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What does this book deal with? Radio? Radar?
lolevision? Electronic computers?

Any of the above subjects merits a separate book. What
i more, such books have already been written. These include
wpocinl and popular books, big ones and small ones, books
for beginners and students, for pupils and for engineers
to suit any level of knowledge and any taste. In addition
to radar, television, radio communication and computing
techniques, electronic devices are used in a number of other
lields. Take, for example, such fields as remote control and
measurement, the study of molecules, atoms and nuclei,
rmlio astronomy, modern biology and medicine, electronic
techmology for processing metals, converting thermal energy
into electrical energy with the aid of semiconductors.

And all of this pertains to electronics, because all fields
ol technology are in need of electronic devices, and the
tonler in them, the one that is untiring, mobile and always
remly Lo serve, is the electron.

I'vil possible then to tell about all this in a single book on
electronics and in such a way that the reader would not
wnly become aware that all this exists in the world (which
he, probably, already knows without this book), but would
widerstand the principles and operation of various electro-
wie devices, the essence of the methods and ideas?

We have to admit that it was no easy matter to write
w hook about electronics covering all the fields of engineering
mto which it has sunk such deep roots.

We were forced to select only those fields of application,
thase phenomena and processes, without which further
propress would be impossible. The descriptions of the be-
lmviour of electrons had to be translated from the language
ol equations, curves and formulas into a language compre-
hensible to all. Yet, despite all that the author and the
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editors could do, some formulas and curves infiltrated into
the book from the pages of treatises and special works.
Naturally, everything was done to make them as palatable
as possible. For this it was necessary at times to embark on
lengthy explanations, at times to seek analogies and examp-
les in everyday life. But all this is a poor excuse for those
readers who would have liked to understand electronics
without equations and curves.

But would this not oversimplify the picture? After all,
curves and equations are the specific language of electro-
nics, and bypassing them is hardly justifiable. It has long
been known that it is impossible to learn the customs and
the culture of a people without learning their language.

The structure of this book is somewhat unusual. Those
conceptions without which it is impossible to understand
the essence of electronics are given in the form of drawings
and ‘in the text under the general title “This Lies at the
Basis”. These sections alternate with short stories which
tell of the birth of the conceptions, elements, devices, and
what came of it all and what led to what. It is our hope
that the structure of the book will help the reader making
his first acquaintance with electronics to readily under-
stand the fundamentals on the one hand, and on the other,
get a well-formed idea of electronics as an independent
field of modern science and technology. This field possesses
its own inherent logic, its core—a basis for a multitude of
practical applications, methods and ideas.

The very word “electronics” is fraught with meaning:
not a single electronic device can exist without the electron.
So it is with the electron that we shall begin.



CHAPTER I

ELECTRONS AND ELECTRONICS

IN THIS CHAPTER THE READER WILL
LEARN ABOUT THE HISTORY OF THE
DISCOVERY OF . THE ELECTRON AND
ALSO WHY IT WAS THE FATE OF THIS
VERY PARTICLE TO BECOME THE MAIN
“COMPONENT” OF CERTAIN ELECTRONIC
DEVICES, WHICH GAVE THE FIRST
IMPETUS TO THE DEVELOPMENT OF
ELECTRONICS.



PARTING WITH ITS ATOM THE ELECTRON
GAINS ITS FREEDOM

THIS LIES AT THE BASIS

The basis of the enormous edifice
of electronics erected by modern
science and technology is a tiny
particle known as the eleciron.

The reader, evidently, knows that
the atoms of all substances contain
electrons that revolve in definite
orbits around the nucleus.

Electrons are so mobile that
every second they orbit the atomic
nucleus up to five hundred trillion
times!

1.2

. No one has ever seep, an electron. Itsradiusis 400 000 000 000
times liss than a millimetre. None of the most advanced micro-
8601"![7'23 nown to us cqn help see such particles.

000 0‘{’) Om;l'f; of an electron is 1 000 000 000 000 000 000 000
imes less than the mass of a gram weight. Clearly,

it cannot be weighed on scales

1.3

,'J}' The presence of an electron is
detected in a totally different way.

The electron has what may be

@ called a “visiting-card”—it carries
, a tiny portion of electricity, a ne-
() gative charge, equal to 1.6 X

X 1071 coulombs,
'/,/

Ve
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In addition to electrons each
atom contains protons and neutrons.

These particles are tightly ce-
mented together by powerful nu-
clear fields and form a monolithic
atomic nucleus.

Compared to the electron, the
proton and neutron look like veri-
table giants: the mass of one of
them exceeds that of the electron
nearly 1840 times...

The neutron carries no electric
charge, it is neutral, and that is
why it is called a neutron. The
charge of the proton is equal to
that of the electron (1.6 X 10°1°
coulombs), only it has a positive
sign.

Taken as a whole, the atom is
also neutral, because the number
of electrons in the atom equals
the number of protonsin its nucleus.

An electron that revolves in one
of the atomic orbits is a bound
electron,

1



Often, under the action of ex-
ternal forces electrons gain their

Atom
? freedom: they part with their atoms,
flying off their outer orbits. Ha-
a ving lost an electron, an atom is
O no longer neutral: it turns into
° a positively charged ion.
Jorn

©

The negative charge of electrons forces them to move
towards a metal plate connected to the positive terminal
of a source of electricity (voltage).

Why The Electron?

How could a particle of matter with a mass
1:000 000 000.000 000 000 000 000 000 times less than that of
:i\%r'?m weight have come to carry such agreat weight in our

ife

A mere century ago no one had ever heard of an electron.
But now there is hardly a person who has not heard some-
thing about it. Everyone speaks of the electron with respect.
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Books are written in which it is the central character. And

il is always the hero and not the villain, despite its being
charged negatively.

And all this is due to the fact that the electron has be-

come the main “component” of the electronic devices that

play such an important role in all

fields of life, science and technology.

It proved a very convenient
“component”.

In the first place, it is light
and mobile: long before the begin-
ning of the space age physicists,
while studying electrons moving in
a tube, accelerated them to cosmic
velocities.

Secondly, it is a “component” that knows no wear: no one
has been able to disintegrate, to “split” the electron.

Thirdly, there is no shortage of the component: until
the source of current is exhausted it will continue to dis-
charge a stream of these “components” along a conveyor

(conductor). There will be as many of them as will be requi-
rod by all the “shops” and “sections” of a complex “production
plant”, i.e. by all the components and circuits included
in a transmitter, receiver or any other electronic device.

This “component” can. provide excellent service under wi-
doly differing conditions: in vacuum (electronic tubes and
valves), in gases (gas-filled tubes) and even in solids
(semiconductors).

Need one repeat that the electron has proved very con-
venient. But just why is it that the electron plays such an
important role in modern technology? Its discovery was fol-
lowed by that of protons, neutrons, photons, mesons and
hyperons—a whole family of so-called elementary particles.
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So why is it that while we have electronics, there still
are no protonics, nor neutronics, nor mesonics? Is it simply
because the electron was discovered first? Or is it due to
certain exceptional peculiarities not possessed by the other
particles?

Why Not Protonics?

Let us take a particle like, say, the neutron. Just what
is it like? First of all, this particle has no charge. Secondly,
its mass exceeds that of the electron more than 1840 times.
Since it has no charge, it is quite indifferent, or neutral,
to an external electric field. And, since that is the case,
the neutron cannot be controlled with the aid of a field.
The electron is totally different. Being charged negatively,
it always tends to move towards a plate with a positive
potential (see Section 1.9). By varying the potential, it is
possible to control electrons: to accelerate or retard their
movement and change their direction, toincrease or decrease
the stream of electrons.

But there are other particles, protons, for instance, that
are not indifferent to the action of a field, because they
carry a certain positive charge. Why is it then that protonic
devices are not used instead of electronic ones?

The proton has a mass 1840 times that of the' electron.

Take an ordinary cannon ball and place beside it a ball that
is 1840 times heavier. If the first should happen to weigh
30 kilograms, then the second could prove heavier than ten
spaceships! '
" The heavy and inert protons can never hope to compete
with the agile electrons—heavy bombers will never be as
manoeuvrable as light fighter planes. All pilots know that
the lighter an aircraft, the less its inertia. Turn the controls
the tiniest bit, and the fighter changes course sharply. But
even with the highest manoeuvrability, inertia must be
taken into account, otherwise the fighter would fly past
the target by inertia, without scoring a hit.

But to return tothesubject, it must bestated that the elec-
tron possesses an insignificant mass and insignificant inertia
compared to the proton and neutron. This means that ex-
ternal forces can instantly cause it to accelerate and fly
along the most complex of paths. No sooner is voltage
applied, than the electron gathers enormous speed. The sign
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of tho voltage is reversed and immediately the electron
lios back. :

'I'nis is probably one of its most important properties.
Without it, it would be impossible to “draw” an image 25 ti-
mes a second on television screens; to produce oscillations
with the current in a circuit changing its direction and
magmitude as often as 10 000 000 000 times a second; to

k)

control high-speed rockets and to perform within an hour
culculations with an electronic computer that would. take
« human being several years.

A Bit About Photonics

In addition to the electron, proton and neutron, modern
physics is now aware of about 200 varieties of elementary
particles. Are there none among them as light, mobile and
aveessible as the electron? Of course, there are. For example,
the photon.

Speaking of mobility, this is a particle that knows no
rest at all, being always “on the go”. At rest, it disappears:
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the scientists assert that the rest mass of the photon is zero.
It is even easier to get a glimpse of the photon than the
electron. Physics has established that all visible light
consists of photons. And it is no accident that in recent
years it is precisely this particle that has begun competing
successfully with the electron in quite a number of fields
of technology.

Whereas until recently such fields of engineering as radio
communication and radar were monopolized by electronics,
now a new field has appeared, which may well be called pho-
tonics. What we have in mind are the quantum oscillators
(or so-called lasers), which have undergone rapid develop-
ment in recent years. Of course, here we also have to reckon
with the solution of complex problems. Photons carry no
charge and therefore cannot be controlled by an electric
field, and it is much harder to make them oscillate at a gi-
ven frequency than in the case of electrons. But these diffi-'
culties are being overcome and soon, in addition to electro-
nic radio communication, there will appear photon com-
munication.

May it happen that after this there will be no more need
of electronics? No, photonic techniques will not oust electro-
nics. Firstly, in addition to radio communication, electronics
has other problems to solve. Secondly, it is impossible to
develop photonic devices without the aid of electronics.
Photons are born of electrons: when an electron in an atom
changes its state, say it jumps from an orbit remote from
the nucleus to a closer one, the atom emits a photon.

But all this will have to be dealt with separately. In
the meantime, one thing should be noted: the electron is
not struggling to maintain its monopoly, and whenever
there is a need to exceed its possibilities, it gladly presents
people with a photon.

‘Will there be other fields of engineering developing along
with photonics and electronics, utilizing the properties
of still other particles? Who knows. There are already
hypotheses. about the possibility of communication by means
of neutrino or gravitational waves. But science has not stu-
died such waves as yet. That is why all modern means of
radio communication are based on the interaction of elect-
rons and electromagnetic waves.
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But Who Has Seen It?

Anything we cannot explain we call a wonder, Wonders are
worked by spirits, magicians and gods. Electronics was
created by man. Man tamed the electron, studied its proper-
ties, made it solve a multitude of various problems. While
designing an electronic device, an engineer considers the
olectron: it will behave thus and thus, do this and that,
fly here or there.

IBut who has seen the way all these things happen? No one.
AL best it is possible to see the trace of a beam on a screen
or to measure the total charge of all the electrons flowing
overy second along a conductor—in other words, the electric
current. Both the current and beam are streams of electrons—
an enormous quantity of moving particles. A solitary elect-
ron is too small a particle to be seen under any microscope.

Everyone has seen the outside of a television set. The
more inquisitive have even looked inside. What did they
find? Nothing of special interest. A multitude of components,
an intricate network of wires. Dully glowing valves, but no
motion. A kingdom of death. Only the screen is alive.

How are moving images born of the motionless components
and wires? Who doubles the live actors of a play, how does
a sports game come to life on the screen? The leading role
here is played by the electron. .

While the action is taking place on the screen, an invi-
sible but highly intense “backstage life” is in progressin all
the elements inside the television set. The engineer has
studied it in great detail. He can tell you just how many
electrons will pass through each wire during each second
and how they will behave in various circuits, though he
has never laid his eyes on an electron either.

The first impression is that this is very short of won-
der. The electron has begun to play every conceivable role.:
It doubles actors in a TV play and performs as the “singer
backstage”, making the speaker reproduce the accompanying
sound. It controls rockets, machines, aircraft, makes
complex calculations and translations, processes metals and
provides an opportunity for studying the microstructure of
substances. .

No one has seen it at work. Like an invisible, fabulous
gnome it works more and more new wonders. But knowledge
and the power of imagination of researchers throws light

2 3ak. 15299 17



on all the aspects of how the agile electrons behave in
various devices developed by man.

In an attempt to stress this property of elec ronics, the
well-known American science-fiction writer Arthur Clark has
described the following imaginary episode.

Picture to yourself that great thinkers of the past, say
Newton and Leonardo da Vinci, were given an electronic
valve and a modern car to study. By the appearance of the
car they could, doubtlessly, draw some conclusions as

to its purpose and design. But in the case of a diode or
a triode, they could say nothing., Absolutely nothing!
Because the appearance of an electronic valve or of any
of its parts throws no light whatsoever on the electronic
processes that take place within it. Neither Newton nor
Leonardo da Vinci, for all the wealth of their scientific
imagination, could conceive either the electron or its role
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and behaviour inside these devices which were totally unin-
tolligible to them.

It required hundreds of brilliant guesses and many thou-
snnds of experiments conducted by the scientists of the centu-
rios that followed for science to obtain a clear picture of the
unseen processes in which the electron takes part.

But what is the electron itself like? What is it made of?
14 it solid or hollow? Is it homogeneous or made up of parts
of some kind?

So far nothing is known about this. Today the electron is
somothing like a threshold which science cannot cross.
Will it ever?

Yes it willl Just asit was able to proceed from the molecu-
lo Lo the atom and from the atom to the investigation of
smaller particles. Matter in the hands of science is like a ne-
sted doll in the hands of an inquisitive child who wants to
know what there is inside.

Molecule. Atom. Nucleus. Proton. Neutron. Electron. The
thirst for knowledge has no bounds and neither has matter,
cither in extent or depth. Probably, an integral electron
does not exist in nature, there being instead a cluster of
waves or a system of even smaller particles. And then one
fine day the electron as such will disappear from science.
That will be something!

What will become of electronics then? Why, nothing! It
will not be affected in the least. This will be a real wonder:
no eolectrons will exist but there will be electronics! Actu-
nlly, there is nothing strange about this. The devices deve-
‘loped by electronics will continue to serve man and, after
ull, it is not so important whether the main element in them
1+ a bunch of waves, a homogeneous integral particle, or
n system of particles bound into one. The main thing is
that our ideas should not run counter to the results of
oxporiments, and that each new development in electronics
i an experimental confirmation of the validity of the ideas
forining its basis. So in the meantime let there be a par-
ticlo, no one has ever seen it anyway.

The whole enormous edifice of electronics was erected
montally through the efforts of many inventive and inquisi-
tive minds, beginning from the moment when the electron
was discovered, when the physicist Helmholtz did not feel,
hear or see an electron but guessed that it must take part
i electrolysis.
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CURRENT CAN FLOW NOT ONLY IN A METAL BUT ALSO
IN A GAS, LIQUID OR VACUUM

THIS LIES AT THE BASIS

Atoms of a metal form a crystal
lattice, and in the spaces between
the lattice points free electrons
move chaotically, wandering aim-
lessly here and there.

o>

d ( b

But it is enough to connect a me-
tal plate to the two poles of a vol-
tage source for the electrons imme-
diately to acquire an aim. They
will move towards the positive pole
of the battery, and an electric cur-
rent will begin to flow in the metal.

1.12

An electric current can also flow in a gas. A voltage
applied across a gas-filled tube causes ionization of the
gas: free electrons stream towards the plate with the po-
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sitive potential, colliding with the atoms in their way and
detaching electrons from their orbits. The positive ions
(atoms deprived of their electrons) move toward the opposite

. 4
) 0> o ©> o
/f[:@»*@ve—» *@S—g)— ~® o~

end of the tube. The characteristic glow of the gas in the
tube bears witness to the fact that ions and electrons are
moving towards each other in the tube—that an electric
current is flowing.

1.13

To set up an electric current in a liqguid (for instance,
n solution of table-salt), it is necessary to immerse two
motal rods in it and connect them to a voltage source. Now
the rods have become electrodes: the one connected to the
positive terminal of the source serves as the anode, and
tho one connected to the negative terminal is the cathode.
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In electronic valves the electrons move in a vacuum or,
in other words, in a void. An example of such a device is
the diode.

&
.
|

The envelope of a diode houses two main parts which
are also called the anode and the cathode.

Near the cathode there is a filament or miniature electric
heater which heats the cathode. In this case an “electron
liquid”, consisting of electrons that move chaotically within
the very body of the cathode, between its atoms, begins
to “boil”. This phenomenon is known as electronic emission.
As a result of this emission, a cloud of “electron gas” is.
formed round the cathode.

1.15
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If the cathode is now connected to the negative terminal
of a voltage source and the anode, to the positive terminal,
the anode will begin attracting electrons from the cloud,
“drawing” them away from the cathode, and a current will
flow inside the diode.

Freedom for the electron proves very short-lived: no
sooner does it escape from the cathode than it is immediately
attracted by the anode.

1.16

The diode is often employed in circuits as a rectifier, as
n device which may bé compared to a one-way valve.

In the Figures in Section I.15 the “valve” is open. In
order to close it the poles of the voltage source must be
interchanged so that the negative terminal is connected to
the anode and the positive terminal, to the cathode.

¥

+ 1=

Now it is harder for the electrons to escape from the
cnthode, because it attracts them. But even those that do
escape have nowhere to fly in particular: previously they
were attracted by the anode, now it forces them back to
the cathode.

With such a connection no current flows through the dio-
do. The “valve” has broken the electric circuit that the
diode is connected in.
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Voyage In A Bath

Even schoolchildren know about electrolysis. If two metal
rods are immersed in a bath containing molten table-salt,
and connected to the different poles of an electric battery,
an electric current will flow through the melt and along the
external wires.

On one of the rods pure sodium will be deposited from
the table-salt melt and at the other chlorine gas will be
liberated. The sodium will be deposited on the cathode,
that is on the rod connected to the negative pole of the
battery. Bubbles of chlorine gas will form round the other
rod, the anode.

So far we have been talking of tangible and visible things.
The rods can be touched. The molten salt can be analyzed.
Traces of pure sodium can be seen on the cathode, and one
can observe the bubbling of chlorine gas at the anode. But
what has produced all this? Why has the current suddenly
caused the liquid to turn into a gas and a solid? The chlori-
ne makes its way towards the anode, and the sodium is
deposited on the cathode. Why not the other way round?

This is where we shall have to depart from the world. of
the tangible and follow the scientists on an imaginary
voyage into a different and unseen world. What means . of
transportation can take us there? Naturally, an unusual
one. As the poets.might put it, we shall fly there on the
wings of fantasy: after all, electrons cannot be seen, they
can only be imagined. But having understood the role of
electrons in this process, we can understand all of its inter-
nal mechanism.

What does take place? For those acquainted with the
structure of the atom it is easy to understand the process
of electrolysis. The thing is that the sodium atoms very
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willingly surrender the only electron circuiting in their
outer orbit.

Having given up an electron, the atom is no longer neut-
ral: the number of ele¢trons is now less than the number of
protons in the nucleus. Now it is positively charged and,
therefore, no longer an ordinary atom but a traveller-atom.
The Greek for traveller is “ion”. And this traveller does not
like to remain long in one place. If there is a plate nearby
connected to the negative terminal of a voltage source, it
will set out immediately.

Chlorine atoms, on the contrary, willingly accept elect-
rons. Their outer electron shell contains only seven electrons.
Tight electrons in the. outer shell of an atom make up
n “full set”.

There is a general law of nature: if the outer shell of an
atom lacks one or several electrons, the atom strives to take
them from without to make up a “full set”.

That is why, observing this law, the chlorine atom takes
the eighth missing electron from the sodium atom.

Having received a travel pass in the form of the eighth
clectron, the chlorine atom acquires a negative charge and
nlso becomes an ion—it travels towards the positive elect-
rode. After reaching its destination (i.e. the anode), the ion
hands in its travel pass—the eighth electron.

The electron will run along the external wire, and since
more and more “tourists with passes” continue to arrive,
clectrons run continually along the wire, forming an elect-
ric current. The current inside the bath is of a different
nature: here the “voyagers” continuously flow in opposite
streams—the negative chlorine ions move towards the anode,
while the positive sodium ions hasten to get to the cathode.

On reaching the cathode, the sodium ions deprive it of the
clectrons they lack and, having become neutral atoms of
pure sodium, are deposited on the cathode.

A Portion Qf Electricity

It is easy enough to talk about electrons in the electron
shells for those who know about them. But imagine what it
was like for Helmholtz. He studied electrolysis at a time
when the -atom was still considered a real atom—the smal-
lest and indivisible particle of matter. (In Greek the word
atom means indivisible.)

25



No one knew anything about électrons. By the weight of
the sodium deposited on the cathode one could tell how
many sodium atoms had arrived there. By measuring the
current flowing along the external wire, the charge carried
by these atoms was determined. It was found that a certain
number of sodium atoms always carried the selfsame charge.

But if instead of table-salt, molten calcium chloride salt
was contained in the bath, then the same number of atoms
of calcium carried a charge twice as large.

That, in essence, was all the information Helmholtz had
at his disposal. But it proved enough for a brilliant guess:
in nature there must exist an ultimate indivisible portion
of electricity, a sort of an electric atom. Each ion of sodium
carries one portion of electricity, each ion of calcium, two.
Not 1.75, nor 1.5 but precisely two—two “electric atoms”.

Of course, Helmholtz didn't even suspect that he was the
first to have a mental look into that very atom which up
till then had been considered indivisible. For the portion
of electricity is that very electron. Revolving in the outer
shell of the calcium atom, there is not one electron, as in
the case of sodium, but two electrons. Giving up these two
electrons to two chlorine atoms, it becomes an ion carrying
a double portion of electricity. That is why the same number
of calcium atoms carry twice as large a charge.

All this became known much later, after Rutherford had
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created his model of a planetary atom, in which the nu-
clous replaced the Sun, while the electrons revolved in their
orbits like our planets (see I.1).

But it was the portion of electricity detected by Helm-
holtz that brought science to these discoveries, that allowed
it to make the first and, perhaps, the most decisive step.

Space Within An Envelope

Helmholtz’ idea gave rise to many questions. What is
this portion of electricity? What carries it? What is it
like? What does it consist of?

Experiments conducted soon after Helmholtz' discovery
confirmed that in all phenomena involving electricity,
tiny negative electric charges really
did take part: they were given the
name of electrons. But still, just
what are these electrons? An incor-
poreal portion of electricity or
a bit of substance of some kind?

It proved to be neither the one
nor the other. Though an electron
possesses mass, it is not a subs-
tance. It is a particle. of matter
that is contained in all substances
existing in nature.

In the history of physics the ele-
ctron has occupied a place of honour:
it was the particle that marked the
beginning of the study of a large
. family of elementary particles.

From the moment of its discovery, physicists began de-
voting great interest to the electron. It was established
that free electrons exist in all metals, something like a liqu-
id poured into the empty space between the atoms of the
metal (see I.10). How were physicists able to look inside
the metal and see the invisible electrons there?

By may of experiments, of course. Experiments form the
very basis of electronics, the source of its achievements, the
supreme judge in evaluating its ideas. So let us enter the
world of electronics just as the scientists have entered it:
not empty-handed, but holding an electric battery and
n piece of metal—a metal plate.
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We connect the plate to the positive and negative ter-
minals of the battery, and immediately all the electrons
that have been roaming about aimlessly within the plate,
acquire an aim (see I.41). Now let us disconnect the plate
from the battery and begin

%}K heating it. Emission of elect-
rons will begin. A eloud of “ele-
ctron gas” will form around the
heated plate (see I.14).

No one yet has seen an elect-
ron nor an electron cloud either.
Nevertheless, modern physics

> handles electrons with nearly
the same confidence as a cook
does potatoes. To paraphrase
a Russian proverb, for every
“electronic dish” there is a ready
recipe.

Do you wish to speed up the
“boiling” of the “electron liquid™?
Take nickel or tungsten. They
provide the greatest “vaporiza-
tion” of electrons and, besides,
are highly refractory — they can
be heated to very high tempe-
ratures. And it is still better to
coat the nickel or tungsten plate
with an oxide film—an oxide
of an alkaline-earth metal. The
“vaporization” will -be still more
effective. The specialist would say

e that the emission has increased.

Everyone knows that before a radio set can start recei-
ving, it must warm up for 2-3 minutes. However, not
everyone knows that this is the time required for the in-
visible clouds of electrons to form and grow round the
cathodes of all the valves.

The movement of electrons in the cloud is chaotic, the
only thing capable-of making all the electrons move in the
same direction being a metal plate at a positive potential.
Well, this is easy enough to achieve. We have the battery.

Let us connect the plate surrounded by the cloud of
“electron gas” to the negative terminal and place next
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lo it another plate connected to the positive termmal
Will current be set up in such a device?

Yes, but only under one condition: the experiment must
he conducted in an empty space. On the Earth this would be
prevented by the air, which would keep the electrons esca-
ping from the cathode from flying to the anode. To overcome
this effect of the air Edison did a very simple thing: he crea-
ted “space in miniature”—he placed both plates inside
a glass envelope from which the air was exhausted. And he
was the first to see how under these conditions electric
current flowed between' plates not connected by a wire,

If you wish to repeat the experiment, you do not have
Lo create “space in an envelope”; you can buy in any shop
selling radio parts a two-electrode valve—a diode (see 1.14).

The diode was invented by the English scientist Fleming
in 1904. But its principle has remained almost unchanged to
our days. It is mainly the design that changes. In Fleming's
diode and in a number of other subsequent diode designs,
the heater current was fed directly to the cathode. A sub-
stantial improvement was the introduction of the filament,
which was first suggested by the Russian scientist Cherny—
shov.

When the diode is connected to a battery, you can observe
the development of current with an ammeter—an instrument
for measuring electric current—connected into the diode cir-
cuit. Deflection of the ammeter pointer is the only visible
result of all the phenomena we have described. All the other
processes are invisible. But none the less precisely those
processes we have been talking about are taking place inside
the envelope: the electrons which escape from the cathode
form an electron cloud around it, the anode attracts the
clectrons, and an electric current flows inside the envelope.
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INSIDE THE TUBE THERE ARE ALSO ELECTRODES

THIS LIES AT THE BASIS

117

Among the many parts housed inside the cathode-ray tube
you will also find a heater, cathode and anode.

The anode of the tube bears no resemblance to that of
the diode: it is made in the form of a cylinder.

The electrons fly from the cathode to the anode and,
after passing through it, strike a screen. The screen is coated .
with a special compound which begins to glow at the place
where an electron strikes it.

In order to direct all the electrons
flying out of the cathode to a certain
point on the screen, they have to
be gathered into a narrow beam.
The electrons resist this and repulse
one another because they all carry
a charge of the same sign (nega-
tive). As a result the beam “swells”
and, were it to strike the screen in
such a form, a large blurred spot
would form on the screen.




1.19

The focusing electrode has helped to curb the “recalcit-
rance” of electrons. It is also made in the form of a hollow
cylinder which is connected to the negative terminal of
a voltage source and, therefore, its walls repulse the scat-
tering electrons, gathering them into a narrow beam which
is directed along the longitudinal axis of the cylinder.

T -
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On its way from the cathode to the screen, an electron
passes plates. If no voltage is applied across them, the
electron pays them no heed and flies straight to the centre
of the screen. It is accompanied by all the other electrons,
causing a bright spot to glow in the middle of the screen.

1.21

But what will happen if a voltage is applied across one
pair of the plates? All the electrons will be deflected towards
the positive plate, and the spot will shift upwards from

the centre of the screen.
1.22
aemmo T Jt

Vs

By reversing the voltage applied across the plates, the
spot can be shifted downwards.
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1.23

A second pair of plates makes it possible to shift the
beam and the spot to the left and right.

1.24

So as never to confuse the plates it is necessary tolearn
one rule once and for all: the plates shown in the left part of
the poster, even though they are positioned vertically,
deflect the beam from left to right and are therefore called
horizontal-deflection plates.

On the other hand those plates which are arranged hori-
rontally are called vertical-deflection plates, because they
deflect the beam upwards or downwards.

The two pairs of plates are,as it were, an aiming device,
which allows any point of the screen to be hit by aiming
the beam at it.

Armed With A Gun

A diode is already electronics. It was developed to serve
definite technical needs. But at first no such needs existed.
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Nor was there any electronics: There was only the natural
desire of physicists to study the electron. And it so happe-
ned that 40 years before the invention of the two-electrode
valve (diode) the cathode ray tube emerged, developed by
physicists as a strictly experimental device.

" At that time no one had any idea of all the uses that the
future had in store for the tube. In radar and television,
in the reception of signals from space, in many laboratory
investigations, in the memory devices of electronic compu-
ters, this tube is a must. But physicists Plucker, Kirchner,
Hittorf, Crookes, Perrin and Villard who conducted the
first experiments with the tube had a much more modest
aim: they wanted to know how the electron behaves.

The device inside the tube which produces a controlled
beam was aptly named a “gun” by someone.

And indeed, the electrons are like cannon balls, while
the positive potential of the anode takes the place of the
pressure of gases which eject the ball from the barrel. The
barrel in this case is the focusing electrode that ensures
close grouping of shots (see I.19). The deflecting plates
are similar to the aiming devices of a gun (see I.20-I.24).

Who could know that in time this device would justify
its warlike name of “gun” and would help real guns hit
enemy targets without missing?

But by the time when the “electron gun” was used in the
indicators of radar stations, it had much to its credit for
peaceful services. _

A mere century ago physicists studied the nature of rays
(at that time they bore the name of “cathode rays”), which
were produced by “electron guns”.

First of all it was established that these rays always def-
lect towards the plate connected to the positive terminal
of a voltage source. Hence the conclusion that the rays are
a continuous stream of particles possessing a negative
charge.




Then it became possible to measure the speed and calcu-
late the mass of these particles. Thus, the “electron gun”
helped acquire knowledge about the properties of the invi-
sible electrons, turning them from incorporeal portions of
electricity into particles “embodied in flesh”.

Later on with the aid of the very same guns, engineers
managed to obtain clear pictures on television screens. And
many years before the advent of television a laboratory
instrument—the oscilloscope—was developed that made
it possible to observe many electrical processes, which
investigators formerly could only imagine.

Take, for example, an electric pulse. Just what is it?
A shock that is produced by a multitude of electrons flowing
simultaneously through the wires and components of a cir-
cuit.

When youhave a chance watch the escalator at one of the
underground stations. It is not loaded uniformly. When
a train pulls up at the platform, the passengers all ‘at once
rush towards the escalator. Those who are in a special
hurry even run there. Then comes the mainmass of the pas-
sengers and the moving stairs become especially crowded.
A little later the escalator is empty. The pulse has ended.
With the arrival of the next train the cycle is repeated.

This picture is similar to the one which is observed in
pulse circuits. The trains can be compared to a pulse
generator, the escalator, to a conductor section and the
passengers in this case behave just like electrons.

A curve showing the variation of current in time is very
much like that showing the number of passengers carried by
the escalator to the ground surface.

However, unlike the events which take place in the under-
ground and last many minutes, electric pulses usually
emerge and vanish in millionths of a second. Is it possible
to see anything in so short a period of time? Who will have
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time to notice a pulse that builds up and ceases in mil-
lionths of a second?

But as it has turned out here is no need to be hasty at all.
The instantaneous pulses can leave a trace on a screen,
and this trace will remain sufficiently long for anengineer
or scientist to judge of its shape and to watch how in a bri-
ef instant an electric current builds up, stays on and ceases.

This possibility is provided by cathode-ray tubes.

Traces Of Things Invisible

Millionths of a second ... A time so short that it is hard
even to imagine it.

The world record holder, whose time for the 100-metre
dash is 9.8 seconds, covers ... only one hundredth of a milli-
metre in one millionth of a second.

Only three tenths of a millimetre is covered by a jet plane
in soshort a time. And it flies at the speed of sound! A rocket
boosting a satellite into an earth orbit at cosmic speed travels
only 8 millimetres in that time.

And in an electronic circuit so many events happen in
a millionth of a second that it would take hours just to tell
about them.

Electrons exist in a different time scale. They are so
mobile and agile that in one millionth of a second they can
do a multitude of various things.

36



... A pulse lasted one millionth of a second. During this
tlime the beam of the cathode-ray tube managed to traverse
the whole screen from left. to right. At the moment when
the beam began its dash, the pulse arrived at the vertical-
deflection plates and deflected the beam upwards. But,
being deflected, the beam continued to travel from left to

right and, when the pulse ended, it returned (descended) to
the middle of the screen and completed its travel. As a re-
sult, the trace of the beam was left on the screen. What we
have actually seen is the shape of the pulse. Looking at the
trace, we can see how in a millionth of a second an electric
current builds up (section a—b), stays on (section b—c) and
ceases (section c—d).

The screen of the cathode ray tube has really worked
a wonder, making it possible to see thhe movement of invi-
sible passengers on invisible escalators, i.e. the flow of
current through wires and other circuit components.

The image on the screen does not last long: the screen is
coated with a special compound which can glow for seconds
or fractions of a second after passage of the beam. But
electronics seldom deals with single palses. Usually they
follow one another, and each of them causes the beam to
deflect and renew the trace. While the pulse lasts, the beam
crosses the screen from left to right. Then very quickly,
instantaneously, it returns to the left edge of the screen to
repeat its travel.

37



But what is meant by very quickly? The beam passes from
left to right in one millionth of a second. In this case the
speed of the forward trace (i.e. the trace from left to right)
will, in terms we are used to, be about 100 kilometres per
second or 360000 kilometres per hour. If the beam had not
moved across the screen but along the surface of the earth,
then it would have traced ten circles around the Earth in
one hour!

Isn't it fast? Yes, it is. But in electronics even such
a velocity is far below the record. From left to right the
beam travels fast, but from right to left (i.e. during the
retrace), it travels about a hundred times faster.

What determines the speed of the trace? What makes the
beam on reaching the edge of the screen, return? To answer
these questions, we shall have to say a few words about
the principles of controlling the electron beam.

Almost Like In A Problem Book

The beam is controlled by electrons. Many electrons are
involved in the process: some develop an electric pulse,
others, on flying out. of the gun, speed from the cathode to
the screen of the tube, while still others at that very same
time control the beam. That is why in a millionth of a second
so many events take place in an electronic circuit that
a detailed report about them would take hours. We are not
going to discuss all the details now. But the very principle
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of controlling the electron beam is worth going into
it in greater detail, for we are now familiarizing oursel-
ves with the first electronic device in which the action of
a multitude of electrons forms a single, complicated process.
But since this electronic process is intangible and invisible
we shall first try to explain it with the aid of a conventional
model. In this model everything is “bulky, coarse and visib-
le”, but nevertheless, it gives a
fairly good idea of the process of .
controlling the electron beam.

Imagine a tank of a certain capa-
city, say C litres, which is filled
with water through a thin hose.
In time T, the water level in the
tank will rise from 4 to B.

Float F rises as the tank is filled,
turning the arrow which in our con-
ventional model stands for the
beam. In time T, the end of the
arrow will shift upwards along the
screen from point 7 to point 2.

At this moment a port in the
bottom of the tank is opened and
the water level drops from B to 4.
Since the port is muth wider than
the hose, the water runs out much
faster than it has been pumped in, say in time T'5. Then the
arrow—beam —will return from point 2 to point 1. Doesn’t
the system remind you of those innumerous tanks in school
problem books, in which z litres of water pour in through
pipe A every minute, while through pipe B, y litres of water
run out. But there is also a difference. There the water
usually runs along both pipes simultaneously. But in our
system the pipes function by turns. As a result, in time 7',
the arrow slowly rises, and then quickly falls during
time Tz.

The described process is shown graphically, and we can
see that in time T, the water level slowly rises from A4 to B,
and then in time 7', falls rapidly from B to A.

Now it is, probably, easier tounderstand how the process
proceeds in the electronic circuit. Here the “tank” is capaci-
tor C, the “pump” is current source E, and the “hose” is
high-value resistor R,. .
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As the capacitor charges, the
level in the “tank” rises, in this
case we mean the level of the vol-
tage across the capacitor plates,
which is usually designated as V..

Key K is a sort of a “port™ it
enables the current to flow through
low-value resistor R,, thus imple-
menting the “run-off”. Since resis-
tance R, of the “drain” is much
lower than resistance R; of the
“hose”, the voltage across the capa-
citor falls very quickly from V.
to zero.

We have already studied the graph
of the process.

Instead of the water level in the
tank, we shall now plot on the verti-
cal axis voltage V. across the
capacitor.

It is not hard to see that the shape
of the curve is similar to a saw-
tooth. If the process is repeated
many times, several teeth will
emerge, thus forming a saw-shaped
curve. And such a sawtooth voltage
is the one that controls the beam.
If the capacitor is connected to the
vertical plates, the beam is deflec-
ted in the horizontal plane. In time
T, (the long slope of the tooth) the
beam shifts from left to right, and
in time T, (the short slope of the
tooth) it rapidly flies back.

It should be noted that the speed
of the beam depends on the “tank
filling rate”, i.e. on the speed with
which voltage V. builds up. While
the capacitor is little charged, this
speed is almost constant and so is
that of the beam crossing the screen.
To maintain the speed of the beam,



the “tank” is always made with a surplus capacity, so
that it would not be “full to the brim”.

To understand this principle fully, we have only one more
question to settle,

R,

In our conventional model, we opened the “run-off port”
al the right moment ourselves. And who closes key K at the
right moment in the given circuit?

This problem is solved with the aid of a three-electrode
valve, or triode. So it is the triode that we are now going
Lo consider.



THE GRID MADE A REVOLUTION

THIS LIES AT THE BASIS

1.26

The introduction of a third electrode (control grid) bet-
ween the cathode and the anode of the above-mentioned
valve—diode— has made it possible to control the current
flowing through the valve.

The advent of the three-electrode valves—they became
known as triodes — immeasurably broadened the field of
application of electronic valves,

1.26

In the triode current is controlled by means of a voltage
applied between the cathode and the grid. With a high ne-
gative grid potential (with respect to the cathode), the grid
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hecomes an insurmountable barrier for the electrons. They
will “crowd” in the space between the cathode and the
grid; the valve will be cut off, since no current will flow
from the cathode to the anode, even though like in the diode
the cathode. is connected to the negative terminal and the
anode, to the positive terminal of a voltage source.

1.27

In order to eliminate this “babel” it is sufficient to reverse
the sign of the grid voltage. With a positive grid potential
tho grid will help the anode, since its positive potential
will be added to that of the anode. A heavy current will flow
through the valve. However, with too high a positive grid
potential the grid may turn from a helper of the anode into
its competitor: some electrons will be drawn to it and will.
not reach the anode. In this case a harmful grid current
appears in the valve.

1.28

Everything that has been said
about the processes taking place
inside the three-electrode valve may
be illustrated by a curve. The curve
shows how the anode current in the
valve changes, depending on the
voltages applied between its elect-
-rodes. This curve is known as
the characteristic of. the valve.
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1.29

The characteristic of a valve is a graph.

What do graphs serve for in general? For the visual rep-
resentation of the relation between any two variables. Well,
for example.

The longer the time a pedestrian walks along a road, the
greater the distance he covers. This is the shape of the graph
showing this relation, if the pedestrian walks at a constant
speed.

But if the pedestrian gets tired at the end of his route, the
graph will look like this.

In this case it is said that the relation between the path
and the time is nonlinear; it is no longer expressed by
a straight line but by a curve.
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We are all well acquainted with a graph of a different
sort: the one showing the growth in the output of a certain
product. In the Figure we see a graph showing the output of
steel. Again the relationship here is nonlinear: with time
the output of steel grows ever faster.

In the foregoing examples each graph showed how some
variables (path, amount of steel) was related to time. It is
just as easy to show the relationship between any variables
with the aid of a graph. One can show how the range of an
aircraft depends on the quantity of fuel; how its speed de-
pends on the power of the engine; how the air resistance
depends on the speed, and so on, and so forth.

1.31

Now let us return to the characteristics of a valve. The
relationship between the anode current (/,) and the voltage
between the cathode and the grid (V,) is called the anode-
grid characteristic of the valve. That between the anode
current (/,) and the anode voltage (to be more precise,
voltage V, between the cathode and the anode) is called
the anode characteristic of the valve.

The anode-grid characteristic is plotted in the following

way. Suppose that at a voltage V, = — 12 volts the anode
current J, = 2 milliamperes (i.e. 2. thousandths of an am-
pere).

Let us plot—12 volts en the horizontal reference axis and
2 milliamperes on the vertical axis. The intersection of two
straight lines drawn parallel to the axes of reference gives
us point a.
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O-_-i._. 2

3 —b

CiZ -6 10 v6 +12

feccececccnccacmaosn

45



1.32

For different values of voltage V, at a constant voltage
V. we obtain different values of current 7,. Plotting these
values, we obtain points b, ¢, d.

Having plotted many points for different values of V,
from —12 to 412 volts, we connect these points and obtain
the anode-grid characteristic of the valve.

As you see, in this case the graph is again non-linear: at
point a the current rises slowly, between points b and d,

rapidly (and what is more, linearly), and at point e it ceases
to rise.

=~

1.33

The most detailed characteristic cannot give a clear image
of a human being.

The characteristic of a valve provides exhaustive infor-
mation about its behaviour. It illustrates all the processes
which were dealt with in Sections 1.26 and I1.27.

Point 1. The voltage between the cathode and the grid
has a high negative value. The grid has become an insuper-
able barrier for the electrons. The anode current is zero
(see 1.26). '

Point 2. The battery is disconnected from the grid. Some
electrons fly to the anode.

Point 3. There is a positive potential at the grid. The

%rzid) helps the anode, and the anode current increases (see
27).
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Point 4. The grid begins to compete with the anode.
A harmful grid current appears (see 1.27)..

|
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1.34

The curve makes it possible to determine that when V,
changes, for example, from —6 to 46 volts, i.e. by 12 volts,
the anode current changes from 5 to 15 milliamperes, i.e.
by 10 milliamperes (see I.32).

The signal applied to the grid is usually much weaker.
Suppose that the voltage between the cathode and the grid
changes from —0.6 volts to -40.6 volts. i.e. by 1.2 volts. In
this case the anode current changes by 1 milliampere.
(Incidentally, it should be noted that within the linear sec-
tion of the curve the current varies in direct proportion to
the voltage.)

If the resistor connected into the anode circuit has a value
of 24 kohms (24 000 ohms), then the anode current variations
will produce fluctuations of the voltage across this resistor,
the peak-to-peak value of these fluctuations being 1 X
X 1073 amp X 24 X 10® ohms = 24 volts.
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This means that 1.2 V fluctuations of the voltage applied
to the grid have turned into those of 24 volts across the
anode load—the valve has amplified the fluctuations 20 ti-
mes. This amplification is explained by the fact that the
grid in the triode is located close to the cathode and slight-
est variations in the grid potential produce significant
changes in the anode current and, consequently, in the
voltage across the anode load. By connecting several ampli-
fier valves (they are also known as amplifier stages) in series
a weak signal can be amplified hundreds of thousands and
even millions of times.

The ability to amplify signals is a very valuable property
of the triode, the one that electronics makes use of prac-
tically everywhere.

With The Aid Of The Grid

On October 5, 1956 the French inventor Lee de Forest was
awarded the order of the Honorary Legion. Present at the
solemn awarding ceremony was the prominent scientist of
our time, physicist Louis de Broglie. In his speech of wel-
come, Louis de Broglie noted that the name of Lee de Forest
had become one of the great names in modern science and
technology thanks to the discovery made by him half a
century ago.

In conclusion Louis be Broglie said that specialists in all
branches of science should express their respect, gratitude
and admiration to Lee de Forest.

And what was this great discovery that continued to call
forth admiration and gratitude half a century later?

At first glance it does not look so significant at all. Three
years before the discovery made by Lee de Forest, Fle-
ming had already developed the two-electrode valve that
we know so well (see I.14 and I.15). All that Lee de Forest
did was to introduce yet another electrode between the
anode and the cathode of the diode.

And what is there so great about that? — one would think.
Formerly the valve had two electrodes, then it acquired
a third one.

But what unforseen opportunities have opened up before
engineering with the development of three-electrode valves!

Lee de Forest called his valve an “audion”. With time
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this name was forgotten and the valve with three electrodes
is now called a triode*.

Subsequently valves with two, three, four and five grids
cmerged. But in the words of Louis de Broglie, no matter
how important are the modifications brought with time into
the original triode invented by Lee de Forest all modern
valves of this type are always based on the following basic
principle introduced by Lee de Forest: the control of the
current flowing through the vacuum valve between the ca-
thode and the anode by means of other auxiliary electrodes.

All workings of genius seem very simple. One of the best
cxamples confirming this is the first grid which made
a whole revolution in engineering, no field of which can now
get along without electronic valves.

And it is practically impossible now to find an electronic
device that operates without triodes. True, that instead
of the triode we have just familiarized ourselves with more
and more use is being made of the semiconductor triode or
transistor. But, despite the differences in their principle
of operation, all triodes (vacuum and semiconductor) solve
the same problems: either they amplify and convert signals
or they are used for switching current on and off, i.e. they
serve as a plain “key”. Or, to be more exact, the key in this
case is the grid, while the triode is like a lock.

It is no coincidence that the first three-electrode valves
were called vacuum relays. In electrical engineering the word
“relay” implies a device which switches over the sections
of a circuit. Before the advent of three-electrode valves this
could only be done with the aid of an electromagnet. By
attracting the armature the magnet breaks one contact and
‘makes another. The triode has made it possible to make and
break a circuit without a magnet and contacts, the switching
lime being reduced several thousand times.

It was precisely this that the first triode developed in our
country by the research team with Bonch-Bruevich at its
head was called to do. That is why it was named vacuum
rclay. But it was another ability of the triode that won it the
greatest glory: today no field of electronics can do without
amplifying signals of some kind or other.

* In general, the names of all valves spring from the number of
olectrodes: the diode (dia—two), triode (three), tetrode (tetra—four),
pentode (penta—five), etc.
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About The Saw, The Beam
And The Key

Now, that the main properties
of triodes have been discussed,
we can return to the processes
considered in the Section “Almost
Like in a Problem Book” and
draw up a complete circuit for
controlling the electron beam.
If you remember, in the circuit,
mentioned earlier, where the ca-
pacitor serves as a “tank”, a triode
functions as key K (see page 40).

The capacitor is connected to
the anode of the triode. While
the triode is cut off, the capa-
citor charges; current flows from
source E, to earth via capacitor
C and high-value resistor R,.

The voltage across the capa-
citor grows slowly, producing
the long slope of the sawtooth
curve. Then a pulse arrives at
the grid and, charging it po-
sitively, opens the triode. The
open triode is similar to a large
open port in the tank:



all the charge stored in the “tank” flows through it very
quickly to earth. The discharge time (T';) correspends to the
short slope of the tooth. During this time the beam flies
back across the screen.

This in essence is the very principle of the device that
makes it possible to see the invisible. Perhaps, it is worth
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while to review the Sections “Traces of Things Invisible”
and “Almost Like in a Problem Book”, to have a clear idea
of how the “saw”, beam and key interact.

It remains to touch on one important circumstance. For
the image of the pulse on the screen to be clear and sta-
lionary, it is necessary for the beam to follow the same path
overy time it makes a trace on the screen. This problem
is solved best of all by using the “self-service” principle:
the pulse which is to become visible should be made to start
itself the sawtooth voltage at the necessary moment. The
sawtooth voltage is started (triggered) with the aid of an
additional triode-key. The pulse is first applied to the
grid of this triode and, on opening the latter, it makes the
beam fly across the screen. The
same pulse appears on the screen
a little later (for this purpose use
is made of special pulse delay cir-
cuits), when the beam has moved
away from the edge of the screen.
Because of this delay the pulse will
be in the middle of the screen and
fully visible.

The same thing will happen to
the next pulse, and it will also be
‘at the middle of the screen. With




the arrival of each pulse the beam repeats its travel along
the same path on the screen, thus renewing its own trace.

Time Under A Microscope

The principle that we have considered is applicable not
only to the observation of pulses or other electronic pro-
cesses. It can also solve a problem of great importance: it
can measure time to an accuracy within millionths and even
hundred-millionths of a second It is quite obvious how
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important this is for electronics itself, since electrons
are so fast that they perform nearly all their tasks m mil-
lionths of a second.

To measure the time a pulse lasts it is sufficient to know
its width on the screen and the speed of the beam. If the
beam sweeps across the whole screen in one millionth of
a second, i.e. in one microsecond, then the duration of the
pulse in the Figure will be 0.8 microsecond. For greater
convenience in measuring the beam can be made to deflect
slightly by marker pulses which are used to read, say, tenths
of a microsecond.-

It is possible to measure the time between two different
pulses. That is just what is done in radar: by the distance
between pulses on the screen the distance to the target is
determined.

Suppose that pulse-1 appeared on the screen at the moment
when another pulse was radiated by the radar antenna.
In time T the lastly named pulse reached the target, was
reflected, and returned to the radar. Here it was amplified
by the radar receiver and again deflected the electron beam.
A new pulse appeared on the screen (let us call it pulse-2).

The pulse travels at the speed of light, i.e. at 300 000 ki-
lometres per second. A distance of 150 metres to the target
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and 150 metres back it will coverin one millionth of a second,
i.e. in exactly the time that it takes the beam to travel
across the screen. This means that there is a definite rela-
tionship between time 7T on the screen, i.e. the distance
between the pulses (at a definite beam travel speed) and
the distance to the reflecting target. To determine distance
to an accuracy of 10 metres, time must .be measured to an
accuracy within tenths of a microsecond. Such a problem
can be solved only with electronic devices which make it

7 IS
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possible to expand millionths of a second on the screen,
just as a microscope “expands” microscopic o¢bjects by
magnifying them several thousand times.

Imagine that someone decided to measure millionths of
a second without using electronics. Would it be possible to
do this with a stopwatch?

Suppose that its hand makes a complete revolution in one
second. If one millimetre of its dial were to correspond to
one millionth of a second, then the length of the dial cir-
cumference would have to be one million millimetres or one
kilometre, which means a dial diameter of about 300 metres.
This would make the stopwatch face as tall as a skyscraper!

Perhaps the hand should be made so as to complete a single
revolution in one microsecond. Then in one second it will
have to make one million revolutions. If this mechanism we-
re to be driven by a motor which makes 100 revolutions per
second, then a step-up gear would have to be employed. Let
us try securing the hand of the “mic¢ro-stopwatch” to a wheel
with a diameter of one centimetre. Then the input wheel of the
step-up gear would have tobe one hundred metres in diameter.
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How much energy would then have to be expended to rotate
a 100-metre gear at a speed of 100 revolutions per second?

The result is paradoxical: a tiny microsecond would re-
quire a fantastically big clock to measure it. Actually,
there is nothing to wonder at. Mechanical equipment is too
bulky to measure millionths of a second. This requires
a different “mechanism” and different “parts”—mobile and
light—in short, something like an electron.

Foundation Of An Enormous Building

The chapter is drawing to a close. What has been said
is, naturally, far too little to get a clear idea of electro-
nics as a whole, but is sufficient to find a definite approach
to it.

There are two aspects of electronics, and both of them are
equally necessary for him who has decided to know some-
thing about it. On the one hand there are basic conceptions
and laws, design details and circuit components of electro-
nic devices. On the other hand, the aggregate of many
concurrent processes, their complex interrelation. These
processes cannot be understood without the knowledge of
the laws or design details. At the same time, knowing all
these elements, it is not always easy to link them together.

The reader has already come across one of these processes.
This is the process of tracing an invisible electrical pulse
on the screen of a cathode-ray tube by the electron beam.
Here vary simultaneously the current flowing through the
valve, that flowing through the capacitor, the voltage
across the tube plates and the path of the electrons which
form the beam.

There are many such processes in electronics. And to
understand how they proceed in circuits account should be
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taken of a multitude of synchronous events and phenomena
which have to be linked together.

When designing a new building, the architect mentally
sees it in space. Electronics specialists, when developing
any device, must visualize it not only in space, but also in
time, and make a picture of how the stream of electrons
flows, how, born by this stream, continuously pulsating

Bl |

electromagnetic waves immediately fill the spece, how the
electrons and waves interact-at any moment of time in vari-
ous parts of space inside complex electronic devices.

So, now, following in the electronics specialists’ path,
we shall go the same way from the first, simplest devices
to modern sophisticated units, such as, for example, tra-
velling wave tubes, klystrons, magnetrons, etc.

So far we have only dealt with-electrons. Now we have to
acquaint ourselves with waves, because the very basis of
electronics is the interaction of electrons and waves.






CHAPTER Il. HOW WERE WAVES DISCOVERED?

NOW THE READER WILL SEE FOR
HIMSELF THAT FOR ELECTRONICS THE
ELECTRIC FIELD IS NO LESS
IMPORTANT THAN THE ELECTRON.

HE WILL GET ACQUAINTED WITH WAVES,
WHICH WERE DISCOVERED BEFORE THEY
COULD BE DETECTED, AND WILL LEARN
HOW RADIO COULD MANAGE WITHOUT
ELECTRONICS AND WHAT IT WAS CAPAB-
LE OF. '



NO EMPTY SPACE AROUND CHARGES!

THIS LIES AT THE BASIS

I

Electric charges are surrounded by electric force fields.
The mutual attraction of charges of opposite signs and re-

e 7

pulsion of those of the same sign are due to the interaction
of these fields.

The forces acting in the space around a charge are con-
ventionally designated by arrows. It has been established
(also conventionally) that arrows emerge from a body charg-
ed positively and enter the one carrying a negative charge,
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1.2

This is what the electric field of charges of opposite
signs looks like. And next to it is the field around the poles

of a magnet. The resemblance bet-
ween electric and magnetic fields is
quite evident.

1.3

This is what the lines of force

of an electric field look like when

/ two charges of the same sign col-
lide. The lines of force resist the

convergence of these charges, as if

these lines were resilient springs.

1.4
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A charge can be compared with the sun and the lines of
force, with its rays. The farther away from the sun, the
fewer rays reach the surface of each particular area; the
weaker the interaction between a charged body and a point
charge.

To overcome the opposition of the fields, when charges
of the same sign are brought together, some energy must be
expended and work done.

1.5

Try to picture infinity. Hard, isn’t it?

And now imagine that someone has taken along a unit
charge and covered with it the path from infinity to poinf 4,
located in the field of an initial charge.

The work which this someone has had to do to move the
unit charge from infinity to point A in the field of our
charge determines the potential at point A (designated as V,).

1.6

The journey from infinity to point B vill require a dif-
ferent amount of energy to be expended and, therefore,
potential V differs from potential V,.
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Infinity is not a very tangible conception. But now, that
the path from infinity to points 4 and B has been success-
fully covered, everything becomes much clearer: the work
which must be done to move a unit charge from point A to
point B is equal to the difference between potentials V4
and Vg, i. e. (Vo — V).

Links With The Past

The magnificent edifice of electronics grows parallel
with progress in theory and practice, and the founda-
tion stone of this enormous edifice is the tiny, invisible
clectron.

But if the foundation were made of electrons only, then
no one would be able to build this “colossal” edifice. Before
creating electronics man had to collect “stone by stone”
vast information about charges, about their movement
and interaction with a field, about the properties of electric
and magnetic fields, about the laws of induction, about
direct and alternating currents, about electromotive force,
about the effect of electric current on a magnetic needle
and about the behaviour of a current-carrying conductor
when a magnet is brought close to it.

And then the mighty Maxwell’s intellect, having assimi-
lated all the information gathered bit by bit in hundreds of
laboratories, perceived the indissoluble connection of elect-
ricity and magnetism, expressed it in an orderly system
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of his equations and forecast the discovery of ele-
ctromagnetic waves.

After the death of Maxwell these waves were
obtained by Hertz.

Popov made use of them for wireless commu-
nication.

And subsequent development of radio commu
nication has led to the development of diodes,
triodes and other electronic devices and valves.

Such is the pre-history of electronics. But what
was the beginning of the electronics proper?
Perhaps, the discovery of the electron? No, the
discovery of Helmholtz did not mark the begin-
ning of electronics: at that time no one could con-
trol electrons.

It was the cathode-ray tube that helped to con-
trol them. But it did not start electronics either:




until the advent of electronic valves, the tube lived a sec-
luded life within the precincts of the temples of pure science
and was unknown to anyone except a very few physi-
cists.

The birth of electronics, may it not be connected with the
invention of three-electrode valves? But for what purpose
did Lee de Forest introduce his grid? It appears that all he
wanted was to control electrons by means of a field. Then
prior to developing triodes it was necessary to study the
properties of fields.

But what were triodes needed for? To improve radio com-
munication. Popov’s transmitter little resembled modern
transmitters: it could only transmit the Morse code in the"
form of short bursts of radio waves. The transmission of
speech, music or images was out of question. All this became
possible only after the development of the triode. )

So, the triode enabled Popov’s method to be improved.
Popov made use of the waves obtained by Hertz. Hertz
confirmed Maxwell’'s brilliant idea. Maxwell generali-
zed the facts established by Faraday.

And Faraday...

Another link with the past. But where is the beginning?
It should be sought in ages bygone.

Amber Rod

People knew about electricity for a long time. Since
time immemorial it appeared before them in the terrible
semblance of thunder and lightning. Knowing nothing about
the nature of thunderstorms, our ancestors regarded them
as the manifestations of the wrath of gods. Even the most
daring thinkers of antiquity never thought of restraining
this force and making it serve man.

The second electrical phenomenon which man encountered
was of such an innocent nature that it was hard to see in it
anything in common with the manifestations of the raging
clements.

An amber rod rubbed with wool attracted light objects,
such as fluff, pieces of paper. According to the ancient
(ireek philosopher Thales of Miletus, who lived in the 6th
century B. C., this phenomenon was discovered by weavers
handling wool. Perhaps people knew about it before, but
the first precise description of such facts, the nature of
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which at that time was not clear to anyone, we find in the
works of the wise man of Miletus.

And right up to the end of the 18th century not a single
attempt was made to look deeper into these phenomena and
understand their essence. In the 19th century, however,
électricity became the basis of progress, an integral part of
all technical achievements and scientific theories explaining
the structure of our world. No one was any longer surprised
by the fact that the same forces give birth to what would
seem totally unlike phenomena: the interaction of partic-
les inside the atom and the movement of powerful electric
motors, the stroke of lightning and the attraction of strands
of wool by the amber rod.

Electricity was being found everywhere. And not just
because it came in vogue, but because most of the pheno-
mena taking place in our world are really caused by mag-
netic and electric forces.

These forces apart, science knows only about the force of
inertia, forces of universal gravitation (so-called gravitati-
onal forces) and the forces acting inside the atomic nucleus.

Nuclear forces have a small radius of action—their effect
does not spread beyond the bounds of the nucleus. Gra-
vitational forces exert little influence on the atom—it
is too light to feel the terrestrial gravity. And it is only
electromagnetic forces that participate successfully in the
interaction of atoms and molecules. These forces govern the
structure of molecules and atoms, as well as their interac-
tion, the course of all chemical transformations, the struc-
ture of crystals, the properties of various physical bodies.

The age of electricity means not only powerful motors and
geénerators or precise measuring instruments, but also a new
world outlook, a new vision of the nature of many phenomena
originating from the interaction of electromagnetic fields.

And it all began with the amber rod. Even the very name
“electricity” came from the word “amber” which in Greek is
“electron”.

Now do you see how narrow seemed the conception “electri-
city” at first? Something like a “force concealed in amber”.
But subsequently these bounds were broadened to such an
extent that they have encompassed the whole world.
For the world consists of atoms and molecules, and they,
as a single whole, exist owing to the interaction of electro-
magnetic forces.
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Such, in brief, is the history of
the science of electricity: in the
beginning there was the amber rod
and at the end is the vast, bound-
less world. This was well expres-
sed by the French poet Paul Valéry
who said that there was nothing
more incomprehensible to the
human mind than the history of
a small piece of amber, which so
obediently displayed a force lying
hidden in all of nature and, being,
perhaps, nature itself, the force
that during all the centuries except for the last one
was manifest only in amber.

The First Law

Just what happens to the amber rod when it is rubbed
with wool? Only at the end of the 18th century did science
provide a more or less clear answer: the rod becomes char-
ged with electricity. And what is electricity? Where has it
come from?

In the 18th century science could give no answers to

these questions. It limited itself to a statement of facts.

In 1734 the French scientist du Fay established the
existence of two types of charges. Charges of the first type
appeared on the amber rod when it was rubbed with wool.
Since amber is nothing more than petrified resin of trees,
du Fay called this type of charge “resin electricity”. Charges
of the second type appeared when a glass rod was rubbed
with a piece of leather and he called this type of charge
“glass electricity”.

Subsequently, to differentiate between these charges,
they were arbitrarily designated by the signs “minus”
and “plus” and these are in use to this day.

It has been established that bodies carrying charges of
the same signs repel one another, while those with charges
of the opposite sign attract one another (see II.1).

In 1775 Coulomb made the first quantitative experiment.
His aim was to determine what is it that the forces of mutu-
al attraction of two point charges depend on (Coulomb
called these forces “electric fluids”) and what is the magni-
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tude of these forces. And what is a point charge? May it not
"be that Coulomb meant an electron?

Noy Coulomb hadn’t the slightest idea about the elect-
ron. By the point charge he meant any charged body, the
size of which was many times less than the distance to
other charged bodies. He wanted to determine how the force
of mutual attraction of point charges depends on distance.
At the same time it was necessary to take into account the
quantity of the charge given to each
body: the force is the greater the
larger each charge. At that time’
force could be measured with suffi--
cient accuracy. In particular, Cou-
lomb measured the force of inter-
action of two charges with a spe-
cially designed torsion balance. To
measure the distance between the
charges was not hard at all. But

-
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what about the charges? Before Coulomb no one had
attempted to measure them. There were neither measuring
units nor instruments which could compare charges.

Coulomb’s method was most ingenious. He took two char-
ged balls and determined the force with which they att-
racted each other. Then he took a third, uncharged ball
and made it touch a charged one. At the moment of contact
the charged ball gave up half its charge to the uncharged
one, since both balls were made of the same material and
size. After this the force was halved. Then Coulomb began
increasing the distance between the charged balls 2, 3, 4
and 5 times. The force began decreasing 4, 9, 16 and 25 ti-
mes, respectively.

In this way the law of interaction between two point
charges was established: the force of interaction is proporti-
onal to the magnitude of both charges and inversely proportio-
nal to the square of the distance between them.
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In honour of this experiment the law was called Cou-
lomb’s law. And the units which were subsequently used
for measuring charges were ‘also called coulombs. Compared
Lo the charge of a single electron a coulomb is a veritable
giant: a body must accept 6 290 000 000 000 000 000 electrons
Lo acquire a charge of one coulomb. The figure is enormous.
1f every second a body is given one million electrons, a char-
ge of one coulomb will accumulate only in 200 years.

What Is Void Filled With?

Thus science was gradually developing. First, the only
known fact was that unlike charges attract each other,
then a strict quantitative law was established. The first
formula expressing the behaviour of two charged bodies was
derived. By this formula the force of attraction between
unlike charges may be determined. But why do they attract
cach other? How can they act on each other when there is
nothing between them but an empty space?

Does this mean that a charged body feels somehow the
presence of another charge at a distance? An “unknown force
altracts” it to charges of the opposite sign!

This is approximately how this phenomenon was explain-
¢d by the remote action theory which existed at that time.
But what kind of an explanation is this? One might think
that it was the feelings of two lovers that were being con-
sidered, and not the interaction between physical bodies.

And nevertheless, science could at that time offer no
hetter explanation. Electricity was still too little kpown:
What. a difference is mechanics! Here everything is clear:
hodies act upon each other through impacts, pressure,
traction. No force manifests itself until the bodies ‘come
into contact. But then... then... Does not every physical
hody experience the Earth’s attraction at a distance? The
liarth exerts influence upon all bodies over distance without
mny rods, links, levers. Why?

Any object possessing a mass is affected by the force of
gravity. A charge nearby another one is also subjected to the
action of forces. Is it possible to visualize these forces?

Yes, it is. This is just what was first done by Faraday. He
surrounded a charged body with arrows indicating the force
direction (see II.1).
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Each charge has a definite
“sphere of influence”. Forces extend
from the charge into space, just
like the rays from the sun (see II.5).

So this is the secret of the
influence extended through space!
The space around charges no longer
remains empty! They are surroun-
ded by a fzeld—the field of action of forces. There is no
remote action—the forces act in the immediate vicinity..
At each point of space there is a field which acts on any
charge introduced into it.

This was a brilliant guess. Even Faraday himself could
n(ft foresee the consequences of this profound and far-reaching
idea.




ELECTRONS WORK COLLECTIVELY

THIS LIES AT THE BASIS

1.7

The charge and mass of a single electron are so infini-
tesimal that no one would ever notice the work done by it.
But the electron never works alone. It is sufficient to con-
nect a piece of wire to a current source and all the electrons
will immediately begin moving, no matter how long the
wire is.

Even if the length of the wire
n were 300 000 kilometres and it could
0 girdle the equator in seven and
a half turns, it would take only
one second for a pulse applied to
one end of the wire to reach the
other end. Of course, this does not
mean that in one second electrons
have travelled 300 000 kilometres.
Simply they start moving practi-
cally simultaneously, like a column
of soldiers who all begin marching
at the command “forward, march!”.

An electrical circuit consists of three main components:
a voltage source (E), load resistor (R) and connecting wires.
The external circuit (the wires and the load) has a definite
resistance. Because of the energy possessed by the source,
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the latter can “push” electrons through this resistor. The
ability of a source to “push” electrons through an external
circuit is called the electromotive force (E) of the source or,
shortly, e.m.f.

A current flowing through an external circuit produces
a voltage drop across it (V;,).

The voltage drop across the entire circuit is always equal
-to the electromotive force of the source, i.e. E = V.

.11
PR ) R

V=J‘R

Wires usually have a low resistance. The voltage drops
mainly across load R. The electrons passing through it pro-
duce a difference in potential (V, — V) between the ends
of the load resistor. This potential difference is equal to the
voltage drop, i.e. Vp =V, — Vp.

The relation between the current flowmg through the
load (Z) and the voltage drop across it (VR) is determined by
the well-known Ohm’s law:

_ Vg
I=—4¢
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The current depends on the number of electrons which
pass through resistor R in one second.

At a current of 10 milliamperes (i.e. ten one-thousandths
of an ampere) the number of electrons passing through the
cross-section of a wire in one second equals about 63 quadril-
lions (63 X 10'%). Approximately the same number of elect-
rons pass every second through triodes and diodes. And in
the filament of an incandescent bulb, where the current is
as large as several fractions of an ampere, the “crowd” of
flowing electrons is fifty times greater still.

.12

On passing through a resistor the electron loses some of its
energy, which is released in the form of heat. The amount’ of
heat produced by one electron is so small that it cannot be
noticed. But a “collective” of electrons can heat a resistor
to a very high temperature. There is a good number of well-
known consumers of electric energy where the energy of the
moving electrons is released in the form of heat.

Every consumer has a certain resistance which causes
a definite voltage drop across it:

VR:-‘VA‘—V

We already know that the energy depends on the poten-
lial difference (see I1.6). Moreover, according to Ohm’s law,
the “collective” of electrons passing through resistor R will
be the greater, the greater is Vi (see II.11). So, with an
increase in Vg the energy lost by each electron and the
number of electrons also increase. Therefore, power P
dissipated in the load increases as the square of V;

Vh

P=R
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If the deflecting plates of a catho-
de-ray tube are connected to
terminals A4 and B of a current-
carrying resistor R, then the poten-
tial at one of the plates will be
equal to V,, and that at the other
one, to Vg (on condition that the
resistance of the connecting wires is
so low that it can be disregarded).

In this case it is said that voltage Vg = V, — Vg is
“taken” across resistor R and “applied” to the plates. If
an alternating voltage is applied to the input of an electron
valve (between the cathode and the grid) and the voltage’
across a resistor connected in series with the anode of the
valve is taken, then the lastly named voltage will be several
times higher than the former one, i.e. the input voltage
will be amplified (see I.34).

.14

In addition to heat, the electrons flowing along a wire
release another form of energy—the energy of a field.
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A current-carrying conductor is always surrounded with
lines of magnetic force. The direction of these lines
coincides with that of the rotation of a corkscrew, if the
latter is advanced in the direction in which the current is
flowing. (Incidentally, in all rules used for determining
the interaction of current and magnetic field, it is so-called
“technical current” that is meant, which flows in a direction
opposite to that of the electron movement. The reasons for
this “confusion” are historical: these rules had been estab-
lished earlier than the electron was discovered.)

.15

In a wire coiled into a spiral the lines of magnetic force
also work “collectively”—their efforts are pooled together
in a common flow that is directed along the axis of the

coil. And so we have come to a so-called soleroid. If a heavy
current is passed through the solenoid and a core possessing
grood magnetic properties is placed inside it, the solenoid
becomes a powerful electromagnet.

Lightning In.A Jar

In Faraday’s time the science of electricity developed
tempestuously. Any discovery soon found its application
and served as food for new research and ideas.

Coulomb investigated the properties of charges several
decades earlier. At that time no one knew what to do with
charges: there were no sources of electricity as yet and no
one even imagined that charges could be transported by
wires. But mechanics at that time was a well-known subject.
So it was decided that the first and wisest thing to do was
to turn to mechanics for aid. Instead of rubbing the amber
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rod by hand, a special wheel was used for the purpose. The
rod itself was replaced by a large glass jar, which was lined
inside and outside with lead. Thus, in laboratories of the
Dutch city of Leyden were developed the first condensers
(capacitors) which came to be known as Leyden jars.

X

==

It was expected that the machine
would produce an invisible “electric
liquid” which would fill the Leyden
jar to the brim.

Mechanics proved its worth. If
a comb rubbing against one’s hair
could produce electric sparks which
were barely visible in the dark, the
wheel made it possible to obtain
large charges in the Leyden jar.
These experiments became so fa-
shionable that they were conducted

not only in laboratories, but even in the reception-rooms
of aristocrats and kings’palaces.

Louis XV would form a chain of soldiers and amused him-
self watching the grimaces of the men, when the discharge

current of a Leyden jar passed through this living circuit.
The amazed public watched lightning-like sparks obtained
from the jars. The aristocracy were astounded: “What a won-
der—lightning in a jar! What science is capable of!” But
things went no further.

Such was not the case in Faraday’s time. Progressive scien-
tific thought was focussed on electric and magnetic pheno-
mena. Ampere and Davy, Volta and Ohm, Oersted and
Helmholtz approached the same problems from different
angles. Ideas permeated the air like electricity before
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a thunder-storm. This was no longer science for the sake of
science, not the curiosity of single men—practical life set.
aims for the science, and kept demanding solutions to more
and more problems. .

And if science comes across something unknown when
solving these problems? So much the better! This means that
there will be new grounds for new practical tasks.

Thus, electrolysis which was developed to obtain pure
metals and gases helped discover the electron. The same
chemical process formed the basis for the first current sour-
ces which were developed as the result of the discoveries
made by Galvani and Volta and which came to be known
as galvanic or voltaic cells.

With the advent of these sources the interest in electri-
city grew still more. Man learned to transmit charges along
wires and noticed immediately that the current flowing
along a wire produced heat. And heat could be made to
work. This thought was well assimilated, and it gave birth
to a whole revolution in engineering, which brought glory
to the past century. :

L5
iz

Similarity Or Kinship?

Faraday had not the haziest notion about electronics. And
Coulomb, still less. At the same time theirs was nearly the
key part in its development. Coulomb studied the charge.
I'araday introduced into the science the concept of field.
And what does electronics deal with?

Man'y things. Satellites and television, computers and ma-
ny things besides! But if we look closely we shall see that the
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whole of this diversity can be reduced to various cases of the
interaction between charges investigated by Coulomb and
fields discovered by Faraday.

True, in addition to Faraday’s fields, electronics also
has to investigate other fields.

Faraday studied fields produced by stationary charges.
These fields are like motionless sand dunes in perfectly calm
weather.

Charges in electronic devices are exceedingly mobile. The
electrons emitted by the cathode flow in an endless stream
to the anode. From the anode they
flow through wires and other com-
ponents to other units, other wires.
And the field follows the electrons
like a shadow. This is no longer
a stationary field. It varies with the
changes in the current. The space
around wires carrying an alterna-
ting current does not resemble mo-
tionless dunes, it is like a turbulent
sea with its waves constantly in
motion. These are electromagnetic
waves.

Electromagnetic field. Electro-
magnetic waves. These conceptions
represent a confluence of two dif-
ferent but inseparably bound by nature phenomena—
electricity and magnetism.

The connection between them was not discovered all at
once. At first their similarity was noticed. The amber rod
attracts pieces of silk. The magnet attracts iron filings.
A charge is surrounded by an electric field. A magnetic
field surrounds a magnet.

The field is not Faraday's figment. If you wish to see
a magnetic field, spread some iron filings onto a sheet of
paper and bring a magnet under it, and there will imme-
diately appear lines of force like those shown in the
drawings made by Faraday himself (see II.2).

Differences were also noticed: a positive charge and
a negative charge can exist independently of each other.
But the poles of a magnet cannot be separated. The magnet
can de broken into two parts, and still each piece will have
a north and a south pole. The magnet is reminiscent of that
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fabulous dragon who would grow a new head if his was
chopped off*.

And so science knew of two phenomena which were very
similar in some ways and different in others. Electricity and
magnetism. They were investigated separately, independent-
ly of each other until a connection was found between them
by a sheer stroke of fortune. In 1819 the Danish scientist
Oersted was demonstrating experiments in electricity to
students. Near a wire lay a compass which had nothing to
do with the experiment.

“Why does the compass needle deflect when you switch en
the current?”—the lecturer was asked. This question made
not only Oersted but the whole of his contemporary scienti-
fic world ponder.

Here certainly was something to think about. The electric
current flowing through the wire gave birth to a magnetic
field. There were two different phenomena, and then, all of
a sudden, they were found to be closely bound together.

Following In Oersted’s Footsteps

In a short time news of the experiments conducted by
Oersted spread throughout the world. At that time the
current-carrying wire attracted not only the magnetic
needle, but also the attention of scientists the world over.
Small wonder: everyone understood that the world was on
the threshold of new discoveries, though no one could yet
give a full explanation of even the essence of the first expe-
riment which would seem so simple.

*And still, what is it that makes the needle deflect from
the wire? Oersted himself supposed that it was turned by the
electric current which allegedly flowed not only inside wi-
res, but also around them. Ampere suggested a different
hypothesis. He believed that a current flowed inside the
magnetized needle and the two currents interacted: the cur-
rent inside the wire and that in the needle.

Which of them was right? Perhaps they bath were wrong.
New experiments were required either to confirm or refute
the hypotheses, to explain everything fully.

* Incidentally, later certain substances were found to be able to
retain stationary electrical charges, owing to a certain orientation
ol their molecules or ions. Such substances are called electrets. If we
hreak in two a rod made of an electret, we again will have two poles
in cach piece—“minus” and “plus” ones.
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In Paris, London, St. Petersburg, Florence, Munich,
Heidelberg, Geneva, Oersted’s experiments were repeated in-
numerable times: a wire was placed near a magnetic needle
and then current was switched on. And every time the needle
behaved in the same way: as soon as the current began flow-
ing through the wire, the needle immediately set at right
angles to it.

The great Ampere, inspired by Oersted’s discovery, locked
himself up in his laboratory to investigate how charges in-
fluence one another, if they are not at rest, but are moving
along wires. By the way, this was most unusual for Ampere.
Hitherto he discovered everything on paper, and always pre-
ferred his study to the research laboratory. But this timeé
he could not get along without experiments: each thought
had to be thoroughly checked.

In seven reports brilliantly delivered by André Ampere
at the meetings of the French Academy, he made known all
the results of his work. The seven Ampere’s reports are like
seven posts along the borderline between two regions. On the
one side of the border is all that concerns stationary char-
ges, and on the other side, charges in motion and those phe-
nomena that are born of the electric current.

The first region was given the name of electrostatics (the
word static means motionless). Before this Coulomb had
already been interested in the properties of stationary char-
ges. The second region is electrodynamics—the science,
concerned with the action of moving charges, for which the
foundation was laid by Ampere’s works. At the same time
Ampere also made a number of brilliant discoveries, inclu-
ding his famous solenoid, on the basis of which the Ameri-
can scientist Henry soon developed electromagnets capable
of lifting weights of up to two tons (see II.15).
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Which Way Will The Needle Turn?

In Paris, the glorious Ampere lays the foundation of
a new science. And at the same time Michael Faraday, a
young modest worker at the Royal Institute in London who
has just left the bookbinding trade, following Oersted, also
places a wire near a magnetic needle and switches on the
current.

Nature had endowed Faraday with a remarkable quality:
he wanted to touch everything with his own hands, he did
not want to believe in any conclusions till he had checked
everything himself.

Yes, the needle really turns under the influence of the
electric current. But what makes it turn? Is this a current
flowing in space around the wire, or the one surrounding
the needle? No, this still has to be checked.

If the current flows from south to north, the north pole
of the magnetic needle placed under the current-carrying wire
turns to the west*. And what happens if the needle is
placed above the wire? The same pole will face the east. Why?
And if the direction of the current is reversed? Then
everything will also reverse. The needle under the wire will
turn to the east. The needle above the wire will face the
west. What causes all this?

A suspicion crosses Faraday’s mind: may it not be that
the current produces a magnetic field? Suppose that ring-
shaped lines of magnetic force are formed round the wires
(see 11.14). How will these rings act upon the needle?

* Here is meant the technical direction of the electric current
(see II.14).
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The unlike poles of two magne-
o -, tized needles attract each other.
' !  What is more, their lines of force

S -~ are directed opposite to each other.
Is it not the same law that is at
. - work here?
' h Let, for example, the current flow
. ) from south to north and the lines of
magnetic force round the current-
' carrying wire be directed clockwise.
In this case the lines of magnetic
force produced by the current will run counter to the lines
of force of the magnetic needle, if it is placed under the
wire, and the north pole of the needle will turn to the west.
Wonderful! This is fully confirmed by the experiment! Well,
and what happens if the needle is above the wire? For:the
lines to run again in opposite directions the same pole of
the magnetic needle must face ... east!

There it is, the real truth! The phenomenon shortly before
disclosed by Oersted is explained by the interaction of two
magnetic fields!

In this way the causes underlying the influence of the
current-carrying wire on the magnetic needle were uncovered.
Now every schoolchild can tell at once which way the needle
will turn, because school physics text-books contain a very
simple rule: if a corkscrew is advanced in the direction of
the current, the head of the corkscrew will rotate in the di-
rection of the lines of magnetic force surrounding the cur-
rent-carrying wire. Should the current reverse, the corkscrew
will go backwards. And then its head will rotate in the oppo-
site direction, and the needle will also behave in the oppo-
site sense. Just as in Faraday’'s experiments.



WITHOUT MOTION THERE IS NO INDUCTION

THIS LIES AT THE BASIS

When a closed conductor moves
in the field of a magnet, a current
is induced in it, which is known
as the induced current.

.17

The conductor may be stationary. Then, in order to induce
current in it the magnet must be moved. And so, it makes no
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_difference which is in motion, the magnet or the conductor,
as long as the lines of force of the field intersect the con-
ductor in which the current is induced.

.18

Without motion no current is produced. But motion can be
of many kinds. The circuit itself may remain stationary.
Current is induced because here we have a different kind of
motion: due to variations in the current flowing through the
first winding there occur variations in the magnetic field
surrounding it. The changing magnetic field induces a vary-
ing secondary current in the other winding.
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.19

This is exactly how the transformer operates: an alternat-
ing current in the primary winding produces a varying magne-
tic field, which induces an alternating secondary current
in the secondary winding. The transformer windings are
usually wound on a core made of a magnetic material, for
example, of iron. The core increases the magnetic fields set
up in the transformer.
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The induced current appears even
if there is no secondary winding.
At the moment of energizing of a
winding a varying magnetic field
produced by the growing current
induces a secondary current in the
same winding. This phenomenon is
known as self-induction.

The self-induced e.m.f. always
resists any change in the current
flowing in the circuit. This is how
the rule established by Lenz reads.

/- Self-indecced cwveent

.21

Owing to the self-induced current, a coil acquires a sin-
gular property of inertia: the coil opposes, as it were,
variations in the current that flows through it. If the cur-
rent in the coil decreases the self-induced current begins
to sustain it, but if it increases, the self-induced current
will flow counter to it and thus will begin decreasing it.

The greater the inertia of a body the harder it is to stop
or accelerate it. The higher the induciance of a coil, i.e.
the number of turns per unit length -of the coil, the greater
the inertia (self-inductance), the slower the current in the
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coil builds up or falls down. Inductance has its own units
of measurement which are called henries (after the physi-
cist Henry).

Faraday’s Intuition

The famous experiment of Oersted confirmed the link
between electricity and magnetism. There were two diffe-
rent phenomena: electricity on the one hand and magnetism
on the other. And then a bridge suddenly appeared between
them. But if it is possible to cross the bridge from the left
bank to the right, is it not possible to go back along the
same path? Current engenders magnetic field. Is it not pos-
sible that magnetic field is capable of producing electric
current?

Faraday seeks a way to obtain this current. He connects
a galvanometer to a wire and places a magnet nearby. No
current appears in the wire. Does it mean that he is. mista-
ken? No, something does not tally! Obviously these pheno-
mena are rever31ble—Faraday s intuition makes him check
the supposition again and again.

For ten years Faraday carries in his pocket a length of
copper wire and a piece of magnetized iron. At the most in-
opportune moments, forgetting where and with whom he is,
Faraday, like a maniac, produces his “toy” and begins arran-
ging the wire and the magnet in various ways. From time
to time he tries again to detect current with a galvanometer.
But there is still none of it.

And all these ten years the sixth sense of the scientist (or
perhaps, the seventh or the one of a still higher order)
continues to tell him that he is on the right path.
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Unbelievable persistence—to have faith for ten years in
something that cannot be confirmed!

Success came unexpectedly. Once he connected a battery
to a wire spirally wound on a drum and then suddenly perce-
ived that a galvanometer connected to another isolated
winding showed the presence of current for one tiny moment.

A hardly noticeable spurt of the pointer and Faraday at once

understood the thing that had eluded him for ten years.

Current cannot be induced as long as the magnetic field
is stationary. For current to appear, the field has to be
varied. When Faraday had connected the battery, a magne-
tic field was immediately formed, and during the instant
that it was building up, he accidentally noticed the slight
abrupt deflection of the pointer. Was it so? Not much of an
accident! The search for this event had lasted for ten
years!

But then everything went smoothly. It was not so difficult
Lo guess that current would also be induced, if the current
in the primary winding remained constant, but the magnet
was moved with respect to the wire (see I1.17). Or let the
magnet remain stationary, and the wire moves so as to
intersect the lines of force surrounding the magnet (see I1.16).
In all these cases it is the varying magnetic field that

acts upon the wire and induces current in it.
Carrent is only produced when the magnet moves with res-
pect to the wire, but not in virtue of any properties inhe-
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rent in the magnet when it is at rest, writes Faraday in
his scientific diary. Such is the essence of the laws of
electromagnetic induction—the excitation of electric for-
ces by magnetic ones.

The laws established by Faraday were laid at the basis of
new powerful current generators where current was produced
in the windings because of their rotation in magnetic fields.
Then current transformers were developed (see I1I.19).

The world admired the great discovery of Faraday. And
still the nature of induction was not understood fully. Pro-
bably at that time no one realized this better than Faraday
himself. How does one coil influence another, when there
are no connecting wires between them? Obviously this is
the work of a field. But just what is this field?

Oersted proved that current engenders magnetic field.
Faraday proved that magnetic field produces current.

These mutually reversible phenomena still escaped com-
prehension, it was necessary to go anew deep into their natu-
re, to seek some more intimate link between them.

Dual Waves

Such is always the case with science: first facts are accu-
mulated and then the necessity of generalizing them
arises.

By the time Maxwell set himself the aim of summarizing
all that was known about electricity and magnetism, there
had been a plethora of facts. Science and practice had found
lots of applications for the magnetic field produced by current
and had known dozens of ways of converting the energy of
magnetic field into electric current.

These two principles had formed the basis of all measur-
ing instruments.

The same phenomena had been used everywhere. Current is
produced by magnetic field, magnetic field acts upon current.
Here everything is reversible, like in a dynamoelectric
machine. If curreht is fed to the windings of the machine it
becomes a motar, if the machine is driven by another motor,
it begins producing current. This reversibility is of the same
nature: either the magnetic field set up by current makes
the rotor of the machine revolve, or by letting the rotor
rotate in magnetic field, we have current flowing in the
windings.
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By varying a magnetic field near a wire a current can be
induced in it, and fields are built up in the space surrounding
the current-carrying wire. Current flows along a wire, and
in the space around it electric and magnetic forces interact.

But what if no wire is there, and an electric field is made
to vary? What will happen then?

James Clerk Maxwell was the first to put this question and
he himself provided the answer. And not simply an answer,
but an orderly and consummate system of mathematical
equations—the theory of electromagnetic fields. Only one
link was missing in the chain of all the known phenomena
connecting electricity and magnetism and Maxwell intro-
duced this link into the theory.

If a variable electric field exists in space, then it pro-
duces a magnetic field. As if there is an imaginary wire
in this space and an imaginary current flows along this
wire. Maxwell called this current a displacement current to
differentiate it from the ordinary convection current — the
motion of charged particles.

Science had known of no phenomena where these fields
would interact without a current-carrying wire. But all the
known facts had spoken in favour of such a guess. Thousands
of experiments, hundreds of instruments, based on the
indissoluble connection between electric and magnetic
fields, had confirmed this supposition. True, both in the
instruments and the experiments the wire and current had
always been present. Well, this means that our possibili-
ties are limited as yet, we simply have not learned to detect
the electromagnetic field directly, have not studied all its
properties—decided James Maxwell and history confirmed
that he was right.

This thought has found its expression in his system of
equations, and the theory has become remarkably harmoni-
ous. All the discoveries made by science have become parti-
cular cases of Maxwell's equations. Like a mirror these
equations reflect the mutual connection and reversible
nature of the phenomena: one of them expresses the depen-
dence of the electric field upon variations of magnetic
fluxes; the other shows how the magnetic field is influen-
ced by changes in electric forces active in space.

Being formed at a place where there is a current-carrying
conductor, the electromagnetic field will propogate through
space, occupying an ever increasing volume. While it is pos-
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sible to separate the field from the conductor, electric
fields cannot be separated from magnetic ones—they are in-
separably bound in a single electromagnetic wave.

There is no remote action in nature, well then the elec-
tromagnetic field cannot act upon a body instantaneously, if
the bodyislocated at some distance. The electromagnetic wave
approaches gradually. From Maxwell’s formulas it follows
that the wave travel speed exactly equals the speed of light.

And this is called “gradually”! Travelling with such
a speed, in only a second the wave will circle the globe
nearly eight times! (The speed of light in empty space is
approximately 300 000 kilometres per second.)

Unexpected Conclusion

Maxwell's contribution is enormous. But still it must

not be forgotten that many years before Maxwell's: disco-

veries they had been forecast by Faraday. Back in 1832,
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attempting to reveal the nature of induction, Faraday came
to the comclusion that in these phenomena excitation is
transmitted over a distance by certain oscillations resem-
bling “the oscillations of the surface of ruffled water or the
sound oscillations of particles of air.”

In addition he wrote that the active cause (which he called
magnetism) propogates from magnetic bodies gradually and

for this it requires a definite length of time which, obvious-
ly, will be found to be quite insignificant.

But this is exactly what Maxwell proved!

Among numerous Faraday’s ideas this was, probably, the
only one that he could not check with his own hands. Evident-
ly, that is why he did not dare to speak it out loud.
Faraday left a letter which he requested to be opened up
only after a lapse of a century.

In 1938 this letter was read by the members of the Bri-
tish Royal Society and it provided one more confirmation of
the striking intuition that Faraday possessed. For by that
time these ideas had been confirmed not only theoretically,
but also by Hertz’ experiments and numerous means of
communication based on the use of electromagnetic waves
travelling at a fantastic, but still finite speed (just as
Faraday had predicted!).

Maxwell proved that this speed is equal to that of light.

What is this, just a coincidence?
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No, Maxwell did not believe in a coincidence. He strove
to find a mutual link between different phenomena. Since
electromagnetic waves -travel at the speed of hght that
means that light is also electromagnetic waves.

Thus, as a result of investigations of the ties between elec-
tricity and magnetism, a totally unexpected kinship was sud-
denly discovered. Dozens of scientists studied the connection
between electric and magnetic forces. But who could ever
think that the same forces give birth to visible light!

Daring Maxwell’s genius revealed this unity. The waves of
light are of the same nature as the waves which arise around
a wire carrying an alternating current. They only differ
in the wavelength. Extremely short are the waves of light.
At that time longer ones could not be discovered.

Not later than 12 years after Maxwell’s demise Heinrich
Hertz managed to radiate and receive these waves, confir-
ming the ideas of his great forerunner.

And several decades later thousands of radio stations were
already filling the space all around the globe with these
waves, and they carry communications from all ends of
the earth and in all languages.

The History Of Light

The science of light had covered a long and thorny way
before Maxwell’s ideas linked light with electromagnetic
waves.

People have been curious about light since time immemo-
rial. No special instruments have been required to discover
it. The universe is filled with sunbeams and it is only
due. to light that man has been able to learn about this
sunny world. That is why the first “scientific debate” about
light was held as far back as three and a half thousand
years ago. The sponsor of the “debate” was Pharaoh Ameno-
phis IV, who lived in the XIV century B.C.

Rejecting the then existing theories that light is radiated
by the eyes of god Ammon, Amenophis IV came to the con-
clusion that light is emitted by the Sun. The Sun was also
considered a god known by the name of Aten. Amenophis IV
legalized the new concepts: be ordered that Aten should be
worshipped instead of Ammon and in honour of this reform
he changed his name of Amenophis for that of Ikhnaton. Ame-
nophis means “pleasing to Ammon”, and Ikhnaton means
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“welcome to Aten”. The new name
was in full accord with the spirit
of the new ideas.

The ancient Greeks had different
views. Having established the fact
that man ean see objects only
because of light, they concluded
that light is radiated by the ob-
jects themselves. “Particles of light”
reach the human eyes and because of
these particles a thing can be seen.

However, in the works of the
ancient philosophers one can also
find different ideas. Plato, for exa-
mple, in his famous “Dialogues”
says that of all the organs it is
the light-carrying eyes that the gods
have created first of all.

Compared to Amenophis-Ikhnaton
this is already some progress. Accor-
ding to Plato, not only the gods
possess “light-carrying vision”, but
even man himself.

But then it is hard to say whether
this is any closer to the truth: Ame-
nophis claims that light exists outside man and Plato,
that the source of light is man himself. It is as if his
cyes “feel” objects with -the beam they emit.

Things were made clear much later. Approximately in the
XI century A.C. the famous Arabian scientist Abu-Ali Al-
Hasan Ibn Al-Haytham (he is known in history by the name
of Alhazen) was the first who proclaimed that we see the
light reflected by o'b]ects

But just what is this light?

The great Newton has left us his theory of hght in which
the ideas of the philosophers of antiquity are revived. He
also believed that light consists of particles. Truly, his
particles (he called them corpuscles) are not radiated by the
eye, nor by objects: Newton understood well that visible
objects only reflect light.

And then Maxwell advances his electromagnetic theory of
light which fascinates the minds of scientisis to such an
extent that no one thinks of the light corpuscles any longer.
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But now scientists begin remembering Huygens and Fresnel,
Newton’s contemporaries and opponents, who had asserted
that on encountering obstacles light behaves as if it consists
not of particles, but of waves.

And then, several decades later, science comes across
a penomenon which demands again that the ideas about
light be reviewed.

Under the action of light metal emits electrons, as
if it were bombarded by a hail of particles. Maxwell’s waves
cannot explain such phenomena. Studying this effect (it has
become known as photoeffect), Einstein has taken up anew
Newton’s corpuscle idea and added a particle of light—
the photon—to the formerly discovered series of elementary
particles of matter.

This is a typical example of dialectics: revaluation of
former views and former ideas at a new stage of development.
From Newton’s corpuscles of light to Huygens’ and Fresnel's
waves, from these, to Maxwell’s ideas about electromagnetic
waves, and then, to Einstein’s photons which have elimina-
ted the “white spots” in the wave theory of light—such are
the main stages marking the evolution of views held by the
science of light.

And now, finally, the modern theory of light—yet ano-
ther vivid example of the dialectical unity of conflicting-
qualities of phenomena: in some phenomena light manifests
its wave properties, and in others, behaves like a stream of
minuscule particles.

But why the history of light in a book on electronics?

One would not have to go into this history if not for
photonics which has come up in recent years, giving rise to
the development of light generators and vying with electro-
nics in the solution of a great number of problems.

Where Does Radio Begin?

Now, we have radio and electronics—two fields of engi-
neering closely linked together. Where is the borderline
between them?

Electronics deals with the development of electronic de-
vices: valves, cathode-ray tubes, semiconductors. The role
played by radio needs no explanations. And yet...

Can radio exist without electronics? It is hard to ima-
gine a modern transmitter or receiver without semiconductors
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or valves. But now it turns out that communication can be
realized by means of photonic devices. In this case it is
light rays and not radio waves that are employed.

Is this radio or is it not? We shall have to go once more
deep into the meaning of the word “radio” to answer this
question. The word “radio” comes from the Latin word
“radius” which means “ray”. Radio can operate with various
rays. The more so, as the waves employed by radio up till
now and light are of one and the same nature.

Maxwell established this truth about a hundred years ago.
Why is it that only recently systems employing light rays
have come into being?

"The thing is that in the early years of the development of
communication engineering it was easier to deal with
longer wavelengths. After Maxwell’s discoveries science was
persistently seeking ways of obtaining these invisible
waves. What for? Not simply to confirm or refute Maxwell's
ideas. Many understood that having studied these waves,
science would be able to apply them for practical purposes.
For what purposes precisely? Who could know what possi-
bilities were latent in the waves that no one had yet obser-
ved? It was hard to predict anything, when their properties
were totally unknown. v

Even Heinrich Hertz, who was the first to obtain the wa-
ves, asserted that his discovery was of no practical value.

Nevertheless, it was precisely in Hertz’ experiments that
the principle was born which subsequently became the basis
of all kinds of wireless communication: radiatiorn and recep-
tion.

“A device should be invented which would - substitute
clectromagnetic senses that man lacks”—that is how the prob-
lem was posed by the prominent Russian scientist Alexander
Popov.

And soon he proved that such devices really could be
developed. On the 25th of April (7th of May) 1895 A. Popov
expounded in his epoch-making report the results of his
first experiments in wireless communication. Two years later
in the course of his report delivered at the St. Petersburg
University A. Popov demonstrated the possibility of trans-
mitting radio signals over a distance of 250 metres which
separated the chemical laboratory, where the transmitter
was set up, from the physics room in which the signals were
received. At that time the navy was in great need of such
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a communication. On land wires
could do the task. But one cannot
stretch wires from the shore to a
ship that has put out to seal

Two more years passed and the
radio station built by A. Popov
was already keeping up communi--
cation between two ships lying forty-
kilometres apart, and in the year
1900 the operations involved in
the salvage of the battleship “Ge-
neral-Admiral Apraksin”, which had
run aground near the island of
Gogland, were coordinated by means of wireless commu-
nication between Kronstadt and the island.

By using the same station Popov transmitted to the cap-
tain of the icebreaker “Ermak” a message of the Admiralty
that a storm had set adrift an ice floe on which 27 fishermen
were stranded. The ship that went to their rescue arrived
in time. Wireless communication helped to save human lives.

Thus radio began to be acknowledged, but mobody had
yet heard of electronics.

Once again radio without electronics, for Popov's first,
radio stations had no electron valves!

About Wireless Communication

So, it turns out that for radio communication valves are
not at all necessary.

Evidently everyone has had something to do with a trans-
former. But hardly anyone knows that there is a radio com-
munication between the primary and secondary windings.

A
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Nevertheless it really exists: the secondary winding serves
as the receiver of the waves which are radiated by the pri-
mary circuit.

Suppose that there are two coils put close one to the
other. Let one of them be connected to the terminals of
a battery, and the circuit of the other include a measuring
instrument. When current flows through the primary wind-
ing, the pointer of the instrument reads zero.

Now we disconnect the primary winding from the battery,
and the pointer of the instrument connected to the secondary

winding makes a short swing aside. Why? Because at the
moment of disconnection the field of the primary winding
changes and electric current is induced in the turns of the
secondary winding located at a certain distance from the
primary one. This can be observed any time, only the coils
in all cases should be arranged close to each other and then
such a peculiar “radio communication” will set in between
them. In the transformer the windings are fitted on a com-
mon iron core, which serves as a favourable medium to
establish a “reliable link” between the magnetic fields. If
the current in the primary winding continuously changes,
it will excite a varying field. This in turn will induce
a varying curreni in the secondary winding (see 1I.19). In
transformers the coupling between the windings is effected
via the iron core, and in coils put close to one another, via
the space separating them.

But cannot the windings be moved farther away from éach
other and still retain the coupling between them? It turns
out to be quite possible. This is precisely what Heinrich
Hertz proved with his famous experiment. True, to increase
the coupling the ordinary coils had to be abandoned and
replaced by a special dipole, while the field in the space
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surrounding the dipole was produced with the aid of sparks.
The spark flashed between two spheres which received a de-
finite charge.

Already in the experiments with Leyden jars it was.noticed
that the spark jumping between the linings of the jar be-
haves in a strange way: during a brief instant it changes

its direction several times and, consequently, the signs of
the charges at the two linings also change the same number
of times. The spark gives birth to oscillations. This is what
Hertz proceeded from in his experiments.

Near the discharging device he placed the loop of a second
dipole with other spheres at its ends. The field produced by
the spark induced current in the loop, and a weak spark also
flashed between the spheres of the second dipole. To increase
the coupling between the radiating and the receiving dipoles,
Hertz placed them in the foci of special reflectors.
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Taking as a basis Hertz' experiments Popov developed
the first radio station, the operating principle of which was
described in hundreds of newspapers, magazines and books.
Like in Hertz’ experiments a spark jumped between two
electrodes when they were being brought close to each other.
Radio waves spread from it in all directions. To couple the
receiver and the transmitter Popov employed antennas and
the principle introduced by him is valid to this day. The
waves taken up by the receiving antenna caused particles of
metal in a so-called coherer to come closer together and the

Ao e -

conductance of the coherer greatly increased. Then a relay
responded, giving the coherer a “light shaking”, and the par-
ticles again fell apart inside the coherer until the arrival
-of the next “burst” of radio waves.

This simple device had one shortcoming—the signal was
too short. The spark flashed over instantaneously, and the
waves which it produced decayed having hardly emerged.

What can be transmitted by such signals? Only a tele-
graphe code: dots and dashes. To transmit the human voice
is much more difficult. To do this it is necessary to produce
undamped radio waves, to learn how to make the sound
“ride” the radio waves and, on having caught these waves
with the receiving antenna, to amplify them so that they
could drive the cone of a speaker, reproducing the sound.

It was for the purpose of radiating continuous signals and
amplifying them that Lee de Forest developed his famous
triode.

And it was then that electronics was born.

Incidentally, we cannot find the term “electronics” in
the dictionaries and catalogues compiled in those days. The
term appeared later. And still, the valve and cathode-ray
tube were the first two shoots of electronics from which
was destined to grow a tree which yielded a plethora of
unexpected and wondrous fruit.
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CHAPTER Il

ELECTRONS, WAVES, FIELDS

HOW ELECTRONS CAME TO BE-
CONTROLLED WITH THE AID OF A FIELD.
ABOUT THE CO-OPERATION BETWEEN
WAVES AND ELECTRONS, WHICH GAVE
BIRTH TO WORLD-WIDE RADIO
COMMUNICATION.



HERE OSCILLATIONS ARE BORN

THIS LIES AT THE BASIS

.1

A coil and a capacitor connected in parallel form an oscil-
lating circuit which plays a prominent role both in electro-
nics and radio.

Within the circuit oscillations are born, which are simi-
lar to those of a pendulum or a taut string. But the pendu-

lum and the string oscillate themselves, while the com-
ponents of the osclllatmg circuit are motionless. Here os-
cillations are produced by electrons—it is electric current
that oscillates.

1.2

Formal resemblance may some-

times be misleading. In this device

g the spring, which outwardly looks

like a coil, actually plays the part

= of the capacitor. And the weight
suspended from the spring, though
bearing no resemblance to the coil,
has much more in common with it.
The weight possesses inertia. The
coil also does. Those who have for-
gotten what inertia is due to can
take another look at Figures I1.20

and II.21.
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If a voltage source is con-
nected for a short time to the
plates of a capacitor, all the
energy will first be concentra-
ted in the capacitor. The
spring with the weight suspen- I
ded from it will be in a simi- /
lar condition, if the spring is
first stretched out and then
the system is released.

.4

The spring will begin contracting, the weight will return
to its former position, but motion will not cease there:
the inertia of the weight will cause it to continue moving
upwards and, having compressed the spring, the weight
will again turn all the energy over to it.

The same thing occurs in the oscillating circuit. The
capacitor has given up all its energy, but the current in
the circuit does not cease to exist. It keeps flowing “by
inertia”. Its direction is still the same (the weight is still
moving upwards). On the upper plate of the capacitor the
crowd of electrons grows denser and denser. At first they
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have reduced the positive potential
to zero, but the current continues to
flow “by inertia” and the zero gives
place to a negative potential. At
the same time a positive potential
is built up at the opposite plate.
Formerly the spring has been
stretched, and now it is compressed.
- The plate charges have become
redistributed, and the plates have
+ changed their sign.
When the spring is compressed to

the utmost, a moment comes when
%Frﬁl % : s * :
!

the direction of the weight motion
ﬁﬂb\_{: " isreversed: formerly the weight has
been moving upwards, now .it will
begin moving downwards.
After the capacitor has acquired a charge of the opposite
sign, the current changes its direction®.

1.5

Again the weight reaches its initial position and then
.stretches the spring by inertia. Again the “plus” and “minus”
signs at the capacitor plates have reversed.

The system has returned to its initial position (see III.3).
The cycle (or period) of the natural oscillations of the cir-
cuit has been completed.

Why “natural”? Obviously the reader has already noticed
that an extraneous source has been required only at the ve-
ry beginning of the process (see II1.3). Then it has been dis-
connected, but the circuit gets along on its own, it produces

* All the figures show the technical direction of current.
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its own oscillations which have their natural frequency.
The cycle is repeated many times over, the system several
times passes in succession through the positions shown in
Figure III.4, but each time the swing of the oscillations
will become smaller and smaller, and finally they will
cease completely.

.6.

How long does each cycle of the oscillations of the cir-
cuit last?

This time evidently depends on the properties of the
“spring” and the “weight”. And indeed, the time of each cycle
is determined by the capacitance of the capacitor and the
inductance of the coil. The larger the capacitance, the lon-
ger the charging and discharging of the capacitor will last,
and the larger the inductance of the coil, the slower will
the current in the circnit build up and decay (see II.2%).

.7

The number of complete cycles
(periods) per second of natural
oscillations of the circuit deter-
mines its natural frequency.

With an increase in the capaci-
tance and inductance the period
becomes longer and the number of
cycles per second decreases—the
natural frequency falls down.
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This relationship is expressed by Thomson’s formula:
1
~ 6.28VIC
In this formula F stands for the frequency (number of

oscillations per second), L, for the inductance (in henries)
and C, for the capacltance (in farads).

n.s

The phenomenon of resonance is familiar to all. For
example, due to resonance a taut string responds to the sound
L

of another string. And the string will sound especially loud-
ly if the frequency of the external sound corresponds to its
natural frequency. An oscillating ¢ircuit behaves in the
same way. The oscillations of current in the circuit will
be especially powerful, if the frequency of oscillations
(signal) applied to the circuit coincides with its natural
(resonance) frequency.

When the frequency of the SIgnal deviates to either side
from the resonance frequency, the oscillations in the cir-
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cuit will begin to decrease. This property is well illustrat-
ed by a bell-shaped curve. Such a curve is called the reso-
nance characteristic of the oscillating circuit.

N

N Al

3

1.9

The circuit will not respond to
signals whose frequencies are far
from the resonant frequency. It is
conventionally accepted that an
oscillatory circuit freely passes sig-
nals with frequencies between Fj
and F, (at these frequencies the
level of oscillations is 0.7 of that
at resonance).

Singing Arc Oscillator

In the history of radio there was a time when it got along
without electronics. But what sort of radio it wasl

....World War I was raging. Two kilometres away from
Khodynka Square one could hear continuous bursts of dis-
charges—this was the Moscow radio station radiating signals
of about 100 kilowatts power into the ether. A hundred kilo-
watt is not a low power. An ordinary electric heater con-
sumes only about 0.5 kilowatt. But despite the high power,
the station could transmit nothing but the Morse code con-
verted into discharge sparks. Similar stations operated
in other European cities. Ships of the navy also made use
of radio telegraph communication. The signals transmitted
by radio could easily be intercepted by the enemy. With
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their aid the Germans kept a watch on the manoeuvres of
the English and the French. The Allies took the bearings
of the German warships and tried to crack the secret codes
of the transmitted commands.

And then something unusual happened: all the German
stations went off the air. This caused panic in the headquar-
ters of Russia, England, France: the Germans were, doubt-
lessly up to something, they were keeping secret some kind
of a novelty.

The secret was unravelled by the prominent Russian sci-
entist Mikhail Shuleikin. I't turned out that the Germans had
changed over to a continuous radiation of waves. But the
receivers of the Allies were designed to catch spark teleg-
raph signals: a spark at the transmitter, a click at the re-
ceiver. But here the wave ran continuously and carried with
it traces of the Morse code, which the old types of receivers
could not detect.

Shuleikin found a way which allowed the radiations of the
new German stations to be deciphered with the old recei-
vers. He suggested to interrupt the signal directly at the
receiver input, i.e. to make it resemble the usual bursts of
waves. And then with the arrival of a signal clicks could be
heard again.

Subsequently it was learned that the first continuous wa- -
ves were obtained by the Germans by means of a “singing
arc oscillator”. The oscillator was developed by the Irishman
Duddell who took an oscillating circuit (see III.I) and began
feeding it with a continuous stream of sparks.

To obtain the sparks Duddell made use of voltaic arcs.
The oscillating circuit was tuned to audio frequencies and
during operation the oscillator emitted a musical sound,
whenee its name of “singing arc oscillator”.

How Oscillations Are Born And Decay

The oscillating circuit is a very simple thing. A coil
of wire and a capacitor connected in parallel (see IIL.1).
Both components have been known to science for along ti-
me. The capacitor is akin to the Leyden jar. The coil is the
very same Ampere’s solenoid (see I1.15). But when the Ame-
rican scientist Thomsén made these components operate
together, there occurred such processes which are of impor-
tance to this day.
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The oscillating circuit gives birth to oscillations, a phe-
nomenon with numerous analogues in totally different
fields of engineering.

One could recall a pendulum, string, tuning fork, swing.
Being given an initial impulse, all these devices will conti-
nue to oscillate at their definite natural frequency (see
IIL.5).

A swing, string, pendulum oscillate all by themselves.
The components of an oscillating circuit are stationary. Its

moving “parts” are invisible: in the circuit it is the electrons
that oscillate, producing an alternating, oscillating current
(see III.1).

The coil and the capacitor alternately transfer energy to
each other, like tennis-players shuttling the ball.

However, it has long since been established that a “per-
petuum mobile” cannot be developed. If the system is brought
into motion, then due to friction a part of the energy
will inevitably turn into heat. If the energy is not rep-
lenished by an external source, motion will cease, because
finally all of the energy will be dissipated in the form of
heat. Heat escapes into space, so that any “perpetuum mobi-
le” will sooner or later come to a “perpetual rest”.

For the same reason a pendulum or swing ceases oscilla-
ting. Friction between moving parts and the resistance
of the air cause the swing, and the pendulum, and a weight
suspended from a spring, to stop. In the oscillating circuit
it is the electrons that move. Can it be that they are
also affected by friction?

Yes, a peculiar kind of friction exists here too. The coil
possesses resistance. Overcoming it, the electrons lose
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energy, and like in the case of the pendulum or swing, it
is converted fully into heat. The oscillations weaken and
finally cease altogether.

Radio is very much in need of current oscillations which,
having once begun, would continue for a long time. They
can easily be converted into continuous waves. And such
waves can be used for transmitting anything: speech, music,
i]inagtis or, should it be necessary, an intermittent telegraph
signal.

But how can continuous oscillations be obtained?

For this it is necessary to continuously “drive on” the
oscillating circuit. What it is more, it is much easier to
drive it on if the frequency of the driving impulses cor-
responds to the natural frequency of the circuit, and this
will result in resonance.

But who is to drive it?

Again we need an oscillating circuit. For the driving im-
pulses to run continuously, the oscillations in this circuit
should not be damped. This means that again it must be
“driven” in step with its natural frequency.

And who is going to drive it? Another oscillating circuit?
But there will be no end to this chain. And cannot the chain
be formed into a ring?

Why Do Rivers Flow?

There is hardly a living soul in the world who does not
like rivers. People like rivers because they provide fishing,
on a hot day they quench thirst and bestow coolness,
and in winter they turn into ski trails and merry ice
rinks.

And we also like rivers because they never stand still,
that unforgetful, majestic and eternal which finds its
reflection in the ceaseless motion of water fascinates us.
Days, years and centuries pass, but the water in the river
flows on and on. Where from? Where to?

And indeed, whence and whither? This is not poetry, but
a serious question.

Everyone knows that rivers run from their source and fall
into the sea. But if for ages on end- the river gives all its
water to the sea, and does not run dry, where then does all
the water come from?
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It comes from the sky in the form
of rain and snow. The sky gets it
from lakes and seas and oceans.

And that which is lost by the lakes,
1 seas and oceans due to evaporation

is again replenished by the rivers.
+F, Of course, the reader has already

understood why we interrupted our

talk about oscillations in a circuit
and suddenly recalled the cycle of water in nature. You
see, in the motion of rivers there is precisely what we have
lacked for maintaining undamped oscillation—a closed
circle. From the ocean to the cloud, from the cloud to the
river, from the river back again to the ocean.

This is exactly how an oscillator operates. The oscillating
(tank) circuit is connected to the anode of a triode. For
the oscillations not to decay, some of the oscillatory energy
from the anode circuit is fed back to the grid of the triode.
On being applied to the grid, the oscillations begin control-
ling the current flowing through the triode. The oscillating
current will drive the tank circuit connected to the anode
of the valve. As often as the oscillations in the tank circuit
are repeated, so many times will the control voltage of the
grid change. With every cycle there will occur a surge of
anode current that will “drive” the tank circuit in step
with its natural frequency. Instead of an endless chain we
have a closed circle.

The oscillations, having once developed in the tank cir-
cuit, on being applied to the grid, will be amplified and will
drive the tank circuit even harder. And from the tank circuit,
back to the.grid, and from there, again to the anode.

In an amplifier the anode current depends on the signal
applied to the grid of the triode (see I.25-1.34). In an os-
cillator, in addition to this feedforward, there is also a
feedback; some of the energy from the anode is fed back to the
grid, and the valve begins amplifying its own signals.

Such a mode of operation electronics specialists call
self-excitation.

In the cycle of water in nature, which we have examined,
it is also possible to find a certain “feedback”. Filling of the
seas and oceans by rivers is "the feedforward. Filling
of the rivers by rains from the evaporation of bodies of
water is the feedback. But where does the energy come from
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in the cycle of water and in the generation of electrical
oscillations? In the first case it comes from the Sun. And
in the second case, from a source of direct current which
supplies the anode.  And so, the source is, as it were, the
Sun, the anode tank circuit, the sea, the electrons flowing
from the cathode to the anode, the river, and the part of the

energy fed from the anode back to the grid is the rains. In
this cycle the energy of the d.c. source is converted into
that of continuous oscillations.

Only a certain part of the direct current can be converted
into oscillations: the oscillator always consumes more ener-
gy than is contained in the oscillations it produces. If at
least half the energy drained from the d.c. source is converted
into oscillatory energy, it is considered that the oscillator
is operating well. Incidentally, from our, terrestrial point
of view the Sun expends energy much less rationally: nearly
all of it is dissipated in space, only an insignificant amount
reaching us.

In our oscillators, however, about half the energy of the
source is converted into oscillations. The other half is
wasted. But losses can be borne, if justified. And here the
aim is clear: the alternating, oscillating current generated
in the oscillator can be fed to an antenna, producing around
it an electromagnetic field in the form of radio waves pro-
pagated in all directions.



THERE ARE DIFFERENT KINDS OF WAVES

THIS LIES AT THE BASIS

.10

The very same mathematical equations describe oscilla-
tions of current generated in a radio circuit, waves rippling
across the surface of a lake, vibration occurring in the wings
of an aircraft due to the action of air streams, oscillations
of a pendulum, sound, and so on.

As far as physics is concerned these phenomena are of
different nature.

a1

But they also have a common feature. All of them are pe-
riodic sine-wave oscillations which are characterized by
three quantities: amplitude, phase and frequency.

By amplitude is meant the maximum deviation from the
median position (frequently this is the zero position).

By frequency is meant the number of cycles per second.
As for phase...
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.2

As long as a single sinusoidal process is being considered,
the phase is usually disregarded. But two oscillations of the
same frequency and amplitude may differ in phase. To
compare such oscillations the notion of phase difference
is introduced.

If the phases of two oscillations differ, this means that
the crests of two waves arise at different times, that two
swings pass through the extreme and medium positions at
different moments.

Despite the fact that the oscillations are of the same
frequency, they will now trail each other, now run counter,
because there is a phase difference between them.

This is exactly how alternating currents behave, produced
by two a.c. sources with a certain phase difference.

.13

If an antenna is coupled to a tank
circuit in which electrical oscilla-
tions occur, the motion of the ele-
ctrons in the antenna will be remi-
niscent of a sea surf: the electrons
in the antenna will “flood” and
“ebb” in step with the oscillations
in the tank circuit.

With every “flood” the intensity
of the electromagnetic field sur-
rounding the antenna will increase,
forming the crest of the waves.




After a lapse of time T equal to one period of the oscil-
lations in the tank circuit the “flood” will be repeated,
forming another crest. At the same time the preceding crest
will run away from the antenna at the speed of light C
and during time 7T will cover a distance of C X T.

So, a crest has just arisen in the antenna, but the pre-
. ceding one is already at a distance of C X T. The wavelength
A is the distance between adjacent crests: A =C X T.

1116

The less frequently the “floods” are repeated in the antenna
the farther one crest travels before the next one is formed.
In other words: the lower the frequency of the oscillations in
the tank circuit, the longer the radiated wave.
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This relationship we shall have to recall very often. To
understand it better let us give the following example: the
frequency of the roll at sea will be the less, the greater the
length of the wave.

.16

Runners will help us establish the exact relationship bet-
ween the wavelength A and frequency F of the oscillations.

If it is known that a runner makes n strides every second
and that the length of each stride equals I, it is very easy
to calculate his speed V: the length of each stride must be
multiplied by the number of strides made per second.

Thus, V =1 X n.

The “stride” of an electromagnetic wave is its wavelength A.

The number of “strides” is the number of periods (cycles)
per second F, .

The velocity of propagation of waves is also known—it
is equal to the speed of light C.

Just as in the case of the runner, the speed is determined
by multiplying the length of the “stride” by the number of
“strides” per second:

C=AXF

This formula may be used to determine the frequency of
oscillations if the wavelength is known:

4
F=+
To get a better grasp of this relationship, it is worth-while
to return once more to the runners. Say, they are running at
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the same speed, despite the fact that the strides of the
smaller one are shorter and those of the taller one, longer.
But then the little one makes more strides per second.

\

[-]

AR

The same is true with waves: the shorter the wavelength,
the higher the frequency (number of “strides” per second).
But the speed of propagation of waves in space is always the
same: 300 000 kilometres per second regardless of the
wavelength.

n.17

This is how James Clerk Maxwell first pictured electro-
magnetic waves to himself. Two sine waves here represent si-
multaneous oscillations of electric and magnetic forces
inseparably bound in space and time.

These forces act at right angles to each other, therefore
in the conventional representation of electromagnetic oscil-
lations the sine waves are located in two planes.

H
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Overcoming great distances, the wave becomes ever wea-
ker, but no matter how much energy remains, it is equally
shared between the two equivalent components of the wave.

.18

The waves employed in television look just like those
shown in Figure I11.17. The magnetic forces act in the ver-
tical plane. The wave causes current to be induced in the

receiving antenna, if the magnetic forces cross it transverse-
ly. (Those who have forgotten what is meant by induction
should look at the Figure I1.18.) That is why television-
antennas are always arranged horizontally.

In the waves used for radio communication the electric
and magnetic forces have, as it were, changed places (in
this case a specialist would say that the plane of polari-
zation of the waves has turned through 90 degrees). There-
fore, to improve reception the radio antennas of cars are
always arranged vertically.

For Mathematics It Makes No Difference

For mathematics electromagnetic waves are not something
unusual. It regards this phenomenon only as a particular
case out of a multitude, one kind of oscillations which occur
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in nature at every turn. Mathematics studies oscillations
irrespective of their concrete nature. For mathematics it
makes no difference what is oscillating: a string, water,
pendulum, air, or electric and magnetic forces bound toge-
ther in electromagnetic waves.

Mathematics describes all these phenomena by the same
formulas and the same curves.

And there is no need for us to immediately begin consider-
ing the intangible radio waves. It is better to begin with
waves that we know well, the waves on the surface of water.

Imagine the following picture. You are sitting on the
bank of a lake angling and keeping your eye on the float.

\ float position
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The water is calm and the float, motionless. Then, flashing
its scales in the sun, a large fish has leaped out of the water
nearby. Plopping back into the water it sets up rings on the
surface, and when the first crest reaches the float, it begins
bobbing up and down.

It’s a thrilling moment. It seems that the float might go
underwater any minute. But no, the waves become weaker
and, finally, the float is again motionless on the calm water.
And you feel regret that the fish hasn’t bite.

Practically the whole story is represented by just such
a graph. It takes account of the float and the fish. Probably,
the only thing that is not represented are the emotions of
the angler.

Point 4 is the moment when the fish splashed down.
After a certain period of time the crest of the first wave has
reached the float (point B). The crests and troughs follow
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one after another, causing the float to bob (points B, C,
D, E). But gradually they become weaker and at last disap-
pear completely (point L).

This is what the process of decay of oscillations shown in
the graph (page 117) looks like.

If the fingers of a musician strike a string, each part of it
will behave exactly like the float. The curve we have just
considered can be used here equally well. But the scale
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will be different, because the oscillations of the string differ
from those of the surface of the lake both in amplitude and
frequency (see II1.11).

By amplitude is meant the maximum deviation of some
point on the string or of the bobbing float from the median
position. In our graph each subsequent oscillation has a smal-
ler amplitude, because we are considering a damped process.

Now we shall have to recall once more the oscillating
circuit in which an electric pulse causes natural-frequency
oscillations with decreasing amplitude (see III.4 and
II1.5). Another pleasant surprise—the process occurring in
the oscillating circuit can be described by the same curve!

If you wish, a swing will produce the same kind of curve.
After the initial push the amplitude of the swing will de-
crease time after time and the curve produced will be very
much like those for the oscillating circuit and the float.
But. is it possible for the oscillations not to decay and for
the amplitude to remain constant? Of course. For this pur-
pose an external source of energy is required which would
push the swinging (oscillating) body in step with its natu-
ral frequency.

In the case of the swing this problem is solved simply:
one more person is required who would keep pushing the
swing continuously with the same force. Then the motion
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of the swing would be represented by an undamped sine
wave.

In radio engineering the triode takes the part of this extra
person. The oscillatory process occurring in an oscillator is

the very same sinusoidal process. The swing moves first
to the left and then to the right. During each period of the
oscillations the current in the circuit reverses in exactly
the same way.

Thus, phenomena of entirely different nature may be
represented by the same curves.

To The Assistance Of A Weak Voice

The antenna connected to the tank circuit of an oscillator
is like the fish that has splashed down into the lake: rings
of invisible radio waves spread from it in all directions
(see I11.43).
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And the float that bobs on the waves is another antenna,
the receiving one, in which according to the laws of induc-.
tion the radio waves will induce an alternating electric
current. The waves travelling from the transmitting to the
receiving antenna can carry the sounds of music, speech,
television pictures, the Morse code or any pulse code. Thus

the invisible, but durable threads of radio waves have
linked all those who are now inhabiting the Earth.

Until radio waves were developed the human voice was
extremely weak. A shout can be heard at a distance of one
kilometre, and even then, on condition that it will not drown-
in extraneous noise. Small wonder: even with the aid of
sound detectors the loud rumble of engines can be heard at
a distance of not more than ten kilometres.

But “astride a radio wave” even a whisper can be heard all
over the world.

Why? Because on their way from the transmitter to the
receiver radio waves do not weaken as intensely as sound
waves do.

And besides, with the aid of electronics, radio waves can
be amplified.

Sound waves are elastic oscillations of the air. A string
of a certain length produces a pure tone. At regular time
intervals compressed layers of air—the crests of the waves—
will pass a person sitting in a hall. If 100 crests a second
pass the listener, this means that the frequency of the audio
(sound) oscillations is 100 hertz*. Incidentally, the human

* The units adopted for measuring the frequency of radio wave’
obtained by Hertz are now being successfully used to characterize
all types of oscillations and waves, including sound waves.
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ear can sense sounds with frequencies from 16 to 16 000..
hertz. Persons with highly sensitive hearing can perceive
sounds with frequencies up to 40 000 hertz.

To appreciate the energy of the sound produced by the
voice the following comparison can be made. The sound ener-
gy of 100 000 people speaking simultaneously does not exceed

the energy consumed by the lamp of a flashlight. And the
sound energy of all the people on the Earth speaking simul-
taneously does not exceed that of the engine of a small
car.

Not possessing high energy, the sounds produced by the
voice or musical instruments are dampened by the elastic
air and fade away. .

By using sound resonators sound can only be amplified
several times. And in modern receivers signals can be ampli-
fied 104 to 107 times (i.e. 100 trillion to 100 quadrillion
times!) '

And there is another shortcoming of sound communica-
tion: a sound emitted in Moscow would reach Delhi or New
York only many hours later.

To save time and strength on a distant journey man avails
himself of transportation.

Radio waves are a very convenient means of transporta-
tion for sound. The speed of a railway express is nothing
compared to it: every second a radio wave can circle the
globe along the equator nearly eight times!
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Electrons And Sound

To transmit sound by radio one must first convert the
sound waves into an alternating electric current. This is
done by microphones.

A microphone is a fairly simple device, but if an electro-
nics museum were ever to be established, one of its halls
could rightfully be set aside for microphones.

They would provide the visitor with an example of how
it is possible for one practical aim to make use of various
physical phenomena investigated in different countries and
at different times.

Here is a microphone which makes use of the law disco-
vered by Ohm and bearing his name.

A membrane vibrates due to the action of sound oscilla-
tions. When the pressure on it increases, and this happens
when the crest of the wave arrives, it compresses harder a
layer of carbon powder put behind it. The carbon particles
are pressed harder together and can pass electric current
with greater ease. At this moment the current increases. As
often as the wave crests and troughs arrive at the membra-
ne, so many times will the electric current in the micropho-
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ne circuit increase and decrease. With constant pitch of the
sound the current will vary sinusoidally with the sound fre-
quency.

It is not for nothing that mathematics has approached all
oscillations with the same “yardstick”: it is indeed possible
to proceed from one oscillatory process to another, retain-
ing the characteristics of the oscillation—their amplitude
and frequency.

And here is another type of mic¢rophone. This makes use
of the laws of induction established by Faraday. A membra-
ne makes a coil oscillate. The coil is in the field of a
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magnet. On intersecting the lines of force of the magnet, a
current is induced in the windings of the coil. The frequency
of the current is equal to the frequency at which the memb-
rane oscillates. The amplitude is the greater, the harder
the membrane is vibrated by the sound wave.

And then there are microphones in which sound causes
the capacitance to vary. And this in turn causes current to
vary.

As you see, the methods are various, but the result is
the same: sound produces current oscillations of the corres-
ponding frequency.



CAPACITOR SAFEGUARDS AGAINST ACCIDENTS

THIS LIES AT THE BASIS

.19

What will happen in the streets of a city, if all the traffic
signs are taken away? This is not very hard to imagine:
each crossing will become the site of innumerable accidents.

It turns out that in any electronic circuit which ampli-
fies alternating signals there are also dangerous crossings.
Instead of traffic signs such crossings are provided with
capacitors.

By controlling the traffic of electrons, they help avoid
accidents.

- 4B i HE

.20

A capacitor is a simple device.

+ - In its simplest form it consists of
two parallel plates separated by a

layer of air. Everyone knows that

droplets of moisture condense on

the surface of cold glass. An ele-

ctric capacitor (also known as con-

+ |- denser) connected to a voltage sour-

ce condenses charges on its plates.
That is why it is used as a “reservoir” when controlling
an electron beam.

When the capacitor is connected to a d.c. source, electrons
are accumulated on one of the plates, which then carries a
negative potential.

From the other plate electrons leave along the external
wire. The potential at this plate becomes positive.

The capacitor becomes fully charged, when the potential
difference between its plates equals the voltage of the bat-
tery that it is connected to.
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The magnitude of the charge accumulated by the capacitor
depends on its capacitance. The capacitance will be the grea-
ter, the greater the area of the plates.

The capacitance also increases if the plates are brought
closer together. However, in this case a breakdown may
occur: at high voltages a spark may flash between the plates
arranged close together.
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The capacitance of the capacitor can be increased many
times without increasing its size by using an insulator to
separate the plates. The insulator is made of special mate-
rials such as mica, ceramics, polysterene.

In a circuit consisting of a capa-
citor and a d.c. source current flows
only while the capacitor is being

] charged. When the voltage across
the capacitor equals that of the
source, the current in the circuit
ceases to flow.




11.24

If in the same circuit the terminals of the voltage source
are interchanged, then recharge of the capacitor will
occur. Current will flow in the opposite direction until the
voltage across the capacitor equals that of the source, and
in this case each of the capacitor plates will acquire a
charge of the opposite sign.

+ |-

Y

~——a —r— e ———

.25

If the capacitor is connected to a source of voltage which
alternates, say, 1000 times a second, this means that the
sign of the charges on the plates will reverse 1000 times a
second and the current in the external circuit will also re-
verse 1000 times a second. Since the current in the circuit
does not cease to flow, it is considered that the capacitor
“lets through” alternating current, although in fact no cur-
rent flows through the capacitor. Not.a single electron passes
through the layer of insulation separating the capacitor
plates. The electrons move only in the external circuit.
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In the case of direct current
the picture is totally different.
The capacitor charges only
once and then the current
ceases to flow, since not a sin-
gle electron can overcome the
space between the plates. In
a circuit including a capacitor
direct current does not flow.

Electronics makes wide use of this property of the capa-
citor. Capacitor C, is placed “on the crossroads” of direct
and alternating currents between the anode of one valve and

—D—0
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the grid of another. Such a capacitor is called a blocking
capacitor: its purpose is to separate the direct and alter-
nating currents.

Opening the road for the alternating current from the
anode to the grid of the following valve, it simultaneously
blocks the road for the direct current.

.27

It is sufficient for the plates of this capacitor to come into
contact (for example, in the event of a breakdown), and an
accident is inevitable: the high anode potential will set up
a heavy current through the grid resistor (R ). The poten-
tial of the grid will become equal to that of the anode and
the valve will get out of order.

A normally operating capacitor will let pass alternating
currents only. That is why it lets flow freely through it
the amplified signals to the grid and blocks the way for
direct current.

.28

Another kind of accident may occur if alternating cur-
rents flow freely from the anode to the source of the anode
voltage. From the last stage a powerful signal can return
via the common supply source to the first stages, and then
the amplifier is covered by a parasitic feedback. Such an
amplifier cannot amplify incoming signals, but begins gene- _
rating its own oscillations.
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c To avoid this accident use is made of decoupling capacitor
de

For. alternating currents it. presents a very low resistance,
and if the anode. circuit of the valve is connected via the
capacitor to earth, then the alternating component of the
anode current will easily pass via the capacitor to earth
and will not get to the common supply source via decoup-

ling resistor Rj.
Ra
% v

S|
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Excessively Long Waves

How does a radio station operate? It would seem that now
¥e know everything, and we can easily answer this question.

et...

The microphone converts sound into a varying current.
The alternating current fed to the transmitting antenna is
radiated into space in the form of radio waves. The radio
waves induce currents in the receiving antenna. These can
be amplified by means of electron valves. The energy of the
amplified current causes the cone of a speaker to vibrate.
Isn’t this quite enough?
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What is lacking is, probably, the main link, without which
all the other links cannot be united into a single chain.

“...This is radio Moscow. 'You will now hear a violin con-
certo performed by...”

The announcer’s voice (the frequency of his sound oscil-
lations lies within 80 to 8000 cycles per second) is
followed by the sounds of a violin, which have a frequency
of up to 16 000 oscillations per second, i.e. up to 16 kilo-
hertz. (1000 hertz comprise 1 kilohertz, 1000 kilohertz equal
1 megahertz. These are the units that we shall use in future.)

But the receiver is tuned the whole time to the same fre-
quency. To which one? To 80, 8000 or 16 000 hertz? Why
is it that with a variation in the frequency of the sound
oscillations the receiver does not have to be retuned?

We have just seen how sound is converted into oscilla-
tions of current, with the frequency of the oscillations equal-
ing the sound (audio) frequency. But is it not this current
that produces waves around the antenna? Are not these the
waves that the receiver should catch and reconvert into
sound?

If it were possible to radiate audio frequencies into the
ether, then the problem would really be solved. Then it
would have been possible to amplify the currents produced
by the microphone and feed them to the antenna. to obtain
radio waves. '

But the trouble is that the antenna can radiate waves
into the ether only if its size is commensurable with the
wavelength of the radiated waves.

Let us suppose that a sound is converted into oscillations
of current, the current is fed to an antenna and the antenna
radiates a wave. Knowing the velocity at which electro-
magnetic waves travel and the frequency of the current
oscillations in the antenna, it is easy to calculate the length.
of the radiated waves (see 1I1.16).

Sound can produce oscillations of current having a fre-
quency of from 16 to 16 000 hertz. For 16 000 hertz the
length of the electromagnetic wave will be close to 19 kilo-
metres. Consequently, in order to transmit such waves it
would be necessary to equip the transmitting station with
an antenna several kilometres long. ‘ '

And we have not as yet considered the lowest sound fre-
quencies, which correspond to wavelengths of tens of thou-
sands of kilometresl
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But even if it were possible to construct such colossal
antennas, the problem would still not be solved. Imagine
that all the radio stations are simultaneously radiating
audio frequencies within the range from 16 to 16 000 hertz.
And your receiver is tuned to these very same frequencies.
Instead of one broadcast you will simultaneously hear all
the melodies and all the voices!

Fortunately, another method of radio communication
has been invented. This method allows the receiver to be
tuned to one of the multitude of stations and obviates the
need of gigantic antennas.

Transmissions are conducted with carrier waves.

Invisible Express

To transmit sounds over a distance with the aid of radio
broadcasting stations electronics produces' special waves
having lengths from 15 to 2000 metres, which correspond
to frequencies from 20 000 000 to 150 000 hertz (i.e. from
20 megahertz to 150 kilohertz). ,

These frequencies are very low compared to, say, those
of light, which equal thousands of millions of megahertz!
At the same time they are too high to be audible like the
sound is. But it is precisely these intangible waves, which
cannot be either seen or heard, that serve as a wonderful
“express” for carrying music or speech over any distance.

Before starting on its journey the sound, converted by
means of a microphone into an electric current which oscil-
lates at audio (sound) frequencies, “straddles” the above
mentioned high-frequency signals. Hence the name of
carrier signals. And indeed, they carry the converted
sound signal first to the antenna and then, being converted
into electromagnetic waves, through the ether to receivers
tuned to the corresponding wavelength.

Strictly speaking, the sound in this case is carried “bit
by bit” on the crests of the carrier wave. But the crests
follow one another so quickly that the gaps in the “pattern”
cannot be detected even with a highly sensitive electrical
instrument. The same happens when you are admiring a ta-
pestry or rug with an intricate embroidery, you do not
notice that it is made up of tiny knots or crosses.

But to achieve this it is necessary that the canvas is not
too coarse. For the same reason the frequency of the carrier
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signals should be many times higher than that of any sound.
And so, for sounds with frequencies below 16 000 oscilla-
tions per second, carrier signals of not less than 150 000
hertz are selected.

But how is it possible to combine the two signals, to
make the audio-frequency signal “straddle” the carrier one?

We, probably, have already begun getting used to the
thought that whenever electronics is faced with a problem,
the triode comes to its rescue.
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WHAT IS THE PURPOSE OF CURVATURE

THIS LIES AT THE BASIS

.29

The amplitude of damped oscillations decreases with time
(see III.5). Continuous oscillations have a constant ampli-
tude. ’

It is also possible to generate electrical oscillations, the
amplitude of which will vary sinusoidally. If the frequency

of the oscillations is 10 kilohertz and their amplitude
varies with a frequency of 1 kilohertz, then it is said that
the 10-kilohertz signal is amplitude-modulated at a fre-
quency of 1 kilohertz.

11.30

An audio-frequency signal obtained from a microphone
can, through modulation, be “put on the back” of a carrier
signal produced by an oscillator. Both signals (carrier and
modulating) are applied to the grid of a triode.

In this case the triode functions as a moduldtor.
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111.31

To understand the modulation process, we shall have to
recall the characteristics of the triode (see I1.31-1.34).

Two alternating signals are applied to the triode grid:
the carrier signal with frequency f, and the modulating
one of a lower frequency F,,. At a certain moment the sum
of all the voltages at the grid (d.c. voltage from the grid
battery E, and two alternating voltages with frequencies of
fo and Fp) happens to be such that the signals act within
section 44.

At another moment the signals will act within section BB.
Within this section the oscillations are amplified less, for
the characteristic of the valve in this section is significantly
curved.

The modulating signal “slides” along the characteristic
curve with frequency Fp,. This means that the amplification
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amplefipation &5

amplification

varies with the same frequency. As a result, the carrier .
signal varies in amplitude with frequency F,, as well.

If there were no “curvature” then the amplification would

be constant and it would be impossible to obtain an amplitu-

de-modulated signal.

The d.c. voltage at the grid E, is specially selected so as
to get into the curved section of ‘the characteristic, i.e.
into its nonlinear section.
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111.82

We have considered the process of modulation by a plain
sinusoidal signal. When music or speech is transmitted,
a more complex signal arrives from the microphone. But the
essence of the process remains the same: due to the “curva-
ture” the amplification changes and the complex signal is
superimposed on the carrier signal. This superimposed
signal contains the voice of the announcer or a singer, or
the sounds of music.

.33

In the receiver the amplitude-modulated signal under-
goes changes. It is subjected to an operation which is the
reverse of modulation: the sound signal is separated from
the carrier. Otherwise it would be impossible to convert the
oscillations of the electrical signal into sound oscillations,
since the speaker cone is far too clumsy and possesses too
much inertia to react to oscillations with frequency fo.

To actuate the speaker, it is necessary to supply it with
audio-frequency signals only.

.34
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The audio-frequency (sound) sig-
nal is singled out with the aid of
scissors, as it were, which are called
a detector. The principle compo-
nent of the detector is a diode.
And again, the diode copes with
this task only because in its chara-
cteristic there is a section that
possesses “curvature”. In this sec-
tion some part of the signal is “cut
off” and the remainder is then ap-
plied to an RC circuit.

111.35

The diode cuts off the negative half-cycles. During the
positive half-cycles it lets current pass through it. This
current flows in surges and creates a “fence” of peaks. The
first peak charges a capacitor, this being followed by a
pause which lasts until the following peak appears. During
the pause the capacitor discharges but little: on the right-
hand side this is prevented by a high-value resistor, and
on the left, by the cut-off diode.

The voltage across the capacitor remains practically
constant until the next peak appears.

If the peaks have different amplitudes, then the capacitor
will charge differently with each peak and, as a result,
the audio-frequency (sound) signal will be separated across it.

Distorted Portrait

In order to amplify signals without distortion it is neces-
sary to get into the linear section of the valve’s characteri-
stic curve. As soon as this condition is violated, then instead
of an even sine wave, we will obtain its distorted portrait.

The radio valve becomes something like the crooked mirrors
that are hung up in the room of laughs at a side show. By
magnifying one. part of the image and contracting another

138



the crooked mirror turns a normal face into a funny carica-
ture. Surely no one needs such mirrors in everyday life.
And what about a valve with crooked sections in its chara-
cteristic?

When a valve must amplify, signals without distortion,
crooked sections in its characteristic can do nothing but

.
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harm. But engineering knows of many inventions based
on the use of those very properties and phenomena; which
in other cases cause only harm.

Let us consider, for instance, friction. How much energy
is wasted to overcome the omnipresent friction in any mecha-
nism! But if there were no friction, there would be no
shafts, no transmissions, no swift cars that race along the
roads due to friction of their tyres.

Sparks, which flash between moving contacts, burn these
contacts and interfere with operation of sensitive instru-
ments. But even these phenomena people have managed to
turn to good: sparks are now used for processing metals.

The triode can serve as another striking example of how
in the indissoluble dialectical connection of phenomena
the selfsame properties can cause both good and harm.

The crooked sections of the characteristic distort signals
in amplification. But if the triode lacked this “shortcoming”,
it would lose half of the merits, because of which the physi-
cist Louis de Broglie spoke so highly of it.
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Kingdom Of Crooked Mirrors

There is a wonderful book by the English writer Lewis
Carroll called “Alice’s Adventures in Wonderland” and its
sequel “Through the Looking Glass”. In the latter Alice finds
herself in a strange kingdom, where all of reality is reflected

in ¢rooked mirrors. All the ugly things of life look attractive,
cupidity turns into generosity, evil pretends to be good..
Electronics also has its “kingdom” where only crooked
mirrors are used. True, they play an
entirely different role: they are cal-
led on not to distort, but reveal the
truth.

The crooked mirrors of electro-
nics are the nonlinear sections of
valve characteristics. With the aid
of these sections it is possible to
perform a number of necessary ope-
rations with signals: to superimpose
music or speech on the carrier sig-
nal, to -separate audio-frequency
signals from the carrier ones, or, retaining all that has
been recorded on the carrier signal, to change its frequency.

Signals transmitted by radio will not be heard till they
have passed through all the “mirrors”. One of them is set
up in the transmitter: with its aid the sound is superimposed
on the carrier signal. This process is called meodulation
(see III.31, III.32).
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MODULATION

The “canvas” together with
the superimposed “design” is ra-
diated by the transmitting anten-
na in the form of radio waves.
The antenna of the receiver cat-
ches them. True, at the site of
reception the SIgnal is very
weak. But there is no harm in
that, the signal only needs to be
ampllfled

The first concern is not to distort the s1gnal—1n the
linear section of the characteristic both the “canvas” and
the “design” are amplified simultaneously.

However, in this way weak s1gnals cannot ‘be  amplified
to the necessary degree. The thing is that some part of the
energy of the amplified signal invariably gets to the input
of the amplifier via the common supply source, to which
all the valve anodes are connected. This means that from
the anode of the last amplifier valve some part of the signal
returns to the grid of the first amplifier stage and the whole
amplifier is covered by a parasitic feedback (see III.28).
And what this may lead to we already know: because of
this feedback it is possible to sustain .continuous oscilla-
tions in a tuned circuit, to generate a continuous signal.

Another example of "dialectics: an oscillator cannot ope-
rate without feedback, while in an amplifier it does harm.
And though engineers, when designing amplifiers, do every-
thing possible to block the way for the return of the signal,
it still inevitably infiltrates back to the input.

CONVERSION

OF FREQUEnNcY

With high amplification. the signal at the output of the
amplifier possesses high energy. Even a small fraction of
it, which returns along the parasitic feedback circuits to

144



the amplifier input, will be amplified again, and the ampli-
fier will begin oscillating at its natural frequency. Then
the weak signal arriving from the antenna will be drowned
in the natural oscillations of the amplifier, and all that
will be heard from the receiver will be an ear-piercing whistle.

In order to avoid such phenomena the amplification has
to be effected stage by stage. At each stage use is made of
a “mirror”.

The first stage is radio-frequency amplification. Then
comes the first “distortion”: conversion from the radio fre-
quency to an intermediate frequency. This is done in the
follawing way. The signal arriving from the antenna and
the signal of an internal oscillator are simultaneously app-
lied to the nonlinear section of the valve characteristic.
Such an oscillator is called a local oscillator. The carrier
frequency is equal to F, and that of the local oscillator, to
F,. The capacitance and inductance of the oscillatory
circuit included in the anode circuit of the converter (or
mixer) valve are selected so that the natural frequency of
the oscillatory circuit is equal to the difference Fo — F;.
The signal of the difference frequency is separated in the
oscillatory circuit of the mixer valve, still retaining the
original “design” which has been superimposed on the
carrier signal. The “crooked mirror” has not distorted the’
“design”, it is now simply recorded on a ‘sparser “canvas”.
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Then comes the next amplifica-
tion stage: the signal is amplified
on the lower (or intermediate) fre-
quency. Then comes another “croo-
ked mirror”—the detector valve.
Here the “design” is separated
from the “canvas” (see II1.34 and
I11.35).

Before the “design” is fed to the speaker, it has to be
amplified again—this is the third amplification stage.

In the receiver standing in your room the signal passes
through all the above mentioned stages.

But a receiver is only one province of the great “kingdom
of crooked mirrors”, it solves only one of many problems.
True, it was radio broadcasting transmitters and radio
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sets that gave the first impetus to
the development of electronics. But
at the present time radio broadca-
sting is but one small area in a vast
field of diverse applications of
electronics. And among them all
there is hardly a single application
where electronics can get along
without a “crooked mirror”, i.e.
without nonlinear transformation
of the signal: modulation, detection,
frequency conversion. Through modulation it is possible to
record on the carrier signal not only music or human
speech, but any information which it is necessary to transmit.
This may include data on radiation intensity, pressure or
temperature in the capsule of a spaceship. Such information
is not transmitted in words: special sensors convert the
radiation, temperature, pressure into an appropriate signal.
The signal is fed to a modulator and the result is the
already familiar “canvas” with “design”.

A carrier signal can have the Morse code or a special,
conventional code ‘superimposed on it. In a radar station
the modulation produces short pulses, which ride “astride”
the carrier signal to the target (to an enemy aircraft, for
example) and, on returning back, warn about the danger
in due time and inform about just where the enemy is.
Thus, because of the pulse modulation, it has become possib-
le to endow radar stations with those fabulous qualities
which the “Golden Cockerel” in the Russian folk tale of
the same name possessed.

And what about the transmission of images? Once upon
a time tales were told about that too. Do you remember the
various magic rings, magic apples, saucers with magic
liquid, and magic mirrors. These magic “devices” made
it possible to see everything -that was taking place
“beyond the hills, the wild, wild seas and in lands so far
away”.

In reality all this has proved simpler—the mirror does
not necessarily have to be magic, the screen of a television
tube can do quite as well. But before the image of distant
events can reach the television screen, it must also be recor-
ded on a carrier signal by means of electronic “crooked
mirrors”,
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See what an important role the process of modulation is
called on to play in electronics—with its aid very many
fairy tales have been turned into reality.

Those things that formerly have been the prerogative of
magicians are now done with the aid of electronics and its
magic “crooked mirrors”.

The lonosphere And Billiards

A word spoken in Europe can be heard by radio in Austra-
lia and America. But a game that is telecast from one of
Moscow stadiums cannot be seen some hundred and fifty
kilometres from Moscow. Why?

Television has helped us to see the surface of the Moon
for the first time. And as you know, this is some 384 000
kilometres away!

It turns out that with the aid of television it is easier
to see far out into space than to ensure communication
on the Earth. What is the reason?

The specialists have a laconic answer to this: television
signals cannot be sent beyond the optical or horizon range.

“Optical range” is a very concrete and exact term: the
antennas must “see” each other for the signal radiated by
one of them to be picked up by the other. Suffice it for the
receiving antenna to hide beyond the horizon and commu-
nication is at once interrupted. For television the horizon
is, as it were, a line that it is forbidden to cross. And in space
there is no horizon. The optical range is limitless. You can
look even billions of light years away! Whether you'll be
able to make anything out, that is a different story. But the
road for the signal is open and, as long as a spaceship does
not hide behind some heavenly body, television communica-
tion can be maintained with it. On Earth it is a different
matter: the Earth itself gets in the way.

However, let us leave space for a while, return to. Earth
and ask ourselves a new question. How is it that transmitted
words can reach other continents? Why does not the spheri-
cal shape of the Earth interfere in this case?

Forty-five years ago this was a mystery for science. At
first electronics (rather radio) made do with long waves (from
800 to 3000 metres) which, possessing the ability of encir-
cling the Earth's surface, provided fairly distant communi-
cation. But such waves cannot encircle the whole of the
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globe, and so they cannot provide communication between
Australia and America or Europe.

Short waves (from 10 to 100 metres) were also known. But
since they propagate along straight lines and cannot encircle
the Earth, it was considered that they could not reach beyond
the horizon range. So they were classified as inconvenient

- e et _ it
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waves, and stations operating on short waves were not
designed. This range of waves was given over to radio ama-
teurs, of whom even then there were plenty.

And then all at once something happened that nonpluss-
ed the specialists. It turned out that with the aid of short-
wave amateur stations it was possible to set up communica--
tion with any point on the Earth! Little transmitters which
consumed no more power than a twenty-candle bulb sent
signals farther than long-wave stations with a capacity
of several kilowatts!

More than that, those very same transmitters could mnot
be heard at distances of about two hundred kilometres. It
seemed as if, having travelled a short distance, the signal
“died of fatigue” only to rise again thousands of kilometres
away.
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The puzzle seemed insoluble.

The best man for solving such riddles was the Soviet
scientist M. Shuleikin. Do you remember how he cracked
the secret of the continuous radiation of the stations deve-
loped by the Germans during the war?

Shuleikin came out with an exhaustive explanation of the
strange behaviour of short radio waves. He calculated that
short waves passing along the Earth’s surface really lose
power fast because they are absorbed by the surface of the
Earth’s crust much more intensely than long waves. But
even if a station radiates a high-power short wave signal,
the latter cannot go far along the Earth, because short waves
cannot circle it. This means that in all cases the horizon
will be their bound.

But nature provided them with another possibility for
distant travels.

Under the action of solar radiation and the hail of meteo-
rites an ionized layer is formed in the upper part of the
Earth’s atmosphere. In this layer the neutral air molecules
are decomposed into ions and electrons and the whole layer
presents a chaos of charged particles. Short waves (from
10 to 100 metres) are reflected from this layer just as light

rays are reflected from the surface of a mirror, or sound
from a barrier. Likewise this layer can be compared with
the edge of a billiard-table. And indeed, communication
specialists use this layer like the edge of a billiard-table:
if the ball does not go straight into the pocket, it can be
ricochetted.
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In the same way the short-wave signals radiated by distant
stations get to your receivers on the rebound. What is more
they can ricochet several times, for the Earth is also like
the edge of a billiard-table.

However, if the receiver is located at a distance of 200
kilometres from the station, no signal will reach it. The
ground wave is stopped by the horizon. And the sky wave
will not reach the receiver, because it bounces down again

more than 200 kilometres away. It is well known that the
angle of incidence is equal to-that of reflection. For a refle-
cted (or sky) wave to reach a receiver located 200 kilometres .
away, it must be directed nearly vertically towards the
ionosphere. But then it will pierce the ionized layer of the
atmosphere and pass out into space, leaving the Earth for
ever. Thus a blind zone is formed on the Earth’s surface
within a certain radius around the radio station.

Direct or ground waves are heard in the vicinity of the-
radio station. At gréat distances inclined waves bounce
back to the Earth. But the blind zone, which is neither
far away from nor near to the station, can receive neither
the ground nor the sky wave.

It was just this circumstance that led to the misthought
about the range of communication by short-wave signals.
The disappearance of the signal in the blind zone and its
reappearance at greater distances was not so easy to explain.

Now the effect of the ionosphere on waves of any length
has been studied. Waves from 100 to 1000 metres (so-
called medium waves) are well reflected by the ionosphere
only at night. In the daytime the composition of the iono-
sphere changes and the reflected energy is insufficient for
reliable communication in this range. Those who like
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tuning in distant stations must have noticed this peculiarity
of medium waves.

Long waves (longer than 1000 metres) are not reflected
by the ionosphere either at night or in the daytime.

As for ultrashort waves (10 metres and less), for them
the ionosphere is no more of a barrier than a sieve is for
water. All of their energy seeps through this layer without
being reflected. That is why television antennas must

AViV, V.

necessarily “see each other”—for the carrier signal in tele-
vision is an ultrashort wave signal and it does not bounce
off the ionized layer.

But why have the developers of television chosen the
most inconvenient waves?

Because it is only ultrashort waves that can serve as a
carrier for television, only they are capable of conveying to
the receiver the complex “design” which contains the visible
image. There is nothing accidental about television. Here
all has taken long years of hard work: the design of the
picture tubes, the methods of obtaining visible images, the
length of the carrier waves. And all this is interrelated:
in order to select the carrier waves one must know precisely
how the television image is created with the aid of electro-
nic devices,



THUS THE IMAGE IS FORMED

THIS LIES AT THE BASIS

111.36
If you look closely at the image
on your TV screen, you will notice
that it consists of a great number
— of horizontal lines. Every picture
&JE& frame consists of exactly 625 lines.
’ J The movement of the beam along

the lines is very much like the mo-
vement of the eyes when reading
a book: having run along the line from left to right, the
beam returns very quickly to the left side of the screen, to
the beginning of the next line. In 1/25 of a second the heam
traces 625 lines on the screen, which make up one picture.
In the next 1/25 of a second the beam traces another pic-
ture. Every second 25 pictures are traced.

.37

The number of lines in a picture frame and the number of
pictures per second have not been chosen by chance. Account
has been taken of two properties of our vision: persistence
and resolution.

By persistence of vision is meant the ability of the retina
of the eye to retain for a certain time the outlines of an
image just seen. The object being observed may vanish-
from your field of vision, but due to persistence its
image is retained on the retina of your eye for about 1/15
of a second.

If the television pictures had changed slower than 15 times
a second, then the image would have disappeared from the
retina before the appearance of the next image on the screen.
The eye would then register the change of the pictures. In
such a case the viewer would be dazzled.

In addition, it should be borne in mind that the image
on the screen is usually always moving. If from picture to
picture an object moves noticeably across the screen, then
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the viewer would percieve the motion as a series of jerks.
Perhaps, you have seen how funnily people move in old
motion pictures. This is due to the fact that in those days

the number of pictures per second was too small—16 pictu-
res a second. To avoid this the number of pictures per second
in television has been increased up to 25.

11.38

The distance between the lines
of a picture frame has been selected
so that a person sitting one metre
away from the screen cannot discern
individual lines. He sees the whole
picture at an angle of about 10
degrees, i.e. 600 angular minutes.
The resolution of our eye will allow
us to see two lines separately if
the angle of view exceeds 1 minute.
For the lines of a picture frame to
merge there should be at least

B0 600 lines

Actually there are 625 of them.

I11.39

How to make the beam run along the lines we already
know: a sawtooth voltage should be applied to the horizon-
tal-deflection plates (see Chapter I, Sections “Traces of
Things Invisible” and “Almost Like in a Problem Book”),
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To obtain the image of a pulse, the beam repeatedly runs
along the same line in the middle of the screen. But in
telev_lslon each new line must pass a little lower than the
previous ome. To do this the beam must be made to move
from left to right and simultaneously descend. For this
purpose the second pair of plates of the picture tube must
be supplied with a slower sawtooth voltage. While one
tooth of the slow sawtooth voltage deflects the beam from

the top to the bottom of the screen, the fast sawtooth voltage
produces the whole of 625 teeth, making the beam race
from left to right 625 times. In TV sets with large screens
the beam travels along the lines at a  speed of nearly
30 000 kilometres per hour (the circumference of the Earth
is about 40 000 kilometres).

In ‘modern television sets the beam is controlled not
by the. plates, but by magnetic fields produced by coils.
The wtlndings of the coils are supplied with a sawtooth
current.

.40

If, when tracing a picture the
brightness of the beam remains
constant, then the whole screen
will be uniformly illuminated and
the picture will be blank.

But usually the brightness of the
beam varies continuously. Dark
and light spots follow one another
on the screen, which, like a mosaic,
form landscapes, episodes of a foot-
ball game, a close-up of the announcer—in general, every-
thing that one can see on a television screen,
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If the picture is made up of large details, the adjacent
lines are equally bright. When reproducing minor details,
then even the adjacent lines may be of different brightness.
And into each line can go a definite number of mosaic ele-
ments. The greater the number of the elements, the higher
the definition of the picture, the better any small detail
of the picture is seen on the screen.

If the brightness of the beam varies with each line, then
625 mosaic elements can be arranged vertically. In the
case of a square screen, it is advisable to fit the same number
of elements along each line.

Then the total number of elements on the screen will be

625 x 625 = 390 625

Usually the width of the frame is 4/3 of its height. Such
a frame will contain 625 X 4/3 x 625 = 500 000 elements.

Suppose that each element of the image must differ in
brightness from its neighhouring element. How often in
this case must. the brightness of
the beam vary? Let us divide all
the elements into pairs (light and
dark). Passing over each pair, the
beam changes its brightness. In
each picture the beam will tra-
verse 500 000 elements, or 250 000
pairs. Now it will have to change
its brightness 250 000 times (if a
given element is light, then the
next one should be dark).

In one second 25 pictures will
change. Consequently, in one second
the beam must change its brightness 250 000 x 25 = 6 250 000
times. This means that the frequency of variation of the
beam current should be 6 250 000 hertz or 6.25 megahertz.
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Of course, not every image necessarily contains all the
500 000 elements of the mosaic. But in each picture apart
from large ones, there are also small details: features which
convey the facial expression of a talented actor, strokes
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made by the hand of an artist, fine letters of a text, the
small puck in an ice hockey game, etc. For all these details
to be clearly seen on the screen of your television set, one
must allow that the frequency of variation in brightness,
in extreme cases, may reach 6.25 megahertz. The beam chan-
ges its brightness under the effect of the “designs” which
have been superimposed through modulation on the signal
-carrying the image.

Knowing the frequency with which the “design” can be
made to vary, it is not hard to determine the carrier fre--
quency. Since the carrier signal serves as a “canvas” for

the “design”, its frequency must exceed that of the “design”
approximately ten times. Only in this case will all the
shades of the “design” be transmitted point by point on the
crests of the carrier wave (see Chapter III, “Invisible Ex-
press”). This means that the carrier frequency of television
signals should be of the order of 6.25 X 10 = 62.5 mega-
hertz.

This corresponds to a wavelength of 4.8 metres. It is
exactly these “inconvenient” waves for which the horizon
is the restriction line.

How The Image Is Conveyed

The “design” which contains the announcer’s voice or the
sound of a musical instrument is made with a microphone.
The microphone converts the sound oscillations of the
air into an alternating, oscillating ‘current.

And how is made the “design” containing an image?

Here again a cathode-ray tube comes to the aid (it is
called a camera tube or iconoscope), but it differs substan-
tially from the tubes we have considered earlier,
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The layer covering the screen of this tube has a special
property: its electrical resistance will be the lower, the
brighter it is illuminated. The transmission is effected
in the following way.

An image, which must be converted first into a fluctuat-
ing current signal and then into electromagnetic waves
radiated into the air, is projected onto the screen by using
ordinary optical lenses. Behind the screen, just like in an
ordinary television picture tube, slides an electron beam,
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scanning line after line. A stream of electrons “washes”
the inner surface of the screen similar to the water from a
garden hose flowing down a glass. Rivulets of electrons
run along the conducting layer and go to earth via resistor
R. The greater the illumination of the screen surface, the
more copious the rivulet, because the resistance of the
conducting layer decreases under the ‘action of the light
rays.
When the beam scanning the lines strikes a light part of
the image, the rivulet flowing through resistor R gains in
intensity. When the beam shifts to a less illuminated area
of the screen, the current becomes smaller. The beam scans
line after line, converting the image into an electric cur-
rent which continuously varies with time. This is how the
“design” is formed. Now, if this current (or rather the vol-
tage produced across resistor R by this current) is used to
modulate ultrashort waves, then the “design” which con-
tains the image will “straddle” the carrier signal.

The fate of such a signal in a television receiver is similar
to that of the radio broadcasting signals: it is also amplified
stage by stage, passing through a system of “crooked mir-
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rors”. At first the signal is amplified at radio frequencies,
then, at intermediate frequencies, and then it is subjected
to detection and, finally, in the last stage the pure “design”
is amplified.

And then what? What happens to the signal next may,
probably, seem unexpected. On arriving at the finish,
the signal must again perform modulation: this time it
modulates the beam. For this purpose, in addition to the
components that we have considered in Fig. I.19, an extra

g W

(MM&%W) - plodes

modulating electrode is introduced into the tube. It is also
known by the name of grid, because like the grid in a triode
the grid in television picture tubes controls the stream of
electrons which form the beam. It is this electrode that the
“design” containing the image is applied to. Variations
of the voltage applied to the modulating electrode cause
changes in the brightness of the beam.

For all the elements of the “mosaic” to appear at the
right points on the screen, special pulses are superimposed
on the carrier signal along with the image signal. These
pulses give the command for the beam to scan the screen of
the receiver.

All the time the transmission is on the air the beams of
all the television sets simultaneously with that of the
camera tube start and reach the finish, beginning and com-
pleting the picture 25 times a second.

At any moment millions of beams scan the same elements
of the mosaic. On millions of screens millions of beams trace,
point by point, the same picture 25 times a second,



ELECTRONIC EYE SEES EVERYTHING

THIS LIES AT THE BASIS

111.43

Television has become part and parcel of our life. In
various fields of science and technology it plays a role that
is not less important. With the aid of a special electronic

eye, one can observe how molten metal fills a mould and
how a life-endangering radioactive process proceeds, it
can show a whole auditorium how an experienced and skilled
surgeon performs a delicate operation.
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A small-sized television camera built in a geological
drilling tool allows rocks to be investigated at great depths.
Before the advent of television, to investigate each layer
rock samples had to be lifted to the ground surface.
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Television cameras have helped find sunk submarines
and amphoras in which ancient Greeks carried wine from

the island of Rhodes to Marseilles.
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Fishing ships follow schools of fish with the aid of a
guide which is usually an airplane. By installing a tele-
vision camera in the aircraft it is possible to transmit a pic-
ture of the school down to the ship.

Television has helped transmit to the Earth first the
pictures of our closest neighbour in space and then the first
steps man made across the Moon's surface.

In the future electronic instruments will evidently “see”
many heavenly bodies somewhat earlier than man flies
there.

Television helps carry out many very intricate technolo-
gical processes. To keep the diameter of a wire within several
microns when manufacturing transistors, it was necessary
to measure the thickness of the wire under a microscope -
for hours. Now a cathode-ray tube looks into the objective
lens. The size of the image is compared to a standard signal.
If the wire becomes even tenths of a micron thicker or
thinner, there at once arises a difference current and an
automatic device registers a reject.

In essence an ordinary television camera is “blind”—it
only reproduces an .image which can be seen by man. But
in recent years devices have been developed which can
really see objects, detect their characteristic features:
tell a dog from a cat, and recognize the letters of the alpha-
bet, regardless of the handwriting or the size of the letters.

The basis of these devices (they are called perceptrons) -
is the very same cathode-ray tube. But for the device to
“recognize” objects, the signals are subjected to a complicated
processing with the aid of computers.

Where Can You Get A Hundred Suns?

The first television project was proposed by the Polish
engineer Nipkow. Instead of the camera tube screen he used
a disc with a multitude of round holes. The image was pro-
jected onto the disc. When the disc rotated each of the holes
traced a single line. And as the holes were arranged along
a spiral, each following line was traced lower than the
previous one. The light passing through the hole fell onto
a photocell.

Since any image consists of dark and light spots, the
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