


The word ‘atom’ is derived from the Greek word
atomos, meaning ‘uncuttable’ or indivisible. The
ancient Greeks suggested that matter was com-
posed of such fundamental, indestructible par-
ticles. It was not until 1912, however, that Ruther-
ford first suggested the nuclear structure of the
atom, following the discovery of the electron a few
years earlier by J. J. Thompson. The modern basis
of electricity is thus comparatively new and there is
much still to be discovered. We now know enough,
however, to realise that electricity is in everything
around us.

Electric current

The atom is normally electrically neutral—that is,
the positive electricity associated with the nucleus
is exactly balanced by the total negative charge of
its orbital electrons. These electrons revolve at
different distances from the nucleus and in some
cases the outer ones may be detached from their
atoms. Should this happen the atom is no longer
electrically-neutral; it is lef¢ with a net positive
charge equal to the negative charge on the detached
electron or electrons.

The ease with which electrons may be detached
varies from substance to substance. In some
materials electrons are easily detached and, if an
electrical pressure (or voltage) is applied across a
piece of such material, a drift of electrons will
occur. This drift or flow of electrons is known as
‘electric current’.

Conductors, insulators and semiconductors
Substances in which electrons are easily detached
from their atoms are known as electrical ‘con-
ductors’. All metals fall into this category. Materials
commonly used as conductors include silver, cop-
per, aluminium, brass, mercury and carbon.

Substances in which the electrons are tightly held
are known as ‘insulators’ because little or no
current can flow through them. Typical insulators
are mica, quartz, glass, plastics, air and oil.

In between the extremes of conductors and
insulators are substances called semiconductors.
Germanium and silicon are examples. By adding
impurities to germanium and silicon they can be

made to act as conductors in certain conditions and
this is done in the manufacture of diodes and tran-
sistors. Other semiconductors, such as cadmium
sulphide, are used for purposes such as the photo-
cell.

Sources of electricity

In order to sustain an electric current through a
conductor it is necessary to have some means of
producing a continuous supply of electrons. This
may be done by means of an electric generator
which converts mechanical energy into electrical
energy by moving conducting wires rapidly across
a magnetic field, or by electro-chemical action as in
a battery,

A battery may consist of a number of primary cells
joined together in series to give the voltage required.
The normal primary cell has an e.m.f. of 1% volts
and six are used in a 9-volt battery. In primary cells
the chemicals are used up in time and a new battery
is then required.

Another type of cell—called a ‘secondary’ cell,
storage cell or accumulator—has a reversible
chemical action and may be re-charged electrically
and used almost indefinitely. This type is used in
motor-car batteries. A secondary cell has an e.m.f.
of about 2 volts and six are contained in a 12-volt
car battery.

All sources of electricity provide a concentration
of negatively-charged electrons at one point in the
system, the negative pole, and an equal deficiency of
them at the positive pole. If the negative and positive
poles are joined together by a conductor the elect-
rons, with their negative charges, will flow from the
negative to the positive pole and this will con-
stitute an electric current.

Positive and negative

Before the nature of electricity was so well
understood it was accepted that positive current
flowed from the positive terminal to the negative.
This is termed ‘conventional’ current flow. Now we
realise that current is in fact a flow of negative elec-
trons from the negative to the positive pole. This is
termed ‘electron’ current flow.

3



The terms negative and positive are purely arbit-
rary. It has been assumed that the datum from which
negative and positive are measured is the potential
of the earth we live on and this is taken as zero.
A potential or voltage of one kind with respect to
the earth is called positive and one of the opposite
kind is called negative; if we had reversed our
positive and negative it would have made no dif-
ference.

In general, in this manual, we refer to conventional
current flow, from positive to negative.

Unit of quantity

As the charge on an electron is always the same,
whatever type of atom it belongs to, this amount of
charge could be used as the unit of quantity of
electricity. It is however far too small to be of
practical use and the unit adopted is the ‘coulomb’.
A coulomb is equal to 6281 x 1018 electron
charges—that is, it is over 6 million million million
times as big as the electron charge. Q is used to
represent quantity in terms of coulombs.

Unit of current

A current of one coulomb per second is called one
ampere or amp. The symbo] 1 is used to denote
current flow.

A current unit of 1 amp is rather too high for use in
electronics and milliamps (mA, or one thousandth
of an amp) or micro-amps (A ; one millionth of an
amp) are normally used.

The relationship between quantity and current is:
Quantity = Current x Time
(coulombs)  (amps) (secs)
or Q=1xt

Unit of electrical pressure (e.m.f.)

The battery or other source of electron supply pro-
duces an ‘electromotive force’ (e.m.f.) which forces
electrons to move along a conductor. This is com-
parable to the water pressure produced by a water
tank in the roof; the higher it is, the greater the
water pressure. The unit of electrical pressure is the
volr.

4

Unit of electrical resistance

The resistance which a wire offers to the flow of
electric current depends upon the nature of the
material from which the wire is made (whether it is
a good conductor or a bad conductor) and upon
the cross-section of the wire and upon its length.
This resistance is denoted by the symbol R and is
measured in ohms. A circuit is said to have a
resistance of one ohm if a current of one amp flows
when the voltage across it is one volt.

A resistance of one ohm is small in comparison
with the resistances normally used in electronics and
the larger units kilohm (k, or 1000 ohms) or the
Megohm (M(2; 1,000,000 ohms) are used.

Ohm’s Law
It will be seen from the above that in a circuit there
is a fixed relationship between volts, resistance and
current. This is expressed in Ohm’s Law which
states:

Gurrent (in amps) = __\_!'_I?lts_(m ?olts)
Resistance (in ohms)

or I ==

If two of these quantities are known the third can be
calculated.

Thus, if a 1 kQ resistor (or 1000 ohms) is connected
across a 9-volt battery the current flowing through

the resistor will be:

I =2

Il

‘009 amps
9 milliamps.

Electrical power

When a current flows through a resistor, it does
work which is normally dissipated in the form of
heat—for example, if the resistance is the filament
of an electric bulb, it can be seen that the filament is
raised to a white-heat temperature,

The unit of electrical power is the wart and the
power dissipated in a circuit is:
W (watts) = V (volts) x I (amperes).



Capacitors (condensers) and capacitance

Capacitors (or condensers) have the ability to store
charges of electricity. They consist of two conduct-
ing plates separated by an insulating medium called
a ‘dialectric’ (which may be air).

Diagram 3 shows two parallel conductor plates of
area A separated by air at a distance d. They are
connected to a battery of e.m.f. V volts.

When the battery is connected a (conventional)
current flows momentarily from the battery to the
positive plate. This current is the transfer of an
electrical charge from the battery to the plate. As
this transfer takes place the potential of the plate
rises from its original level (say zero) to the voltage
of the battery. When this voltage is reached the
flow of current ceases and the capacitor is charged
to a voltage V.

If the amount of charge which has flowed into the
capacitor is Q coulombs (one coulomb equals one
ampere flowing for one second), then the capaci-
tance (or capacity) of the capacitor is Q/V =C
farads.

A capacitor is said to have a capacitance of onc
farad if a charge of one coulomb raises its potential
by one volt. In practice smaller units are used.
These are microfarads (uF, or one millionth of a
farad) or picofarads (pF or puF, equivalent to one
millionth of a millionth of a farad).

In practical terms the capacitance may be calcu-
lated from the formula:
C— 00885 KA

where A is the area of overlap of the plates in square
centimetres and 4 is the distance apart in centi-
metres. The same formula holds good if the di-
mensions are in inches provided 0-224 is substi-
tuted for 0-0885.

K is the dielectric constant of the material between
the plates. It is 1 for air or a vacuum, 2-5 for paper,
7 for mica and may be up to 1,000 for certain
ceramics. K is also known as the ‘relative permit-
tivity’ or ‘specific inductive capacity’ of a material.

Thus capacitance is directly proportional to the
area of the plates and the dielectric constant of the
material between them, and is inversely propor-
tional to the distance between the plates.
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Electric field

When a capacitor is charged to a voltage V an
electric field is established between the plates. The
lines of electric force shown in the diagram in-
dicate the nature and direction of the field. If a
point charge (a unit positive charge) were intro-
duced between the plates, it would be forced along
the lines of force in the direction of the arrows. If
the point charge were negative in character, it
would travel in the opposite direction.

Whenever there is a potential an electric field is
present. Voltage establishes an electric field just as
current establishes a magnetic field around the
wire it flows through. The electric and magnetic
fields are constituent elements of radio waves and
other forms of electromagnetic wave propagation
(for example, light).

Capacitors in series and parallel

As the capacitance depends on the area of the
plates, it would be expected that, when several
capacitors are connected in parallel, the various
capacitances would be added together (as would be
the plate areas). This is in fact the case.

Thus, when capacitors are connected in parallel as
shown in diagram 4 (@) the total capacitance is
Cr=Cl+C2+C3
When they are connected in series as at (&) their

total capacitance is given by:
! 1.1

1
?:_T_ET+02 c3

Charge and discharge of a capacitor (time constant)
If a capacitor C is connected to a battery via a
resistor R as in 5 (a), a current will flow through R
until the capacitor is charged up to the voltage V.

As the capacitor charges the voltage across it will
rise as in diagram 5 (). At any point in the charging
process the voltage across R is the difference be-
tween the battery voltage and the voltage already
built up in the capacitor. This difference is de-
creasing and so the rate of flow of current decreases
as shown in 5 (b).
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One form of alternating current could be produced
through a resistor R by two similar batteries con-
nected in opposite directions, see diagram 13.
With switch S in position (a), the current through
R would go one way and, with S in position (), the
current would go in the opposite direction. The
graph in diagram 13 shows how the current would
vary in time and with the reversals of the switch.
The waveform is that of a ‘square’ wave, in which
the current flows alternately at a steady value for
equal times first in a positive then in a negative
direction.

The most common a.c. waveform is the sine-wave,
so called because the voltage or the current is
proportional to the sine of an angle.

If R is a point moving anticlockwise in a circular
path as in diagram 14 (a) the height of R above the
horizontal, RH, varies as the angle 6 varies (RH/
RO = Sine #). If RH is plotted against  or time, a
curve such as that shown at 14 () is obtained. This
is a sine curve.

Note for future reference that as OR revolves its rate
of revolution is defined as w radians per second.
As 2n radians equal 360° (one revolution or cycle),
o = 2nf, where f is the frequency in Hertz (or,
cycles or revolutions per second).

Electric generators usually consist of coils of wire
rotating in a fixed magnetic field and these auto-
matically produce a waveform of sinusoidal form.
Oscillatory circuits used in radio transmitters and
receivers also produce a waveform of sinusoidal
form.

Characteristics of alternating current

An alternating current of sinusoidal waveform may
be defined by three characteristics—its frequency,
its amplitude and its phase.

In the diagram 15, one complete cycle of the wave-
form is represented by the section between A and B.
This corresponds to one complete revolution of the

radius OR in the earlier diagram. The ‘frequency™

is the number of complete cycles in one second and
is measured in cycles per second (c/s) or Hertz (Il
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Hertz = 1 cycle per second). Electric power is
generated at 50 Hz (60 Hz in the U.S.A. and
Canada). Audio frequencies, which are audible as
vibrations transmitted through air, have an extreme
range of 16 Hz to 20,000 Hz. Radio and television
frequencies range broadly from 100,000 Hz to
30,000,000,000 Hz (30 GHz).

The amplitude of an alternating current is the peak
value (positive or negative) of volts or amps
reached in the cycle (for example, point X in the
diagram 15). The peak value is not however the
most common way of defining alternating current.
Instead a value is used equal to the d.c. value which
would produce the same power or heating effect in a
resistive load. This is the r.m.s. (root mean square)
value which equals

peak value

= peak value x 0-707.

V2
Thus peak value =r.m.s. value X 4/2 =1-414 r.m.s.
value. Thus an a.c. mains supply of 240 volts has
a peak value of some 340 volts.

Although two alternating currents may be identical
in regard to frequency and amplitude they may
differ in phase. The diagram shows two such
currents in which the one shown in dotted line
lags behind the other by 90° or a } of a cycle. By
adding corresponding ordinates together these two
curves could be combined to form a single sine
wave (or current) with a phase midway between
the two. If the two currents were completely in
phase they would combine into a single current of
double the amplitude. If they were exactly 180° out
of phase the net result would be a current of zero
amplitude, or no current. Phase is thus an impor-
tant factor.

A.C. circuit containing resistance only
When an a.c. voltage is applied to a circuit con-

taining resistance R only, as in diagram 16, Ohms

law can be applied to find the value of the
alternating current which will be set up through the
resistance.
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Using Ohm’s Law with X, substituted for R, the
current through an inductance may be calculated
as:

E
l = oe— —m —— :
X, = 2arL °MmS

Thus, for an inductance, the current (a) lags the
voltage by 90°, (b) is inversely proportional to L,
and (c) is inversely proportional to f.

It will be noted that inductors and capacitors react
to alternating current in exactly opposite ways and
this fact has important applications in radio.
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Impedance: a.c. circuit containing R, C and L

This type of circuit, as shown in diagram 19, is
important in radio and has some interesting pro-
perties.

Resistance R, capacitance C and inductance L, op-
pose current flow in different ways so that their
values cannot simply be added up to obtain the
overall opposition. The current through R is in
phase with the applied voltage and independent
of frequency. The current through C increases with
frequency and is 90° ahead of the voltage. The
current through L decreases with frequency and is
907 behind the voltage.

The overall opposition is called the ‘impedance’ of
the circuit and its symbol is Z. Hence:
| =E/Z

As R, Cand L are inseries the current through each
must be the same. The voltages across each will
vary, however, and these are shown in the diagram
19 as Eg, Ec and E,.

The overall voltage at any time may be found, and
thus Z may be found, by combining these separate
voltages vectorally. A vector is a line which repre-
sents the magnitude of the voltage or another
quantity by its length and the phase of the quantity
by its direction (or angle). See diagram 20.

Thus, in the vector diagram 20 (a), Eg represents the
voltage drop through R, in phase with the current
I; Ec the voltage drop through C which leads the
phase of the current by 90°; and E; the voltage
across L which lags 90° behind the current phase.
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As E, and E. have exactly opposite phase effects
the one may be subtracted directly from the other
to give a combined vector E,—E, as in vector
diagram 20(4). This vector may now be combined
with Eg to give a final overall resultant vector E.
As the triangle is right angled,
E2=Eg? + (E, — E)?
Substituting E; = IR; E; =1X; = [.2nfC; and

I
Ec=1.Xc= =ic Ve get:
f ] V2
2_2R2+ ]2 —
E2=I2R2 + 1 (2er =)
E2 , 1 \2
or F:R + (anL-—zT:E.)
E2 E?
:Zz(since 12 = 220 22 --—17)

Hence the overall impedance is:

I ]2
= 2 —
Z JR + (anL 2mfC,

Series resonant (acceptor) circuit

In the circuit in the preceding section in which R,
C and L were in series the overall impedance Z was
calculated. The current flowing in the circuit would
thus be as follows:

E
I—E—JR2+(2 ! )2
=z~ A el WS

As the reactance of the coil (2rfC) increases with
frequency (f) and that of the capacitor 1/2rnfC de-
creases with frequency, there must be some
frequency at which the reactances of both are equal.
At this point, the ‘resonant’ frequency of the circuit,
when 2rnfL = 1/2nfC, the reactances cancel out of
the above equation and the current I becomes a
maximum equal to E/R as shown in diagram 21.

Series resonant circuits are referred to as ‘acceptor’
circuits since at the resonant frequency the impe-
dance is a minimum and they can therefore accept
the maximum current.
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Diagram 26 () illustrates a cross-section of a train
of electromagnetic waves showing how the direc-
tion of the electric field alternates at the trans-
mission frequency. Diagram 26 (b) shows how, in
the plane of the wave front, the electric and mag-
netic fields are at right angles to each other and how
both alternate in direction at the transmission
frequency.

When the electromagnetic waves strike a conductor

duced into the receiving aerial which correspond in

all respects except strength with those fed into the
transmitting aerial,

Frequency and wavelength

A radio wave may be defined by its frequency or its
wavelength. The waves all travel at the speed of
light and the relationship between the three is
shown in diagram 27.

The wavelength is denoted by the symbol A and

such as a receiving aerial wire the above process is A (metres) — 300,000,000
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The electromagnetic spectrum

Radio waves cover only a small part of the electro- lengths ranging between roughly 3 kilometres and
magnetic spectrum which also embraces heat, light, one centimetre. The frequency spectrum is shown
gamma and cosmic rays. Radio waves have wave- in the table.

Frequency in
cycles per second
(c/s) = Hertz (Hz) Wavelength
1022 — Cosmic rays
—10-!lem
1021 — E—
—10 10c¢m
1020 — Gamma rays
—10-%m
1019 — S
—10-8¢cm
1018 —
—10-Tcm X-rays
1017 —
—10 6cm —
1016 —
—10-5cm Ultraviolet
1015 — _
—10-4cm | Visible light
1014 —
—10-3cm Infra red
1013 —
—10-2cm -
1012 —
—1 mm —
1011 — E.H.F. (Extremely High Frequencies)
—1 cm — ]
1010 — S.H.F. (Super High Frequencies)
—10 cm — < Radar
1000 Mc/s (GHz) 109 — U.H.F. (Ultra High IFrequencies)
L1 metre T —d | TV
108 — V.H.F. (Very High Frzquencies) FM
—10m — .
107 — H.F. (High Frequencies
—100 m — SW |
1 Mc/s (MHz) 106 — MF (Medium Frequencies) MW
— 1 km S —/
105 — L.F. (Low Frequencies) LW
—10 km —
104 — V.L.F.(Very Low Frcquencies)T Broadcast
—100 km —— + Bands
1 ke's(kHz) 103 — : _r AM
—1000 km 1 Radio
107 — Power Generation ! Frequencies
30 —1—10.000 km f—— ™ (Audible
cps (Hz) 10 —+—30,000 km = Frequencies)
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