forms of matter. For example, the 

laws governing the movements of bodies through space and the manner in 

which atoms are constructed come within the province of physics. On the 

other hand, the way in which atoms of hydrogen and oxygen combine to 

form molecules of water, or sulphur burns to form sulphur dioxide, comes 

within the province of chemistry. 

1.1.3 Energy is a concept which is difficult to define concisely but which 

is relatively easy to understand. A common definition is 

DEFINITION Energy is ability to do work. 

This definition resembles closely our everyday use of the word. For 

example, one may wake one fine morning and think ‘I feel full of energy’, 
which generally means that one is able to do a lot of hard work (or play, 

which has the same significance for this purpose!). 
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Definitions in physics are seldom so consistent with everyday meanings 

as is this one. Most of us, for example, would consider that we would be 
doing quite a lot of work while standing still holding a heavy suitcase. 

Here, however, we should be doing no ‘work’ according to its definition 

in physics (1.3.4). It often happens that a word in physics means 
something quite different from its everyday meaning; any resulting 
confusion must be guarded against, and it is therefore very important to 

define words precisely. 
The full meaning of the concept of energy will emerge more clearly in 

later sections. It is sufficient to say now that there are several different 
forms of energy: mechanical, electrical, chemical, heat, light, X-ray, etc. 

All forms of energy can be converted more or less easily into other forms; 
for example, electrical energy is easily converted into heat energy in the 

domestic electric fire, and heat is less easily converted into mechanical 
energy in the steam engine. 

1.1.4 The conservation laws. Most forms of matter can be converted 

into other forms, and all forms of energy into all other forms. Up to the 

beginning of this century, these two types of conversion process were 

described by two important laws which were called respectively the law of 

conservation of matter and the law of conservation of energy. These laws 

stated quite simply that 

DEFINITION Matter can be neither created nor destroyed, and 

DEFINITION Energy can be neither created nor destroyed. 

According to these laws, if we converted a certain amount of matter (or 
energy) into another form, we should always finish with exactly the same 
amount of matter (or energy) in the new form. 

Originally these two laws were thought to be absolutely true and 

independent of each other. Then physicists discovered that changes in the 

structure of the atoms of matter were possible, resulting in the release of 

large amounts of energy. These so-called nuclear changes occur 

spontaneously in radioactivity (Chapter 16); in the late 1930s it was 

discovered how to produce them at will, culminating in the development 

of nuclear weapons and later of nuclear power stations. In these nuclear 

changes, matter is actually being destroyed and is being converted into 

energy. However, this new type of process need not make the 

2 



GENERAL PHYSICS 122 

conservation laws untrue if the two laws are considered together as one. 

For example, one may say that matter may be converted into an 

equivalent amount either of another kind of matter (e.g. solid to liquid) or 

of some form of energy. Then the total amount of matter plus energy in a 

system remains constant. 

This new concept may be formally expressed in a combined conserva- 
tion law: 

DEFINITION The total amount of matter and energy in an isolated system 

is constant. 

The word ‘isolated’ means that nothing is being added to or taken away 

from the system; there is no ‘outside interference’ with it. 

1.2 MEASUREMENTS AND UNITS 

1.2.1 Qualitative and quantitative descriptions. In studying matter and 

energy and their various properties, physicists are not content merely 

with describing what happens in different circumstances, i.e. with a 
qualitative description. They insist on the importance of stating also how 

much of the particular effect occurs, i.e. in terms of a quantitative 
description. This principle can be illustrated from radiology itself, which 

is a complex application of physical principles: it is very important to be 

able to measure the X-ray exposure to a patient or to a radiograph so that 

the patient will not be harmed or so that the radiograph will be 

satisfactory. We shall therefore now discuss the important subject of 
measurement and the units in which the answer can be expressed. 

1.2.2 Dimensions to be measured. Despite the wide variety of 

quantities in physics which must be measured, for example volume, 
velocity, density, force and voltage, it is remarkable, and fortunate, that 

for most purposes only three basic types of measurement are necessary. 

These dimensions, as they are called, are mass, length and time (M, L and 

T). For example, mass is a direct measure of quantity of matter (1.3.3), 

length cubed (L°) expresses volume and length divided by time 

(LT~') is velocity.* An important quantity, to be used on a number 

*If the word velocity is unfamiliar, it can be regarded for the time being as synonymous 
with the more familiar word speed. The precise difference between the two will be 

explained in section 1.3.2. 
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of occasions in this book, is density. This is a measure of the quantity of 
matter per unit volume, and is therefore calculated by dividing the mass 
of a given body by its volume (ML~°). For example, the density of 
water is about 10° kg m~°, of aluminium about 2.7 x 10° kg m~° and of 
lead about 1.1 x 10* kg m~*. Because of the way in which all these 

quantities may be derived, nearly all measurements in physics (and in 

related subjects such as engineering and astronomy) are made in terms of 

the three fundamental dimensions. 

1.2.3. Units. It is impossible to measure quantities without having 

agreed units at our disposal; for example, how could one express the 
distance from London to Paris without having first defined the mile or the 

kilometre? Similarly, in physics, the quantities mass, length and time are 

measured in standard units. In the greater part of the book we shall adopt 

the recently standardized S.I. (Systéme International) units; the basic 

units are the metre (m), the kilogram (kg) and the second (s). Certain 

other units are derived from these. However, in special cases where older 

units are particularly widely used and understood, for example the calorie 

for heat, we shall explain their relation to the S.I. units. The way in which 

units in general are used will become apparent in the remainder of the 
book. 

1.3 FORCE, WORK AND ENERGY 

1.3.1 Force is a concept which is familiar in an everyday sense to most of 

us. Its meaning in physics, however, is rather more restricted; it is 
expressed in the definition: 

DEFINITION Force produces or tends to produce movement in a body. 

For example, if we push against a small box on the floor, movement is 

produced. If we push against a brick wall, we do not produce movement, 
but we are still applying a force to the wall. We then only tend to produce 

movement. If we push with a bulldozer, of course, we shall produce 
movement! 

In the example of the box, to produce continuous movement we must 

apply a continuous force, i.e. we must keep on pushing. This is because of 
friction between the box and the floor. If we take the box into outer 
space, where there are no disturbing factors, and give it a single, short 
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push (i.e. we apply a temporary force to it) it will acquire a certain 

velocity. It will go on moving in a straight line at that velocity for ever 

unless other forces happen to act on it (such as, for example, the 
attracting influence of a planet). A given force, acting for a given period 

on a body which is free from all other forces, imparts to it a constant 
velocity. If the body contains more matter, i.e. it has a larger mass, the 

velocity so produced will be less. (In fact, the opposition that the mass 
offers to the force is called its inertia.) If the force acts continuously, 
instead of being limited to a certain period, the velocity of the body will go 
on increasing, i.e. it will accelerate. 

These ideas enable us to define a standard or unit of force in terms of 

the basic units of mass, length and time. Suppose we have a body of unit 
mass of | kilogram (kg), and we apply a force to it such that at the end of 
the first second it has accelerated to a velocity of 1 metre per second 

(1 ms/'), at the end of the next second to 2 metres per second, etc., 
we say that the body has an acceleration of 1 metre per second per second 

(1ms 7), that is an increase of velocity of 1ms ! in every 
second. The force that would produce this result is called one newton (N). 

DEFINITION The unit of force, called the newton, is that force which, 

when applied to a body having a mass of one kilogram, gives it an 

acceleration of one metre per second per second. 

The newton is called a derived unit because it is derived by definition from 

the basic units. 

1.3.2 Scalar and vector quantities. The concepts of mass and force are 

examples of two important kinds of quantity which must be distinguished 
clearly. Mass has no idea of direction associated with it, and is called a 

scalar quantity, whereas force may be upwards, sideways, downwards, 

etc., and has direction; it is called a vector quantity. 

DEFINITION A scalar quantity has magnitude (size) only. 

DEFINITION A vector quantity has direction as well as magnitude. 

We shall meet many other examples of scalars and vectors throughout the 

book, but important examples that we have already met are speed and 

velocity. In section 1.2.2 (footnote: p. 3) it was stated that velocity 
could be temporarily regarded as synonymous with speed. However, 
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speed is a scalar quantity and velocity a vector quantity. For example, we 
may say that we are driving at a speed of 50 miles per hour, but this does 
not tell us in what direction we are driving. We may further say that we are 
driving at a velocity of 50 miles per hour due north, thus including the 
information about direction which is an essential part of a vector quantity. 

If then we drive round a bend so that we are going due east at 50 miles 
per hour, we have changed direction and therefore velocity, but our speed 

has remained constant. The change of velocity in going round the bend is 
an acceleration just as much as would be a change of speed from 50 to 60 

miles per hour. 

1.3.3 Mass and weight; gravitation. In section 1.2.2, mass was stated 

to be a measure of quantity of matter. However, the question arises, 
‘How can we measure mass in practice?’ It could be done by applying a 

known force and measuring the resulting acceleration (1.3.1), but this 
would be highly inconvenient. Instead, the concept of weight is used. In 

practice, for example on holiday on the Continent, if we wish to buy a 

‘mass’ of 1 kg of meat, the amount is determined by weighing. 

The concept of weight depends on the fact that all bodies, whatever 

their mass, exert on each other a force of attraction, called gravitation. 

The force between two comparatively small masses, such as two bodies 
each of 1 kg, is very small and difficult to measure. However, the earth 

has such a large mass that it exerts a considerable force on any other body 

near it. This force, known as the force of gravity, is directed towards the 

centre of the earth, and thus always appears to be acting ‘downwards’. It 

is the force which tends to make all bodies fall to the earth from a height, 
and which Galileo was investigating when he did his well-known 
experiment from the Leaning Tower of Pisa. 

The force of gravity exerted on a body can easily be measured, for 

example by measuring the stretch of a spring in the familiar spring 
balance. The force could be measured in newtons. However, for the sake 

of simplicity of expression the force which gravity exerts on a mass of one 

kilogram is called one kilogram-weight (often abbreviated to kilogram). 

Hence, in practice, mass is measured by measuring the gravitational force 

in kilograms-weight exerted on the body; the mass in kilograms is then 

numerically equal to the body’s weight. For example, a mass of 3 kg 

weighs 3 kg wt; a mass of 100 kg weighs 100 kg wt. For reference, 1 kg wt 
= 9.81 newtons. 

6 



GENERAL PHYSICS 1.3.4 

1.3.4 Work has been mentioned previously (1.1.3) but its meaning in 

physics is somewhat more restricted than in everyday life. Fig. 1.1 shows 

a cliff overhanging the sea (which is assumed to be dead calm and free 

from tides!); the top of the cliff is h metres above sea-level. A body of 

mass m kg is suspended by a rope and pulley system; suppose initially the 
body is just in contact with the sea (position 0). 

Pulley f Original 
: direction 

S Rewate of force 

Support for 
pulley 

| ire “7 

Im} 1 
ose (=== ae 

Y/ 
NY, 

Transformed iy YY 

My 
eyed WY 

section of YY YY 
‘/, Height of cliff 
/ in metres 

Y 

Point of 
m kilograms 

application 
of force 

Position O 

SeM LEVEL i 

Force of gravity 
m kilograms — weight 

Fig. 1.1 An experiment to illustrate work, potential energy and kinetic energy. 

If we wished to raise the body, say to position 1, level with the cliff-top, 

we should have to do work by pulling horizontally on the rope at the 
cliff-top. The pulley merely makes it easier to pull by altering the 

direction of the rope; the true direction of the force on the body is 
vertically upward. Let us call the force we must exert f newtons. 

Commonsense tells us that we should have to walk a distance h metres, 

pulling the rope, to lift the body from position 0 to position 1. 
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Then the work (w) that we should have to do to raise the body is equal 
to the force times the distance moved by the point of application of the 

force, in this case 

w= fh EG. 1 

The unit of work (and energy, see 1.3.5) is the joule (J). 

DEFINITION The unit of work, called the joule, is the work done when the 

point of application of a force of one newton moves through a distance of 

one metre in the direction of the force. 

(The phrase ‘in the direction of the force’ is necessary because sometimes 

the body does not move in the direction of the force; then an additional 

factor must be introduced which we shall not discuss.) 

For work to be done it is not necessary for the movement to be vertical; 

it can be in any direction, and need not involve gravity. The example in 

Fig. 1.1 (1.3.4) has been so chosen that it will illustrate other important 

principles in the following sections. 

1.3.5 Energy: potential and kinetic. In Fig. 1.1, when we have raised the 

body to position 1 by expending work equal to fh joules on it, we must 

have changed its state in some way. Obviously it is h metres higher than 

before, but what does this really mean? What has happened to the work 

we have so laboriously put into the body? The fact is that it has been 

converted into energy. Because we are dealing with a mechanical 

phenomenon (rather than heat, electricity, etc.) it is called mechanical 

energy; because it is energy of position, it is also called potential energy. 

How can we recover this energy from the body? We can do so simply by 

allowing the body to fall back to position 0. If we do this slowly, in a 

controlled manner, we can make use of the energy in any desired way, for 

example by attaching something to the rope and by allowing the force fto 

move again through the distance h, so doing an amount of work w = fh at 
the cliff-top. Thus we see that potential energy satisfies the definition in 

section 1.1.3: ‘Energy is ability to do work’. Alternatively, we could let 

the body fall rapidly, so that at the instant when it reached position 0 it 

could be made to give up its energy and to do useful work such as driving a 

pile into the sea-bed. In this case, as the body reaches the position 0 it still 
possesses all its energy; here the potential energy has been converted into 

energy of movement, called kinetic energy. As we have just shown, both 
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GENERAL PHYSICS 1.4.1 

potential energy and kinetic energy are mechanical in nature and are both 

convertible into work. Like work, energy is measured in joules (1.3.4). 

Before leaving Fig. 1.1, we must discuss further the ideas of height or 

level which are of very great importance in physics. A body naturally falls 

from a greater height to a lesser height; water flows from a higher level to 

a lower level. These things happen because the matter that moves has a 

greater potential energy at the greater height or level. We shall see in 

later sections and chapters how similar phenomena occur in both heat and 

electricity, and these are much more easily understood if the mechanical 
ideas embodied in Fig. 1.1 are clear. 

Another idea concerns the measurement of height or level; in Fig. 1.1, 

h represents in metres only the difference in height between the sea and 

the cliff-top. Of course, on earth it is usual to measure heights from 
sea-level, but this is a mere convention. We cannot say, for example, that 

the body in Fig. 1.1 has zero potential energy at position 0, because if we 

let it fall farther (and if it did not float) it would sink to an even lower level 

and have an even lower potential energy. Thus heights, levels, potential 

energy and kinetic energy as well as a lot of other quantities are only 

relative to some agreed zero. It is important that the zero of the quantity 

be wisely defined, otherwise difficulties might arise in subsequent 

applications of the measurements. 

1.4 TEMPERATURE AND HEAT 

1.4.1 Temperature. We all know the difference between a hot body and 

a cold body. If they are not too hot or cold, we can tell the difference by 

touch; we can even, to a certain extent, detect intermediate stages of 

‘hotness’ and ‘coldness’. What precisely is the physical meaning of this? 
In section 1.1.2, matter was described as being composed of very 

small particles called atoms or molecules. Besides being so small that they 

are quite invisible, even under the most powerful microscope, these 

particles are in incessant movement to and fro. In solids, this movement is 
regular and is called vibration (rather like the vibration of a guitar string). 

In liquids and gases it is haphazard, and is normally called random 

movement. Whatever the type of movement, it results in the atoms or 

molecules possessing kinetic energy (1.3.5). It is this kinetic energy which 

has been found to be responsible for the hotness and coldness, or 
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temperature, of a body. If the atoms or molecules are in vigorous 
movement, and therefore have a high energy, the body is said to have a 
high temperature. If the atoms or molecules have only /ow energy, the 

body has a low temperature. 
The effects of changes of temperature on matter are numerous and will 

be only mentioned here. With rise of temperature, for example by 

heating in a gas flame, nearly all matter expands (occupies a greater 

volume). This is because the more vigorous movement of the atoms or 

molecules tends to a mutual ‘pushing apart’. If a solid is heated, at a 
certain temperature (known as the melting point) it melts and changes 

into a liquid. If the liquid is then heated, at a higher temperature (known 

as the boiling point) it boils and changes into a vapour. Both types of 

change are very familiar in the transitions from ice to water and from 

water to steam. In fact, the temperatures at which ice melts and water 

boils have supplied the two principal points for the Celsius or Centigrade 

scale of temperature. The zero (0° C) of the scale is the melting point of 

ice, and one hundred degrees (100° C) on the scale is the boiling point of 

water (both under certain specified conditions). The interval between the 

two is divided into 100 degrees (100°). 
Temperature is commonly measured by instruments called thermome- 

ters; in these, a change of temperature causes the expansion or 

contraction of a liquid (usually mercury) in a tube. The volume of the 

liquid in the tube is indicated by its length on a calibrated scale. 

If matter is cooled to lower and lower temperatures, the kinetic energy 

of the atoms or molecules becomes less and less. One can in fact imagine a 
stage at which all movement ceases. This temperature, which has never 

been quite attained in practice, is called the absolute zero of temperature. 
Its value is about —273° Celsius (0° K). 

1.4.2 Heat. Consider two blocks of metal, for example copper, one at a 
high temperature and the other at a /ow temperature. If they are placed in 
close contact, experience tells us that the hot body will become cooler and 

the cold one warmer, until finally they are both at the same temperature. 

We can explain this in terms of atomic or molecular energy by saying that 

the more vigorous particle vibrations of the hot body transfer some of 

their energy to the particles of the cold body. In other words, there is a 

flow of energy from one body to the other. This particular form of energy 
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is called heat, and the way in which it is thus transferred through solid 
matter is called conduction (1.4.3). 

Being a kind of kinetic energy, it would be natural to measure the 

quantity of heat in joules (1.3.4), and this in fact is the S.I. unit of heat. 
However, the existence of heat as a kind of ‘substance’ which appeared to 
‘flow’ through matter has been known for a very long time. Before the 

properties of atoms and molecules were understood, therefore, heat was 
regarded as a weightless fluid, with special properties of its own, that could 
be made to flow into a body and to raise its temperature. 

Accordingly, a special unit of heat was derived, called the calorie (cal). 

Despite the adoption of the S.I. units, this special unit is still in very general 

use, and it will therefore be employed in some places in this book where 
heat is referred to. 

DEFINITION The calorie is the amount of heat which will raise the 

temperature of one gram of water by one degree Celsius. 

One calorie is the equivalent of about 4.2 joules. 
It is most important to appreciate the difference between heat and 

temperature. This difference can perhaps be made clear by pointing out the 
similarity, or analogy, between flow of heat and flow of water. Water, 

whose quantity may be measured in units of volume, flows froma place ata 

high level (or height) to a place at a /ow level (or height). Heat, whose 
quantity is measured in calories, flows froma body at a high temperature to 
a body at a ow temperature. Thus temperature may be regarded, so far as 

heat is concerned, very roughly in the same way as level or height. Such 

similarities or analogies very often help us to understand new concepts in 
terms of ideas with which we are already familiar. 

From the definition of the calorie, given above, it is easy to see that 

4 200 joules of heat will be required to raise the temperature of 1 kilogram 

of water by 1 degree Celsius. Then, by simple proportion, for example, 

21 000 joules will be needed to raise the temperature of 1 kilogram of 

water by 5 degrees Celsius; or 84 000 joules, 4 kilograms of water through5 
degrees Celsius. If m (kg) is the mass of the water, ¢ (°C) the rise in 

temperature, and H (J) the amount of heat, then 

H = 4200 mt Eq. 1.2 

But what about substances other than water? Do they behave similarly, or 

do they require different amounts of heat to raise their temperatures? 
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It is interesting that, for a given rise of temperature, a given mass of 

water will hold more heat than an equal mass of nearly all other 
substances. This may be expressed in terms of the specific heat (s): 

DEFINITION The specific heat of a substance is the amount of heat in joules 

required to raise the temperature of one kilogram of the substance by one 

degree Celsius. 

According to the above, the specific heat of water is 4 200 J kg~' °C", 
and of most other substances is less than 4 200. For example, s for copper 

is about 420J kg7'°C™!. 
To take account of different specific heats, Eq. 1.2 must then be 

rewritten as: 

H=mst ; a i a, 

For example, the heat required to raise the temperature of 4 kg of copper 

by 5 °Cis H = 4 X 420 x 5 = 8 400 J (compare with 84 000 J for water). 
Sometimes we are interested in the behaviour not of 1 kilogram of the 

substance, but of a body of any mass. Then we speak of the thermal 

capacity or heat capacity of the body. 

DEFINITION ‘The thermal capacity of a body is the amount of heat in joules 

required to raise its temperature by one degree Celsius. 

This definition is interesting because it has an exact and very important 

counterpart in electricity (3.4.1). 

1.4.3 Conduction, convection and radiation are the three ways in which 

heat energy can be transferred from one place to another. They are very 

important in radiology, because the design of an X-ray tube depends for 

its success largely on the way in which these processes occur in the tube 

(11.3.4). 

We have already seen (1.4.2) how heat energy is conducted through 

solids by the transference of the vibrational energy of atoms or molecules 

through the solid. Different solids behave differently in this respect; 
metals in general are good conductors of heat, and non-metals are bad 

conductors. Among the metals, silver and copper are the best heat 
conductors, and iron and tungsten are not so good. 

Conduction also takes place in liquids and in gases, but it is very 

difficult to detect, for two reasons. One is that they are very bad 
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conductors, but the more important reason is that another transfer 
process called convection takes place which completely obscures the small 
amount of conduction. 

If we put a saucepan of cold water on a very low gas flame, soon we 
shall see currents of water rising from the heated part of the pan. The 
effect is clearer if a few crystals of a soluble coloured material (such as 

potassium permanganate) are carefully placed at the bottom of the pan. 

This process, called convection, occurs because the heated water at the 

bottom expands and becomes less dense; it therefore rises to the top, 

carrying the heat with it. Cold water from the top sinks to take its place. It 
is well-known that the air near the ceiling of a heated room is much hotter 

than that near the floor; people will say ‘heat rises’, but in fact it is the hot 

air which rises, carrying the heat with it. 
The third type of heat transfer process is called radiation. This is the 

way in which we receive heat energy from a hot fire or from an electric 

radiator. Conduction cannot be involved, because there is no solid matter 

between us and the fire. Convection cannot transfer the heat, because air 

heated by the fire, being less dense, will travel upwards, not sideways. In 

fact, radiated heat can be shown to travel through space where no matter 

exists at all. The commonest example of this process is the way in which 

heat reaches us from the sun; it is well known that most of the distance 

between the earth and the sun is almost empty space. 

It seems that the vibrating atoms or molecules of the hot body are in 

some way sending out rays which either carry energy or consist of energy. 

These rays are similar in nature to light rays, X rays, radio waves, etc., 

and have been given the name electromagnetic waves or electromagnetic 

radiation. Their nature and properties will be fully discussed in 

Chapter 9. 
Heat radiation, while being quite different from heat conduction, 

resembles it in that heat is radiated only from a body at high termperature 

to a body at low temperature. For example, in summer, when the sun is 

shining brightly, we can feel that we are receiving heat from the sun; this 
is because we are at a lower temperature than the sun! In winter, 

however, when the sun is obscured by cloud, we ourselves may be the 

hottest body in the surroundings. Then we tend to radiate heat to our 

surroundings, for example to a snow-covered ground which is at a much 

lower temperature. (In winter, of course, we lose heat also by conduction 

and convection in the surrounding air, but these are separate processes 

13 



1.4.3 FIRST-YEAR PHYSICS FOR RADIOGRAPHERS 

and do not influence the radiation.) In the same way, an X-ray tube keeps 

cool partly by radiating heat to its cooler surroundings (11.3.4). 
When radiation of any kind falls on a body, the body is said to be 

irradiated and the energy may be absorbed; absorption is the reverse 

process to radiation or emission. In general, the ease with which heat is 
emitted or absorbed by a body depends on the nature of its surface, as 

well as on its temperature. Black or matt objects both emit and absorb 
heat more effectively than-do white or polished objects. For this reason 

we wear white in summer so as not to absorb too much heat from the sun; 

in winter we should also wear white so as not to radiate (emit) too much 
heat to our surroundings. For the same reason, the casing in which X-ray 

tubes are mounted is often painted black so that the tube will remain as 
cool as possible. 
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2 Atomic structure 

2.1 THESTRUCTURE OF THE ATOM 

2.1.1 Elements and compounds. All matter is made up of chemical 

substances which can be divided into two kinds, elements and com- 
pounds. 

DEFINITION An element is a distinct kind of matter which cannot be 

decomposed into two or more simpler kinds of matter. 

DEFINITION A compound is formed when two or more elements combine 

together chemically to produce a more complex kind of matter. 

For example, hydrogen and oxygen are both elements; neither can be 

decomposed into simpler kinds of matter. They can combine together to 
make a more complex kind of matter, viz. water, which is a compound of 

hydrogen and oxygen. 

Mixtures can also occur; for example, air is a mixture of gases, mainly 

nitrogen and oxygen, but they are not combined chemically to form a 

compound. 

2.1.2 Atoms and molecules. A sample of an element is made up of 

extremely small entities called atoms. 

DEFINITION Atoms are the smallest particles of an element that can exist 

without losing the chemical properties of the element. 

DEFINITION Molecules are the smallest particles of a compound that can 

exist without losing the chemical properties of the compound. 

Molecules are combinations of atoms; for example, a molecule of water is 
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composed of two atoms of hydrogen and one of oxygen; this fact underlies 

the laws of chemical combination, in which elements combine together in 

simple proportions. Water is an example of a small molecule, comprising 
only three atoms. Some molecules, in particular in living tissue, contain 
very many more atoms, but the proportions of the atoms of the individual 

elements remain in relatively simple ratios. 
The diameter of an atom is of the order of 107!°+ metres, which is 

too small to be seen even under the most powerful microscope; the central 
core of anatom, called the nucleus, has a diameter only one ten-thousandth 

of this. It is difficult to form a mental picture of such small sizes; about ten 
million million atoms would be required to cover one full stop. 

2.1.3 Protons, neutrons and electrons. Our present concept of the 
structure of the atom is based on the work of Rutherford and Bohr early in 

the twentieth century. This provides a simple picture of the atom as an 

electrical structure having three basic units, the proton, the neutron and 

the electron, and it is adequate for the discussion of most phenomena in 

radiological physics. 

The simplest atom is one of the element hydrogen. This consists of a 

central nucleus comprising one proton around which one electron movesin 

a Shell or orbit, rather like a planet revolving around a sun. 
The proton (Table 2.1) is a heavy particle carrying a positive electric 

charge (3.1.1). The electron is a very much lighter particle having a mass of 

TABLE2.1 (2.1.3) The atomic particles 

Mass 
Electric charge (atomic mass 

Symbol (atomic units)* units)+ Found in 

Proton Pp sal 1.00728 Nucleus 
Neutron n 0 1.00867 Nucleus, except }H 
Electron e = il J Shells around nucleus 

1840 

“The charge on the proton is numerically equal (but of opposite sign) to that on the 
electron and is equal to 1.602 x 107"? coulomb (3.3.1). 

+The atomic mass unit is defined as + of the mass of the most abundant isotope of carbon 
and is equal to 1.66 x 10°?’ kilogram. ~ 

1 0 
10 000 000 000 
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only ‘840 of the mass of the proton, and it has a negative charge of 

exactly equal magnitude (but of opposite sign) to that of the proton. 

Consequently almost all the mass of the atom is in the nucleus, and the 
positive charge of the nucleus is balanced by the negative charge of the 

electron to make the atom as a whole electrically neutral. 

The next simplest atom is one of the element helium. In this, the 

nucleus comprises two protons and two neutrons and there are two 

orbital electrons moving around the nucleus. A neutron (Table 2.1) is a 
particle with a mass approximately equal to that of a proton but with no 

electric charge. The nucleus of the helium atom therefore has a positive 

charge of 2 units (due to the two protons) and a mass of approximately 4 
units. Also, the two positive charges of the nucleus are balanced by the 

two negatively charged electrons around the nucleus. 

2.1.4 Atomic number and mass number. An element can be identified 

either by its atomic number (Z) or by its name. 

DEFINITION The atomic number of an element is the number of protons in 

the nucleus (which is equal to the number of electrons around the nucleus) 

of an atom of that element. 

In going from hydrogen to helium, for example, the number of protons in 

the nucleus (and also the number of orbital electrons) has increased from 

1 to 2; thus the atomic number of hydrogen is 1 and that of helium is 2. 
The atomic number of an element determines its chemical properties 

because these depend on the number of electrons present and on the way 

in which they are arranged around the nucleus (2.2.2). 

DEFINITION The mass number of an atom is the total number of protons 

and neutrons in the nucleus. 

The mass number gives a measure of the mass of the nucleus. Protons and 

neutrons are known collectively as nucleons because they are found in the 

nucleus. 
When it is necessary to indicate the values of the atomic number and 

the mass number, they are often added to the chemical symbol for the 

element as prefixes, the mass number being placed above the atomic 

number. Thus the helium described above is represented as 3He. This is 

an example of a nuclide. 
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DEFINITION A nuclide is a particular variety of atom characterized by a 

given atomic number and a given mass number. 

2.2 THE PERIODIC TABLE 

2.2.1. The arrangement of the elements. The elements can be arranged 

in order of increasing atomic number to form the periodic table (Table 

2.2) of the elements. Hydrogen and helium are the first and second 

elements in the table and the third element is called lithium. The nucleus 

of an atom of lithium therefore contains three protons. It also contains 
four neutrons, giving a mass number of 7, and is surrounded by three 

orbital electrons (Fig. 2.1). Note that two of the orbital electrons are 
accommodated in one shell, the K-shell, while the third electron is in 

another shell, the L-shell, farther out from the nucleus. 

In Fig. 2.1, the shells are represented as circles; atoms are, however, 

three-dimensional and the shells are ellipsoidal. 

NUCLEUS _ 3 ELECTRONS 

3 protons rns ==7 2 in K—shell 
4 neutrons as “| in L~shell 

Fig. 2.1 An atom of lithium, 3Li (not drawn to scale). 

2.2.2 Electron shells. There are natural laws governing the way in 

which electrons are ‘accommodated’ around the nucleus. For example, in 

an atom of aluminium, 73Al, there are thirteen orbital electrons 
arranged as illustrated in Fig. 2.2. The K-shell contains two electrons, 

the L-shell eight electrons, and the M-shell three electrons. In more 

complex atoms with more electrons to accommodate, there are yet more 

shells taking successive letters of the alphabet the farther out they are 
from the nucleus. 

The number of electrons in the outermost shell of an atom largely 
governs the chemical properties of the atom (2.1.4). In going through 
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TABLE 2.2 (2.2.1) Examples from the periodic table* 
rr 

Average 
Atomic Name of Chemical Massnumbers atomic 
number element symbol of isotopes| weight} Comment 

1 Hydrogen H 1 1.008 Lightest element+ 
2 Helium He 4 4.003 Nucleus is an alpha 

particle (16.2) 
3 Lithium Li i 6.94 
6 Carbon C 12 12701 % = 
ef Nitrogen N 14 14.01 
8 Oxygen O 16 15.999 

13 Aluminium Al 27, 26.98 | Used for X-ray 
filters (14.5) and 
step-wedges 

17 Chlorine Cl 355.37, 35.5 Example of isotopes 

(2.3) 
19 Potassium K 39 SEL es: 
20 Calcium Ca 40 40.1 Bone mineralt 

al, Cobalt Co 59 58.9 ¢ 
29 Copper Cu 63, 65 63.5 Used for X-ray 

filters (14.5) 
50 Tin Sn 116, 118, 118.7 Used for X-ray 

120 filters (14.5) 
53 Iodine l 127 126.9 X-ray contrast 

medium¢ 

55 Caesium Cs 133 132.9  132Csin fall-out from 
nuclear weaponst 

56 Barium Ba 137, 138 137.3 X-ray contrast 

medium 
74 Tungsten Ww 182, 183, 183.9 Used for targets and 

184, 186 filaments in X-ray tubes 
79 Gold Au 197 197.093 
80 Mercury Hg 198, 199, 200.6 + 

200, 201, 
202 

82 Lead Pb 206, 207 207.2 Used for X- and 

208 gamma-ray shields 
86 Radon Rn§ (222)§ (222) Usedin radiotherapy 

occasionally 
88 Radium Ra§ (224), (226), (226) Usedin radiotherapy 

(228) occasionally 
92 Uranium Us 238 238.0 Heaviest naturally 

occurring element 

*The name periodic table arises because elements with similar arrangements of their 
atomic electrons, and therefore with similar chemical properties, occur periodically 
throughout the table (2.2.2). 

+As determined in a chemical experiment in which the sample of the element would 
contain a very large number (greater than 107°) of atoms of the naturally occurring isotopes. 
The small contribution from the mass of the electrons would be included. 

+Man-made radioactive isotopes of these elements are used in medicine. 
§Occur in nature as members of radioactive series (16.1.3). 
|Mass numbers of most abundant (>10%) naturally occurring isotopes. 19 
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NUCLEUS  ~ 13 ELECTRONS 

13 protons ~~ Sef 2 in K—shell 

14 neutrons > - _ 8 in L—shell 

~~ 3 inM-—shell 
fe 

oe 

Fig. 2.2 An atom of aluminium, 73Al. 

the elements of the periodic table, there is a repetitive pattern in the way 
in which the outer electrons are arranged in their atoms and consequently 
there is a repetition of chemical properties—hence the name, periodic 

table. For example, in helium, neon, argon, krypton and xenon, the 

outermost shell has a full complement of electrons in each case and the 

chemical properties of these elements are similar—they are all chemically 

inert gases. 

2.3. ISOTOPES 

If there were only one kind of atom for each element, we would expect 

the average weight of the atoms of each element to be a whole number 

(neglecting the relatively small mass of the electrons in an atom and 
taking the masses of the proton and the neutron each to be 1 

(Table 2.1)). In practice, however, the average atomic weight for a 

sample of an element can be far from a whole number. In the case of 
chlorine, for example, the average atomic weight of a sample is 35.5 

(Table 2.2). This is because two kinds of chlorine atom are present. All 
the atoms in the sample must have an atomic number of 17 (or they would 

not be chlorine) but 75% of them have a mass number of 35 and the other 

25% a mass number of 37, resulting in an average atomic weight of 35.5. 

The difference in mass numbers arises because the lighter atoms have 
eighteen neutrons in the nucleus and the heavier ones have twenty. These 
two kinds of chlorine are known as isotopes of chlorine. 
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DEFINITION — Isotopes are nuclides which have the same number of protons 

but different numbers of neutrons in their nuclei. 

Isotopes therefore have the same atomic numbers as each other (they are 

the same element) but have different mass numbers. 

There are natural laws which relate to the proportion of neutrons to 
protons in the nucleus of an atom. The nuclei of the two isotopes 

considered above, 33Cl and 73Cl, are both stable, but the nucleus of 
another isotope of chlorine, }5Cl, which has a different proportion of 
neutrons to protons, is unstable and undergoes radioactive disintegration 
(16.1.1). 3$Cl is therefore a radioactive isotope or radioisotope of 
chlorine. 

2.4 IONIZATION AND EXCITATION 

An atom taken as a whole is normally electrically neutral (2.1.3). If, 

however, one or more of the orbital electrons are removed from the 

atom, the remainder of the atom is left positively charged and is known as 
a positive ion. This process of removal of orbital electrons is known as 
ionization. 

To produce ionization, energy must be given to an orbital electron 
(which is negatively charged) in order to remove it from the atom against 

the force of attraction (3.1.2) which binds it to the positively charged 
nucleus. The energy which is just sufficient to do this is known as the 

binding energy. The magnitude of the binding energy depends on the 

atomic number (i.e. on the number of positive charges on the nucleus) 

and on the shell from which the electron is being removed. It is greater for 

elements of higher atomic number and also greatest for the K-shell (the 

shell nearest to the nucleus). 
Under some circumstances, it is possible for one or more additional 

electrons to attach themselves to a neutral atom producing a net negative 

charge. In this way, a negative ion is formed. 
The energy required to produce ionization may be supplied to the atom 

by several means, of which an important one is ionizing radiation. This is 

the general name given to X rays (Chapter 10), gamma rays, alpha 

particles and beta particles (Chapter 16), etc. 
Sometimes the energy given to an atom is less than the binding energy 

and an orbital electron receives insufficient energy to enable it to leave 
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the atom asin ionization. Instead, the electron may move from its original 

shell, either to another shell farther out from the nucleus or to some other 

energy level characteristic of the particular atom. The atom then has more 

energy than in its normal state. It is said to be in an excited state and the 
process is known as excitation. The atom does not remain in an excited 

state for long, the vacancy in the original shell being filled by an electron 

moving in from the outer shell or energy level with the emission of energy 
equal to the excess. 
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3 Electricity 

(In this chapter the term ‘electric’ will be used in place of the more 

traditional ‘electrostatic’. Besides being increasingly common usage, we 

prefer this form because electric fields may often be changing rapidly, i.e. 
they may be far from ‘static’.) 

3.1 ELECTRIC CHARGES 

3.1.1 Frictional electricity. In Chapter 2 we explained how atoms are 

made up of sub-atomic particles, of which electrons and protons were said 

to be electrically charged. The meaning of this expression was not then 

defined but, although we cannot explain the phenomenon of electricity, 

we can convey an idea of its nature by describing some of its properties. 

In section 2.4 we described how a negative electron, which is very 
light, can be removed from an atom leaving a positive, heavy remainder. 

This process is called ionization. A very simple but crude way of 
separating electrons from atoms for demonstration purposes is by 
rubbing two materials together, i.e. by friction. The electric charges so 

produced are called frictional charges. 
This effect can be very easily demonstrated by rubbing a piece of 

polythene rod with some dry nylon. It will be found that both the rod and 
the nylon are then capable of attracting small pieces of light material like 

expanded polystyrene (such as may be broken from an ordinary white 

‘ceiling tile’). The explanation of this attraction will be given later, but for 

the present it suggests that separate electric charges have been produced 

by friction on the polythene and on the nylon; the former is in fact 
negative and the latter positive. Hence electrons must have been rubbed 
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off the nylon and onto the polythene, leaving positively charged ions 

behind on the nylon. In solids it is always the negatively charged 

electrons that move. Movement of the positive ions (which contain the 

atomic nuclei) would imply movement of the material itself, which does 

not of course happen. 
If the same experiment is tried with a rod made of metal instead of 

polythene, no frictional charges can be observed. This is because the 

metal allows the frictional charges to flow through it easily, through the 

experimenter’s hand and down to the earth. (The earth acts as a large 

reservoir of charge.) Substances which allow electrons (electricity) to 
flow through them easily are called conductors (compare heat 

conduction, 1.4.3). Carbon and most metals are conductors, one of the 

best being copper. Substances which prevent the flow of electrons are 

called insulators; examples are plastics, rubber and glass. Electrical 

conduction will be further explained in section 4.1.1, and in section 

1126: 

3.1.2 The laws of electric force; electric fields. Some properties of the 

electric charges produced by friction can be demonstrated by a simple 

experiment using two small balls of expanded polystyrene that have 
been suspended about 20 mm apart by light, insulating threads of silk 

or nylon (Fig. 3.1a). (In practice, the polystyrene balls should first be 
coated with Indian ink (carbon) to make their surface electrically 

conducting.) If both balls are charged similarly by bringing them into 

contact with the polythene, 1.e. negatively, or with the nylon, i.e. 

positively, the balls will move away from each other (Fig. 3.1b and c). If 

however one ball is charged positively and the other negatively, the two 

will move together (Fig. 3.1d). These movements are caused by forces 
of repulsion and attraction respectively. In fact, a force is exerted 

between any two electric charges, and it will cause movement if the 

charges are free to move. The repulsion and attraction of two electric 
charges are summarized in the law of electric force: 

DEFINITION Similar charges repel, dissimilar charges attract. 

The force of attraction can be compared with the force of gravitation 

(1.3.3), though the two are of quite different natures. Like gravitation, 

the force decreases rapidly as the distance between the two bodies 

increases. If the charges are small in extent compared with the distance 
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Light balls, 

both uncharged 
(electrically neutral) 

Similar 
charges 

Similar 
charges 

Dissimilar 
charges 

Fig. 3.1 The forces between electric charges. 

between them, the law of attraction (and repulsion) obeys the well- 
known inverse-square law: 

DEFINITION The force between two charges is inversely proportional to 

the square of the distance between them. 

Thus if the distance is doubled, the force is reduced to one-quarter; if the 

distance is trebled, to one-ninth, etc. If the distance is very large indeed 

(infinite), the force will be negligible. 
There is another way of thinking about electric and gravitational forces 

which often makes problems clearer. We say that electric charges (for 

example) are surrounded by electric fields; a field is simply a region in 

which electric force is exerted on another charge, which is itself 
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surrounded by an electric field. Alternatively, we can say that the two 

electric fields interact, with the result that a force of attraction (or 

repulsion) is produced. 

3.2 ELECTRIC INDUCTION; ELECTROSCOPES 

3.2.1 Electroscopes and electrometers. The experiment with two 

suspended polystyrene balls (3.1.2) illustrates the principle of the 

electroscope, which is a useful laboratory instrument for indicating the 
presence of an electric charge and its sign. Fig. 3.2a shows the basic 

construction. A metal rod, with a disk at its upper end, passes through a 
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Fig. 3.2 The electroscope. 

stopper made of a very good insulator (such as polythene) into a metal 
box with glass front and back. The lower end of the rod has fixed to it a 

piece of gold leaf, which is very light and which therefore requires very 
little force to raise it. This instrument can be used to indicate the presence 
of an electric charge, in the following way. 
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If a negative frictional charge is transferred to it by contact with the 
polythene in section 3.1.1, the electrons distribute themselves all over the 
rod and the gold leaf. Because similar charges repel, the leaf is repelled 
from the rod and rises (Fig. 3.2b). Exactly the same behaviour is 

observed if electrons are removed from the electroscope, by bringing it in 
contact with the charged nylon (Fig. 3.2c). 

To cause the leaf to fall, i.e. to discharge the electroscope, all we need to 

do is to touch the metal disk with our finger, when the charge will flow away 

through our body to earth, leaving the electroscope uncharged 
(Fig. 3.2d). 
Common sense tells us that the distance the gold leaf rises depends on the 

size of the charge; a large charge, positive or negative, produces a large 

force of repulsion, and therefore a large movement, and vice versa. The 

electroscope described above is a relatively crude instrument, but there 
exist more refined electroscopes called electrometers which can be used to 
measure charge very accurately. A great deal of the early fundamental 

research work in physics was carried out with relatively simple apparatus 

such as electrometers, long before the age of highly complex electronic 

apparatus, computers, etc. 

3.2.2 Electric induction. In section 3.1.1 we described how a body 

charged with frictional electricity can attract small, light bodies such as 

pieces of expanded polystyrene. This effect may at first seem quite natural, 
but on second thoughts how is it possible for a charged body to attract an 

uncharged body? The answer lies in the phenomenon called electric 

induction. 
Fig. 3.3a shows a horizontal cylindrical conductor made of metal, with 

rounded ends, mounted on an insulating stand so that charge cannot leak 

away from it. Initially the whole conductor is electrically neutral. Suppose 

now we bring near one end of the conductor a negatively charged body. 

This negative charge will repel electrons in the conductor, making the far 
end negative and leaving the near end positive, asin Fig. 3.3b. (Remember 

that in solids it is only the negative charges, i.e. the electrons, that move.) A 

positively charged body will have the opposite effect (Fig. 3.3c). This 
process is called electric induction. We shall meet other kinds of induction 
in this book; the word generally implies some kind of action at a distance. 
Wecan nowsee howan initially uncharged body can be attracted. In Fig. 

3.3b andc, the conducting cylinder will experience an attracting force from 

| 
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Fig. 3.3 Electric induction. 

the charged body. Although the cylinder is electrically neutral as a whole, 

some of its charges have been separated in space, and the dissimilar 

charges are closer together than the similar charges. Hence the force of 

attraction between the former is greater than the force of repulsion 

between the latter. Therefore the net force is one of attraction. 
Another example of the application of electric induction is to enable us 

to determine the polarity of the charge (i.e. whether it is positive or 

negative) on an electroscope. Both positive and negative charges produce 

the same type of deflexion, so how can we tell which is which? Suppose 

the electroscope is negatively charged, and the gold leaf is deflected 

moderately. If then we bring a negatively charged body near to the disk of 

the electroscope (but not touching it) more negative charge will be 

repelled down the electroscope rod (by electric induction) and the leaf 

will rise further. If on the other hand we bring a positive charge near, 

electrons will be attracted up the rod and the leaf will fall. 
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3.3 ELECTRIC CHARGE AND ELECTRICAL POTENTIAL 

3.3.1 Units of electric charge. Electric charges result from the separa- 

tion of negative electrons from atoms, leaving behind positive ions. It 
would thus be natural to measure electric charge simply in terms of the 

number of electrons, either as an excess for a negative charge or as a deficit 
for a positive charge. However, this would be very inconvenient in 

practice, because the electron has such a very small charge that very large 
numbers would have to be used. It would be like trying to buy a quantity 
of, say, petrol in terms of a number of molecules instead of gallons or 
litres! 

Hence there is an S.I. unit of electric charge, formally defined in terms 

of length, mass and time, called the coulomb. This is a derived unit 

(1.2.3), and the way in which it is derived from the basic units is too 
complex to be discussed here. We shall therefore state simply: 

DEFINITION ‘The coulomb is a measure of electric charge or quantity, 

equivalent to that on about 6 x 10'° electrons. 

The reader is reminded that 6 x 10!° is a very large number indeed, viz. 
six million million million, yet the coulomb is not such a very large unit of 

charge. It is the amount of electricity which would flow in a pocket torch 

in about five seconds! This example emphasizes just how small the charge 
on an electron really is. 

3.3.2 The behaviour of electric charges. We have already described a 

number of properties of electric charges, such as their ability to flow 

through conductors, and their attractive or repulsive force on each other. 

We must now discuss these properties further, with the object of 

emphasizing certain practical applications. 
Let us consider the cylinder of conducting material illustrated in 

Fig. 3.3a (3.2.2). A charge, i.e. a quantity of electrons, placed on one 

end will distribute itself (not necessarily uniformly, see below) all over 

the conductor. However, it will be confined to the surface of the 

conductor, because the electrons tend to repel each other and therefore 

to drive each other outwards onto the surface. If instead the cylinder is 

made of an insulating material, the electrons (i.e. the charge) will remain 

where they are put. Often an insulator will appear to behave as a 

conductor, however, because of a layer of moisture which may have 
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condensed on the surface of the insulator. Moisture, particularly if it 
contains dissolved salts, is a fairly good conductor; thus it is very 

dangerous to operate electrical apparatus with wet hands (making it 

easier for charge to flow through the body to earth, section 3.2.1) unless 
the apparatus is especially designed for the protection of the operator 

(12:3,2)e 
The distribution of charge on a conductor depends entirely on its 

shape, if there are no other charged conductors nearby. Fig. 3.4 shows 

three shapes of conductor, each on an insulating stand, and each charged 
with the same number of electrons (i.e. each carrying the same negative 

charge in coulombs). The way in which the density of the charge varies 

over the three shapes, viz. a sphere, a cylinder and a pointed pear-shaped 

solid, is shown qualitatively by the density of the negative signs on the 

diagram. 

Fig. 3.4 The distribution of charge on conductors. 

It is clear that the density of charge is larger at curved surfaces, and is 

particularly large at the point of the pear-shaped solid. Because of this 
very large concentration of charge at points, we say that the value of the 

electric field (3.1.2) in the neighbourhood of the point is very large. The 

electric field, if of large enough value, may cause ionization of the atoms 

in the air; the positive ions thus formed collect electrons from the point 
and the conductor loses charge into the air. This is called an electric 

discharge or field emission; it must be avoided in the design of certain 

parts of X-ray apparatus where such large electric fields are often 

produced. This is done by the very simple precaution of avoiding sharp 

edges and points in conductors; thus conductors in X-ray work are usually 
obviously rounded in shape and are often polished so that they have as 
few sharp irregularities on their surfaces as possible. 

3.3.3 Electrical potential. In section 1.3.5, we explained that water 
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flows from a higher level to a lower level. This is because its potential 

energy is greater at the higher level than at the lower level. In general, 

matter tends to move so as to reduce its energy; in so doing it converts the 

energy into work or into other forms of energy. For example, falling 

water can be used to turn a mill-wheel which can do useful work. 
In this section we shall see that electricity shows a precisely similar 

behaviour and that this is linked closely with the idea of potential energy; 

the idea leads to the very important concept of electrical potential. 

Let us consider a body having a negative charge of Q coulombs 
(Fig. 3.5). We shall disregard the mass of the body so that no 
gravitational forces will complicate the discussion (1.3.3). Suppose 

°c 

Body with °B At infinity 

a charge of A os 

— Q coulombs = nae ios 

of —| coulomb 

*D 

Fig. 3.5 Electrical potential. 

another similar body, having a negative charge of 1 coulomb, is situated 
at infinity—that is, at such a distance that the repulsive force between 

them can be neglected (inverse-square law, 3.1.2). Now let us bring the 
unit charge nearer Q; as it comes nearer we must exert more and more 

force on it until it reaches, say, the point A. We have had to do 
mechanical work on the unit charge to bring it to A; that work has been 

converted into potential energy, just as work done on the mass in Fig. 1.1 

(1.3.4) was converted into potential energy at position 1. Moreover, like 
the mass, if we release the unit charge at A, it will be repelled back to 
infinity by Q and, in the process, it will in principle be able to do work, 
although in practice it would be rather difficult to devise a suitable 
arrangement. Similarly, the unit charge would have different amounts of 

potential energy at other points B, C, D, etc., situated around the charge 

Q. We say that each point A, B, C, D has an electrical potential associated 

with it, and this is defined in terms of the work done in bringing unit 
charge to the point. The S.I. unit of potential is the volt (V). 

DEFINITION The electrical potential in volts at a point is equal to the work 
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done in joules in bringing one coulomb of positive charge from infinity to 

the point. 

Two points of explanation are necessary in this definition. First, the 
specification of a positive unit charge instead of the negative unit charge 

used in the example above is a survival of the time, before electrons were 

discovered, when electricity was thought to consist of two ‘fluids’, 
positive and negative (4.1.3). It is unfortunate that, by chance, 
definitions were then couched in terms of the positive ‘fluid’, whereas 

now we know that the negative ‘fluid’ is the one which commonly moves in 

solids. The above definition thus relates to positive electrical potential, 

but it can also be stated quite correctly in the negative form: 

DEFINITION The negative electrical potential in volts at a point is equal to 

the work done in bringing one coulomb of negative charge from infinity to 

the point. 

The second point to be explained might help to clarify the first. In Fig. 
3.5, infinity is chosen as the absolute zero of electrical potential energy 

(1.3.5). This is analogous to the use of sea level as the zero of height in 

Fig. 1.1. But of course negative heights ‘above’ sea level are possible; 

these of course correspond to depths below sea level. Hence we can 
equally well refer to positive and negative electrical potential so long as 
we clearly say which is meant at the time. In this book, we shall write 

mostly of negative electricity because it is electrons that move, always in 

solids and often in space; we shall therefore refer most often to negative 
potential. 

The idea of potential at a point is so important that before proceeding 
to the next section we must repeat the important principle that it is the 

electrical potential at a point that determines the direction in which 

electric charge will flow. In particular, negative charge (electrons) will 
flow from a point of high negative potential to a point of low negative 
potential. This behaviour is analogous to the flow of water from a greater 
to a lesser height. The idea of charge flowing from high to low potential 

emphasizes the importance of the concept of difference of potential or 
potential difference (p.d.); this will be elaborated in section 4.1.2, etc. 

Although, from the above definitions, it is apparent that the absolute 
zero of potential is situated theoretically at inifinity, this is not a very 

useful concept in practice. In the everyday use of electricity, therefore, 
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we regard earth as our relative zero of potential, because it is so large that 

its potential may be regarded as virtually constant (3.1.1), just as 
sea level is unaltered by pouring in a small quantity of water. 

Potentials encountered in practice have very widely differing values, so 
that the volt is sometimes too large, sometimes too small, a unit. In 

radiology, examples of useful multiples and sub-multiples are the kilovolt 

(kV) (1 kV = 10° V) and the millivolt (mV) (1 mV = 107? V). 

3.4 CAPACITANCE AND CAPACITORS 

3.4.1 Capacitance. Water has very many uses; we therefore need to be 

able to store it temporarily in various types of vessel: drinking glasses, 

bottles, tanks, reservoirs, etc. Similarly it is very convenient to be able to 

store electricity (electric charge) for short periods of seconds or minutes; 
this may be done in conductors or in special arrangements of conductors 

called capacitors (formerly called condensers). (Longer periods of 

storage demand different methods which will be mentioned in section 
SS) jas) 
We know that we can store electrons on a conductor (e.g. Fig. 3.4, 

3.3.2); what determines the quantity of electricity (in coulombs) that can 
be stored in a given conductor? For example, we can speak of the capacity 

of a water tank; this means the number of gallons of water it will hold 

without overflowing. Can we apply a similar criterion to the storage of 

electric charge? It all depends on what we mean by overflowing in the 
electrical case; this could only refer to the loss of charge via ionized air 
(3.3.2) and is not such a well-defined or constant criterion as the 
overflowing of a tank. For this and other reasons it is usual to refer to the 
capacitance (C) (the present-day word for electrical capacity) in a 

different way. 
This can best be understood by again considering a water analogy. Fig. 

3.6a shows two cylindrical vessels, both of which have been filled to unit 

depth (i.e. 1 metre) with water. Obviously the wide vessel of base area Az 

(m7) will require a greater quantity of water (Q>) than the narrow vessel 
A,(m*) which requires a quantity of only Q; of water. Fig. 3.6b shows 
the electrical equivalent. Here we have a small conductor (a metal 
sphere) and a large one. If we ‘pour’ negative charge into each conductor 

we shall find that their negative potential (V) will rise (3.3.3), and our 
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Fig. 3.6 Electrical capacitance. 

water analogy suggests that the smaller conductor will need a smaller 

charge (Q,) to raise the negative potential by 1 V than will the larger 
conductor (Q>). We therefore define the capacitance of a conductor in 

terms of the charge required, not to make it ‘overflow’, but to raise its 

potential (electrical level) by unit amount. The S.I. unit of capacitance is 
the farad (F). 

DEFINITION The capacitance of a conductor in farads is equal to the 

electric charge in coulombs required to change the potential of the 

conductor by | volt. 

The capacitance of a conductor is thus analogous to the base area of a 
vessel in Fig. 3.6a. 

From this definition we can derive an important relation or ‘formula’: if 

it requires a charge numerically equal to C coulombs to change the 
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potential of a conductor of capacitance C farads by one volt, then it must 

require a charge (Q) equal to CV coulombs to change its potential by V 
volts. 

Hence we can say 

Q= CV, (or ere or V=— Eqivos 

This is an important equation which must be learnt by heart (and 
understood!). 

3.4.2 Capacitors (formerly called condensers). The farad (F) is too 

large a unit for normal use, and in practice capacitances are usually 
expressed in microfarads (uF*) (1 uF = 10~° F). However, the capa- 

citances of isolated conductors are very small indeed and quite 

inadequate for most practical purposes. For example, the capacitance of 

a sphere of radius 10 mm is only about 10-° uF. Some means of 
increasing the effective capacitance of conductors must therefore be 
found; this may be done by using special arrangements of conductors 
called capacitors (condensers). (The older name arose from the idea 
popularly believed at one time that the electricity was in some way being 

condensed into a smaller space; hence the capacitance of a given 
conductor would be larger.) 

Fig. 3.7 illustrates the principle of the capacitor. Fig. 3.7a shows an 
isolated conductor in the form of a flat conducting plate to which 

connexion can be made by a wire. A negative charge is put on the plate, 
resulting in a rise of negative potential. The capacitance is very small. 

In Fig. 3.7b a similar plate has been brought up very close to the first, 
but separated from it by a thin insulating layer called the dielectric. The 
second conducting plate is charged positively, either deliberately, or 
automatically by electric induction. The latter operates as follows. The 

second plate is connected to earth, which acts as a reservoir of charge 
(3.1.1); when the second plate is brought near the first plate, the negative 

charge on the first plate repels some of the negative charge on the second 
plate and causes it to flow to earth, leaving behind an equal positive 
charge. But this positive charge is very near to the negative charge on the 

*u is the Greek small letter ‘mu’. 
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Fig. 3.7 The principle of the capacitor: (a) isolated conductor: small capacitance; (b) 
capacitor: large capacitance; (c) multi-plate capacitor with four dielectrics. 

first plate, and has the effect of reducing its negative potential. This can 

easily be seen by qualitatively comparing the work necessary to bring unit 

negative charge up to the first plate; it will be much less in Fig. 3.7b than 

in Fig. 3.7a because of the attracting force of the new positive charge. 

Hence for the same charge Q, the potential V has fallen. From Eq. 3.1 

(3.4.1), C = Q/V, and as V is less and Q constant, C must be greater. 
Hence we have succeeded in increasing the capacitance of the original 
conductor, perhaps by many thousands or millions of times. 

Eq. 3.1 (3.4.1) can be applied also to capacitors, but the value of Q to 

be used is the charge on one of the plates, not on both, and V is the 

potential difference between the plates. The capacitance of a capacitor 

depends on several factors. Often capacitors are made with many plates, 

arranged in two sets interleaved with insulating dielectrics (Fig. 3.7c). 

Clearly the capacitance must increase with the number of plates and with 

their area, and also with decrease of the distance between adjacent plates 

(because the effect of one charge on the other is thereby increased). The 

nature of the dielectric also has an effect; a capacitor with a vacuum 
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between the plates has the least capacitance, and any other material will 
increase the capacitance above the value for a vacuum by a factor called 

the dielectric constant (K) of the material. 

If A is the area of overlap of adjacent plates, 

nis the number of dielectrics, 

d is the distance between adjacent plates, and 
K is the dielectric constant, 

8.85 nKA 
C = —— x 10°" F Eq. 3-2 

Capacitors are used for many purposes in radiology, to be explained 

later; details of their construction may be obtained from reference books. 
However, there is an aspect of their construction other than their 
capacitance which is of considerable practical importance, viz. their 
breakdown voltage. The term voltage we shall explain later (5.3.2); here 

it is synonymous with potential difference. A capacitor breaks down at a 

potential difference between its plates when the electric field so produced 

is too great for the dielectric to withstand. The material of the dielectric 
punctures, a spark passes and the capacitor is discharged. This is the 

electrical condition which is analogous to the overflowing of a water tank 
(3.4.1). For reliability, a capacitor must always be used at a potential 
difference well below its breakdown voltage. 

The ability of an insulating material to withstand electric fields, 
whether it forms the dielectric of a capacitor or is simply used to insulate 
one conductor from another, is represented by a quantity called its 

dielectric strength. Air has a low value of dielectric strength, whereas oil, 

rubber and certain plastics have high values. Therefore oil, rubber and 
plastics are widely used in X-ray generators where large potential 

differences are found. 
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4 Electric current 

4.1 ELECTRIC CURRENTS 

4.1.1 Electron flow. In Chapter 3 we discussed the ‘production’ (or 

rather separation) of electric charges; this was said to result from the 

movement of electrons. However, we were then interested mainly in the 

properties of the stationary of static charges so produced. In this chapter 

we shall discuss the properties of the electron movement itself; this 
movement is called an electric current and is of very great importance in 

the world of today. 

In section 3.1.1 we introduced also the idea of conductors and 
insulators. The movement of electrons, i.e. an electric current, will take 

place only through conductors; this is thought to be due to the presence 

in conducting materials of free electrons which, as their name implies, are 
free to move with little hindrance in the spaces between the atoms of the 

conductor. Insulators are believed not to have these free electrons; thus 

electron flow through them is not possible. (The more detailed (band) 
theory of conductors and insulators is explained in section 11.6.) 
Electrons moving in space form electric currents in just the same way as 
do electrons flowing in a conductor; for example, electrons move through 
space as electric currents in an X-ray tube. 

4.1.2 A simple electrical circuit. In section 3.3.3 it was emphasized that 

electrons flow only as a result of a difference of potential, i.e. from a point 
of high negative potential to a point of low negative potential. Hence to 
maintain a constant flow of electrons in a conductor there must be some 

means of maintaining a constant potential difference between the ends of 
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Fig. 4.1 A simple electrical circuit. 

the conductor. Fig. 4.1a shows one way in which this may be simply 
achieved for demonstration purposes. A conductor in the form of alength 

of fine copper wire is connected (i.e. electrically joined) between a copper 
(Cu) and a zinc (Zn) plate immersed in dilute sulphuric acid in a glass jar. 
The two plates and the acid together are called a simple voltaic cell, 

usually abbreviated to simple cell or just ‘cell’. Because of chemical 

reactions occurring between the plates and the acid, the cell has the 

property of maintaining a potential difference or p.d. between the plates 

(points Cu and Zn in Fig. 4.1a). The point Zn is found to have a higher 
negative potential than point Cu, by about one volt, and this causes a 

39 



4.1.2 FIRST-YEAR PHYSICS FOR RADIOGRAPHERS 

continuous flow of electrons, i.e. an electric current, through the 

conductor. 
How do we know that this current is flowing? It can be detected in a 

number of ways which will be discussed later (5.1.5). However, for the 
present let us assume the existence of an instrument for indicating the 

flow of current, called an ammeter. Fig. 4.1b shows the arrangement of 
Fig. 4.1a (plus the ammeter) in the form of conventional symbols. The 
whole forms a simple electrical circuit. When drawing circuits, most of 
which are much more complex than Fig. 4.1b (e.g. that of an X-ray 

generator!), it would be impossible to make an artist’s drawing of each 

component every time. So all components are represented by standard 

conventional symbols as shown. For example, the cell symbol consists of 

a short thick line and a longer thin one; the former is assumed to be at the 

higher negative potential (it is often marked —) and the latter at the 

higher positive potential (often marked +). Electrons will therefore flow 
from the negative (black) terminal (a terminal is simply a point at which a 
connexion is made) through the conductor and back to the positive (red) 

terminal. For a current to flow it is essential to have a complete return 

path; the electrons must have a point of lower negative potential to return 

to, i.e. the positive terminal. The ammeter is connected in the circuit, as 
shown, because for the flow of electrons to be indicated they must go 

through the ammeter. The ammeter is said to be in series with the circuit. 

4.1.3 Conventional current and electromotive force. We have said many 
times that we know that only negative charges (electrons) move in solids. 

Movement of positive charges would imply that the copper ions 

themselves were migrating along the conductor; in other words, the 

material of the wire itself would be ‘crawling’ along, which of course does 
not happen. Nevertheless, before the existence of electrons was realized, 
physicists knew that ‘something’ was flowing in the wire, and guessed 

(wrongly) that it flowed from the positive to the negative terminal. Many 
rules were formulated in terms of this imaginary flow, which is now 

known as conventional current. We shall be compelled to present these 

rules in subsequent chapters (6.2.2, 7.1.3), and will therefore 
sometimes talk about conventional current, which can be thought of as 

flowing in a direction opposite to the real electron flow. It may be that in 

the foreseeable future the rules will be altered by international 
agreement, but this unfortunately has not yet happened. 
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The electron flow or current in Fig. 4.1 (4.1.2) will go on flowing so 

long as the cell is able to maintain a p.d. between its terminals. This it is 
able to do by virtue of the chemical processes which go on within it. The 
result is that a negative electric charge flows ‘downhill’ through a 
difference of potential, and, like a mass falling ‘downhill’ through a 
difference of height (1.3.5), this flow is associated with a certain amount of 

energy, in this case electrical rather than mechanical. The electrical energy 

cannot be created from nothing, of course (1.1.4); it is in fact converted 

from chemical energy in the cell. The ability of the cell to maintain a 

potential difference between its terminals as a result of converting 

chemical into electrical energy is called its electromotive force or e.m.f. 
(see section 5.3.2 for further explanation). 

4.1.4 The unit of current is called the ampere (A). Betore defining the 

ampere it is as well to understand clearly what we mean by ‘amount of 

current’. Suppose we could be endowed with superhuman powers and 

could look into the current-carrying conductor at a single point with a 

stop-watch in our hand. If we could then count the number of electrons 

passing this point in one second, this could serve as a measure of current: 

so many electrons per second. However, this would have the disadvan- 

tage we have met previously of numbers of very great size; instead, let us 

imagine that we can count the number of coulombs per second. This 

would be equal to the amount of current in amperes. In a similar way the 
current of water in a pipe can be measured in terms of gallons per second, 

but there is no special name given to this unit. The international definition 

of the ampere is a complicated one, but the one which follows is quite 

correct and much easier to understand at this stage: 

DEFINITION The unit of current called the ampere is the current that flows 

when an electric charge of one coulomb passes a given point in one second. 

If the charge Q coulombs flowing in ¢ seconds is measured, then the 

current / amperes is given by the equation. 

I= 2. Eq. 4.1 

Hence if a current J flows for a time ¢ the total charge Q which flows is 

Sew Q=It Eq. 4.2 
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Although the ampere (A) is of a more practical size than the farad (for 

capacitance, section 3.4.1), it is often too big for some applications, for 
example, for measuring the current through an X-ray tube. Then we may 
speak of sub-multiples of the unit; the common ones in this case are the 

milliampere (mA) and the microampere (uA). These units are often 

abbreviated in speech to ‘amp’, ‘milliamp’ and ‘microamp’. 

4.2 RESISTANCE AND OHM’S LAW 

4.2.1 Resistance. Whenever matter moves from a higher to a lower 

level, it experiences resistance to its movement. For example, the 

movement of water in a stream is resisted by the irregularity of the stones 
over which it flows; even the falling mass in Fig. 1.1 (1.3.4) is slowed 
down slightly by air resistance. We might suspect even at this early stage 

that the resistance causes loss of energy; this is a most important point in 

the electrical case (5.1.1). 
Similarly, when electrons flow through a conductor they experience 

resistance to their flow. This may be imagined roughly as resulting from 

the presence of atoms along the paths of the free electrons and the 
resulting collisions which take place. We shall discuss the factors 

influencing the resistance of a conductor in section 4.2.3. 

4.2.2 Ohm’s law is a very important law for electrical circuits. Fig. 
4.2 shows a simple circuit which may be used to demonstrate the law. 
The potential difference is provided by one or more cells connected in 

series (instead of only the one cell of Fig. 4.1b). These may be used to 

produce different p.d.s by varying the connexion T from one terminal to 
another. Putting cells in series (4.1.2) is equivalent to adding their p.d.s, 
just as putting distances one above the other results in their addition. 

The circuit in Fig. 4.2 differs from Fig. 4.1b (4.1.2) in another 
respect. All conductors offer resistance to current flow, but to simplify 

circuit drawing it is usual to assume that all the resistance is concentrated 

in certain components called resistors; these are represented by zigzag 

lines. The lines joining the different components then represent 
conductors (connexions) which are imagined to have zero resistance. 

In performing the experiment to demonstrate Ohm’s law we vary the 
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F (resistor) 

Ammeter 

Electron flow 
or current (Z ) 

ened tit 
Cells in series 

Fig. 4.2 An experiment to demonstrate Ohm’s law. 

‘tapping point’ T, thus varying the p.d. (V), and for each value we read 

the corresponding current (/) on the ammeter. We express the results in a 
table (Table 4.1). It is apparent that, within the limits of experimental 
error, the current is proportional to the p.d. This is clearly shown if we 

divide V by / (in the third line of the table) when we obtain a ratio which is 

nearly constant and whose average in this example is 4.97. 

TABLE 4.1 (4.2.2) The results of an experiment to demonstrate Ohm’s law 

P.d. (V) 1 2 3 4 5) 6 if 8 volts 
Current (/) OZ 0:39: :063980. 7800974 W254 “59 amperes 
V/I (=R) AB peg Silegstes de Sts aly gp Seley 48 pe 4.95, 05.0340 0hms 

From this experiment we can derive two pieces of information. The 

first is a statement of Ohm’s law: 

DEFINITION The current through a metallic conductor is proportional to 

the potential difference between its ends, so long as its physical conditions 

remain constant. 

The second can be seen from Table 4.1; the constant value of V/J is 

regarded as a property of the conductor (the resistor in Fig. 4.2), and is 
called its resistance (R). The unit of resistance is called the ohm (02*). 

*Q is the Greek capital letter omega. 
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DEFINITION If a potential difference of one volt drives a current of one 

ampere through a conductor, the resistance of the conductor is said to be 

one ohm. 

We shall discuss resistance further in the following section, but let us first 
derive another equation similar to the capacitance equation (Eq. 3.1, 
3.4.1). From above it is clear that V/J = R. Hence we can say 

V V 
lTa=— , (or V=IR, or R= = Eq. 4.3 

R ri 

This is an algebraic expression of Ohm’s law, but must not be quoted if 

Ohm’s law is asked for in an examination. It enables us to make 
calculations of current, p.d. and resistance. For example, if V = 10 volts 
and R = 2 ohms, the current will be 

I = V/R = 10/2 = 5 amperes 

Again, if a current of 0.5 A is driven through a resistance of 1 000 Q, the 
p.d. across the resistance will be 

V =IR=0.5 X 1 000 = 500 V 

4.2.3 Factors affecting resistance. The unit of resistance is the ohm 

(Q), but, as in the case of other units, multiples are often convenient. In 
X-ray applications the kilohm (1 kQ) (1 kQ = 10° Q) and the megohm 
(MQ) (1 MQ = 10° Q) are the most useful. 

What factors govern the resistance of a conductor? If we think of the 

resistance of a pipe through which water is flowing, we can almost guess 
the answer. The resistance will obviously be greater for a longer pipe, or 

for a thinner pipe, or for one with a rougher inside bore. If /(m) is the 
length of a conductor, a(m7) its cross-sectional area, and p* a measure of 

the electrical ‘roughness’ of its material, called its resistivity, then the 

resistance of the conductor (R ohms) will be given by 

R=— Eq. 4.4 

*o is the Greek small letter rho. 
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DEFINITION The resistivity of a conducting material is the resistance in 

ohms, measured between opposite faces, of a cube with a side of length one 

metre. 

Examples of the calculation of conductor resistances may be found in 
reference books. However, it is clear that the differences in resistance 

among conductors (wires) of the same dimensions but different materials 

result from their different resistivities. For example, silver and copper 

have /ow values of p, whereas iron, tungsten and special alloys have 

relatively high values of p. These special alloys are used to make wires 

(resistance wires) which are incorporated into resistors when high values 
of resistance are required. 

Another property of the resistivity is that it is affected by temperature. 
In most metals, increase of temperature produces increase of resistivity, 

and hence of the resistance of a wire made of that metal. In most 
non-metals, however, increase of temperature produces a decrease of 
resistivity. 

4.3 CIRCUIT LAWS 

4.3.1 Combinations of p.d. and resistance. The simple circuit of Fig. 

4.2 (4.2.2) illustrates that p.d.s connected in series add together 
(Fig. 4.3a), so long as + is connected to — throughout the chain of cells. 

This is called series-aiding. Cells thus connected are often called a 

battery. Fig. 4.3a also shows what happens when cells are connected 
series-opposing; the resulting p.d. is the difference between the two p.d.s 

and hence zero if they are equal. Fig. 4.3b shows similar cells connected 
in parallel, i.e. so that their separate currents add at the points of 

connexion. Then their combined p.d. is equal to the p.d. of each one, but 

twice the current can be drawn from the combination. Note that cells 

must never be connected in parallel with + to — as in Fig. 4.3c, because 
they are then series-aiding in a closed ‘loop’ of very low resistance (this is 
often called a short-circuit). As J = V/R, the current which would flow 

in the closed loop would be very large and would probably damage the 

cells. For the same reason, cells must never have their terminals 

connected together, even momentarily, by a wire of low resistance. This 

might be quite entertaining because it might produce a shower of sparks, 

but it is almost certain to damage the cell. 
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Fig. 4.3 Cells in series and in parallel. 

Fig. 4.4a shows a battery connected to three resistors in parallel. ‘In 
parallel’ means that the total current J divides into /,, J, and J; through 

the resistors R,, R> and R3; these three currents then recombine to form 

the total current /. It is an instructive application of Ohm’s law to 
calculate the effective resistance between points P and Q. This is done as 

follows. If R is the total effective resistance of R,, R2 and R3 in parallel, 
then 

[= I, at: L 15 I, 

Then, as / = V/R, 

V V V V 

R Ry R, R; 
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| 
| 
| 
O 

Fig. 4.4 Resistances in parallel and in series. 

On dividing by V, 

=— + — + — Eq. 4.5 

For example, the combined resistance of resistors of 2, 3 and 4 ohms in 
parallel is '7%13 ohm. The combined resistance is always less than that of 
the smallest single resistor. 

Fig. 4.4b shows a battery connected to three resistors in series. Here 

the current through all three resistors is the same, but the p.d.s add, as 

shown (compare cells in series). A calculation similar to the above gives 
us the total effective resistance between P and Q: 
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V=V,+V,+V3 

Then, as V = JR, 

IR = IR, + IR, + IR; 

On dividing by /, 

R=R,+R,+R; Eq. 4.6 

For example, the combined resistance of resistors of 2, 3 and 4 ohms is 2 

+3+4=9ohms. 
The circuit in Fig. 4.4b with resistors in series forms the basis of an 

important circuit arrangement called a potential divider or sometimes a 

potentiometer. It is clear that because the current through all the resistors 

is the same, the potential changes in proportion to the resistance value 

and thus increases as we progress along the resistance. Fig. 4.5a shows a 

practical variable potential divider, consisting of a coil of resistance wire, 

insulated with enamel except for a bared strip along which a contact C 
slides. Adjustment of C enables the p.d. V’ (between C and O) to be 

adjusted to any desired fraction of the total V. 
Another way in which variable resistance can be of value is shown in 

Fig. 4.5b. Here the resistor with the sliding contact is similar to that in 

Fig. 4.5a, but it is connected in series with the circuit merely to act as a 
variable resistance (often called a rheostat). In this example it controls 

the current through a lamp to make it dimmer or brighter. 

4.3.2 Ammeters and voltmeters. Figs 4.1 (4.1.2) and 4.2 (4.2.2) 

show circuits which incorporate an instrument for measuring current 

flow, called an ammeter. This word is an abbreviation of ampere-meter, 
i.e. ameter for measuring amperes (4.1.4). A more sensitive instrument, 

for example one which will measure thousandths of an ampere, is called a 
milliammeter. We shall see in Chapter 6 how these instruments work, but 

in the meantime it is necessary to know how they are used in a circuit. 

The use of an ammeter to measure the current in a circuit is simple. It is 
connected in series with the circuit so that the whole of the current to be 
measured flows through it (Fig. 4.2, 4.2.2). Sometimes, however, it 
may be necessary to alter the sensitivity of an instrument. For example, 

one may need to use a milliammeter to measure amperes; its sensitivity 
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Fig. 4.5 Some uses of variable resistances. 

must therefore be effectively reduced. This is done as shown in Fig. 4.6a, 

by connecting in parallel with it a shunt resistor, or shunt, which diverts or 

‘shunts’ a fixed fraction of the current from the meter. The resistance of 
the shunt is calculated as follows. 

Suppose the milliammeter reads 0 to 1 mA (full-scale deflexion, 
f.s.d.*), and has itself a resistance of 50 Q. Then if it is required to read 0 
to 1 A, equivalent to a sensitivity reduction of one thousand times, 1 mA 

(0.001 A) must flow through the meter at f.s.d., and therefore 0.999 A 

*The abbreviation f.s.d. is also used in radiology to mean focus-skin-distance but as the 
two applications are so different, confusion never arises. 
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(9950 2) (50 2) 

(b) 

Fig. 4.6 Converting a milliammeter into an ammeter and into a voltmeter. 

through the shunt. Now the p.d. across the meter, and therefore across 
the shunt, will be 

V = IR= 0.001 x 50 = 0.05 V (50 mV) 

Hence the resistance of the shunt will be 

R = V/I = 0.05/0.999 = 0.05005 Q 

In practice, the error involved in making the shunt of resistance 0.05 Q 
will be negligible. 
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Although the resistance of the shunt has been calculated for the f.s.d. 

current, this calculation will apply for all other currents. This happens 
because the total current always divides between the meter and the shunt 

in the inverse ratio of their resistances. Therefore the current through the 
meter, in this example, will always be one thousandth of the total current. 
A milliammeter may also be adapted to measure the difference in 

potential or p.d. between two points, for example points A and B in 

Fig. 4.6b. The p.d. is measured in volts and is therefore often called 

voltage. The voltage is measured by measuring the current which it 

produces through a resistor of known value. If the milliammeter of the 
example above, of f.s.d. 1 mA and resistance 50 Q, is required to give 

f.s.d. for ap.d. of 10 V, the total resistance must be such that 10 V drives 
a current of 1 mA through it. Hence 

R = V/I = 10/0.001 = 10 000 Q or 10 kQ 

But we have already 50 Q in the meter. Hence the added series resistor 

should have a value of 10 000 — 50 = 9 950 QQ. As before, little error 

would result in practice from adding 10 000 Q, which is a more readily 
available value of resistor than 9 950 Q. The meter and series resistor 
together form a voltmeter, just as the meter and shunt resistor in Fig. 4.6a 

together form an ammeter. The added resistor in both instruments is 

usually enclosed in the same case as the meter itself, and the scale of the 
meter is marked 0 to 1 A or 0 to 10 V, instead of 0 to 1 mA. 

The conversion of a milliammeter to an ammeter or a voltmeter 
illustrates two important points. First, in performing calculations about 

Ohm’s law it is necessary to convert everything to the standard units: 

amperes, volts and ohms. Thus 1 mA must be expressed as 0.001 A. 

Short-cuts to this rule do exist; for example one may work in mA, V and 
kQ, but in the absence of considerable experience, mistakes may be 

made, and it is safer to use the standard method. 

Second, it is important that a measuring instrument of any kind should 
not significantly disturb or alter the quantity being measured. For 

example, a speedometer on a car would be of little use if it absorbed a 

large fraction of the horse-power of the car engine! If an ammeter were 
not included in a circuit, it would be replaced by a conductor of practically 
zero resistance. Hence an ammeter should have a very low resistance. 

Similarly, the points between which a voltmeter is connected normally 

have a high resistance between them (including any connexions which 

51 



4.3.2 FIRST-YEAR PHYSICS FOR RADIOGRAPHERS 

may be part of the circuit itself). Hence a voltmeter should have a very 
high resistance. If these conditions are not fulfilled, the use of the 

instruments will produce undesirable changes in the quantities they are 

measuring, and therefore will give erroneous values. 

4.3.3 Charging and discharging a capacitor. If the two plates of a 

capacitor are connected to the two terminals of a battery, negative charge 

flows almost instantaneously from the negative terminal of the battery 

into the capacitor. An equal negative charge then flows out of the 
opposite plate of the capacitor (leaving it charged equally positively) and 

back to the positive terminal of the battery. The capacitor is said to be 

charged and a potential difference exists between its plates equal to the 
e.m.f. (5.3.2) of the battery. 

If now the capacitor is disconnected from the battery, it is acting as a 

temporary store or reservoir of electric charge; if its plates are then 

connected together by a conductor, the excess negative charge on one 

plate flows almost instantaneously round to the other plate and 

neutralizes the positive charge which was on it. The capacitor is then said 

to be discharged and the potential difference between its plates has fallen 
to zero. This storage property of capacitors is of great value in electrical 

circuits (for example, section 12.5.2). It can be of particular value if the 

charging and discharging processes are made to occur slowly and 
controllably; this may be done as follows. 

Fig. 4.7a shows a capacitor of capacitance C connected via a resistor of 

resistance R to a switch Sw. The switch enables the capacitor first to be 

connected to a battery of e.m.f. Vg, when it is charged gradually through 

the resistor, then to have its plates connected together, when it is 

discharged gradually through the resistor. Fig. 4.7b shows the way in 

which the p.d. ve across the capacitor varies with time. Starting with the 

capacitor discharged (vc = 0), putting the switch in the charge position 

Causes Uc to rise, first rapidly, then more and more slowly, until after a 

very long time it reaches equality with Vg. Putting the switch in the 

discharge position causes the reverse change in ve until, after a long time, 
vc = 0. Both these graphs represent exponential laws, the equation for 
the discharge being 

C6 veer Eq. 4.7 

where e is a mathematical constant. 
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Discharge 
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Fig. 4.7 Charging and discharging capacitance through resistance. 

This equation will be recognized as similar to those governing the 

attenuation of homogeneous radiation in matter (14.2.3) and the decay 

of radioactive substances (16.5.1). The rate at which the change in v¢ 
takes place is governed solely by the product of the resistance R and the 

capacitance C, viz. RC; this is known as the time constant of the 

combination. The figure shows (and it can be calculated from Eq. 4.7) 

that the time constant RC is equal to the time taken for v¢ either to rise to 
a value of 0.63 Vz or to fall to 0.37 Vz. 
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This property of a resistance—capacitance combination enables it to be 
used as a kind of electrical ‘hour-glass’; for example, an ‘RC’ circuit is 

used as the timing element in an electronic exposure timer (13.4.1). 

4.3.4 Combinations of capacitances. One important example of the 

behaviour of a capacitor in an electrical circuit is given in section 4.3.3. 

Another example is as follows. In circuits, it is often necessary to connect 
two or more capacitors in series or in parallel; we must then be able to 
calculate the total effective capacitance of the combination. Similar 

calculations are shown in section 4.3.1 for resistors; the results for 

capacitors may be deduced by similar methods, but only the results will be 

given here. 

If a number of capacitors (of capacitance C;, C2, C3, etc.) are 

connected in series, the total effective capacitance C is given by: 

1 1 1 1 
Sa ee ee Eq. 4.8 
Conaneaully epiing 

(compare Eq. 4.5). 
If a number of capacitors (of capacitance C;, C2, C3 etc.) are 

connected in parallel, the total effective capacitance C is given by: 

C=C,+C,4+C; Eq. 4.9 

(compare Eq. 4.6). 

Note that the equation for capacitors in series is the same as that for 

resistors in parallel, and vice versa; this arises because capacitance is a 

measure of the extent to which a capacitor will, in a sense, accept electric 
charge, whereas resistance is a measure of the extent to which a resistor 
will resist or reject charge. 
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5 Electrical energy 
and power 

5.1 ENERGY AND POWER 

5.1.1 Electrical energy. The two most important electrical quantities so 

far discussed have been charge or quantity of electricity (Q) (3.3.1) and 
potential (V) (3.3.3). Potential was defined in terms of unit charge; thus 
the potential at a point is equal to the work done in joules in bringing unit 
charge, i.e. one coulomb, from infinity to the point; in so doing we store 

in it a quantity of energy equal to the work done. The latter is mechanical 
(assuming that the charge has been ‘pushed’), but the stored energy is 
electrical, because it arises from the repulsive force between two electric 

charges. We have, in fact, converted mechanical energy into electrical 

energy. 
These ideas are only theoretical, and the corresponding experiment 

would be very difficult to do. However, the ideas lead to very important 

practical consequences, as follows. Suppose instead of unit charge (one 

coulomb) we have Q coulombs; then to bring this charge from infinity 

(zero potential) to a given point (potential V) would require Q times the 
work needed for unit charge, or VQ joules. This would result in VQ 

joules of electrical energy being produced. Now the potential at infinity is 

zero, and at the given point is V; hence the potential difference (p.d.) is 

V — 0= V volts. Therefore we can say that when a charge of Q coulombs 

moves through a potential difference of V volts, an amount of electrical 

energy given by 

& = VQ joules Eqvock 

is involved. 
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There are two important practical examples of the above ideas. The 

first concerns capacitors (condensers). We have seen how a capacitor 

may be used to store electric charge for short periods, and to give it up 
again when required. This is called charging and discharging (4.3.3). The 
increase of charge (Q) in the capacitor, however, results also in an 

increase of p.d. (V) between the plates. The charging process is thus 

equivalent in a sense to bringing a charge mechanically from infinity, and 

results in the storage of electrical energy as well as charge in the capacitor. 

Conversely, when the capacitor is discharged (4.3.3), this energy 
becomes available for other purposes, either as electrical energy in 

another form or as a different kind of energy. For example, the spark 
produced when a charged capacitor is short-circuited (4.3.1) results from 
the electrical energy being suddenly converted into a spark, i.e. into heat, 

light and sound energy. 
The second important example relates to the flow of current in a 

conductor, i.e. the movement of charge in a conductor In Fig. 4.2 

(4.2.2), for example, electric charge (Q) is flowing through a p.d. (V), 
the process involving an amount of electrical energy VQ joules. But in 

Fig. 4.2 we expressed the flow of charge in terms of current (J); how then 
can we calculate the energy? We can do so by recalling (4.1.4) that the 

ampere (the unit of current) corresponds to the number of coulombs 
flowing per second, viz: 

[ =— Eq. 5.2 

where ¢ is the time period (in seconds) over which the current flow is 
considered. Hence 

Q=It Eq. 5.3 

and the energy &=VQ (Eq. 5.1). or 

& = VIt joules Eq. 5.4 

In words, we can say that a current J amperes flowing for a time t seconds 
through a p.d. of V volts involves an amount of electrical energy € = Vit 
joules. ‘ 

5.1.2 Electrical power. Let us take Eq. 5.3, Q = It, and divide 
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throughout by ¢ (time); we arrive at Eq. 5.2, J = Q/t. In other words, 
charge per second is called current. Now let us take Eq. 5.4, € = VIt, and 
do likewise; we arrive at a new equation: 

ueiana) | 36 ey 

In words, energy per second is equal to p.d. multiplied by current. The 

concept of energy per unit time is so important (for all forms of energy) 

that we give it the special name power (P). Thus in the electrical case, 

P=VI Bg.5-6 

DEFINITION Power is the rate at which energy is expended or converted. 

Because energy and work are equivalent, we can also say that power is the 

rate of working. In this sense the word power comes very close to one of 

its everyday meanings. For example, power was originally expressed in 

terms of the rate at which an average horse of a given breed and size could 
comfortably work; this rate is called one horse-power. As we know, the 

rate at which motor-car engines will work, or will produce mechanical 

energy, which is the same thing, is still expressed in horse-power. For 
scientific purposes, however, the unit is differently defined but is 

obsolescent. 

The S.I. unit of energy is the joule (1.3.4); therefore power could be 
expressed as joules per second. But power is such an important concept 

that, as in the analogous case of electric current (4.1.4), its unit is given a 

special name: the watt (W). 

DEFINITION The unit of power called the watt is equal to one joule per 

second. 

If the energy flowing in ¢ seconds is measured, then the power P is given 

by the equation 

oe Eq. 5.7 

Hence if a power P continues for a time ¢ the total energy is given by 

& = Pt EQ os 
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It is also important in electrical circuits to realize clearly the 
implications of Eq. 5.6, viz. that power (watts) is equal to the product of 

p.d. (volts) and current (amperes). 
As already explained, the S.I. unit of energy is the joule. However, 

for commercial purposes, electrical energy is sold in terms of a different 
unit, called the Board of Trade Unit (B. of T. Unit). This is the ‘unit’ 
which appears on our electricity bill every quarter; it is identical with 

one kilowatt-hour (1 kWh) and is quite simply related to the joule as 

follows. 

The B. of T. Unit = 1 kilowatt for 1 hour 

= 1 000 watts for 3 600 seconds 

= 3 600 000 watt-seconds. 

Therefore 1 B. of T. Unit = 3 600 000 joules. 

5.1.3. Numerical examples illustrating p.d., charge, current, resistance, 

energy and power. 

Example A. An electric lamp (which can be regarded as equivalent to a 

resistor) has a resistance of 200 Q, and is designed to operate with a 
p.d. of 100 V across its terminals. Calculate 

(i) the current flowing through it, 
(ii) the charge flowing through it in a period of 10 s, 
(iii) the energy it consumes in 20 s, and 
(iv) the power consumption. 

(i) From Ohm’s law (4.2.2, Eq. 4.3), J = V/R; therefore J = 
100/200 = 0.5 A. 

(ii) One ampere is equivalent to one coulomb per second (4.1.4); 
hence from Eq. 5.3 (5.1.1): Q = It = 0.5 x 10 = 5 coulombs in 10 
seconds. 

(iii) In 20 seconds the charge Q = It = 0.5 xX 20 = 10 coulombs. 
Now one coulomb flowing through a p.d. of one volt corresponds to 

an energy of one joule (5.1.1); hence from Eq. 5.1 (5.1.1): € = VO = 
100 x 10 = 1 000 joules. (If we wished, we could call this one kilo- 
joule, although this word is not often used. ) 

(iv) There are two methods of calculating the power consumption of 
the lamp. The first method follows from (iii) and is an indirect method: 

power is equivalent to energy per second (5.1.2); hence from Eq. 5.7 
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(5.1.2): P = /t = 1 000/20 = 50 watts. 
The second method is more direct and is nearly always used (with 

variations to be explained in section 5.2.1) when calculating power in an 
electrical circuit. Eq. 5.6 (5.1.2) shows that power is equal to the product 
of p.d. and current. Hence P = VI = 100 x 0.5 = 50 watts. We note with 
satisfaction that both methods give the same answer! 

Example B. An electric heater (which can likewise be regarded as a 

resistor) when operated normally with a p.d. of 250 V consumes a power 
of 3 kW (kilowatts). Calculate 

(i) the current flowing through it, 
(ii) its resistance, 

(iii) the power it would consume if the p.d. fell to 200 V (assuming the 
resistance to remain constant), and 

(iv) how many Board of Trade Units it would consume in 10 hours. 

(i) From —d.. 9,0.(0.1.2),.b = Vi. Hence f= PIV = 30007250 = 
12 A. (Notice that it-is essential to convert multiples or submultiples 
such as kW, mA, etc., to the basic units, or great errors may result.) 

(ii) From Eq. 4.3 (4.2.2), R = V/I = 250/12 = 20% Q. 
(iii) If the resistance remains constant (20% Q) the result of a 

reduced p.d. is to cause the current to become less. This can be calculated 
from Eq. 4.3: J = V/R = 200/20% = 9% A. 

Hence the new power (Eq. 5.6) is P = 200 x 9% = 1 920 watts or 

1.92 kW. A simpler method of performing such a calculation will be 

shown in section 5.2.1 (Eq. 5.8). 
(iv) A Board of Trade Unit is equivalent to one kilowatt-hour. 

Therefore 3 kilowatts for 10 hours is 30 kilowatt-hours or 30 ‘units’. 

5.1.4 A simple charge, current, energy and power diagram. Fig. 5.1 

may assist the reader to visualize and to memorize the relationships 
between the above quantities. 

5.1.5 The ‘effects’ of an electric current; conversions of energy. We have 

seen (4.1.1) how a flow of electrons along a wire (a conductor) or in space 
constitutes an electric current. When such a current flows, certain 

‘effects’ may be observed if the conditions are favourable. For example, 
one of the best known and important effects for our purpose is the 
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Fig. 5.1 A simple charge, current, energy and power diagram. 

production of heat in the conductor. This is often called the heating effect 

of a current, and it can be imagined to take place as follows. The electrons 
constituting the electric current flow because they receive energy 

(electrical) from the difference of potential (p.d.) between the ends of the 
conductor. In flowing between the atoms or molecules of the conductor, 

the electrons progressively impart this energy (electrical) to the atoms or 

molecules, resulting in an increase in their mechanical vibrational energy. 

This corresponds to a rise in temperature of the conductor (1.4.1) and 
therefore an increase in heat energy (1.4.2). Thus the ‘heating effect of a 
current’ really consists of a conversion of electrical energy to heat energy; 

it will be discussed in greater detail in section 5.2.1. 

Similarly, if an electric current is passed through a conducting solution, 

for example water to which a little acid has been added, the flow of 

current will cause the water to be separated into its two constituents, 

hydrogen and oxygen. This is one example of the chemical effect of a 
current, and like the heating effect, is fundamentally an energy 

conversion. Here, the electrical energy is converted into chemical energy. 

This can be shown in a spectacular fashion by mixing the resulting 
hydrogen and oxygen and setting light to the mixture. A loud explosion 

and flash result (the chemical energy is converted to heat, light and sound 

energy) and water is reformed. The chemical effect is not used in 

radiology proper, but affords one valuable method of recovering silver 
from dark-room fixing solutions. 

The third important effect of an electric current is the magnetic effect. 
The simple phenomena of magnetism are familiar in everyday life; for 
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example, it is well known that a magnetic compass points to the north 
because it is aligned into a north-south position by the magnetic forces of 
attraction of the earth. Nevertheless, the magnetic effect of a current is 

not so easy to explain in terms of energy conversions because it involves 

the somewhat mysterious phenomenon of magnetism. The latter, 
together with its relation to electric currents, will be explained in 
Chapter 6. 

5.2 THE HEATING EFFECT OF A CURRENT 

5.2.1 The conversion of electrical energy into heat; efficiency. When a 

quantity of electricity (charge) flows through a conductor having 

resistance, a certain amount of electrical energy is involved in the flow 

(5.1.1). In section 5.1.5 we explained that this electrical energy is in fact 

converted into heat energy; it will raise the temperature of the conductor 

if the conditions are appropriate. The amount of electrical energy is given 
by Eq. 5.1 (5.1.1): € = VQ joules. Because the joule is also the S.I. unit 
of heat, it would be reasonable to say that the amount of heat energy also 

is given by € = VQ joules. This statement is true only when ail the 
electrical energy is converted into heat. 

So far, we have described energy conversion only in qualitative terms. 
However, it is very important to discuss its quantitative implications 

(1.2.1), because energy costs money and effort. When one form of 
energy (A) is converted into another form (B), all of A may not change 
into B. If it does, then we say that the conversion process has an efficiency 

of 1.00 (unity) (or 100%, whichever is preferred). If, however, less of B is 
produced than the amount of A which disappeared, the process has an 

efficiency of less than 1.00. 

DEFINITION The efficiency of an energy conversion process is equal to the 

amount got out divided by the amount put in. 

In view of the law of conservation of energy (1.1.4), the reader may 

wonder how any energy conversion process can possibly have an 

efficiency of less than 1.00. However, we are considering the conversion 
of A into B only; if a smaller amount appears of B than disappears of A, 
some other forms of energy C, D, etc. must have been produced, so that 

A=B+C+D, etc. For example, the electrical energy supplied to a 
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radiant electric fire (5.2.2) is converted mostly to heat but also partly to 

light. 
It so happens that most forms of energy change very easily into heat; in 

particular, the efficiency of conversion of electrical energy into heat is 
very nearly 1.00. Hence we can make the statement above that the 

amount of heat energy is given by 6 = VQ joules. 

This equation is not in a very useful form, because normally we know 

the current in a circuit and not the charge. But from Eq. 5.4 (5.1.1), 6 = 
Vit joules; hence if a p.d. V volts drives a current J amperes through a 

resistance R ohms for ¢t seconds, the amount of heat produced will be VIt 

joules. This equation is useful only if V and J are known; however, from 
Ohm’s law (Eq. 4.3, 4.2.2) we can deduce also that 

V4: 
& = joules Eq..529 

R 

or 

& = PRt joules Eq. 5.10 

By using one of these equations or the original Eq. 5.4 (5.1.1), € = Vit 
joules, we can calculate the heat produced in a given time in any electrical 
circuit, in joules. 

Hence we can say that the amount of heat H (in joules) is given by 

= Vit Eq. 5:11 

Or 

H=Vvt Eg532 

Or 

H=FRt Eq. 5.13 

These equations enable us to calculate the heat produced in a given 
time in any electrical device, for example in an X-ray tube. Given its 
thermal capacity (1.4.2) we can then calculate its temperature rise 
(assuming that it loses no heat by conduction, etc.). 

5.2.2 Some applications of the conversion of electrical energy to heat. 

The ease and efficiency with which electrical energy can be converted into 
heat can be either an advantage or a disadvantage. 
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The most important disadvantage in radiology is to be found in the 
X-ray tube itself. As will be explained in Chapter 10, the object of the 
X-ray tube is primarily to convert electrical energy (A) into X-ray 

energy (B). However, the efficiency of this process is exceedingly low, 

usually less than 1% (10.3), and most of A is converted into heat, i.e. C 

(5.2.1) with an efficiency of nearly 100%. This has the double 
disadvantage that for a given amount of electrical energy, not only is 

very little X-ray energy produced, but also the very large amount of heat 

which is a by-product is very difficult to get rid of. A numerical example 

will show how large is this effect; it will also illustrate the theory in 
section 5.2.1. 

Suppose an X-ray tube operates with a p.d. of 250 kV and a current 

of 15 mA. It is required to calculate how much heat is produced in one 

minute of operation. (This example is typical of a ‘deep’ X-ray therapy 
treatment exposure.) From Eq. 5.6 (5.1.2), the electrical power P = 

VI = 250 000 x 0.015 = 3 750 watts. Because nearly all the electrical 

energy is converted into heat, we can see immediately that the tube will 

produce more heat per second than will a large electric fire. Now from 

Eq. 5.8 (5.1.2), € = Pt = 3 750 X 60 = 225 000/joules. This is the 
heat produced. If the result is wanted in calories, H = 225 000/4.2 = 

53 500 cal. Of course, this result could have been obtained directly by 

using Eq. 5.11 (5.2.1). 
The following are examples in radiology in which the heating effect of 

a current is advantageous. First, the effect enables heat to be produced 
very simply wherever it is wanted. We all appreciate the convenience of 

a radiant electric fire, which can be easily carried around and the heat 

directed where required. The same principle is adopted in X-ray tubes 
and valves. In these, for reasons explained in Chapter 11, it is necessary 

to heat a conductor to white heat. This is done by passing a current 

through a very thin conductor, usually made of tungsten, called the 

filament. This is enclosed in a glass bulb from which all the air has been 

removed. The heat produced by the current cannot easily escape from 

the filament (only by radiation, 1.4.3), and the tungsten filament glows 
white hot. Imagine how awkward it would be if we had to produce the 

heat by means of a gas flame! 
The same principle operates in the ordinary filament electric lamp 

(not the fluorescent kind). In this case, however, the glass bulb is filled 

with an inactive gas (usually argon) at low pressure; this enables the 
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filament to be heated to a higher temperature without damage and to give 

off a lot of brilliant white rather than red light. 
Another example of the electrical production of heat is very different 

from the above. In all electrical circuits, for example in a house or in an 

X-ray generator, there is a danger that such a large current may flow 

(because of some fault) that the conductors become overheated and 

perhaps melt or cause a fire. This danger is avoided by including in series 

with the circuit a short link of much thinner wire, called a fuse, suitably 

supported in a fireproof holder. Besides being thinner, the wire might 

also be made of a material, such as tin, with a relatively low melting point. 
Then if the current in the circuit rises to a dangerous level, the fuse melts 

(‘blows’) and ‘breaks’ the circuit, thus preventing further current flow. Of 

course, the apparatus then ceases to function, but this is better than 

having a fire, and the fault can be found and corrected. If a fuse ‘blows’, 

another must never be substituted before finding out why the first one 

‘blew’. Examples of fuses will be found in the circuits of Chapter 13. In 

modern circuits, simple fuses are often replaced by more complex units 
called circuit breakers, which make use of magnetic effects as well as 

heating effects. The general result, however, is the same. 

5.3. SOURCES OF ELECTRICAL ENERGY; E.M.F. AND P.D. 

5.3.1 Sources of electrical energy. Whenever one wishes to have power 

or energy of a particular form, one must usually obtain it by conversion 

from another form. Thus there are many varieties of sources of electrical 

energy; each has its different sphere of application. 

Perhaps the simplest way of obtaining electrical energy is to convert it 

from chemical energy. We have already seen a very elementary example 

of this in the simple cell of sections 4.1.2 and 4.1.3, and Fig. 4.1. There it 

was explained that the continued conversion of chemical into electrical 

energy results in the cell possessing an electromotive force (e.m.f.). This 
e.m.f. enables the cell to maintain a potential difference (p.d.) across its 

terminals; the p.d. maintains a flow of current through a conductor 
connecting them. The precise difference and relationship between e.m.f. 

and p.d. will be explained in section 5.3.2; meanwhile we shall describe 
some other more practical sources of electrical energy. 

The simple cell is the prototype of a large range of devices in which 

chemical energy is converted into electrical energy. These devices can be 
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divided broadly into: (a) dry batteries and (b) accumulators or storage 

batteries. In dry batteries, when the chemical energy in the battery is 
exhausted, a new battery must be substituted. This type is familiar in 

pocket torches, transistor radios, etc. In accumulators or storage 

batteries, when the chemical energy is exhausted the device is said to be 
discharged; it can be replenished by reversing the original chemical 
changes. This is done by passing a current in reverse through the 

accumulator, a process known as charging. The common ‘car battery’ is 

an example of an accumulator. The charging and discharging processes 

are reminiscent of those encountered in the temporary storage of electric 

charge in a capacitor (3.4.1). In the latter, however, it is the charge itself 
which is stored, whereas in accumulators only energy is stored in chemical 

form and reconverted when required. The accumulator or storage battery 

offers the best method of ‘storing electrical energy’ for long periods. Dry 

batteries and accumulators are little used in radiology, mainly because 

chemical energy is very expensive and much cheaper and more 
convenient sources of electrical energy are available (8.1.1). 

The best and cheapest way of producing large amounts of electrical 

energy is to convert it from mechanical energy. This is done in all modern 
power stations, and thence the electrical energy is fed through cables as 

alternating current to hospitals, factories, houses, etc. (8.1.2). The 

mechanical energy is obtained in a variety of ways, from a steam engine 

powered by coal or nuclear fuel, from a diesel engine or from water power 
in countries where it is plentiful. To perform the conversion, a link 
between the mechanical effect and the electrical effect must be found. 
This link is magnetism, discussed in Chapter 6. The mechanical energy is 

fed into machines called alternators (8.1.2) which by virtue of the 
magnetic link produce electrical energy in a particularly convenient form 
called alternating current. Indeed, as is well known, it is possible to 

perform the reverse operation. Electric current can be passed through a 

machine similar to an alternator, called an electric motor, and mechanical 

energy derived from it, e.g. in an electric train or in a vacuum cleaner 

(6.3.3). 

5.3.2 E.m.f., p.d. and internal resistance. The simple cell of Fig. 4.1 

(4.1.2) is a ‘generator’ or converter of electrical energy that exhibits 

fundamental properties common to all types of energy converter. If we 

study these properties for the simple cell we shall learn a great deal that 

65 



Deoee FIRST-YEAR PHYSICS FOR RADIOGRAPHERS 

will explain many of the phenomena, to be described later, which are 

encountered in X-ray engineering. 
The ability of a cell (or any generator) to maintain a potential difference 

(p.d.) between its terminals arises from the conversion of chemical (or 
other) energy into electrical energy. This ability is measured by its 

electromotive force (e.m.f.) (4.1.3). Both e.m.f. and p.d. are measured in 
volts; the distinction between them is not always clear, so that very often 

one uses the colloquial term voltage. This may often conceal the 
possibility that one does not know which is which! 

Equation 5.1 (5.1.1) tells us that energy is equal to the product of p.d. 
and charge (€ = VQ). Hence V = & Q; from this we may deduce that if 
a cell can produce an amount of electrical energy & joules while a charge 

Q coulombs passes through it, the charge has its potential raised by V 

volts. This rise in potential is in fact the maximum rise the cell will 

produce under any circumstances, and is called its e.m.f. In this context 
the cell may be compared to a water pump which converts mechanical 

energy from its driving force to potential energy of the water pumped out. 

If one imagines a kind of ‘e.m.f.’ of the pump, this would be equivalent to 

the maximum height to which the pump could ever drive the water. 
In practice, the cell (or other generator) will rarely be able to produce a 

p.d. which is as large as its e.m.f. The p.d. across the cell terminals is 

usually smaller than the e.m.f., and becomes smaller the greater the 

current which the cell is called upon to deliver. The reader will probably 

be very familiar with this type of behaviour, perhaps without realizing its 
cause. For example, if one switches on a large electric fire (drawing a 

large current), the electric light in the room will be seen to become 

slightly dimmer. Similarly, while the starter of a motor car is pressed, a 
very large current is drawn from the car battery (accumulator), causing 
the car lights to dim considerably. Clearly, the increased current has 

caused a fallin p.d. Of course, it is easy to dismiss this behaviour by saying 

that drawing more current for the electric fire or the starter has left less 
for the lights, but this is not a precise explanation. To understand the 
phenomenon fully we must consider the composition of the cell (or other 
generator) in more detail. 

A cell (generator) has within it a source of e.m.f. But a practical cell is 
also made up of conductors and chemical solutions, etc. It therefore 

possesses resistance; this is known as its internal resistance and is a very 

important property. Its effect on the behaviour of the cell (generator) is 

66 



ELECTRICAL ENERGY AND POWER SeSez 

Cell or generator 

Internal ate | 
resistance | | _ Voltage Daa OW 

Fi; a rate drop ti d. 
| ras Jk 

Ae | External 
| ae ‘load’ 

elinet te [Eo resistance 

A | alg | f 

5 (— — 

— 
+ 

Fig. 5.2 The e.m.f., p.d. and internal resistance of a cell or generator. 

illustrated in Fig. 5.2. Here the cell (generator) is shown as a container 

(in dashed lines) with two terminals; within the container, between the 

terminals, is a cell symbol representing the e.m.f. (£), and a resistor 
symbol representing the internal resistance (R;) in series. Of course, in 

the actual cell FE and R; do not exist in such convenient separate ‘lumps’; 
they are distributed and mixed together in small parts throughout the 
cell. However, in a simple analysis they can be treated as though they 
were simple components, as shown. 

Now let us suppose that the switch Sw is ‘open’, that is its contacts are 
separated and it will not allow the flow of current. Hence the current J 
throughout the whole circuit, including the internal resistance R;, is zero. 
From Fig. 5.2, V; is the p.d. caused by the flow of current through R;; it is 

given by V; = JR; (Eq. 4.3, 4.2.2). As I is zero, V; must also be zero, 

whatever the value of R;. Hence the p.d. across the cell terminals, V, 

which is equal to (E — Vj), is (E — 0) or simply E. Therefore we may 
conclude that when a cell (generator) is delivering no current its terminal 
p.d. is amaximum and is equal to its e.m.f. 
Now suppose that the switch is ‘closed’; its contacts are brought 

together and current can flow. Let us try to calculate the terminal p.d. 
with a current J flowing. The current J flows through the internal 
resistance R;; it therefore produces a p.d. across the resistance given by 
V; = IR; (Eq. 4.3). Then, as shown above, the terminal p.d. is given by 

V=E — V\,. Hence 

V=E-IR; Eq. 5.14 
This equation expresses quantitatively the type of behaviour discussed 
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qualitatively above. For example, let us consider a car battery of E = 
12 V, and internal resistance 0.01 2. If no current is drawn from it, J = 0, 

V; = 0 and the terminal p.d. is equal to the e.m.f., i.e. 12 V. Now suppose 

we switch on the headlamps which draw a current of 10 A. Then V = 12 

— (10 x 0.01) = 11.9 V. The terminal p.d. has fallen by only 0.1 V, i.e. 

scarcely at all. Now let us press the starter button, causing an additional 

current of 200 A to flow (it takes a lot of power to start a car engine, as we 

know to our cost if we have to ‘crank’ it!). Then V = 12 — (210 x 0.01) = 

9.9 V. The terminal p.d. has dropped by a further 2 V, i.e. enough to 

cause the lights to dim appreciably. 

The whole explanation of this type of behaviour, which is very 
important in X-ray engineering, lies in the p.d. produced by the flow of 

current through the internal resistance. This kind of p.d. is called voltage 
drop; it appears in many different ways in X-ray generators and we shall 

discuss it again in Chapters 12 and 13. 
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6 Magnetism and electricity 

6.1 MAGNETISM 

6.1.1 Magnetism; the laws of magnetic force. We are all familiar with 

the magnetic compass, which is used in ships, in aircraft and by ramblers 
to indicate the north-south direction. (It is quite different, of course, 

from the instrument used for drawing circles, which is more properly 

referred to as a ‘pair of compasses’.) The magnetic compass contains a 

bar of metal called the compass needle pivoted at its centre on a sharp 

point, and possessing the property which we call magnetism. 
Like electricity (3.1.1), it is difficult to explain the phenomenon of 

magnetism, but we can convey some idea of its nature by describing 

some of its properties. We also show (6.2) that it has important 
associations with electricity. 

The compass needle is one example of a magnet. It is called a 

permanent magnet because it retains its magnetism, not necessarily for 

ever, but at least for a very long time. When mounted as in the magnetic 

compass, the magnet always points in a north-south direction; 

moreover, the same end always points north. This is called the 

north-seeking pole or north pole of the magnet, the other end being the 

south-seeking pole or south pole. Why does the compass needle behave 

like this? 
If we take another permanent magnet in the form of a bar or rod, 

called a bar magnet, we shall naturally find that it behaves like a 

compass needle if suspended horizontally by a thread. We shall also find 
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Fig. 6.1 The laws of magnetic force. 

that its north-seeking pole repels the north pole of the compass needle 

and attracts the south pole (Fig. 6.1). This behaviour recalls the law of 
electric force (3.1.2), except that positive and negative electric charges 

can exist separately, whereas north and south magnetic poles always go in 
pairs. The law of magnetic force states: 

DEFINITION Similar magnetic poles repel, dissimilar magnetic poles 

attract. 

The compass needle acts as it does because the earth behaves as though it 
has a large bar magnet lying in it, very roughly coincident with its axis of 

rotation and with its poles near the geographical Poles of the earth. Of 
course, the earth’s magnet does not exist in this simple form; the true 

explanation of the earth’s magnetism is not known with certainty. 

6.1.2 Magnetic induction; the molecular theory of magnetism. A 

magnet will attract not only other permanent magnets; it will also attract 
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unmagnetized objects so long as they are made of magnetic materials, i.e. 

materials which are capable of being magnetized. Examples of such 
materials are some steels, iron, nickel and a number of special alloys. An 

instructive experiment is to dip a bar magnet into a pile of iron filings. The 
magnet will pick up the filings, which will adhere mostly to the ends of the 
magnet (Fig. 6.2). This shows that the magnetism is concentrated near 

the ends of the magnet; these, as explained above, are called its poles. 

Fig. 6.2 The poles of a magnet. 

The reader may wonder why, in view of the law of magnetic force 

(6.1.1), a magnet will attract an apparently unmagnetized object. A 
similar phenomenon exists in electricity, and was shown (3.2.2) to 

depend on the phenomenon of electric induction. There is a precisely 

similar effect called magnetic induction; this causes the permanent 
magnet first to magnetize the iron filings by magnetic induction, so that 
each filing becomes a magnet with two poles. These tiny magnets are then 

attracted to the large magnet. 
If the iron filings in the above experiment are scraped off the magnet, 

then shaken about a little or heated, they will quickly lose their 

magnetism. They are therefore called temporary magnets. Some 

magnetic materials such as certain steels and other alloys, once 
magnetized, will retain their magnetism for a long period. Other 

materials such as soft iron and other alloys can quickly become 

demagnetized. 
In this book we shall not be concerned very much with fundamental 

theories; however, a simple theory, called the molecular theory of 

magnetism, will assist us to understand many magnetic effects. In brief, 

the molecular theory states that magnetic materials are made up of tiny, 

sub-microscopic (molecular) magnets, each with a north and a south 

pole. These molecular magnets are more or less free to turn. If the 

substance is unmagnetized, the molecular magnets are assumed to lie 
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randomly in the large magnet so that they do not reinforce each other. If 

the substance is magnetized, however, the molecular magnets are 

assumed to lie in regular formation, viz. NS-NS-NS, so that their 

magnetic effects all add. 
This theory explains many phenomena, such as the making of magnets 

(explained in more comprehensive textbooks), magnetic induction, etc. 
It also offers an explanation of the differences between magnetic 
materials: permanent magnets are those whose molecular magnets are 

not very free to turn, whereas temporary magnetic materials such as soft 

iron have molecular magnets which turn very freely. Moreover, it can be 

seen that shaking, hammering or heating tends to demagnetize a material 

by causing the molecular magnets to lie randomly. Of course, one is 

ultimately obliged to give an explanation for the molecular magnets; it is 

thought that these are associated with the atoms or molecules of the 

material themselves, and that the magnetism results from the movement 

of electric charges in the atoms (6.2). 

6.1.3 Magnetic fields. As with electric and gravitational forces (3.1.2), 
magnetic forces can be thought of in terms of magnetic fields; a magnetic 

field is simply a region around a magnetic pole in which magnetic force is 

exerted on another pole, which is itself surrounded by a magnetic field. 

Alternatively, we can say that the two magnetic fields interact, resulting 

in a force of attraction (or repulsion). For our present purpose, the 

concept of the magnetic field is useful, so we shall discuss it in some detail. 

Fig. 6.3 shows a bar magnet with its N and S poles. We wish to 

investigate the form of the magnetic field around the magnet. A simple 

way of doing this is to cover the magnet with a sheet of card (through 

which the magnetic force passes unhindered) and to sprinkle iron filings 

on the card. When the card is tapped gently the iron filings take up the 

shape of the magnetic field, because the filings each turn to lie in the 

direction of the magnetic force. A more accurate and instructive way of 

‘mapping’ the magnetic field is to put a freely moving north pole 

(assumed for this purpose to be a long way from its attendant south pole) 

in the field and to mark out the different paths it traces in being repelled 

from the N to the S pole of the bar magnet. The result of this admittedly 

difficult experiment is shown in Fig. 6.3. The magnetic field consists of an 

infinite number of possible paths of the ‘test’ N pole, from N to S through 

the air. These paths are in fact completed through the magnet itself from 
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Fig. 6.3 The magnetic field of a bar magnet. 

S to N (as shown), but in practice the test N pole would not of course be 
able to move through the magnet. 

All the possible paths of the test N pole are called magnetic lines of 

force; these lines (like lines of latitude and longitude) have no physical 
existence, of course, but merely assist one to visualize the form of the 

magnetic field. Note that the magnetic field is a vector quantity (1.3.2); 
its direction is indicated by the direction of movement of a test north pole. 

The shape of the magnetic field around a bar magnet is not of great 
interest to us except as an example. Later we shall encounter other forms 

of magnetic field; however, an important one is shown as a second 
example in Fig. 6.4. Here the magnet is like a bar magnet bent nearly into 

the form of a horseshoe, so that the N and S poles are brought fairly close 

together. The purpose of this arrangement is to increase the strength of 

the magnetic field between the poles; this happens because a magnetic 

field exists more easily in a magnetic material than in air. We say that the 

permeability of the iron is greater than that of the air (6.2.3). Hence 

shortening the length of the air path strengthens the field. 
In this particular example we also wish to shape the magnetic field so 

that its lines of force lie exactly parallel over a considerable volume. This 

is done by fitting to the ends of the horseshoe suitably shaped blocks of 

soft iron, called pole-pieces. The pole-pieces in Fig. 6.4 produce parallel 
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Fig. 6.4 The production of a strong, parallel magnetic field. 

lines of force between them, as shown. We shall make use of the idea of 

parallel magnetic fields in later sections (6.2.2, 7.1.3). 

6.2 THE MAGNETIC EFFECT OF AN ELECTRIC CURRENT 

6.2.1 Stationary conductors; the motor effect. One aspect of the link 

between electricity and magnetism is demonstrated by Oersted’s 

experiment. A compass needle, pointing north-south, has a conductor 
supported above it, also north-south, close to it but not touching (Fig. 

6.5a). If an electric current is passed through the conductor, the compass 

needle will be deflected in a certain direction (Fig. 6.5b). If now the 
conductor is supported below the needle, the deflexion of the compass 
needle will be reversed (Fig. 6.5c). How can these effects be explained? 

First, it is clear that the flow of electrons is exerting a magnetic force on 

the compass needle and is therefore producing a magnetic field. The final 

position of the needle is the result of a balance between the strength of the 
‘earth’s magnetic field (tending to make the needle point north-south) 
and the strength of the magnetic field due to the current (tending to make 

the needle point east-west). The shape of the magnetic field due to the 

current may be guessed by noting the reversal of deflexion according to 

whether the needle is above or below the conductor; the field is in fact 

cylindrical in form, the lines of force forming concentric circles about the 

conductor. Consideration of the direction of the lines above and below 
the conductor (Fig. 6.5d) shows why the deflexion of the needle is 
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Fig. 6.5 The magnetic field due to an electric current. 

reversed. If the direction of the electron flow itself is reversed, it can be 

correctly guessed that the deflexions will again reverse as a result. 
In this simple apparatus we have in fact a very crude example of a 

current-measuring instrument, yet one which embodies all the basic 

features required, viz. an indicating device (the needle), something (the 
conductor) to make the current produce a proportional force, and a 

restoring force (from the earth’s magnetic field) to balance the force due 

to the current. The degree of deflexion of the compass needle could be 
measured on a scale and could indicate the value of the current flowing in 

the conductor. The principles of more advanced measuring instruments 

will be explained in sections 6.3.1 and 6.3.2. 
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It is very instructive to examine Oersted’s experiment in more detail. 

One might be tempted to say (correctly) that electricity is being converted 

into magnetism. However, it is not true to go a stage further and to claim 

that electrical energy is being continuously converted into magnetic energy 

(even if such a thing as the latter should exist). It is not clear from this 

experiment why this interpretation is not correct; it will be explained in 

section 7.1.1. At present we can only say that electrical energy is being 

converted into mechanical energy, the latter being associated with the 

movement of the compass needle against the restoring force of the earth’s 

magnetic field. The magnetic field of the current merely acts as a link, 

enabling the energy of the current to be converted to the potential energy 

stored in the compass needle in its new position in the earth’s magnetic 

field. Because this enables an electric current to produce mechanical 

movement, the effect is called the motor effect of a current. The 

remainder of this chapter is devoted to examples and important 

applications of the motor effect. 

6.2.2 Moving conductors; Fleming’s left-hand rule. If we push against 

a brick wall, we naturally expect that we shall push ourselves away from 

it. If we were standing very firmly, and the wall were very weak, then it is 

conceivable that the wall would move! Similarly, in Oersted’s experi- 

ment, if the compass needle were fixed firmly, we should expect the 
conductor to move if it were very light and freely suspended. This 

experiment would be almost impossible to perform because the magnetic 

field of the compass needle is so weak. However, if we use a strong 

parallel magnetic field associated with a fixed magnet, as in Fig. 6.4 
(6.1.3), we can demonstrate the motor effect in another form, viz. the 

mechanical force on a conductor carrying current in a magnetic field. 

Fig. 6.6a shows the arrangement in perspective; the magnetic field runs 

from left to right between the pole-pieces, and the conductor lies at 

right-angles to the magnetic field. The conductor can be connected via a 

switch to a battery so as to drive a current through it in either direction. 

If the switch in Fig. 6.6a is closed, current will flow as shown. (For 
reasons given later conventional current is indicated, i.e. the opposite of 

electron flow.) The current will produce its associated magnetic field; this 

will interact with the existing fixed magnetic field to produce a relative 

force between the conductor and the magnet. In this case it is the 

conductor that moves, and it can be deduced from the form of the two 
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Parallel Conventional 
magnetic field current 
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Fig. 6.6 The force on a conductor carrying a current in a magnetic field. 

fields that it will move at right-angles to both the current and the magnetic 

field. This is another example of the motor effect; it is more important 
than the previous example because it leads to more efficient electro- 

mechanical devices (6.3.2, 6.3.3). We must again emphasize that in the 
motor effect electrical energy is being converted into mechanical energy, 

the magnetic field acting as a link between the two. Of course, if the 

conductor is rigidly held, then no movement will take place (and no 
energy will be converted), but a force will still be produced at right-angles 

to the current and to the field. 
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Whether the movement or force will be upwards or downwards can 

also be deduced from first principles, but there exists a simple rule, called 
Fleming’s left-hand rule, by which this can easily be predicted. To apply 
this rule, one’s left hand is arranged so that the thumb, the first finger and 
the second finger are all lying at right-angles to each other (i.e. along 
adjacent edges of a cube) (Fig. 6.7). These represent the three factors 

according to the following memory-aid: 

First finger 
a =Field 

d tiees seCond finger 
= conventional Current 

thuMb 
=Movement 

Fig. 6.7 Fleming’s left-hand rule. 

First finger denotes the magnetic Field 

seCond finger denotes the conventional Current, and 

thuMb denotes the Movement (or force). 

Figs 6.6b and c show two examples of the application of this rule. The 
conductor is shown in much enlarged cross-section; the dot indicates 

conventional current coming out of the paper, and the cross, current 
going into the paper (standing for the point and the feathers respectively 
of imaginary arrows travelling in the two directions). One can easily 

deduce from the rule that if only one of the factors is reversed, the 

movement or force reverses, whereas if two factors are simultaneously 
reversed, the movement or force is unaltered. 

It may seem unimportant to know the precise direction of movement of 

the conductor, but when this rule is combined with Fleming’s right-hand 
rule (7.1.3) a very important principle results which will be explained in 
section 7.1.4. 

6.2.3 Solenoids and permeability; relays and contactors. The magnetic 

field of a single conductor, even with a large current flowing, is relatively 
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weak. The field can be made stronger by placing many conductors 
side-by-side, all carrying the same current. This is most conveniently 

done by winding insulated copper wire around a cylindrical tube, thus 

forming a coil of wire which may have many layers of wire and many 

thousands of turns. Such a coil is called a solenoid; a simple example with a 
single layer of wire is sketched in Fig. 6.8a. It is not difficult to see that the 

magnetic fields of all the separate coils will add together; in fact the field 
of the whole solenoid closely resembles that of a bar magnet (Fig. 6.3, 
6.1.3). However, it differs from a bar magnet in that the magnetic field 

appears and disappears as the current is switched on and off respectively. 

Electromagnet 

Soft-iron 
2 core 

SSS 

(b ) 

Fig. 6.8 The magnetic field of a solenoid, and an electromagnet. 
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The magnetic field due to a current can be increased, not only by 

increasing the number of conductors, but also by including a magnetic 
material such as soft iron in the field. A common arrangement is a 
solenoid with a soft-iron core (Fig. 6.8b). The magnetic field of the 
solenoid magnetizes the soft iron; the magnetic field due to the iron then 

adds to the original field which produced it. The result is many hundred 

or thousand times as strong as the original field because the field due to 
the core is much stronger than the field which produced it. This 

arrangement is in fact a controllable magnet; it is called an electromag- 

net. 

The effect of the soft-iron core in increasing the magnetic field is a 

very important one in electrical apparatus. If H represents the strength 

of the coil’s magnetic field alone, and B the strength of the field it 

produces in the iron core, then the ratio B/H is called the permeability 

u of the iron (6.1.3). The name suggests another useful way of thinking 

of the phenomenon; the permeability is a measure of the relative ease 

with which magnetic lines of force pass through the material. Permeabil- 

ity, like dielectric constant (3.4.2), is always measured relative to a 

vacuum (or in practice air, which is nearly the same); the permeability 

of soft iron is several thousand times that of air. Thus, in the design of 

magnetic apparatus, the lines of force are always made to ‘flow’ in a 

path situated as far as possible in a material of high permeability. This 

path is called the magnetic circuit, by analogy with an electric circuit. 

The high efficiency of the permanent magnet in Fig. 6.4 (6.1.3) is thus 

explained by the fact that its magnetic circuit consists of high permeabil- 

ity material, except for the small air-gap. 

The outstanding advantage of the electromagnet over the permanent 

magnet is that the former can be switched on and off at will. This 

property is used in many pieces of electrical equipment, but one of great 

importance in radiology is called the relay. This appears in X-ray 
generators in a form called the contactor. 

The principle of the relay is illustrated in Fig. 6.9. It is often required 
to switch on and off, from a distance, a large current from a large source 
of electrical power B,, to an apparatus X. This, for example, is a 

common problem in X-ray apparatus design. If this were done directly, 

as in Fig. 6.9a, long heavy cables would be required to carry the large 
current without excessive voltage drop (5.3.2). Moreover, the switch 

Sw, would need to be a large and cumbersome type which could not be 
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Fig. 6.9 The principle of a relay or contactor. 

operated quickly and conveniently (e.g. as is required of the fluoroscopy 
switch on an X-ray set). 

Instead, the arrangement of Fig. 6.9b is employed. In this case, the 
switch that carries the heavy current to the apparatus X takes the form of 
two large contacts C, and C,. The upper contact C; is mounted on a strip 
of magnetic material A (known as the armature) pivoted (P) at one end 

and normally held back against a stop S by a spring Sp. The circuit is thus 
normally broken and the apparatus is switched off. Close to the armature 

A is fixed an electromagnet that is energized by the passage of a relatively 

small current through its coil from source Bz, controlled by the switch 

Sw,. Although the cables to X must still be heavy, the whole solenoid 

and contact arrangement, which constitutes the relay or contactor, can be 
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situated adjacent to X so that long heavy cables are not necessary. Of 

course, the cables to the switch Sw, must be long, but because the 
electromagnet needs only a small current from B, to operate it, the 

cables can be thin and light and Sw, can be small and easily controlled. 
We shall encounter the practical use of the relay or contactor again in the 

section on X-ray control circuits (13.4.1). 

6.3 FURTHER APPLICATIONS OF THE MAGNETIC EFFECT 

6.3.1 Electrical measuring instruments: the moving-iron meter. In 

section 6.2.1 we briefly mentioned the three basic requirements of an 

electrical measuring instrument: 

(i) an indicating device, 
(ii) an arrangement to produce a force proportional to the current, 

and 
(iii) a calibrated restoring force. 

These basic requirements are not peculiar to electrical measuring 

instruments alone; a mechanical analogy that might assist the reader’s 

understanding is found in the old-fashioned butcher’s spring balance 

(1.3.3). In this, the meat, whose ‘mass’ must be measured, and which 

produces a downward force proportional to its mass, is hung on a hook 
attached to the lower end of a spring. The spring, naturally, is stretched; 

in the process, it exerts an upward force (the restoring force) on the meat 

and the two forces come to balance or equilibrium. The amount of stretch 

of the spring is then indicated on a scale by a pointer attached to the lower 

end of the spring. It is clear that the accuracy of the weighing depends 
critically on the spring being of the correct thickness and elasticity; if it is 

damaged by heating or excessive stretching an incorrect weighing will be 
obtained. 

The most widely used ‘meter’ for measuring electric current is called 

the moving-coil meter. However, this is rather complex, and will be 

described in section 6.3.2. To illustrate the above principles we shall 

now describe the operation of one form of moving-iron meter; this type is 

less used but has certain advantages, one of which is that its operation is 
very simple. 
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Fig. 6.10 A moving-iron meter. 

Fig. 6.10 shows a simplified diagram of this type of meter. The current 

to be measured flows through a solenoid S; in doing so it magnetizes 

equally two soft-iron rods (seen end-on) M and F. Fis fixed to the body of 
the meter while M is attached to the lower end of a pivoted pointer P 
which travels over a scale Sc. The pointer is fitted with a light-weight 
coiled restoring spring Sp. 

Current passing through the solenoid produces a_ proportional 
magnetic field that magnetizes the soft-iron rods M and F equally and in 

the same direction. These temporary magnets therefore repel each other 

with a force that increases with the value of the current. The pointer is 
thus driven forward over the scale until the repulsive force originating 
with the current is balanced by the restoring force of the stretched spring. 

The scale is calibrated by passing known values of current through the coil 

and marking the position of the pointer for each value. 

The moving-iron meter has the advantage that the direction of the 

pointer movement does not depend on the direction of the current, for if 
the current reverses, the directions of the magnetism of both M and F 
reverse together and they continue to repel each other. There are two 
disadvantages. First, the deflexion is not proportional to the current, so 
that the scale is not linear. Second, the pointer and the rod M are free to 
swing and in fact do so like a pendulum, many times, until the final 

reading of the pointer is attained. The instrument is said to be undamped. 
The latter disadvantage can be overcome with difficulty by providing 

friction devices containing air or oil; these control or damp the movement 

of the pointer without affecting its final position. We shall explain in 
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sections 6.3.2 and 7.1.4 how the fundamental mode of operation of the 

moving-coil meter avoids these disadvantages. 

6.3.2 The moving-coil meter is very widely used in electrical apparatus, 

including X-ray generators; it will repay detailed study for this reason and 

also for the way in which it illustrates fundamental laws. 

Fig. 6.1la shows a perspective sketch of a moving-coil meter. A 

‘horseshoe’ magnet (Fig. 6.4, 6.1.3) has two pole-pieces N and S with a 

soft-iron cylinder C between them; only the pole-pieces of the magnet are 

Conventiona! 
current 

Fig. 6.11 A moving-coil meter. 
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shown in Fig. 6.11. The object of these particular pole-piece shapes is to 

produce a radial magnetic field, in which the lines of force in the air-gap 

between the pole-pieces and cylinder appear to radiate from the centre of 
the cylinder (Fig. 6.11b). Situated in the air-gap and pivoted so that it is 

free to turn is a rectangular coil of wire, usually supported on an insulated 
aluminium framework or ‘former’ (7.1.4). The coil is pivoted on two 
vertical spindles S supported in jewelled bearings B. Current is led into 
and out of the coil by two light-weight coiled springs Sp which also supply 

the restoring force for the meter (6.3.1). A pointer P is attached to the 
upper spindle and travels over a scale Sc. 

The mode of operation of the moving-coil meter depends on the motor 

effect (6.2.2 and Fig. 6.6). It will be recalled that field, current and 

resultant force are all at right-angles, and in the meter the only parts of 
the coil which pass through the magnetic field at right-angles to it are 

those sides which are parallel to the axis of the cylinder. These are shown 

in Fig. 6.11b for clarity in the form of cross-sections of single conductors, 

i.e. the coil is shown as having a single turn, though most meters have 
multi-turn coils. Now assume that a current is passed through the coil in 
the direction (conventional current) shown in the figure. Fleming’s 

left-hand rule (6.2.2) tells us that forces will be exerted on both 
conductors in the directions shown in Fig. 6.11b, i.e. in opposition to the 
restoring force of the springs. These will have the effect of driving the 

pointer forward over the scale to its equilibrium position. The purpose of 
the radial shape of the magnetic field can now be seen. At every position 

of the coil (between the normal limits of its travel) the resultant force will 

be at right-angles to the magnetic field, i.e. at right-angles to the radius or 

along the tangent to the circular path of the coil. The effect of this, 

combined with the uniformity of the magnetic field, ensures that the 

angle through which the pointer is deflected is exactly proportional to the 
current. The meter scale is thus linear, an advantage over the 

moving-iron meter. Although the meter, as described, is undamped, and 

would therefore suffer from troublesome oscillations about its final 
position (6.3.1), it will be shown in section 7.1.4 how a very satisfactory 

form of damping can easily be applied. 
The moving-coil meter normally measures current, and is usually 

designed to give full-scale deflexion (f.s.d.) for milliamps or even 

microamps. It can then be converted (4.3.2) to read amps, volts, 

kilovolts, etc., as required. A change in its mechanical design will enable 
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it to measure charge directly; this is the basis of the well-known mAs 

meter (13.5.2). Unlike the moving-iron meter, when the current is 
reversed its deflexion reverses (Fleming’s left-hand rule—work it out 
yourself!). When this is a disadvantage, e.g. in the measurement of 
alternating current (8.1) a small circuit addition, called a rectifier, 
overcomes the difficulty (12.4.1). The moving-coil meter is such a 
versatile instrument that it finds many applications in radiological 

apparatus. 

6.3.3 Electric motors. The motor effect was described earlier (6.2.1) as 

consisting fundamentally of the conversion of electrical energy to 
mechanical energy. This conversion process is very important in many 

applications; mechanical energy is often most useful in the form of rotary 

motion. A machine for converting electrical energy to rotary mechanical 

energy is called an electric motor. We shall not discuss electric motors in 
detail, because the simplest ones are not used in radiology, and the 

operation of the more advanced ones is too complex for this book. 
However, the following explanation will illustrate the general principles. 

The moving-coil meter of Fig. 6.11 (6.3.2) is a kind of electric motor in 
that it produces limited rotary motion. If the pole-pieces could be made to 

enclose the core C almost completely (Fig. 6.11b), and if the whole 
apparatus were made bigger and stronger, with a strong shaft instead of 

pivots and jewelled bearings, the arrangement could produce appreciable 

mechanical energy. But this would be available for only one half-revolu- 

tion of the coil, because when the coil sides reached the opposite part of 
the magnetic air-gap the resultant force would reverse (Fleming’s 
left-hand rule), and the coil would not continue to rotate indefinitely. To 

produce continuous rotation from a steady current a device is required 

which will reverse the current through the coil twice in each revolution; 

this is mounted on the motor shaft and is called a commutator. Such 
motors are not used in radiology. 

A more advanced type of electric motor is used in certain types of X-ray 

tube. Because its functioning depends on electromagnetic induction 

(Chapter 7), it is called an induction motor. Its operation will be 
explained later (11.3.4). 
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7.1 ELECTROMAGNETIC INDUCTION 

7.1.1 The converse of the motor effect. It was shown (6.2.1) that when 

electrons flow along a conductor, a magnetic field is produced. This 

magnetic field interacts with other magnetic fields which may be present 
(for example, if a permanent magnet is nearby) to produce a force 
between the two fields. The force may produce movement if one or both 

of the parts concerned are free to move. This is called the motor effect. 
If an attempt is made to reverse the motor effect, for example by 

positioning a stationary magnet inside a coil (solenoid), no electron flow 

results through the coil. It appears that ‘magnetism’ cannot be converted 

into ‘electricity’ under these conditions. 
If, instead, the magnet is moved inside the coil, an electron flow or 

current will result (if the coil is part of a complete circuit) and will 

continue so long as the magnet is moving. It seems that it is not the 

magnetism but something associated with the movement that is converted 

into the current; the magnetic field seems to act as a link between the 

mechanical movement and the electron movement. This phenomenon is 

called electromagnetic induction. 

If the experiment is repeated with the coil not connected to anything, of 
course no current will flow at any time. However, suitable test 

instruments can show that during the movement of the magnet an 
electromotive force (e.m.f.) (5.3.2) is generated in the coil. This e.m.f. 
will naturally cause a proportional current to flow when there is a 

complete circuit. We say that the movement of the magnet causes the 

appearance of an induced e.m.f. in the coil. The term ‘induced current’ 
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which is sometimes used is thus a misnomer, as it is the e.m.f. that is 

induced, the current merely resulting from the e.m.f. in accordance with 

Ohm’s law (4.2.2). 
Electromagnetic induction may be regarded in terms of energy 

conversion. The mechanical movement, being caused by a force, results in 

the expenditure of mechanical energy. The resulting induced e.m.f. and 

current together are equivalent to electrical energy (5.1.1, 5.1.2). Thus 

electromagnetic induction is a phenomenon by which mechanical energy 

can be converted into electrical energy. It is the fundamental process 
in every power station, in which mechanical energy derived from a 
steam turbine is converted into electrical energy by a machine called an 

alternator (8.1.2). 
Electromagnetic induction is a very important phenomenon, for many 

reasons. Two of its principal applications are concerned with alternating 

current (8.1), which is the type of current generated in our power stations 

and supplied to hospitals, factories, houses, etc. Electromagnetic 

induction makes it possible to generate alternating current easily and 

relatively cheaply, as well as to transform it easily from one voltage to 
another. The two devices concerned in these processes are the alternator 
and the transformer (8.1.2 and 8.2.1). 

7.1.2 The first law of electromagnetic induction. Fig. 7.1 shows a coil 

connected to a centre-zero milliammeter. The latter, by indicating current 

flow, demonstrates the presence or otherwise of an induced e.m.f. in the 

Magnet 

——— 

000000) 

Centre - zero 
meter 

Fig. 7.1 Electromagnetic induction; a moving magnet. 
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coil. The permanent magnet shown can be moved in different ways 

relative to the coil. The following simple experiments with this apparatus 
demonstrate important phenomena, all of which are summarized in the 
first law of electromagnetic induction. 

If the magnet is thrust into the coil, an e.m.f. will be induced in one 
direction. If the magnet is withdrawn from the coil, an e.m.f. will be 

induced in the opposite direction. Therefore reversal of the movement 

results in a reversal of the e.m.f. Similarly, reversal of the e.m.f. can be 
produced either by reversing the magnet or by reversing the direction of 
winding of the coil. If two of these three factors are reversed 
simultaneously the e.m.f. will remain in the same direction. 

If the magnet is moved more quickly relative to the coil, a larger e.m.f. 

will be induced during the movement. Similarly, a stronger magnet will 
result in a larger e.m.f. 

The primary effect of moving the magnet can be thought of in two 

alternative ways. In the first, the movement is imagined to result in the 
conductor ‘cutting through’ the lines of force (6.1.3) from the magnet. In 

the second, the magnet is regarded as producing a ‘flow’ or flux of lines of 

force through the circuit formed by the conductor; movement of the 
magnet then produces a change of magnetic flux linked with the circuit. 

These two ways of regarding the phenomenon are equivalent; sometimes 

one, sometimes the other is more convenient. 

Hence the following may be deduced: 

(i) if the magnet does not move relative to the coil, no e.m-f. is 
induced, and 

(ii) if there is relative movement, an e.m.f. is induced which is 
proportional to the rate of cutting of lines of force, or in other 

words to the rate of change of magnetic flux linked with the circuit. 

If the same experiment is tried with a coil having more turns of wire, the 

induced e.m.f. will be /arger. In fact the induced e.m.f. is proportional to 
the total area of the circuit, i.e. the cross-sectional area of the coil 

multiplied by the number of turns. 
The results of all the above experiments are summarized in the first law 

of electromagnetic induction, which states: 

DEFINITION A change of magnetic flux through a circuit causes an e.m.f. 

to be induced in the circuit. The induced e.m.f. is proportional to the rate 

of change of magnetic flux and to the area of the circuit. 
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7.1.3 Moving conductors; Fleming’s right-hand rule. The first law of 

electromagnetic induction may be demonstrated in a slightly different 

way. Ane.m.f. is induced whenever there is relative movement between 

the coil and the magnet; thus the magnet may be held still and the coil 

moved instead. From this it is just a short step to a straight conductor 
moving in a magnetic field of parallel lines of force. This type of 

arrangement was used to demonstrate the motor effect (6.2.2) and is 

shown again in Fig. 7.2. 

Straight conductor 

} 

‘Niles ECD Centre — zero 
meter 

Magnetic field 

Fig. 7.2 Electromagnetic induction; a moving conductor. 

When the conductor is moved at right-angles to the magnetic field, it 

cuts the magnetic lines of force, and an e.m.f., which obeys the first law of 

electromagnetic induction, is induced in the conductor. This way of 
demonstrating the law makes it very easy to predict the direction of the 

induced e.m.f. The directions of the movement, of the magnetic field and 

of the e.m.f. (and therefore of the conventional current) are all at 
right-angles to each other. 

The direction of the e.m.f. may then be predicted using Fleming’s 

right-hand rule (compare Fleming’s left-hand rule for the motor effect, 
6.2.2). As before, 

the thuMb denotes the Movement, 

the First finger denotes the magnetic Field, and 
the sEcond finger denotes the E.m.f. 

Fig. 7.3a shows the directions of the thumb and fingers, and Fig. 7.3b 
two examples of the use of the rule (compare with Fig. 6.6, 6.2.2). Note 

that it is the direction of the conventional current flow which is the same as 
the direction of the e.m.f. indicated by the rule. 
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Fig. 7.3 Fleming’s right-hand rule. 

This particular example of electromagnetic induction, viz. a conductor 
moving in a stationary magnetic field, is important because it forms the 
basis of the alternator (8.1.2). 

It may appear at this stage that perhaps it is not so important to be able 
to predict the direction of an induced e.m.f. However, this direction in 
relation to other factors is extremely important, and in section 7.1.4 it will 

be shown how a combination of Fleming’s left- and right-hand rules leads 

directly to the second law of electromagnetic induction. 

7.1.4 The second law of electromagnetic induction, or Lenz’s law. Fig. 

7.4 shows a conductor lying at right-angles to a magnetic field. The ends 

of the conductor are imagined to be connected to a closed circuit which 
will permit the flow of current. If the conductor is moved, for example in 
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_a— Original movement 
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Fig. 7.4 Lenz’s law. 

an upward direction, Fleming’s right-hand rule (7.1.3) tells us that an 
e.m.f. will be induced which in turn will drive a current through the 

conductor into the plane of the paper. 
However, there is now a current flowing through a conductor in a 

magnetic field, and a force will therefore be exerted on the conductor. 

The direction of this resultant force can be worked out from Fleming’s 
left-hand rule (6.2.2); it is found to be in a downward direction. If the 
original movement had been downwards, the current would flow out of 

the paper, and the resulting force would be upwards. The resulting force 

is always in the direction opposite to the original movement; it only exists, 

however, during the movement. When there is no movement, there is no 

induced e.m.f. and no resulting force. 
This is an example of a very widespread principle in science; in this case 

it is called the second law of electromagnetic induction or Lenz’s law, 

which in more general form states: 

DEFINITION An induced e.m.f. is in such a direction that it opposes the 

change which causes it. 

The reason for this more general wording is that induced e.m.f.s may 

result from factors other than movement (7.2.1); Lenz’s law applies to 
all possible situations. 

An important example of the application of Lenz’s law in practice is 
that of the electromagnetic damping of moving-coil meters. The 
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troublesome oscillation described in sections 6.3.1 and 6.3.2 can be 
completely eliminated by winding the coil on a framework or former 

made of aluminium, which is a good electrical conductor as well as being 
light in weight. 

When the coil is deflected as a result of the current to be measured 
flowing through it, the sides of the aluminium former cut the radial lines 

of force in the magnetic field of the meter (Fig. 6.11, 6.3.2). Ane.m.f. is 
induced in the aluminium, resulting in a flow of current because the 

aluminium acts as a single closed-circuit conductor. The current produces 

a magnetic field that interacts with the field of the meter magnet to 
produce a force opposing the movement, according to Lenz’s law. The 

force exists only whilst the coil is moving; when the coil has settled down 

to its final correct position there is no opposing force. Therefore the 
damping does not affect the final position of the pointer, only the manner 

in which it reaches that position. 

7.2 MUTUAL INDUCTION AND SELF-INDUCTION 

7.2.1 Mutual induction. An e.m.f. is induced in a coil whenever there 

is a change of magnetic flux through the coil. This was produced in section 

7.1.1 by moving a permanent magnet. The same effect can of course be 

obtained by replacing the permanent magnet by an electromagnet, 

consisting of another coil of wire wound around an iron core and 
connected to a battery. Current from the battery flows through the coil 

producing a magnetic field; this magnetizes the iron core causing a great 
increase in the total magnetic flux (6.2.3). If the electromagnet is now 

moved into and out of the first coil, exactly the same effects as were 

described in section 7.1.1 will be produced. 
Using the electromagnet, it is not necessary to have mechanical 

movement for an e.m.f. to be induced. If it is remembered that the sole 

requirement is a change of magnetic flux, it will be clear that an induced 

e.m.f. will result if the current through the electromagnet is switched on 

and off. Switching the current on is equivalent to inserting the permanent 

magnet, while switching the current off is equivalent to removing it. This 

particular form of electromagnetic induction is called mutual induction, 
for reasons to be described later. The two laws of electromagnetic 

induction apply equally to this form as to the form previously described 

(7.1.1). 
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7.2.2 The induction coil; transformers. Mutual induction is demonstra- 

ted by the apparatus shown in Fig. 7.5. The part enclosed in the dashed 
line, if made as a complete piece of apparatus, is called an induction coil. 
The primary and secondary coils are usually wound one on top of the 
other, both being around the iron core, but in the conventional symbol 

the three components are shown separately for clarity. 

Switch or 
interrupter Induction coil 

q Secondary coil 
‘ | (many turns of thin wire) 

| 
| 

| ave | 

| 
t 

SS es 

Battery 

Primary coil 
(few turns of thick wire) Iron core 

Fig. 7.5 The induction coil; mutual induction. 

If an e.m.f. is induced by movement of a permanent magnet (7.1.1), 
mechanical energy is transformed into electrical energy. In mutual 

induction, the electrical energy from the battery in the primary circuit is 

transformed into electrical energy in the secondary circuit. The magnetic 

field, as before, acts as a link between the two circuits. In fact, the link 

provided by the magnetic field can act in both directions; as well as effects 

in the secondary coil being produced by causes in the primary coil, effects 

in the primary coil can be produced by causes in the secondary coil. This is 
the reason for the term mutual. 

The induction coil has few uses at the present day, but formerly it had 
many uses, one of which was to produce the very high voltages necessary 
to operate an X-ray tube (11.2.2). In such applications a continuous 

transfer of electrical energy from primary to secondary circuits was 

necessary; this was achieved by replacing the switch in series with the 

battery by an interrupter which continually switched the current on and 
off. Each ‘on’ and each ‘off’ caused a change of magnetic flux and hence 
an induced e.m.f. in the secondary coil. 
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The most important property of the induction coil is its ability to 
produce high voltages from low. This it is able to do by a suitable ratio of 

the number of turns on the primary and secondary coils. Thus if the 

primary has a small number of turns of thick wire, and the secondary a 

large numbers of turns of thin wire, a small voltage applied to the primary 
will induce a large e.m.f. in the secondary. This could be made as much as 

50 to 70 kV, i.e. enough to operate an X-ray tube (11.2.2). 
The induction coil is now obsolete for this purpose but is still in 

universal use as the ignition coil in petrol engines. For X-ray and other 

uses it has been replaced by the transformer used in conjunction with 

alternating current (8.2.1). The most important application of mutual 

induction is thus in the alternating current transformer which has the 

ability to transform one voltage into another cheaply and efficiently. 

7.2.3 Self-induction; inductance. In the induction coil, the changing 

primary current causes a change in magnetic flux which induces an e.m.f. 
in the secondary. However, the magnetic flux passes through the primary 
coil as well, and an e.m.f. is therefore induced in the primary coil also. 

This process will occur even when no secondary coil is present; it is called 

self-induction (Fig. 7.6). 

Back e.m.f. 
on current 
‘ ' 

make 
—— 

Applied 
e.m.f. 

‘Inductance’ 

Fig. 7.6 Self-induction. 

The special characteristics of self-induction result from the direction of 

the induced e.m.f. relative to that of the applied e.m.f. (i.e. that from the 
battery). Lenz’s law states that the induced e.m.f. is in such a direction 

that it opposes the change that caused it. This change is the rising current 

95 



s2eo FIRST-YEAR PHYSICS FOR RADIOGRAPHERS 

produced by switching on the applied e.m.f. Hence the induced e.m.f. 

opposes the applied e.m.f. and is called a back e.m.f. 

The back e.m.f. therefore tends to oppose the rise of current that 
caused it; if the current falls, the back e.m.f. reverses and tends to oppose 

the fall of current. Hence self-induction always tends to oppose any 
change in the current flowing through the coil. This is an important effect 

in alternating current circuits because alternating currents are contin- 

uously changing; the coil is said to have the property of self-inductance or 
simply inductance (L). The unit of inductance is the henry (H). 
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8.1 ALTERNATING CURRENTS 

8.1.1 The advantages of alternating currents. So far, in this book, the 

electric currents discussed have been thought of as constant and flowing 
in one direction only. These are called direct currents. For purposes of 
example and illustration they have been produced by a cell or a battery (of 

cells) (4.1.2) both of which produce a constant e.m.f. (4.1.3, 5.3.2) by 
the conversion of chemical energy into electrical energy. 

Such cells or batteries are useful for producing relatively small amounts 
of electrical energy for portable use, e.g. in torches, transistor radios and 

motor cars. However, the cost of the energy they produce is relatively 

very high, and for large amounts of energy such as are required in 

factories, hospitals, etc., the cost of batteries would be prohibitive. For 

example, the cost of one Board of Trade Unit (5.1.2) from the 
Electricity Board supply is about 5p, whereas from batteries it might be as 

much as £25 or more. 

Most of the electrical energy in use today is generated in power 

stations, making use of the phenomenon of electromagnetic induction 

(7.1.1). Steam is first produced, by burning coal or oil or from nuclear 
power; the steam drives a turbine which itself drives an electrical machine 
called a generator. The generator produces electrical energy. Thus the 

sequence of energy change is: 

burning steam turbine 
chemical (coal or oil) ————~ heat 

. enerator 

mechanical : electrical. 
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In districts such as the north of Scotland, where water power abounds, the 

water itself drives water turbines. Although the average coal-burning 

power station, for example, is only about 30% efficient, i.e. 30% of the 
energy in the coal is eventually converted into electrical energy, the final 

cost is relatively low. 
For the sake of efficiency, it is best to use the simplest form of electrical 

generator. As will be seen later (8.1.2), this is called an alternator; it 

generates a type of current called alternating current which reverses 

periodically at a rate of 100 reversals per second (in the U.K.). This 

peculiar and complex form of current seems at first sight to be far less 

desirable than the simple direct current. However, although it is possible 
to generate direct current with a machine, the latter is more complex and 

difficult to maintain than an alternator. Besides, alternating current has 

another very important advantage, as follows. 
Electrical energy is supplied to houses, factories and hospitals for use 

mainly at a voltage (5.3.2) of about 240 volts. Suppose we wish to have 
either a lower or a higher voltage for some special purpose (this 

requirement is very common). If the supply is direct current, we should 

need to use very inefficient and perhaps expensive and elaborate 

apparatus to ‘transform’ the voltage. If the supply is alternating current, 
however, the change of voltage can be achieved very simply, cheaply and 

with high efficiency by a device called a transformer (8.2.1). 
To summarize, therefore: alternating current is widely used today 

because 

(i) it is easily and cheaply generated, and 
(ii) it is easily and cheaply transformed from one voltage to another, 

using devices called alternators and transformers respectively. 

8.1.2 The generation of alternating currents; the alternator. The 

alternator makes use of the principle of electromagnetic induction 

(Chapter 7). The most important feature of its design is a means of 
causing a conductor to ‘cut’ magnetic lines of force continuously. This is 
achieved by the arrangement shown in perspective in Fig. 8.la. A 

permanent magnet such as that in Fig. 6.4 (6.1.3) produces a parallel 
magnetic field (for clarity not shown) between pole-pieces N and S. A coil 
or armature A rotates between the pole-pieces; it is shown with a single 
turn of wire but in practice many turns are required to produce the 
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Fig. 8.1 The principle of the alternator. 

desired performance. The rotation is continuous, being produced by 
mounting the coil on a shaft Sh, driven round a pulley P and belt from 

some kind of engine. (In practice, direct drive or gears would be used.) In 
cutting the lines of magnetic force, an e.m.f. is induced (7.1.3) in the coil. 
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To make use of the e.m.f. and to cause it to produce a current, connexions 

must be made to the ends of the wire forming the coil. These connexions 
cannot be made directly, because they would rapidly become twisted as a 
result of the continuous rotation. This difficulty is avoided by using two 

bands of copper called slip-rings S1, mounted on the shaft but insulated 
from it, each connected to one end of the coil. Rubbing connexion is 
made to the slip-rings via two hard carbon brushes B which are connected 

to the external circuit. In the arrangement shown, the induced e.m.f. 

drives a current through a resistance R which may represent a lamp, 

heater, etc. 

It is important to know what kind of e.m.f. is induced in the coil. This 

may be deduced qualitatively by considering various rotational positions 
of the armature A. The upper half of Fig. 8.1b shows a series of views of 

the alternator looking along the shaft in the direction of the large arrow in 

Fig. 8.1a. The parallel lines represent the magnetic field, and the five 
small drawings show the five positions of the armature at 90-degree 
intervals in turning through a complete revolution, or cycle. Only those 

parts of the armature which are at right-angles to the magnetic field are 

shown, because only these have any e.m.f. induced in them. Each side of 
the armature is identified (by 1, 2) to correspond to the slip-ring to which 
it is connected (Fig. 8.1a). 

It is not possible, of course, to calculate the e.m.f. induced at each of 
the five positions shown, but an estimate can be made of its magnitude and 
direction, as follows. The e.m.f. is proportional to the rate of change of 

magnetic flux or to the rate at which the magnetic lines are ‘cut’ (first law 

of electromagnetic induction, 7.1.2). It is clear that at the 0°, 180° and 
360° positions the lines are not being cut at all, because the conductors are 
momentarily travelling parallel to the lines. At these positions the e.m.f. 

is therefore zero. At the 90° and 270° positions the conductors are 
momentarily travelling at right-angles to the lines and are therefore 

cutting them fastest; the e.m.f. at these positions is therefore a maximum. 

But if we apply Fleming’s right-hand rule (7.1.3) we discover that at 
position 270° the e.m.f. is opposite to that at position 90°; conductor no. 
1 is positive at 90° but negative at 270°. 

Now let us incorporate these findings in a graph, as in the lower half of 
Fig. 8.1b. In this graph is plotted the e.m.f. in the coil, or the p.d. across 
the brushes, against the angle of rotation of the armature. The points on 

the graph illustrate the values of e.m.f. deduced above. It can be seen that 
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the e.m.f. starts at zero, reaches a maximum or peak in the positive 

direction, drops to zero, goes to a negative peak, then returns again to 
zero. The whole series of operations is called one cycle. Obviously we 

have produced an e.m.f. which periodically reverses, for continuous 
rotation of the armature would produce a succession of such cycles. This 

is called an alternating e.m.f., and the current which it would produce in 
the resistance R is an alternating current. 

We cannot deduce by simple reasoning what would be the value of the 

e.m.f. between the positions discussed above. It can only be stated that 
the rate of change of magnetic flux is proportional to the trigonometrical 

sine of the angle 0* of rotation; hence the e.m.f. is proportional to sin 6. 
The shape of this curve can be obtained from trigonometrical tables, and 
has been drawn in the graph. The whole graph therefore represents one 
cycle of a particular kind of alternating quantity known as a sinusoidal 
quantity, i.e. one which varies as the sine of an angle. A sinusoidal e.m.f. 
is the simplest kind (strange to say!) of alternating e.m.f., and is the kind 
supplied by the country’s power network. 

The apparatus shown is useful only for demonstration. A practical 

alternator as seen in a power station is a huge machine looking quite 

unlike Fig. 8.la. However, the principles on which it operates are 
identical to the above. 

8.1.3 Frequency and waveform. In the continuous operation of the 

demonstration alternator of Fig. 8.1 (8.1.2), one cycle follows another at 

a constant rate, this rate being known as the frequency of the alternating 
quantity. For example, if the armature rotates 50 times per second, the 
frequency so produced will be 50 cycles per second, abbreviated to 50 
c/s. The ‘cycle-per-second’ is now called the hertz (abbreviated to Hz); 

the above frequency is called 50 Hz. This is in fact the frequency of the 
mains supply in the United Kingdom and in Europe; in some other 

countries, e.g. the U.S.A., the frequency is 60 Hz. 
The graph of the single cycle shown in Fig. 8.1b can apply to e.m.f., 

p.d., or current, and its shape is called the waveform of the alternating 

quantity. In this case the waveform is sinusoidal (8.1.2), and is 
characteristic of the mains supply. However, many other types of 

waveform are encountered and are useful in different applications. The 

* @ is the Greek small letter theta. 
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term ‘waveform’ is in one sense unfortunate, as it conjures up impressions 

of waves in the sea and may lead to misconceptions about the true nature of 

alternating currents. In other words, there is no ‘wave’ (in the sense of a 
water wave) in the conductor; the waveform is merely a graphical method 

of showing how the e.m.f., current, etc. varies with angle or with time. It 
shows that the e.m.f. starts at zero, increases in one direction to a 

maximum, decreases to zero, then reverses and increases to a maximum in 

the other direction, finally decreasing once more to zero. 

8.1.4 Peak and effective (r.m.s.) values. There is no problem about 

assigning a value to the e.m.f., current, etc. of an unvarying direct current, 
because the quantities concerned are constant. Fig. 8.2a, for example, 
shows p.d. andcurrentinad.c. circuit, the e.m.f. being produced by a cell. 

Source of 
alternating 
e.m.f. 

(b) 

Fig. 8.2 Direct-current and alternating-current circuits. 
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One could say for example that the p.d. (V) is 10 volts and the current (J) is 
2 amperes. 

Fig. 8.2b shows the corresponding alternating current circuit, with the 
conventional symbol for an alternator. The latter also serves as the symbol 

for any source of alternating e.m.f. In this circuit the e.m.f., p.d. and 

current are continuously varying; how then can we assign a significant 
value to them? There are several possibilities (Fig. 8.3a), as follows. 

(i) The instantaneous values, v and i. These merely give the value at any 

specified instant in time, and are of limited application in normal use. 
(ii) The peak values, # and 7, which are of course the maxima of the 

instantaneous values. The peak values, although useful in some 
circumstances, are of limited application because they occur only for two 

instants in each cycle. For the remainder of the time the e.m.f., etc., has 

lower values. 

(iii) It may seem logical to overcome the latter disadvantage by using the 

average or mean values. However, because alternating quantities are 

equally positive and negative, the average value is zero. In fact, this serves 
as a definition of an alternating quantity: one whose average value is zero. 

(iv) The most useful measure of an alternating quantity for normal use 

would be a kind of average (which was not equal to zero) which would be 
representative of the effect of the alternating current, perhaps by 

comparison with a direct current in terms of a criterion such as power 

production or heating effect. This value is called the effectivee.m.f.,p.d. or 

current. 

DEFINITION The effective value of an alternating current is that value of 

direct current which has the same average heating effect as the alternating 

current. 

The question we have to answer is: how is the effective value related to 
the peak value? To answer this, we must discuss further the behaviour of 
alternating current in a circuit such as in Fig. 8.2b. We know that the flow 
of direct current through a resistance produces an amount of heat per 

second proportional to ’R (5.2.1). What happens in the case of 
alternating current? Common sense tells us that the reversal of current 

makes no difference because heat is produced regardless of the direction of 

current flow. The rate of heat production will of course vary during the 

cycle; in fact at any instant it will be proportional to i?R, where i is the 

instantaneous current. 
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Fig. 8.3 Instantaneous, peak and effective (r.m.s.) values. 

The above is a commonsense view; we can show that direction of 

current is unimportant by the following reasoning. The alternator (Fig. 
8.2b) produces an alternating e.m.f. which drives a current i through the 
resistance R, resulting in a p.d. across R (5.3.2). Now Ohm’s Law 
applies equally to alternating current as to direct; hence the instantan- 
eous current / is at all times proportional to the instantaneous p.d. v. This 
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is Shown in Fig. 8.3b where the waveforms of v (full line) and i (dashed 

line) are seen to be ‘in step’ or in phase. This means that they are zero 
together and reach their positive peaks and negative peaks together. Now 
the instantaneous power p, and therefore the instantaneous rate of heat 

production, is vi. The waveform of this product, viz. the power curve, is 

shown dotted. When both v and i are positive, the power is clearly 
positive. When the current reverses, both v and i are negative, but their 

product is positive (negative X negative = positive!). Hence each 

half-cycle of current, no matter what its direction, produces heat. 
The same diagram can be used now to deduce the relation between 

effective and peak values. From the above, the instantaneous power is 

given by p = vi = i*R (5.2.1). Hence the peak power is given by 

p=0R Eq. 8.1 

The effective value, however, is defined above in terms of average power 
or heating effect; it can be guessed from the symmetry of the power curve 

as shown in Fig. 8.3b (and it can also be proved mathematically) that the 

average power P is one half of the peak power. Hence, from Eq. 8.1 

P=3p =57R Eq. 8.2 

Now suppose / stands for the effective value of the current (as well as for 
the value of the direct current to which it is equivalent). Then from Eq. 

8.2: 

P =PR=35R 

Therefore P =357 

I =VG).i=i/v2 Eq. 8.3 

Similarly it can be shown that 

V=0/V2 Eq. 8.4 

It is sufficiently accurate to take V2 = 1.4 and 1/V2 = 0.7. Hence the 
relations between effective values and peak values can be summarized in 

the general statements: 

voltage or 

current 

voltage or Be alt eed = effective (r.m.s.) 
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and 

voltage or 
current 

effective (r.m.s.) se ae = peak x] Eq. 8.6 

The abbreviation r.m.s. stands for root-mean-square and is a reference to 

the form of the mathematical derivation of Eqs. 8.5 and 8.6. It is 
commonly used by engineers as equivalent to ‘effective’; either term is 

acceptable. 
In speaking of alternating supplies, if a voltage or current is specified 

without qualification, it refers to effective or r.m.s. values. For example, 
the 240 volt alternating supplies in our homes are 240 volts effective or 
r.m.S. 

Numerical example: What is the peak voltage of the 240 volt mains 

supply? 

Peak voltage = effective V x 1.4 
= 240 x 1.4 = 336 volts. 

8.1.5 Aclassification of types of current, etc. We have already met direct 

and alternating currents, and later will encounter other types. The 
following is a broad classification of the main types of current used in 
radiology: 

Electric currents 

ecnnrsianeterr ey 
Unidirectional currents, i.e. which Alternating currents, i.e. 

flow in one direction only. which reverse direction. 

Direct currents, having Pulsating currents, having 

constant values. periodically changing values. 

Typical waveforms of these currents are shown in Fig. 8.4. 
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Fig. 8.4 Unidirectional and alternating currents. 

8.2 TRANSFORMERS: THEORY 

8.2.1 The induction coil and the transformer. In section 7.2.2 we 

described how electrical energy can be transferred from one circuit (the 
primary) to another (the secondary) via a link consisting of a changing 

magnetic flux. The changing magnetic flux is produced by continual 
interruption of the primary current (from a battery); the whole 
arrangement is called an induction coil (Fig. 7.5, 7.2.2). One of the 
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great advantages of the induction coil is its ability to produce a high 

voltage from a low voltage; it was formerly used for this purpose in X-ray 

generators and is still so used in motor-car engines for ignition purposes. 
Although reasonably satisfactory in the latter application, the induc- 

tion coil is relatively inefficient and unreliable for high-power use. If it is 

recalled that the energy transfer takes place because of the changing 
magnetic flux, however, it will be obvious that if alternating current is 

passed through the primary coil, a constantly changing (alternating) 

magnetic flux will be produced in the iron core, and hence an alternating 
e.m.f. will be induced in the secondary coil. The interrupter is not now 

required, and the arrangement is an elementary example of an 

alternating current transformer. The transformer is a simple, cheap and 

efficient means of changing alternating voltages and currents from one 
value to another, and is one factor which has led to the universal adoption 
of alternating sources of electrical power (8.1.1). 

8.2.2 Turns ratio, voltage ratio and current ratio. Let us consider the 

transformer shown symbolically in Fig. 8.5. Whatever the type of 

construction, the iron core passes through both primary and secondary 

Pp ae Ue 

Primary Secondary 
coi vas i ie), 

4 

(1) | oe p Ee 

V, V, a3 

i ! | - 

Primary Iron Secondary 
circuit core circuit 

Fig. 8.5 The principle of the transformer. 

coils. Therefore the same change of magnetic flux flows through every 

turn of wire, whether on the primary or on the secondary; each turn of 

wire is therefore associated with the same e.m.f. or voltage. By suitably 

proportioning the relative numbers of turns on the primary and 
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secondary, we can make the transformer either step-up or step-down in 

respect of voltage. Quantitatively, if 7, is the number of turns on the 

primary, and T, is the number of turns on the secondary, then the turns 

ratio of the transformer is T,/T,, and this is equal to the voltage ratio 
V,/V,. Hence 

V;, Ts = Eq. 8.7 
V> T, 

This is the basic voltage equation of the transformer. Thus, for example, 
if the secondary has five times as many turns as the primary, and the latter 
has 200 volts applied to it, the secondary e.m.f. will be 1000 volts. 

This example, which illustrates a voltage step-up transformer conver- 

ting 200 volts to 1000, appears to suggest that one is getting ‘something 
for nothing’! That this is a mistaken idea can be revealed by applying to 
the transformer the law of conservation of energy (1.1.4). We can say that 

the power output (energy per unit time, 5.1.2) obtained from the 

secondary cannot exceed the power input to the primary. In fact, in an 

ideal transformer the two are equal. Hence 

P,=P, Eq. 8.8 

To consider the power in the transformer circuits it is necessary to bring 

in the idea of the currents, for P = V/ (Eq. 5.6, 5.1.2). In Fig. 8.5, let us 

assume that the secondary circuit is broken (i.e. the resistance R is 
infinite). Then the secondary current /, will be zero. In an ideal 

transformer the primary current J, will also be zero. Now suppose R is 

made finite, i.e. some current is drawn from the secondary coil. Then the 

magnetic conditions of the transformer so adjust themselves that just 
enough primary current flows to supply the necessary input power. If the 

secondary current is further increased, the primary current increases to 
compensate. The transformer is thus a self-regulating device whose 

primary current always sets itself to just the correct value for equilibrium 

(in this case to satisfy Eq. 8.8). 

Now Po VI AN eel aes V php 

Then, from Eq. 8.8, 

V.I, = Vplp 

On cross-dividing and applying Eq. 8.7, 
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Vs rampicnnaT; 
V, 1, ie Eq. 8.9 

This equation shows that although the voltage ratio in an ideal 

transformer is equal to the turns ratio, the current ratio is equal to the 
inverse of the turns ratio. In other words, a voltage step-up transformer is 

a current step-down transformer. 
In the above numerical example, if a current of 1 A flows in the 

secondary circuit, a current of 1 x 5 = 5 A would flow in the primary 
circuit. Thus the primary power would be 200 x 5 = 1 000 W and the 

secondary power 1 000 x 1 = 1 000 W. 
This discussion assumes an ideal transformer, i.e. one without losses. 

We shall now see what happens when some of the energy or power is lost 

in flowing through the transformer. 

8.2.3 Transformer efficiency. In the last section we assumed that we 

were dealing with a perfect transformer, viz. one which gave out from its 

secondary all the power that was put into the primary. Practical 

transformers are not ideal, and the output power is less than the input 
power. This aspect of the transformer may be measured in terms of its 
efficiency: 

DEFINITION The efficiency of a transformer is equal to the output power 

divided by the input power (times 100 if required as a percentage). 

Hence 

ha P; 
efficiency = Eq. 8.10a 

Py 

ot P, 
percentage efficiency = is x 100 Eq. 8.10b 

Pp 

It may be thought that this behaviour is contrary to the law of 

conservation of energy. What happens to the missing power (energy)? As 

in the case of the X-ray tube (5.2.1, 5.2.2) it is converted into heat 

because of certain non-ideal processes in the transformer. These 

processes will be described in the next section; it is important to realize 
now that the heat so produced has disadvantages similar to those for the 
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X-ray tube, viz. (i) it represents a loss of energy, and (ii) it heats the 
transformer unnecessarily and perhaps harmfully. 

Numerical example on transformer operation 

A transformer delivers an output of 100 kV (r.m.s.) and 2 mA 

(r.m.s.). What is the primary current if the primary voltage is 100 V and 
the efficiency 80%? 

The secondary power 

Poy 102 9 10 = 200. W 

P, 
Now % efficiency = tip a 100 (Eq. 8.10b) 

p 

P,x 100 200 x 100 
Hence | A Prey rn = 250 W 

% efficiency 

Ps 250 
Hence | Asahi “ct Waa 

Vv, 100 

Transformer efficiency may also be considered in terms of internal 

resistance, regarding the transformer as a generator (5.3.2). The loss of 

power associated with lack of efficiency may be regarded as resulting 

from the flow of current through the internal resistance, with the 

consequent production of heat. 
Contrary to the fact implied by Eq. 8.7, which applies to an ideal 

transformer, it is interesting that in a non-ideal transformer it is always 

the current ratio I,/I, that is exactly equal to the turns ratio T,/T,,. In 
such a case, as is implied by the above numerical example, the voltage 

ratio V,/V, is less than the turns ratio because of the transformer 

inefficiency. This may be regarded also as resulting from the internal 

resistance of the transformer, as follows. 

A numerical example similar to that relating to the car battery in 

section 5.3.2 can apply equally to a transformer. For example, with a 
given primary voltage, the secondary p.d. of an X-ray tube filament 

transformer might be 12 V (r.m.s.), when no current is drawn. If the 

tube filament is now switched on and draws 10 A, the secondary p.d. may 

fall to 11 V. This, by analogy with the previous example, would 

correspond to an effective internal resistance of 0.1 Q. 
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This type of behaviour is often referred to as transformer regulation; a 

transformer with a good regulation is one which maintains its secondary 

p.d. more nearly constant (for a varying load current) than one with a bad 
regulation. The regulation is often described as a percentage change of 

secondary p.d. for a given load current. In the above example, the 

transformer regulation is (1.0/12) x 100 = 8.3% for an output current of 

10 A. 

8.3 TRANSFORMERS: PRACTICAL ASPECTS 

8.3.1. Transformer losses. The fact that the efficiency of a practical 
transformer is less than 100% (8.2.3) implies that energy is lost, in this 

case in the form of heat, in the transformer. So that the energy loss may be 

reduced to a minimum it is important to understand what are the processes 

responsible for the loss. A transformer comprises two main types of 
component: the coils, made of copper, and the core, made of iron. 

Accordingly, it has been customary to divide the processes into copper 

losses and iron losses. However, this is not a good fundamental 

classification, and we shall consider them in two different categories: (i) 

‘current’ losses, and (ii) ‘hysteresis’ losses. 
(i) Current losses result from the fact that whenever a current J flows 

through a resistance R, an amount of power equal to /R watts is converted 

into heat (5.2.1). They are therefore sometimes known as ‘/*R’ losses. 
They can arise in both (a) the copper coils and (b) the iron core. 

(a) Current must flow in the coils of a transformer during its normal 

functioning. The coils, being non-ideal conductors, possess resistance. 

Therefore ‘/’R’ losses arise, and electrical energy is converted into heat. 

To reduce this source of loss, the current cannot be reduced because the 

normal operation of the transformer would be affected. Instead, the 

resistance of the conductors must be minimized by using wire of low 
resistivity which is as thick as convenient (4.2.3). Copper is nearly the best 

conductor known, and the thickness of wire used must always be a 
compromise between cost, space and saving of power. In general, the 
larger the current ina coil, the thicker should be the wire. Thus, ina voltage 
step-up transformer, the primary current will be many times the secondary 
current; hence the primary coil will be wound with thicker wire than will the 
secondary. 
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(b) 

Laminated 
core 

Secondary coils not shown in either case 

Fig. 8.6 The elimination of eddy currents. 

(6) It is not at first apparent how current can flow in an iron core. 
However, Fig. 8.6a shows how the cross-section of the core may be 

regarded as consisting of concentric ‘layers’ of iron, each acting as a 

short-circuited single-turn secondary coil (in addition to the normal 

secondary). Hence e.m.f.s will be induced in the core; these will produce 
currents called eddy currents (by analogy with circular ‘eddies’ in a pool 

of water). The eddy curents, in flowing through the resistance of the core, 
will give rise to ‘I?R’ losses, and the power for these is drawn from the 

primary circuit. Eddy currents are readily eliminated by making the iron 

core in the form of thin sheets of metal (Fig. 8.6b), each sheet being 

insulated from its neighbour by a thin layer of paper. The result, called a 
laminated core, is very nearly as effective magnetically as the solid core. 

(ii) Hysteresis losses are totally different in nature from current losses. 
According to the molecular theory of magnetism (6.1.2), when a 
magnetic material is magnetized, the ‘molecular magnets’ of which it is 

composed have to turn on their axes. It may be imagined that there exists 
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some resistance to this turning—a kind of ‘molecular friction’—and that 

this resistance will vary from one material to another. 

When a magnetic material forms the core of a transformer, its 

magnetization is being reversed at twice the frequency of the current. At 

each reversal, energy is lost due to the ‘molecular friction’, and this lost 

energy must come from the source of the primary current. The ‘molecular 

friction’ effect is called hysteresis. It is readily reduced in practice by 

choosing for the core a suitable magnetic material, for example a steel 

alloy called ‘Stalloy’. 
The above is a very simple and instructive way of explaining the 

phenomenon of hysteresis. However, such a thing as simple molecular 

friction as such does not of course exist, and the true explanation of the 
phenomenon, which is much less easy to understand, is obtained from a 
B-H curve. 

Fig. 8.7a shows a typical B—H curve for soft iron. In it is plotted H, the 

magnetizing field due to a solenoid, against B, the magnetic induction, 
which might be described simply as the degree of magnetization of the 

iron. If B were simply proportional to H, the resulting curve would be a 

straight line passing through the origin O. However, in practice, the two 

are not proportional, and the resulting curve is complex, as shown. 

N N 

(a) Large losses (b) Small losses 

Fig. 8.7 Hysteresis loops. 
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Suppose we start with the iron unmagnetized, i.e. at the origin, point 

O. Then if we increase the magnetizing field H in a positive direction, the 
magnetization B of the iron core increases to point P (positive) along the 

arrowed curve. Then if we gradually reduce the magnetizing field H, the 
degree of magnetization B decreases along the upper curve until finally it 

reverses and reaches point N (negative). If then we increase H again to 

point P, B increases along the lower curve. We have taken the magnetic 

material through a complete cycle of alternating current, and the complex 

form of the curve is due to the fact that changes in B always lag behind 

changes in H. (This is due to the ‘molecular friction’!) The resulting 

diagram is called a hysteresis loop, and what is not obvious, but must be 

simply accepted, is that the area between the two outer curves is 
proportional to the energy converted into heat by the phenomenon of 
hysteresis. 

Fig. 8.7b, on the other hand, shows a hysteresis loop for an efficient 

magnetic material (e.g. Stalloy); it can be seen that the area enclosed 
within the loop, and hence the lost energy, is much smaller than is that for 

the soft iron in Fig. 8.7a. 

8.3.2 Transformer construction. A practical transformer differs 

considerably from the cylindrical iron core and two simple coils of the 

induction coil (7.2.2). The main differences are as follows. 
(i) Although there is seldom more than one primary coil or winding, a 

single primary winding very often serves more than one secondary 

winding. Thus, in a typical transformer used in control equipment, the 
primary might be designed for 200 V input, and there might be three 
secondary windings: (a) 500 V output, low-current, (b) 50 V output, 

low-current, (c) 6 V output, high-current. The primary would have wire 
of medium thickness, secondaries (a) and (6) thin wire, and secondary (c) 

thick wire. 
(ii) The straight cylindrical iron core of the induction coil, which is also 

implied in the conventional symbol for the transformer, is very inefficient 

because so much of the magnetic circuit consists of air (6.2.3). 

Transformer cores are therefore always designed so that they form a 

closed magnetic circuit, which because of the high permeability (6.2.3) is 

very efficient. At the same time it is necessary to laminate the core to 
eliminate eddy currents (8.3.1), so that one type of small transformer 
(such as the example above) appears as in Fig. 8.8a. The core is made up 
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Laminations 

Bobbin 

Coils 

Construction of 
the core from 
T- and 
U- laminations 

(b) 

Fig. 8.8 The core and bobbin of a transformer. 

of thin T- and U-laminations (Fig. 8.8b), which are stacked together, but 

insulated from each other, to form the required thickness. The primary 

and secondary windings are wound, one on top of another, on a bobbin 

which envelops the centre ‘leg’ of the core. The power efficiency (8.2.3) 
of a small transformer like this might be only 60%, but efficiency usually 
(and fortunately) increases with size, so that in large and expensive 

transformers it might exceed 95%. 

(iii) Transformers designed for high voltages (in the region of kilovolts 

for X-ray work) call for special care in design. The secondary winding 
may produce as much as 100 kV (which is about 140 kV peak, or kVp), 

and the winding itself must be designed very carefully to avoid electrical 

breakdown due to ionization of the surrounding air (3.3.2). In addition, 

the p.d. between parts of the secondary and the primary may need to be 
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even greater, so that the type of construction shown in Fig. 8.8a may not 

be suitable. Instead, the cores of such transformers are in the shape of a 

laminated square and the coils between which the large p.d. appears are 
wound on highly insulating plastic bobbins mounted on opposite sides of 
the core (Fig. 8.9). 

Laminated core 

Highly — insulated bobbins with coils 

Fig. 8.9 A transformer designed for a high p.d. between windings. 

Transformers for high voltages are usually enclosed in a metal tank 

filled with oil; the oil is a better insulator than air—it is said to have a 

higher dielectric strength (3.4.2). In addition, it also helps to carry heat 
away from the core and coils by convection (1.4.3); the heat is then 

removed from the metal case by air convection and by radiation (1.4.3). 

Transformers, of course, will not supply unlimited amounts of power. 

Their output is limited by the thickness of wire on the primary and the 

secondary coils, and on the size of the magnetic core. The maximum 

power, often expressed as voltage and current, that the transformer will 

deliver to a load in any given conditions is called the transformer rating. It 

naturally depends on whether or not the appropriate cooling facilities 
such as oil immersion, etc., are available; if the heat produced by the 

transformer losses is not removed fast enough the rating will be reduced. 

8.3.3. Autotransformers. The most important advantage of the transfor- 

mer is its ability to transform alternating voltages and currents up or down 

with relatively high efficiency and convenience. The type so far discussed 

is known as a double-wound transformer, that is its primary and 

secondary windings are completely separate electrically. Power is 

transferred from primary to secondary solely via the link provided by the 
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ever-changing magnetic flux. This electrical isolation between the 

windings is very often an essential feature; in other situations, however, it 

is not required. In these cases, another type called an autotransformer 
(often abbreviated to ‘auto’) may be used (Fig. 8.10). In this type, not 

‘Tapping | 

Secondary 
e.g. 200 V 

Primary 

e.g. |00 V 

Fig. 8.10 The principle of the autotransformer. 

only are the primary and secondary connected together, but part of the 

winding actually serves a dual purpose. For example, the autotransfor- 

mer in Fig. 8.10 has a 2 : 1 voltage step-up ratio. The transformer 
consists of a single winding on an iron core; the winding has one or more 

extra connexions, known as tapping points or tappings. In this example 
the tapping is to the centre point of the winding to give the ratio of 2: 1. 

The pattern of flow of currents in the autotransformer is complex; it is 
sufficient for our purpose merely to regard the lower half (in this 

example) of the winding as the primary, and the whole winding as the 

secondary. The auto will, of course, act equally well in reverse asa 1:2 
voltage step-down transformer. 

Autotransformers may have many tappings; they are widely used 

where moderate voltage ratios are required and electrical isolation 
between primary and secondary is not necessary. We shall see later that 
they occupy a very important place in most X-ray generator circuits 
(Chapter 13). They are especially suitable for this application because 
their losses and hence their internal resistance are usually quite low. 

118 



ALTERNATING CURRENTS AND TRANSFORMERS 8.4.1 

8.4 REACTANCE, RESONANCE, IMPEDANCE AND POWER 
FACTOR 

8.4.1 Reactance. So far we have discussed the behaviour of alternating 

currents only in circuits containing resistance R. For example, Fig. 8.3 

shows that in a circuit containing resistance only, the alternating current 

is in phase or in step with the alternating p.d. or voltage. This results, as 
Fig. 8.3 shows, in all the power of the alternating current being converted 

into heat. We say that the power factor is 1.0 (unity or 100%, whichever 
you prefer). 

However, alternating-current circuits can also contain capacitance C 
(3.4.1) or inductance L (7.2.3), and in these cases, or if R, C and L are 

present all at once, the behaviour of the circuit is very different and new 
concepts must be considered. It must be conceded that the study of these 
is somewhat difficult, but if the reader perseveres with the following 
simplified explanation, all should be clear. 

Consider the simple circuit shown in Fig. 8.11a, which shows a source 

of alternating e.m.f. connected to a capacitor C. At first sight it would 
seem that no current would flow, because there is an insulator (the 

dielectric) between the two sets of plates of the capacitor. However, the 

source of alternating current succeeds in charging and discharging the 

capacitor, and this charge and discharge current is alternating, which 
appears to the circuit like an ordinary alternating current flowing 
‘through’ the capacitor. So we have an alternating voltage and an 

alternating current, and it would seem at first sight that power (V x J) 

would be involved and therefore heat produced. That this is not so is 
shown by the following explanation. 

In fact the alternating current does not flow through the capacitor, but 

into and out of it. Fig. 8.11b shows the voltage and current waveforms 

concerned, and it is clear that the current is not in phase with the voltage, 
but out of phase with it by 90°. This is because the maximum capacitor 
voltage dc cannot be reached until all the current has flowed into it, 

hence ic comes before #c; we say that the current leads the voltage by 

90°. 
Now consider what this means for the power. Instantaneous power pc 

= Uc X ic, and this is shown by the dotted curve in Fig. 8.11b (compare 
with Fig. 8.3). Instead of the power always being positive, as in Fig. 8.3, it 
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Fig. 8.11 An alternating-current circuit with capacitance. 

is alternately positive and negative. Thus the average power over a 
number of cycles is zero, and no heat can be produced. We call this kind 
of current a wattless current, and the power factor is zero. The physical 

meaning of this is that the ‘packet’ of energy that flows into and out of the 

capacitor is just passed backwards and forwards between generator and 

capacitor (being temporarily stored in the capacitor as energy of the 

electric field) and never gets converted into heat. 

Despite these fundamental differences between the resistor and the 
capacitor, in the latter case there is still an effective or r.m.s. voltage Vc 
and a similar current Jc, and one would expect the ratio V./I¢ to be in 

some way a measure of ohms. It cannot be resistance because the average 
power is zero; in fact it is called reactance (X_), and is a measure of the 

opposition offered by the capacitor to the flow of current. Thus, 
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Ve 
= Xc (ohms) Baus tl 

C 

and it can be shown that 

Xce ; Eq. 8.12 
" 2nfG el 

where fis the frequency of the alternating supply, and C is the capacitance 
in farads. Thus if we know the capacitance and the frequency we can 

calculate the reactance (in ohms) of any given capacitor. For reasons we 
cannot go into here, Xc (capacitive reactance) is regarded as negative 

reactance (this fact will be important later). 
A similar but opposite type of behaviour is found with inductance L 

(7.2.3). Fig. 8.12a shows a source of alternating e.m.f. connected to a 
coil (which, of course, possesses the property of self-inductance or just 

Fig. 8.12 An alternating-current circuit with inductance. 
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inductance). We assume that the coil has zero resistance. Fig. 8.12b 

shows the voltage and current waveforms in this circuit, and it is clear that 
the current in this case is again 90° out of phase with the voltage, but this 
time the peaks of current come later than (lag behind) the peaks of 

voltage. This occurs because the application of an e.m.f. to the 
inductance calls into play a back e.m.f. (7.2.3) that opposes the increase 
of current through the coil; the current therefore lags behind the voltage. 

As in the capacitive case, the power is alternately positive and negative, 
the average power again being zero. Again we have no heat produced, 
the current again is a wattless current and the power factor is again zero. 
The physical meaning of this is that the ‘packet’ of energy concerned is 

just passed backwards and forwards from generator to coil (being 

temporarily stored in the coil in the form of energy of the magnetic field) 

and never gets converted into heat. 
Despite the fundamental differences between the resistor and the coil, 

in the latter case there is still an effective or r.m.s. voltage V; and a 

similar current /;, and one would again expect the ratio V;/I; to be a 

measure of ohms. Again it cannot be resistance; in fact it is called 

inductive reactance (X,), and is a measure of the opposition offered by 

the coil to the flow of current. Thus 

Vr = X, (ohms) | Se Roe Me 
IE, 

and it can be shown that 

X, = 2nfL Eq. 8.14 

where f is again the frequency of the alternating supply, and L is the 

inductance in henries. Thus if we know the inductance and the frequency 
we can calculate the reactance (in ohms) of any given coil. For reasons we 

cannot go into here, X; (inductive reactance) is regarded as positive 
reactance (this fact will be important later). 

8.4.2 Resonance. What happens if we have capacitance and inductance 
present together in an alternating-current circuit? Fig. 8.13a shows such a 
circuit, and Fig. 8.13b the appropriate waveforms. In this case it is easiest 
to start with the current i (dashed); it is clear that v, and vc are now both 

out of phase by 90° with the current but in opposite directions; v, and v¢ 
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Fig. 8.13 An alternating-current circuit with both capacitance and inductance. 

therefore oppose each other and this is the real reason for regarding 
capacitive reactance as negative and inductive reactance as positive. But 

there is clearly a very special case when v,; = v¢; then the total reactance 

is zero and the circuit will offer zero opposition to the flow of the 
alternating current. This is clearly so when X, = X¢; substituting Eqs. 

8.12 and 8.14 gives us 

1 
2nfL = — 

2nfC 

Or 

4nf2LC = 1 
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nears or = 

4n? LC 

and 1 

f=—_— Eq. 8.15 
2nV(LC) 

Thus at the frequency given by this equation, i.e. for these special values 
Land C, this very special behaviour occurs. It is known as resonance, and 
the frequency is called the resonant frequency. This is the effect that 

enables us to select a wanted programme at one frequency on our radio 
receivers when many others are being transmitted simultaneously. 

8.4.3 Impedance and power factor. So far we have discussed alterna- 

ting-current circuits containing only capacitance (C) or inductance (L) or 
both; in these circuits the current is 90° out of phase with the voltage and is 
wattless, i.e. the power factor is zero. In an alternating-current circuit 
containing only resistance, the current is in phase with the voltage and all 

the power is converted into heat; the power factor is said to be 1.0. What 
happens when we have mixtures of C and R or L and R? Commonsense 

tells us that the current will be out of phase with the voltage by an angle 
between 0° and 90°; this is called the phase angle ¢* of the circuit. 

In the case of resistance, the opposition offered to the alternating 

current is equal to the resistance R in ohms. In the case of capacitance or 
inductance the opposition offered to the alternating current is the 

reactance X- or X; in ohms (see above); we have shown how this can be 
calculated from C or L and the frequency f. Suppose we have a circuit 

containing C and R or L and R; can we simply add the values of resistance 

and the reactance in ohms directly to get the total? The answer is no, 
because in one case the current is in phase with the voltage and in the 
other case 90° out of phase with the voltage, Figs 8.14a and 8.14b show 
such circuits; to get the total opposition to the flow of alternating current 

in these cases we must add the resistance and reactance in the same way as 
we add lengths that are at 90° to each other, i.e. in the form of the sides of 

a right-angled triangle (Pythagoras’ theorem). The total opposition to the 

* » is the Greek small letter phi. 
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(a) (b) 

Fig. 8.14 Alternating-current circuits with (a) capacitance and resistance; (b) inductance 
and resistance. 

flow of alternating current is then called impedance (Z), and we thus have 
for Fig. 8.14a: 

Z= VR? 4+ X2. Eq. 8.16 

and for Fig. 8.14b 

Z = VR? + X% Eq. 8.17 

In fact if we have all three: R, C and L in series, the total impedance is 

L= VR Flaky oA) Eq. 8.18 

because inductive reactance is positive and capacitive reactance negative. 
The above theory has been presented in terms of commonsense 

principles; there is in fact a method of treatment known as vector analysis 
that must be used in more complex calculations, but this is beyond the 

scope of this book. 
The reader may wonder whether the current in Figs 8.14a and 8.14b is 

wattless; commonsense tells us that it will only be partially wattless, 

depending on the amount of resistance, because of course heat is 

generated only in the resistance. Again a theoretical explanation is 

beyond our present scope, but it can be shown by vector analysis that the 

power factor of the circuit is 

P.F. = R/IZ Eq. 8.19 

and further that 
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P.F. =cos Eq. 8.20 

where 9 is the phase angle (see above) in the circuit and ‘cos’ stands for 

the trigonometrical cosine of the angle. Then the power dissipated, i.e. 
the heat generated, in a circuit containing both resistance and reactance is 

given by 

P = VI X power factor 

or P= VI cos ® Eq?8:21 

where V and J are the effective or r.m.s. values of voltage and current 
respectively. 

Calculations involving reactance, impedance and power factor must be 

made during the design of X-ray generators, but resonance is avoided 
because it would involve the flow of damagingly high currents. 
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9 Electromagnetic radiation 

9.1 ELECTROMAGNETIC WAVES 

9.1.1 The production of electromagnetic radiation. An electric charge is 

surrounded by an electric field (3.1.2). If the charge is stationary, the 
electric field at any given point is constant. If the charge moves with 

uniform velocity (e.g. if there is a steady flow of electrons), a magnetic 

field also is observed (6.2.1). If the charge undergoes an acceleration (or 
a deceleration, which is of course a negative acceleration), both the 

magnetic and the electric fields at the point vary and they do so in the 

special way described in section 9.1.2. (An example of such a 

deceleration is found in a changing or alternating current, Chapter 8.) 

This combined variation of electric and magnetic fields results in loss of 
energy by the decelerating charge; the charge radiates (1.4.3) energy ina 

form known as electromagnetic radiation or electromagnetic waves 

(9.1.3). In fact, whenever an electrically charged particle undergoes a 

deceleration, energy is radiated by the particle in the form of electromag- 

netic radiation. 

9.1.2 The characteristics of waves. If, at a given instant in time, the 

strength of the electric field (3.1.2) is measured at various distances from 
the source of the electromagnetic waves, it will be seen to vary in an 

alternating or cyclic manner with distance (Fig. 9.1). Such a cyclic 

variation, in which the electric field strength repeatedly changes in a 

gradual manner from a positive peak to a negative peak and back again, is 

described as sinusoidal because it can be represented mathematically by 

an equation involving the trigonometrical sine of an angle (see section 

8.1.2 on alternating currents). 
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Electric 
field 
strength 

a Distance from source ————= 

Fig. 9.1 The strength of the electric field plotted against distance from a source of 
electromagnetic radiation at a given instant in time, f,. 

Electric 
field 
strength 

= Distance from source ————= 

Fig. 9.2 The strength of the electric field plotted against distance from a source of 
electromagnetic radiation at times ¢,, t, and f;. 

The distance between two consecutive positive peaks (or two consecu- 

tive negative peaks) of the waveform (Fig. 9.1) is known as the 

wavelength \*. As time passes, the wave moves forward; Fig. 9.2 
illustrates the positions of the wave at times f,, tf and t;. The number of 

cycles of the wave which pass a fixed point per second is known as the 
frequency v+ of the wave (8.1.3). 

The third main characteristic of a wave is its velocity c, which is the 

distance travelled forward per second by a point on the wave; it is equal to 

the wavelength multiplied by the frequency. All electromagnetic waves, 

* is the Greek small letter lambda. 
+ v is the Greek small letter nu and should be distinguished from the English v in 

algebraic equations. 
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irrespective of their wavelengths or frequencies, travel at the same 

velocity in a given medium. In a vacuum this is about 3 x 10° metres per 
second; the velocity is very nearly the same in air. 

The above relationship of the velocity of a wave to its wavelength and 
frequency is expressed in the equation: 

IV 6 3. X08. s* Eq. 9.1 

Note that A = c/v, therefore a high (large) frequency corresponds to a 
short (small) wavelength and a low (small) frequency to a Jong (large) 
wavelength. 

In the above, we considered the electric field in the electromagnetic 
wave. Instead, we could have considered the magnetic field, which varies 

in a similar manner. Both the electric and magnetic field strengths are 

vector quantities (1.3.2); consequently they have direction as well as 
magnitude. In an electromagnetic wave the directions of the electric and 

magnetic fields at a point are at right-angles to each other and they are 

both also at right-angles to the direction in which the wave is travelling. 

9.1.3. The electromagnetic spectrum. There is a whole range of 

electromagnetic radiations known as. the electromagnetic spectrum 

(Table 9.1). They all have the characteristics described in section 9.1.2 

and all travel at about 3 x 10® ms‘ in a vacuum. They are produced 

in the various ways listed below, and differ in the magnitude of their 

wavelengths, in their properties and in the way in which they are 

detected. 
The radiations in the various sections of the electromagnetic spectrum 

are produced in the following ways: 
(i) Radio, television and radar waves, at the long-wavelength end of 

the electromagnetic spectrum, are generated by high-frequency alternat- 

ing currents (i.e. decelerating electrons) flowing in the aerial of a radio or 

similar type of transmitter. They can be detected by placing a length of 

wire (i.e. a receiving aerial) in the path of the radiation; the waves induce 
an e.m.f. in the wire which is then amplified in the radio receiver. 

(ii) Infra-red rays, or ‘heat-rays’ are radiated by the vibrating atoms or 
molecules in a moderately hot object (1.4.3) of which a good example is 
the hot element of a radiant electric fire. They can be sensed by the body 

as a feeling of warmth and detected either by photographic film or as an 
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TABLE 9.1 (9.1.3) The electromagnetic spectrum 

(1) (2) (3) 
Radiation Wavelength* Photon energyt 

Radio, television and 3 x 10* m to 100 um Ania Omsey, 
radar waves to 1. 20¢10" * eV 

Infra-red (heat rays) 100 um to 700 nm ied x10 7 eV 
to 1.8 eV 

Visible light 700 nm to 400 nm IESTEV, LO Salgey, 

Ultra-violet 400 nm to 10 nm 3.1 eV to 124 eV 

X and gamma radiation 10 nm to 0.01 pm 124 eV to 124 MeV 

*Units for wavelength are: m, metre; um, micrometre (1 um = 10° m); nm, nanometre 
(1 nm = 10°? m); pm, picometre (1 pm = 107’? m). 

+Units for photon energy are: eV, electron-volt; MeV, mega-electron-volt (1 MeV = 
10° eV). 
Column I: name of section of the electromagnetic spectrum, 
Column 2: approximate range of wavelengths, 
Column 3: corresponding range of photon energies (9.2.2). 

electric current generated when the radiation falls on a cell made from 

certain semiconductor materials similar to those used for solid-state 

rectifiers (11.3.2). 
(iii) Visible light rays occupy only a narrow band of wavelengths and 

are so called because the human eye is sensitive to them. They can be 
produced in two ways: (a) they are emitted by the vibrating atoms or 

molecules in a very hot object and (b) they are emitted when orbital 
electrons jump between outer energy-levels in atoms or molecules. In 

addition to being sensed by the eye, they can be detected either by 

photographic film or by a photoelectric cell (13.4.2(c)). Visible light is 
dealt with in greater detail in section 9.3. 

(iv) Ultra-violet rays have shorter wavelengths than those of visible 

light. They are generated mainly by the movement of orbital electrons 

between energy-levels in atoms. The process is similar to that for the 

production of visible light but involves higher energies and consequently 

shorter wavelengths (9.3.4). Ultra-violet rays cause pigmentary changes 

in the skin (e.g. suntan) and can be detected either by photographic film 
or by certain types of photoelectric cell (13.4.2(c)) designed to be 
sensitive to this section of the electromagnetic spectrum. 

130 



ELECTROMAGNETIC RADIATION 9.1.4 

(v) X and gamma rays are at the short-wavelength end of the 

electromagnetic spectrum. X rays can be produced in two ways: (a) they 

are emitted when fast-moving electrons are decelerated, and (b) they 

are emitted when orbital electrons jump between inner shells in atoms. 
Both processes can occur, for example, in the target of an X-ray tube; 

they are described in Chapter 10. Gamma rays are emitted from the 

nuclei of atoms of some radioactive isotopes (2.3) and are described in 

Chapter 16. X and gamma rays can be detected in several ways using 

one of their various properties (10.1). Of particular importance is the 
detection of X and gamma rays by the ionization that they produce in air 

(15.1). Other methods of detection and measurement are described in 
section 15.5. 

9.1.4 The inverse-square law. Electromagnetic radiation travels in 

straight lines; this is known as rectilinear propagation. Consequently, if 

one takes a source of small physical size (i.e. a point source), the rays 

diverge in all directions from the point source in straight lines. Because 

the rays are spreading out, the intensity of the radiation (i.e. the energy 

flowing through unit area per unit time, 10.5.3) decreases with 
increasing distance from the source. The relationship between the 

intensity and the distance from the source is an inverse-square law 

(compare with section 3.1.2), provided that the reduction in intensity is 

due only to the geometrical divergence and not to any absorption or 

scattering of the rays (14.2.2) by the medium through which they are 
passing. This is seen from Fig. 9.3, which illustrates the divergence of 
rays from a point source at O. OP, OQ, OR and OS represent the rays 
which pass through the corners a, b, c and d of unit area at 1 metre from 

O. At 2 metres from O, the same rays pass through the corners of the 

area represented by e, f, g and h. By the geometry of similar triangles, 

side ef is equal to twice side ab, and side fg is equal to twice side bc. 
Therefore area efgh is four times the area abcd. As there is no loss of 

energy by absorption or scattering, all the energy passing through area 

abcd also passes through area efgh. Therefore the intensity (energy per 

unit area per unit time) at 2 metres is one-quarter of the intensity at 1 

metre. 

DEFINITION The inverse-square law states that the intensity of the 
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Fig. 9.3 A diagram illustrating the inverse-square law. 

radiation from a point source varies inversely as the square of the distance 

from the source, provided that there is no absorption or scattering by the 

medium. 

This law is represented by the equation: 

k 
Intensity =S.ssos7 tee Eq. 9728 

(distance)* 

where k is a constant. This may also be expressed as: 

intensity at distance d, —1/d} 
Eq. 9.2b 

intensity at distance dy _—_1/d3 : 

For X and gamma radiation, the inverse-square law is usually stated in 

terms of exposure rate and not intensity; the relationship between these 
two quantities is explained in section 10.5.3. 

In practice, the inverse-square law applies to X rays travelling through 

air if they are generated at voltages above about 50 kVp. At lower 

voltages, absorption and scattering by the air are not negligible; they 
cause the exposure rate to decrease with distance more rapidly than 

would be expected from the inverse-square law. 
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9.2 THE QUANTUM THEORY OF RADIATION 

9.2.1 The wave and corpuscular theories. So far we have described 

electromagnetic radiation in terms of a wave theory. However certain 

properties of the radiation are better described in terms of a corpuscular 

theory in which the radiation is treated as a stream of particles or 

corpuscles. The two theories were first applied to the case of visible light. 

The wave theory gave a good account of the transmission of light but the 

corpuscular theory gave a better quantitative explanation of the way in 

which the light energy is emitted from a source and absorbed by a 
detector. 

9.2.2 The quantum theory. The wave and corpuscular theories 

(9.2.1) were combined by Planck into one theory, the quantum theory of 
radiation which recognizes the duality or dual nature of electromagnetic 
radiation. This states that energy is emitted or absorbed only in small 

units or ‘packets’ of energy known as quanta (singular: quantum). These 

quanta, which have no mass or electric charge, and which consist solely of 

energy, are also known as photons. The wave and corpuscular natures of 
the radiation are then related through the energy e€* of a quantum by the 

equation: 
€=hv Eq:.933 

where fA = a constant known as Planck’s Constant, having a value of 

6.626 x 10~*4 joule seconds, and 
v = the frequency of the radiation. 

Now from Eq. 9.1 (9.1.2), Av = c; therefore v = c/A. Hence, on 

substituting in Eq. 9.3, 

he 1 
€= Of}. .€° % == Eq. 9.4 

r r 

In words, this means that the quantum energy or photon energy € is 

inversely proportional to the wavelength of the radiation. 
Electromagnetic radiation can therefore be considered as a stream of 

quanta or photons, each photon having an energy equal to the product of 

Planck’s Constant and the velocity divided by the wavelength of the 

radiation. 

* € is the Greek small letter epsilon. 
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Column (3) of Table 9.1 (9.1.3) gives the photon energies correspond- 
ing to the wavelengths in Column (2). The photon energy corresponding 
to a given wavelength is calculated by substituting the values of 

Planck’s Constant (6.626 x 107*4 joule seconds), the velocity of the 
radiation (3 x 10° ms7') and the wavelength in metres in Eq. 9.4, the 
value obtained for the energy being in joules, the S.I. unit of energy. The 

photon energies in Table 9.1, however, are given in electron-volts (eV), 
which is a unit of energy often more convenient to use in radiation work. 

DEFINITION The electron-volt is a unit of energy equal to the kinetic 

energy acquired by an electron when it is accelerated through a potential 

difference of 1 volt. 

One electron-volt is equal to 1.602 x 107’? joules. 
By substituting the values of Planck’s Constant and the velocity in Eq. 

9.4 and by changing the units for photon energy and wavelength, one 

obtains the important relationship (10.4.3): 

1.24 
PDOLON CNeLOy Ike Ne eee | ES Sie 

wavelength in nanometres 

where 1 keV = 10° eV and 1 nanometre = 107? m. 

9.3. VISIBLE LIGHT AND FLUORESCENCE 

9.3.1 The production of light. In section 9.1.3 we saw that visible light is 

electromagnetic radiation having wavelengths in the small range over 
which the eye is sensitive to such radiation. This range extends from 
about 700 nanometres to 400 nanometres (1 nm = 107? m). 

Visible light can be produced in two ways. First, when a solid body is 

heated, the atoms and molecules vibrate and the vibration results in the 

emission of photons (1.4.3). If the temperature of the body is sufficiently 
high, some of the radiation emitted has wavelengths in the visible region 

of the spectrum (9.3.3). Second, photons are emitted when electrons 
jump between outer energy-levels in atoms or molecules following 
ionization or excitation. Again, some of these photons have wavelengths 
in the visible region of the spectrum (9.3.4). 
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9.3.2 Types of spectrum. The spectrum of a beam of radiation is a 

description of the range of wavelengths present in the beam and of their 

relative intensities. For visible light, there are two types of spectrum: 

(a) the continuous spectrum in which the intensity of the light is 

distributed in a continuous fashion over the range of wavelengths 
present (Fig. 9.4), 

Intensity 

Wavelength ——= 

Fig. 9.4 An example of a continuous spectrum in which the intensity of the radiation is 
distributed in a continuous fashion over all the wavelengths present. 

(b) the line or characteristic spectrum in which the light photons occur 

at a few wavelengths only (Fig. 9.5). 

Visible light can be produced with a continuous spectrum (9.3.3) or 

with a line spectrum (9.3.4), or with both types of spectrum occurring 
together. This differs from the output of an X-ray tube, in which the line 

spectrum of the X rays cannot occur alone and, if present, is 

superimposed on the continuous spectrum (10.4.1). 

9.3.3. The continuous spectrum of light results from the vibrations of the 

atoms and molecules of a solid body when it is heated to a sufficiently high 

temperature (1.4.3). The photons radiated by the vibrating atoms and 
molecules have a range of wavelengths; the shortest wavelength present 

(i.e. the highest photon energy) depends on the temperature to which the 
body is raised. If the temperature is moderate, say 400°C, the shortest 
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Intensity 

L HES 
Wavelength ——= 

Fig. 9.5 An example of a line or characteristic spectrum in which the radiation occurs at a 
few wavelengths only. 

wavelength radiated is in the infra-red region of the electromagnetic 

spectrum and the body radiates heat rays but no visible light. If the 

temperature is raised to say 700°C, the shortest wavelength present is now 
in the visible region of the spectrum and the body glows red, i.e. it 

radiates visible light as well as infra-red rays. If the temperature is raised 

further, the atoms and molecules vibrate more vigorously and the 

wavelengths of some of the photons radiated are shorter still and the body 

glows yellow. If the temperature is raised to say 1 500°C, the body 

appears white and is described as ‘white hot’. 

The change in colour of the body arises because photons of 

progressively shorter wavelengths (i.e. higher photon energies) appear to 

the eye as red, orange, yellow, green, blue, indigo and violet. The 

relationship between the wavelength of the radiation and the colour seen 

by the eye is given in Table 9.2. When the body is at a high temperature 

such as 1 500°C, photons of all wavelengths in the visible region are 

present (i.e. all the colours are present) and the radiation appears to the 
eye as white light. 

From the above, it is seen that the minimum wavelength in the 
continuous spectrum of the light decreases as the temperature of the body 
increases. This is analogous to the case for X rays where the minimum 

wavelength in the continuous spectrum decreases with increase in the 
peak value of the voltage across the tube (10.4.3). 
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TABLE 9.2 (9.3.3) The approximate relationship between the wavelength of the light and 
the colour seen by the eye 

Wavelength (nanometres*) Colour 

700 Red 
600 Orange 
550 Yellow 
500 Green 
450 Blue 
425 Indigo 
400 Violet 

*1 nanometre = 10° metre. 
A useful mnemonic for remembering the colours in the spectrum of visible light, in 

order of decreasing wavelength, is Richard Of York Gave Battle In Vain: Red Orange 
Yellow Green Blue Indigo Violet. 

9.3.4 The line or characteristic spectrum. When an atom is excited or 

ionized (2.4) by giving energy to an electron in an outer shell or 

energy-level, the vacancy created is subsequently filled by the transition 

or jump of an electron to that shell or energy-level (from one farther out) 
with the emission of a photon. As outer energy-levels of the atoms are 
involved, the energy of the photon (which is equal to the difference 

between the binding energies of the two energy-levels involved) is such 

that it is in the visible or ultra-violet regions of the spectrum. This process 

gives rise to the line or characteristic spectrum. The energy of the photon 

produced (and hence the wavelength of the radiation), being dependent 

on the binding energies of the levels involved in the transition, is 

consequently characteristic of the element of which the atom isa part. The 

process is similar to that which gives rise to the characteristic spectrum of 

X rays, but in the latter case the inner shells of atoms are involved and 

consequently the photons radiated have higher energies which bring them 

into the X-ray region of the spectrum (10.4.4). 
A common example of a characteristic spectrum is the yellow light 

radiated by sodium-vapour street lamps. Atoms of sodium are excited by 

an electrical discharge in the lamp and yellow light characteristic of the 

sodium atom is emitted during the subsequent transitions of the 

electrons. 

9.3.5 Fluorescence is the property possessed by certain crystalline 

substances of emitting characteristic radiation in the visible or ultra-violet 

regions of the spectrum after absorbing electromagnetic radiation of 

shorter wavelength. The short-wavelength radiation produces excitation 

in the substances and the subsequent transitions of electrons are 
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accompanied by the emission of radiation that is characteristic of the 

crystals. 
Fluorescence has important applications in radiology. The simple 

viewing screen used in the traditional technique for fluoroscopy (before 
the days of image intensifiers) consisted of a layer of zinc cadmium 

sulphide crystals supported on a white card and placed behind a sheet of 

lead glass. The X rays caused the crystals to fluoresce, emitting a 

yellow-green light to which the eye is very sensitive. The lead glass is 

relatively transparent to this visible light but it strongly attenuates the X 

rays, thus providing adequate shielding for the radiologist viewing the 

screen. 
Although traditional fluoroscopy was very valuable because it 

displayed movement in the patient, it had the disadvantage that, for 

X-ray intensities safe for the patient, the brightness of the screen was very 

low. This necessitated long periods of dark-adaptation for the radiolo- 

gist’s vision; even then he was unable to see the whole of the information 

displayed on the screen because of the poor efficiency of his vision at such 

low brightness levels. 

In the past twenty years the simple fluorescent screen has been 

gradually replaced in fluoroscopy by systems called X-ray image-intensi- 

fier television systems. In these, the X rays are again converted into light 

by means of a fluorescent screen, but the latter is enclosed in a device 

called an X-ray image intensifier. This, by electronic means, produces an 

image at brightness levels of about 5 000 times that of the simple 

fluorescent screen. Moreover, this image is viewed via a small television 

camera connected to one or more television monitors (receivers) so that it 

can be clearly seen at a number of different locations in the X-ray room or 

even elsewhere, and can be electronically recorded for future examina- 
tion. 

Another important application of fluorescence is the use of a pair of 

fluorescent intensifying screens in the cassette that holds the film used in 

radiography (10.1(ii)). Each screen consists of a layer of calcium 
tungstate or other suitable fluorescent material (such as the so-called 

rare-earth compounds) that fluoresce under the action of the X rays with 
the emission of ultra-violet, violet, blue or green light. About 95% of the 

image formed on the photographic film is due to the fluorescent light and 

only about 5% to the direct action of the X rays on the photographic 
emulsion, the precise proportions depending on the particular screen/ 
film combination being used. 
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10.1 THE PROPERTIES OF X RAYS 

X rays were discovered by R6ntgen in 1895 when he was investigating 

the conduction of electricity through gases at low pressure in glass tubes. 

He noticed that the positive electrodes in the tubes gave off invisible rays 

that caused fluorescent screens to glow and that fogged photographic 

plates. The rays were very penetrating; they passed through black paper 
and even thicker objects. They were not deflected in a magnetic field; 

R6ntgen therefore concluded that they were not streams of electrically 

charged particles which would have been deflected like a conductor 

carrying a current (6.2.2). As their nature was unknown, he called 

them ‘X rays’. Later, in 1912, they were shown to be electromagnetic 

radiation (Chapter 9) of very short wavelength. 
The properties of X rays may be grouped under the following headings: 

(i) Fluorescence (9.3.5). X rays produce fluorescence in materials 
such as calcium tungstate, zinc cadmium sulphide and caesium iodide. 

This effect produces the visible pattern seen on the simple screen in X-ray 

fluoroscopy (‘screening’) and is utilized in intensifying screens (see (ii) 

below). 

(ii) Photographic effect. X rays produce a latent image on photo- 
graphic film which can be developed to give a visible image, as in an 

ordinary photographic negative. This direct effect is utilized in film- 

badge dosimetry for radiation protection (17.5.2) and to a small extent 

in radiography. A radiographic film is most often used in a cassette 

containing a pair of fluorescent intensifying screens (9.3.5). Only about 
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5% of the image is formed by the direct action of the X rays; the remaining 

95% is due to the visible and ultra-violet light emitted by the intensifying 
screens and to which the film is more sensitive. The precise proportions 
depend on the particular screen/film combination being used. 

(iii) Penetration. X rays penetrate substances that are opaque to 

visible light. They are gradually absorbed the farther they pass through an 

object; the amount of the absorption depends on the atomic number and 
the density of the object and on the energy of the X rays (Chapter 14). An 

understanding of the way in which X rays are absorbed has several 

important applications: diagnostic radiology is based on differences of 
absorption in body structures, radiotherapy requires the calculation of 

the doses of radiation absorbed by parts of the body, and radiological 

protection involves the design of shielding to absorb radiation. 

(iv) Ionization and excitation (2.4). X rays produce ionization and 
excitation of the atoms and molecules of the substances through which 

they pass (14.1). These processes are important in all interactions of X 

rays with matter and form the basis of the properties listed here. The 

ionization of air by X rays passing through it can be demonstrated by 
irradiating the air surrounding a gold-leaf electroscope (3.2.1) which has 

been electrically charged. Air is normally a good insulator; however, it 

becomes a conductor of electricity when ionized. The leaves of the 

electroscope then fall together as the electric charge leaks away through 

the ionized air. The standard method of measuring quantity of X 
radiation or exposure is based on the ionization of air. The unit of 

exposure, the roentgen, is defined in section 15.2.1. 

(v) Chemical changes. X rays produce chemical changes in sub- 
stances through which they pass (14.1). One important change is the 

oxidation of ferrous sulphate (FeSO,) in solution to ferric sulphate. The 

amount of ferric sulphate (Fe,(SO,4)3) produced can be used as a 

measure of the quantity of X radiation absorbed and is the basis of the 
chemical system of dosimetry named after Fricke (15.5.7). 

(vi) Biological effects. X rays produce biological effects in living 

organisms, either by direct action on the cells or indirectly as a result of 
chemical changes near the cells (14.1.2). The cells can be either 
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damaged or killed. As a result, the organism itself can be injured or 

killed, or in the reproductive cells the genes can undergo mutations 

resulting in inherited changes in subsequent generations. Biological 

effects have to be considered in various contexts, for example, the need to 
protect individuals from overexposure (17.2), the planned killing of 
malignant tumour cells in radiotherapy, and the sterilization of hospital 

supplies, such as syringes and dressings, by large doses of radiation. 

10.2.) THE PRODUCTION OF X RAYS 

10.2.1 Energy loss by electrons. X rays are produced when electrons 

give up energy by either one of two processes: (i) the deceleration of a 

fast-moving electron resulting in the conversion of some of its kinetic 

energy into X-ray energy, and (11) the movement of an electron between 

two inner shells in an atom with the difference between the binding 

energies of the two shells being radiated as an X-ray photon. Both these 
processes can occur in the target of an X-ray tube (10.3). 

10.2.2 The principles of operation of an X-ray tube. In a modern 

X-ray tube, which is sometimes called a Coolidge tube after the inventor, 
electrons are released from a heated filament by thermionic emission 

(11.1.1). The electrons are then accelerated across the tube by a high 

voltage applied between the filament and the anode. When the electrons 
reach the anode, they are travelling at a high velocity; therefore they have 

high kinetic energy and this is converted into X rays and heat as the 

electrons interact with the atoms of the anode (10.3). 
The main features of an X-ray tube are shown diagrammatically in Fig. 

10.1; further constructional details and the electrical principles of 

operation are described in Chapter 11. 
(i) The filament, which is usually a spiral of tungsten wire, is heated by 

passing an electric current through it from a low-voltage supply. Electrons 

are then released from the filament by thermionic emission (11.1.1). 

Tungsten is used because it produces appreciable thermionic emission at 

temperatures well below its melting point. 
(ii) A high-voltage supply is connected between the filament which acts 

as the cathode and the target which is part of the anode of the tube. The 
targets of tubes used in medicine are usually made of tungsten; it has a 
high melting point, adequate thermal conductivity, and a high atomic 
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Fig. 10.1 A schematic diagram of an X-ray tube with a stationary anode. 

number (74) which increases the efficiency of X-ray production 

(10.6.4). 
(iii) Kinetic energy is gained by the (negatively charged) electrons 

released from the filament as they are accelerated to high velocity by the 

positive voltage applied to the target. This energy is then given up by the 
electrons in interactions with the target (10.3). 

(iv) A high vacuum exists in the tube so that there is no gas present to 

produce electrons by ionization, as was the case in R6éntgen’s original 

experiments (10.1). In these, electrons released by ionization of the gas 

molecules in the tube produced the X rays at the positive electrode. 

(v) A shield or focusing cup mounted near the filament forms part of 

the cathode assembly. This protects adjacent parts of the tube wall from 

damage by electron bombardment and is so shaped that it produces an 

electric field that focuses the electrons on to a small area of the target 

known as the focus or focal area. It is from the focal area, therefore, that 

the X rays emerge. 

10.3. INTERACTIONS OF ELECTRONS WITH THE TARGET 

The kinetic energy of the electrons when they reach the target of an X-ray 

tube is proportional to the value of the high voltage which has accelerated 

them acrossthe tube. This energy is converted into heat and X rays as the 

electrons interact or ‘collide’ with atoms in a thin surface layer of the 
target. An average of less than 1% of the energy brought by the electrons 

to the target of a diagnostic tube is converted into X-ray energy. In other 
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words, the efficiency (5.2.2) of X-ray production is less than 1%. This is 
because processes (i) and (ii) below predominate. At much higher 
voltages the efficiency of X-ray production is far greater; for example 

when X rays are produced at 4 MeV ina linear accelerator, the efficiency 
is about 40%. 

Four types of interaction are possible when an electron arrives at the 
target (Fig. 10.2): 

X— ray 
photon 

Fig. 10.2 The possible interactions of the electrons from the cathode with the atoms in the 
target of an X-ray tube: (i) excitation; (ii) ionization; (iii) ionization followed by the 
emission of a characteristic X-ray photon; (iv) Bremsstrahlung production. 

(i) Excitation involving an electron in an outer shell of an atom in the 

target. The incident electron coming from the filament transfers a small 

amount of energy (only a few electron volts) to an electron in an outer 
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shell of an atom in the target and displaces it to an energy level farther 
out. The process is that of excitation (2.4). The electron returns to the 

vacancy in the shell and the energy released in this transition appears as 

heat in the target. 
(ii) Ionization by the removal of an electron from an outer shell of an 

atom in the target. The incident electron transfers sufficient energy to 

ionize an atom of the target by the removal of an electron from an outer 

shell (2.4). The displaced electron, known as a secondary electron, may 

produce further ionization or excitation in other atoms of the target. 

Again only a small amount of energy is given up by the incident electron 

and it ultimately appears as heat. 
(iii) Ionization by the removal of an electron from an inner shell of an 

atom in the target and the subsequent emission of a characteristic X-ray 

photon. The incident electron transfers sufficient energy to remove an 

electron from an inner shell of an atom in the target. To do this, the 

incident electron must have energy equal to or greater than the binding 

energy for that shell. The difference between the binding energy and the 

amount of energy transferred from the incident electron is carried away 

by the displaced electron (the secondary electron) as kinetic energy. This 

kinetic energy is given up by the secondary electron as it produces 

ionization and excitation of other atoms in the target. The vacancy in the 

inner shell is filled by an electron moving inwards from another shell in 

the atom. When this transition or jump occurs, it is accompanied by the 

emission of an X-ray photon of energy equal to the difference between 

the binding energies of the two shells involved in the transition. This 

photon is known as a characteristic X-ray photon. It is characteristic of the 

element of which the target is made because its energy is related to the 
binding energies of shells in an atom of that particular element (the 

binding energies differ from element to element). This process gives rise 
to the characteristic X-ray spectrum (10.4.4). 

(iv) Bremsstrahlung production. The incident electron passes close to 

the nucleus of an atom in the target. The electron is negatively charged, 
and the attraction of the positive electric charge on the nucleus makes it 

decelerate (1.3.2). Consequently electromagnetic radiation must be 

emitted (9.1.1) and the electron loses energy in the form of an X-ray 

photon. The energy of the X-ray photon depends on the degree to which 

the electron is decelerated by the attraction of the nucleus; the photon 

energy can take any value from zero to a maximum. The latter occurs 
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when the electron passes very close to the nucleus and the deceleration is 

so great that the electron comes to rest. All its kinetic energy is thus 

converted in the one interaction into the energy of a single X-ray photon 
(10.4.3). 

The X radiation produced by the deceleration of electrons is known as 

Bremsstrahlung (i.e. German for ‘braking radiation’) and it gives rise to 
the continuous spectrum of X rays (10.4.2). 

10.4 SPECTRA OF X RAYS 

10.4.1 Types of spectrum. For visible light there are two types of 

spectrum (9.3.2). Similarly for X rays there are: 

(a) the continuous spectrum, in which the intensity of the X rays is 
distributed in a continuous fashion over the range of wavelengths 
present, and 

(b) the line or characteristic spectrum, in which the X rays occur at a 

few wavelengths only. 

When there is a characteristic spectrum of X rays present in the output 
of an X-ray tube, it appears as peaks superimposed on the smooth curve 
of the continuous spectrum (Fig. 10.3); it cannot be produced separately 
as in the case of light (9.3.2). A characteristic spectrum of X rays can, 
however, be produced separately by other methods. 

10.4.2 The continuous spectrum of X rays is also known as general or 

white radiation by analogy with white light (9.3.3). The continuous 

spectrum is the result of Bremsstrahlung production (10.3 (iv)) and it has 

the following main features (spectrum (i) in Fig. 10.3a, 10.4.1): 

(1) A definite short-wavelength limit i,,i, to the spectrum (10.4.3). 
(2) All wavelengths greater than the short-wavelength limit are present 

in the radiation until the long-wavelength limit A,,4x is reached, i.e. the 

spectrum is continuous. 
(3) The long-wavelength limit is not as clearly defined as the short- 

wavelength limit. X rays of all wavelengths longer than the minimum are 
generated in the target of an X-ray tube, but those of very long 

wavelength do not emerge from the tube assembly because of attenua- 

tion: (a) in the target itself, (b) in the materials of the tube and of the 
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(a) 

Intensity 

d min X min ay 

Wavelength —>— 

(b) 

Intensity —> 

€max €max 

Photon energy —>— 

Fig. 10.3 X-ray spectra: (i) the continuous spectrum only; (ii) the continuous spectrum 
with the characteristic line spectrum superimposed. (a) Intensity plotted against 
wavelength; (b) intensity plotted against photon energy. 

window in the tube housing, (c) in the cooling oil, and (d) in any added 
filters (14.5). 

(4) A peak in the intensity occurs at a wavelength two to three times the 
minimum wavelength for the usual amounts of filtration. 
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In Fig. 10.3a intensity is plotted against wavelength. If intensity is 

plotted against photon energy instead (Fig. 10.3b), the graph will appear 

‘left-to-right’ because short wavelength corresponds to high energy, etc., 

with the minimum wavelength A,»i, corresponding to the maximum 

photon energy €ax- (Strictly, the wavelength is inversely proportional to 
the photon energy, 9.2.2.) 

10.4.3. The short-wavelength limit. X-ray photons of the minimum 
wavelength (maximum photon energy) in the spectrum are produced only 

when both of the following occur to one electron: 

(a) it is accelerated across the X-ray tube to the target by the peak value 
of the applied voltage, 

(b) it passes so close to the nucleus of an atom in the target that it is 
decelerated to rest with all its kinetic energy being converted into a 

single X-ray photon. 

The energy of this photon (the maximum photon energy in the spectrum) 
is consequently proportional to the peak value of the applied voltage; its 
wavelength, the minimum wavelength in the spectrum, is inversely 

proportional to the peak voltage. Note that the minimum wavelength does 
not depend on the material of which the target is made. 

The minimum wavelength in a spectrum is calculated as follows. Let 

Amin = the minimum wavelength, 

€max = the (maximum) photon energy corresponding to Aynin, 

v = the frequency corresponding to Ain, 

c = the velocity of electromagnetic radiation in vacuum (about 3 x 

10° m s~'), 
h = Planck’s Constant (6.626 x 10~* joule second) (9.2.2), 

V,, = the peak value of the applied voltage, Pp 

e = the charge on an electron (1.602 x 107!’ coulomb). 

The energy of an electron arriving at the target after being accelerated 

by the peak voltage is eV, (Eq. 5.1, 5.1.1). But this is all converted into 

the energy of the photon of minimum wavelength, i.e. 

eV, = Cmax 

Now, applying the quantum theory (Eq. 9.4, 9.2.2), 
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he 
Emax = 

min 

therefore 

he he 
EV, = Or Nain eal dadie 

min eV 

h,cande are constants, and if their values are substituted in the equation, 

we get 

1.24 
SE ind are ge 

peak voltage in kilovolts 
nanometres Eq. 10.1 

where 1 nanometre = 10° metre. 
This important relationship is sometimes known as the Duane—Hunt 

Law. 

In some former textbooks, wavelength is expressed in Angstrom units 

(1 A = 107!° metre) and Eq. 10.1 becomes 

12.4 ° 

wes peak voltage in kilovolts 

10.4.4 The line or characteristic spectrum is superimposed on the 

continuous spectrum of an X-ray beam (spectra (11) in Figs 10.3a and b, 

10.4.1) if the applied voltage across the tube is equal to or greater than 

the critical voltage for the production of characteristic radiation in the 

particular material of which the target is made. Electrons which have 

been accelerated across the tube by the critical voltage arrive at the target 
with energy equal to the binding energy of an electron in the K-shell of an 

atom in the target; consequently atoms are ionized by the removal of an 

electron from the K-shell. The vacancy is then filled by the transition of 

an electron from another shell, usually the L- or M-shell, to the K-shell. 

The transition is accompanied by the emission of an X-ray photon of 

energy equal to the difference between the binding energies of the two 
shells involved. 

In the target, many atoms are ionized by the removal of an electron 

from the K-shell; in some the vacancy is filled by a transition of an 

electron from the L-shell of the atom, in others by a transition from the 

M-shell, and so on. Therefore a series or group of characteristic lines (the 
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K-series) appears in the spectrum arising from the various transitions that 
can take place. 

The transitions giving rise to the K-series are illustrated in Fig. 10.4 for 

the atom of tungsten (which is the usual target material in medical X-ray 
tubes). The X-ray photon emitted by an electron moving from the L-shell 

Ejected K- electron 

Fig. 10.4 An illustration of the transitions which produce the K, amd Kg lines in the 
characteristic spectrum. 

to fill the vacancy in the K-shell is known as Ky, radiation*; the 

transition of an electron from the M-shell to the K-shell gives rise to 

Kg radiation*. Similarly, the L-series of lines is emitted if electrons 
are ejected from the L-shells of the atoms. The subsequent transition of 
an electron from the M-shell to the L-shell gives rise to Ly, radiation, 

etc. 
The photons of the K-series are usually the only characteristic 

radiations with sufficient energy to emerge from a medical X-ray tube; of 

these, the K, and Kg are the most prominent. (The photons of 

the L-series have smaller energies and are almost completely absorbed 

* « and B are the Greek small letters alpha and beta respectively. 
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before emerging from the window of the tube.) The energies of the 

characteristic X-ray photons, being dependent on the binding energies, 
are greater the higher the atomic number of the target material, because 

the binding energies increase with increasing atomic number. For 
tungsten, for example, the photon energies of the K, and Kg 

radiations are respectively about 59 and 69 keV, which correspond to 

wavelengths of 0.021 and 0.018 nanometre. 
As the critical voltage for production of K characteristic radiation 

depends on the binding energy of the electrons in the K-shell of atoms in 

the target, it increases with increasing atomic number of the target. For 

tungsten, the critical voltage is about 70 kV. 

10.5 THE QUALITY AND INTENSITY OF X RAYS 

10.5.1 The quality of an X-ray beam. It is necessary to be able to 

describe the quality of a beam of radiation (i.e. to describe how 

penetrating it is) as well as to state the amount or quantity involved. 

With homogeneous (monochromatic or monoenergetic) radiation, 

where there is only a single wavelength present, i.e. where all the 

photons have the same energy, the quality is completely described by 

stating the wavelength or the photon energy. The beam from an X-ray 

tube, however, is heterogeneous, i.e. many wavelengths or photon 

energies are present. To describe fully the quality of such a beam, the 

spectrum of the radiation must be given as in Fig. 10.3 (10.4.1), i.e. the 
relative intensities of radiation of each wavelength or photon energy 
must be stated. In radiology, however, it is not often necessary for the 

description to be as detailed as this and the quality is usually specified by 

stating either the half-value layer or the effective photon energy of the 

radiation (10.5.2) together with the value of the applied voltage and the 
filtration. 

10.5.2 Half-value layer; effective photon energy. For some applica- 

tions, the quality of a beam of X or gamma radiation can be adequately 

described in terms of its half-value layer (h.v.1.), sometimes called 
half-value thickness (h.v.t.). (For the measurement of h.v.]., see section 
9.33) 

DEFINITION The half-value layer or half-value thickness of a beam of 
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radiation is that thickness of a stated material which reduces the exposure 

rate (10.5.3) of the beam to one half. 

The material specified is chosen so that the half-value layer is a 
convenient thickness for measurement, say a few millimetres. Alumi- 

nium is commonly used for X radiation generated by voltages up to 120 

kVp and copper for higher voltages. 

The quality of a heterogeneous beam can also be described in terms of 
its effective photon energy (or effective wavelength). 

DEFINITION The effective photon energy (or effective wavelength) of a 

heterogeneous beam of radiation is the photon energy (or wavelength) of 

that homogeneous beam which has the same half-value layer as the 

heterogeneous beam. 

The half-value layer or the effective photon energy does not give an 

unambiguous description of the quality of a beam of radiation; two X-ray 

beams with different spectra (and therefore of different qualities) can 

have the same half-value layer but their exposure rates would be reduced 

by unequal amounts by other thicknesses of the same material (Fig. 10.5). 

100% 

50% 

Exposure rate 

O half- value layer 

Thickness of material —>— 

Fig. 10.5 Exposure rate plotted against thickness of material for two X-ray beams of 
different qualities but with the same half-value layer in the material. 
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Consequently, in order to describe more precisely the quality of a 

heterogeneous beam, the peak value of the applied voltage and the 

filtration (14.5) are often stated in addition to the half-value layer or the 

effective photon energy. 

10.5.3 Intensity and exposure rate. We can express the quantity of 

radiation flowing per unit time in terms of the intensity of the beam of X 

rays. 

DEFINITION Intensity is the amount of energy flowing per unit time 

through unit area of a plane normal to (i.e. ‘at right-angles to’) the 

direction of propagation. 

In the spectra shown in Fig. 10.3a (10.4.1), the intensity of X rays of each 

wavelength is plotted against wavelength. The ‘otal intensity in the beam 

is then the sum of the intensities at all the wavelengths present and is 

represented in Fig. 10.3a by the area under the curve, i.e. between the 
curve and the wavelength axis. 

The intensity of a beam is a measure of the energy (1.3.5) flowing 

through unit area per unit time (J m-*s~') whereas in radiol- 
ogy we are interested in the effects produced by the radiation; these 

result from the energy absorbed by the medium (14.1). Quantity of 

radiation could be expressed in terms of any of the effects produced; one 

effect which is particularly convenient is the ionization of air by X 

radiation (15.1). Hence we have exposure (formerly called exposure 

dose); this is a measure of quantity of X radiation based on the ability of 
the radiation to ionize the air through which it passes (15.2.1) and is 
proportional to the energy absorbed by the air. The unit of exposure is the 

roentgen (15.2.1); exposure rate, i.e. exposure per unit time, is 

measured in roentgens/second, roentgens/minute, etc. 

The exposure rate is related to the intensity of the beam by the real 
absorption coefficient for the radiation in air (14.3.8). The exposure rate 

is consequently proportional to the intensity for a given quality of 
radiation. 

The word ‘exposure’ is sometimes used in another sense; it can refer to 

the product of the tube current and the time interval for which the X-ray 
tube is energized when taking a radiograph or giving a treatment in 
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radiotherapy, i.e. tomA X seconds (13.5.2). It is important to recognize 
these different uses of the word when making calculations such as those in 
examples A and B in section 10.6.5. 

10.6 THE FACTORS INFLUENCING QUALITY AND INTENSITY 

10.6.1 The voltage applied across the X-ray tube. The value of the 

applied voltage affects both the quality and the intensity of the X rays 

produced (Fig. 10.6). As the applied voltage is increased, the spectrum 

Intensity 

Photon energy > 

Fig. 10.6 The influence of the applied voltage on the spectrum of X rays: (a) a small 
applied voltage (less than the critical voltage for the production of the characteristic line 
spectrum); (b) a larger applied voltage (greater than the critical voltage for the production 
of the characteristic line spectrum); (c) a still larger applied voltage. 

extends to higher photon energies, resulting in increases in the half-value 
layer and the effective photon energy of the radiation. (The maximum 

photon energy is proportional to the peak value of the applied voltage, 

10.4.3.) The intensities at all photon energies present increase as the 
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applied voltage is increased; this results in the otal intensity, given by the 
area under the curve, being approximately proportional to the applied 

voltage squared. 
Notes: (i) If the applied voltage exceeds the critical voltage (10.4.4), 

the characteristic line spectrum will appear; however the value of the 

applied voltage does not affect the photon energies at which the 

characteristic lines occur. These depend on the binding energies of the 

shells in the atoms of the target material and hence only on the atomic 

number of the target material. 
(ii) The quality of an X-ray beam depends also on the type of 

rectification used in the high-voltage supply (12.4.2). If the instantan- 
eous value of the applied voltage is constant, as in a set with a constant 
potential generator (12.5.2), the spectrum of the X-ray beam during 

every small interval of time will be the same. If, however, the 

instantaneous value of the applied voltage is not constant, e.g. as in a set 

with self-rectification (12.2.1) or with pulsating voltage (12.3.1), the 

spectrum changes from moment to moment as the voltage across the tube 

changes. Consequently, the shape of the average or overall spectrum in 
the latter case is different from the shape of the spectrum produced at 

constant potential because it includes a greater proportion of low energy 

radiation (Fig. 10.7). 

10.6.2 The tube current. The value of the tube current, i.e. the flow of 

electrons from the filament to the target, affects the intensity but not the 

quality of the X rays produced (Fig. 10.8). The intensities at all the 

photon energies present increase in proportion to the tube current. There 

is therefore no change in the shape of the spectrum or in the maximum 
photon energy, but the total intensity is proportional to the average tube 
current. 

10.6.3 Filters are employed to alter the quality of a beam of X rays but 

they also reduce the total intensity of the beam. A simple filter consists of 

a thin sheet of material in which the attenuation increases rapidly with 
decrease in photon energy (at the energies commonly used in radiology) 

so that there is much greater attenuation of the low-photon-energy 
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Intensity —> 

Photon energy —— 

Fig. 10.7 The influence of the type of rectification on the spectrum of X rays: (a) 
pulsating voltage; (b) constant potential. 

Intensity 

Photon energy >> 

Fig. 10.8 The influence of the tube current on the spectrum of X rays. The tube current 
producing spectrum (b) is twice that producing (a). 
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(long-wavelength) radiation than of the high-photon-energy (short- 

wavelength) radiation in the beam (14.5). The shape of the spectrum is 

therefore altered (Fig. 10.9). 

Intensity —> 

Photon energy > 

Fig. 10.9 The influence of filtration on the spectrum of X rays: (a) before filtration; (b) 
after filtration. 

The filtered beam is described as harder (i.e. more penetrating) than 

the unfiltered beam because it contains a higher proportion of high- 
photon-energy radiation which is the more penetrating. 

10.6.4 The atomic number of the target material. The atomic number of 

the target material affects the intensity of the continuous spectrum of the 

X rays produced (Fig. 10.10). The intensities at all the photon energies 

increase with increase in atomic number so that the total intensity is 

approximately proportional to atomic number, i.e. X-ray production is 

more efficient the higher the atomic number of the target material. This is 

because the amount of Bremsstrahlung produced (10.3 (iv)) increases 

with increasing atomic number of the target material. Note that the 

maximum photon energy (minimum wavelength) in the spectrum does 

not change with atomic number and that there is no change in the quality 
of the Bremsstrahlung. 

When selecting the material for the target of an X-ray tube, the melting 

point has to be considered in addition to the atomic number. In practice, 
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Intensity —> 

Photon energy —— 

Fig. 10.10 The influence of the atomic number of the target material on the spectrum of 
X rays. Spectrum (a) is produced by a target material of higher atomic number than that 
which produces (b). 

tungsten (atomic number 74, melting point 3 370° C) is almost always 

used in medical tubes, although gold (atomic number 79, melting point 
1 063° C) is used in some megavoltage machines. In the latter, less heat is 

generated in the target because X-ray production is more efficient at 

these very high voltages (10.3). 

The atomic number of the target material also affects the critical 

voltage and the photon energies of the lines in the characteristic spectrum 

(10.4.4). An increase in atomic number of the target material results ina 

higher critical voltage and in higher photon energies (shorter wave- 

lengths) for the lines in the characteristic spectrum (Fig. 10.10). 

10.6.5 Summary and examples. The quality of a beam of X rays depends 

on: 

(a) the peak value of the applied voltage, 
(b) the type of rectification, 

(c) the filtration, 
(d) the presence of characteristic radiation. 

The intensity or the exposure rate is proportional to: 

if 
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(a) the applied voltage squared (approximately), 
(b) the tube current, 
(c) the atomic number of the target material. 

In addition, the total intensity is reduced by filtration. 

In symbols, 

$x VIZ Eq: 10.2 

where 
J = exposure rate (which is proportional to intensity), 

V = applied voltage, 
I = tube current, 

Z = atomic number of target material. 

If the exposure rates at different distances d from the focus of the X-ray 
tube are to be compared, the inverse-square law (9.1.4) can be combined 
with Eq. 10.2 to give 

VIZ 
da 

Eq. 10.3 o 

To obtain the corresponding equation for exposure (quantity of 

X radiation), the time interval ¢ must be introduced into Eq. 10.3 to give 

WIZt 

kg 
exposure «Sf ox Eq. 10.4 

Note that the target material for a medical X-ray tube is almost always 

the same (tungsten) and so the atomic number could be deleted from Eqs 
10.3 and 10.4. 

Example A. Consider an X-ray tube which produced an exposure of 
20 roentgens in 60 seconds at a point 0.5 metre from the focus of the tube 
when working with an applied voltage of 100 kVp and a tube current of 15 

mA. How long would it take to produce an exposure of 10 roentgens at a 

point 0.4 metre from the focus when the tube is working at 80 kVp and 5 
mA? 

Substitute in Eq. 10.4 for the first set of conditions putting V = Vj, etc. 

Vd Zath 

dj 
(1) first exposure 
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Similarly for the second set of conditions 

V5LZot 
second exposure « ————~ (2) 

d3 
Dividing (2) by (1) gives 

second exposure — V3I,Z tod 3) 

first exposure VAGiZit.G 

Note that as (1) and (2) are proportionalities, when (2) is divided by 
(1) the proportional sign is replaced by an equals sign in the resulting 
equation (3). 

Substituting numerical values in (3) gives 

10 (80)* 5Z, t, (0.5)? 
= 4 

20.  (100)*15Z, 60(0.4)? @ 

But Z, = Z, (because the target material is unchanged) and they 

cancel out in the equation. 
Rearranging (4) to make f, the subject of the equation gives 

10(100)* 15(0.4)? 60 
b= pee = . 91) seconds 

20(80)? 5(0.5)? 

The time taken to produce an exposure of 10 roentgens under the new set 

of operating conditions is therefore 90 seconds. 

Example B. As an example of the use of the word ‘exposure’ to mean 

the product of tube current and time (10.5.3), consider a radiograph 
taken at 2 metres focus—film distance and requiring an ‘exposure’ of 15 

mA seconds. What ‘exposure’ would give the same photographic density 

if the focus—film distance was reduced to 1 metre, all other factors 

remaining the same? 
In order to produce the same photographic density, the quantity of X 

radiation reaching the film must be the same under both sets of 

conditions. 
From Eq. 10.4, exposure (first meaning) = quantity of X radiation « 

(V*IZt/d*). Substitute for the first set of conditions putting V = Vj, 
Gtc; 
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VaZalyts 

dj 
quantity of X radiation « 

Similarly for the second set of conditions 

V3Z abot. 

d3 
As the quantities of X radiation reaching the film in the two cases are 

equal, 

quantity of X radiation « 

VoZoht, — ViZhty 

dt moserial. di 
Therefore 

sa as ViZi Git 

V5Zodj 

But V, = V2 and Z, = Z, and therefore the Vs and Zs cancel out in the 

equation. 

Substituting the numerical values gives 

Z 

I INWANS Lb = 72 = 

The ‘exposure’ required under the new set of conditions is 3.75 mAs. 
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1 1 Thermionic emission 
and X-ray tubes 

11.1 THE THERMIONIC DIODE 

11.1.1 Thermionic emission. When an electric current flows in a 

conductor, ‘free’ electrons move along the conductor (4.1.1). The 

so-called ‘free’ electrons, however, are free only in the sense that they will 

flow in one of the two possible directions, and will behave in a manner 

described by Ohm’s law (4.2.2). 

Electrons are light-weight particles (2.1.3) and therefore can move 

very rapidly under electric attraction or repulsion. Hence if they could be 

extracted from the relatively restrictive environment of a conductor (such 

as a copper wire) they might be made to perform more complex and 

useful functions than merely forming an electric current. This can be 

achieved in two ways: first, by expelling them into the free space in a 

vacuum, and second, by making use of them when they are situated 

between the regularly arranged atoms of a crystal of a material called a 

semiconductor. The latter method we shall discuss later (11.3.2, 11.6); 

the former is achieved by the process of thermionic emission, as follows. 

The atoms of a conductor, and with them the free electrons, are in a 

state of continuous vibration. The energy of the vibration determines the 
temperature of the conductor (1.4.1). At room temperature, both the 
atoms and their electrons attempt to escape from the surface of the 

conductor, but there are inter-atomic and electric forces which tend to 

hold them back. The net result is that very few atoms or electrons escape. 

If the temperature is increased, the vibrational energy of the atoms and 

electrons increases, until a certain temperature is reached when the most 
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energetic of the electrons escape permanently from the conductor’s 
surface. The latter process is called thermionic emission. As the 

temperature is further raised, even by just a small amount, more and 

more of the electrons escape. This process occurs at a temperature of 

around 2 000°C for pure tungsten (a metal widely used for this purpose in 
X-ray practice, 5.2.2); the effect is shown graphically in Fig. 11.1. Note 
that the electron emission increases very rapidly over quite a small 

temperature increase; this fact is important in the design of X-ray 

generators (13.5.1). 

Ls 

Electrons 
emitted : 
per 
second 

| 

Note the very rapid 

increase 

O 
—— 

Temperature of tungsten 

Fig. 11.1 The thermionic emission from tungsten. 

Thermionic emission can be regarded as a kind of ‘boiling-off’ or 

evaporation of electrons, although this process must not be confused with 
the actual boiling of the metal itself which would take place only at a very 
much higher temperature. In the latter case it is the tungsten atoms which 
would escape from the surface of the metal. 

The process of thermionic emission has enabled us to get electrons into 

free space; now we shall show how they can be made to perform more 

complex functions than when ‘imprisoned’ in a conductor. 

11.1.2 The thermionic diode consists of a glass bulb from which 

practically all the air has been removed, and which contains a thin 
filament of tungsten (like the filament of an electric lamp, 5.2.2). 

Current is passed through the filament so that it glows white-hot, and 

electrons are emitted from it at a rate which is determined by the precise 

filament temperature. Close to the filament is situated a plate of metal 
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whose shape depends on the particular application of the diode; it is 
usually called the anode but still retains the name ‘plate’ in the U.S.A. 
The filament and anode form the two electrodes which give the diode its 
name (di- = two; -ode = electrode); an electrode is simply a conductor by 

which electricity enters or leaves a volume of gas, liquid, etc. The 
filament is a particular example (universally used in X-ray generators) of 

the electrode whose general name is the cathode. Although the diode in 

general may be said to contain anode and cathode, we shall continue to 

speak of anode and filament because of the X-ray context. 
Fig. 11.2 shows a (thermionic) diode connected in a circuit whose sole 
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Fig. 11.2 The principle of the thermionic diode. 
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function is to demonstrate the properties of the diode; it has no other 
application. Notice the conventional symbol for the diode (4.1.2). The 

filament is heated by a current J; flowing in the filament circuit from By, 

the filament battery. The anode is connected to the filament via a 

centre-zero moving-coil milliammeter M and an anode battery B, whose 

direction can be reversed as shown in Figs 11.2a and b. Let us for the 
moment ignore the presence of the anode. The filament is heated to such 

a temperature that a moderate number of electrons leave it per second. 

What happens then? The electrons, having nowhere particular to go, 

form a cloud or charge in space, called the space-charge. This, being 
negative, tends to repel any further electrons trying to escape from the 

filament, and when the space-charge has become sufficiently dense, the 

emission from the filament ceases. 
Now consider the effect of the anode. If the anode battery B, is 

connected so that the anode is negative with respect to the filament 
(Fig. 11.2a), the space-charge will be repelled back towards the 

filament. After the initial momentary movement, no further current 

flows. In this condition the diode behaves as a non-conductor. If, 

however, the anode battery is connected so that the anode is positive with 

respect to the filament (Fig. 11.2b), electrons are attracted from the 

space-charge; they reach the anode and flow around the external circuit 

to the filament, through the anode battery which provides the e.m.f. 

necessary to drive them around. At the same time, the depleted 
space-charge exerts less repulsive force at the filament and more 

electrons are emitted, thus replacing those lost to the anode. A 

continuous process ensues which results in a continuous flow of current 

around the anode circuit. This is called the anode current /,. In this 

condition the diode behaves as a conductor. 

It is evident that the diode has an important property which an ordinary 

conductor does not have. A conductor will allow electrons to flow equally 

in either direction, according to the direction of the p.d. across its ends. A 

diode, however, will allow electrons to flow only from filament to anode; 

this is because the filament end is hot and acts as a source of electrons 

whereas the anode end is cold and does not. This property of the diode is 
extremely valuable; when used in this way the diode is called a rectifying 

valve or rectifier. Its chief use, as we shall see later, is to convert 

alternating current into pulsating unidirectional current. 
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11.1.3. The diode characteristic. In the last section the unique property 

of the diode, viz. its unidirectional conduction property, was explained in 
outline, and its application as a rectifier was mentioned. However, the 

diode has many other uses, the most important of which, in X-ray 

technology, is as an X-ray tube. The operation of this does not depend 

primarily on the rectifying action of the diode, but on other properties. It 

is necessary therefore to study the behaviour of the diode in greater 

detail; this may be done by reference to the demonstration circuit of Fig. 

11.3. This circuit is an elaboration of that in Fig. 11.2, in that the 

filament current J; can be varied by means of the rheostat Ry, and the 
anode-to-filament p.d. V, can be varied (either positively or negatively) 

by a tapping on the battery B,. 

Fig. 11.3 A circuit to demonstrate the characteristic curve of a diode. 

Suppose first that there is a moderate emission of electrons from the 

filament per second, and that V, is made zero by connecting the tapping 
point X to point Y (thus excluding the battery B,). The anode current /, 

indicated on the meter M will be zero, because there is no e.m.f. in the 

circuit to drive electrons round. (This is only an approximation to the 
truth, but is sufficient for our present purpose.) This point is shown at the 
origin of the graph in Fig. 11.4. Such a graph is called the characteristic 

curve of the diode, or simply the diode characteristic. 
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Fig. 11.4 The characteristic curve of a thermionic diode. 

Now suppose B, is connected, but in reverse polarity, so that starting 
from zero the anode can be made progressively more and more negative 

with respect to the filament. J, will still remain zero (11.1.2). This is 

shown as a horizontal ‘curve’ coincident with the J, = 0 axis; it is called the 

reverse region of operation. If V, is made more and more negative, 

however, thus travelling very far into the reverse region, a condition will 

be reached when there is sudden electrical breakdown, either inside the 

diode, due to ionization of residual gas molecules, or outside the diode, 

due to breakdown of the supporting insulators or to ionization of the air 

(3.3.2). The reverse region is a very important part of the diode 
characteristic, yet it is rarely illustrated explicitly in textbooks. 

Now suppose B, is connected with the polarity shown (Fig. 11.3) so 
that the anode is positive with respect to the filament, and that the p.d. V, 

is gradually increased from zero. The curves show that whatever the value 

of J; (within certain limits) the anode current J, will increase, at first 
slowly, then more rapidly. This part is often called the linear part of the 

curve, although in practice it is not strictly linear. As V, is further 

increased, the increase of J, becomes slower, and a condition is 
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eventually reached where no further increase in /, is obtained, for a given 

value of J;. This point marks the upper end of the space-charge-limited 
region (Fig. 11.4); the part beyond it is called the saturated or 

temperature-limited region. In this region, the anode is at such a high 

positive potential that all the electrons emitted by the filament at that 
temperature are attracted away from it immediately. In this region, the 

anode current J, is independent of the value of the anode voltage V,. Ifa 
change in J, is required, it can be produced only by changing the rate at 

which the filament is emitting electrons, i.e. by changing the filament 

temperature by varying J. Because J, is controlled only by the filament 
temperature this region is called temperature-limited. Fig. 11.4 shows 
characteristic curves for three different values of J; : high (J), medium 

(J;,) and low (J;,), corresponding to saturation currents (to the anode) of 
I,,, I,, and I, respectively. These currents correspond to values on the 

curve of Fig. 11.1 (11.1.1) and are marked on that curve for comparison. 

Notice that the three curves of Fig. 11.4 merge into one in the 

space-charge-limited region. Also shown in Fig. 11.4 is acurve of J, for a 
considerably greater filament current J, and therefore a much higher 

filament temperature. In this condition the emission from the filament (in 

electrons per second) is so copious that large currents may be passed by 

the diode at a relatively low value of V,; this condition is employed in the 

rectifier (11.3.1). 
We have discussed the diode characteristic in great detail because the 

diode is a very important device in X-ray technology. With necessary 
differences in mechanical design, an X-ray valve or rectifier is simply a 
diode operated in its space-charge-limited region, and an X-ray tube is 

simply a diode operated in its saturated or temperature-limited region. In 

the remainder of this chapter we shall enlarge on the principles of this 
distinction and describe the practical details of construction of these 

devices. 

11.2 X-RAY VALVES AND TUBES: PRINCIPLES 

11.2.1 X-ray valves or rectifiers. Electrical power is distributed in most 
countries, via the supply mains, in the form of alternating current 

(Chapter 8). However, many devices, for example X-ray tubes, do not 
function well with alternating e.m.f.s applied; it is therefore necessary to 
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convert the alternating e.m.f. or current to a unidirectional e.m.f. or 

current (8.1.5). This is done by the device known as a rectifier; in X-ray 

technology it is commonly called an X-ray valve, or simply valve, or 

perhaps a solid-state diode (11.3.2, 11.6). 
Figs 11.5a and b illustrate the principle of a rectifier. In Fig. 11.5a, the 

source of alternating e.m.f. drives an alternating current through the 

device represented by R; we shall assume that R functions best with 

Fig. 11.5 The principle of a half-wave rectifier; the arrows indicate the flow of electrons. 
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unidirectional current. In Fig. 11.5b, a switch has been interposed 
between the a.c. source and R, and it is assumed that some supernatural 
agency is available to open and close the switch at exactly the correct 

instants so as to ‘let through’ the positive half-cycle but to stop the negative 

half-cycle. The result of this imagined behaviour is shown in Fig. 11.5c; 

the dashed curve shows the alternating current which would flow in 

Fig. 11.5a and the full curve shows the unidirectional current of 
Fig. 11.5b. For this imaginary arrangement to work the switch would not 

only have to operate at exactly the correct instants (shown by O = open, 

C = closed in Fig. 11.5c), but also it would need to operate one hundred 
times per second (for a 50 Hz supply). Some early X-ray generators did in 
fact have switch-rectifiers, but they were unreliable and unsuccessful. We 
shall now show that a simple diode will fulfil the function of the switch 

automatically and reliably. 

In Fig. 11.5b, the switch, when closed has a resistance of almost zero; 

when open its resistance is nearly infinite (~). Now let us estimate the 
resistance of the diode whose characteristic is shown in Fig. 11.4 (11.1.3). 

At point X, in the reverse region, the resistance R = V/J = V/zero = 

oo. (Any finite number divided by zero is infinity!) At point Y, in the 

forward region, the current is moderately high and the voltage 

moderately low; hence R = low/high = low. Hence the diode, so long as 
it is operated in the space-charge-limited region, will behave in the same 
way as the switch in Fig. 11.5b, offering only a Jow resistance to the 

forward e.m.f. but an almost infinite resistance to the reverse e.m.f. 

Moreover, its resistance changes automatically according to the direction 

of the p.d. across it. The circuit of Fig. 11.5d shows how a single diode can 

be used to produce a half-wave unidirectional flow of current from an 
alternating source of e.m.f. This is therefore called a half-wave rectifier 

circuit. In this circuit the diode behaves very similarly to a motor-car tyre 

‘valve’, which allows air to enter the tyre from the pump but prevents it 

from leaving the tyre. The tyre valve is in fact operated by the air 

‘pressure difference’ (p.d.) across it, analogous to the electrical p.d. 

across the diode. We shall discuss practical aspects of rectifiers in 
sections 11.3.1, 11.3.2 and 11.6, and practical circuit arrangements in 

Chapter 12. 

11.2.2 X-ray tubes. X rays are produced whenever high-energy 

electrons are strongly decelerated (caused to lose their velocity rapidly) 
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(10.2). This may be simply achieved in the diode by applying a very high 
p.d. between anode and filament, resulting in the electrons from the 
filament acquiring a very high velocity and therefore a high energy by the 
time they reach the anode. When the electrons strike the anode they are 
decelerated (10.3) and produce X rays; the properties of the X rays and 
the factors influencing these properties were described in Chapter 10. In 
this section we shall discuss the electrical conditions necessary for 

efficient X-ray production. 
For clinical use, the X rays must be sufficiently energetic to penetrate 

large thicknesses of matter, e.g. soft tissue and bone. This can be 
achieved in an X-ray tube only by applying between 40 and 250 kVp be- 

tween target and filament. If the X-ray tube were operated in the space- 

charge-limited region, as is the X-ray valve or rectifier (11.2.1), the diode 
resistance (on the continuation of the curve for J, to high values of V, in 
Fig. 11.4 (11.1.3)) would be low and a very large current would flow. This 
would have many harmful effects: it would damage the X-ray tube, it 

would damage the generator circuit supplying the X-ray tube, and it 

would produce too large an intensity of X rays. Hence steps must be taken 

to limit the current, preferably by increasing the resistance of the X-ray 

tube itself. This can be most easily achieved by operating the tube as a 
diode in the saturated or temperature-limited condition, by reducing its 
filament temperature (11.1.3). For example, it can be seen that the diode 
resistances at points Z,, Z, and Z;3 (Fig. 11.4) can be made larger than in 

the space-charge-limited region, because the target-filament p.d. can be 

made as large as necessary, independently of the value of J, (R = V/J). 

The high value of resistance is simply achieved by regulating the value of 

I, by reducing the filament current and hence the filament temperature 
(hivty3): 
A secondary but very important advantage of this mode of operation is 

that the anode voltage and current, called ‘kV’ and ‘mA’ respectively in 

radiological practice, are almost entirely independent of each other. Thus 

the kV can be set to give the best depth dose or contrast for the particular 

subject (14.6.2, 14.6.3), then the mA adjusted independently to 
produce the required X-ray exposure rate (10.5.3). 
We have shown in sections 11.2.1 and 11.2.2 how the diode, 

operated in different conditions, can be used both as an X-ray valve 
(rectifier) and as an X-ray tube. However, the reader must not imagine 

that the same diode can be used for both purposes. The two functions 
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require quite different types of construction; these will be discussed in 
sections 11.3.1 and 11.3.3. Nevertheless, in principle, both devices 

behave electrically as diodes and have a common ‘ancestry’. 

11.2.3. The cold-cathode gas-filled diode. The inclusion of a small 

amount of an inert gas such as neon or argon (to a pressure of about 10 
mm of mercury) in the diode completely changes its characteristics. It is 
then known as a gas-filled diode, and the filament is replaced by an 

unheated cathode. It is sometimes therefore called a cold-cathode diode. 
Its properties may be demonstrated by means of the circuit shown in Fig. 

11.6. (Note the conventional symbol including the cold cathode and the 
‘gas filling’.) 

Protective resistance 

== 
Anode I 

| 

| 

"Gas | 
filling’ | 

ES 

L, Vp 
Cold / 
cathode 

Fig. 11.6 The principle of the cold-cathode gas-filled diode. 

Suppose we start with the battery voltage Vg at zero; the anode 

current likewise will be zero. Now let us increase the battery voltage 
slowly; the current increase will be negligible because the electron 

emission from the cold cathode is negligible, although there is a very 
small emission at room temperature. The electrons which are emitted will 

very soon strike a gas molecule; because their energy is low, no ionization 

will take place. As Vz is progressively increased, a stage will be reached 

when the energy of these few electrons is sufficient to ionize the gas 
molecules; this results in the expulsion from the molecules of more 
electrons, which in turn cause further ionization. The net result is a very 

large ‘burst’ of ionization (cumulative ionization), from which electrons 

travel to the anode producing a very large increase in anode current. This 
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corresponds to a sudden decrease in the resistance of the diode at a 

certain value of Vg; if it were not for the presence of the protective 

resistance R a damagingly high current would flow. 
The gas-filled diode differs from the thermionic diode in that its 

conduction takes place suddenly at a particular value of anode voltage, 
whereas in the thermionic diode the anode current increases gradually as 

the anode voltage is increased. The gas-filled diode is like a switch which 
is either ‘on’ or ‘off’; once it is switched ‘on’ (i.e. current is flowing) the 

only way to stop the current is to reduce V, to zero. The gas-filled diode 
thus acts like an electrical ‘trigger’, which allows a changing voltage (Vz) 

to initiate some electrical event (e.g. the end of an X-ray exposure) at an 

appropriate instant. This type of application will be briefly discussed in 

Chapter 13. 

11.3. X-RAY VALVES AND TUBES: PRACTICAL ASPECTS. 

SEMICONDUCTORS 

11.3.1 X-ray valves or rectifiers. The principle of the rectifier was 

discussed in section 11.2.1. The practical requirements for rectifier 
construction are as follows. 

(i) The insulation between anode and filament should be very good so 
as to achieve an external reverse resistance as high as possible. There 

should also be very few gas molecules left in the valve so that cumulative 

ionization (11.2.3) is unlikely to occur even with very high reverse 
voltages. 

(ii) There should be a copious emission of electrons from the filament 

so that the resistance of the diode in the forward direction is low (11.2.1; 

Fig. 11.4 (11.1.3), point Y, J;,). This ensures that the voltage drop across 

the rectifier is reasonably small for a given current in the forward 
direction. 

These requirements are best satisfied by a diode consisting of the usual 
evacuated glass bulb, in which the filament is a long tungsten wire formed 

into a number of loops. The anode is usually a cup-shaped metal 

electrode surrounding the filament. Because the voltage drop across the 

rectifier is small in the forward direction, the electrons arriving at the 

anode have quite low energies (of the order of 1 keV) and the power 

dissipated at the anode in the form of heat (P = VJ) is small. The anode 
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can therefore lose its heat easily by radiation (1.4.3) and no special 

difficulties arise as they do in X-ray tube design (11.3.3). It is usual to 
immerse the whole rectifier in oil so that the exterior resistance and the 
dielectric strength (3.4.2) are high. The condition of electrical break- 

down (Fig. 11.4, 11.1.3) is thus less easily reached. 

11.3.2 Solid-state (silicon) diodes. An alternative to the use of 

electrons in a vacuum, as in the thermionic diode, is to confine them 

between the regularly arranged atoms of a semiconductor (11.1.1). A 

semiconductor is a crystalline material of a special kind that is composed 
of an element, such as silicon, having four electrons in its outer shell 

(2.2.2). Electron shells are particularly stable when complete, in this 

case when containing eight electrons. A crystal of a semiconductor 

contains atoms that ‘share’ each other’s outer electrons. Every atom is 

surrounded by four other atoms, each of which shares one of its outer 

electrons with the central atom. The result is an exceedingly stable 

material which has (in principle) no free electrons, and which is 

therefore a very bad conductor. 

However, such a material can be made to conduct by introducing into 

it layers of impurities. If the impurity atom has five electrons in its outer 
shell, it can supply free electrons and is called an N-type (negative) 

impurity; if it has three electrons it can accept free electrons and is called 

a P-type (positive) impurity. Without going further into solid-state 

theory it can be seen in a general way that if N-type and P-type 

semiconductors are placed in contact, there will be a preferential 

direction of electron flow from the N-region to the P-region. Thus the 

semiconductor will act as a rectifier. It has the outstanding advantages 

that it is relatively small and, because it needs no filament supply, it is 
much more reliable and can lead to great circuit simplification. These 

advantages are of importance in the design of X-ray generators 

(Chapter 13). 
Solid-state diodes have been available for low voltages (up to a few 

hundred volts) for many years; an important low-voltage application is 

in the ‘bridge’ rectifier used to enable alternating currents to be read on 
a moving-coil meter (12.4.1). However, with the development of 

improved semiconductor materials from 1960 onwards, solid-state 

diodes have become available for high-kV use in X-ray generators. 

Details will be found in the latest books on X-ray apparatus construc- 
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tion. The theory of semiconductors is discussed more fully in section 11.6. 

11.3.3. X-ray tube design is a complex subject. The final result is a 

compromise among many conflicting factors, some of which are not 

concerned at all with electrical properties. Those aspects of X-ray tube 
design concerned with the production of radiation were discussed in 

Chapter 10. For the present purpose, it is sufficient to bear in mind that 
electrons from the filament strike the target with high energy, from 10 to 

250 keV, depending on the application, and that X rays are emitted in all 
directions. The area of the target struck by the electrons, which therefore 

forms the source of the X rays, is called the focal area. The part of the 

anode on which the focal area is formed is made of tungsten (10.2.2); in 

a conventional X-ray tube (Fig. 10.1, 10.2.2) this tungsten disk is 

usually embedded in a larger block of copper known as the anode block. 
Most of the electrical energy imparted to the electrons as kinetic energy 

(1.3.5) is converted into heat in the focal area; less than 1% of the energy 
appears as X rays. The X-ray tube designer’s greatest problem is to 

arrange for this heat to be removed as rapidly as possible; he must ensure 

that the production of X rays proceeds efficiently despite the large 

increase of temperature which results even when a large part of the heat is 
removed. 

Let us first discuss the X-ray requirements, disregarding the heat 

problem. Electrons travel to the target from the filament, and to ensure 
unimpeded emission of X rays it would seem natural to make the target 

surface at an angle of 45 degrees relative to the electron direction. The 

centre-line of the X-ray beam (called the X-ray beam axis) would also be 

at 45 degrees to the target surface. This condition is shown in Fig. 11.7a, 

from which it will be seen that the actual or real size of the focal area on 
the target surface is not the same as the electron beam cross-section. If the 

latter is assumed square and, for example, of 1 mm side, the real size of 

the focal area will be 1 mm wide and 1 x V2 = 1.4 mm long (because 

1/sin 45° = V2). However, if an observer, capable of seeing X rays 

with the unaided eye, were to look along the X-ray beam axis he would 

see a focal spot of apparent or effective size 1 mm wide and 1 mm long. (It 

is, of course, most dangerous ever to look into an X-ray beam!) 

In most applications of X-ray tubes it is important to have a small 

effective size of focal spot. In radiography and fluoroscopy, which use 

what are virtually ‘shadow’ pictures, the sharpest picture will be obtained 
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Fig. 11.7 The relation between real and effective focal-spot sizes; self absorption in a 
target. 

with the geometrically smallest radiation source (14.7.2). In radiother- 

apy, the treated area is delineated by a shadow cast by the treatment 

applicator, and the sharpest edge to the beam will be produced by the 

smallest focal spot, although this requirement is not so stringent as in 
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radiography. Diagnostic radiology requires effective focal spot sizes of 

0.3 to 2 mm square (with 0.1 and 6 mm as outside limits for special 
applications) while radiotherapy demands no better than 10 mm. Why 

should we not have the smallest possible focal spot for all applications? 
The reason is twofold: first, that it is difficult to focus electron beams on 

very small areas; second, that if all the electrons could be concentrated 

into a small area, great difficulty would be experienced in getting rid of 

the very large concentration of heat so produced. In other words, for ease 
of heat removal we require a large real focal area, and for good 
radiological sharpness a small effective focal spot. This is achieved by 

making the surface of the target at a small angle to the X-ray beam axis. 

Fig. 11.7b, for example, shows a target angle of 20 degrees; at this value, 

for an effective size of focal spot of 1 mm xX 1 mm the real focal area is 3 
mm X 1 mm. This is sometimes called a line focus. The heat escapes by 

conduction much more readily from the large focal area, and it is easier to 

focus the electrons on an area of this size. 
In section 10.2 we described how X rays are produced in a target. 

However, the X rays produced, to be of any use, must emerge from the 

target; this is a requirement which has many implications in target design 

and use. First, it limits the extent to which the effective focal spot size can 
be reduced by decreasing the target angle. Fig. 11.7c shows how 

Bremsstrahlung produced in the first two or three molecular layers of the 

target surface can emerge more easily towards the filament end of the 

tube (1) than towards the anode end (2), because in the latter direction 
the X rays must traverse a longer path in the tungsten than in the former 

direction. This is known as the ‘anode heel’ effect; it results in the 

exposure rate at the anode side of the X-ray beam being smaller than that 

at the filament side. The inequality affects both radiography and 
radiotherapy but is usually more important in the latter. Second, if the 

focal area on the target is rough or ‘pitted’, because of either faulty 

manufacture or target erosion (11.3.4), X rays produced at the bottom of 

the ‘pits’ may have to traverse a longer path in tungsten before emerging 

in any direction and may thus be considerably attenuated. This condition 
is shown in Fig. 11.7d. 

Fig. 11.8 shows the salient features of the filament-target assembly of 
an X-ray tube. The filament consists of a spiral of thick tungsten wire 

operated from a low-voltage high-current source. The filament emits 

electrons in all directions; to focus these into a rectangular area on the 
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Fig. 11.8 The salient features of a conventional X-ray tube filament—anode assembly. 

target, the filament is partially enclosed in a semi-cylindrical metal cup, 

called the focusing cup. This, together with the nearby target, produces 

an electric field (3.1.2) of such a shape that the electrons are roughly 
focused on the desired target area. The focusing cup also serves to prevent 
electrons from the filament from charging and perhaps damaging the 

glass wall of the tube. 

Sometimes it is necessary to make a rough measurement of the 

effective size of the focal spot. This may be done by taking a non-screen 

radiograph (i.e. with film alone to give high definition) of a special kind of 

‘pinhole’ made in a block of lead or similar metal. If, for example, the 

distances from the focus to the pinhole and from the pinhole to the film 

are equal, then the size of the image on the film (after development) will 
be equal to the effective focal spot size (Fig. 11.9). However, there are 

many complicating factors in this measurement and the result obtained 
should be regarded as only very approximate. 

11.3.4 X-ray tube cooling. One reason for using tungsten for the target 

material is that it is a fairly good conductor of heat; the heat produced by 

the electrons therefore escapes fairly readily into the main copper anode 
block. The precise means adopted for cooling the tube, however, depend 

on its application. The types of medical application are summarized in 

Table 11.1 
In both fluoroscopy and radiotherapy, the power involved, that is the 

rate of production of heat in the tungsten target, is relatively small. The 

heat is easily conducted to the copper anode block, and from there it is 

removed in one of two ways. All X-ray tubes are enclosed in metal cases 

which are both shockproof (12.3.3) and X-ray proof, the cases being 

filled with oil for insulation purposes. For fluoroscopy and superficial 
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Fig. 11.9 The approximate measurement of effective focal-spot size using a pinhole. 

therapy, the heat arriving in the copper block is removed sufficiently 

quickly by oil convection (compare the transformer, 8.3.2) and then 
from the metal case by air convection. Sometimes a small fan is arranged 

to blow air on the case to assist cooling. Such a tube is shown in Fig. 10.1 
(10.2.2). In so-called ‘deep’ radiotherapy, however, when the total 

energy per exposure is very large (Table 11.1) (but spread over a long 

period), it is necessary to remove heat from the copper block by more 
positive means. This is done by pumping oil in and out of a cavity in the 

TABLE 11.1 (11.3.4) Typical conditions of use of medical X-ray tubes 

Time factor Use Typical factors Power Exposure Energy per 
time exposure 

Conti eanbpeiiok. 100 kV* 0.5 mA 50 W 300 s 15 kJ 
ontinuous =i Radiotherapy 250kV*15mA = 3.75 kW 600s 2 250 kJ 

Intermittent Radiography 100 kV* 500 mA 50 kW 0.2.s 10 kJ 

*The p.d. across the tube is, for simplicity, assumed constant, although this is by no 
means always true (Chapter 12). 
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Fig. 11.10 Designs of X-ray tube for high-power radiotherapy and radiography: (a) the 
anode block of a ‘deep’ therapy tube cooled by oil; (b) a rotating-anode tube for 
radiography. 

rear of the anode block (Fig. 11.10a). The oil is in turn cooled in a heat 
exchanger by cold water from the mains supply. 

High-power radiography, however, poses quite a different problem. 
Here the total energy per exposure (Table 11.1) is quite small; it is 
therefore unnecessary to make any special provision for continuous 

cooling of the anode block. The greatest difficulty, however, is caused by 

the rate of production of heat in the target, viz. the power, which Table 
11.1 shows might be as much as 50 kW; it can be even more in a very large 

X-ray set. At this power the heat is no longer able to flow by conduction 

from the tungsten to the copper sufficiently fast to prevent a harmful rise 
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in temperature of the focal area. For many years this limited the maximum 
radiographic exposure possible, until the invention in 1933 of the 

rotating-anode X-ray tube. The principle of this tube is illustrated in Fig. 

11.10b; it effectively incorporates means by which the ratio of the real focal 
area to the effective size of the focal spot can be increased far above the 

value determined by the angle of the target (11.3.3). Thisis done by making 
the anode in the form of a tungsten disk with its edge bevelled to the correct 

angle. This disk is mounted ona shaft which is driven by an induction motor 

(6.3.3 and below). Before the radiographic exposure is made, the motor is 
energized, the anode disk rotates very rapidly, and the electrons that 

generate the X rays thus strike a focal area that extends over its whole 

circumference. No part of the anode therefore attains a damagingly high 

temperature; the effective focal spot size is unaltered by this artifice. Heat 

is removed from the anode disk of the rotating-anode tube mainly by 
radiation. A recent development in anode design is to make part of the 
anode disk of hard carbon, which has a high specific heat (1.4.2) compared 

with tungsten. Thus the amount of energy permissible in the exposure fora 

given temperature rise of the anode is even greater. 

The rotating anode is driven by an induction motor. On the shaft of the 
anode disk is mounted a cylinder of copper, called the rotor. Outside the 

X-ray tube (Fig. 11.10b) are coils of wire through which an alternating 

current is passed when rotation is required. The current produces an 

alternating magnetic field which induces an alternating e.m.f. and hence a 
current in the rotor; the magnetic field due to the latter current interacts 

with that of the external current to produce rotation. The use of this type of 

motor, requiring no electrical connexions to be made to its rotor, simplifies 
the design of the tube. The bearings carrying the rotating shaft are 

lubricated with a dry lubricant and normally last the whole life of the tube. 

Despite the use of these cooling methods, occasionally X-ray tube 

targets overheat because of a fault in the apparatus or because of persistent 

tube overloading (11.3.5). What happens then? The result of the 
overheating is that the surface layers of the target evaporate, leaving it with 

an eroded or ‘pitted’ surface. This is not only a less efficient X-ray source 

(because of self-absorption, 11.3.3) but also the evaporated tungsten tends 
to be deposited on the inside of the glass tube thus increasing its inherent 

filtration (14.5) and reducing the tube output. The tungsten deposit may 
also cause irregular conduction paths within the tube, resulting in electrical 
instability and breakdown. 
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Fig. 11.11 A rotating-anode X-ray tube in its shield. 

Fig. 11.11 shows a rotating-anode tube, known by engineers as the 

insert, mounted in its housing or shield (S) complete with high-voltage 

connexions, etc. The shield is made of steel; it is firmly earthed to provide 
protection against electrical hazards. It is lined with lead (L), to provide 

protection against radiation hazards. Naturally a gap has to be left in the 

lead lining to allow the X rays to be emitted; this part is usually circular, 

made of plastic, and is called the port (P). It is directly opposite the focal 
area, which is situated on the periphery of the anode disk (AD). 

The high-voltage (high-tension) cables HVC are connected to the 

X-ray tube via high-voltage connectors. The filament cable has three 

separately-insulated conducting cores, one common, and the other two 

supplying the two filaments of a dual-filament tube. Although the anode 

cable need only have a single core, in practice a three-core cable is used so 

that the two cables can be interchangeable and only one spare need be 

carried in stock in case of breakdown. 
What happens when the tube gets hot? The oil, which fills the shield 

and surrounds the tube insert, naturally absorbs some of this heat and 

expands (1.4.1). If means were not provided to allow for this expansion, 

very great forces would be generated and the shield would probably 

fracture at its weakest point (the port). Accordingly, one or more bellows 
(B) are provided, each filled with air (A) to accommodate this expansion. 
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Contacts (C) are often provided in the bellows, so that if the tube 
overheats, and the bellows contract excessively, a safety circuit is 

energized that prevents the tube from being used until it cools down to 

a safe temperature. Thus the tube is protected also against thermal 

hazards. 

11.3.5 X-ray tube ratings. When an X-ray tube is installed for a partic- 
ular group of applications, for example for fluoroscopy and radiography, it 
may be assumed that it is suitably designed in accordance with principles 
that have been briefly outlined in sections 11.3.3 and 11.3.4. It then 

remains only to use it in a manner that will give the best possible 
radiological results and that will ensure a long life for the tube; this is 
partly the responsibility of the radiographer. 

To ensure proper use, two types of requirement in general need to be 
satisfied. First, the X-ray tube should be appropriately positioned in 
relation to the patient and the film, and suitable exposure factors (kV, 
mA and time) chosen, so as to give the desired result. Second, the factors 

chosen should not be such that the tube is overloaded, causing rapid 
deterioration and perhaps early breakdown. 

Tube positioning, etc., is studied elsewhere under the headings of 

radiographic and radiotherapeutic techniques. Tube overloading is 
avoided by the use of certain graphical and other information supplied 
with the tube and given the general name X-ray tube ratings. The subject 

of tube rating is complex and will be studied elsewhere under the heading 

of apparatus construction; here we shall merely summarize the basic 
physical concepts that are relevant. 

X-ray tube rating dictates firstly, what maximum combinations of kV, 
mA and time may be used, and secondly, how often these may be used ina 

given total period of time. Two types of limitation exist: electrical and 
thermal. 

The maximum permissible (peak) kV, regardless of mA, is determined 

by the design of the tube and of its shockproof housing (12.3.3). The kV 

must not be so great as to exceed the dielectric strength of the insulation 

outside the tube or to ionize the small amount of residual air inside the 
tube. The maximum permissible mA, regardless of kV, primarily 
depends on the tube filament design and its maximum available 

electron emission, although certain secondary effects associated with 

space-charge formation complicate the situation. These are both 
electrical limitations. 
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The maximum permissible kV and mA considered together, however, 

are determined by the maximum power (P = V/) that may be dissipated 

in the focal area; this is primarily a thermal limitation. Depending on the 
tube application, it may or may not be associated with exposure time. For 

example, a ‘deep’ therapy tube, because it is continuously cooled, may be 
operated almost indefinitely at, say, 200 kV and 15 mA. On the other 

hand, the rating of a rotating-anode tube, which depends on the thermal 

capacity of the anode disk and on its subsequent cooling by thermal 
radiation, involves the exposure time. 

In X-ray technology it is usual to express energy in terms, not of joules 

or calories, but of heat units (H.U.). The number of heat units involved in 

a typical radiographic exposure, for example, is given by 

number of heat units = kVp X mA X seconds. 

The relationship between heat units and joules cannot easily be derived 

from this equation because the kV waveform must be taken into account. 

The maximum energy permissible in a single exposure is expressed in 
heat units. However, this exposure would raise the focal area to its 

maximum permissible temperature; in principle, one would then have to 

wait a very long time for the target to cool down sufficiently for a second 

similar exposure. In practice, the normal interval between one patient 
and the next is an adequate cooling time when single exposures are 
concerned. However, for multiple exposures, e.g. in serial angiography, 

exposures may be made at a faster rate provided a lower energy 

(kV.mA.s) per exposure is used. The X-ray tube ratings give all the 
required information for every possible routine application. However, in 
most modern X-ray generators there are circuits that automatically 

ensure that the X-ray tube ratings are not exceeded. 

11.4 TRIODE VALVES 

11.4.1 Triode valves. The thermionic diode (11.1) is the simplest form 

of thermionic valve, and is used in different physical forms for the 
rectification of alternating current (11.2.1) and for the production of X 

rays (10.2.2). However, it is possible to make electrons perform many 

functions more complex than these, and the next development to this end 
is called the thermionic triode valve, or simply triode. 
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(a) 

Fig. 11.12 A thermionic triode valve (‘triode’). 

In the triode (Fig. 11.12), a third electrode, called the grid, is included 
between anode and filament. Fig. 11.12a shows a sectioned drawing of a 

simple triode, and Fig. 11.12b is the conventional symbol for a triode. 

The grid usually consists of a spiral of very fine wire. 

Fig. 11.13 shows a simple circuit that can be used to demonstrate the 

properties of the triode. Unlike the diode, the triode is usually operated 

Fig. 11.13 A circuit to demonstrate the characteristic curve of a triode. 
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with the anode always positive with respect to the filament. In this 
condition, with the grid connected to the centre point of the grid battery 

B,, i.e. at zero potential relative to the filament, an anode current will 

flow, represented by point B in Fig. 11.14, which shows the characteristic 
curve of a typical triode. This current will give a reading on the anode 
current meter mA. 

—<—/\ 

——B 

Yo + 
| 

A 
cut-off 

Fig. 11.14 The characteristic curve of a triode. 

Now if the grid is made progressively positive with respect to the 

filament by changing the tapping on the grid battery B,, two things 
happen. First, electrons will be attracted and will flow to the grid forming 

a grid current J,. Second, other electrons that are attracted to the region 
of the positive grid will miss the grid wires and shoot through the spaces to 
the even more positive anode, thus increasing the anode current towards 
the point A (Fig. 11.14). If, on the other hand, the grid is made negative 
with respect to the filament, no electrons will flow to the grid (J, = 0) and 
the anode current will be progressively reduced because of repulsion until 

eventually it is cut off (point C). It is apparent that the anode current is 

being controlled by the grid voltage. In section 11.2.1, the action of the 
diode was compared with that of a motor car tyre ‘valve’, whose 

conduction (of air) depended only on the ‘p.d.’ (pressure difference) 

across it. In the triode, we have a further type of behaviour, in which its 
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conduction (/,) is controlled by the effect of another agency, in this case 

the grid voltage. Its behaviour can be likened to that of the ordinary 

kitchen tap, in which the flow of water is controlled by the turning of the 
handle of the tap. Evidently we have produced a device in which the flow 
of current in one circuit (,) can be controlled by a voltage (V,) in another 

circuit. But this is not the whole story. If the grid voltage is positive with 
respect to the filament, grid current flows, and power is consumed (V, Xx 

I,) in the grid circuit. But if the grid is negative with respect to the 

filament, no power is consumed, for J, = 0 (see above) and V, x 0 = 0! 

It is as though we had produced a kitchen tap that needed no force to 

operate it! This is the great secret of the usefulness of the triode, because 

it enables us to control a considerable power in the anode circuit (Vz x I,) 

by zero power in the grid circuit (V, x 0), so long as we keep the grid 

negative with respect to the filament. This process is often called 

amplification. 

11.4.2 A simple X-ray exposure-rate meter. The uses of the triode are 

(or were, see later) many, but one example from radiology will suffice. If 

X or gamma rays are incident on an ionization chamber, the air in the 

chamber ionizes, and if a suitable p.d. and circuit exist an ionization 
current will flow (15.2.3). This effect is used-in the exposure-rate meter 

(15.2.4). Unfortunately the ionization current is extremely small (a 
typical value being 107’? A) and is many orders of magnitude too 

mA 

Fig. 11.15 The principle of a triode exposure-rate meter. 
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small to actuate even the most sensitive moving coil meter (6.3.2). Fig. 
11.15 shows the principle of an exposure-rate meter using a triode. The 
ionization current J; from the ionization chamber IC and the battery B, is 

made to flow through a resistor R, op very high value. The pts 

current may be very small (say 10°? A) but as the resistance of R, 
very large (e.g. 10'* Q) the voltage drop V; across it will be V; = LR, 
10-'* x 10!” = 1 volt. If this voltage is used to change the grid so teauaitl af 
a triode (in this case in a positive direction) the anode current J, indicated 

on the meter mA will change and will be a measure of the ionization 

current. The function of the battery B, is to ensure that the grid of the 

triode always remains negative with respect to the filament, so that any 
grid current will not alter the effective value of the ionization current (see 
above). A practical exposure-rate meter is much more complex than is 

shown in this simple circuit and has facilities for zero-setting, range- 
changing, etc. 

Triodes have now been largely superseded by their solid-state 
(semiconductor) equivalent, the transistor (11.6), except for high-power 
uses, for example in certain X-ray generators and in radio transmitters. 

11.5 CATHODE-RAY OSCILLOSCOPES 

Two other functions that electrons may be made to perform are those of 
drawing graphs and pictures very rapidly. These two functions are 
performed in the cathode-ray oscilloscope and the television monitor 

respectively; both devices contain as their essential feature a tube known 

as a cathode-ray tube. 
Fig. 11.16a shows a highly simplified diagram of an instrument type of 

cathode-ray tube, that is, one used for drawing graphs. It consists of a 
tubular-shaped envelope of glass with a flared end (the diagram shows a 

side view), the large end having a fluorescent screen (9.3.5) formed by the 

deposition of powder on its inner surface. At the other end of a tube is a 
structure known as the ‘electron gun’; this in its simplest form consists of a 
thermionic cathode which produces electrons and an anode with a small 

hole at its centre. The anode is held at a high positive potential with 

respect to the filament; this results in the electrons being attracted to it 
with high velocity. Those that go in the direction of the hole shoot 

through and pass as a beam down the tube, hitting the fluorescent screen 
and producing a spot of visible light. (In practice, the simple arrangement 
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Fig. 11.16 A cathode-ray tube: (a) side view; (b) front view showing a typical waveform. 

shown would produce a blur instead of a spot because the electrons in 

their passage along the tube repel each other; the electron gun in practice 

is therefore more complex than that shown and includes arrangements for 

focusing the electrons into a fine spot on the screen.) 
Now suppose we wish to cause the electron beam to draw a graph on 

the tube face, i.e. on the fluorescent screen. A graph consists of a diagram 

on two axes, X and Y, and it is therefore necessary to move or deflect the 

electron beam horizontally and vertically. This is done by an assembly of 

electrodes known as the deflexion system (DS). This consists of two pairs 

of plates, X and Y, one vertical and the other horizontal. Suppose the 

upper plate of the horizontal pair (Y) is given a positive potential. Then it 
will attract the electron beam and deflect it in an upward direction. The 

spot will then move upwards on the screen. It can be easily seen how the 
spot can similarly be moved downwards and from side to side. 

Now suppose we wish to draw a graph like a waveform. This could, for 

example, be the kV waveform across an X-ray tube (12.6.3). The 
waveform under consideration is applied across the Y deflexion plates, 
and across the X deflexion plates another waveform is applied, known as 
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a timebase, which will make the electron beam, and hence the spot, move 
from left to right relatively slowly and then fly back rapidly to its starting 
point at the left-hand side of the tube face (Fig. 11.16b). The timebase 
produces an X deflexion that is proportional to time; that is the basic 
requirement for a waveform. The great advantage of the cathode-ray 
oscilloscope is that it will draw graphs (and in particular waveforms) 

almost as fast as is ever required, because of the lightness of the electron. 

Sometimes cathode-ray tubes are used to draw pictures, for example in 

the well-known television monitor or receiver. In this case the design of 

the cathode-ray tube is different in ways we cannot discuss here; for 

example (an obvious point) the screen is rectangular instead of circular, 

also the deflexion system is magnetic instead of electric. Two timebases 

are used, X and Y, and together they produce the familiar rectangular 

picture on the screen. In addition, in the electron gun is an electrode 
called the grid (compare the triode, 11.4) by which the spot can be made 

more or less intense. This produces the lighter and darker parts of the 

picture. Such a picture, in black and white, is familiar in the modern 
X-ray department, but in commercial colour television, further complica- 

tions, including the use of three electron guns and extremely complex 
circuits, produce the colour picture. 

11.6 SEMICONDUCTORS 

The simple theory of semiconductors has been presented in section 

11.3.2; in this section the theory is given in more detail. 

11.6.1 Semiconductor theory. Before discussing semiconductors as 

such, we must first of all introduce the subject of band theory in 

conductors and insulators. In section 4.1.1, conductors were described as 

materials that contain a large number of free electrons, which, as their 

name implies, are free to move with little hindrance in the space between 
the atoms of the conductor. Insulators are thought not to have these free 
electrons; hence no current can flow through them. We must now explain 
why these differences exist, for an understanding of the reason will lead to 

a better understanding of the behaviour of semiconductors. 
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Fig. 11.17 Electron energy bands of (a) an insulator; (b) a conductor. 

Electrons in a solid must each have a particular energy; the energy 

possessed by an electron determines its behaviour in the solid. Fig. 11.17 

shows two energy diagrams for solids, 11.17a for an insulator and 11.17b 

for a conductor. The vertical axis on each diagram represents electron 

energy; the horizontal axis merely represents a sample length of the 

material. The lower energy band, the valence band, represents the 

electrons in position in the outer shells of their atoms. It is so called 

because it is at this energy level that chemical reactions and combinations 

occur; this is referred to by chemists as valence or valency. The upper 

energy band represents a band in which the electrons have a much higher 

energy; if they are to take part in conduction they must have a high energy 
lying within this band. 
Now let us consider the difference between insulators and conductors. 

Fig. 11.17a shows that the conduction band of insulators is very widely 

separated from the valence band; hence the thermal energy (the kinetic 

energy due to the temperature) of the valence electrons is not sufficient to 
drive them into the conduction band, and no conduction can take place. 
The substance is an insulator. 
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On the other hand, Fig. 11.17b shows that the valence and conduction 

bands of a good conductor actually overlap; hence there are at all times 
many electrons in the conduction band that are available to form an 

electric current. These are the electrons that we have previously 

described (4.1.1) as free electrons. The substance is therefore a good 
conductor. 

Now let us consider a typical semiconductor, the commonest in 
present-day use being silicon, one of the constituents of ordinary sand. In 

this, the valence and conduction energy bands of the electrons are 

separated by a distance intermediate between those of a conductor and 
an insulator, and so silicon in the pure state is either a bad conductor or a 
poor insulator, whichever you prefer. Its energy bands are illustrated in 

Fig. 11.18. This is because silicon has four electrons in its outer shell; 

Compare this distance 
| with that for an 
| insulator ( 7g. 17.770) 

Fig. 11.18 Electron energy bands of a pure semiconductor (silicon). 

these electrons join up with electrons from neighbouring atoms (forming 

what the chemist calls covalent bonds) giving atoms that have effectively 

eight electrons in their outer shell. Such atoms are extremely stable (like 

those of the inert gases neon, argon, etc., which also have a full 

complement of outer-shell electrons) and will not easily provide free 

electrons. More free electrons are produced than in the case of an 

insulator, however, and pure silicon does in fact conduct to a small 
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degree, the conduction being due to the movement of electrons in one 

direction and ‘holes’ (see below) in the opposite direction. It is called an 
intrinsic semiconductor. At zero degrees absolute (0° K) the conduction 

is zero, because all the electrons in the valence band have zero energy 

and are thus unable to enter the conduction band. 
However, if phosphorus (for example) which has five electrons in its 

outer shell, called a donor- or negative-type impurity (N), is included (in 

very small quantities, 11.3.2), it produces an electron energy level that is 

near the conduction band and which therefore can easily supply electrons 

to the conduction band (Fig. 11.19a). This process is called doping. We 

have made the semiconductor into a good conductor. Similarly, if boron 

Energy A Energy 

Acceptor band of boron 

Donor band of phosphorus 

GY 

wuseeee 

(a) 

Fig. 11.19 Electron energy bands of a ‘doped’ semiconductor (silicon): (a) with an 
electron ‘donor’ such as phosphorus (N); (b) with an electron ‘acceptor’ such as boron (P). 

@ electrons © ‘holes’ 

(for example) which has three electrons in its outer shell, called an 

acceptor- or positive-type impurity (P), is included (also in small 

quantities, 11.3.2), it produces an energy level that is near the valence 

band and which therefore can easily accept electrons from the valence 
band, leaving behind it positive charges (Fig. 11.19b). These positive 

charges, of course, contain the positive nuclei of atoms and so as such 

cannot move through the material. But they represent the absence of 
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electrons, and as such are called holes (!) (which of course are positive), 
and if a hole is filled by an electron from a neighbouring atom it 

represents the movement of an electron and therefore an electric current. 

Thus currents are still movements of electrons, but to distinguish them 

from the electron currents that flow in the conduction band we refer to 
the currents in the valence band in terms of the movement of ‘holes’. Of 
course, it is still electrons that move (in the opposite direction), but the 
distinction in thought helps our thinking about semiconductors in 
general. 

Now suppose we apply a potential difference across an ‘N’ type 

semiconductor, i.e. one which contains (for example) phosphorus (Fig. 
11.19a). Current will flow, carried by electrons in the conduction band 

that have come from the donor band of phosphorus. If, on the other 
hand, we apply a potential difference across a ‘P’ type semiconductor, i.e. 
one which contains (for example) boron (Fig. 11.19b), current will flow in 

the opposite direction, carried by ‘holes’ in the valence band that have 

been produced by the disappearance of electrons to the acceptor band of 

boron. Of course we know that this is still an electron flow but we call it a 
flow of ‘holes’ in the opposite direction to emphasize the difference 

between the two types of semiconductor. (It is the nearest to the flow of 

‘conventional current’ that we shall ever get in practice!) In this mode of 

action the silicon is called an extrinsic semiconductor. While this is going 

on, the silicon is behaving also as an intrinsic semiconductor, and this has 

an influence on the detailed properties of a solid-state diode (see below). 

Now how does all this help us to make a diode that will rectify alternating 

current? 

11.6.2 The junction diode. Consider a device that consists of a piece of 

N-type silicon and a piece of P-type silicon fused together, as in 
Fig. 11.20. This is called a P—N junction diode, or just a junction diode. 

Fig. 11.20a shows the conventional symbol for a diode connected in a 
circuit in which the battery can be reversed at will, and Fig. 11.20b 

shows the case of what is called reverse bias. This corresponds to the 

reverse or non-conducting region of a thermionic diode. Electrons in the 

N-layer are attracted towards the positive terminal, and ‘holes’ in the 
P-layer are attracted towards the negative terminal, leaving in the middle 

a layer that is devoid of any charge. This is called the depletion layer. 

Clearly, after the first movement of charge, no conduction can take place. 
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Fig. 11.20 A P-—N junction diode. 
® electrons © ‘holes’ 

If now the battery is reversed (Fig.11.20c), electrons from the N-layer 

and ‘holes’ from the P-layer meet at the junction and discharge each other 

continuously. The depletion layer disappears, current flows and the 
diode conducts. The junction diode acts as a ‘one way street’ for electric 
current, just as does a thermionic diode. 
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Fig. 11.21 The characteristic curve of a junction diode. 

Fig. 11.21 shows a typical characteristic curve of a junction diode. 

Comparing it with the characteristic curve of a thermionic diode 

(Fig. 11.4), two important differences can be noticed. First, in the 

forward region, the junction diode does not show any saturation region. 

This is because the numbers of electrons and holes are far greater than 

would ever be required to form a current that the diode could safely carry. 
Any greater current flow would result in a large increase of temperature 

and eventual destruction of the diode. Second, in the reverse region, a 

small current flows, due to intrinsic conduction; this current causes a 

necessary modification to the design of any circuits incorporating it. Like 

the thermionic diode, when a sufficient reverse voltage is reached, 

electrical breakdown takes place. However, in the thermionic diode, for 

example an X-ray valve rectifier, this voltage might be 100 kV or more; in 

the junction diode it is only a few volts. Therefore, although a single 

junction diode is adequate for low-voltage applications, such as the meter 

rectifier in Fig. 12.9, for high voltages such as those across X-ray 
generator rectifiers, many junction diodes must be connected in series. 

These are usually mounted in a porcelain tube, the whole being known as 

a stick rectifier. 
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Semiconductor diodes using silicon are rapidly displacing thermionic 
diodes for X-ray generator design. Their main advantages are small size 

and the fact that they need no filament supply. Their disadvantage is the 
small amount of reverse conduction that occurs; this, however, has been 

greatly reduced in more recent devices. 
The junction diode is not the only semiconductor device available 

today; there is a semiconductor equivalent of the thermionic triode (11.4) 

known as the transistor. To many people the name transistor means the 

box you can carry about on picnics and which will produce desirable (?) 

music on demand. This, however, is more properly called a transistor 

radio; the name transistor refers more correctly to a two-junction 
semiconductor device that simulates the action of the triode and that 
makes the operation of the transistor radio possible. 

The advent of solid-state semiconductor devices has revolutionized the 

world in the last 30 years; without them, small radios, hi-fi systems, fast 

and small computers, space flight and many other things would be 

impossible. Even modern X-ray generators now contain small solid-state 

computers that enable the operation of the generator to be more efficient 
and more easily carried out. 
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12 High-voltage rectifier 
circuits 

12.1 INTRODUCTION 

We have now described sufficient basic physics to be able to explain the 

design and operation of X-ray generators. We shall do this in two parts. 

First, the X-ray tube, for the most efficient operation, requires a 

unidirectional (8.1.5) voltage of 50 to 250 kV. This high voltage is 

produced from the mains supply by a voltage step-up transformer 

(8.2.2), called the high-voltage (high-tension) transformer, followed 

by the conversion of the alternating voltage to unidirectional by one or 

more rectifiers, which may be either thermionic diodes (X-ray valves, 

11.2.1, 11.3.1) or solid-state (semiconductor) diodes (11.3.2, 11.6.2). 
These are arranged in one of several possible patterns of circuit, 
according to the application. The transformer and rectifiers together are 

described as the high-voltage rectifier circuit; its different forms will be 

explained in this chapter. Second, the high-voltage rectifier circuit itself 

must be included as a unit in a more complex circuit that embodies 
devices for controlling and indicating the values of various factors, e.g. 

kV, mA and exposure time, as well as other devices for performing 

subsidiary functions such as stabilizing voltages. This more complex 

circuit is described under the general term of the control and indicating 

circuits; a simplified version of the control and indicating circuits will be 

discussed in Chapter 13. 
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12.2. SELF-RECTIFYING CIRCUITS 

12.2.1 The self-rectifying circuit. If we recall that one of the 

requirements for the production of X rays is a unidirectional flow of 
electrons from the filament to the target, accelerated by an adequate 

value of p.d., we may conclude that it is sufficient to connect across the 
X-ray tube an alternating voltage of the correct peak value, as in Fig. 

12.1a. In this circuit, the X-ray tube acts as its own rectifier, hence the 

From 
mains 

supply 

(b) 

Fig. 12.1 The self-rectifying circuit, with waveforms. 

name self-rectifying circuit; no additional valves are required. (The 
reason for the earth connexion to the centre point of the transformer 
secondary will be explained in sections 12.3.2 and 12.3.3.) 
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Fig. 12.1b shows the voltage and current waveforms in this circuit. Both 
half-cycles of the alternating voltage appear across the tube; thus if the 
peak positive voltage on the target (with respect to the filament) is, say, 70 

kVp, then during the opposite half-cycle (the polarity shown in brackets) a 
negative peak of 70 kVp will appear at the target. (In practice, the positive 

and negative values of kVp are unequal, but this is not very important.) 

The positive (forward) voltage half-cycle will drive current through the 
tube, thus producing X rays, whereas the negative (reverse) voltage 

half-cycle will not. The waveform of the tube current will not be a 

half-sinusoid; because a relatively small target voltage causes the tube to 
reach saturation (Fig. 11.4, 11.1.3), the current waveform is almost 
rectangular (shown dashed in Fig. 12.1b). 

The self-rectifying circuit is widely used for low-power X-ray generators 
such as dental and veterinary units. In these, the high-voltage transformer 

and the X-ray tube are usually enclosed in the same oil-filled container, 

resulting in a very simple arrangement. However, the circuit is not suitable 

for high-power generators for reasons given in the next section. 

12.2.2 The disadvantage of self-rectification. The ability of a diode (in 

this case the X-ray tube) to allow electron flow in only one direction 

depends on the fact that one electrode is hot and the other cold; this gives 

the diode its asymmetrical characteristics (11.1.2). However, if an X-ray 

tube, operated from any circuit, is used for high-power radiography or 
radiotherapy, viz. athighk V and high mA (P = VJ), the large dissipation of 
power at the target will cause it to become very hot (despite cooling 

measures, 11.3.4). Itmay even be hot enough to emit electrons, though not 

so hot as to cause focal-area damage. This condition is not in itself harmful 

to the tube, so long as the melting point of the target materials not reached 
even in localized regions of the focal area (11.3.3, 11.3.4). 

However, if this condition occurs with a self-rectifying circuit, serious 

damage to the tube will result, probably culminating in its destruction. This 
is because the filament becomes positive with respect to the target during 
the reverse (negative) voltage half-cycle; the electrons emitted from the 

hot target are then accelerated across the tube and impinge on the filament 

with high energy. But the filament is a thin wire of small thermal capacity 
(1.4.2) and is already white hot. Hence the rise in temperature resulting 
from the electron bombardment will almost certainly cause the filament to 

melt and collapse. 
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For this damage to occur, two conditions must arise simultaneously: 
first, high-power exposures, resulting in a considerable rise of tempera- 
ture and electron emission from the target, and second, the application of 

the reverse voltage across the tube. Removal of either one of these 

conditions will avoid the damage. Thus, we have already seen that the 

self-rectifying circuit is suitable for low-power exposures. However, 

when high-power exposures are required, it is necessary to ensure that 

the reverse voltage is prevented from reaching the tube. This is achieved 

by the use of separate rectifiers. 

12.3 HALF-WAVE PULSATING-VOLTAGE CIRCUITS 

12.3.1 The two-valve half-wave circuit. (This circuit is not now 

included in the D.C.R. syllabus. However, the Diploma candidate is 

advised to study it because it forms an essential introduction to section 

12.4.) The principle of the diode used as a half-wave rectifier was 
explained in section 11.2.1. In particular, Fig. 11.5d shows how a valve 

(diode) may be used to ensure that the reverse voltage from the alternator 

does not appear across the resistance R. Fig. 11.5c illustrates the 

disappearance of the reverse half-cycle; during this interval the voltage 

across R is zero. If, in the figure, the alternator is replaced by a 

high-voltage transformer, and R by an X-ray tube, we have a simple 

half-wave rectifier circuit which is identical to the self-rectifying circuit of 

Fig. 12.1 (12.2.1), except for the addition of the rectifier and the 
absence of the earth connexion (12.3.2). 

Although the circuit of Fig. 12.1, with the above modifications, would 

function quite well as a half-wave X-ray generator, certain additions must 

be made to make it effective and reliable in practice. These additions 
consist of an extra valve and the central earth connexion (Fig. 12.2a). 
The extra valve is necessary for two reasons. First, if there were only a 
single valve in the circuit, and a breakdown were to occur in the valve 
(such as cumulative ionization (11.2.3) or a mechanical short-circuit) so 
that its reverse resistance became low (11.2.1), the reverse voltage from 
the transformer would be applied across the X-ray tube, with the harmful 

consequences described in section 12.2.2. The presence of a second 
valve, in series with the first, ensures a ‘second line of defence’. Second, it 

is customary to make X-ray generator circuits symmetrical (or balanced) 

200 



HIGH-VOLTAGE RECTIFIER CIRCUITS 22 Sal 

Axis of 

voltage 
symmetry (O) 

= (b) 

Fig. 12.2 The two-valve half-wave rectifier circuit, with waveforms. 

about earth in respect of voltage. This accounts for the centre earthed 

point, and provides an additional reason for the presence of the second 
valve. The circuit, of course, could not be symmetrical with only one 

valve. The reason for the symmetry will be explained below (12.3.2, 
12.3.3). In practice, of course, silicon rectifiers can be used in place of 

valves, and in this case the general rectifier symbol (12.4.1) should be 

used in place of the thermionic diode symbol. 
Fig. 12.2b shows the waveforms in the circuit. During the ‘bracketed’ 

half-cycle of v, (shown in Fig. 12.2a), the rectifiers are non-conducting; 
hence the tube voltage v, is zero, and no acceleration of electrons from 

target to filament can take place. During the other (forward) half-cycle, 
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the two rectifiers and the X-ray tube conduct, and saturation current (in the 
X-ray tube) flows for the greater part of the half-cycle. The resistance of the 
rectifiers is kept low by ensuring a copious electron emission from their 

filaments, thus enabling them to operate in the space-charge-limited 

region (11.3.1). 
The two-valve half-wave circuit is used for certain ‘superficial’ therapy 

generators operating up to 120 kV at 7 to 15 mA. Before describing more 

advanced generators, we shall explore the reasons for symmetry in X-ray 

generator circuits; these reasons are complex and bound up with electrical 

hazards and safety requirements. 

12.3.2 Electrical hazards and precautions. The use of any X-ray 

apparatus is accompanied by hazards of three kinds: radiation, fire and 

electric shock. Radiation hazards are discussed in section 12.3.3; fire is 

avoided by the use of fuses or circuit breakers (5.2.2, 13.2.1) and 

insulation of adequate quality. Electric shock is caused when a voltage 

(p.d.) is applied between two or more points on the human body, thus 

causing a current to flow through the body. The effect of a medium-sized 

current flow is to cause a disturbance in muscle function; this often appears 

as a sudden muscular contraction and the victim is often ‘thrown’ away 

from the offending contact (although he himself does the throwing!). 
Larger currents may cause burning of the skin. 

Whether or not an electric shock is dangerous depends on the path of the 
current flow in the body. For example, a current flowing between finger 

and thumb of one hand may be unpleasant and even disfiguring but will not 

be lethal. However, if the current flows through the trunk, for example 
from one hand, along the arm and down to the legs and feet, it can arrest 

normal breathing and heart action, resulting in death. This type of shock 

most commonly occurs if the operator of the electrical equipment is 

standing ona wet or otherwise conducting floor and touches an uninsulated 

high-voltage point. In unfavourable conditions, e.g. with wet hands, 

voltages lower than 200 V can be lethal. It is therefore essential to design 
electrical equipment to ensure that this can never happen. 

There are two general methods of making electrical apparatus safe. The 
first, which is limited to small domestic units such as hairdriers, is to enclose 

the electrical components in a container made of a double layer of 
insulating plastic. Then if one layer of insulation should develop a fault, 
there will be a second ‘line of defence’. 
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The second method is used for all large units, domestic and otherwise. 

It consists of enclosing the electrical components in an earthed metal case 
which is insulated internally from the high-voltage connexions. Fig. 
12.3a shows diagrammatically the electrical components EC of an X-ray 

Alternative 

Fig. 12.3 The safe construction of electrical equipment. 

generator, supported inside a metal case MC by insulators I. Assume 
initially that the metal case is not earthed. One of the insulators has 

developed a fault which causes it to conduct electricity. The electrical 
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components are connected to the mains supply, of which one connexion, 
the neutral mainN, is connected indirectly to earth, while the live main L is 

at about 240 V above earth and is assumed to be driving a ‘leakage’ 

current through the insulator fault F, the metal case and the operator O. 

The operator is touching the case (e.g. leaning on it) and is assumed to be 
standing on aconducting floor connected to earth E. The current returns to 
the mains supply through earth to the neutral main. This situation is 

obviously highly dangerous to the operator, and may even be lethal. It is 
avoided, and the whole system rendered completely safe, by the simple 
expedient of securely earthing the metal case. Fig. 12.3b shows that this 

mode of connexion provides an alternative path for the leakage current. 

One of the two alternative paths is of very low resistance through the earth 
connexion, the other is of much higher resistance through the operator. 

The current therefore divides between these paths in inverse proportion to 
their resistances, i.e. practically none of the current flows through the 
operator (compare currents through meter and shunt, 4.3.2). 

Every part of all modern X-ray units is protected in this way, though the 

presence of the metal case is not always obvious, for example in 

high-tension cables (12.3.3). It must be strongly emphasized that such 

equipment is safe only if the metal case is firmly earthed via a low resistance 

link. Ifa radiographer at any time has any reason to think that the earthing 

of an X-ray set may be faulty, for example because an electric shock has 

been felt, some competent person, e.g. an engineer or physicist, should be 
informed immediately. This is most likely to happen with mobile 

equipment in which the earth link is made via the third pin of a plug and wall 
socket. 

12.3.3. X-ray cables and shields; generator symmetry. The X-ray tube in 

its shield, together with the high-tension cables leading to it from the 

generator, are a good example of the earthed metal case technique 
(12.3.2). The tube is enclosed in a steel case (the shield) of appropriate 
shape, filled with oil for insulation and cooling purposes (11.3.4). 
Radiation hazards are reduced to a minimum by lining the X-ray tube 
shield with lead except for the apertures for the entry of cables and 

oil-tubes and for the emergence of the radiation itself. The X-ray beam is 
further confined to the minimum extent compatible with usefulness by 
diaphragm boxes or cones, and rules should be observed about the use of 

the beam in relation to the patient and operators (17.3.2, 17.3.3). 

204 



HIGH-VOLTAGE RECTIFIER CIRCUITS 1233.3 

Current at high voltage is led to and from the X-ray tube by flexible 

high-tension (high-voltage) cables. These consist of an inner conductor 

surrounded by a thick layer of insulating synthetic rubber of high 
dielectric strength (3.4.2). The synthetic rubber is in turn encased in a 
tube of flexible material (called ‘braid’) woven from thin copper wire; this 
acts as a flexible metal case. The whole is covered by a fabric or plastic 

outer layer. Both the tube shield and the metal braids of the high-tension 

cables are securely earthed. 

We can now see why it is desirable for an X-ray generator circuit to be 

symmetrical with respect to earth. Fig. 12.4a shows diagrammatically an 

+ 100 kV 

Fig. 12.4 The reason for the symmetry of X-ray generators. 
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X-ray tube and cables, connected to a generator G (represented by a box) 

which is earthed at the end connected to the X-ray tube filament. For 
simplicity, the generator is assumed to produce a constant voltage 

(12.5.2) of 100 kV and the potentials of relevant points in the circuit are 
shown relative to earth as zero. Both the filament connexion and the metal 
case at the filament end are at zero potential; hence the insulation here has 
zero potential difference across it. On the other hand, the target connexion 

is at +100 kV, and the insulation at the target end of the circuit must 
withstand this full value. The insulation in the set is very unevenly stressed. 

Fig. 12.4b shows the effect of earthing the generator centre point. The 
target and filament connexions are at +50 kV and —SO kV, respectively, 

therefore the insulation is equally stressed and, just as important, no 
insulation need withstand a p.d. of more than SO0kV. This symmetry makes 

the practical design of the generator much easier. 

12.3.4 Features of half-wave pulsating and self-rectifying circuits. 

Chapter 13 includes details of the common controls and measuring devices 
in an X-ray generator; most of these are independent of the type of 

high-voltage rectifier circuit used. However, this is not true of the 

measurement of tube current (mA); we shall therefore describe this 
measurement in relation to each type of rectifier circuit. 

The average X-ray exposure rate is proportional to the average tube 
current (10.6.2, 10.6.5), hence this is the quantity we normally wish to 
measure. (In diagnostic radiology we also need to measure charge, viz. 

current X time, see sections 13.4.2, 13.5.2.) Fig. 12.1 (12.2.1) and 
Fig. 12.2 (12.3.1) show that the self-rectifying and the two-valve 
half-wave circuits are both simple circuits without branches in which the 
X-ray tube current flows also through the high-tension transformer and is 

unidirectional. Therefore a moving-coil milliammeter (6.3.2) (which 
reads the average value of a current if it is varying rapidly) inserted at any 

point in series with the circuit will give the required result, viz. the tube 
‘mA’. The point at which the meter is inserted depends on electrical 
convenience. It is usual to place it in series with the transformer secondary 
at its mid-point (Fig. 12.5); here it is at earth potential and hence can be 
safely mounted onacontrol panel. Ifit were inserted at points A or Fin Fig. 
12.5, it would be at a high positive or a high negative potential relative to 

earth and therefore would have to be protected for safety reasons, 
although it would still read the correct value. 
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F 

Fig. 12.5 The measurement of ‘mA’ in a symmetrical X-ray generator circuit. 

Half-wave circuits appear to have the disadvantage that they ‘waste’ the 
reverse half-cycle. However, on closer consideration it is not obvious why 

this is a disadvantage, because although there is a p.d. during this 

half-cycle, there is no current flowing, hence the power wasted is zero (P = 
VI). The real reason for the inferiority of the half-wave circuit is that time is 
being wasted; itis easy to see that fora given averagemA (andhencea given 

average exposure rate) the peak current in the half-wave circuit would have 

to be twice as great as it would be ina circuit using both half-cycles. This, for 

high-power generators, causes difficulties in rectifier and tube design. The 
next section will be devoted to a description of circuits that make use of 
both half-cycles of the mains supply, viz. full-wave rectifier circuits. 

12.4 FULL-WAVE PULSATING-VOLTAGE CIRCUITS 

12.4.1 The four-valve bridge circuit. Fig. 12.2a (12.3.1) shows a 
rectifier circuit in which two valves are used as switches. These ‘connect’ 
the transformer secondary coil to the X-ray tube during one half-cycle, in 

which the voltage is in the required direction; they then ‘disconnect’ the 
secondary from the tube during the opposite (bracketed) half-cycle, while 

the voltage is in the reverse, unwanted, direction. It is possible, however, 
to connect two more valves in this circuit so that the previously unused 

half-cycle becomes available across the tube in the correct direction; they 

achieve this by effectively reversing the ‘bracketed’ half-cycle before it 

reaches the tube. Fig. 12.6 is identical with Fig. 12.2a except for the 
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Fig. 12.6 The addition of two extra valves to the half-wave circuit of Fig. 12.2a to make a 
four-valve full-wave circuit. 

addition of the two extra valves R and R’. During the first (forward) 

half-cycle of v,, valves F and F’ conduct current to the X-ray tube, valves 

R and R’ being non-conducting. During the second (reverse) half-cycle of 

v,, valves R and R’ conduct the tube current, F and F’ being 

non-conducting, and so on. The four valves can be thought of together as 

a reversing switch that reverses the transformer secondary connexions to 

the X-ray tube every half-cycle. As a result, during every half-cycle 

current flows in the correct direction through the tube, as shown. 

The circuit of Fig. 12.6 is called the four-valve bridge circuit, and is in 

widespread use in diagnostic X-ray generators, but is rapidly being 
superseded by the six-valve three-phase circuit (12.5.1) for large 

generators. However, it is usually drawn in another form; Fig. 12.7a is 

exactly the same circuit as Fig. 12.6 but the diagram is rearranged and is 
in the form which should be memorized. The direction of electron flow 

during each half-cycle is shown, the dashed arrows corresponding to the 

bracketed half-cycles of voltage. Fig. 12.7b shows the waveforms in this 

circuit; note how the negative half-cycle is effectively reversed or 

‘inverted’, and how every half-cycle produces a flow of current through 
the X-ray tube. 

The student may also encounter an alternative method of drawing this 

circuit; it is shown in Fig. 12.8 with the general rectifier symbol (11.3.2) 

in place of the thermionic diode symbol. HV represents the high-voltage 
transformer. 
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(b) 

Fig. 12.7 The four-valve bridge circuit, with waveforms. 

In Fig. 12.7a the method of measuring the tube current is shown as a 

milliammeter in series with the high-tension transformer secondary at its 
earthed centre point. Superficially this seems identical to the method 

used for the half-wave circuit (Fig. 12.5, 12.3.4). However, there is one 

important difference; although the tube current in both circuits is 
unidirectional, the transformer secondary current in the full-wave circuit 

is alternating. This is because both half-cycles are now in use, and because 

at the centre point the second half-cycle has not yet been reversed — it is 

reversed only through the tube. Hence the meter M (Fig. 12.7a) must be 
one that is capable of measuring alternating current. A moving-iron meter 
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Fig. 12.8 Alternative form of four-rectifier full-wave bridge circuit. 

Solid-state diodes 

Electron flow 

moving — coil 
meter 

a.c. milliammeter 

Fig. 12.9 A moving-coil (d.c.) milliammeter used in conjunction with a solid-state bridge 
rectifier to form an a.c. milliammeter. 

(6.3.1) could be used, but the many advantages of the moving-coil meter 

(6.3.2) can be utilized by connecting it to the circuit via a miniature 
‘bridge’ rectifier that makes use of solid-state diodes (11.3.2, 11.6). The 
arrangement is shown in Fig. 12.9, the ‘bridge’ circuit being similar to 

that in Figs 12.7 and 12.8; as shown, the group of four rectifiers is 
situated inside the case of the meter. (The rectifiers are illustrated in the 

diagram by symbols that are used to represent rectifiers of any type; the 
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‘arrow head’ in the symbol shows the direction of conventional current 
flow.) 

12.4.2 The disadvantages of all pulsating-voltage circuits. In section 

10.6.1 it was explained that the quality of an X-ray beam depends, among 
other things, on the type of rectification and hence on the waveform of 

the voltage applied to the tube. A constant voltage applied to the tube will 
produce an X-ray spectrum whose maximum photon energy (short-wave- 

length limit) is a function of that voltage, and whose shape depends on the 
total filtration in the beam. Such a beam has a certain ‘penetrating power’ 
in a given absorber. If the voltage is decreased, the maximum photon 
energy decreases, and the penetrating power decreases. The beam is said 

to be ‘softer’. 
Now if the voltage applied to the X-ray tube is not constant, but 

varying, e.g. the pulsating waveform of Fig. 12.2b (12.3.1), the 

maximum photon energy will be determined by the peak voltage, but the 
spectrum will contain a much greater proportion of soft radiation than did 
the constant-voltage spectrum (10.6.1). These soft components result 
from those parts of the voltage half-cycle that have values below the peak, 

and are a considerable proportion of the total. Unfortunately, the soft 
components are undesirable both in radiotherapy and in radiodiagnosis, 

because they are absorbed uselessly in the superficial layers of the 
patient, perhaps even causing undesirable skin reactions. They can, of 

course, be filtered out (14.5); however, electrical energy has been 
expended in their production, and they are accompanied by undesirable 
amounts of heat. The most efficient method available at present for 
producing an X-ray beam for medical purposes is to apply a constant 
voltage across an X-ray tube. Methods of producing a constant voltage, 

commonly called a constant potential, will be explained in the next 

section. 

12.5 CONSTANT-POTENTIAL CIRCUITS 

12.5.1. The six-valve three-phase circuit is not a true constant—potential 

circuit but its performance is so close to the ideal that we shall discuss it 

under this heading. It is a circuit that makes use of the particular form in 
which alternating current is supplied to large buildings, viz. a form known 
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as ‘three-phase’. The word phase was mentioned in section 8.1.4, there 

referring to the timing of an alternating waveform. In this context it has 

the same meaning: a three-phase supply is one in which three interrelated 

alternating e.m.f.s. are available, each 120 degrees out of phase with the 

other two. The details of three-phase circuits are complex and need not 
be explored here. The operation of a six-valve three-phase rectifier 

circuit can most easily be understood by development from the bridge 
circuit, which may be called a four-valve two-phase rectifier circuit. 

Fig. 12.10a shows the circuit of Fig. 12.6 (12.4.1) (i.e. one form of 

the four-valve circuit) redrawn in a somewhat different form. The centre 

point of the transformer secondary is earthed and is therefore considered 

as being fixed at zero potential; the relative phases of the voltages at the 
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Fig. 12.10 The principles of (a) a four-valve two-phase circuit; (b) a six-valve three-phase 
circuit. 
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two ends of the secondary are marked 0° and 180°. The transformer 
primary has been omitted to simplify the diagram. 

Fig. 12.10b shows a six-valve three-phase generator. The transfor- 
mer secondary now consists of three coils, the junction again at a fixed 

potential and the three ends supplying voltages which now have relative 
phases of 0°, 120° and 240°. The three coils are drawn at a spacing of 

120° to emphasize this fact, but this in no way represents the shape of 
the transformer itself. From the end of each coil, as in Fig. 12.10a, two 

rectifiers are connected, one to the target, one to the filament of the 

X-ray tube. The principle of operation of the. three-phase circuit is 

identical with that of the two-phase, except that because of the way in 
which the three phases overlap in time, the total target-filament voltage 
varies very little from the ideal constant potential. The precise reason 
for this behaviour may be found in more advanced textbooks. The 

three-phase rectifier circuit is now used in the largest and most efficient 
diagnostic X-ray generators. 

12.5.2 Constant-potential circuits with capacitance provide another 

means of obtaining effectively constant voltage for the X-ray tube. 

These circuits need not be studied in detail now, but their principle will 
be described, for two reasons. First, the circuits are used exclusively for 

‘deep’ therapy generators operating at 250 kV (to be studied in Part II 

of the course) and second, the principle operates by chance under 

certain conditions in all diagnostic X-ray generators with high-voltage 

cables. 
Constant-potential circuits may be regarded as being developed 

logically from pulsating-voltage circuits, in a manner which may be clear 

from a water analogy. If it is desired to supply water from a well to a 
house, a pump may be installed in the well that will deliver water in 

‘pulses’ of pressure. This is the analogue of the pulsating voltage 

generator. However, it would be most inconvenient to have a pulsating 

pressure from the taps in the house; instead, the pulsations must be 

made to provide a constant pressure (potential). This is done using the 
principle of a storage tank, usually situated in the roof space. The tank is 
filled by pulses of water from the pump; by virtue of its height (above 
the taps) the water then possesses potential energy (1.3.5) and a 

considerable flow of water (current) will result if a tap is turned on. 
Moreover, because the difference in levels (potential difference) 
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between the tank and the tap is constant, the flow also will be constant. 

We have succeeded in producing a ‘constant potential’ supply of water. 
The same result may be achieved in the electrical circuit by using a 

device that will act as a ‘storage tank’ for electric charge; such a device is 
the capacitor (3.4.2), which possesses the property of capacitance 

(3.4.1), and hence the ability to store charge for relatively short periods. 

A simple half-wave constant-potential circuit is shown in Fig. 12.11a for 
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Fig. 12.11 The principle of the constant-potential circuit with capacitance. 

illustration. The circuit may be considered in two separate sections: the 
charging section, consisting of the transformer, rectifier and capacitor 
(shown in thin lines), and the discharging section, consisting of the 
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capacitor and the X-ray tube (shown in thick lines). Note that the 
capacitor is common to both sections. 

Suppose the circuit is switched on at the instant marked 0 (Fig. 
12.11b). The capacitor is uncharged (v, = 0); hence as the potential of A 
(v,) rises positively, the rectifier conducts and the capacitor charges. The 
potential of B (v,) thus rises to nearly the peak value of v, and the 

capacitor is fully charged. Now suppose that the X-ray tube is not 
conducting. As 2, begins to fall (i.e. after its positive peak), the anode of 
the rectifier becomes negative with respect to its filament and the rectifier 

ceases to conduct. Thus the capacitor cannot discharge through the 

rectifier; if the tube is not conducting, i.e. there is no discharge current, 

the potential of B will remain constant (Fig. 12.11b). 
Although we have achieved a constant potential, the condition is not 

very useful because the X-ray tube is not working. If now the tube 

filament current (and hence the filament temperature) is adjusted so that 

the tube can draw a small current (i,), the polarity of the charged 

capacitor is such that it is in the correct direction to discharge, at a 
constant rate, through the tube. This causes the potential of B (v,) to fall 
slowly; when the next forward half-cycle of v, has reached the point 

where the potential of A rises above that of B, the rectifier conducts and 
the capacitor recharges nearly to the peak voltage. This process continues 

so long as the circuit is supplied with power, the capacitor charging in 

pulses from the transformer via the rectifier and discharging at a constant 

rate through the X-ray tube. 
The tube potential is thus not strictly constant, but varies by a small 

amount, called the ripple voltage, which depends on several factors. For 

example, if the tube current i, is increased (by increasing its filament 

temperature), the capacitor will discharge more rapidly and the ripple 
voltage will be larger (Fig. 12.11b). The amount of ripple, that is the 

extent by which the generator output falls short of the ideal constant 

potential, decreases 

(i) as the tube current (i,) decreases, 
(ii) as the value of the capacitance increases, 
(iii) as the charging frequency increases. 

These factors are all taken into consideration in the design of generators 
for radiotherapy. Let us now see how they affect the operation of the 
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average diagnostic X-ray generator, for example a four-valve bridge 

circuit. 
Although these generators have no capacitors as such included in their 

circuits, they do have high-voltage cables that act as capacitors. Their 

inner conductor and outer metal braid (12.3.3) act as the plates of the 

capacitor, and the synthetic rubber insulation acts as the dielectric. The 

capacitance thus created is connected between the high-tension lead 
(either target or filament) and earth (Fig. 12.4b, 12.3.3). The value of 
the capacitance increases with increasing length of cable, and under 

average conditions is such that it has a considerable ‘smoothing effect’ on 
the pulsating voltage for low tube currents (low values of mA) such as are 

used for television fluoroscopy. For cables of reasonable length and for 

currents less than 1 mA, the output can approach constant potential. 

However, in the traditional technique for fluoroscopy, at currents up to 5 
mA, the ripple becomes greater, and for radiography at currents of 20 
mA and more the circuit behaves as a pulsating voltage generator. This 

type of behaviour explains the excellent results often obtained in 
television fluoroscopy with generators having long cables. 

12.6 THE MEASUREMENT OF HIGH VOLTAGE 

12.6.1 Direct methods. The value of kV used in an X-ray set, 

particularly in diagnostic radiology, is not normally measured directly 

during routine use. However, direct measurements of kV are necessary 

for calibration and research purposes; there are two commonly used 

methods, employing the spark gap and the potential divider. 

12.6.2 The spark-gap method of measuring kV makes use of two large 

polished brass conducting spheres (3.3.2), mounted on insulating 
stands so that their distance apart can be varied and measured. The 

potential difference to be measured is applied between the two spheres 
(with a protective resistor included in the circuit); the spheres are slowly 
brought closer together until a spark passes. The maximum separation of 

the spheres at which a spark will pass is a fairly accurate measure of the 

peak kV (kVp). In practice, many precautions must be observed and 
corrections made to ensure the highest accuracy. The spark-gap method, 

though simple and useful, has the disadvantage that it measures only the 
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peak of the kV waveform. It is being superseded by the potential-divider 
method. 

12.6.3 The potential-divider method of measuring kV is fundamentally 

a development of the simple voltmeter (4.3.2). Formerly it was little 

used because of the difficulty of manufacturing satisfactory resistors of 

the very high values required. However, modern technology has enabled 

this to be done, and the potential-divider kV-meter is having wider 
application. 

Fig. 12.12 shows the principle applied to a symmetrical X-ray 

generator circuit. A series resistor of totai value R, is split into two halves 
and connected in series with a low-value resistor R,,,. This ensures that 

To meter for 
reading kV 

or 

to cathode-ray 
oscilloscope for 
waveform 
measurement 

From 
generator Special 

adaptors Fen 
for high kv 

Fig. 12.12 The potential-divider method of ‘kV’ and waveform measurement. 

R,, 1S near earth potential. Because of the potential-divider action 
(Fig. 4.4b, 4.3.1), the potential difference across R,,, is a replica of that 
between target and filament but reduced in magnitude by the ratio 
R,,/(Rs + Rm). For example, if R, = 1 000 MQ and R,,, = 1 M&, then V,,, 

(across R,,,) will be approximately one-thousandth of V (the total kV); the 
p.d. V,, can then be measured in any desired way. Two types of 

measurement are very useful: 

(i) R,,, may be connected to a special type of voltmeter that reads peak 

voltage, or 
(ii) R,, may be connected to an instrument called a cathode-ray 

oscilloscope (11.5). This is a device for rapidly and automatically 
drawing a voltage waveform on a screen (resembling a television 
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screen). The screen may also be calibrated in volts, so that not only 

is the shape of the waveform known but also its magnitude. Such a 
measurement can give the greatest possible information about the 
voltage behaviour of an X-ray generator and is widely used by 
manufacturers and by advanced hospitals for calibration. 



13 X-ray control and 
indicating equipment 

13.1 INTRODUCTION 

The essential parts of an X-ray generator are the X-ray tube (Chapters 10 
and 11) and a high-voltage transformer and rectifier circuit (Chapter 
12). So that the generator may be used effectively, control and 
indicating circuits must be added. These will be described in the present 
chapter. 

The circuit of the complete X-ray generator, particularly for radio- 

diagnosis, is complex, and it would be quite impracticable to describe it in 

detail here. However, the outline circuit given in Fig. 13.3 (see diagram at 
the end of the chapter), though a much simplified version, demonstrates 
all the important features. We have given the complete circuit as a single 
unit rather than illustrating the various functional parts separately so that 

the interrelationships of one part to another will be clear from the outset. 

13.2 MAINS VOLTAGE CIRCUITS 

13.2.1 Mains cables, switches and fuses. In general, we shall discuss the 

circuit of Fig. 13.3 from left to right. At the extreme left-hand side, the 

live and neutral (12.3.2) connexions to the mains supply are shown. 
These may be of two kinds: either permanent wiring to a junction box in 

the case of a large fixed X-ray set, or a flexible cable which may be 

plugged into a wall socket for a smaller mobile set. In both cases, it is very 
important that the mains cables are of adequate thickness and therefore 
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of low enough resistance to carry without excessive voltage drop (5.3.2) 

the large currents that may flow. 
In Table 11.1 (11.3.4), for example, it is shown that the power fed to 

the tube during a large radiographic exposure might be as much as 

50 kW. Assuming the generator circuit to be 100% efficient (which in 

practice it is not), the power drawn from the mains supply at, say, 250 V 

(r.m.s.) will also be 50 kW. Hence the current in the mains cables will be 

I = PIV = 50 000/250 = 200 A! If we specify that the voltage drop 
during the exposure shall not be greater than, say, 10 V, the resistance of 

the mains cables must not be greater than R = V/I = 10/200 = 0.05 Q. 
This is quite a low resistance, particularly if it has to be attained in long 

cables (4.2.3). The problem is especially difficult for mobile generators 
(though they do not draw as much as 200 A) for three reasons: (i) they 

are connected by flexible cable whose thickness must be limited, (ii) the 

plug and socket must make excellent contact of low resistance, and (iii) it 
must be certain that any of the wall sockets to which the set is connected 

are wired with cables of adequate thickness. All X-ray generators are 

calibrated and adjusted by the manufacturers on the assumption that the 

mains voltage is constant; excessive mains voltage drop will result in the 

kVp during the exposure being less than intended, causing unsatisfactory 
radiographs. 

The mains supply passes to the generator circuit via a double-pole 

mains switch. This, as shown in Fig. 13.3, consists of two switches 

mechanically linked, i.e. operated by the same knob, so that they are 

both ‘on’ or both ‘off’ together. This switch serves the dual purpose of 

switching the whole set off either at the end of the day or when it is 

necessary to isolate the circuits from the mains supply for safety during 
maintenance. 

After the main switch come the fuses whose conventional symbol looks 

like an ‘infinity’ sign (©); these serve to protect both the generator and 

the mains wiring in the event of a serious fault developing (5.2.2). In 

modern X-ray generators, fuses are often replaced by devices called 

circuit breakers. These perform the same function as fuses but are more 

complex and depend for their action on both the magnetic and the 
thermal effects of the current. 

13.2.2 Mains (line) voltage compensation. The mains voltage, or as it 

is sometimes called, the line voltage, has a nominal r.m.s. value in the 
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U.K. of 240 V. However, the r.m.s. value is not normally constant but 

fluctuates, sometimes exceeding the nominal value but more often falling 

below it. This fluctuation will usually seriously affect the functioning of an 

X-ray set and steps must be taken to reduce its effects. 

Mains fluctuations are of two general types: (a) large, slow fluctuations 
which might be as much as 10 or 15 V and might extend over several 

hours; these are related to the well-known ‘peak periods’ which result 
from industrial working hours, domestic cooking times, cold weather 

spells, etc.; and (b) small, fast fluctuations of the order of a volt or less 

occurring over periods of seconds or less; these result from the switching 

on or off of other X-ray sets, lifts, etc. 

The large, slow fluctuations would affect the operation of the whole set 
and must be dealt with at the start. This is done by taking the live (L) 

mains lead to a selector switch, called the line voltage compensator 

(Fig. 13.3), which selects one of a number of tappings on a large 

autotransformer (8.3.3). As the mains voltage varies slowly, the line 
voltage compensator can be so adjusted that the potential difference 

across the whole autotransformer (or a fixed part of it) remains 

approximately constant. Thus a connexion taken from the upper end of 

the autotransformer (in the example of Fig. 13.3) can serve as a ‘live’ 

mains supply lead with a fairly constant voltage; this we may call the ‘live 

compensated’ lead (LC). The line voltage compensator is periodically 
adjusted by the radiographer by reference to an a.c. voltmeter, the line 

voltmeter, connected between LC and neutral N, the pointer of which 

must be kept between two lines marking the permissible limits of voltage 

variation. In modern X-ray generators, line-voltage compensation is 

often achieved by means of an automatic device within the generator so 

that the radiographer does not have to pay attention to it. 

The small, fast fluctuations affect only a small part of the circuit and 

will be discussed later (13.5.1). 

13.3. X-RAY TUBE VOLTAGE (kV) 

13.3.1 The resistance method of kV control. It would at first sight seem 

logical to control the voltage applied to the X-ray tube (the kV) in the 
high voltage circuit itself. However, controls operating at high values of 
kV are difficult to design and are often unreliable (because of insulation 
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problems); in practice it is simplest to control kV by varying the input 

voltage to the primary of the high-voltage (high-tension) transformer. 

High — voltage transformer 

Fig. 13.1 A simple but unsatisfactory method of ‘kV’ control. 

Several methods are available for this purpose, of which one is shown 

in Fig. 13.1. A rheostat R is put in series with the transformer primary. 
The primary current J,, produces a voltage drop Vz across R, such that Vz 

= J,R. Then the input voltage to the transformer V, is equal to the initial 
voltage V; less the voltage drop Vr, or 

V,=V1-1)R Eq. 13.1 

As V; may be assumed constant, the primary voltage V,, and hence the 
kV on the tube, may be controlled by varying R. 

This simple arrangement has two major disadvantages. First, because a 

current is flowing through a resistance, there will be power equal to IR 

(5.2.1) converted into heat and therefore wasted. Second, and more 
important, the product /,R, and hence V,, itself, depends on the primary 
current /,. But this in turn depends on the secondary current J, (8.2.2) 
and hence on the tube mA. Thus if R is set to give a particular value of kV, 

and the mA is subsequently changed, the kV will change by a very large 

amount. The mA and kV would thus be seriously interdependent 
(contrast 11.2.2). This type of behaviour is reminiscent of the simple 

cell or other generator described in section 5.3.2; it results from the fact 
that the inclusion of R in the circuit enormously increases the effective 

internal resistance of the high-voltage generator. Clearly a method of 

varying the voltage is required which will be almost independent of the 
current flowing, viz. which will have the smallest possible internal 
resistance. Such a method is described in the next section. 
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13.3.2 Pre-reading kV control and indication. The best method of 

providing a variable input to the high-voltage transformer primary is to 
use a separate variable-ratio transformer. As the circuit (Fig. 13.3) 

already contains an autotransformer, it is convenient to provide this with 

extra tappings connected to another selector switch called the pre-read- 
ing kV control. By adjusting the switch, the autotransformer ratio is 

altered, and its output voltage is therefore varied. Sometimes an a.c. 

voltmeter is connected between the tapping point and the neutral main N; 

this voltmeter can be calibrated directly in kV (although of course it is 
actually measuring transformer primary voltage) and is therefore called a 
pre-reading kV meter. The methods described in section 12.6 for 

measuring kV are of course not applicable to clinical work, particularly 

radiography, because it is necessary to set the kV on the generator before 

the exposure is made whereas the direct methods of measuring kV 

operate only during the exposure. 

In the circuit in Fig. 13.3, and in most modern generators, a separate 

pre-reading voltmeter is not required. This is because the action of the 
line voltage compensator (13.2.2) always ensures that the autotransfor- 

mer is energized to a constant level (within certain limits of error); 

therefore the tappings on the kV selector always represent a known 
voltage. The tappings themselves can therefore be labelled with their 

corresponding kV values; this results in the familiar control knob marked 
directly in kV. 

The autotransformer type of voltage control does not suffer from the 

principal disadvantage of the rheostat control (13.3.1), viz. interdepend- 
ence of mA and kV, because the autotransformer has a very low internal 

resistance (5.3.2). It therefore has very good regulation (8.2.3). 
Fig. 13.3 shows the lower end of the high-voltage transformer primary 

connected to a second selector switch instead of to the neutral main. The 

reason for this will be explained in section 13.5.3. 

13.4 EXPOSURE CONTROL 

13.4.1. Contactors and timers. The X-ray exposure is usually controlled 

by switching the high-voltage transformer primary current on and off. We 

have shown (13.2.1) that the mains current, and therefore the primary 

current, might be very large—as much as 200 A. This is too large to be 

223 



13.4.1 FIRST-YEAR PHYSICS FOR RADIOGRAPHERS 

switched conveniently by a simple switch, hence a contactor (6.2.3) is 
used, itself controlled by a small pair of contacts in one form or another. If 

manual operation is required, for example in fluoroscopy, the small 

contacts will take the form of a switch. If automatic exposure timing is 

required, the small contacts will form part of an exposure timer. To 
control exposure time (in seconds or minutes) the exposure timer will be a 

form of clock mechanism fitted with contacts (see below). To control 

either mAs or exposure in roentgens (10.5.3) directly, some form of 

autotimer (13.4.2) may be used. This group of components is shown in 

‘block diagram’ form between the kV control and the high-voltage 

transformer in Fig. 13.3. 
In practice it is more efficient to have two contactors, with their 

contacts in series, one to switch the exposure on, the other to switch it off. 

Moreover, the instant of switching is usvally timed to coincide 

approximately with the zero of the alternating current cycle so that the 
contacts have to handle the minimum possible current. In 250 kV 

radiotherapy generators, it is undesirable to switch the full kV onto the 

tube instantaneously. Instead, the kV is increased gradually to its 

maximum by a clock-controlled series of contactors; then the radiation 

exposure is started by opening a lead shutter in the beam. The exposure is 

terminated by switching off the current in the usual way. 

The exposure timer for controlling time of exposure consists of a 

synchronous electric motor operating a pair of contacts. The synchronous 

motor is of the kind used in electric clocks, which keeps in step with the 

cycles of alternating current and which therefore maintains a constant 

speed. The motor revolves continuously, controlling the opening and 

closing of the contacts via a pair of friction disks, one of which must be set 

each time to the desired exposure. Mechanical details of synchronous 

clock timers may be obtained from books on X-ray engineering. 

Mechanical timers of this kind are satisfactory except for very short 

exposures or for a rapid succession of exposures such as in serial 

radiography. They may then be replaced by an electronic timer, which is a 

combination of a resistance—capacitance charging circuit (4.3.3) with a 

cold-cathode gas-filled diode or similar tube (11.2.3). Fig. 13.2a shows 

the principle of an electronic timer. Initially Sw is closed and current 

flows from Vz through R and through Sw. The p.d. across C (V,.) remains 

at zero. At the start of the exposure Sw is opened and the current which 

formerly flowed through it is diverted to the capacitor C which 
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Fig. 13.2 Various types of electronic timer. 

commences to charge. V, increases exponentially (4.3.3); when it reaches 

the value at which the trigger tube ‘fires’, a current passes through the 
relay Ry whose contacts open thus terminating the exposure. The period 

between Sw opening and the contacts of Ry opening is equal to the 

exposure time; it is determined by the values of R and C (4.3.3). The 

electronic timer can produce exposure times down to one thousandth of a 

second. The trigger device in Fig. 13.2a is shown in ‘block’ form 
because, although in principle a cold-cathode diode (11.2.3) could be 

used, in practice a better performance is obtained from more complex 

tubes whose details we cannot discuss here (cold-cathode triodes, 

thyratrons). 

13.4.2 Autotimers. The basic timer principle illustrated in Fig. 13.2a | 
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(13.4.1) may be used in a variety of ways to control the X-ray exposure in 

terms of factors other than time itself. This may be done in three principal 

ways. 
(a) The total exposure = exposure rate x time (10.5.3, 10.6.5), and the 

exposure rate is proportional to mA; therefore total exposure must be 
proportional to mA X time or mAs. Exposure time may be regulated to 
give a particular value of mAs by allowing the capacitor C in Fig. 13.2a to 

be charged by a current proportional to the X-ray tube current or mA, 

instead of by Vgand R. This current is usually derived from the mid-point 
of the high-voltage transformer secondary, with rectification if necessary 

(12.3.4). The associated charge is stored in the capacitor which is so 
chosen that at the required value of mAs the triggering voltage is reached; 

the exposure is then terminated. Different values of mAs may be selected 
by choosing different values of capacitor by means of a switch. 

(b) Any required value of radiation exposure, measured at any location 

in the beam, can in principle be selected by placing an ionization chamber 
(15.2.3, 15.2.4) at the desired location (e.g. at the exit aperture of the 
X-ray tube housing) and allowing the ionization current to charge the 

capacitor C (Fig. 13.2b). In practice, the simple arrangement shown in 

the diagram may not be adequate because the ionization current in 

certain conditions may be too small to operate the cold-cathode tube. 
Then, a different approach is adopted using an electrometer valve or 
transistor, but the principle is the same. (An electrometer valve is a 

development of the triode which enables very small values of charge, such 

as can be measured on an electrometer (3.2.1), to give an indication ona 

moving-coil meter.) One application of this method is the exposure timer 
used in radiotherapy treatments. In this, the ionization chamber is 

situated in the exit aperture of the X-ray tube housing and results in a 

constant field exposure being delivered to the patient. 

(c) In the diagnostic situation the ionization chamber of Fig. 13.2b 
may be positioned near a film cassette so that the X-ray exposure time 

results in a constant radiation exposure to the cassette. This can be so 

regardless of kV, mA, patient thickness, etc. and in principle results in a 

constant photographic exposure and therefore constant density in the 
film. Another way of achieving this result is embodied in the phototimer. 

A fluorescent screen in a light-tight box situated behind the film cassette 

(which must not contain a lead screen, 14.6.3(ii)) is irradiated by the X 
rays that pass through the film and its intensifying screens. During the 
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exposure, the fluorescent screen emits a total amount of light which is 

proportional to the cassette exposure. The light falls on the cathode of a 
device known as a photoelectric cell (Fig. 13.2c). The cathode has the 
property of emitting electrons (photoelectrons), i.e. an electric charge, 

whose magnitude is proportional to the total amount of light and hence to 
the cassette exposure. These electrons are collected by the anode of the 

photoelectric cell, resulting in the capacitor C being charged as before; 

the phototimer therefore terminates the exposure period when a constant 
exposure has been delivered to the cassette. The phototimer is claimed to 
have the advantage over the ionization chamber timer that it measures 

light directly, viz. the same type of energy that exposes the film between 

its intensifying screens (10.1(ii)), and therefore changes of X-ray quality 
should not affect its operation. 

13.5 X-RAY TUBE CURRENT (mA) 

13.5.1 mA control and stabilization. Because the X-ray tube acts as a 

diode operated in its saturated or temperature-limited condition 
(11.2.2), change of kV in theory has no effect on the value of mA. In 
practice, the X-ray tube is not perfectly saturated, and therefore departs 

somewhat from the above ideal behaviour. This requires the use of 

compensating circuits which will not be discussed here. 
However, if we wish to vary the mA at will, we must do so by changing 

the filament current, resulting in a change in filament temperature. This 

is achieved as shown in Fig. 13.3. The tube filament current is supplied by 
a voltage step-down transformer which is of the highly insulated type 

referred to in section 8.3.2(iii). The filament current is altered by 
varying the value of resistance in the filament transformer primary 
circuit. The selector switch (mA CONTROL) in Fig. 13.3 enables the 

operator to select either (a) one of a number of pre-set (i.e. previously 
adjusted) resistors, corresponding to distinct radiographic currents, e.g. 

50, 100, 200, 500 mA, or (b) a rheostat which enables fluoroscopic 
current to be varied continuously. In radiotherapy the possibility of 

continuous variation of current is usually provided, but a single value, 

e.g. 15 mA at 250 kV, is commonly used. In many modern X-ray 

generators, the fluoroscopic mA is controlled automatically, being 

dependent on the thickness of the patient. This has been made possible by 

the advent of image intensifiers (9.3.5). 
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While the main switch of the set is on, but the X rays are switched off, 

the filament of the X-ray tube is kept hot in readiness for an exposure. 
However, the fraction of the total time devoted to exposures is relatively 

small, and if the filament were kept at its full temperature for the whole of 

the time, excessive evaporation of tungsten would take place and the life 
of the filament would be greatly reduced. Instead, the filament is kept at a 

lower ‘stand-by’ temperature by including extra resistance in series with 

the mA control; just before the exposure, in the condition known as 

‘prepare’, the filament temperature is raised to its correct value. This 
technique is called filament boost. 

One end of the filament transformer primary is connected to the 

neutral main. The other end would logically be connected to the live 

compensated main LC. However, this mains lead still carries the small 
fast mains voltage variations (13.2.2); these, although small, are large 

enough to cause serious instability in the X-ray tube current (mA). This is 

because the saturated electron emission from the filament is critically 
dependent on the filament temperature and therefore on the filament 

current (11.1.1). To reduce this effect, a unit called a voltage stabilizer is 
interposed between LC and the mA control switch (Fig. 13.3). The 
operation of this device is too complex to be discussed here. It reduces the 

mains voltage fluctuations by a factor of ten or fifteen; the variations at 

the point LS (‘line stabilized’) are thus small enough to be unimportant. 
The electron emission from the rectifying valves (if used) is not at all 

critical because it is made sufficiently copious to keep the valve resistance 

low in the forward direction. This is done by heating the filaments to a 

sufficiently high temperature (11.3.1(i1)). Hence it is unnecessary to 
operate the valve filament transformers from the stabilized supply; Fig. 

13.3 shows how they are connected instead to LC, the live compensated 
main. Such considerations, of course, do not apply to semiconductor 
diodes. 

13.5.2 mA and mAs indication. The common method of measuring 

average tube current (mA) is described in sections 12.3.4 and 12.4.1, 
viz. a moving-coil meter used with an additional solid-state rectifier 
circuit if necessary. However, in a radiographic exposure it is not so 

important to know the exact values of mA and exposure time separately; 

the important factor for film exposure is their product, mAs, which is 
identical with electric charge (4.1.4). 
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The moving-coil meter can be readily adapted to measure charge or 
mAs directly; this is done by making its moving system (viz. the coil, 
pointer, etc.) of relatively large mass and by reducing the restoring force 
of the hair springs (6.3.2) almost to zero. Then if a pulse of current of 

short time duration, such as a radiographic exposure, is passed through 

the coil, the resulting deflexion will be proportional, not to the current, 
but to the total charge in the pulse. The scale is then calibrated in mAs. 
The pointer remains at its final reading after the pulse until it is reset to 
zero, usually by a reverse current passed through the coil. 

13.5.3 Generator regulation and mA compensation. High-voltage 

generators for X-ray tubes behave in the same way as do simple cells 

(5.3.2), mains supplies (13.2.1) and many other forms of generator in 

that their output voltage tends to fall as a greater current is drawn from 

them. This phenomenon results from the internal resistance of the 

generator (5.3.2); in this case the internal resistance is made up of 
contributions from all the components that make up the generator. As 

with transformers (8.2.3), the constancy of the generator voltage output 
with change of mA is called its regulation; a generator with good 
regulation maintains its voltage output for larger changes of mA than one 

with bad regulation. 
However, every generator has some internal resistance; the resulting 

change of kV with mA is not acceptable in radiology because it causes a 

change in radiological contrast. The generator must therefore be 

compensated. This is done by means of the mA compensation circuit 

shown in Fig. 13.3. As an increase of mA would normally result in a 

decrease of kV, this may be compensated prior to the exposure by slightly 

increasing the voltage input to the high-voltage transformer primary. 
This is achieved by mechanically linking the selector switch marked ‘mA 

compensator’ to the mA control switch. The positions of the tappings on 

the autotransformer are selected by the manufacturers during the 
generator design to give just the correct amount of compensation. 

Like X-ray tubes (11.3.5) and transformers (8.3.2), X-ray generators 
are characterized by their rating. The rating of an X-ray generator is the 

maximum output, expressed in kVp and mA, that it can deliver in any 

given conditions. 
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14 Interaction of X rays and 
gamma rays with matter 

14.1 THE SEQUENCE OF EVENTS 

14.1.1 The absorption of energy. In order to understand the absorption 

of radiation, which forms the basis of radiology and of radiotherapy, it is 

necessary to consider the ways in which radiation interacts with any 

object through which it is passing. 

When a beam of X rays or gamma rays passes through matter, the 

interaction results in a reduction in the intensity (i.e. the energy per unit 

area per unit time) of the beam. Some of the energy is absorbed by the 

medium and some is scattered out of the beam (14.2.2). The energy 

which is absorbed by the medium causes the changes which we observe in 
the medium, e.g. chemical and biological changes. The sequence of 
events which results in these changes is summarized in Fig. 14.1. The 

energy is absorbed by various processes (14.3) and is converted initially 

into kinetic energy of electrons in the medium. The electrons then move 

through the medium producing ionization and excitation of atoms and 

molecules (2.4) resulting in turn in chemical changes. 

14.1.2 Biological changes. If the radiation is passing through biological 

material, the ionization and excitation may occur in _ biologically 

important molecules, thus damaging or killing cells by direct action. 

Alternatively, cells may be damaged or killed as a consequence of 

chemical changes produced in the medium surrounding them, which is 

largely water; this is known as indirect action. From the point of view of 
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Energy lonization , 
lonizing absorbed aH Chemical 
radiation (kinetic energy excitation changes 

of electrons 

/ndirect action Direct action 

Biological 
changes 

Somatic 
effects 

(stochastic ) 

Somatic 
effects 
(non-stochastic) 

Hereditary 
effects 
(stochastic) 

Fig. 14.1 The sequence of events when radiation is absorbed by a biological medium. 

biological damage to the cell; it does not matter whether the cell is 

affected by direct action or indirect action. 

A great gap in our knowledge of radiobiology exists in the understand- 

ing of the sequence of events between this initial damage to the cells and 

the gross biological effects that are observed clinically, sometimes long 

after the irradiation. The time delay between irradiation and the 

observation of the effects produced is known as the latent period; for 

example, the latent period for erythema of the skin after exposure to X 
rays might be one week, the actual delay depending on the magnitude of 

the radiation dose. 

The biological changes are called hereditary if they result from damage 

to the chromosomes or from mutations of the genes in the germ cells, 

which are the cells governing the inherited characteristics of future 

generations. The changes are called somatic if they are evident in an 

individual’s body during his lifetime, e.g. a radiation burn. 

From studies of the biological effects of doses of radiation, it is clear 

that the effects can be classified into two groups. In the first group, there 

is no threshold dose below which the effect does not occur and the 
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probability or chance of the effect occurring increases linearly with the 

dose of radiation received. This type of effect is called stochastic and such 
effects can only be revealed by looking at the statistics for an irradiated 

population. In the second group, there is a threshold dose below which 

the effect does not occur and, although the severity of the effect increases 
with the dose of radiation received, it is not a linear relationship because 

there is biological repair. This type of effect is called non-stochastic and 
such effects can be seen in the individual irradiated. 

Hereditary effects, e.g. genetic abnormalities in future generations, 

are stochastic in type and are seen in the statistics for populations. 

Somatic effects can be either stochastic, e.g. leukaemia, or non-stochas- 

tic, e.g. erythema or burns of the skin. 

Current recommendations for radiation protection (17.2.2) take into 

account the nature of both stochastic and non-stochastic effects. 

14.2 THE TRANSMISSION OF A HOMOGENEOUS BEAM 
THROUGH A MEDIUM 

14.2.1 Homogeneous and heterogeneous beams. A beam of X rays or 

gamma rays may be regarded as a stream of photons, each photon having 

energy of a certain value (9.2.2). In a homogeneous (monochromatic or 

monoenergetic) beam (10.5.1) all the photons have the same energy, as, 
for example, can be the case for gamma radiation (16.3.3). In a 

heterogeneous beam, however, the photons are not all of the same 

energy; their energies cover a range of values as, for example, in the 

continuous spectrum of X radiation (10.5.1). 
We shall deal first with the attenuation of a homogeneous beam of 

radiation, because it is simpler, and then with the attenuation of a 

heterogeneous beam (14.4). 

14.2.2 Attenuation: absorption and scattering. These three terms 

have definite meanings when applied to a beam of radiation passing 

through a medium. 

DEFINITION Attenuation is the reduction of the intensity of a beam as it 

passes through a medium. 

Attenuation is due to absorption or to scattering or to a combination of 

both (14.3). 
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DEFINITION Absorption is the transference of energy from the radiation 

to the medium; after transfer, the energy is present in the medium initially 

as the kinetic energy of electrons. 

DEFINITION Scattering is a change in the direction of a photon (due to an 

interaction with the medium), with or without loss of energy by the photon. 

In some attenuation processes, secondary electromagnetic radiation or 

re-emission of energy by the medium occurs; this is described in sections 

14.3.3 and 14.3.5. 

14.2.3 The exponential law. As a parallel* beam of homogeneous 

radiation passes through a uniform medium, equal thicknesses of the 
medium attenuate the beam by a constant fraction. If, for example, a 10 

mm thickness of a medium attenuates a beam by a factor of one half, then 

the remaining half of the radiation is transmitted through that thickness. 

The next 10 mm of medium will attenuate the beam by a further factor of 

one half, so that one-quarter of the initial intensity remains after passing 

through a total of 20 mm. A further 10 mm of medium will attenuate the 

radiation by one half again, so that one-eighth of the initial intensity is 

transmitted through 30 mm, and so on. 

This type of relationship is known mathematically as an exponential 

law. It is illustrated graphically in Fig. 14.2, where the intensity of the 

radiation transmitted, expressed as a percentage of the initial intensity, is 

plotted against the thickness of the medium traversed. This transmission 
curve can be represented by the equation 

T= Ibe Eq. 14.1 

where J is the intensity transmitted through thickness f, 

Io is the initial intensity of the beam, i.e. when t = 0, 

e is amathematical constant, and 

u is the total linear attenuation coefficient of the medium for the 

energy of the particular radiation (14.2.4). 

Note that Eq. 14.1 is analogous to Eq. 16.1 (16.5.1), which represents the 
exponential decay with time of the activity of a sample of a radionuclide, 

*For a parallel beam, the reduction in the intensity is due solely to the attenuation by the 
medium. For a diverging beam, an additional reduction in the intensity occurs due to the 
inverse-square law (9.1.4). 
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I,=!00 
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Half- value layer = |O mm 
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BS ON i After | half - value layer 

Intensity transmitted as a percentage of the initial 

intensity, Z,(linear graph scale) 

Thickness of medium in mm (linear graph scale) 

Fig. 14.2 A transmission curve, plotted on linear graph scales, for homogeneous radiation 
passing through a medium. 

and to Eq. 4.7 (4.3.3), which represents the exponential discharge with 
time of capacitance through resistance. 

In Fig. 14.2, the transmission curve is plotted with linear scales for 
both axes of the graph. If the curve is replotted using a /ogarithmic scale 

(i.e. one in which equal distances along the axis represent equal ratios of 

the quantity) for the intensity axis and a linear scale for the thickness axis, 

a straight-line graph is obtained (Fig. 14.3). This is a mathematical 

property of the exponential law. The slope of the straight line is 
numerically equal to uw. 

14.2.4 Attenuation coefficients. The effectiveness of a medium as an 

attenuator or ‘absorber’ of the radiation passing through it is measured in 

terms of an attenuation coefficient such as the total linear attenuation 

coefficient wu. 

DEFINITION The total linear attenuation coefficient is the fractional 

reduction in the intensity of a parallel beam of radiation per unit thickness 

of the medium traversed. 

This definition can be deduced mathematically from Eq. 14.1 (14.2.3). 
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Half-value layer =!Omm 

After | half-value layer 

After 2 half-value layers 

After 3 half-value layers 

| | | | | 
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Thickness of medium in mm (linear graph scale) 

Intensity transmitted as a percentage of the initial intensity, Zg (logarithmic graph scale) 

Fig. 14.3 A transmission curve, plotted on log-linear graph scales, for homogeneous 
radiation. 

The coefficient u is called total because it includes all the processes 

(14.3) by which the radiation is attenuated. It is called Jinear because the 
attenuation per unit thickness of medium is being considered. The value 

of u for a given medium and for a homogeneous beam of given energy can 

be calculated if the half-value layer is known using Eq. 14.2 (14.2.5). 

The units for w are ‘per unit distance’, e.g. mm! or cm’, be- 

cause it is defined as a fraction (a number without dimensions) per unit 

distance. } 

Among other things, the value of u depends on the number of atoms 

per unit volume of the medium; therefore if the medium is compressed or 

changes its physical state from solid to liquid or to gas, the value of u 

changes. However, the ratio u/p, where p is the density (1.2.2) of the 
medium, does not change with the physical state of the medium because p 

also depends on the number of atoms per unit volume. w/p is therefore 

more representative of the elements present in the medium and is known 

as the total mass attenuation coefficient of the medium. 

DEFINITION The total mass attenuation coefficient is the fractional 

reduction in intensity of the radiation per unit mass of the medium 

traversed by a parallel beam of unit cross-sectional area. 

The dimensions of w/p are L?M7! (1.2.2) and the units in almost 
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universal use are cm’?g '. (In S.J. units, they would be 
m? kg ', where 1 m* kg™! = 10 cm? g7!.) 

14.2.5 Half-value layer (or thickness). In sections 10.5.1 and 10.5.2, it 

was explained that the quality of a beam of radiation can be described by 

stating the thickness of a given material which reduces the exposure rate 
(15.2) of the beam to one half. This thickness is known as the half-value 

layer (h.v.1.) or half-value thickness (h.v.t.) of the beam in that particular 

material; an experimental method for measuring it is described in section 
5.3. 

In the transmission curves shown in Figs 14.2 and 14.3 (14.2.3), the 

intensity* of the homogeneous beam is reduced to one-half by a thickness 

of 10 mm. The half-value layer of the beam of radiation is therefore 10 

mm in that particular material. 

For homogeneous radiation, the total linear attenuation coefficient u 

can be calculated from the half-value layer using the equation: 

0.693 
= Eq. 14.2 

a 

This equation is obtained by substituting J = J/2, and t = (h.v.l.) in 
Eq. 14.1 (14.2.3), then rearranging the equation with uv on the left-hand 

side. 
Note that Eq. 14.2 is analogous to Eq. 16.2 (16.5.2) which relates 

the radioactive decay constant of a radionuclide to its half-life. 

14.3 ABSORPTION AND SCATTERING PROCESSES 

14.3.1 Introduction. There are five different processes by which X rays 
and gamma rays may be absorbed or scattered when they pass through a 

medium. These are 

(i) classical or unmodified scattering, 
(ii) photoelectric absorption, 
(iii) Compton or modified scattering, 

*The relationship between intensity and exposure rate is dealt with in section 10.5.3. 
For homogeneous radiation, one is proportional to the other. 
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(iv) pair production 
(v) photonuclear disintegration. 

The amounts of absorption and scattering and the proportions of the 

individual processes which occur when a beam passes through a medium 

depend on: (a) the energy of the radiation, and (b) the atomic number of 
the medium, as explained below for each of the processes. 

14.3.2 Classical or unmodified scattering can occur when the photons 

in the beam have energies which are small compared with the binding 

energies (2.4) of electrons in the atoms of the medium. The process 
therefore takes place mainly with radiation of long wavelength (i.e. low 

photon energy) and a medium of high atomic number. 

An incident photon collides with an electron and rebounds without 

causing it to recoil because the electron is tightly bound in a shell of an 

atom (Fig. 14.4). No kinetic energy is acquired by the electron because it 
does not recoil. Consequently the photon is scattered without loss of 

energy and therefore with unmodified wavelength. 

Incident low-energy photon 
Tightly bound electron (no recoil) 

Photon scattered 
without loss of 
energy (wavelength 
unchanged ) 

Fig. 14.4 Classical or unmodified scattering. 

In this process, therefore, scattering occurs but there is no absorption 
of energy by the medium. The process usually makes only a small 
contribution to the attenuation of a beam in radiology. 

14.3.3. Photoelectric absorption can occur when an incident photon has 

energy equal to or greater than the binding energy of an electron in an 

atom of the medium. In this case the photon can ionize the atom by 
ejecting an electron from a shell. The incident photon gives up all its 

energy to the atom. The electron, known as the secondary electron or 
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photoelectron, is ejected with kinetic energy equal to the energy of the 

incident photon minus the binding energy (the latter has to be supplied to 
remove the electron from the shell). The vacant site in the shell is then 

filled by an electron jumping inwards from another shell farther away 

from the nucleus. This transition is accompanied by the emission of 
characteristic X radiation in the form of a secondary photon whose energy 

is equal to the difference between the binding energies of the two shells 

involved in the transition (Fig. 14.5). The characteristic radiation is 
identical in nature to that generated in the target of an X-ray tube (10.3 
(iii)). 

Characteristic 
X — ray photon 

Incident photon 

Photoelectron 

Fig. 14.5 Photoelectric absorption. 

In this process, no scattering occurs because the incident photon gives 

up all its energy and ceases to exist. (The secondary characteristic X-ray 

photon is not the incident photon scattered.) Energy is absorbed and is 

present in the medium initially as the kinetic energy of the photoelectron. 

This then moves through the medium giving up its energy by producing 

ionization or excitation in other atoms. 
t* is used to represent the linear attenuation coefficient for the 

photoelectric process taken alone; hence t/p represents the mass attenua- 
tion coefficient for the photoelectric process. The value of t/p for a given 
medium varies with the photon energy in the manner shown in Fig. 14.6. 

For photons with energies which are high compared with the binding energy 

for the K-shell of atoms of the medium, the value of t/p is quite small. As 

the photon energy decreases, 1/p rises to a sharp peak at a value of photon 

*t is the Greek small letter tau. 
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L absorption limits 
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K absorption limit 
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for K-shell 
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| 

Mass attenuation coefficient for the photoelectric process in om*/g logarithmic graph scale) aie 
0) 100 | 000 

Photon energy in keV 

(logarithmic graph scale) 

ro) 

Fig. 14.6 The mass attenuation coefficient for the photoelectric absorption process in 
lead, plotted against photon energy on log-log graph scales. 

energy equal to the binding energy for the K-shell, i.e. photoelectric 

absorption involving electrons in the K-shell is greatest when the photon 

energy equals the binding energy for the K-shell. At a photon energy just 

less than this value, t/p drops sharply because the photons have 
insufficient energy to eject electrons from the K-shell; t/p then 

represents photoelectric absorption in the L-shell. As the photon energy 

decreases further, t/p rises again until the photon energy equals the 

binding energy for the L-shell; another sharp discontinuity then occurs in 

the graph. (The discontinuity at this point may have more than one peak, 
such as the three peaks in the case of lead, because there can be sub-shells 
in the L-shell. These have slightly differing values of binding energy and 

each sub-shell has a corresponding peak.) The discontinuities in the 
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graph are known as the K absorption limit or edge and the L absorption 
limits or edges. 

If the photon energy is kept constant and the medium changes, t/p is 

proportional to Z*/A, where Z and A are the atomic number and the 
mass number respectively of the medium (2.1.4). Z/A is, however, 

approximately constant for all elements and therefore, for a given photon 

energy, t/p is approximately proportional to Z°, i.e. the mass 

attenuation coefficient for the photoelectric process varies greatly with 

the atomic number of the medium. This marked variation has great 

significance in radiotherapy (14.6.2) and in diagnostic radiology 
(14.6.3). 

14.3.4 Compton or modified scattering can occur when an incident 

photon has much greater energy than the binding energy of an electron in 

an atom of the medium, so that the electron behaves as if it were free. On 

colliding with the electron, the photon causes it to recoil; thus part of the 

energy of the photon is transferred to the electron. The photon is 
scattered and continues with reduced energy and therefore with modified 

wavelength (Fig. 14.7). The recoil electron is known as the secondary or 

Compton electron. 

Direction of recoil 
of electron 

‘Free’ 
Incident photon electron 

Photon scattered with 
loss of energy (wavelength 
increased ) 

Fig. 14.7 Compton or modified scattering. 

In this process, both scattering of the photon and absorption of energy 
take place. The absorbed energy is present in the medium initially as the 
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kinetic energy of the secondary electron; this then moves through the 

medium giving up its energy as it produces ionization or excitation in 

other atoms. 
The increase in the wavelength of the scattered photon depends on the 

angle 0 through which it is scattered. The increase is greater the larger the 

angle, and is greatest when the angle is 180 degrees, i.e. a photon loses 

most energy when it is scattered back along its original path. The increase 

in the wavelength depends only on the angle and is independent of the 
composition of the medium and of the actual wavelength of the photon. 

(For example, the increase in the wavelength is always 0.0024 

nanometre for radiation scattered through 90 degrees.) In consequence, 

when short-wavelength (high-energy) radiation is scattered through a 

given angle, the percentage change in the wavelength is greater than when 

long-wavelength (low-energy) radiation is scattered through the same 
angle. In other words, when short-wavelength radiation is scattered by 

the Compton process, the change in the quality is more marked than 

when /ong-wavelength radiation is scattered. 

o* is used to represent the linear attenuation coefficient for the 

Compton process taken alone; hence o/p represents the mass attenua- 

tion coefficient for the Compton process. The value of o/p for a given 

medium decreases continuously with increasing photon energy. This is 

shown in Fig. 14.8 which is a graph of (i) the attenuation coefficients for 

each of the processes taken separately, and (ii) the total attenuation 

coefficient (i.e. the sum of the individual coefficients (14.3.7)) plotted 
against photon energy for a homogeneous beam of X rays. 

If the photon energy is kept constant and the medium changed, o/p is 

proportional to Z/A. This, however, is approximately a constant for all 

elements, and therefore, for a given photon energy, o/p is almost 

independent of the composition of the medium. In other words, the mass 

attenuation coefficient for the Compton process is approximately the 
same for all media. 

14.3.5 Pair production can occur when an incident photon has energy 

equal to or greater than 1.02 MeV. At these energies, a photon can 

interact with the field around the nucleus of an atom of the medium; this 

results in the spontaneous creation of a pair of electrons, one negatively 
charged and the other positively charged (see below). 

*o is the Greek small letter sigma. 
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Fig. 14.8 The mass attenuation coefficients for the individual processes, and the total 
mass attenuation coefficient, plotted against photon energy on log-log graph scales. 

In this process, mass and energy are seen to be interchangeable (1.1.4). 

Einstein showed that they are related by the equation 

E=mce Eq. 14.3 

where & is the energy needed to create a mass m, and cis a constant equal 

to the velocity of electromagnetic waves in vacuum (about 3 x 

10° ms‘). Conversely, &€ is the energy that will be produced if a 

mass m is completely destroyed or annihilated. 

If the mass of two electrons is substituted in Einstein’s equation, the 

equivalent energy is found to be 1.02 MeV. Hence a photon having an 
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energy of 1.02 MeV is needed to create a pair of electrons. If the photon 

has more energy than this, the excess energy is converted into the kinetic 

energies of the two electrons created. 
Of the pair of electrons created in this process, one is of the type 

normally encountered, e.g. in the shells of an atom (2.1.3). It is known 
as a negatron and has a negative electric charge (—1 atomic unit). The 

other type of electron is known as a positron; it has the same mass as a 

negatron but has a positive charge (+1 atomic unit). The positron is an 

unusual particle and is only encountered in the special circumstances of 

pair production and of radioactivity (16.3.2). 
When a photon produces a pair of electrons by this process, both 

electrons move through the medium giving up their kinetic energies by 

producing ionization or excitation in atoms of the medium. When the 

negatron slows down, it is indistinguishable from the other ordinary 

electrons in the medium. When the positron has given up all its kinetic 

energy and has come to rest, it combines with a negative electron in the 

medium and they are annihilated. This process of annihilation is the 
reverse of creation; the combined masses of the positron and the negative 

electron are converted into 1.02 MeV of energy. This energy is radiated 

as two photons, each of energy 0.51 MeV, travelling at 180 degrees to each 

other, i.e. in opposite directions. These photons are known as secondary 

annihilation radiation. 

The overall process of pair production followed by annihilation is 

illustrated in Fig. 14.9. In this process, no scattering occurs because the 

incident photon gives up all its energy and ceases to exist. Energy is 

absorbed and is present in the medium initially as the kinetic energies of 
the negatron and of the positron. 

k* is used to represent the linear attenuation coefficient for the pair 
production process; hence k/p represents the mass attenuation 

coefficient for the pair production process. The value of k/p for a given 

medium is zero for photon energies below 1.02 MeV (the minimum 

energy at which pair production can occur) and above 1.02 MeV it 

increases with increasing photon energy (Fig. 14.8, 14.3.4). 

If the photon energy is kept constant and the medium changed, k/p is 

proportional to Z*/A. As Z/A is approximately constant for all elements, 
for a given photon energy, k/p is approximately proportional to Z. 

*k is the Greek small letter kappa. 
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Negatron 
Incident photon 
energy> |-O2 MeV Nucleus 

Positron 

(a) Pair production 

Photon of energy 0:5! MeV 

Positron 
e Negatron 

180° 

Photon of energy O'5| MeV 

(b) Positron annihilation 

Fig. 14.9 Pair production followed by positron annihilation. 

14.3.6 Photonuclear disintegration can occur if an incident photon has 

an energy sufficiently high for it to cause the nucleus of an atom of the 
medium to disintegrate, i.e. to eject a particle such as a proton or a 

neutron. For the elements occurring in tissue, photonuclear disintegra- 

tion is most likely to occur at energies in the range 20 to 25 MeV, which 

is above the maximum energy available in most radiotherapy centres. 

Even at these energies the process is not normally significant and it will 

not be considered further. 

14.3.7 The relative importance of the individual processes is indicated in 

Fig. 14.8 (14.3.4). This is a graph of: (i) the attenuation coefficients for 
each of the processes taken separately, and (1i) the total attenuation 

coefficient (which is the sum of the individual coefficients) plotted against 

photon energy for a homogeneous beam of X rays. Classical scattering 
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and photonuclear disintegration are not represented because they usually 

make only small contributions to the attenuation. Note that sometimes 

the attenuation coefficient is plotted against wavelength instead of photon 

energy (Fig. 14.10a, 14.5); the graph then appears ‘left-to-right’ because 
wavelength is inversely proportional to photon energy (9.2.2). 

At low photon energies (long wavelengths), the total mass attenuation 
coefficient is large and is due almost entirely to the photoelectric process. 
As the photon energy increases, the photoelectric coefficient decreases 

rapidly and the Compton process becomes predominant. At higher 
energies still, the attenuation coefficient for pair production (which is 
zero below 1.02 MeV) increases; at very high energies it supersedes the 

Compton process as the main contribution to the total attenuation 

coefficient. Table 14.1 gives the values of the photon energies at which 

TABLE 14.1 (14.3.7) Photon energies at which the various attenuation coefficients are 
equal 

Soft tissue Bone and Lead 
and water aluminium (atomic number = 82) 

Photon energy at 
which t/p = o/p 25 keV 50 keV 500 keV 

Photon energy at 
which o/p = k/p 25 MeV 15 MeV 5 MeV 

Note that the photon energies given are for homogeneous radiation. The heterogeneous 
radiation emitted by an X-ray set is equivalent to homogeneous radiation of photon 
energy numerically equal to about one-third to one-half of the peak value of the applied 
voltage, under the usual conditions of filtration, e.g. a set working at about 50 kVp 
produces heterogeneous radiation equivalent to homogeneous radiation of about 25 keV. 

the mass attenuation coefficient for the photoelectric process, t/p, 
equals that for the Compton process, o/p, and the coefficient for the 

Compton process, o/p, equals that for pair production, k/p, in media 
with different atomic numbers. 

The photoelectric process predominates up to higher energies in a 
medium of high atomic number than it does in a medium of low atomic 

number. This is because the mass coefficient for the photoelectric process 

depends on Z (is approximately proportional to Z*), whereas the mass 
coefficient for the Compton process is almost independent of Z. Similarly, 
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pair production supersedes the Compton process at lower photon 
energies in a medium of high atomic number than it does in a medium of 

low atomic number because the mass coefficient for pair production 

increases with Z. In consequence, the range of photon energies through 

which the Compton process makes the predominant contribution to the 

total attenuation coefficient is much smaller in a medium of high atomic 

number than it is in a medium of low atomic number. This can be seen by 

referring to the data in Table 14.1. For soft tissue, which is composed of 

elements of low atomic number, the Compton process predominates 

from 25 keV to 25 MeV, whereas for lead it predominates through the 
smaller range from 500 keV to 5 MeV. 

14.3.8 Real absorption coefficients. The attenuation coefficients consid- 

ered above relate to the attenuation of the beam of X or gamma radiation, 

i.e. to the removal of energy from the beam (14.2.2). Only a part of this 

energy is truly absorbed by the medium; it is this part which produces the 
effects observed in the medium, e.g. the chemical, photographic and 
biological changes. 

Each attenuation coefficient can be divided into two parts, one relating 
to the energy that is truly absorbed and the other to the energy that is not 

absorbed. For example, for the Compton process, 

— = + Eq. 14.4 

where o,/p represents the real or true mass absorption coefficient and 
relates to the energy transferred to the recoil electrons, and 

o,/p represents the energy scattered. 

Note that when the photoelectric process occurs in a medium of low 

atomic number (e.g. soft tissue), the characteristic X radiation emitted, 

which represents the energy not absorbed in the photoelectric process, is 

so soft (i.e. it has such a low photon energy resulting from the low binding 

energies of the electrons in the shells) that it is immediately absorbed by 

the medium. Consequently the attenuation coefficient gives a measure of 
the energy actually absorbed by the photoelectric process in materials 

such as soft tissue and water. 
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14.4 THE TRANSMISSION OF A HETEROGENEOUS BEAM 

THROUGH A MEDIUM 

When a heterogeneous beam of X rays passes through a uniform 

medium, the attenuation does not follow the exponential law as it does for 
a homogeneous beam (14.2.3). A range of photon energies is present in 

a heterogeneous beam and, as the value of the attenuation coefficient for 

a medium is not the same for all energies (Fig. 14.8, 14.3.4), different 

parts of the spectrum of the heterogeneous beam are attenuated by 

different amounts. Consequently the spectrum of the radiation changes 

as it passes through the medium. 
For the range of energies usually encountered in radiology, where the 

photoelectric and Compton processes predominate, the low-energy 

(long-wavelength) end of the spectrum is attenuated to a greater extent 
than is the high-energy end because the attenuation coefficient is greater 

at low energies (Fig. 14.8). Consequently, as a heterogeneous beam 

passes farther into a medium, not only is the beam attenuated but a larger 

proportion of the high-energy photons remain (see 14.5 on filtration). 

The beam therefore becomes more penetrating (i.e. harder) and has a 

greater half-value layer (10.5.2). 

Note that the total intensity at a point in a medium is equal to the sum of 

the intensity of the primary beam at the point and the intensities of all 

scattered, characteristic and annihilation radiations which also pass 
through the point. This is a particularly important consideration in 

radiotherapy where scattered radiation makes a significant contribution 

to the dose delivered at various points in a patient (14.6.2). 

14.5 FILTRATION 

For most heterogeneous beams (i.e. all but those containing very-high- 

energy photons only), it is possible to select a medium of such an atomic 

number that the attenuation coefficient increases greatly towards the 

low-energy end of the spectrum of the beam (Fig. 14.10a). If the beam is 

passed through a filter comprising a layer of such a material, the 

low-energy (long-wavelength) photons are attenuated to a greater extent 
than are the high-energy ones; consequently the low-energy radiation is 

filtered out of the beam. This effect is illustrated in Fig. 14.10b where the 

spectra of a beam before and after filtration are shown. 
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Fig. 14.10 The effect of filtration on the spectrum of a beam of X-rays: (a) the attenuation 
coefficient of the filter medium plotted against photon energy; (b) the spectra of a beam of 
X rays before and after filtration. 

Filtration is said to harden a beam, i.e. a beam is more penetrating and 
therefore has a greater half-value layer after filtration than before. This is 

important in radiology because the readily absorbed low-energy radia- 

tion present in the output of an X-ray tube would result in a relatively 

large absorbed dose (15.4.1) to the skin of the patient if the beam were 

not filtered. 
All X-ray tubes have some filtration, known as inherent filtration, due 

to attenuation: (a) in the target itself, (b) in the materials of the tube and 

of the window in the tube housing, and (c) in the cooling oil (10.4.2 (iii), 
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11.3.4). For X rays generated below about 120 kVp, a simple filter 
usually made of 1 or 2 mm of aluminium is added, but from 120 kVp to 
about 2 MV composite filters (see below) made of layers of different 

elements must be used. The primary element chosen for the first layer of a 

composite filter is selected so that the attenuation coefficient increases 

greatly at the low-photon-energy end of the spectrum, as in the case of a 

simple filter. The elements usually chosen are: 

up to 120 kVp aluminium, simple filter 
120 kVp to 250 kVp_ copper primary element 

250 kVp to400kVp_ tin in a composite 
800 kVp to 2 MV lead filter 

The primary element in a composite filter must be followed by one or 

more layers of elements of progressively lower atomic number. These 

secondary layers are necessary because the lowest photon energies in the 

beam emerging from an X-ray set are less than the energy at which the 

K-absorption limit for the photoelectric process (14.3.3) occurs in the 

primary element. The latter generates characteristic X rays at energies 

near that of the K-absorption limit that have to be attenuated by the 

secondary layers. Also, a band of low-energy radiation ‘leaks’ through 
the primary layer because of the sharp drop in the attenuation coefficient 

at the K-absorption limit, and this has to be attenuated too. 

A filter with copper as the primary element is supplemented by 

aluminium, tin is supplemented by copper plus aluminium, and lead is 
supplemented by tin plus copper plus aluminium. Note that the element 

with the highest atomic number must be on the side of the composite filter 
which is nearer to the X-ray tube. A composite filter of tin, copper and 
aluminium is known as a Thoraeus filter. 

14.6 THE TRANSMISSION OF A BEAM THROUGH 
BODY TISSUES 

14.6.1 Body tissues can be considered as being of two main types, bone 

and soft tissue. The essential difference between the two is that bone 
contains elements such as calcium (Z = 20) and phosphorus (Z = 15) 
that are of higher atomic number than those in soft tissue such as 
hydrogen (Z = 1) and carbon (Z = 6). Consequently, when the 
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photoelectric process predominates, the attenuation in bone is far greater 

than that in soft tissue because the mass attenuation coefficient for the 
photoelectric process is approximately proportional to Z* (14.3.3). When 

the Compton process predominates, this large difference in attenuation 

does not occur because the mass attenuation coefficient for the Compton 

process is approximately independent of Z (14.3.4). If very high energies 

are involved and pair production is therefore significant, the attenuation 

in bone is again greater than that in soft tissue because the mass 

attenuation coefficient for pair production is approximately proportional 

to Z (14.3.5). 

14.6.2 In radiotherapy the difference in the attenuation between bone 

and soft tissue due to the photoelectric process results in a larger 

absorption of energy or absorbed dose (15.4.2) in bone than in soft 

tissue up to (homogeneous) photon energies of about 150 keV, which 

corresponds to X rays generated up to about 350 kVp. If bone is traversed 

by the radiation when soft tissue is being treated at these energies, the 

bone will receive an excessively high absorbed dose. Higher photon 

energies are therefore employed to treat tumours underneath or near 
bone so that absorption in both the bone and the soft tissue is mainly by 

the Compton process; the mass attenuation coefficients are therefore 

approximately equal. Equipment which produces X rays or gamma rays 

of energy 1 MeV or higher is therefore used for this purpose, e.g. van de 

Graaff generators, linear accelerators and cobalt-60 teletherapy units. At 

very high energies, pair production would again result in greater 

absorption in bone, but this is not usually significant in practice. 

When calculating absorbed dose, the contribution made by scattered 
radiation arising from the Compton process must be taken into account. 

The absorbed dose at a point on the surface of a patient or at a depth in 

the patient (the depth dose) has two main components, that due to 
absorption of the primary radiation from the incident beam and that due 
to absorption of the scattered radiation passing through the point. The 

scattered radiation is of lower energy than the primary radiation. The 

amount of scattered radiation increases as the Compton process becomes 

more predominant and it also increases with the volume of tissue 

irradiated, i.e. with the field-size used. The absorbed dose to be expected 
at each point in a patient for a known exposure is first established for the 

field-size and photon energy to be used. This is done by employing 
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calibration ‘phantoms’ of water or other materials with attenuating 

properties similar to those of tissue, e.g. special waxes or ‘bolus’ materials. 

Measurements of the absorbed doses at various points in the phantom are 

made under the same conditions of irradiation as those to be used for the 

patient. 
As photon energy increases, more of the radiation scattered by the 

Compton process is scattered in the forward direction, i.e. more is 

scattered through small angles to the direction of the incident beam and 

less is scattered backwards. Consequently, when X rays or gamma rays of 

about 1 MeV are used, instead of X rays generated at, say, 200 kVp, there 

is less backscatter to the surface of the patient and there is less radiation 

scattered outside the geometrical limits of the primary beam. 

14.6.3 In diagnostic radiology, the image formed is basically a ‘shadow 

picture’ produced by the X rays. The attenuation of the radiation as it 

passes through the structure of interest depends on: (a) the mass 
attenuation coefficient of the structure (14.2.4), (b) the density of the 
structure (1.2.2), and (c) the thickness of the structure. The contrast in 
the image consequently depends on differences in one or more of these 

three factors between the structure and the surrounding tissue. 

At photon energies below 25 keV (equivalent to X rays generated at 

about 50 kVp) the photoelectric process predominates in both bone and 

soft tissue (Table 14.1, 14.3.7). Consequently bone, which contains 
elements of higher atomic number than soft tissue (14.6.1), has a much 

larger mass attenuation coefficient and the image of a bony structure 

produced at these energies has a high contrast. 

If the photon energy is increased, the proportion of Compton 
interactions increases; the difference between the mass attenuation 

coefficients becomes less with the result that the contrast decreases. There 

is also an increase in the amount of scattered radiation arriving at the film or 

screen (see below) which further reduces the contrast. It is widely believed 
that Compton scatter is wholly deleterious to the image because of the 
reduction in contrast caused by some of the scattered radiation arriving 

with more or less uniform intensity over the area of the film or screen. 

However, when the predominant attenuation process is the Compton 
scatter, the contrast in the image is produced by the Compton interactions. 

Itis the ‘by-product’ of the Compton attenuation process, viz. the scattered 

radiation, which may reduce the contrast, adversely affecting the image. 
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Note that the patient himself acts as a filter (14.5); the radiation 
emerging from the patient and reaching the film or screen has a different 
spectrum from that incident on the patient. 

If the anatomical structure to be studied does not differ sufficiently in 

attenuating properties from the adjacent tissues to produce adequate 

contrast, it is sometimes possible to introduce into the structure a medium 
which is either more or less opaque to the radiation than the surrounding 

tissues, viz. a contrast medium. Commonly used contrast media which are 
more radio-opaque than soft tissue contain elements with atomic 

numbers considerably higher than those in soft tissue, e.g. preparations 

containing iodine (Z = 53) for intravenous pyelograms, and barium (Z = 
56) for barium meal examinations. Their mass attenuation coefficients 

for the photoelectric process are consequently very high. Examples of 

contrast media which are less radio-opaque than soft tissue are gases, e.g. 

air or carbon dioxide for techniques such as ventriculography. Their 
densities are much lower than that of soft tissue. 

If an appreciable amount of scattered radiation reaches the film or 

screen, it reduces the contrast of the image by increasing the general 

background. Radiation is scattered (by the Compton process) in the 

patient and also in any nearby object which is irradiated; the effect can be 

reduced by: 

(i) using diaphragms and cones to limit the size of the beam and 

hence to restrict the volume of tissue irradiated, 

(ii) placing an absorbing material, usually lead, behind the 
film—screen combination in the cassette to reduce backscatter 
from objects behind the cassette, 

(iii) using a compression band or cone to reduce the volume of tissue in 
the field, 

(iv) using an anti-scatter grid (see below) which transmits radiation 
travelling in the direction of the primary beam but absorbs 

scattered radiation travelling in other directions, 

(v) increasing the distance between the patient and the film (exit-gap 
or air-gap technique) so that less radiation scattered by the patient 

reaches the film. 

Grids are made of narrow strips of lead, about 0.1 mm thick, 5 mm high 

and spaced about 0.5 mm apart. The strips are arranged parallel to one 
another and placed between the patient and the film. The strips are 
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inclined at an angle to the plane of the film so that X-rays radiating from 

the focus of the tube can pass between the strips; scattered radiation 
travelling in other directions, however, is intercepted by the strips and 
prevented from reaching the film (Fig. 14.11). A grid with inclined strips 
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Fig. 14.11 The use of a focused grid to reduce the amount of scattered radiation reaching 
the film. 

is referred to as a focused grid; it is designed to be used at a particular 
focus—grid distance. The effectiveness of a grid is indicated by the grid 

ratio, which is the ratio of height to separation of the lead strips. Grid 

ratios are usually in the range 5:1 to 16:1, the higher-ratio grids being used 
for higher-energy radiation. 
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A grid as described above would produce a shadow on the film. In 
order to prevent this image of the grid from interfering with the image of 

the structure being radiographed, the grid is sometimes made to oscillate 
during the exposure in a plane parallel to the film and in a direction at 
right-angles to the strips, as in a Potter-Bucky diaphragm. 

14.7 SHAPES AND FINE DETAILS IN THE X-RAY IMAGE 

14.7.1 The shapes of the patterns in the ‘shadow picture’ (14.6.3) 

formed by the X rays that emerge from the patient (sometimes called the 

X-ray or radiation image) depend on the shapes of the structures that 

produce the shadows. It is from the shapes of these shadows, detected by 

an image intensifier or by a screen-film combination, that the radiologist 

can acquire information about the internal structures of the patient. 

However, because the structures are three-dimensional, and the patterns 

only two-dimensional, the shapes of the patterns may be distorted in a 

way that is reminiscent of the distortion in land shapes caused by 

representing the spherical earth on flat maps. The radiologist must be 

aware of this distortion and must allow for it in his diagnosis. 

The X-ray beam diverges from the focal area of the X-ray tube; hence 

the images of body structures must be larger than the structures 

themselves. This is called radiological magnification or enlargement (Fig. 

14.12a). Using the principle of similar triangles, Fig. 14.12a shows that 

the ratio of image to object sizes is equal to the ratio of focus-image to 

focus—object distances: 

Radiological magnification may be a disadvantage, for example in 

chest radiography when an exact estimate of heart size is required. Then 

FI is made as nearly as possible equal to FO by positioning the patient in 

contact with the film cassette and by having the X-ray tube at an unusually 

large distance from both. On the other hand, radiological magnification 

may be deliberately made use of as in the technique called macroradiog- 

raphy, used for biological specimens as well as for patient structures, 
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Fig. 14.12 (a) Illustrating radiological magnification or enlargement. FO and FI are the 
focus—object and focus—image distances respectively. (b) Variation of X-ray intensity with 
distance. This shows how a point source of X rays produces an image with sharp edges. 
The object is assumed to have clear-cut (well-defined) edges and to absorb completely the 
X rays incident on it, so that the X-ray intensity beneath it is zero. 

when FO is made much smaller than FI. In this case, however, a very 

small effective focal spot size (11.3.3) is necessary to reduce the effects of 

geometrical unsharpness (14.7.2). 

14.7.2 The fine details in the X-ray image result not only from the fine 

structure in the object but depend also on the effective focal-spot size 

(11.3.3) of the X-ray tube. This can be demonstrated by a simple optical 

experiment. If an object with a clear-cut edge, such as a piece of thin card, 

casts a shadow from a very small (point) light source such as an electric 
torch bulb (minus its reflector!), the edge of the shadow will also be 

clear-cut or sharp. Fig. 14.12b shows similarly how an ideal point of 

source of X rays would produce a sharp image from an object with 

clear-cut edges. If, instead, a light source of large area, such as an 
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ordinary pearl electric light-bulb, is used, the edge of the shadow will be 

blurred, or unsharp. The phenomenon is called blurring, or unsharpness. 

Exactly the same effect occurs with the finite area of the effective 

focal-spot of an X-ray tube; the shadows of ‘sharp’ objects are rendered 

unsharp (11.3.3). In the X-ray case the phenomenon is called geometrical 

unsharpness. Fig. 14.13 shows in more detail how this arises. In the region 

Ug 
F focus 

O object 

penumbra 

| image on detector rE: Z 

X-ray 

intensity -<——— Unsharp edge 

Fig. 14.13 (a) Illustrating geometrical unsharpness due to the finite size of the X-ray 
source. u, is the effective focal-spot size and U, is the size of the resultant image 
unsharpness or penumbra. (b) Variation of X-ray intensity with distance. The object is 
assumed to have clear-cut edges and to absorb the X rays completely. 

of complete shadow (the umbra), no X rays fall on the detector. In the 
region of partial shadow (the penumbra), X rays from only part of the 

focal area fall on the detector. The fraction of X-ray energy that reaches 

the detector at a given point in the penumbra depends on the distance of 

the point from the edge of the umbra. This results in a variation of 
intensity at the edge of the image that gives it a blurred or unsharp 

appearance (Fig. 14.13b). 
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The extent of geometrical unsharpness, as with radiological magnifica- 
tion, depends on the relative positions of focus, object and detector (film, 

etc.). Fig. 14.13a shows that 

ane Eq. 14.6 

(by similar triangles). The effect (U,) of a given effective focal-spot size 
(ug) is therefore least when the object is as near the detector as possible. 

This is why the technique of macroradiography (14.7.1) requires a very 

small effective focal-spot size. Further information about focal-spot sizes 

will be found in section 11.3.3. 
There are two other sources of unsharpness in the X-ray image. First, if 

any of the three components, X-ray source, object or film, moves relative 

to the others during the exposure, an unsharp or blurred image will result. 
This is similar to the unsharpness experienced when a rapidly-moving 

object such as a racing car is photographed using a camera set for too long 

an exposure time. The effect is called movement unsharpness (U,,,), and 

can be minimized only by reducing the exposure time. This reveals the 
advantage afforded by big X-ray generators capable of producing large 

values of current (mA), because then the same current X time product 
(mAs) can be obtained with a shorter exposure time. Normally, of 
course, it is desirable to minimize movement unsharpness, but in a 
valuable technique called tomography, by suitable relative movement of 

X-ray tube and film, gross movement unsharpness can be introduced into 
all planes of the patient except the one of interest, thus rendering the 
structures in that plane more or less clearly visible. 

Apart from tomography, the types of unsharpness so far discussed have 

been undesirable. However, another type, called absorption unsharpness 

or structure unsharpness (U,) results from the fact that some body 
structures, for example eroded bone, do not have clear-cut edges. The 
resulting unsharpness in the X-ray image is then a desirable feature, 

because it gives information about the fine structure of the edges of 
objects. The radiographer must not assume that an unsharp edge in a 

radiograph is necessarily a bad thing, to be eliminated at all costs! 

So far we have discussed effects that give rise to unsharpness in the 
X-ray image itself. However, the X-ray image is not visible, and has to be 
rendered so by means of a screen-film combination or an image-intensi- 

258 



INTERACTION OF X RAYS AND GAMMA RAYS WITH MATTER 14.7.2 

fier television system. These devices, which may be called X-ray image 

transducers, always introduce extra unsharpness in converting X rays 

into light. Most X-ray transducers contain a fluorescent screen (9.3.5) as 

one of their essential components, and so this type of unsharpness is 
traditionally known as screen unsharpness (U,). In the more complex 
types of transducer used today, however, unsharpness arises also in other 

parts of the system, for example in the television part of an image-intensi- 

fier system, and the theory is extremely complex. Furthermore, the 
simple description of unsharpness in terms of a distance in millimetres has 
for many purposes become inadequate, often being replaced by a 

mathematical concept called the modulation transfer function. 
It is obviously advantageous for ‘screen’ unsharpness to be a minimum; 

this is achieved in radiography by using high-definition intensifying 

screens (9.3.5) (at the expense, however, of sensitivity), and in 
fluoroscopy by choosing the most modern image-intensifying system, for 

example, one incorporating the so-called caesium iodide intensifier tube 
(9.3.5). Another way of reducing the undesirable effects of screen 
unsharpness is to use the technique of macroradiography (see above). In 

this way the image of the object of interest, together with its fine details, is 

made larger, thus rendering the fixed size of the screen unsharpness less 

important relative to the size of the X-ray image details. 

In a radiological system there are many sources of unsharpness, as 

described above. It is often desired to calculate the total unsharpness (U,) 

resulting from the combination of the several individual unsharpnesses. 
The only exact way to do this is by a mathematical technique making use 

of the modulation transfer function (see above), but an approximate 

result may be obtained by the following simple equation. For example, 
the result of combining geometrical unsharpness (U,), movement 

unsharpness (U,,.) and screen unsharpness (U,) is given by 

Uz + U3, + UZ Eq. 14.7 
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15 X-ray and gamma-ray 
measurements 

15.1 THE BASIS OF THE MEASUREMENTS 

The measurement of quantity of X or gamma radiation can be based on 

any of the effects produced by the radiation, e.g. ionization, chemical 

changes and photographic effects. Some effects are readily measurable 

only if large quantities of radiation are involved and some depend very 

much on the quality of the radiation producing them. Consequently the 

use which can be made of these effects is limited. 

The effect which is most suitable for general use over a wide range of 

qualities is the ionization (2.4) produced in air by the radiation. This 

measure of quantity is known as exposure (15.2.1). The amount of 

ionization produced is related to the energy absorbed by the air (14.3.8) 
and is measured by collecting the ions formed, as described in section 

TZ. 
Much of the early interest in the measurement of X-ray quantity was in 

connexion with the doses given to soft tissue in radiotherapy. X-ray 
quantity expressed in terms of the ionization of air is particularly useful 
for this purpose as it gives a measure of the energy absorbed by soft tissue 

exposed to radiation. This is because air and soft tissue have approxi- 
mately equal effective* atomic numbers (7.6 and 7.4 respectively) and 
hence similar attenuation coefficients (14.3); therefore the energy 
absorbed per unit mass is the same for equal exposures. 

*The effective atomic number of a mixture of elements is a kind of average of the atomic 
numbers of the individual elements. 
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15.2 EXPOSURE 

15.2.1 Exposure and the roentgen. Quantity of X or gamma radiation 

measured in terms of the ionization produced in air is known as 
exposure. 

DEFINITION Exposure is the quantity of X or gamma radiation mea- 

sured as the sum of the electric charges on all the ions of one sign 

produced in air when all the secondary electrons liberated by the photons 

in a small mass of air are completely stopped in air. 

The detailed conditions given in the definition will be explained in 
section 15.2.2. 

The unit of exposure is the roentgen (R). 

DEFINITION The roentgen is an exposure of 2.58 <x 10 ~* coulomb/ 

kilogram of air. 

Note that exposure and the roentgen relate only to X and gamma 
radiation, which are both electromagnetic. Alpha and beta radiations 

are measured in terms of absorbed dose in a stated medium (15.4.1). 

The roentgen is not an S.I. unit; its use is being discontinued and 

exposure will in future be measured in coulomb/kilogram of air. 

15.2.2 The free-air ionization chamber is an instrument for making 
an accurate and absolute measurement of exposure; it satisfies the 

conditions in the definition for exposure given in section 15.2.1. It is a 

cumbersome instrument not found in hospital departments and is used 

for calibration purposes in national standardizing laboratories. 

A section through the free-air chamber is shown in Fig. 15.1. The X 

rays enter the lead-lined box through a small hole in the lead diaphragm 

which produces a well-defined conical beam. The beam passes between 

two parallel plate electrodes which have a high potential difference 

across them and which collect (by attraction) some of the ions produced 

in the air in the box. The bottom electrode is divided into two parts, the 

collecting plate C and the ‘guard’ ring G around C. The guard ring G 

and the series of guard wires W help to keep the lines of electric force 

between the collecting plate C and the opposite electrode straight and 

perpendicular to the electrodes; this is done in order to define 
accurately the volumes involved in the measurement. 
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Fig. 15.1 A cross-section through the free-air ionization chamber. 

Consider the secondary electrons liberated by X-ray photons interac- 

ting with the small mass of air in the volume represented by abcd; this is 

bounded by the edges of the beam and the lines of electric force ps and 

qr from the edges of the collecting plate C. The plate electrodes are 

sufficiently far apart for the secondary electrons not to reach them and 

so the electrons give up their energy by producing ions in air. The 

potential difference between the electrodes is sufficiently high for all the 

ions of one sign produced in the volume represented by pqrs to be 

collected on plate C (i.e. no recombination of ions occurs). Their charge 

is then measured on the electrometer (3.2.1) connected to plate C. 

Some of the electrons liberated by the X rays in the volume abcd will, 

however, pass out of the collecting volume pqrs and produce ions 

outside it; these will not be collected on plate C. This loss of ions, 

however, is compensated for by ions produced in the collecting volume 

pars by secondary electrons liberated by X-ray photons interacting with 

the air outside volume abcd. This compensation is known as electronic 
equilibrium. 
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The exposure in roentgens can then be calculated from the charge 
measured on the electrometer and a knowledge of the mass of air in 
volume abcd. If the current (i.e. the charge per second) flowing from 
plate C is measured instead, the exposure rate in roentgens/second can 
be calculated. 

15.2.3 Thimble ionization chambers are used for clinical and other 

applications where it is not practicable or appropriate to use the free-air 
chamber because of its great size and complexity (15.2.2). In the 

thimble chamber, a small volume of air is surrounded by a solid wall 

which is air-equivalent, i.e. the material of the wall is chosen so that it has 

an effective atomic number approximately equal to that of air, and 
consequently a similar mass absorption coefficient (Fig. 15.2). 

Wall 

Central electrode 

™ 

~~ Insulator 

Fig. 15.2 A thimble ionization chamber. 

The wall is sufficiently thick for secondary electrons liberated outside 

the chamber not to penetrate it. Consequently when the chamber is 

exposed to X or gamma radiation, the ionization produced in the air 

inside the chamber is due mainly to secondary electrons liberated in the 

wall and passing through the air in the chamber. There is also a small 

contribution due to ionization resulting from absorption of the X or 
gamma radiation by the air in the chamber. The ions are collected by 

applying a potential difference between the central electrode and the wall 

of the chamber, the latter having an electrically conducting coating on its 
inner surface. The potential difference must be sufficiently high to ensure 

that all the ions produced are collected, i.e. that there is no recombina- 
tion of ions, and that therefore the ionization chamber is operating in a 

saturated condition (11.1.3). 
If the mass of air enclosed in the chamber is increased (e.g. by varying 

the volume of the chamber, or the pressure or the temperature of the air), 

there is a greater mass of air in which the secondary electrons can produce 
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ions. Consequently the charge collected is greater, i.e. the sensitivity of 

the chamber is increased. 
Thimble ionization chambers do not fulfil the conditions in the 

definitions of exposure and of the roentgen (15.2.1); hence the 
ionization is not equal to the exposure. However, as the walls are 

air-equivalent, these chambers can be made so that the ionization 

produced is proportional to the exposure in roentgens over a range of 

radiation qualities. The constant of proportionality for a given thimble 
chamber is obtained by calibrating it against a free-air chamber for the 

quality of radiation to be measured. Care must be taken to ensure that the 

wall is of the proper thickness for the energy of the radiation being 

measured. If the wall is too thin, insufficient absorption takes place in the 

wall and too few secondary electrons are liberated. Also, electrons from 

outside the chamber can pass through the wall. If the wall is too thick, 

there will be appreciable attenuation of the X or gamma radiation in the 

outer layers of the wall resulting in reduced ionization in the air in the 

chamber. If a chamber with a thin wall is to be used for measurements at 
energies higher than that for which it was designed, the wall can be 

increased to the required thickness by surrounding the chamber with a 

build-up cap such as a Perspex sheath a few millimetres thick. 

15.2.4 Exposure meters and exposure-rate meters (sometimes called 

dose meters and dose rate meters). A thimble ionization chamber is 

connected by an electrically screened cable to an instrument (an 

electrometer) which measures the charge collected on the central 
electrode; the total exposure in roentgens is obtained if the chamber has 

previously been calibrated (15.2.3). In this arrangement the chamber is 
used as an exposure meter. Alternatively, the chamber can be connected 

to an instrument which measures the ionization current (i.e. the charge 
per second) flowing through the central electrode; thus the exposure rate 

in roentgen/second is obtained, i.e. the chamber is used as an 

exposure-rate meter (11.4.2). 

Sometimes it is inconvenient to measure exposure using a chamber 
which is connected to an electrometer by a cable during the irradiation; 

instead, a condenser ionization chamber (Fig. 15.3) is used which is not 

connected to the electrometer during the irradiation. In use, the screwed 

plug in the chamber wall is removed and the central electrode is charged 

from a charging device. The plug is replaced and the chamber exposed. 
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Fig. 15.3 A condenser ionization chamber. 

The plug is removed again and the charge remaining on the central 

electrode is measured by connecting it to an electrometer. 

The chamber itself acts as a capacitor (or condenser, 3.4.2). The 

chamber is charged initially to a chosen potential difference V; between 
the central electrode and the wall. This is related to the initial charge Q, 

and the electrical capacitance C of the chamber by substituting in Eq. 3.1 

(3.4.1). 
Hence 

Q,=CV;" 

During the exposure of the chamber, the ions collected on the central 

electrode neutralize some of the charge. If V> represents the potential 
difference measured between the central electrode and the wall after 
exposure, the charge remaining Q> is given by: 

Q, = CV, 

Hence, the charge collected on the central electrode during the 

exposure (Q, — Q>) is given by : 

(Q; — 02) = CV; — V2) 

Thus the measured fall in potential difference (V; — V2) is pro- 
portional to the charge collected and, with the calibration factor appro- 

priate to the chamber, the value of the exposure in roentgens can be 

calculated. 
An example of a condenser ionization chamber is the Medical 

Research Council chamber type BD 11; this has a number of applications, 

including the measurement of exposure in radiological protection work 

(17 5é3))2 
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15.3. THE MEASUREMENT OF HALF-VALUE LAYER 

The half-value layer of a beam of X or gamma radiation is that thickness 

of a stated material which reduces the exposure rate of the beam to 

one-half (10.5.2, 14.2.5). To determine the half-value layer of a beam, 

a thimble ionization chamber is used to measure the exposure rate. The 

radiation passes through an aperture in a lead diaphragm to produce a 

narrow beam which is just broad enough to irradiate the whole of the 

chamber. The exposure rate is measured first with no attenuating 

material present and then with various thicknesses of the material placed 

over the aperture on the side of the diaphragm nearer the X-ray tube. A 

transmission curve of exposure rate against thickness of the material is 

plotted and the half-value layer is read off the graph as the thickness 
required to reduce the exposure rate to one-half. 

15.4 ABSORBED DOSE 

15.4.1 Absorbed dose and the gray. When a medium is traversed by 

radiation, energy is imparted to the medium and the effects produced in 
the medium result from this absorption of energy (14.1.1). The amount of 

this absorption can be expressed in terms of the absorbed dose. 

DEFINITION Absorbed dose is the energy imparted by the radiation to the 

medium per unit mass of the medium. 

The unit used for absorbed dose is the gray (Gy). 

DEFINITION The gray is an absorbed dose of 1 joule/kilogram of the 

stated medium. 

Unlike exposure and the roentgen, which apply to X and gamma 

radiation only, absorbed dose and the gray apply to alpha and beta 

radiation as well as to X and gamma radiation. 

The obsolescent unit of absorbed dose is the rad which is defined as an 
absorbed dose of Yi00 joule/kilogram of medium. Note that 1 gray = 
100 rad. 

15.4.2 The relationship between the absorbed dose and the roentgen. 

The energy absorbed by a medium traversed by X or gamma radiation 

depends on the value of the real mass absorption coefficient for the 
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medium at the energy of the radiation (14.3.8). Consequently, when 
materials with different atomic numbers are exposed to the same amount 
of radiation, e.g. to 1 roentgen, the amounts of energy absorbed will in 
general be different, because the value of the mass attenuation coefficient 
varies with atomic number (14.3.7). This is illustrated in Table 15.1, 

TABLE 15.1 (15.4.2) Absorbed doses in various materials exposed to 1 roentgen of 
monochromatic X or gamma radiation 

Photon Absorbed dose (rad*) 
energy 

Air Water Soft tissue Bone 

10 keV 0.87 0.91 0.93 3.6 
100 keV 0.87 0.95 0.95 1.5 

1 MeV 0.87 0.97 0.96 0.92 

*l rad = 0.01 gray. 

where the absorbed doses in air, water, soft tissue and bone exposed to 1 
roentgen of monochromatic X or gamma radiation are given for three 

different photon energies. At 10 keV, for example, the absorbed dose in 
bone is approximately four times that in soft tissue. This is because the 

absorption in bone and in soft tissue at this energy is largely due to 

photoelectric absorption for which the mass attenuation coefficient is 

approximately proportional to the atomic number cubed (14.3.3). 

Consequently, at this energy, bone has a much larger mass absorption 

coefficient and hence receives a much larger absorbed dose than soft 

tissue because bone has a higher effective atomic number than soft tissue. 

At 1 MeV, however, the Compton process predominates and, because 

the mass attenuation coefficient for this process is approximately 
independent of atomic number (14.3.4), there is little difference between 
the mass absorption coefficients for bone and soft tissue at this energy. 

Consequently the absorbed doses are approximately equal. 
This difference in the absorbed dose for the same exposure is important 

in radiotherapy. If low-energy radiation were used to treat soft tissue 

adjacent to or containing bone, the bone would receive a much higher 

absorbed dose than the soft tissue, with consequent danger of bone 
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damage. Because of this, high energies are often used in treatment so that 

the Compton process predominates and the absorbed doses in bone and 

soft tissue are approximately equal for the same exposure. 

15.5 OTHER METHODS OF MEASUREMENT 

15.5.1 _ Indirect measurements of exposure or exposure rate can be made 

using instruments which do not satisfy the conditions set out in the 

definitions of exposure and the roentgen (15.2.1); these therefore must 
be calibrated for the quality of radiation to be measured in order to obtain 

a value for the exposure. Similar instruments, provided that they have 
been appropriately calibrated, can also be used to measure the absorbed 

dose due to alpha, beta, gamma and X radiation. Six commonly used 

types of instrument are described in the following sections. 

15.5.2 Photographic film dosemeters make use of the photographic 

effect of radiation. Their commonest form is the film badge used for 

personnel dosimetry in radiation protection work; it is described in 

section 17.5.2. 

15.5.3 Thermoluminescent dosemeters make use of the property of 
thermoluminescence possessed by certain crystalline powders such as 

lithium fluoride. In thermoluminescence, the crystals store the energy 

absorbed during their exposure to radiation and subsequently release it as 

light when heated. The amount of light emitted is measured and can be 

related to the exposure in roentgens if the crystals and the measuring 
instrument are calibrated. Thermoluminescent dosemeters can be made 

quite small and are used in a number of applications including radiation 
protection work (17.5.4). 

The mechanism by which thermoluminescent materials store the 

energy which is absorbed from the radiation and then release it when 

heated can be explained in terms of band theory (11.6). The absorbed 

energy increases the energy of some of the electrons in the valence band 

so that they are first raised to the conduction band and then fall to energy 

states called electron traps in the region between the valence and 

conduction bands (Fig. 15.4). These electron traps are characteristic of 
crystalline powders such as lithium fluoride. The electrons remain in the 

268 



X-RAY AND GAMMA-RAY MEASUREMENTS 15.5.4 

Energy 

\\ conduit band Aan oe 

cane 
Fig. 15.4 Electrons in traps in a thermoluminescent material after irradiation; heating 
raises the electrons to the conduction band and they subsequently fall to the valency band 
with emission of light. 
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traps until they are given energy by heating the material; the electrons 

then have sufficient energy to move up into the conduction band, from 

which they subsequently fall to the valence band with the emission of 
energy as light. 

15.5.4 Geiger—Miller counters, sometimes called Geiger counters or 

G.M. counters, are sensitive radiation detectors which comprise a Geiger 

tube and associated electronic circuits for displaying the output of the 

tube on a meter or other device. The Geiger tube resembles a thimble 
ionization chamber but is filled with an inert gas (argon) at reduced 
pressure instead of air at atmospheric pressure. A high p.d. (from 400 to 

1 500 V) is maintained across the electrodes. When ionizing radiation 

produces a secondary electron in the tube, the electrons produced by 

ionization of the gas acquire such high energy from the high p.d. that they 
in turn ionize other gas molecules; this is known as gas amplification. The 

result is cumulative ionization (a chain reaction) which produces a large 

negative pulse containing a very large number of electrons (11.2.3). A 

series of such pulses can be counted automatically by electronic circuits. 

Geiger counters are more sensitive than ionization chambers because 
of the gas amplification; they are widely used as monitoring instruments 

for low intensities of radiation. They do not satisfy the conditions in the 
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definitions of exposure and the roentgen and therefore have to be 
calibrated before they can be used to measure exposure or exposure rate. 

15.5.5 Scintillation counters make use of the fact that when certain 

solids and liquids, called phosphors, are exposed to radiation, they 

absorb energy and then scintillate or fluoresce (9.3.5), i.e. they re-emit 
the energy as photons of visible or ultra-violet light. The phosphor is 

mounted so that the light emitted enters the window of a photomultiplier 

tube (an especially sensitive form of photoelectric cell, 13.4.2) which 

converts the photons of light into pulses of electric charge; these are then 

amplified and counted in the associated electronic circuits. 

15.5.6 Solid-state detectors can be divided into two groups: (i) the 

thermoluminescent (and similar) materials described in section 15.5.3 
and (ii) certain semiconductor materials which have properties similar to 
those utilized in the transistor and the solid-state diode (11.3.2). The 

latter type of material can be used in a small robust probe which, when 

connected to suitable electronic circuits, can be calibrated to measure 

exposure rate. 

15.5.7 Chemical dosemeters make use of the chemical changes pro- 

duced by radiation in the material through which it passes (14.1.1). The 
most widely used is known as the Fricke dosemeter in which a solution of 
ferrous sulphate is exposed. The ferrous sulphate is oxidized to ferric 

sulphate and the amount of ferric sulphate produced, which is deter- 

mined by chemical techniques, gives a measure of the exposure. 

15.6 DOSE EQUIVALENT 

Absorbed dose, as explained in section 15.4.1, is a physical quantity 

representing the energy absorbed from the radiation per unit mass of the 

medium; it does not take into account the ultimate effect of this energy on 
the medium, which is very important in radiation protection where the 

effect of irradiating living tissue with different types of radiation (alpha, 
beta, gamma, X) has to be considered. For radiation protection 
purposes, therefore, a further quantity is introduced, known as the 

dose equivalent, which is derived from the absorbed dose in the tissue and 
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from certain factors which depend on the type of the radiation and on the 

dose rate and dose distribution. 

DEFINITION The dose-equivalent, H, is the absorbed dose, D, multiplied 

by the quality factor, Q, of the radiation and the factor N; 

H = DQN Bg 15.1 

The quality factor Q depends on the type of radiation involved, and its 
value is given in Table 15.2. 

TABLE 15.2 (15.6) Values of the quality factor, Q, for various types of radiation 

Radiation Q 

X rays, gamma rays, electrons 1 
Neutrons, protons 10 

Alpha particles 20 

The other factor, N, takes into account, for example, the dose rate, 

fractionation (i.e. the giving of a total dose of radiation in fractions 

separated by time intervals) and any non-uniformity of the dose 

throughout the tissue. For almost all practical purposes, N has the value 

1. 
The unit used for dose equivalent is the sievert (Sv) when the absorbed 

dose is in gray and the rem when the absorbed dose is in rad. 
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16 Radioactivity 

16.1 THE DISCOVERY OF RADIOACTIVITY 

16.1.1 Radioactivity. We noted previously (2.3) that an atomic nucleus 

having a certain proportion of neutrons to protons is unstable, i.e. it is 

radioactive. In such a nucleus, a transformation or disintegration occurs 

spontaneously, usually with the emission of a particle and sometimes also 

with the emission of a gamma-ray photon. In the process, an atom of 

another nuclide is formed; this is known as the daughter product of the 

original or parent nuclide. This process of transformation is called 

radioactivity. 

DEFINITION Radioactivity is the property possessed by certain nuclides of 

undergoing spontaneous transformation of their nuclei accompanied by 

the emission of particles or radiation. 

As radioactivity is a property of the nucleus, it is unaffected if radioactive 

atoms enter into chemical combination or if the atoms are subjected to 

physical changes such as an increase in temperature. 

Nuclides (isotopes) which are radioactive are known as radionuclides 
(radioisotopes). 

16.1.2 The discovery of natural radioactivity. Naturally occurring 

radioactivity was discovered independently in 1896 by A. H. Becquerel 
and by S. P. Thompson. Becquerel knew that fluorescence (9.3.5, 

10.1(i)) was associated with the X rays discovered by ROntgen in 1895 
and this led him to investigate the various uranium compounds that fluor- 

esce in sunlight. He discovered that these compounds emitted penetrating 
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rays even in the dark when they were not fluorescing. These rays could 

blacken photographic plates in light-tight wrappings, discharge electro- 
scopes, and cause zinc sulphide to fluoresce. 

Other workers showed that thorium compounds were similarly 
‘radioactive’. Later, Mme Curie, realizing that crude pitchblende ore was 
more active than could be accounted for by its uranium content, discovered 

two further naturally occurring radionuclides: polonium (which she 

named after her native Poland) and radium. 

16.1.3 The uranium-radium series. The radium isotope, 72Ra, is the 
naturally occurring radionuclide most widely used in medicine. It is a 
member of one of three chains or series of radionuclides occurring in 

nature, in which an atom of one nuclide disintegrates to form an atom of 

another nuclide, which is itself radioactive. This atom in turn disintegrates 

to form an atom of yet another radionuclide and so on until a stable nuclide 
is reached. (Several other radionuclides occur naturally which are not 

members of the three series, e.g. 4K, a radioactive isotope of potassium, 
16.4.) 

The first member of the series which contains radium is an isotope of 

uranium; the series proceeds from uranium through fourteen radionuc- 

lides until a stable isotope of lead is formed. Radium is the sixth member of 

the series. It has a half-life (16.5.2) of 1620 years and disintegrates with 

the emission of an alpha particle (16.3.1) to form the radioactive gas radon. 

This in turn disintegrates to a radioactive isotope of polonium, and so on 
through the series. The radium used in medicine is sealed in a container, 

e.g. a radium needle; consequently the other members of the series after 
radium are present in the container too. The members of the series are said 

to be in equilibrium with the radium and they all contribute to the total 

radiation emitted by the sample. The wall of the container is of such a 

thickness, however, that only the gamma radiation (16.3.3) penetrates it 

and emerges from the radium needle for use in radiotherapy. 

16.2 TYPES OF RADIATION EMITTED 

It was discovered that three types of radiation were emitted by the various 

naturally occurring radioactive substances: 
(i) Alpha particles (a particles). Some of the rays emitted were 

deflected by electric and magnetic fields (3.1.2, 6.2.2) in a manner that 
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showed them to be streams of particles, each particle having a mass of 4 

atomic mass units and an electric charge of +2 atomic units. These 

particles, called alpha particles, were easily stopped, even by a thickness 
of a few sheets of paper or tens of millimetres of air. It was eventually 

shown that an alpha particle consists of 2 protons plus 2 neutrons and is 

therefore the nucleus of an atom of helium (2.1.3). 
(ii) Beta particles (6 particles). Some of the other rays emitted were 

deflected by electric and magnetic fields in a manner which showed that 

they also were streams of particles, but in this case each particle had a 

mass of only “1840 atomic mass unit and an electric charge of —1 atomic 

unit. These particles, called beta particles, were more penetrating than 

alpha particles and a few millimetres of aluminium were necessary to stop 

them. It was eventually shown that a beta particle is a fast-moving 

electron. 
(iii) Gamma rays (y rays). Other rays were not deflected by electric 

and magnetic fields and therefore were not streams of electrically charged 

particles. These rays, called gamma rays, were very penetrating and it 

took several tens of millimetres of lead to reduce their intensity by an 

appreciable amount. It was eventually shown that gamma rays are 

electromagnetic radiation of short wavelength (9.1.3). They are identical 
in kind to X rays except for their manner of production (16.3.3). 

16.3 TRANSFORMATION PROCESSES 

16.3.1 Alpha-particle emission. In the case of radionuclides which emit 

alpha particles, a disintegrating nucleus ejects 2 protons plus 2 
neutrons as one alpha particle. The daughter product (16.1.1) so formed 

has an atomic number which is 2 less than that of the parent nuclide anda 

mass number which is 4 less. 

This radioactive decay process is illustrated in Fig. 16.1, which 

represents the decay scheme of the isotope of radon, 733Rn. The parent 
nuclide has an atomic number of 86 and a mass number of 222. An 

alpha particle of energy 5.48 MeV is emitted by the nucleus to form the 

daughter product *%3Po, which is an isotope of polonium having an 
atomic number of 84 and a mass number of 218. By convention, when 

the atomic number decreases, the transformation is represented as in Fig. 
16.1 by a line drawn downwards and to the left from the parent to the 
daughter product. 
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eee Rn, half-life 3-825 days 
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Fig. 16.1 An example of a radionuclide which emits an alpha particle. The atomic number 
decreases by 2 and the mass number decreases by 4. 

16.3.2 Beta-particle emission. Beta particles are now known to be 
electrons with either a negative or a positive electric charge. The electron 
normally encountered, e.g. in the shells of an atom (2.1.3), is known as a 
negatron and has a negative charge of 1 atomic unit and a mass of “sao 
atomic mass unit. A positively charged electron, known as a positron, has 

the same mass as a negatron but has a positive charge of 1 atomic unit. It is 

only encountered in the special circumstances of radioactivity and of pair 
production (14.3.5). 

For a beta particle to be ejected from a nucleus undergoing a 

radioactive transformation, either a neutron or a proton in the nucleus 

must undergo a change which results in the formation of the beta particle. 
For radionuclides which eject a negatron, a neutron changes into a proton 

plus a negatron, i.e. 

wi gp ree 

where o/ is a neutron with charge 0, 
+p is a proton with charge +1, 
_e is anegatron with charge —1. 

The positive charge on the nucleus (i.e. the number of protons) 

increases by 1 atomic unit because there is one more proton present in the 
nucleus after the transformation than before. Consequently the atomic 
number of the daughter product is 1 greater than that of the parent. The 

mass of the nucleus remains approximately the same, because the 
negatron has little mass, and the mass number is unchanged because the 

total number of protons plus neutrons is unaltered. 

For radionuclides which eject a positron, a proton in the nucleus 

changes into a neutron plus the positron, i.e. 
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+P — on + +€ 

The positive charge on the nucleus (i.e. the number of protons) 

decreases by 1 atomic unit and so the atomic number of the daughter 
product is 1 less than that of the parent. The mass of the nucleus remains 

approximately the same and the mass number is unchanged because the 

total number of protons plus neutrons is unaltered. 
An example of a radionuclide which emits a negatron (B particle) 

is given in Fig. 16.2, which represents the decay of 39Ca, an isotope of 

45 : 
99 CG, half-life 165 days 

Bo 

Max. energy O- 25 MeV 

45 
aj oC 

Fig. 16.2 An example of a radionuclide which emits a 6” particle. The atomic number 
increases by 1 and the mass number remains unchanged. 

calcium, to 4}Sc, an isotope of scandium. An example of the emission of 
a positron (6* particle) is given in Fig. 16.3 which represents the 
decay of '3O, an isotope of oxygen, to '5N, an isotope of nitrogen. 

'30, half-life 2 minutes 

prt 

Max. energy |-7 MeV 

15 
7N 

Fig. 16.3 An example of a radionuclide which emits a B* particle. The atomic number 
decreases by 1 and the mass number remains unchanged. 

Note that for a given radionuclide, the beta particles emitted from the 

individual nuclei do not all have the same amount of kinetic energy. Their 
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energies are spread over a range of values up to a definite maximum for 

the particular radionuclide, i.e. the beta particles have a continuous 

spectrum of energy. It is the maximum energy in the spectrum that is 
given in the decay schemes in Figs 16.2 and 16.3. 

16.3.3 Gamma-ray emission. In the case of some radionuclides, one or 

more gamma-ray photons are emitted by the nucleus following the 

ejection of a particle because the nucleus still possesses an excess of 
energy. 

An example of a beta-gamma emitter is given in Fig. 16.4. The isotope 

of gold, '33Au, decays with the emission of a 6 particle to an 
isotope of mercury, '3)Hg. The nucleus of the '{jHg formed by the 
ejection of the 6” particle has an excess of energy; this energy is then 

emitted immediately as one gamma-ray photon of energy 0.41 MeV as 
the nucleus falls to its ground state, i.e. its state of lowest energy. 

79 Au , half-life 2-7days 

Max. energy 0-96 MeV 

Me 

0-4! Mev 

————_ 

198 
809 

Fig. 16.4 An example of a radionuclide which emits a 8B particle followed by a y-ray 
photon. (Simplified version of the decay scheme for 8 Au.) The emission of the B~ 
particle results in an increase of | in the atomic number and no change in the mass 
number. The emission of the y-ray photon affects neither the atomic number nor the mass 

number. 

Note that when a gamma-ray photon (electromagnetic radiation) is 

emitted, there is no further change in atomic number or mass number. 

Note also that the gamma-ray photons from a given radionuclide are 

emitted with a definite value or values of energy characteristic of that 
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radionuclide and not with a continuous spectrum of energy as is the case 

for beta particles. Some radionuclides, for example '3$Au, emit only one 
gamma-ray photon in their decay schemes. Others emit more than one 
gamma-ray photon; for example, $4Co, the radioisotope of cobalt used 
in teletherapy units, emits two gamma-ray photons in its decay scheme, 

one of energy 1.17 MeV and the other of energy 1.33 MeV. 
In the gamma-ray emission process described so far, the gamma 

photon is emitted immediately after the emission of the beta particle. For 
certain nuclides, however, the nucleus remains in the excited state for a 

measurable time before falling to the ground state with the emission of 

one or more gamma photons. The excited state of the nucleus in this case 

is known as a metastable state and the process of falling to the ground 

state is called an isomeric transition. A good example is the metastable 

state of technetium-99, 93Tc”, a radionuclide used in nuclear medicine 
(18.2.3). This is formed when molybdenum-99, 33Mo, decays with the 
emission of a beta particle. The subsequent isomeric transition occurs 

with a half-life of 6 hours and a gamma photon energy of 0.14 MeV. 

16.3.4 The electron-capture process. The electron-capture or K-capture 

process also results in a transformation of the nucleus although no 

particle is ejected from it. Instead, the nucleus captures an electron from 

the K-shell of the atom and the electron combines with a proton in the 
nucleus to form a neutron, i.e. 

SC tp —> ore 

where _e is the electron, 

+p is the proton, 

of is the neutron. 

The positive charge on the nucleus (i.e. the number of protons) 
decreases by 1 atomic unit and so the atomic number decreases by 1. The 

mass of the nucleus remains approximately the same and the mass 

number is unchanged because the total number of protons plus neutrons 

is unaltered. In some cases, the vacancy produced in the K-shell is filled 

by the transition of an electron from another shell with the emission of a 
characteristic X-ray photon (10.3 (iii)). 

The electron capture process is illustrated in Fig. 16.5, which 

represents the transformation of an isotope of argon, 3A, to an isotope 
of chlorine, 373Cl. 
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77A, half-life 34-5 days 

Electron capture 

i7Cl 

Fig. 16.5 An example of a radionuclide which undergoes electron capture. The atomic 
number decreases by 1 and the mass number remains unchanged. 

16.4 BRANCHING 

Certain radionuclides can decay by more than one process, that is, fixed 

proportions of the number of nuclei disintegrating in a sample decay by 
different processes. Fig. 16.6 illustrates the decay scheme for the 

seks half -life 1-3 x 10° years 

89% Bo 11% 
Max. energy |-3 MeV electron capture 

40 
29 Ca 

if 

|-46 MeV 

40 
igA 

Fig. 16.6 An example of a radionuclide which decays by more than one process. Eleven 
per cent of the transformations are by electron capture followed by the emission of a y-ray 
photon to 4A. Eighty-nine per cent of the transformations are by the emission of a B~ 
particle to Ca. 

naturally occurring radioactive isotope of potassium, 19K. The scheme 
has two branches: 11% of the transformations are by electron capture 

followed by the emission of a gamma-ray photon to form an isotope of 

argon, izA, while the remaining 89% of the transformations are by the 
emission of a8” particle to form an isotope of calcium, 4{Ca. 
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16.5 RADIOACTIVE DECAY 

16.5.1 Activity and exponential decay. The rate at which a sample of a 

radionuclide is undergoing transformation is known as its activity. 

DEFINITION The activity of a quantity of a radionuclide is the number of 

nuclear transformations which occur in that quantity per unit time. 

The activity is proportional to the number present of nuclei of the 

parent nuclide. This is the same as saying that a constant fraction of the 

number of nuclei of the parent nuclide undergo a transformation per 

unit time. 
In Fig. 16.7, for example, the activity of a quantity of the radioactive 

isotope of sodium, 74Na, is plotted against time, both axes of the graph 

Aoz100 

90 
24Na, half-life 15 hours 

80 

70 

60 

5 On ae ae After | half-life 

After 2 half-lives = 

After 3 half-lives 
te 

Activity of sample as a percentage of initial activity, Ap (linear graph scale) 

~) [e) 

! le | 
O 10 15 20 30 40 45 50 60 

Time in hours (linear graph scale) 

Fig. 16.7 The activity of a sample of 7{Na plotted against time, both on linear graph 
scales. Note the exponential curve with the activity reducing by a factor of 2 every 15 
hours. 

having linear scales. The graph shows that the activity decreases with 
time and is reduced by a constant factor of one-half every 15 hours (see 

section 16.5.2 on half-life). This type of relationship, where the activity 
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is reduced by the same factor in successive intervals of time, is known as 

an exponential law and is represented mathematically by the equation: 

A=Age o Eq. 16.1 

where A is the activity of the sample after time f, 

Ag is the initial activity of the sample, i.e. when ¢ = 0, 

e is amathematical constant, and 

id is the decay constant for the given radionuclide. 

It can be shown mathematically that the decay constant A is equal to the 

fraction of the nuclei of the parent radionuclide which undergoes a 

transformation per unit time. 

Note that Eq. 16.1 is analogous to Eq. 14.1 (14.2.3) which represents 

the transmission of a homogeneous beam of radiation through a medium, 

and to Eq. 4.7 (4.3.3) which represents the exponential discharge with 

time of capacitance through resistance. 

If the decay curve shown in Fig. 16.7 is replotted using a logarithmic 

scale (14.2.3) for the activity axis but retaining a linear scale for the time 

axis, a straight line graph is obtained, as shown in Fig. 16.8. This is a useful 

property of the exponential law. 

16.5.2 Half-life. Each radionuclide has its own particular decay rate. 

In Figs 16.7 (16.5.1) and 16.8 (16.5.2), for example, the activity of a 

sample of 7{Na is seen to decrease by one-half every 15 hours. This 
radionuclide is therefore said to have a half-life of 15 hours. 

DEFINITION The half-life of a radionuclide is the time taken for the 

activity of a sample of that radionuclide to decrease to one-half. 

Half-lives can range from a fraction of a second for some radionuclides to 

over a million years for others; examples are given in Table 16.1 for a 

number of radionuclides used in medicine. 
The decay constant (Eq. 16.1, 16.5.1) and the half-life for a given 

radionuclide are related mathematically by the equation: 

0.693 
N= Eq. 162 

half-life 

This is analogous to Eq. 14.2 (14.2.5) which relates the total linear 
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Aoz 100 

24Na, half-life I5 hours 

After | half-life 

Activity of sample as a percentage of initial activity, Ao 

) 

(logarithmic graph scale 
10 I5 25 30 AO) ae A.D) 50 60 

Time in hours (linear graph scale ) 

Fig. 16.8 The activity of a sample of {{Na plotted on a logarithmic graph scale against 
time on a linear graph scale. Note that the exponential curve in Fig. 16.7 has become a 
straight line when plotted on log-linear graph scales. 

attenuation coefficient of a medium to the half-value layer for a beam of 
homogeneous radiation. 

16.5.3 Average life. It is not possible to say how long the nucleus in one 

particular atom in a sample of a radionuclide will exist before it undergoes 
a radioactive transformation, but it is possible to calculate the average life 

expectancy of a nucleus. This is given by the equation: 

f 1 half-life 
average life = —>.= — 

r 0.693 

where A is the decay constant of the radionuclide (16.5.1). 

For 4}Na, which has a half-life of 15 hours, the average life of a nucleus 

15 
——— = 2/6 hours 
0.693 

is 
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16.5.4 The becquerel and the curie. The activity of a sample of a 

radionuclide was defined in section 16.5.1 as the number of nuclear 

transformations which occur in the sample per unit time. The special unit 

used for activity is the becquerel, abbreviated to Bq. 

DEFINITION The becquerel is that quantity of a radionuclide in which the 

number of nuclear transformations occurring is one per second. 

The earlier unit of activity was the curie, abbreviated to Ci. 

DEFINITION The curie is that quantity of a radionuclide in which the 

number of nuclear transformations occurring per second is 3.7 x 10'°. 

The curie was taken originally as the activity of one gram of radium which 

has approximately 3.7 x 10'° nuclear transformations per second. Note 

that 1 curie = 3.7 x 10!° becquerel. 

16.6 ARTIFICIAL OR INDUCED RADIOACTIVITY 

16.6.1 The production of artificial radionuclides. Sections 16.1.2 and 

16.1.3 dealt with naturally occurring radioactive substances such as 

radium and uranium. It is also possible to produce very many artificial 

radionuclides, i.e. radionuclides which do not occur in nature. Most of 

these are made by bombarding a stable (non-radioactive) nuclide with 

neutrons inside a nuclear reactor at an atomic energy establishment. 

Inside a reactor there is a very high intensity of neutrons; these interact 

with the nuclei of stable nuclides placed in the reactor, making the nuclei 
unstable and thus forming radionuclides. 

Several different types of nuclear process can occur during the 

production of radionuclides in a reactor. In one of the simpler processes, 
a neutron enters a stable nucleus to form an unstable isotope of the same 
element, e.g. 

71Na + dn 7iNa + y 

The stable isotope of sodium, 7{Na, becomes a radioactive isotope of 

the same element, 7jNa, with the emission of a gamma photon which 
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represents the excess of energy in the interaction. Subsequently the 7{Na 

decays with a half-life of 15 hours (Figs. 16.7, 16.5.1 and 16.8, 16.5.2). 

Note that the unstable isotope has a different ratio of neutrons to protons 
in the nucleus from that in a nucleus of the stable isotope (2.3). 

Other artificial radionuclides are formed by the bombardment of stable 
nuclides with electrically charged particles such as protons or alpha 

particles in a cyclotron (a large electrical machine for accelerating 

charged particles to high velocities). Various nuclear reactions can occur 
including the addition of an alpha particle to a stable nucleus to form an 
unstable nucleus, e.g. 

Cr+ sa-> 32Fe + 4in 

The stable isotope of chromium, 34Cr, becomes a radioactive isotope 
of iron, 3{Fe, with the emission of 4 neutrons. Subsequently the 32Fe 
decays with a half-life of 8.3 hours. 

16.6.2 Specific activity. Although the activity (16.5.1) of a sample is 

used as a measure of the quantity of the radionuclide present, it does not 

say anything about the mass or volume of the material in which the 

radioactive transformations are occurring. The relationship between the 

activity and the mass of the radioactive material is known as the specific 

activity. 

DEFINITION Specific activity is the activity per unit mass of the radioac- 

tive element or compound. 

It can be expressed in units of becquerel per kilogram or of becquerel per 

mole. A mole is the number of grams of the substance numerically equal 
to its molecular weight (i.e. the average weight of the molecules 

expressed in atomic mass units, see footnote Table 2.1, 2.1.3). 
It is possible to prepare samples of a radionuclide to which no 

non-radioactive material or carrier has been added. Such a sample is said 

to be carrier-free. 

16.7 THE EXPOSURE RATE CONSTANT 

The exposure rate constant (which replaces the former specific gamma- 

ray constant) of a radionuclide provides a measure of the exposure rate 
(15.2.1) at a given distance from a point source of a gamma-ray emitter. 
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DEFINITION The exposure rate constant of a radionuclide is the exposure 

rate at unit distance from a point source of unit activity. 

It is expressed in units of roentgens per hour at 1 metre from 1 curie 
(R m? h~! Ci‘) or roentgens per hour at 1 cm from 1 millicurie 
(R cm? h! mCi"!). Note that 1 R m? h™' Ci is equivalent 
to10 Rcem?h7! mCi?. 

The gamma rays from a point source obey the inverse-square law in a 

non-absorbing medium in the same way as does all electromagnetic 

radiation (9.1.4). Consequently, if the exposure rate constant for a 

radionuclide is known, the inverse-square law can be used to calculate the 

exposure rate at any given distance from a geometrically small source of 

any activity of that radionuclide. 

16.8 THE USES OF RADIONUCLIDES IN MEDICINE 

In addition to naturally occurring radium (16.1.3), many of the artificial 

radionuclides have found applications in medicine where their varied 

chemical properties as well as their differing radiation qualities have been 
of use. Table 16.1 (16.5.2) lists a few of these radionuclides with their 
half-lives, emissions, and uses in medicine (Chapter 18). 
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17 Radiological protection 

17.1 INTRODUCTION 

17.1.1 Historical introduction. Man has always been exposed to 

background radiation. This has two components: first, radiation from the 

radioactive substances in his surroundings and within his body, and 
second, cosmic radiation which reaches the earth from space. It was not 

until after the discovery of X rays in 1895 and of radioactivity in 1896, 

however, that the need for radiological protection was recognized. Early 

workers with X rays and radioactive substances soon realized that the 

radiations can cause burns and other injuries, and that doses of radiation 

too small to cause immediate injury can result in harmful effects, such as 
tumours and leukaemias, many years after exposure. These effects which 

are produced in an individual’s body are called somatic effects (14.1.2). 

In addition, radiation can cause hereditary or genetic effects; these result 

from mutations (changes) of the genes in the chromosomes of reproduc- 

tive cells or from damage to these chromosomes. The chromosomes 

govern the inherited characteristics of individuals in subsequent genera- 

tions. 
Early efforts to promote radiological protection were made by the 

Rontgen Society in 1916. They recommended the use of protective 
shields, inspection of equipment, restricted working hours, and special 

medical examinations including blood tests. Subsequently the British 

X-Ray and Radium Protection Committee presented its first radiological 

protection measures in 1921. 
Current practice in radiological protection is based on the various 

recommendations published by the International Commission on 
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Radiological Protection (I.C.R.P.), with each country producing 

national Codes of Practice and legislation which interpret and elaborate 
these recommendations. In the United Kingdom, hospitals are subject to 

the Code of Practice for the Protection of Persons against Ionizing 

Radiations arising from Medical and Dental Use, issued by the Depart- 
ment of Health and Social Security. The Code applies to the use of 

ionizing radiations arising from all forms of medical and dental practice 

and from allied research in hospitals; it sets out basic principles for 

radiation control and general guidance for good practice. The sections of 

the Code which relate to radiographers are summarized below (17.3). 
In 1974, the Health and Safety at Work etc. Act was passed in the 

United Kingdom. This Act is having far-reaching effects on all aspects of 

safety and has caused some changes in the arrangements for radiological 

protection in hospitals. Extensive Regulations are being prepared by the 

UK Health and Safety Executive which will apply to all persons 

occupationally exposed to ionizing radiations and which will replace the 
existing Codes of Practice; they will be supported by Approved Codes of 

Practice and Guidance Notes. Also, as the United Kingdom is a member 

state of the European Community, the proposed Regulations take into 

account the requirements set out in the EURATOM Directive of 1980 on 
radiological protection. 

The EURATOM Directive, among many other things, requires 
control of the use of radioactive substances for diagnosis and for therapy. 

In consequence, the Medicines (Administration of Radioactive Sub- 

stances) Regulations 1978: Statutory Instrument No. 1006, was introduced 

in the United Kingdom which prohibits the administration of radioactive 

medicinal products except by doctors or dentists who have been issued 

with an appropriate certificate by the Health Minister, or by persons 

acting under the directions of such a doctor or dentist. 

17.1.2 The Health and Safety at Work Act. The 1972 edition of the 

Code of Practice for the protection of persons against ionizing radiations 

arising from medical and dental use was a revision of the Code prepared 

in 1957 by the Advisory Committee set up to advise Ministers under the 

Radioactive Substances Act 1948. This Code has been used as the basis 
for the control of radiation exposure in medical practice; it does not have 

the force of statute law but the Courts might well have regard to the 
standards laid down in it when adjudicating on negligence. 
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A similar situation has obtained since 1964 in universities, medical 

schools, technical colleges, government departments and certain other 

establishments where non-statutory control of radiation exposure has 

been exercised through the Code of Practice (now Guidance Notes) for 

the Protection of Persons exposed to Ionizing Radiations in Research and 
Teaching. 

In contrast, in places to which the Factories Act 1961 applies, statutory 

control of radiation exposure is exercised under the Jonizing Radiations 

(Unsealed Sources) Regulations 1968: Statutory Instrument No. 780 and 

the lonizing Radiations (Sealed Sources) Regulations 1969: Statutory 

Instrument No. 808. Thus occupational exposure of persons working with 

ionizing radiations was either subject to Regulations or to a non-statutory 

Code depending on the category of the place of work. 

The Health and Safety at Work Act 1974 has removed the above 

distinction and all employed persons, with minor exceptions, are 
protected at work by the provisions of the Act. The Act is a piece of 
enabling legislation and, until the proposed Ionizing Radiations Regula- 

tions are laid before Parliament, there are no new specific measures in 

force relating to radiation protection. Inspectors from the Health and 

Safety Executive have therefore to interpret in hospitals the technical 
requirements of the old Code of Practice in the light of the general 

principles of the Act. 
The Act introduces a number of new concepts; of particular 

importance is the introduction of two types of document in addition to 

Regulations, namely Approved Codes of Practice and Guidance Notes, 

both of which offer practical guidance. The Codes, which are documents 
‘approved’ under the provisions of Section 16 of the Act and are not to be 
confused with the earlier non-statutory Codes, have considerable legal 

significance; where in any prosecution it is established that the relevant 

provisions of an Approved Code have not been followed, it will be for the 
defendant to show that he has complied with the law in some other way. 

Guidance Notes are in the nature of technical memoranda and elaborate 

on the requirements of the Approved Codes. 
Other important concepts appear in the Safety Representatives and 

Safety Committees Regulations 1977: Statutory Instrument No. 500 and 

the associated Approved Code of Practice and Guidance Notes. These 

regulations permit a recognized trade union to appoint from amongst the 

employees Safety Representatives who shall have various functions 
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including those of investigating potential hazards, of carrying out 
inspections of the workplace, of receiving information from Inspectors and 

of attending meetings of the Safety Committee. 
A Safety Committee shall be established under these Regulations by an 

employer if he is requested to do so by at least two Safety Representatives. 

The membership and structure of the Safety Committee should be settled 
in consultation between management and the trade union representatives 

concerned. The aim should be to keep the total size as reasonably compact 

as possible and compatible with the adequate representation of the 
interests of management and all the employees. The function of the Safety 

Committee is to keep under review the measures taken to ensure the health 

and safety at work of the employees. 

It must be noted that the arrangements for the functioning of a Safety 
Committee and of Safety Representatives under these Regulations are 

quite separate from the employer’s managerial responsibility to take 

executive action including the appointment of Radiological Safety Officers 

under the Code of Practice (17.3.1) or of the Radiation Protection 
Supervisors who are likely to be required under the proposed Regulations. 

17.2} MAXIMUM PERMISSIBLE DOSES 

For practical purposes, it is desirable to determine the maximum doses of 

radiation which can be assumed to constitute a negligible or acceptable 

hazard to people. The International Commission on Radiological 
Protection has made various recommendations over the years on how an 

adequate level of protection can be achieved by asystem of dose limitation. 
The earlier recommendations were in terms of a permissible dose for an 

individual (17.2.1) and are used in the Code of Practice issued by the 

Department of Health and Social Security (17.3). The later recommenda- 

tions (17.2.2), which distinguish clearly between stochastic and 

non-stochastic effects (14.1.2), will be included in the proposed Ionizing 
Radiation Regulations. 

17.2.1. A permissible dose of radiation for an individual was defined in 

the early recommendations of the International Commission on Radiolo- 
gical Protection. 

DEFINITION A permissible dose is that dose, accumulated over a long 
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period of time or resulting from a single exposure, which, in the light of 

present knowledge, carries a negligible probability of severe somatic or 

genetic injuries; furthermore, it is such a dose that any effects which ensue 

more frequently are limited to those of a minor nature that would not be 

considered unacceptable by the exposed individual or by competent 

medical authorities. 

When considering the general public, i.e. a large number of people as 

opposed to the relatively small number of individuals who are radiation 
workers, the doses must be further limited so that they do not result in an 

unacceptable burden of genetic changes in future generations. 
On this basis, the Code of Practice gives values for the maximum 

permissible doses, in terms of the quantity dose equivalent (15.6), for 
radiation workers and for other persons. These are summarized in Table 

17.1. The maximum permissible doses for the whole body, the red 

bone-marrow and the gonads are less than those for single organs or for 

the extremities such as the hands. For example, exposure of the red 
bone-marrow (the blood-forming organ) is considered to be more 
hazardous because of the possibility of leukaemia. 

The above maximum permissible doses do not apply to patients 
because the benefits of a particular radiation procedure will probably far 

outweigh the small risk involved. It is nevertheless desirable to limit the 

exposure of patients to the minimum value consistent with the medical 

requirements; various techniques are recommended in the Code of 
Practice to ensure this (17.3.2, 17.3.3, 17.3.4). 

17.2.2 Publication 26 of the International Commission on Radiolo- 

gical Protection restated, in 1977, the general recommendations of the 

Commission for radiation protection. * These recommendations take into 

account the two categories of biological effect discussed in section 

14.1.2, namely somatic and hereditary, and also the facts that somatic 

effects can be classified as stochastic or non-stochastic in type whereas 

hereditary effects are stochastic. 
The aims of radiation protection are stated as: 

(i) prevention of detrimental non-stochastic effects (somatic) by 

*The recommendations are summarized in Notes on Ionizing Radiation: Quantities, 

Units, Biological Effects and Permissible Doses, D. Hughes, Occupational Hygiene 
Monograph No. 5, Science Reviews Ltd, 1982 (reprinted 1983). 
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TABLE 17.1 (17.2.1) Maximum permissible doses for designated radiation workers and 

for members of the public* 

Designated radiation Members 
workers (17.3.1) over of the 

Exposed part of body 18 years of age public 

Whole body, red bone- Cumulative dose = 5(N—18) rem, 0.5 rem/year 
marrow, gonads where Nis the age in yearst; 

3 rem/13 weeks 

Bone, thyroid, skin 15 rem/13 weeks; 3 rem/year 

of whole body 30 rem/year 

Hands, forearms, feet, 40 rem/13 weeks; 7.5 rem/year 

ankles 75 rem/year 

Any single organ (excluding 8 rem/13 weeks; 1.5 rem/year 
red bone-marrow, 15 rem/year 
gonads, bone, thyroid 
skin of whole body) 

*Based on the figures given in the Code of Practice for the Protection of Persons against 
Ionizing Radiations arising from Medical and Dental Use, 1972. 

+The formula gives the cumulative maximum permissible dose to the whole body, red 
bone-marrow and gonads that a radiation worker may receive; it is equivalent 
(arithmetically) to an average dose of 5 rem for every year that the individual’s age 
exceeds 18 years or, in terms of weekly dose, an average of 100 millirem per week. 

Provided that the cumulative dose permitted by the formula is not exceeded, a radiation 
worker may receive up to 3 rem during a 13-week period, except in the case of abdominal 
exposure of women of reproductive age for which a limit of 1.3 rem in a 13-week period is 
set. After diagnosis of a pregnancy, the average dose to the fetus should not exceed 1 rem 
during the remaining period of the pregnancy. 

With the introduction of the gray (15.4.1) as the S.I. unit of absorbed dose, the rem is 
being replaced by the corresponding S.I. unit of dose equivalent called-the sievert (Sv) 
(15.6). Note that 1 sievert = 100 rem. 

keeping the doses received by an individual below the threshold 
doses for such effects; 

(ii) limitation of the probability of stochastic effects (somatic or 
hereditary) to an acceptable level; 

(iii) ensuring that practices involving exposure to ionizing radiations 
are justified. 

To achieve these aims, the International Commission recommends a 

system of dose limitation in which: 

(a) no practice shall be adopted unless its introduction produces a 
positive net benefit; 
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(b) all exposures shall be kept as low as reasonably achievable, 
economic and social factors being taken into account; 

(c) the dose equivalent to individuals shall not exceed the limits 

recommended for the appropriate circumstances by the Commis- 
sion (see below). 

Item (a) requires the evaluation of the balance between the benefit 
resulting from the use of the radiation and the detriment of the proposed 

exposure. The concept of detriment is a very difficult one; the 

detrimental effects may be on health or on other aspects of living, e.g. 
restrictions on the use of areas or of products because of the radiation 
levels. 

Item (b) contains the important phrase ‘as low as_ reasonably 
achievable’. The approximately equivalent phrase in English law is ‘as 
low as reasonably practicable’. A clear distinction is made in English 

factory regulations between this phrase and the one which states ‘as low 

as practicable’. The latter represents a requirement which must be 

fulfilled if it is technically possible to do so; the former allows 

considerations other than purely technical ones to be taken into account, 

namely ‘economic and social factors’: The distinction can be illustrated by 

applying the phrases to the detrimental effects of exposing persons to 

motor vehicles. If road accidents were to be kept ‘as low as practicable’, 

no motor vehicles would be driven on the roads. Society, however, 

accepts a certain number of deaths and injuries on the roads and tacitly 

requires road accidents to be kept only ‘as low as reasonably practicable, 

economic and social factors being taken into account . 

Item (c) relates to the numerical values of the limits recommended for 
the dose equivalent received by a person under various conditions of 

exposure. For non-stochastic effects (which do not occur below a 

threshold level of dose), the Commission believes that such effects will 

not occur if a limit is set of 0.5 sievert (SO rem) in a year for all tissues of 

the body except the lens of the eye, for which the Commission now sets a 

limit of 0.15 sievert (15 rem). 
For the stochastic effects (which have a statistical probability of 

occurring), the Commission considers that the acceptability of the level of 

risk from exposure to radiation should be judged by comparing the risk of 
death with that for other occupations which have high standards of safety. 

In consequence, the Commission sets a limit of 0.05 sievert (5 rem) in a 
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year for uniform exposure of the whole body (or higher, equivalent levels 

if only parts of the body are exposed, as described below). 
The other occupations with high standards of safety with which 

exposure to radiation is compared have an average annual mortality due 

to occupational hazards of 10~, i.e. they carry a chance of 1 in 10 000 
each year of death from an occupational hazard. The Commission 
calculates the mortality risk factor for whole-body radiation exposure 

to be about 10° Sv", i.e. a chance of 1 in 100 of death resulting 
from a dose equivalent of 1 sievert. In the United Kingdom, the 
average annual dose received by radiation workers is only 0.004 sievert; 
taken with the above risk factor of 10-7 Sv, this results in an average 

annual mortality risk for radiation workers of 4 x 10-°. This is less than 

half the average annual risk of 10~ due to the hazards in other safe 

occupations. 

For stochastic effects, the Commission also recommends that the risk 

should be equal whether the whole-body is irradiated uniformly or there 

is irradiation of a few organs only. The risk factors relating to individual 

organs have been calculated and they have been incorporated in the 

weighting factors given in Table 17.2 which are to be used when 

exposure of individual organs is considered. 

TABLE 17.2 (17.2.2) Values of the weighting factor W, recommended by ICRP 

Tissue Wr 

Gonads 0.25 

Breast 0.15 

Red bone-marrow 0.12 

Lung 0.12 
Thyroid 0.03 
Bone surfaces 0.03 

Remainder 0.30 

For example, if the lungs and the thyroid of a person each received a 

dose equivalent of 0.1 Sv, and all other tissues received a negligible dose, 
the effective dose equivalent would have to be calculated by adding 

together the dose equivalent multiplied by the weighting factor for each 
organ, i.e. the effective dose equivalent in this example = 0.1 x 0.12 (for 
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the lungs) + 0.1 x 0.03 (for the thyroid) = 0.015. This is the figure which 
has to be compared with the recommended limit of 0.05 Sv. 

17.2.3. Internal exposure of an individual results from the intake of 

radionuclides into the body by ingestion, inhalation or absorption 

through the skin. External exposure arises when the source of the 

radiation is outside the body, e.g. when the source is an X-ray set. When 

an individual is subject to both types of exposure, the dose equivalents 
received have to be added to arrive at the total dose equivalent for 
comparison with the recommended limits. 

In practice, the International Commission on Radiological Protection 
recommends that the control of internal exposure be exercised by way of 

annual limits of intake, in becquerel, which the Commission publish for 

each radionuclide and which correspond to the recommended dose 
limits. 

17.3. THE CODE OF PRACTICE 

17.3.1 General. Radiographers must be familiar with the relevant 
sections and appendices in the obsolescent Code of Practice for the 

Protection of Persons against Ionizing Radiations arising from Medical 

and Dental Use. They must also know the Local Rules required by the 

Code of Practice, which set out the detailed procedures for protection in 

force in their particular department of the hospital, and, if involved in 
dental radiology, they should be familiar with the booklet, Radiological 

Protection in Dental Practice, issued by the Department of Health and 

Social Security in 1975. 
The ultimate responsibility for protection lies with the Controlling 

Authority for the hospital. The Code of Practice goes on to recommend 
an administrative organization in which responsibility is divided among 

the Radiological Protection Adviser (who must be a physicist), the 

Supervisory Medical Officer, Departmental Radiological Safety Offic- 
ers, Heads of Department or Clinicians, and the individual members of 

staff. 
The Controlling Authority must determine which members of staff are 

to be designated as radiation workers. Designated persons are those 

whose work is associated with radioactive substances or apparatus 
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emitting ionizing radiations and who are liable to receive doses in excess 

of three-tenths of the values given in Table 17.1 as the maximum 

permissible doses for designated workers. These workers must have 
medical examinations, including blood examinations, and must wear 

personal radiation monitors such as film-badge dosemeters. They may 

then be permitted, if necessary, to receive radiation doses up to the 

maximum levels given in Table 17.1. 

17.3.2 Diagnostic uses of X rays. Protection in diagnostic radiology is 

designed to achieve two ends: first, to limit the exposure of the patient to 

the minimum that will produce a satisfactory result, and second, to 

protect all other persons from the useful beam and from scattered and 

leakage radiation. The first is achieved by: 

Limitation of field size to the minimum area necessary by the use of 

diaphragms and cones, especially when examining children and pregnant 

women. 
Filtration of the beam by at least 1 or 2 mm of aluminium (14.5). 

Directing the beam, whenever possible, so that the gonads are not 

irradiated by the useful beam. 

Use of gonad shields, if practicable, whenever there is risk of an 

appreciable dose to the gonads, e.g. in examinations of the abdomen of 
the female patient and of the chest of the male or female. 

Careful preparation of the patient so that the need for a second 

examination is avoided. 

Use of the highest speed film emulsions and intensifying screens 

consistent with good radiographic detail. 

Use of automatic timing devices, such as photoelectric or ionization 

chamber timers (13.4.2), to minimize the need for second examinations. 
Dark adaptation for at least 10 minutes before the traditional type of 

fluoroscopic examination. 

Use of automatic time-limiting switches or clocks (13.4.1) with 
fluoroscopy machines. 

Use of image intensification for fluoroscopy whenever possible. 

The second is achieved by: 

Presence only of essential staff in the X-ray room during radiological 
examinations. 
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Use of protective aprons or protective screens to wear or to stand 

behind. 

Provision of shielding in the tube housing so that the ‘leakage radiation’ 

through the housing does not exceed 10 milliroentgens in one hour* at 1 
metre distance from the focus. 

Use of immobilizing devices for children and adults requiring support 
during an examination. 

Provision of shielding in the walls of X-ray rooms to reduce the doses 

received by persons in adjacent rooms. 

Only essential radiological examinations should be conducted on 
pregnant women and particular care should be taken to avoid irradiation 

of the fetus. Chest examinations of pregnant women should not be 
carried out by mass miniature techniques, but with full-size films (or with 
image intensifiers and 70- or 100-mm cameras) and with strict limitation 

of field size. 
Because of the possibility of an unrecognized pregnancy and the 

sensitivity to radiation of the embryo in the early stages, the International 

Commission on Radiological Protection recommends the following: that 

all radiological examinations of the lower abdomen and pelvis of women 
of reproductive capacity, that are not of importance in connexion with the 

immediate illness of the patient, should be performed only during the 

ten-day interval following the onset of menstruation, when pregnancy is 

improbable. In the case of a child, there should be a positive indication of 
the need for a radiological examination before such an examination is 

performed, in order to avoid unnecessary exposure. 
The exposure of staff in a radiodiagnostic department is monitored 

usually by film-badges (17.5.2) or by thermoluminescent dosemeters 

(17.5.4) and records are kept of the doses received by each individual. 
The film-badges or dosemeters are normally worn under any protective 
aprons used; therefore they measure essentially the exposure of the 

whole body. The doses received have to be compared with the maximum 

permissible cumulative dose of S(N — 18) rem for a person N years of age 
(Table 17.1), which is equivalent arithmetically to an average weekly 
dose of 100 millirem. If the maximum permissible dose for the period of 

issue of a monitoring film (usually 2 or 4 weeks) is exceeded, the 

*This value may be changed back to the earlier recommendation of 100 milliroentgens 
in one hour because of the technical difficulties in achieving the lower figure. 
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Departmental Radiological Safety Officer would normally investigate 
the reason for the excessive exposure in order to prevent its recurrence. 
Among the causes of excessive exposure of members of staff are 
inadvertent irradiation by the useful beam, too great a time spent near a 

fluoroscopy unit, and failure to use a protective screen or apron when 

appropriate. 

17.3.3. Therapeutic uses of X rays. Because of the high exposure rates 

involved in radiotherapy, there must be a rigid procedure for operating 

the equipment which ensures that neither the patient nor the staff is 
accidentally overexposed. Except for machines used for superficial 
therapy and operating below 100 kVp, all persons other than the patient’ 

must be outside the treatment room during the exposure and the entrance 

to the room must be fitted with an interlock which automatically shuts off 

the machine if the room is entered. The room must be so constructed that 
the walls provide adequate shielding and any observation windows (some 

of which are made of lead-glass) must provide at least the same degree of 

protection as the walls in which they are set. To reduce the exposure rate 

at the entrance, access is often through a maze so that the only radiation 

reaching the entrance has been greatly attenuated by repeated scattering 

and little or no shielding is required in the door. Sometimes mechanical 
limit stops are fitted on the tube mounting to prevent the useful beam 
from being sent in certain directions; consequently the shielding provided 
by the walls in these directions is required to protect personnel against 
leakage and scattered radiation only. 

The Code of Practice states that an automatic timer or dosemeter must 
be provided to terminate the treatment after a pre-set time or dose. Also, 
all X-ray machines used for therapy should be calibrated at intervals of 
not more than 4 weeks by a physicist. 

The leakage radiation from the tube housing should not exceed 1 
roentgen/hour at 1 metre from the focus or 30 roentgens/hour at any 

point accessible to the patient at a distance of 50 mm from the surface of 
the housing. 

17.3.4 Use of radioactive substances. Radioactive substances are used in 

diagnosis and in therapy. In diagnosis, their main use is in tracer 

investigations to follow the metabolism of a given chemical substance 

administered to a patient or to check the functioning of an organ 
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(Chapter 18). Two examples of this are the use of calcium-47 to study the 
growth of bone and iodine-132 to measure thyroid function. In therapy, 

they are used: (i) as large sealed sources for teletherapy, for example in 

cobalt-60 and caesium-137 units, (ii) as (physically) small sealed sources 

such as radium needles and gold-198 grains for implantation in tumours, 
and (iii) as unsealed sources such as solutions of iodine-131 for thyroid 

ablation and suspensions of colloidal gold-198 for treatment of malignant 
pleural or peritoneal effusions. 

If the substances emit gamma radiation, the protection problems are 

similar to those associated with X rays and the shielding required is 
discussed in section 17.4. Radioactive substances also emit either alpha 
particles or beta particles (16.3.1, 16.3.2). Alpha particles are very 
easily absorbed and all are completely stopped by about 120 mm of air or 

about one-tenth of a millimetre of materials such as water, Perspex, or soft 

tissue. Almost any container therefore provides adequate shielding 
against alpha particles. 

Beta particles have a range of up to several metres in air or a few tens of 

millimetres in Perspex or soft tissue. A thickness of 10 or 20 mm of 

Perspex or the glass wall of a bottle therefore usually provides good if not 

complete shielding. Note, however, that if the beta particles (fast-moving 

electrons) are of high energy, the Bremsstrahlung (X radiation, 10.2.1, 

10.3(iv)) produced when they are stopped in the shielding may have a 

high intensity. Additional shielding to attenuate the Bremsstrahlung may 
be required, especially if the source is of high activity. 

The precautions to be taken with a teletherapy unit are similar to those 

for a therapeutic X-ray machine. The main difference between the two 

types of installation is that an X-ray beam can be switched off but a heavy 
shutter or equivalent arrangement has to be used to interrupt the 

gamma-ray beam. The Code of Practice recommends limits under various 

conditions for the leakage radiation through the housing containing the 

source in a teletherapy unit. For example, with the unit ‘off’, the 

maximum exposure rate at 1 metre from the source, in any direction, 

should not exceed 10 milliroentgens/hour. An additional hazard with a 

teletherapy unit is the possibility of the radioactive substance itself 

leaking out of the capsule in which it was sealed; therefore periodic tests 

must be made for contamination of the surfaces of the unit. 
When radioactive substances are dispensed and administered for tracer 

studies or for therapy, precautions must be taken by members of staff 
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against accidental ingestion, inhalation or absorption through the skin. 
Once inside the body, there is no shielding against alpha or beta particles 
and, as their ranges are small in tissue, all the energy of a particle is 

delivered to a small mass of tissue with a consequent increase in the 
likelihood of damage. This is particularly important in the case of alpha 
particles as they have very short ranges in tissue. Also, certain organs in 

the body take up various radioactive substances because of the chemical 

properties of the substances; the radioactivity is therefore concentrated 

into a relatively small mass and the hazard consequently increased, e.g. 

the uptake of iodine-131 by the thyroid. When this happens, the organ at 
greatest risk is known as the critical organ. These considerations lead to 

the specification of the maximum permissible body-burdens (for the 

various radioactive substances) which result in the maximum permissible 

dose (17.2.1) being received by the relevant critical organ. The later 

recommendations of the International Commission on Radiological 

Protection (17.2.2) assess the risk using the weighting factors given in 
Table 17.2 and control internal exposure, in practice, in terms of the 
annual limit of intake (17.2.3). 

17.4 PROTECTIVE MATERIALS FOR X AND GAMMA 

RADIATION 

17.4.1 The choice of materials. The dose received by a person can be 
limited by restricting the duration of the exposure and by increasing the 

distance between the person and the source (inverse-square law, 9.1.4) 

but often it is necessary to reduce the exposure rate further by means of a 

protective barrier. The material chosen for the barrier should have a high 
linear attenuation coefficient (14.2.4) over the range of energies 
concerned. The linear attenuation coefficient varies as the cube of the 
atomic number multiplied by the density if the attenuation is by the 

photoelectric process, but is independent of the atomic number and 
varies only as the density if the attenuation is by the Compton process 

(14.3.3, 14.3.4, 14.3.7). Lead, with its high density of 1.1 x 10* kg m~? 
(11 gcm~*) and high atomic number of 82, is often used up to 
about 300 kVp because the photoelectric process is predominant 

and the high atomic number results in a large attenuation. For X rays 

generated at higher voltages and for high-energy gamma rays such as 
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those from cobalt-60 (1.17 and 1.33 MeV), the Compton process 
predominates and a high atomic number is no longer advantageous. Also, 
the thickness of lead required at high energies would prove too costly for 
extensive shielding. It is cheaper and easier to use adequate thicknesses 
of materials such as concrete (density 2.3 x 10° kg m~? (2.3 g cm~°)) 
incorporated into the building structure. For a cobalt-60 treatment 

room, for example, about 1.2 metres of concrete is necessary to shield 

against the useful beam but less for the walls receiving leakage and 
scattered radiation only. 

The attenuation in walls can be increased by modifying ordinary 

building materials. The density of concrete can be increased by the 

addition of barium sulphate or iron pellets. For the walls of diagnostic 

X-ray rooms, where the photoelectric process makes an important 

contribution to the attenuation, the calcium in ordinary plaster can be 

replaced by barium which has a higher atomic number. 

For special applications, particularly where compact shielding is 

required as in the head of a teletherapy unit or in the diaphragms for 

limiting field size, high-density materials such as tungsten and uranium, 

both with densities of about 1.9 x 10* kg m~? (19 g cm’), are 
used even though the uranium is slightly radioactive. Also, because 

uranium has a very high atomic number, the photoelectric process is 

significant up to higher energies than for lead and it is sometimes used 

effectively in teletherapy units containing caesium-137 (gamma-ray 

energy 0.662 MeV). 

17.4.2 Lead-equivalent. The effectiveness of a protective barrier is 

often described in terms of its lead-equivalent. 

DEFINITION The lead-equivalent of a barrier is that thickness of lead 

affording the same degree of protection under specified conditions of 

irradiation as the barrier. 

The lead-equivalent of a barrier made of a material, such as the lead-glass 
in a fluoroscopy screen or the lead-rubber in a protective apron, which 

attenuates the radiation essentially by its lead content, varies very little 

with the energy of the radiation. In contrast, the lead-equivalent of a 

protective barrier which does not contain lead, such as barium plaster or 
concrete, does vary with the quality of the radiation because the 
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attenuation coefficients for the material and for lead vary by different 

amounts as the quality of the radiation changes. 

17.5 RADIATION MONITORING 

17.5.1 Monitoring. The continuing effectiveness of radiation protection 
measures must be checked by monitoring the doses received by personnel 
and the exposure rates at various sites, especially after any modifications 

have been made to the sources of radiation or to the shielding. Besides 
the Geiger counters and scintillation detectors described in sections 

15.5.4 and 15.5.5, several other types of radiation detector are used for 

monitoring, including the following. 

17.5.2 Film-badges (15.5.2). The film-badge consists of a photo- 
graphic film with two coatings of emulsion enclosed in a thin light-tight 

wrapper and mounted in a special holder (Fig. 17.1). Radiation produces 

Back Front 

Fig. 17.1 The film-badge showing the various filters built into the back and the front of 
the holder: 1. window; 2. thin plastics (50 mg cm~*); 3. thick plastics (300 mg cm~*); 
4. 1 mm (0.040 inch) thick Dural; 5. 0.7 mm (0.028 inch) cadmium + 0.3 mm (0.012 inch) 
lead; 6. 0.7 mm (0.028 inch) tin + 0.3 mm (0.012 inch) lead; 7. 0.3 mm (0.012 inch) lead 
edge shielding. 

a latent image on the film and, after development, the photographic 

density of the resultant blackening is measured using a densitometer. In 

order to relate the density of blackening to the dose received, the type of 

radiation (whether beta or X radiation) and the energy of the radiation 

must be known (i.e. the sensitivity of the film depends on the type and 
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energy of the radiation). Often the conditions of irradiation of the film 

are not precisely known and so filters are built into the holder so that the 

type and energy of the radiation can be deduced from the relative values 
of the photographic densities produced under the various filters. The 

filters commonly include areas of thin plastics, thicker plastics, Duralu- 

min (an aluminium-—copper alloy commonly called Dural), combined 

layers of cadmium plus lead and tin plus lead, and an open window with 

no filter. Low-energy X radiation and beta particles, for example, will 

pass through the open window but will be attenuated by the Dural filter. 

Higher-energy X radiation will show little difference in blackening under 

these two areas but will be attenuated by the tin-lead filter. 

The two emulsions on the film, one fast and the other slow, enable the 

film-badge to be used to measure the small doses encountered under 

good working conditions and also to record an accidental high exposure. 

The fast emulsion has a range for X-ray exposures from about 5 

milliroentgens to 1 roentgen. A high exposure would completely blacken 

the fast emulsion but this can be stripped off leaving the slow emulsion 
with a range from 1 to 100 roentgens. 

The film-badge dosemeter therefore provides a simple, robust, 

permanent record for a wide range of exposures with an indication of the 

type and energy of the radiation involved. A film is usually worn for 2 to 

4 weeks for personnel monitoring. The main disadvantages are that no 

immediate indication of the exposure is given and the latent image is 

affected if the film is heated, for example, by placing it near a heating 

radiator. 

17.5.3 Ionization chambers with air-equivalent walls are described in 

sections 15.2.3 and 15.2.4. Small chambers of this type can be used to 

measure the exposure to X or gamma radiation over a wide range of 

energies because of their air-equivalence but, in contrast to a film 

dosemeter, no indication is given of the type or energy of the radiation 

involved and no permanent record of the exposure is produced. For 

protection purposes, the small Medical Research Council condenser 
chamber type BD11 (15.2.4) is often used for exposure up to about 0.5 

roentgen. It is charged from a separate unit which also contains an 

electronic form of electrometer for measuring the charge. 
In some situations it is necessary to have an immediate indication of the 

dose accumulated; this is provided in the direct-reading quartz-fibre 

303 



L7CSES FIRST-YEAR PHYSICS FOR RADIOGRAPHERS 

electrometer dosemeter (commonly called a ‘fountain-pen’ dosemeter). 

This consists of an ionization chamber connected to a quartz-fibre 

electrometer which is viewed through a lens system built into the 
instrument. The chamber is charged initially using a separate unit but, 

during the exposure, the loss of charge, which is proportional to the 

accumulated dose, can be read directly by viewing the deflexion of the 

quartz fibre through the lens system. The dosemeter is about the size and 

shape of a fountain pen and is available in several models with ranges 

having full-scale readings of 0.2 to 50 roentgens. 

17.5.4 Thermoluminescent dosemeters (T.L.D.s) (15.5.3). Certain 

crystalline powders such as lithium fluoride possess the property of 
thermoluminescence, that is they store energy during exposure to ionizing 

radiation and subsequently release it as light when heated. 

To measure dose, the powder is usually placed in a small plastic 

container which can be fitted to the tip of a finger for extremity 

monitoring or formed into disks which can be mounted in a holder with 
appropriate filters and worn in the same manner as a film-badge. After 
exposure to the radiation, the powder or disk is removed and heated in an 
instrument known as a ‘reader’. This measures the amount of light 
released which is proportional to the radiation dose received by the 
powder or disk. 

Thermoluminescent dosemeters are capable of measuring a wide range 

of exposures from a few milliroentgens to hundreds of roentgens; they are 

therefore used for protection work and for measuring doses received in 

therapy. Unlike the film-badge which provides a permanent record of 

exposure, the information stored in a thermoluminescent powder can be 

read out only once and no permanent record remains. However, 

thermoluminescent dosemeters can be processed automatically, which is 

a considerable advantage when large numbers are involved. In conse- 

quence, they may replace film-badges for routine monitoring in the 
future. 
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18.1. INTRODUCTION 

Radioactivity was discovered by Henri Becquerel and by Thompson 
(16.1.2) within a few months of the first description of X rays by 

R6éntgen (10.1). However, while the application of X rays to medical 

diagnosis was rapid, it was more than half a century before radioactivity 

made a comparable contribution. In the early 1950s, two developments 
led to a growing interest in radioactivity (16.1). The first, which was a 

consequence of the growing use of nuclear reactors (16.6.1), was the 
availability of an increasing range of radionuclides (radioactive isotopes) 

in large quantities. Many of the radionuclides produced had biological 
significance, e.g. those of iodine, phosphorus, calcium, sodium and 

potassium. The second was the growth of electronics which provided 

reliable methods of detecting and measuring the radiation emitted by 

such radionuclides. A list of some of the radionuclides that have been 

found useful in medicine is given in Table 16.1(16.5.2). 
These two associated developments led to the emergence of a new 

medical speciality, nuclear medicine. Originally, nuclear medicine was 

concerned with the use of radionuclides in a wide range of metabolic 
studies, in which the isotope is used as a ‘tracer’ or marker of a normal 

body constituent. However, the main impact of nuclear medicine has 
been the development of radionuclide imaging (scanning). 

In many ways, radionuclide imaging shows similarities to X-ray 

imaging. Indeed, many isotope imaging techniques are derived from 

well-established radiological procedures. However, these similarities are 
somewhat misleading and it is more instructive to see the two fields as 
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complementary. Radiology, which employs X rays produced outside the 

body, is concerned with images which reveal details of anatomy. On the 

other hand, radionuclide imaging utilizes the radiation emitted by 

radionuclides administered internally to the patient, to provide physiolo- 
gical information (i.e. related to the function of various organs in the 

body). 
The properties of radioactive isotopes have already been discussed in 

some detail in Chapter 16, but some of the properties relevant to 
radionuclide organ imaging may be usefully reviewed. The idea of organ 

specific uptake will be examined with reference both to the radioactive 

isotopes of elements and to compounds of biological significance which 

incorporate radionuclides (radiopharmaceuticals). The equipment used 

to produce radionuclide images will then be described, and finally some 

applications to medical diagnosis will be considered. 

18.2 PROPERTIES OF RADIONUCLIDES 

18.2.1 A radionuclide is an unstable atom of an element. It achieves 

stability by losing energy in the form of radiation emitted from the atomic 

nucleus (16.2). This radiation (alpha, beta and gamma) is characteristic 
of a given radionuclide, in the same way as the characteristic radiation in 
an X-ray spectrum depends on the emitting element (10.4.4). Alpha- 
emitting radionuclides, which occur among the heaviest elements, e.g. 

uranium and thorium, are not used in radionuclide imaging because: 

(a) alpha particles are readily absorbed by the body, which leads to 
difficulties in detection; 

(b) this same absorption leads to an unacceptable radiation dose if the 
alpha-emitting radionuclide is administered to a patient. 

Most of the radionuclides that are of biological significance emit either 

beta radiation, gamma radiation or both. Beta particles, being readily 

absorbed, are of little value for imaging purposes and therefore represent 

an unwanted radiation dose to the patient. Radionuclide imaging ideally 
requires an isotope that emits a single gamma-ray photon (i.e. 
monoenergetic) in the range 60-400 keV. An energy in this range is high 
enough to avoid undue attenuation by body tissues, but is low enough to 
ensure absorption in the detector. 
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18.2.2 Each radionuclide decays at a characteristic rate (16.5) that 
can be expressed in terms of a half-life, T,,2, known as the physical 

half-life (16.5.2). In order to minimize radiation dose to the patient, this 

half-life needs to be as short as possible. On the other hand, the half-life 

needs to be long enough to permit an investigation to be carried out. 

These two conflicting requirements lead to an ideal T,/> which is of the 

order of a few hours. These requirements may be modified by the fact 

that the radioactive compound is excreted from the body. The rate of 

such excretion can be expressed also in terms of a 7,2 value, in this case 

called the biological half-life. In practice it is the combination of the 
physical and biological half-lives that has to be considered. A parameter, 
known as the effective half-life, expresses this relationship, in which 
T/2 (effective) is given by 

M 1 
Bisset ee ese ania inte sat a oh, Lee be I 
T,2(effective) T2(biological) — _7T4,/2(physical) 

18.2.3 A radioactive isotope, when given to a patient, exhibits chemical 
and biological properties that are identical to the stable form of the 

element. For example '*'I, a radioactive form of the element iodine, 
shows the same concentration in the thyroid gland as does the normal 

(stable) iodine contained in the diet. In the same way *’Ca is incorporated 
into bone in exactly the same way as is stable calctlum. However, often a 

suitable radioactive isotope of a given element cannot be found; 
sometimes it is possible to find an element whose metabolic behaviour is 
sufficiently close to that of the stable element and whose nuclear 
properties are more suitable. For example, 7°'TI (thallium) is used in 
the study of heart muscle where it behaves in a manner similar to that of 
potassium. At one time, a radioactive isotope of strontium, namely °’Sr” 
(where m signifies a metastable state of the radionuclide *’Sr (16.3.3)) 
was used to investigate bone disease because a suitable isotope of calcium 

was not available. Many organs, however, have functions that are related 

to more complex molecules than to single elements or ions. In such cases, 

a suitable radionuclide may be incorporated into such compounds (a 
process known as labelling) for the purposes of radionuclide imaging. For 
example, radioactive iodine (e.g. '*'I or '*°I) may be incorporated into a 
compound called Hippuran (sodium iodohippurate) and used in the study 

of renal function (18.6.7). 
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It turns out that an isotope of the element technetium, namely ”’Tc” 
(the superscript m signifies a metastable state of the isotope ”’Tc (16.3.3)) 
provides most of the requirements indicated above. It has a single 
gamma-ray emission of 140 keV, no beta-particle emission and a half-life 

of six hours. Technetium is not an element which is found naturally as a 

body constituent, although in many ways it resembles iodine. However, it 

can be incorporated into a number of compounds and in such forms it is 

now by far the commonest of all the isotopes used in nuclear medicine. In 

practice it is most conveniently obtained from the decay of another 

radionuclide °7Mo (molybdenum) using a device known as a technetium 
generator. 

18.3 ORGAN-SPECIFIC UPTAKE 

The first aim in radionuclide imaging is to find a radionuclide or 
radiopharmaceutical that is transported to a given organ (usually by the 

blood) and then taken up by that organ. Observation of that organ will 

then reveal information concerning the way in which the organ is 

functioning (including how well it is supplied with blood). It is clearly of 

some importance that uptake in adjacent organs and in surrounding 

tissue should be negligible. Thus uptake should be specific to the organ 

under investigation. Some examples have been indicated above. If iodine 
is given to a patient either orally or intravenously, then, if the thyroid 
gland is functioning normally, the iodine will be taken up by the gland. 

Relatively little iodine is taken up by surrounding tissue. Similarly, if 

sodium iodohippurate (Hippuran) is injected into a subject, the 
compound is extracted from the blood by the tubular cells of the kidney 

and rapidly excreted in the urine. Again, in normal subjects, the quantity 
of the compound taken up by other tissues will be small. In both these 

cases, if the iodine used contains a radioactive isotope of iodine, then the 
presence of the iodine in the organ can be detected and measured by 
means of the emitted gamma radiation. Thus the function of the organ 

can be inferred. The second aim of radionuclide imaging is to use this 
emitted radiation to produce a map of the quantity of the radionuclide in 
different parts of the organ, so that regional variations in function can be 

illustrated. In this way regions of abnormal function, such as tumours, 
may be detected. The equipment needed to achieve this will be described 
below. 
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In many practical situations, there is significant uptake of the 
radionuclide or radiopharmaceutical in the tissue adjacent to the organ. 

This will degrade any images produced and may cause a loss of diagnostic 

information. Developments over the last decade have been directed 

towards finding compounds with improved organ-specific uptake. 

18.4 DETECTION OF RADIATION 

Several methods are available for detecting and measuring the gamma 
radiation emitted by radionuclides. The method that has been found most 

convenient in nuclear medicine is based on the scintillation detector and 

in particular the sodium iodide crystal (15.5.5). The light emitted by the 

sodium iodide crystal when a gamma-ray photon is absorbed is detected 

by a photomultiplier (13.4.2) which converts the small flash of light into 

a pulse of electric charge. The size of the pulse gives a measure of the 
energy of the gamma rays, and the rate at which the pulses are produced 

gives a measure of the quantity of radioactivity present. This rate can be 

measured electronically and displayed on a ratemeter. 

It is usual to provide a means of preventing radiation reaching the 
detecting crystal that does not originate from within a well-defined 

region. This may be achieved by means of a collimator, usually 

constructed of lead through which a narrow hole is made. Fig. 18.1 shows, 

in simplified form, the essential features of a gamma-radiation detection 

system based on a sodium iodide crystal detector. 

18.5 RADIONUCLIDE IMAGING 

18.5.1 The linear scanner. The situation outlined in section 18.3 of a 

thyroid gland which has accumulated radioactive iodine, and the 
detection equipment outlined in section 18.4, make up the essential 

ingredients of linear scanning. For, if the collimated detector is moved 

back and forth over the thyroid gland, the ratemeter will show a changing 
reading, the value of which will reflect the intensity of the emitted 
radiation and hence the changing concentration of radioactive iodine 

within the gland. 
If the movement of the detector is made to follow a regular pattern, and 

the movement is mechanically linked to a device that exposes a 
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Pulse rate 

meter 

Photomultiplier 

Sodium iodide 
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Fig. 18.1 Gamma-radiation detection system based on a sodium iodide crystal detector. 
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Patient Film 

Distribution of radionuclide 

Fig. 18.2 The principle of a linear scanner. 

photographic plate at a density proportional to the detected count-rate, 
then we have the principle of a linear scanner. In Fig. 18.2 the major 
features of a linear scanner are shown. Many scanners employ two linked 

detectors so that two views may be scanned at the same time, thus halving 

the total time involved. An example of the type of scan produced is shown 
in Fig. 18.3. Other practical applications will be discussed later. 
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Fig. 18.3 Examples of images (scans) of the brain produced by a linear scanner. The 
radionuclide is technetium in the form of sodium pertechnetate, and the images show 
evidence of vascular abnormalities. (a) Lateral view; (b) anterior view. 

In a way similar to the radiograph, the final image produced by a 

radionuclide imaging device is a two-dimensional image of a three- 
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dimensional distribution. In the case of the X-ray image the distribution is 
of the body tissue between the X-ray tube and the image transducer (e.g. 
a screen-film combination). In the case of the radionuclide image the 

distribution imaged is that of the radionuclide within the organ of interest 

and other tissues. 
Modern scanners have reached an advanced state of development and 

may be seen in many nuclear medicine departments. However, for many 

applications, they have been superseded by the gamma scintillation 

camera. 

18.5.2 The gamma scintillation camera. Although the gamma camera 

(shown schematically in Fig. 18.4a) bears little superficial resemblance to 

the linear scanner and operates in a fundamentally different manner, the 

end result is essentially the same. As with the linear scanner, the aim is to 

produce a two-dimensional representation (an image) of a three-dimen- 

sional distribution of a radionuclide within a body organ. 

Cathode-ray 
oscilloscope 

Photomultipliers 

eoaein iodide 
crysta 

‘ Collimator 
Patient 

\ 
W//7/7, Distribution of 

radionuclide 

(a) (b) 

Fig. 18.4 (a) The principle of a gamma scintillation camera. (b) The arrangement of the 
photomultiplier tubes. 
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The essential component in a gamma camera, as in the scanner, is the 
sodium iodide scintillation detector. However, whereas in the scanner the 

sodium iodide crystal detector moves and is relatively small, in the 

camera the detector is a large circular disk of sodium iodide (typically 

40 cm diameter and 1 cm thick) which remains stationary. When a 

gamma-ray photon is absorbed in the crystal detector, the flash of light is 

still converted into an electrical pulse. However, instead of the one 
photomultiplier used in the scanner, the gamma camera employs several 
photomultipliers. Early cameras used nineteen photomultipliers, more 

recent machines use thirty-seven and the most advanced instruments now 

employ up to seventy-five. The photomultipliers are attached to the 

detector disk as shown in Fig. 18.4b. 
Each flash of light in the crystal produces an output pulse from each 

photomultiplier. Since each photomultiplier is at a different distance 
from the light flash, each output pulse will have a different size. The 
nineteen output pulses therefore contain information from which the 

position of the original flash of light can be deduced. Using a number of 
sophisticated electronic circuits this information is retrieved and is 
converted into two signals, which represent the X and Y coordinates of 
the light-flash. These two signals are used to deflect a spot of light on a 

cathode-ray oscilloscope (television monitor (11.5)). Thus the flash of 

light in the crystal is represented by a flash of light on a television screen. 
However, the gamma radiation emitted by the radionuclide within the 

organ is emitted in all directions. If it were all allowed to reach the 
detector crystal then clearly no recognizable image would be formed. 
Therefore, in a similar manner to the linear scanner, a lead collimator is 

used to restrict the gamma radiation received by the detector. In the case 

of the camera, the collimator consists of a circular slab of lead, through 

which a large number of parallel holes are made, whose axes are at right 

angles to the detector face (see Fig. 18.4a). These holes transmit only 
those gamma rays that are emitted in a direction at right angles to the 

crystal. Hence those gamma rays that would serve only to degrade the 

image are absorbed in the lead and do not reach the crystal detector. The 

function of the collimator may be compared with the use of anti-scatter 

grids in radiography (14.6.3). 
The final image of a gamma camera is therefore made up of a large 

number of dots (usually between 200 000 and 1 million), the areas 
containing the highest density of dots representing those parts of the 
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organ which have the highest concentration of the radionuclide. An 

example of such an image is shown in Fig. 18.5. 

Fig. 18.5 An example of an image of the brain produced by a gamma camera. The 
radionuclide is technetium in the form of sodium pertechnetate, and the image shows 
evidence of a brain tumour. 

Many modern cameras are connected to digital computers. These 
perform a number of functions: 

(a) defects in the image resulting from imperfections in the camera 
may be removed; 
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(b) they permit image enhancement and manipulation to be perfor- 

med, e.g. colour displays can be produced which may add to the 
diagnostic value of the image; 

(c) they provide means of performing statistical analysis of the images 

to assess the significance of a given abnormality; 

(d) they enable the camera to produce serial images (dynamic studies) 
in situations when the distribution of a radionuclide in an organ 

may be changing rapidly with time, e.g. blood flow in the heart or 
the passage of a meal through the stomach. 

The importance of this last function will be discussed further in the next 
section, when some of the applications of radionuclide imaging will be 
outlined. It iliustrates a particular advantage of the gamma camera over 
the linear scanner, which results from the fact that the whole of the field of 

view of the camera is sensitive to radiation at all times, whereas the linear 

scanner may require several minutes to scan the whole of its field of view. 

18.6 EXAMPLES OF RADIONUCLIDE IMAGING 

The range of investigations which now involve radionuclide imaging is 

large and growing. It would be impossible to describe them all. Instead, 

the examples described here are among the most common and are 
selected to emphasize some of the important aspects of organ imaging 
using radionuclides. In each of the examples given the radiopharmaceuti- 

cal selected is indicated, the physiological process or function which 
underlies the study is emphasized and the clinical value attached to the 

study is assessed. 

18.6.1. Thyroid. This organ has already been used earlier as an example 

to illustrate the way in which radionuclide imaging is performed. 

Although '*'I is still used in some centres, the radiation dose (which is 
largely a consequence of the beta-particle emission) can be significantly 
reduced by using another radioactive isotope of iodine, namely '**I (as 
sodium iodide), which has a monoenergetic gamma-ray emission of 160 

keV and a half-life of thirteen hours. Imaging is carried out at 2-4 hours 

after injection of '7°I, and each image takes about ten minutes to obtain. 

The resultant image is used to assess the thyroid activity of the lumps 

which the clinician can feel in the patient’s thyroid gland. Such 
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information helps the clinician to plan more effectively the treatment of 

the patient. 

18.6.2 Lung. By a combination of chemical and heat treatments, the 

albumen component of human blood plasma can be induced to 
coagulate (in a similar way to the transformation of egg-white during 
cooking). If this coagulated or aggregated albumen is suspended in 

saline and labelled with Tc” and then injected, the particles pass 
through the heart and into the lung. When they reach the lung 

capillaries, the suspended particles are trapped in the capillaries. A 
radionuclide image is thus a map of the distribution of functioning 
capillaries and hence represents the distribution of blood flow (perfus- 

ion) to the lungs. 
If an embolus (or blood clot) formed elsewhere in the blood supply 

reaches the lungs it can block off part of the blood supply to the lungs 
(pulmonary embolus). If untreated the condition can lead to fatal 

consequences. Such a condition can be easily detected on a lung scan as 

an area that has not accumulated the labelled particles. 
However, other conditions may also show such ‘filling defects’. In 

order to confirm that such a defect is a pulmonary embolus, many 

hospitals combine the perfusion lung scan, as described above, with a 
ventilation study. This uses a radioactive gas, '**Xe (xenon), which the 
patient breathes mixed with oxygen. If the perfusion defect shows 
normal ventilation with '**Xe then the diagnosis of pulmonary embolus 
is very likely, and appropriate treatment can be commenced. 

18.6.3 Liver. If the compound used for the lung is prepared in a 

slightly different way, a colloidal suspension is produced instead of a 
precipitate. The particles in this colloid, labelled with ?°Tc”, are small 
enough to pass through the venous capillaries of the lung, but 
sufficiently large to be trapped and removed from the blood by the 
phagocytic cells of the liver. An image obtained using this preparation 
has the anatomical appearance of the liver, but reveals the distribution 
of function within the liver. 

In some patients with cancer, secondary cancers can develop in 

different organs in the body, e.g. liver and bone. In the liver, such 

secondary deposits do not function as normal liver and hence are 
revealed on the scan as multiple areas of diminished radionuclide 
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uptake. Such knowledge can help the doctor to plan further treatment of 
the patient. 

18.6.4 Bone. In imaging bone, *’Tc” labelled to a complex phosphate 
molecule has been shown to provide good-quality images of the skeleton. 
Such images reflect the turnover of phosphate by normal bone. However, 
if a cancer has produced secondary cancer in parts of the skeleton, then 
the marked increase in bone turnover at these sites shows up as areas of 
increased radionuclide uptake (‘hot-spots’). Again, such information, 
which can be detected several months before it is seen on a normal 
radiograph, will assist in the subsequent management of the patient. 

18.6.5 Brain. The brain scan is one of the few radionuclide imaging 

procedures that uses technetium in its simple ionic state (i.e. not 
incorporated into a radiopharmaceutical). In the normal brain, a 
mechanism exists by which many compounds, of which ionic technetium 

is one, are excluded from the brain. However, in a number of abnormal 

situations in the brain (e.g. a tumour, haemorrhage, embolus or abscess) 

this mechanism is disrupted in the region of the abnormality. In addition, 

such abnormalities may also have an enhanced blood supply. Both factors 
contribute to the abnormalities of the brain being revealed on the scan as 
areas of increased accumulation of radionuclide. 

If, at the time the injection of the radionuclide for the brain scan is 

administered, a number of pictures are taken with the camera in rapid 
sequence, then such images will demonstrate the flow of blood into the 

brain. Such a sequence, which constitutes a dynamic study, can be used to 
reveal abnormalities of flow such as obstruction to the flow in a carotid 
artery or the increased blood flow to certain brain tumours. Nowadays, 
such dynamic studies can most easily be carried out by storing the serial 

images in a digital computer. In such a form they can be readily recalled 
for subsequent display and also may be analysed quantitatively. 

Using such techniques to store, display and analyse serial gamma 
camera images, a number of physiological processes can be investigated. 

A few examples will be considered below. 

18.6.6 Stomach. If a patient is given a meal containing a radioactive 

marker (which must not be absorbed in the stomach) then the passage of 
the meal through the stomach can be observed and the rate of stomach 
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emptying can be measured. Such a technique has been found useful in 

assessing the effect on stomach emptying of various surgical procedures, 
as well as in people who have disordered stomach emptying. 

18.6.7 Kidney. Hippuran (sodium iodohippurate) is a compound which 

is rapidly extracted from the blood by the kidney and excreted in the 
urine. If the compound is labelled with a radioactive isotope of iodine 
(77]), serial studies following its injection will show its passage through 

the kidneys (18.2.3). Such studies can reveal abnormalities of kidney 

blood flow, kidney function and urine flow from the kidney. Such 

information can prove invaluable to the surgeon who is contemplating 

operating on the patient. 

TABLE 18.1 (18.6) Some examples of radionuclides used in imaging 

Organ 
Radionuclide Radiopharmaceutical or system Function 

Technetium TcO, (ionic) Brain 1. Brain blood flow 
Calce) (sodium pertechnetate) 2. Capillary 

permeability 

As above Coagulated albumen Lungs Lung perfusion 
particles 

As above Colloidal suspension Liver 1. Liver blood flow 
2. Liver function 

As above Complex phosphate Bone 1. Bone blood flow 
molecule 2. Bone metabolism 

As above Red blood cells Heart and 1. Blood flow 
circulation 2. Heart contraction 

Thallium Thallous chloride Heart Myocardial blood flow 
(7 'Tl) (myocardium) 

Iodine Iodide (I) Thyroid Thyroid metabolism 

Co) 
As above Hippuran Kidneys 1. Renal blood flow 

2. Renal function 
3. Urine flow 

EXE Gas Lungs Lung ventilation 

18.6.8 Heart. Using a radionuclide labelled to acomponent of the blood 
(usually either albumen or red blood cells), serial studies can reveal 

features of blood flow through the chambers of the heart. Analysis of the 
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data stored from such a study in a computer can aid in the diagnosis of 
cardiac abnormalities, particularly in children. 

By storing details of the patient’s electrocardiogram (E.C.G.) trace in 
the computer, it has been shown possible to illustrate the movement of 
the walls of the heart. Such information has been proved useful in 
patients in which heart disease has affected heart function. 

The few examples given above, and summarized in Table 18.1, of both 

static and dynamic studies, show the range of investigations made 

possible by radionuclide imaging. In combination with other tests, 
including radiological investigations, they can offer valuable diagnostic 

help to the physician and the surgeon. 
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19 Ultrasound 

19.1 INTRODUCTION 

One of the most significant developments in radiology in the past ten 

years has been the introduction of ultrasonic scanning as a routine 

procedure. Ultrasound, because of its ability to produce detailed images 

of soft tissues, has largely replaced X rays in obstetrics, and it is used 

routinely for the imaging of the eye, the heart and most organs of the 

abdomen. This chapter sets out the physical principles of ultrasound and 

provides a brief introduction to various kinds of ultrasonic scanner. 

19.1.1 Ultrasound in the natural world. The ability of bats to fly in the 

dark, catching insects and avoiding obstacles in their path, was a mystery 

until it was discovered that they make use of ultrasound. When flying, bats 

emit short pulses of ultrasound, and their highly developed sense of 

hearing enables them to determine the position of a reflecting object by 

sensing the time taken for echoes to reach them from the object and the 

direction from which they come. In the same way, porpoises and other 

kinds of whale make use of ultrasound under water to catch their prey. 

19.1.2 Historical development. The first human application of ultra- 

sound was to measure the depth of the sea, and to detect underwater 

objects. These techniques have been gradually refined since they were 

introduced in the First World War and they are now used by ships of all 

kinds for fishing, for depth measurement and for military purposes. 

The discovery, in the 1930s, that high-frequency radio waves could be 

used, in the same way as sound waves, to determine the position of a 
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reflecting object from its radio echoes, led to the development of radar (a 

name derived from the words RAdio Detection And Ranging). Many of 

the electronic techniques that were developed for use in radar systems, 

and some of the technical terms, have since been adopted for ultrasound. 

The first medical application of ultrasound was in obstetrics. Using 

equipment similar to that used for detecting cracks in metal, echoes were 
obtained which demonstrated that ultrasonic scanning of the uterus and 
fetus was a practical possibility. 

19.2 NATURE OF SOUND WAVES 

DEFINITION A sound is a mechanical disturbance travelling in an elastic 

medium, which may be solid, liquid or gas. Ultrasound is sound at a 

frequency above the upper limit of the human audible range (about 20 

kHz). 

The generation of a sound wave by a moving solid object in contact with a 

liquid is illustrated in Fig. 19.1. Initially (Fig. 19.1a) the object and the 
liquid are stationary. In Fig. 19.1b the object has moved to the right, 
compressing the liquid adjacent to it. In Fig. 19.1c this liquid initially 

travels in the same direction, creating a high pressure region in front of it, 

but it then reverses direction under the influence of the high pressure in 

front and the low pressure behind caused by the object moving to the left. 

Figs 19.1d—u show how the regions of high and low pressure, created by 

the oscillations of the object, travel through the liquid, although if one 
noted the position of any individual particle in the liquid, one would find 

that it simply vibrated about the position it occupied when stationary 

(Fig. 19.1a). 
Several of the terms used to describe a sound wave have the same 

meaning as those used to describe an electromagnetic wave (Chapter 9). 

The wavelength A is the distance from one region of maximum pressure to 

the next. The frequency (8.1.3), which is represented by the letter f or the 

Greek letter v, is defined as the number of waves passing a point in unit 

time (one second). The velocity of sound c* is the distance travelled by 

*In this chapter, c represents the velocity of sound. In Chapter 9, c represents the 
velocity of light, which is, of course, very much greater. 
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Fig. 19.1 Generation of an ultrasonic compression wave: (a) a stationary object (left) is in 
contact with the liquid; (b) the object moves towards the liquid, causing a local area of 
high pressure; (c) the object moves in the opposite direction, while the pressure wave 
continues to travel to the right; (d)-(u) the object continues to oscillate about the position 
it occupied in (a), generating pressure waves which travel through the liquid. 

the wave in unit time. As for electromagnetic waves, the relationship 
between A, fand c is easily deduced if one remembers that f waves, each of 

wavelength A, are generated in unit time, during which the wave travels a 

distance c. This statement is expressed mathematically 

c=fxXi EQ. 19-2 

This equation is the equivalent of Eq. 9.1 for electromagnetic waves. As 

the velocity of sound in water is approximately 1 500 ms‘, we can ? 
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calculate the wavelength at any frequency. For example, at 1 megahertz 
(MHz) the wavelength is given by 

B 1 500 
ee ee 10 rt ni lee 
f 10° 

In section 8.1.4, we saw that when an alternating voltage is applied to a 

resistor, an alternating current flows, and that the voltage divided by the 

current equals the resistance. In a sound wave, the fluctuating pressure p 
is called the sound pressure and it is the equivalent of the alternating 
voltage. The particles in the liquid move back and forth with a velocity 

known as the particle velocity v,+ the equivalent of alternating current. 

Dividing the sound pressure by the particle velocity gives the characteris- 
tic impedance z which is analogous to the electrical resistance of a 
resistor, 1.e. 

ya 

characteristic impedance = z = ath Bqs-953 
v 

The characteristic impedance of a medium can be calculated from the 

density p* of the liquid and the velocity of sound c in the liquid, using the 

relationship 

z=pXc Eq. 19.4 

The characteristic impedance is one of the most important features of a 

medium because it determines how much of an ultrasound beam is 
reflected as it passes from one medium to another. The larger the 
difference in characteristic impedance between one medium and the 

next, the greater the proportion of ultrasound which is reflected at the 

interface between the media. 
This means, for example, that a beam of ultrasound will pass easily 

from liver to kidney, with only a small proportion of sound being 

reflected, as the velocity and the density in both media are similar. In fat, 

however, the velocity of sound and the density are both lower than the 
corresponding values for liver, so a larger proportion of sound will be 

+The letter v, which is here used to represent particle velocity, is also used in Chapter 8 
and elsewhere to represent potential difference. 

*o is the Greek small letter rho. Although used here and elsewhere to represent density, 
it is also used in Chapter 4 to represent resistivity. 
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reflected at the interface between these tissues. To take an extreme 

example, in air the velocity of sound is only 330 m s-', and its 

density is much less than that of tissue, so it has a very low characteristic 
impedance. Almost all ultrasound is therefore reflected at a boundary 

between air and tissue. That is why it is essential to ensure that the space 

between an ultrasound transducer (19.3) and the skin is filled by a liquid 

or a gel and not by air. 

19.3 GENERATION OF ULTRASOUND 

Ultrasonic waves are normally generated by a piezoelectric transducer. 
(Any device which converts one form of energy into another is known as a 

transducer.) Some crystalline solids exhibit the piezoelectric effect, which 

means that they change their shape if an electric field is applied, and 

conversely that they generate a voltage in response to an applied force 

which changes their shape; the latter effect is used in the pick-ups of some 
gramophone record players. 

If the two parallel faces of a thin disk of piezoelectric material are 

coated with a very fine layer of silver, and a voltage is applied between 

them, the thickness of the disk will vary with the applied voltage. If an 

alternating voltage at, for example, a frequency of 1 MHzis applied anda 

liquid is in contact with one face of the disk, a sound wave of that 

frequency will be generated in the liquid, as shown in Fig. 19.1. 

Instead of a steady, continuous source of ultrasound, a short pulse 

consisting of only a few cycles of oscillation is more often required. This is 
obtained by applying a very short, high-voltage impulse to the trans- 

ducer, which immediately starts to oscillate at its resonant frequency 

(8.4.2) which is determined by its thickness, just as a wire in a piano, 

when struck with a hammer, gives out a note which depends on its length, 
mass and tension. In a piano wire, the oscillation would continue for a 

long time, but for the ‘damping’ effect of a felt-covered pad which absorbs 

energy and causes the oscillation to die away. Similarly, some damping 
material can be fixed to that face of the transducer which is not in contact 
with the liquid, to shorten the duration of the oscillation. 

The piezoelectric effect being reversible, the same transducer can be 
used alternately to transmit and to receive ultrasonic waves. When it is 

acting as a receiver, the transducer converts the ultrasonic echoes which 
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reach it into small electrical signals, which may be only one-millionth of 
the size of the transmitted pulse, because only a small fraction of the 

transmitted sound wave returns to the transducer. 

19.4 POWER AND INTENSITY 

Although it is possible to determine the strength of an ultrasonic wave by 

measuring the particle velocity or the sound pressure, it is more 

convenient to measure either the ultrasonic power or the intensity. The 
term power has already been defined (5.1.2) as the rate at which energy 

is expended or converted. It therefore follows that the power of an 

ultrasound beam is the rate at which it delivers energy. The S.I. unit of 

power is the watt (W), which is equal to one joule per second (1.3.4). 
In section 10.5.3, we defined the intensity of a beam of radiation as the 

amount of energy flowing per unit time through unit area of a plane 

normal to the direction of propagation, i.e. the power per unit area. In 

the same way, the intensity of an ultrasound beam is equal to the power 

divided by the area. To take a simple example, an ultrasonic transducer 
having an area of 4 cm? and delivering 1 W of ultrasonic power would 

have an average intensity of 0.25 Wcm?. Strictly speaking, the 

S.I. unit of intensity is W m~*, and the intensity in this case should 

be expressed as 2 500 W m~, but the former unit is often used for 
convenience. 

19.4.1 Measurement of power. When a sound wave encounters the 

surface of a solid object, it exerts a force, known as the radiation force, on 

the object, which is directly proportional to the ultrasonic power. This 
enables us to measure the power delivered by the wave. An ultrasonic 

power meter is used which consists of a vane suspended in a tank of water 
with a mechanical or electrical means of measuring the force exerted on 

the vane. For diagnostic ultrasound beams, the radiation force is very 

small, so a highly sensitive instrument is required. 

19.4.2 The use of decibels. We have already seen (14.2.3) that it is 

sometimes more convenient to use a logarithmic scale than a linear one, 

because it makes multiplication and division as easy as adding and 

subtracting. To take a very simple example, in order to do the calculation 
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10 x 100 = 1000 Equi’ 

we can express each number as a logarithm (to the base 10). Eq. 19.5 is 

written 

10! x 10? = 10° Eq: 19.6 

In logarithms this becomes 

14+2=3 SY am 8 Be 

The use of logarithms has advantages when a quantity has to be 
repeatedly multiplied or divided, which occurs when a beam of radiation 
or ultrasound passes through an attenuating medium. Logarithms are 
also helpful when very large numbers are involved, as when one 

compares ultrasonic signals whose power may differ by a factor of a 

million or so. 
The requirement for a convenient logarithmic unit for comparing 

power levels, and for expressing attenuation and amplification, first arose 

in telephone engineering, and a unit called the bel (B)* was adopted. This 

unit was rather large for most applications, so a unit one-tenth as large, 

the decibel (dB) is universally used in engineering as well as in ultrasound 
for comparing power levels. It is defined as follows. 

DEFINITION The relationship between two power levels (P; and P2) in 

decibels (dB) is given by 10 X logyo (P1/P2) 

If one remembers that the logarithm of 10 is 1, the logarithm of 2 is 0.3 

(approximately) and the logarithm of 1 is 0, it is not difficult to express 
most commonly used power ratios in decibels. Some typical values are 
listed in Table 19.1. 

19.5 TRANSMISSION OF ULTRASOUND THROUGH MATTER 

19.5.1 Transmission in liquids. If a typical ultrasound transducer is 

placed in water, the shape of the ultrasonic beam is as shown in Fig. 

19.2a. A transducer for ultrasonic scanning of the abdomen may be 

energized at a frequency of 3 MHz and it will usually have a diameter 

of at least 1 cm. It can be seen that the beam is approximately the same 

“Named after the inventor of the telephone, Graham Bell. 
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TABLE 19.1 (19.4.2) Expression of relative power levels in decibels 

toon 

wml 

onl 

Fig. 19.2 Diagrammatic representation of the approximate shape of ultrasonic beams in 
water. Frequency f = 3 MHz; velocity c = 1500ms_'; wavelength 1 = 0.5 mm. 
Transducer diameter: (a) 10 mm unfocused; (b) 5 mm unfocused; (c) 10 mm focused. 

width as the transducer for a depth of several centimetres, but at greater 
distances from the transducer it gradually becomes wider. 

In order to obtain a detailed ultrasonic image, the ultrasonic beam 

should be as narrow as possible. Unfortunately, because of the physical 
laws which govern the transmission of waves, a narrow beam cannot be 
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obtained simply by reducing the diameter of the transducer. The effect of 
halving the diameter is shown in Fig. 19.2b, where it can be seen that the 
result is a narrow beam for only a very short distance, after which the 

beam starts widening rapidly. 
A narrow beam can be produced, however, in the same way that an 

electric torch can be made to give a narrow beam of light, by the use of a 

lens or a concave mirror. Ultrasound can be focused by means of a plastic 

lens, or by the use of a transducer which is concave instead of flat. The 

result, in either case, is a beam that becomes narrower before gradually 

widening with increasing distance, as in Fig. 19.2c. In order to obtain 
the finest detail from a certain region of the body, such as the heart, it is 
usual to choose a focused probe so that the beam is narrowest where it 

passes through the region of interest. 

19.5.2 Transmission in tissue. As one would expect, transmission 

through watery liquids, such as urine, amniotic fluid, ascitic fluid and the 

plasma of blood, is almost the same as transmission through water. The 
attenuation of ultrasound, which is defined as the reduction in intensity 

per unit of distance and is usually expressed in dB cm“', is very low 

in all these liquids, and the velocity of sound is almost the same in each 
case, approximately 1 500m s“'. 

In blood and in most soft tissues (such as muscle, liver and kidney), the 

velocity of sound differs from that in water by only a few per cent, which 

means that dimensions of organs can be measured with high accuracy. 

The characteristic impedance (19.2) varies from one tissue to another, so 

some of the ultrasound is reflected at each interface between different 

organs. Scattering also occurs from the tissue within each organ, giving 
rise to many small echoes on an ultrasonic scan. 

The attenuation in tissue is far greater than that in water, and it 

increases linearly with frequency. Tissue with an attenuation of 

1dBcm™' at 1 MHz would have an attenuation of 10 dB cm7! 

at 10 MHz. The most suitable ultrasonic frequency for a particular 
investigation therefore depends on the type of tissue to be penetrated and 
the depth of penetration required. If the range is small, as in scanning the 

eye, a high frequency such as 10 MHz can be used, and the short 

wavelength (0.15 mm) allows very high resolution to be obtained. 
(Resolution is the ability to distinguish from each other small objects that 

are separated by a very small distance.) For abdominal scanning in adults, 
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a frequency of 3 MHz or lower is necessary in order to obtain adequate 
penetration, although the longer wavelength means that there will be a 
loss of fine detail in the image produced. 

When an ultrasonic beam encounters bone, which has a very high 

characteristic impedance, nearly all the sound is reflected. In adults, 
ultrasonic scanning is limited by the presence of bone; cardiac scans make 

use of the intercostal spaces and difficulty in penetrating the skull means 
that ultrasonic scanning of the brain is scarcely feasible. Fortunately, the 
immature bones of the fetus and the new-born infant are easily 

penetrated by ultrasound, making scanning of the heart and brain in these 
cases very much easier. 

Another major obstacle to the transmission of ultrasound is air. Gases 

have a much lower characteristic impedance than has soft tissue (section 

19.2) and the attenuation of ultrasound at megahertz frequencies is so 

high that penetration through more than a few millimetres is impossible. 

When an ultrasonic beam encounters lung or bowel containing gas, 

virtually complete reflexion occurs. The presence of the lungs places a 
further limitation on scanning of the heart, and complete visualization of 

the abdomen and pelvis is difficult or impossible because of gas in the 

intestines. 

19.6 ULTRASONIC SCANNERS 

19.6.1 Introduction. X-ray images are produced by recording the 
attenuation of X rays passing through the body. While ultrasonic images 

have been produced in the same way, methods using transmission of 

ultrasound are usually impractical because of the high attenuation of 

ultrasound by most tissue and by the poor penetration of lung, bowel and 

bone. 
Ultrasonic scanners therefore use what are known as pulse-echo 

methods. The principle is the same as that employed by animals and used 

in radar and echo-sounding equipment (19.1.1, 19.1.2). The transducer 

emits a short burst of ultrasound; the transducer then acts as a receiver 

and picks up any ultrasonic echoes which return from the tissue. As the 

transmitting pulse lasts only a few microseconds, and the echoes are all 

received within the next millisecond, it is possible to send 1000 pulses, or 

more, in each second. The number of pulses emitted each second is 

known as the pulse repetition frequency (PRF). 
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Scanning equipment can be of two kinds: the A-scan, which is the 

simplest type, giving information in one dimension only, and the B-scan 

which gives two-dimensional information. This classification is based on 

that which was adopted when radar (19.1.2) was invented. 

19.6.2 A-scan systems. In an A-scan system, the spot on the 

cathode-ray tube (11.5) travels across the tube each time the transmitter 

emits a pulse. The amplified echoes received by the transducer cause the 

spot to be deflected upwards (Fig. 19.3a). Knowing the speed of sound in 

the tissue, one can add markers to the display which indicate the range 
from the transducer of any object giving rise to echoes. An A-scan is often 

used for the accurate measurement of distance, such as the movement of 

structures in the heart and the dimensions of the eye and the fetus. It may 

form part of a larger combined A- and B-scan system. 

19.6.3 B-scan systems. In a B-scanner the transducer can be moved in a 

chosen plane and the movement of the spot on the cathode-ray tube 

display corresponds to the position of the transducer and to the direction 

of the ultrasonic beam. An ultrasonic echo causes a bright spot to appear 
on the display. As the position and direction of the transducer are 

changed, a complete image is built up from the ultrasonic echoes in that 
plane (Fig. 19.3b). 

19.6.4 Real-time scanners. A scanner in which the transducer is moved 

by hand is described as a static B-scanner, in order to distinguish it from 

real-time scanners in which the beam automatically scans the chosen 
plane many times each second. Two of the commonest kinds of real-time 

scanner are the sector scanner (Fig. 19.3c), in which the transducer 

rotates or oscillates to produce a fan-shaped image, and the linear array, 

in which many transducers, fixed side by side, are energized in turn to 
produce a rectangular image (Fig. 19.3d). 

Real-time scanners have several advantages over static B-scanners: 

they are excellent for observing movement such as fetal breathing, 

movement of fetal limbs and arterial pulsation; the plane of the scan is 
very easily altered, and in their simplest forms they can be inexpensive. 

Fig. 19.4 shows a real-time scan, produced by a linear array scanner, of 
a fetus of 18 weeks gestation. The fetal head with the midline structure of 
the brain and part of the fetal trunk can be seen. 
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Fig. 19.3 Anatomical section (left) representing the fetal head and the uterine and 
abdominal walls, with a typical display (right) produced by the following types of scan: (a) 
A-scan; (b) B-scan; (c) real-time sector scan; (d) real-time linear array. 
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Placenta 

Fig. 19.4 Ultrasonic scan produced by a real-time scanner with a linear array, showing 
part of a fetus of 18 weeks gestation. (Reproduced by courtesy of Toshiba Medical Systems 
Ltd) 

19.7 CONCLUSION 

In recent years, ultrasound has brought major changes in the manage- 

ment of pregnancy and in the diagnosis of abdominal disease. Ultrasound 

is also an integral part of many cardiac and ophthalmologic investiga- 

tions. New fields, such as examination of the nasal sinuses, the breasts, 

the pancreas and the ovaries are being actively developed and there is no 

doubt that the range of applications and the quality of the images will be 
improved still further in future years. 
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Gonad shield 294, 296 
Gravitation 6,24 
Gravity, force of 6 
Gray (Gy) 266 
Grid 184, 189 

anti-scatter 253,254 
focused 254 
triode 184 

Grid ratio 254 
Ground state 277 
Guard 

ring 261 
wires 261 

Guidance notes 288, 289 

Half-life 281-282, 307 
biological 307 
effective 307 

Half-value 
layer or thickness 150-151, 237, 266 

measurement of 266 
Half-wave rectifier 168, 169 

circuits 202 
Harder radiation 156 
Hazards, electrical 202-204 
Health and Safety at Work etc. Act 

1974 288-290 
Heat 10-12 

capacity 12 
exchanger 167, 179 
flow of 11, 12 
rays (see Infra-red rays) 
white 

Heat Units (X-ray) 183 
Heating effect, ofa current 60, 61-64 
Helium 17, 18, 19 
Hereditary effects 287 
Hertz (Hz) 101 
Heterogeneous radiation 150, 151, 233, 246, 248 
High-speed film emulsion 296 
High-tension cables 204, 205 

effect of capacitance on 216 
High vacuum 142 

High voltage (high-tension) 
measurement of 216-218 
rectifier circuits 197-218 
supply (see also Applied voltage) 141-142 

Holes 192 
Homogeneous radiation 150, 233-238, 246 
Horse-power 57 
Hydrogen 19 
Hydrogen-3 283 
Hysteresis losses 113-115 

loops 114, 115 

Image enhancement 255-259, 315 
Image intensifier 138, 296 
Image-intensifier-television system 138 
Imaging, radionuclide 305, 309-319 
Impedance 124-126 

characteristic 323 
Impurity atom 173 
Indirect action 231 
‘Induced current’ 87 
Inducede.m.f. 87, 92 
Inductance (self) 96, 121 
Induction 

coil 79, 107-108 
motor 86, 180 
mutual 93-95 
self 95-96 

Inductive reactance 22 
Inertia 5 
Infra-red waves 129-130 
Ingestion, of radioactive substances 317 
Inhalation of radioactive substances 316 
Inherent filtration 145, 249 
Instantaneous values 103 
Insulators 24, 189 
Input power (transformers) 108-109 
Intensifying screen 138-296 
Intensity of Xrays 152, 157-158, 212 

factors influencing 153-157 
total ata point 248 

Interactions of electrons with an X-ray tube 
target 231-259 

Internal exposure 295 
Internal resistance 66-67 
International Commission on Radiological 

Protection (I.C.R.P.) 287-288, 291 
Intravenous pyelogram 253 
Inverse square law 

of force 25 
of radiation 131-133, 158, 286 

Iodine 19 
Iodine-123 283, 299, 307, 315, 318 
Iodine-131 283, 299, 307, 315 
Ion 21, 261-263, 265 
Ionization 21, 23, 140, 144, 231, 260, 261-264 

cumulative 171-173 
Ionization chamber 

condenser 264-265 
for protection purposes 303-304 
‘fountain pen’ dosemeter 304 
free-air 261-263 
M.R.C. type BD11 265, 303 
thimble 263-264 

Ionizing radiation 21 
Iron-52 285 
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Iron-59 283 
Iron losses 112 
Iron pellets 301 
Irradiation 14 
Isomeric transition 278 
Isotope 18-21 

radioactive 21, 307-308 
stable 21 
unstable 21, 307-308 

Joule (J) 8, 11,57 
Junction box 219 
Junction diode 193-196 

K absorption limit or edge 241 
K capture process 278 
Kradiation 149, 240, 250 
K-series 148, 150, 240 
Kidney 318 
Kilogram (kg) 4,6 
Kilogram-weight 6 
Kilohm (kQ) 44 
Kilovolt (kV) 33 
Kilowatt (kW) 58 
Kilowatt-hour (kWh) 58 
Kinetic energy 7, 8, 9-10, 142, 174 
kV control 221-223 
measurement 216 

L absorption limits or edges 241 
Lradiation 149,240 
Lseries 149 
Labelling 307 
Lagging current 122 
Laminated core 113, 115, 116, 117 
Laminations, TandU 116 
Lamp, electric 63-64 
Lead 19, 250, 300 

glass 138, 298, 301 
lead-equivalent 301-302 
rubber 301 

Leading current 122 
Leak testing, of sealed sources 301 
Leakage, radiation 301 

from teletherapy unit 298-299 
from X-ray tube housing 297-298 

Leukaemia 291, 294 
Light 

absorption and emission of 133 
production of 134 
spectra of 135-137 
transmission of 133 
ultra-violet 130 
visible 130, 134 
white 136 

Limit 
long wavelength 248 
short wavelength 147-148, 248-250 

Line focus 176 
Line spectrum 
of light 135, 136, 137 
of X rays 145, 148-150 

Line voltage 
compensation 220-221 
compensator 221 
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Line voltmeter 221 
Lines of force, magnetic 78, 90-91 

cutting of 92 
Linear accelerator 143 
Linear array 330, 331 
Linear attenuation coefficient 234, 235, 300 
Linear part of diode characteristic 166 
Liquids 1 
Lithium 19,20 

fluoride 268, 304 
Live main 221 
Liver 316-317, 318 
Local Rules for radiological protection 295 
Logarithmic graph scale 235, 236, 281 
Long wavelength limit 248 
Losses, transformer 112-115 
Low-voltage supply 141 
Lung 214, 316, 318 

mA (see also Tube current, X-ray tube current) 
compensation 230 
control 227-228 
indication 228-230 
measurement 206, 207 
stabilization 227-228 

Macroradiography 255-256 
mAs_ 152, 160, 226 

indication 228, 230 
measurement 226 
meter 86, 230 

Magnet 
bar 69 
permanent 69 
temporary 79 

Magnetic 
compass 69 
effect of acurrent 60-61, 74-82 
energy 76 
field strength 128-129 
fields 72,128, 129 

parallel 74,77, 90, 98 
radial 85 

flux 89 
change of 89 

force, law of 69 
induction 70-72, 114 
materials 71 

Magnetism 65, 69-74 
molecular theory of 71-72 

Magnification 255 
Main 

live 204 
neutral 204 

Mains 
cables 219-220 
compensation 220-221 
stabilization 227 
supply 204 
switches 219-220 
voltage circuits 219-221 

Mass 
atomicnumber 17 
attenuation coefficient 236 
number 17,18 

Matter 1 
Maximum permissible body-burden 300 
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Maximum permissible dose 290-294 
Maze 298 
Mean values 103 
Measurements 34 
Measuring instruments, electrical 82-86 
Mechanicalenergy 8, 65 
Medical Officer, Supervisory 290 
Megohm (MQ) 44 
Melting point 10, 141 
Mercury 19 
Mercury-198 19, 277, 283 
Metastable state 278 
Metre (m) 4 
Microampere (wA) 42 
Microfarad (uF) 35 
Micrometre (micron, wm) 130 
Milliammeter 48 
Milliammpere (mA) 42 
Millivolt (mV) 33 
Mixtures 15 
Modulation transfer function 259 
Moisture, conduction by 29 
Mole 285 
Molecular theory of magnetism 70 
Molecule 1, 15-16 
Molybdenum-99 308 
Monitoring 302-304 
Monochromatic radiation 150, 233, 234, 246 
Motor 

effect 74, 76,77, 85, 86 
electric 65, 86 
induction 86, 180 

Movement unsharpness 258 
Moving-coil meter 84-86, 173 
Moving-iron meter 82-84 
Mutations 232,287 
Mutual induction 93 

N-type semiconductor 173 
Nanometre (nm) 130, 134 
Negatron 244, 245, 275,276 

emission 275 
Neutral main 204 
Neutron 16, 17, 18, 20-21, 274, 275, 278, 284 
Newton(N) 5 
Nitrogen 19 
Nitrogen-15 276 
Non-stochastic effects 233, 291 
North pole 69 
Nuclear medicine 305-319 

organ-specific uptake 308-309 
radionuclides 306-309 
radionuclide imaging 309-319 

examples 315-319 
linear scanner 309-312 

Nuclear changes 2, 272 
reactor 284 

Nucleon 16 
Nucleus 16, 17, 18, 20-21, 144, 147, 242, 245, 

272, 274-282, 284-285 
stable 21, 285 
unstable 21, 285 

Oersted’s experiment 74, 75-76 
Ohm (Q) 43 
Ohm’slaw 42-44, 161 

Orbit 16 
Organ, critical 300 
Organ-specific uptake 306, 308-309 
Oscilloscope, cathode-ray 187-189, 217-218 
Output power (transformers) 109 
Oxygen 19 
Oxygen-15 276 

P-type semiconductor 173 
p.d. (potential difference) 32-33, 36, 44, 55, 

64, 66 
Pair-production process 242-245 
Parallel,in 45 
Parent nuclide 272 
Particle velocity 323 
Peak 

values 102-106 
voltage 147-148 

Penetration, depth of 328 
Penumbra 257 
Periodic Table 18, 19 
Permanent magnet 69 
Permeability 73, 80, 115 
Permissible dose 290-294 
Phantom, calibration 252 
Phase,in 105 
Phosphor 270 
Phosphorus-32 283 
Photoelectric cell 227 
Photoelectron 227, 239 
Photographic effect, of X rays 139-140 
Photographic film dosemeter 268, 302-303 
Photomultiplier tube 270, 312 
Photon 133, 134, 135, 147-150, 239, 278 

energy 130, 133, 134, 135, 146, 147 
effective 150-151, 153 
maximum 148 

Photonuclear disintegration 245 
Phototimer 226, 296 
Physicist 

as Radiological Protection Adviser 295-296 
for calibration of X-ray machines 298 

Physics 1 
Picometre (pm) 130 
Piezoelectric effect 324 
Pinhole measurement 177 
Pitchblende 273 
Pitting of X-ray tube target 176, 180 
Planck’s constant 133, 134 
Plate (anode) 163 
Point source 131, 286 
Polarity 28 
Pole 

north or north-seeking 69 
south or south-seeking 73-74 

Pole-pieces 73-74 
Poles, magnetic 70 
Polonium-218 273 
positron 244, 245, 275 

emission 275-276 
Potassium 19 
Potassium-40 273, 279 
Potential (electrical) 30-33, 55, 66 

difference (p.d.) 32-33, 36, 44, 55, 64, 66 
divider 48 

measurement of high voltage 217-218 
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Potential (Cont. ) 
energy 7,8 

Potentiometer 48 
Potter-Bucky diaphragm 255 
Power 

curve 105 
electrical 55-58 
factor 124-126, 119 
unitof 57 

Pregnancy, radiological examination in 297 
Pre-reading kV 

control 223 
meter 223 

Pre-set resistors 227 
Primary coil 94, 107-108 
Production 

of electromagnetic radiation 127, 129-131 
of light 129, 130 
of Xrays 131, 141-142 

Proton 16-20, 272, 275, 277, 278, 279 
Pulsating currents 106-107 
Pulsating-voltage circuits, disadvantages 211 
Pulse-echo methods 329 
Pulse repetition frequency 329 
Pyelogram, intravenous 253 

Qualitative description 3 
Quality factor, in radiation protection 293 
Quality of X rays 150-153 

factors influencing 150, 153-160 
Quantitative descriptions 3 
Quantity of electricity 29, 55 
Quantity of X rays 150-153 

factors influencing 153-160 
Quantum 133 

energy 133 
theory 133 

Quartz-fibre electrometer 303-304 

Rad 271 
Rad/roentgen relationship 266-267 
Radar 321 

waves 129-130 
Radiation 

annihilation 244, 245 
characteristic 135, 137, 144, 145, 146, 

148-150, 239, 278 
electromagnetic 13, 127-138 
force 325 
ionizing 21,23 
leakage from teletherapy unit 301 
leakage from X-ray tube housing 299-301 
monitoring 302-304 
ofheat 13,14, 117 
Protection Supervisors 290 
white 145 

Radio waves 
Radioactive 

decay 274, 280-284 
disintegration (see Radioactive transformation) 
equilibrium 272, 273 
isotope 21,272 
series 273 
substances, ingestion and inhalation of 300 
substances used in medicine 298-300 
transformation 274-279 
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Radioactivity 272 
artificial or induced 284 

Radioisotope (see Radioactive isotope) 
Radiological magnification or enlargement 255, 

256 
Radiological protection 

against radioactive substances 299-301 
historical 287 
in diagnostic radiology 296-298 
in radiological examination of children 297 
in radiological examination of women of 

reproductive capacity 297 
in radiotherapy 298-300 
Local Rules for 295 

Radiological Protection Advisor 290, 295 
Radiological Safety Officer 290, 295, 298 
Radionuclide 273 

artificial 284 
Radionuclides used in medicine 283, 286, 305 
Radio-opaque substances 253 
Radiopharmaceuticals 306 
Radium 19, 273, 299 
Radon-222 19,274, 275 
Random movement 9 
Rare-earth screens 138 
Rate of working 57 
Rating 

transformer 117 
X-ray generator 230 
X-ray tube 182-183 

Reactance (X,) 119-122 
Reactor, nuclear 284 
Real-time scanners 330, 331, 332 
Recoil electron 241 
Rectification, and effects on X-ray 

spectrum 154, 155 
Rectifier 165, 167-169, 172 

meter 86 
full-wave 207,211 
half-wave 168, 169 

Rectifier circuits, high-voltage 197-218 
Rectifying valve 164, 167-169, 172 
Rectilinear propagation 131 
Regulation 111,223, 230 
Regulations 287-290 
Relay 80,81 
Rem 271 
Repulsion 

electric 24,25, 69 
magnetic 70 

Resistance 42, 43 
internal 66-67 
method of kV control 221 
wires 45 

Resistances in series and in parallel 47 
Resistivity 45 
Resolution 328 
Resonance 122-124 
Resonant frequency 124 
Reverse region 166 
Rheostat 48, 49 
Risk 291-295 
r.m.s. values 106 
Roentgen (R) 152, 261, 266-267 
R6ntgen, W.C. 139, 142 
Root-mean-square (r.m.s.) values 106 
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Rutherford 16 

S.I. (Systéme International) units 4 
Safety Committee 289-290 

Representatives 289 
Saturated region 166, 167-170 
Saturation current 167 
Scalar quantities 5-6 
Scandium-45 276 
Scanner 

radionuclide 309 
ultrasonic 329-332 

Scanning 
radionuclide 305, 309-319 
ultrasonic 329-332 

Scatter, back- 252, 253 
Scattering 234 

classical or unmodified 238 
Compton or modified 241-242, 247, 252-253 
in diagnostic radiology 252-255 
inradiotherapy 251-252 

Scintillation counter 270 
Screen, intensifying 138, 139, 259 
Screening (see Fluoroscopy) 
Screen unsharpness (U,) 259 
Sealed sources, leak testing of 299 
Second(s) 4 
Secondary coil 94 
Sectorscanner 330, 331 
Self-inductance 96, 121-122 
Self-induction 95-96 
Self-rectifying circuit 154, 198-200 
Semiconductor 161, 173, 189-196 

extrinsic 192 
intrinsic 192 

Sensitivity of aninstrument 48 
Series, in 40 
Series 

in characteristic spectrum 
radioactive 273 
resistor 51 

Series-aiding 45 
Series-opposing 45 
Shapes in the X-ray image 255 
Shell 16, 18, 143, 144, 238-241, 278 
Shield 

against electron bombardment in X-ray 
tube 142, 176-177 

gonad 296 
in teletherapy unit 298, 301 
in X-ray tube housing 177, 204, 296-297, 299 

Shielding 300-302 
against alpha particles 299 
against beta particles 299 

148-149 

against gammarays 299, 300-301 
against X rays 297,299, 300-301 

Shock-proof housings 177, 205 
Short-circuit 45 
Short wavelength limit 145-148 
Shunt (resistor) 49 
Sievert (Sv) 271 
Silicon diodes 173, 191-192 
Sinusoidal quantity or variation 101, 127 
Six-valve three-phase circuit 211-213 
Slip-rings 100 
Sodium-22 283 

Sodium-23 284 
Sodium-24 280-282, 283, 284 
Sodium iodohippurate 307, 308 
Solenoid 78-79 
Solids 1 
Solid-state 

bridge rectifier 
detector 270 
diode 173 
rectifier 173 

Somatic changes 232, 287 
Sound waves 321, 324 
Source, point 131, 132, 286 
Sources of electricalenergy 64-65 
South pole 69 
Space-charge 163-164 

limited region 166, 167, 170 
Spark-gap measurements 216-217 
Specific 

activity 285 
gamma ray constant (see Exposure rate 

constant) 
heat 12 

Spectrum 
continuous, of light 135 
continuous, of X rays 145-146 
line or characteristic of light 135, 136 
line or characteristic of X rays 145, 146, 

148-149 
white 136, 145 

Speed 3,5-6 
Spontaneous creation (of pair of electrons) 242 
Stabilizer 
mA 227-228 
voltage 228 

Stable isotope 21 
Stalloy 115 
Step wedge 19 
Step-up and step-down transformers 109 
Sterilization of hospital supplies 141 
Stochastic effects 233, 291 
Storage battery 65 
Structure unsharpness 258 
Sulphur-35 283 
Supervisory Medical Officer 290 
Symbols, conventional 40 
Symmetry of X-ray generators 200, 204-206 
Synchronous timer 224 

209-210 

Tappings 43,118 
Target 142,170, 174 

angle 176-177 
interaction of electrons with 142-145 
material 156 
pitted 176, 180 
X-ray tube 170, 174 

Teletherapy unit 251, 299, 301 
Television 129-130 om 
Temperature 9-10 

of a body emitting light 135-136 
Temperature-limited region 166, 167, 170 
Ten-day rule in diagnostic radiology of 

women 297 
Terminal 40 
Thermal capacity 12, 62 
Thermionic 
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Thermionic (Cont.) 
diode 162-167 
emission 141, 161-162 
valve 161 

Thermoluminescent dosemeter 268-269, 297, 
304 

Thermometer 10 
Thompson, S.P. 272 
Thyroid 299, 315-316 
Time 3 
Time constant 53 
Timer 

automatic (autotimer) 225-227, 296, 298 
electronic 224 
exposure 224, 225 
synchronous 224 

Tin 19,250 
Tomography 258 
Tracer 299 
Transducer 

ultrasound 324 
X-ray image 259 

Transformation, radioactive 274 
Transformer 88, 94-95, 107-118 

construction 115—117 
double wound 117 
high voltage 116 
losses 112-115 
rating 117 
regulation 111-112 

Transistor 196 
Transition, of electrons 22, 137, 144, 145, 

148-149, 239 
Transmission 

curve 234-237 
of heterogeneous radiation 233, 248 
of homogeneous radiation 233-237 
of light 133 
through body tissues 250-255 
in diagnostic radiology 252-255 
in radiotherapy 251-252 
of ultrasound 326-329 

Trigger, electrical 172 
Triode valve 183-186 
Tritium 283 
Tube, X-ray 62-64, 141-142, 165, 169-171, 

174-183 
Tube current(mA) 154, 155, 157-160, 206 
Tumour 251, 287 
Tungsten 19, 63 

as shielding material 301 
critical voltage for characteristic X rays 150 

Turns ratio 108, 110 
Two-valve half-wave circuit 200-202 

Ultrasonic scanning 320-321 
scanner 329-331 

Ultrasound 320-332 
Ultra-violet rays (see Light, ultra-violet) 
Umbra 257 
Unidirectional currents 106-107 
Unit, Board of Trade 58 
Units 4 

derived 5 
Unsharpness 257 

absorption 258 
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geometrical 257 
movement 258 
screen 259 
structure 258 
total 259 

Unstable isotope 21 
Unstable nucleus 21, 272, 284 
Uranium 19,273 

as shielding material 301 

Valence (valency) 190, 191 
valence band 190 

Valve, rectifying 164, 167-169, 172 
Van de Graaf generator 251 
Vector quantities 5S—6 
Velocity 3, 5-6, 128-129, 322 
Ventriculography 253 
Vibration, of atoms 9 
Visible light (see Light) 
Volt (V) 31 
Voltage (see also Applied voltage) 37,51, 66 

drop 68, 220 
ratio 109, 110 
stabiliser 228 

Voltmeter 50,51, 221 
Volume 4 

Watt (W) 57 
Wattless current 120, 122 
Wavelength 128, 129, 321-323 

effective 151 
maximum 145-147 
minimum 147-148 

Wave theory 127-129, 133 
Weight 6 

average (chemical) atomic 19 
Weighting factor 294 
White heat 136 
White light 136 
White radiation 145 
Women of reproductive capacity, radiological 

examination of 297 
Work 1,7-8 

unitof 8 

Xrays 14, 21, 130, 131, 139-160 
biological effects of 140-141, 231-233, 287 
characteristic 144, 145, 148-150, 239, 279 
efficiency of production of 62, 142 
intensity of 150, 152-154, 248 
measurement of 260-271 
production of 141-142 
properties of 139-140 
quality of 150-153, 153-157 
quantity of 150, 152-160, 260, 261 
shielding against 296, 297, 298, 300-302 
spectrum of 130, 145-150 

X-ray 
cables 204 

effect of capacitance 216 
generator 197 

rating 229 
symmetry of 200, 204-205 

image distortion 255 
image intensifier 138 
image magnification or enlargement 255 
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X-ray (Cont.) 
shapes 255 

fine details 256 
image transducers 259 
photon 133, 143, 144, 147-150, 239, 279 
pinhole measurement 177 
proof housings 177, 204-206, 297, 299 
tube 63-64, 141, 165, 169-171 

anode 141, 174-182 
cooling 177-182 
current, measurement of 206-207 
design 141, 174-182 

filament 141, 176-177 
filament assembly 141, 176-177 
focusing cup 142, 177 
housings 177, 204-206, 297, 299 
ratings 182-183 
rotating-anode 180-182, 183 
shields 204 

tubes, conditions of use 177, 178 
valve 167-169, 172 

Zero of potential 32 
Zinc cadmium sulphide 138, 139 
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