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FOREWORD

The purpose of this book on APPLIED PRACTICAL
RADIO-TELEVISION is to present the principles of con-
struction, operation and testing of radio and television equip-
ment in a SIMPLE, EASY TO FOLLOW manner.

By using NEW and DIFFERENT methods of explanation
the book clearly explains the direct relation between the
various parts of sets. This information is especially helpful
in service work where many times a burned out tube, resistor
or transformer is actually caused by some other defective
part in the circuit. Until the cause of the trouble is removed
the parts would continue to burn out. For this reason, each
part of the radio or television unit is explained, thus, making
the material especially helpful to the experienced radioman.

Particularly valuable and interesting chapters cover Reso-
nance and Tuning. Radio and television tubes and their char-
acteristics (because of their importance) are given two
complete chapters.

One very important way in which this book differs from
many other radio and television books is that the publishers
did not try to assume the “‘extent of technical knowledge’ of
the reader. Every subject is explained COMPLETELY —
while at the same time keeping it brief and to the point.

You will find hundreds of photos, charts, diagrams, etc.,
in this book. These have been provided to make it easier to
understand the explanations.

We have put into this book the knowledge of many years
of radio and television teaching of the Coyne School Staff




FOREWORD

working closely with one of America’s most experienced
technical authors. In this way the information represents the
knowledge of many experts and is not just one man’s ideas —
as is the case in most radio or television books. We feel this
combination of the practical ideas of men who teach radio
with a man who “can put it on paper” should make this book
an ideal text for the student as well as a field reference book

for the experienced radioman.

(S Ll

B. W. COOKE, President
Educational Book Publishing Division
Coyne Electrical. Radio and Television School
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Chapter 1
TELEVISION AND RADIO

For thirty years the radios used by the general public repro-
duced nothing but sound. Then came television, and everyone
could see as well as hear. The radio technician had to learn new
things as suddenly as did the movie technician when silent pic-
tures suddenly became sound pictures. It was almost as though

Fig. 11-1.—A television chassis removed from its cabinet to show the picture
tube and many of the smaller parts.

automobile mechanics woke up some morning to find that all ears
had wings, that they were combination automobiles and airplanes.

Like all revolutionary changes, television smoldered along for
years in a small way and then broke wide open. It caught most of
us unprepared, for in a television receiver there are many circuits
entirely unlike anything in radios which reproduce only sound.

The engineers who invented and perfected our present system
of television began with radically new ideas. These were the
methods of transmitting signals representing a series of lights
and shadows, one after another in time, and of assembling them

1




2 APPLIED PRACTICAL RADIO-TELEVISION

so fast and in such perfect order as to let us see a complete pic-
ture with smooth movement.

To make that system workable these engineers utilized nearly
everything with which we are familiar in sound receivers. In the
video or picture section they used amplitude modulation, like that
in standard broadcast. For television sound they took frequency
modulation, as used in f-m sound receivers. For both video and
sound amplifiers they used the superheterodyne. In the matter of
frequencies they took just about everything. The lowest frequency
in a television receiver is below the lowest audio frequency. The
highest is up into hundreds of millions of cycles, where only the
hams experimented a few years ago. In between are all the fre-
quencies found in standard broadcast, f-m broadecast, interna-
tional and amateur short-wave transmission, and all the commer-
cial services. Television is very nearly the whole field, of radio
wrapped up in one package.

Although these developments posed real problems for most of
us, there was one class of radiomen who had no trouble at all.
They were the ones who had commenced “playing with radio”
twenty to thirty years ago. In those days you often built your own
apparatus, and had to know the fundamentals to make it work.
In television these men continually met new circuits which bore
strong resemblance to what had been thought obsolete long since.

This state of affairs came about because, for the synchronizing
and sweep circuits, the men who perfected television went back in-
to what most of us thought was radio history. Separators, limiters,
and clippers have grid leaks and capacitors like those used with
tube detectors of the early 20’s. Other tubes in the sync section
work at plate current cutoff, to remind you of power detectors
that followed the grid leak variety. In automatic controls for
sweep frequency are many variations of circuits which helped
make automatic tuning practical in the 30’s. There are d-c ampli-
fiers with which we experimented in an attempt to reproduce the
bass notes. There are crystal detectors which are highly developed
grandchildren of the 1915 variety.

Even though you aren’t familiar with all these old circuits so
recently rejuvenated they present no great difficulty, for all are
simple enough once you get into them. The real difficulty comes
with the “fundamentals.” Take the matter of phase relations in
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a-c circuits, which used to seem rather theoretical and something
we might very well skip. But changes of phase with frequency,
and combinations of out-of-phase voltages and currents, are the
basis of nearly all automatic controls which prevent the television
picture from looking like a flock of chickens in a cyclone. Fur-
thermore, human ears tolerate a lot of phase distortion in sound,
put our eyes won’t stand for it in pictures.

Fig. 11-2.—Parts which interest the service technician when working on «a
television receiver.

Time constants are something else which seemed only mildly
interesting. But the correct selection of capacitive time constants
keeps pictures recognizable, and of inductive time constants keeps
magnetic sweep circuits out of oscillation. Something else which
has emerged from test instruments and remote amplifiers to
appear almost anywhere in the television set is the cathode fol-
lower. This taking of the output from the cathode rather than
the plate isn’t the only strange perversion of tube elements, for
quite often you ground the grid and put the signal into the
cathode.




4 APPLIED PRACTICAL RADIO-TELEVISION

Many other things seem to be wrong in television. For example,
you will find high-Q tuned circuits with a resistor of only two or
three thousand ohms across the coil. This wrecks the “Q,” but it
helps an amplifier pass a frequency band more than 120 times as
wide as anything in intermediate transformers for sound, and do
so uniformly. In about half the resonant circuits you will look in

Fig. 11-3.—Service controls and adjusters for controlling picture quality are
accessible at the rear of this chassis.

vain for tuning capacitors, for at frequencies of scores and hun-
dreds of megacycles there is plenty of capacitance in wires and
tubes.

We might keep on through many pages pointing out the old
and the new in television, the newest branch of radio. Television
has been used to show what a radioman must know because here
are nearly all the principles in a single instrument. But whether
your immediate interest is in standard broadcast, f-m broadcast,

Kl
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international short-wave, public address, intercommunication.
record players, or television, it all boils down to this: The only
way to successfully and profitably handle all of them is to under-
stand the fundamentals which apply in all these fields.

b

is are itors, inductors and

Fig. 11-4.—Underneath a television ¢

resistors of many types and sizes.

When you look at radio apparatus you must not see just tubes,
coils, capacitors, resistors, and wiring. In your mind you must
see where those electrons start and where they go and what they
do on the way. Only then will the hundreds of types and models
of radio apparatus show themselves to be merely different combi-
nations of things which really are elementary.

Almost certainly you will know a good deal about many of the
things discussed in following pages. Just as certainly, there will
be other things which are new. Later we shall be traveling fast
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through the really advanced applications, and there will be no
time to come all the way back to the beginning to pick up a bit of
information that explains the why of some method of testing or
adjustment.

With this in mind let’s review a few of the more important facts
in radio and television as they are related to electrons and electron
flow. It is only by thinking in terms of electrons at rest and in
motion that everything comes within the same well-ordered pat-
tern, to appear not only reasonable, but as the only thing which
could happen under existing circumstances.

Fig. 11-5.—Electrons travel in orbits around the center of an atom.

Electrons.—As you know, electrons are particles which exist in
all atoms. Atoms are the smallest particles of every elementary
substance. And everything in existence consists of various com-
binations of 96 elements. For example, bronze is made from
copper and tin, which are elements, The smallest particle of cop-
per is an atom of copper, about 1/250000000 inch in diameter. If
you break down the atom you no longer have copper, but have a
collection of electrons, protons, neutrons, positrons, mesotrons,
and other infinitesimal particles which could go back together in
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various combinations to form any other known element as well
as copper.

An atom of any given element has normally a certain definite
number of electrons. An atom of copper has 29. The electrons
move around in the atom much as shown by Fig. 11-5. The outer-
most electrons are held rather loosely in the atom, and one or
even two of them frequently become detached. The detached
electrons are free electrons. This leaves the atom short of elec-
trons, and almost immediately it pulls into itself one or two wan-
dering electrons which have escaped from other atoms. The result
is that vast quantities of free electrons always are moving about
between the atoms of every substance.

The free electrons are electricity itself, the only electricity with
which we are concerned in radio. It is important to realize that
everything is full of electricity all the time, because it is full of
free electrons. Nothing you can do will either produce or destroy
electricity, it always is there, When great quantities of free elec-
trons are caused to move in the same direction as they escape from
and re-enter the atoms, these moving electrons form the electric
current. We may move the electrons and thus produce or generate
a current, but we have not generated electricity itself-——only the
motion. When electron movement is such that 6,280,000,000,000,-
000,000 of them pass a given point during one second of time this
rate of flow is one ampere.

Electron Flow.—There are many ways in which free electrons
may be caused to move together in one direction. This movement
most often results from rotation of wires or of magnets in genera-
tors or dynamos, or from chemical action in cells and batteries.
Electron movement is caused also in devices pictured by Fig. 11-6,
from light acting in photocells, from heat in thermocouples, or
from compression or flexing of crystals in some phonograph
pickups and microphones. All these are sources of electromotive
force, abbreviated emf. This force is measured in volts.

The emf in a source causes quantities of free electrons to move
in the materials inside the source. These electrons move away
from one terminal and toward the other to bring about a deficiency
at the first terminal, which we call positive, and an equal excess
of electrons at the other terminal. which we call negative.
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Let’s take for a source a single dry cell, as at the left in Fig.
11-7, wherein the emf is 114 volts. This emf moves free electrons
within the cell in such a direction as to leave a deficiency at the
positive (4 ) terminal and to pile up an equal excess at the nega-
tive(—) terminal. But this small emf cannot drive any of the
excess electrons out of the negative terminal into the surrounding
space.

BN
' B8 O
Baven el T

Fig. 11-6.—Some sources of emf; a photocell at the top, and below
o crystal pickup and a vacvum thermocouple.

-

If we connect pieces of metal to the cell terminals, as in the
center diagram, free electrons will be drawn out of the metal
connected to the positive terminal and an excess will be forced into
the metal connected to the negative terminal. Now we have electric
charges in the pieces of metal. Wherever the concentration of free
electrons is less than normal there is a positive charge. Wherever
the concentration is greater than normal there is a negative
charge. But again the emf does not furnish enough force to drive
electrons off the nega’.vely charged piece of metal, nor to pull
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electrons from the surrounding space into the positively charged
metal, ,

Should we connect a wire between the cell terminals, as at the
right, there will be continual flow of free electrons from the excess
at the negative terminal through this wire to the deficiency at the
positive terminal, then from positive back to negative within the
cell. The electrons will keep moving around and around until
chemical action uses up all the working ability of the cell.

Circuits.—The electrons which have been forced over to the
negative terminal inside the source have gained energy. Energy
is the ability to do work. You have lots of energy when you feel
like doing a lot of work. The energy or working ability of the

1‘/2 g ‘ Electron
CHARGE CHARGE
Volts > Flow

Fig. 11-7.—A source of emf will produce electric charges and cause electron flow.

electrons at the negative terminal is directly proportional to the
number of volts of emf developed in the source. A given quantity
of free electrons at the negative terminal of a 90-volt B-battery
has ten times the energy or working ability of an equal quantity
at the negative terminal of a 9-volt battery.

When an electron gains energy it is seized with a desire to
expend its working ability in going places. The electron doesn’t
like the company of others of its kind, so it tries to go from where
there already are too many electrons to wherever there may be
too few. That is, the free electrons try to move from where there
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is a negative charge (an excess of electrons) to wherever there
may be a positive charge (a deficiency of electrons).

The path through which the electrons move to satisfy their
desire is an electric circuit. At least it is the portion of a circuit
which is outside the source. Strictly speaking, any complete circuit
must include a source of emf or include some force which makes
electrons move. In Fig. 11-8 the circuit in which electrons move
includes fixed and adjustable resistors, a choke, an open coil, a

Fig. 11-8.—A circuit consisting of radio parts connected to a B-power unit
which is the source of emf.

current meter, and a rectifier power unit which is the source of
emf for this circuit.

This source of emf acts to force an excess of free electrons to
its negative terminal, from where they pass through all the re-
maining parts and connections to reach the positive terminal
where there is a shortage of electrons. Sometimes we refer to only
part of a complete electron _path as a circuit. For instance, the
resistance-capacitance coupling setup for demonstration in Fig.
11-9 might be called an amplifying circuit
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If enough electrons can move from negative to positive to bring
about a balance or equality of electron density at both places there
no longer are electric charges. There is neither an excess to form
a negative charge nor a shortage to form a positive charge. With
no charges all the parts are neutral. If, however, the emf can
maintain the charges and if there is path between them for elec-
tron flow, there will be continued flow from negative to positive.

Conductors and Insulators.—The energetic electrons will move
in anything which is an electrical conductor. A conductor is any
substance from whose atoms it is easy to detach electrons and in
which there always are a great many free electrons. With so many

Fig. 11-9.—Principal parts of a resistance-capacitance coupling system,
which may be referred to as a circuit.

free electrons ready to be moved it takes only a small emf in the
source to move a lot of them and to produce a large current.

An insulator is any material whose atoms hang onto their elec-
trons tenaciously and in which there are very few free electrons.
When you connect an insulator to a source of emf, current in the
insulator is so small it is difficult to measure. If you apply more
and more force it finally causes movement of a lot of electrons,
but the attraction between atoms and their electrons in an insu-
later is so strong that the atoms themselves go along with the
electrons. Then there is a breakdown of the insulation, an actual
rupture or puncturing of the material. Electrons rush through the
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hole at such a rate that the heat burns or chars the insulation, or
may set it afire.

Energy and Volts.—The electrons which start out full of energy
have anything but a free path, even in a conductor. An electron
moves about a quarter-billionth inch before it collides with an
atom which, to the electron, is immovable. Maybe that electron
gets pulled into the atom and stays there. If the atom already has
a full complement, the electron bounces off and tries another
route, only to hit against another atom. This jostling about takes
energy out of the electron much as it would from you in trying to
run through a forest where the trees were only two feet apart and
every second tree had hooks to catch and hold you. Consequently,
there is continual loss of energy from electrons flowing through
any conductor.

All this talk about energy in electrons may sound like theory
pure and simple, but it isn’t. Wherever we have used the word
. energy we might substitute the word voltage or the word potential
. with practically no change in meaning. We are used to thinking

about voltages and working with them. If we commence thinking

of voltage or potential as a measure of energy or working ability
" of electrons it will simplify the explanations of many actions in
' radio. ’
_ Let’s consider the battery source of emf in Fig.11-10, which we

shall assume adds 90 units of energy to the electrons which are
moved from positive to negative inside the battery. Then the elec-
trons push themselves through the wire extending from the nega-
tive terminal to the resistor. To get through this wire takes 1 unit
of energy, leaving 89 units remaining in the electrons. The path-
through the resistor is rather rugged, and the electrons use 14
units of energy—leaving them with 75 units. Then, to get through
the tube with its evacuated space within the envelope, the elec-
trons have to use 70 units of their remaining working ability, The
last 8 units of energy are expended in getting through the con-
nection leading back to the positive terminal of the Bource.

Direction of Flow.—If you changed the term “units of energy”
to the word “volts” in the preceding explanation of the battery
circuit it could describe what happens in a radio circuit. We would
speak of a 90-volt battery, a drop of 14 volts in the resistor, of 70
volts in the tube, and so on. But where we think of maximum
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energy as being at the negative terminal of the source we have
to think of maximum voltage as being at the positive terminal.

To talk in terms of volts the values have to be reversed, as in
Fig. 11-11. The voltage drops in each separate section of the
circuit still are numerically equal to the energy losses in the same
section. But we start with the maximum voltage at the positive
terminal of the source, then subtract as we go to the negative
terminal.

TUBE ‘ OLTS OROP ¢
VOLTS DROP
LOSS = 70 UNITS 0P = 70

WIRE 73 3 YOLTS 17 87
LOSS = °R°;
2 UNITS WIRE )
L0SS
3 UNITS
75 15 VOLTS
RES ISTOR RESISTOR RO
LOSS = |! VOLTS DROP =
1% UNITS | =1k
89 13
WIRE VOLTS
LOSS = DROP
1 UNIT 2 1
90 ) 0 L] %
ENERGY
0 UNITS - 2ERO 9 {ours
ENERGY | [+ zero VOLTAGE —
HERE [ A v | HERE HERE HERE
! camnor Y
S - =
90 UNITS

SOURCE

Fig. 11-10.—Energy is added to electrons Fig. 11-11.—Volt-ge is increased ix the
in the source. and ost in the external source, and there is voltage drop in the
cireun. external circuit. :

This unfortunate confusion exists because the men who first,
experimented with electricity didn’t know there are such things as
electrons which really move. They assumed electricity to be
something having no material existence, a so-called “imponder-
able fluid”’ which flowed from place to place. This much was all
right, but those early scientists assumed the flow to be from posi-
tive to negative outside the source, from negative to positive
inside the source, and they assumed the highest voltage or poten-
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tial to be at the positive terminal with zero at the negative
terminal.

By the time the direction of actual electron flow was deter-
mined, it was too late to change all the books and instructions in
the whole electrical industry. In radio, a relatively new part of
the general field of electricity, we do talk about electron flow as
it really exists, but we think of positive as being at higher voltage
than negative in the same circuit.

Resistance.— You know that various conductor materials have
different degrees of opposition to electron flow. In copper there
are exceedingly great quantities of free electrons, and the atoms
don’t hang onto their electrons so very tightly. So it is easy to
produce a great rate of electron flow or a large current in copper.
Copper has little electrical resistance. Atoms of iron hang onto
their electrons more tightly. There are fewer free electrons to be
acted upon by an emf, and the resistance of iron is relatively high.

How much energy or how much voltage is consumed in main-
taining a current depends on the flow rate (amperes) and on the
opposition or resistance (ohms) of the conductor. Consequently,
energy loss or voltage drop in a conductor is equal to the product
of amperes and ohms. Usually we show this by writing £ = IR,
volts equal the product of amperes and ohms. Every other form
of Ohm’s law for current, resistance, and voltage drop is explained
by the action of energy-filled electrons pushing their way through
the atoms of conductors,

Heating Power.—As electrons push through the tightly packed
atoms of a conductor the continual rubbing generates friction.
This friction produces heat and a rise of temperature in the con-
ductor, just as rubbing your hands together makes them feel warm
because of frictional heat. This is the reason why all conductors
are heated to a greater or less degree when current flows in them.

The amount of heating is proportional to the density of the
moving electrons, which is current in amperes, and to the opposi-
tion offered by atoms of the conductor, which is electrical re-
sistance. To put it in ordinary radio language, the energy loss in
heating, measured in watts of power, is equal to I2R, the product
of the square of the number of amperes and the ohms of resist-
ance.

Electric Fields.—We have talked about emf as the force which
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moves free electrons from terminal to terminal inside a source.
But emf is not the only force which moves electrons. Another
electron-moving force, highly important in radio, is that which
exists in the space between electric charges. Such a space is be-
tween the two sheets of metal connected to the terminals of a
source in Fig. 11-12. Supposing an electron could escape from the
negatively charged sheet and emerge into the space between the
charges. Instantly this electron would move away from the nega-
tive charge and toward the positive charge.

An electron is repelled by a negative charge and at the same
time is attracted by a positive charge. Although we have not said

H\ +/ . — +_1

= >

Fig. 11-12.—A free electron tends to move Fig. 11-13.—The electrostatic field
from a negative charge to a positive between charges contains energy.
charge.

so before, electrons themselves are negative, they are negatively
charged. A negative electron moves away from a negative charge
because it is a natural law that negative charges repel each other.
The negative electron moves toward the positive charge because
it is a law that positive and negative charges attract each oher.

Now look at Fig. 11-18 where again we have the charged metal-
lic sheets. There is an excess of electrons in the sheet negatively
charged. All the negative electrons in this charge exert a repelling
force on any negative electrons in the space between charges. The
deficiency of electrons in the positive charge exerts an attracting
force on any electrons in the space.
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These forces which act in the space between charges have the
ability to do work, the work of moving electrons through the
space. Working ability is energy. Consequently, there is energy
in the space between the charges. Any space in which there is
energy or force due to electric charges is called an electric field or
an electrostatic field. There is energy in all such fields.

Energy in electric or electrostatic fields is the basis of many of
the most useful actions in radio and other branches of electricity.

i Electric
Field

Positive

Charge Neqative

Charge

A

Electronic
Tube

Externa!l Circuit

Electron Flow
< e

i
&[T 5 {
EMF Conductors

Furnishes
Energy | Source

Fig. 11-14.—Free electrons pass from a negative to a positive charge inside
a radio tube.

It is fundamental in the performance of all tuned or resonant
circuits, in certain systems of high-speed welding, in the most
common methods of improving the efficiency of some types of
motors and other electrical devices, and in many other applica-
tions.

Tubes.—Television and radio tubes make use of positive and
negative charges and of the electric field between them. Were it
not for the fact that we can easily control the strengths and shapes
of electric fields in tubes, and thereby control electron flow, we
still would be in the days of crystal detectors and slide tuners.

In Fig. 11-14 is represented a tube containing only two ele-
ments. One element is negatively charged because it is connected
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to the negative terminal of a source. The other element is posi-
tively charged, being connected to the positive terminal of the
same source. Between the charges is an electric field. If negative
electrons can leave the negative charge these electrons will fly
through the field space under the influence of repulsion and attrac-
tion.

To force free electrons out of the negatively charged element
in the arrangement of Fig. 11-14 would require very strong
forces of repulsion and attraction, highly concentrated charges,
and high voltage to maintain them. It can be done and actually
is done in “cold-cathode” tubes, but these are not common types.

E
|

Fig. 11-15.—Heating the cathode gives electrons enough energy to emerge
into the surrounding space.

The way to get electrons out of one element and into an electric
field is to “boil” them out with heat. This is the reason why most
tubes have means for heating one of the elements as in Fig. 11-15.
The element from which electrons are made to emerge into the
field space is called the cathode. At the left we have one style of
filament-cathode which here is a coiled wire heated red hot or
white hot by electron flow in its high resistance. This electron
flow for heating may be furnished by any suitable source. The
heater-cathode in the tube at the right is the small cylindrical
element inside which is a coil or loop of high-resistance wire called
the heater. The heater is connected to a source, becomes very hot,
and makes the surrounding cathode red hot.
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When a cathode is heated, the electrons in its atoms gain a
great deal of energy from the heat and become violently agitated.
Some electrons become so energetic as to actually jump right out
of the hot cathode into the nearby space. Somewhere outside the
cathode is an unheated element called the plate or sometimes the
anode. If the plate or anode is maintained with a positive charge
and the cathode with a negative charge, by connecting them to a
source, an electric field will be maintained between these elements.

Electrons emitted from the cathode are repelled by the negative
cathode, attracted by the positive plate, and fly through the field
space to enter the plate. Electrons which thus leave the cathode
are continually replaced by more coming from the negative ter-
minal of the source, and electrons which reach the plate are drawn
away to the positive terminal of the source.

Capacitors.—When there is a difference of voltage or potential
on any two conductors separated by any kind of insulation, the
conductor which is negative has more free electrons than the one
which is positive. The conductors are charged, and there is an
electric field extending through the insulation. If the charged
conductors are disconnected from everything else, and if there is

Fig. 11-16.—Plates and dielectric of a “paper” capacitor.

no electron leakage through the insulation, the charges will be
retained. Such a combination of conductors and insulation con-
structed for the specific purpose of handling electric charges is
called a capacitor or a condenser.
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The conductors of a capacitor are its plates. The insulation be-
tween the plates is the dielectric. Fig. 11-16 shows a partially
opened capacitor in which the plates are of thin aluminum foil and
the dielectric is thin paper impregnated with wax.

The charge which a given capacitor will hold varies directly
with the applied voltage difference. For any given voltage the
charge depends on three characteristics of the capacitor. First is
the kind of dielectric. If we consider the charge as 1.0 unit with
air as the dielectric, it will be between 4.0 and 8.0 units with mica,
from 3.5 to 4.5 units with fused quartz, and 90 to 150 units with
titanium dioxide. These numbers are the dielectric constants of
the materials.

i

Fig. 11-17.—The parts of a wet electrolytic capacitor.

The second factor is plate separation. The thinner the dielectric
and the less the separation between plates, the greater is the
charge. Third, the greater the surface areas of the plates in contact
with the dielectric the greater is the charge.

The ability of a capacitor to receive and retain a charge, or the
quantity of charge received with a given potential difference, is
proportional to capacitance or capacity. The fundamental unit of
capacitance is the farad, which is a far greater capacitance than
possessed by any capacitor. The usual units are the microfarad
(one millionth of a farad) and the micro-microfarad (one mil-
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lionth of a micrefarad). Microfarad is abbreviated uf, mf, or mfd
and micro microfarad as uuf, mmf or mmfd.

Types of Capacitors.—When a capacitor is so constructed that
relative positions of plates and dielectric cannot be altered, and
capacitance cannot be changed in service, it is a fized capacitor,
Fig. 11-16 illustrates such a type. Fixed capacitors have dielec-
trics of paper, mica, and certain materials of high dielectric con-
stant coated on ceramic supports. Waxes and oils are used with
paper and mica to increase the dielectric constant and improve
the insulation for working at high voltages.

Electrolytic capacitors are fixed types providing large capaci-
tance in small space. One plate is of oxidized aluminum, the other
a liquid in which some hydroxide is dissolved to make it conduec-
tive. The dielectric is the oxide and an extremely thin film of gas

pa— -

Fig. 11-18.—Adjustable trimmer capacitor having mica dielectric.

formed upon it. The parts of such a capacitor are shown in Fig.
11-17. In “dry electrolytics” only enough liquid is used to saturate
absorbent gauze or paper between the plate surfaces. The capaci-
tor is enclosed within a moisture-proof carton or can.

Most electrolytics are polarized, which means they must not be
used with alternating voltages and currents, but only where po-
larities do not reverse. Terminals are marked for correct connec-
tion in direct-current circuits. Non-polarized electrolytics are
available for use in alternating-current circuits.

Variable or adjustable capacitors are constructed so that their
capacitance may be changed while in use by altering the sepa-
ration between plates. The “trimmer” capacitor of Fig. 11-18 is
adjusted for minimum capacitance at the left, and at the right,
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Fig. 11-19.—in the lower part of this television tuner are twelve variable capacitors.

with plates pressed together, for maximum capacitance. Qther
variable capacitors, as the tuning capacitor of Fig. 11-19, allow
moving the rotor plates into or out of the air-dielectric spaces
between stationary stator plates. Moving the plates together in-
creases effective area, and increases the capacitance.

Capacitors in Parallel and Series.—When capacitors are con-
nected in parallel, as shown in principle by Fig. 11-20, their
capacitances add together. For example, capacitances of 2, 8,
and 5 mfd in parallel provide a total capacitance of 10 mfd.

Total capacitance of capacitors in series may be found by three
methods. 1: If all are equal, divide one capacitance by the number

Fig. 11-20.—Capacitors in parallel add their copacitances.
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in series. 2: For any two capacitances, divide the product by the
sum. &: For any number and size, the total is equal to the recip-
rocal of the sum of the reciprocals of the several values.

A potential difference applied to capacitors in series divides
between them inversely as the capacitances. For example, Fig.
11-21 shows capacitances of 4, 12 and 6 mfd in series on 600
volts. The division is proportional to 1/4, 1/12, and 1/6, making
the respective voltages 300, 100 and 200, as shown.

C ¢ fd
Iz m
4 mfd 6 mfd
T P |
I — || - |
(300) &

( Q=1200 Q= 1200
—-—— -
= ¥
Source
(600 volts)

Fig. 11-21.—How an overall voltage divides between capacitances




Chapter 2
ELECTRONS AND MAGNETISM

The behavior of electric currents and magnetic fields, acting
together, accounts for all our transformers, all impedance coup-
lings, many filters, all wave traps, all loud speakers in common
use, the majority of television sweep systems, and every motor
and generator in existence. All these depend on one or more of
three electromagnetic principles. First, a current produces a mag-
netic field around itself. Second, when a magnetic field moves or

Fig. 12-1.—This permanent magnet centering and focusing device is used on
television picture tubes.

changes its strength it induces emf and current in a conductor
which is in the field. Third, electrons passing through a magnetic
field are pushed sideways out of the field.

Doubtless you have become acquainted with these three facts
while studying electromagnetism, electromagnetic induction, and
related subjects. Furthermore, you hear and see the results every
time you work with radio and television. But the principles are
so important that it will be worth while to go over them once
more. :

23
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An easy way to gain real understanding of relations between
currents and magnetic fields is to perform some simple experi-
ments in which they work together. In every radio shop and in
the equipment of every experimenter is plenty of apparatus to
perform such experiments.

To begin with, we need a magnetic field. The easiest way to
obtain such a field for experimenting is to use a permanent

}ft’j * ’/"‘;" -
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Fig. 12-2.—Paths of magnetic lines of force in the field of the permanent magnet.

magnet, such as the common U-shaped or horseshoe type. The
strongest field exists between the poles. With the magnet poles
pointirg upward we rest a sheet of stiff paper on them, then,
from a height of about a foot, let iron filings fall onto the paper.
The filings arrange themselves in the pattern of Fig. 12-2.

This is a field pattern showing the magnetic lines of force which
extend around and between the two poles of the magnet. All the
space in which the force exists is called the magnetic field. As
each iron filing drops into the field space the filing becomes a tiny
magnet. Were it possible to have one of these magnets so small
and light as to float in air, and were this magnet dropped any-
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where in the field, it would move along one of the lines of force
toward one of the poles. Between the poles the lines are straight,
and there the floating magnet would travel a straight line. Else-
where the lines curve, and in those parts of the field the floating
magnet would follow a curved path.

The lines of magnetic force themselves cannot be seen or felt.
In fact, these lines have no material existence, but are merely the
directions in which the magnetic force acts—as shown by the
filings. The lines of force commonly are called magnetic fluz.

Fig. 12-3.—These permanent magnets with extended pole pieces are parts of
ion traps used on television picture tubes.

These experiments may be continued with an electromagnet.
An electromagnet consists of a coil or winding of wire through
which flows an electric current. Inside the coil may be a core of
soft iron. The poles are at the ends of the coil or at the ends of
the core. The two ends of the coil may be connected to any source
in order to have current or electron flow in the coil.

Again we shall place a sheet of stiff paper on the pole exten-
sions of the electromagnet and sprinkle iron filings onto the paper.
The filings form themselves into the pattern of Fig. 12-4. Except
that the poles are a little farther apart, this pattern of the electro-
magnetic field is just like that of the permanent magnet field of
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Fig. 12-2. The only difference between the field of an electro-
magnet and the field of a permanent magnet is in the kind of
magnet producing the force. The kind of force and its direction,
the magnetic lines or flux, and all else, are just the same in both
fields. Anything which we can do with a permanent magnet field
can be done also with an electromagnetic field, and vice versa.
The only purpose of using an iron core for the electromagnet
is to make the field stronger and more concentrated, or to bring
a strong part of the field into a position where it may be used to
best advantage. Magnetic force acts far more easily through iron

Fig. 12.4.—The field of the electromagnet is like that of the permanent magnet.

or steel than through air or any other substance. With a given
current in the coil of an electromagnet, the strength or density
of flux through a certain length of iron or steel is hundreds of
times greater than through an equal length of air or any other
substance.

The magnetic field does not depend on having an iron core. This
is proven by Fig. 12-5. Here we have the same coil used on the
electromagnet, but no iron core. A sheet of paper has been placed
through and around the coil, and filings sprinkled onto the paper.
Here you can see how the lines of force come out at each end of
the coil and extend around to the other end. Although we cannot
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see their effects, the field lines pass through the center opening of
the coil from one end to the other.

It is not easily demonstrated with simple equipment, but the
magnetic field or flux does not depend on having even the coil.
It is the current or electron flow which produces the field. The
insulated turns of coil conductor simply provide a path through
which electrons may be guided. If we might have the electron
flow without the coil conductor, the magnetic field would be just
the same. There is a magnetic field around every stream of moving
electrons, whether or not the electrons are flowing in a conductor.

Fig. 12-5.—The magnetic field after removing the iron core from the coil.

Were there no current in the coil, but only the free electrons
without definite movement in either direction through the con-
ductor, there would be no magnetic field. With no current the
sprinkled iron filings would fall into a shapeless mass with no
distinct pattern of any kind. But were those filings evenly dis-
tributed over the paper, the current turned on, and the paper
lightly tapped, the filings would form themselves into a pattern
showing the existence of a magnetic field.

Electromagnetic Induction.—In Fig. 12-3 we made use of an
electric current to produce a magnetic field. Now we shall reverse
the process and watch a magnetic field induce an electric current.
It is to be especially noted that in neither of these cases will any-

v
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thing happen unless there is movement. The magnetic field is
produced only when there is movement of free electrons in the
form of current. If the free electrons do not move as an electric
current there is no magnetic field. Now for the second case, the
induction of emf and current.

In Fig. 12-6 we have the permanent magnet between whose
poles there is known to exist a magnetic field and magnetic lines
of force. We have also the same coil used to produce magnetic
fields, now with only the terminal end in place. The coil terminals
are connected to a zero-center milliammeter whose range is one
milliampere each way from zero. Any §'easonably sensitive current
meter would do as well, although it is easier to see the perform-

@

Fig. 12-6.—The experimental setup for electromagnetic induction.

ance with a zero-center type. The coil is outside the magnetic field,
and there is no current. Keep in mind that we are using a perma-
nent magnet field only because the permanent magnet is simple
and easy to handle; a field from an electromagnet would act in the
same way.

If the coil is moved into the magnetic field, as in Fig. 12-7, the
meter pointer will swing one way or the other. Here the swing is
to the right. This indicates that an emf has been induced in the
coil conductor, and that this emf has caused electron flow or
current shown by the meter.
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The meter will indicate emf and current only while the coil is
moving. As soon as the coil comes to rest, no matter what its
position, the emf and the current cease and the meter returns to
zero. There is induction of emf only while the turns of conductor
in the coil are cutting through the lines of force of the magnetic
field.

Were you to hold the coil stationary and slip the poles of the
magnet over the coil there would be just the same kind of induc-
tion of emf and current. There is induction whenever there is
relative movement between a conductor and a magnetic field.
The conductor may move, the field may move, or both of them

B % L S B

Fig. 12-7.—Moving the coil into the gnetic field ind current in
one direction,

may move — and there will be an emf induced in the conductor.
If the conductor is part of a closed circuit, as with the coil and
meter in our experiment, the emf will cause electron flow or
current.

The faster the movement of either the coil or the magnet the
farther the pointer of the meter will swing, the slower the motion
the less will be the swing. The emf, in volts, depends directly on
the number of turns of conductor and the number of lines of force
cut through during one second. When the number of cuttings
(the product of magnetic lines and twice the turns) is 100 million
per second the emf is one volt. If you try this experiment with a
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coil of many turns and a strong magnet there will be appreciable
meter deflection even with a slow rate of motion.

When you move the coil back out of the magnetic field, or move
the field (and magnet) off the coil in the reverse direction, as in
Fig. 12-8, there will be deflection of the meter pointer in the
opposite direction. The direction or polarity of the emf and cur-
rent depends on the polarity (north and south) of the magnetic
field and on the direction the conductor moves through the field.
You can reverse the emf by turning the magnet (and its field)
upside down.

T G -

Fig. 12-8.~When the coil is moved out of the fleld there is induction in
the opposite direction.

Fig. 12-9 shows relations between directions of field flux, mo-
tion, and emf or electron flow. The direction of field lines is
assumed to be from the north to the south magnetic pole in all
cases. At the left is shown the rule when the conductor is moved
through a stationary field. Hold the thumb, forefinger, and middle
finger of your left hand so that each is at right angles to the
other two. When your forefinger points in the direction of field
lines, north to south, and your thumb points in the direction the
conductor moves through the field, then your middle finger points
in the direction of indueed electron flow. Electron flow is, of
course, from negative to positive.

At the right is illustrated the rule applying when the conductor
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is stationary and the magnetic field moves. Here the right hand is.
used. Now, when the forefinger points in the direction of field
lines and the thumb in the direction the field and magnet are
moved, the middle finger will point in the direction of induced.
emf and electron flow.

Electromagnetic induction is the basic principle of all genera-
tors in which there is relative movement of conductors and mag-.
netic fields. It is the basis also of loop antennas, wherein emf is
induced by the magnetic portion of the radiated field moving
through the loop conductor.

Electron Electron
Motion of Fleld

Fig. 12-9.—Relative directions of field lines, motion, and induced eloctron flow.

Deflection of Electrons.—Electric motors, radio loud speakers,.
and the movement of the electron beam in television picture tubes
all depend on the same electromagnetic principle. This principle
is illustrated with the simple apparatus of Fig. 12-10. In a series
circuit we have a large dry cell, a switch, and a loop of wire whose
lower end is in the field of our permanent magnet. The long loop
may be made of number 20 hookup wire or any reasonably flexi-
ble insulated or bare wire. The large dry cell is needed because,
upon closing the switch, the current must be greater than could
be furnished without almost complete and permanent discharge
of a small cell.

Note that the portion of the looped wire extending through the
magnetic field is at right angles to the field lines. The field lines
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Fig. 12-10.—Picture tubes and oscilloscopes utilize the principle illustrated
by this simple equipment.

extend up and down in the space between magnet poles, while
the length of conductor in the field extends from front to back.
Closing the switch will permit electrons to flow, in the wire, at
right angles to the field lines.

When the switch is closed, as in Fig. 12-11, the wire is forced
part way out of the field. Really it is the moving free electrons
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Fig. 12-11.—The electron flow, and the conductor too, are deflected out of
the magnetic field.
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which are forced out of the field. Because these electrons cannot
escape from the wire, they carry they wire along with them. The
moving electrons and the wire will remain deflected by the field
as long as there is current. How great is the deflection depends
on the rate of electron flow in amperes and on the strength of
the magnetic field. The greater the current and the stronger the
field the farther the wire is deflected.

The direction in which the wire and electron flow are deflected
depends on the relations between direction of electron flow and
direction of field lines. If you turn the magnet upside down, thus
reversing the field direction, the wire will be deflected in the
opposite direction upon closing the switch. If you leave the
magnet and field in their original positions and reverse the con-
nections to the dry cell you will reverse the direction of electron
flow through the field. This again will reverse the direction in
which the wire and electrons are deflected out of the field.

The current-carrying wire of our experiment might represent
one of the wires on the armature or rotor of an electric motor.
These wires move out of fields produced by the field structure
or stator structure of the motor when current flows in the con-
ductors, and thus cause rotation of the armature or rotor. This
wire might represent also the moving coil of any loud speaker of
this style. The moving coil is suspended in the field of either a
permanent-magnet (PM) speaker or an electromagnetic speaker.
When current in the moving coil or voice coil varies at sound
frequencies the coil and attached cone vibrate back and forth at
these frequencies.

The electrons flowing in the wire of our experiment represent
the electrons flowing in the beam of a television picture tube,
from cathode to screen. As the electron beam passes through the
varying magnetic field of the deflection magnets the beam is
moved up, down, and sideways to travel over all parts of the
“raster.”

The relative directions of electron flow, field lines (north to
south poles) and resulting motion or deflection of the conductor
or electron beam are shown by using your right hand with thumb,
forefinger, and middle finger extended at right angles to one
another. With the forefinger pointing in the direction ¢f the field
lines and the middle finger pointing in the direction of electron
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flow, the thumb will point in the direction which the conductor
or electron beam is deflected out of the field. The direction of de-
flection always is at right angles to both the field lines and the
electron flow.

Self-induction.—Qur next experiments will be with the appa-
ratus of Fig. 12-12. Connected in series with one another are a
small dry battery, an iron-cored choke coil, and a switch. Across
the switch or in parallel with the switch is a high-resistance
voltmeter. The circuit is shown more clearly by Fig. 12-13. When
the switch is closed the coil carries a current proportional to
battery voltage divided by coil resistance. At the same time the

Fig. 12-12.—Experimental setup for observing some effects of self-induction.

closed switeh is short circuiting the meter so that the meter reads
zero, as in the photograph.

When you open the switch, as in Fig. 12-14, the high resistance
of the meter is placed in series with the battery and coil. Because
of the high resistance the coil current drops nearly to zero, and
the meter reads the voltage of the battery.

To perform the experiment, close the switch, watch the meter
pointer, and then open the switch with the quickest possible mo-
tion. Note the point on the meter scale to which the pointer rises.
The maximum reading will be higher than the battery voltage.
This higher reading is due partly to the swing of the meter move-
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Fig. 12-13.—Circuit of the apparatus illustrating self-induction,

ment, since no ordinary meter is fully damped, and due partly to
“inductive kick” of emf induced in the coil.

To check the amount of voltage overshoot due to counter-emf,
disconnect one side of the coil and connect the meter directly to

BT |

Fig. 12-14.—Opening the switch drops coil current nearly to zero and allows
the meter to read applied voltage.
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the battery, as in Fig. 12-15. Again close and open the switch
while watching the highest point on the scale reached by the
meter pointer. This maximum reading will be less than with the
coil in circuit.

When current in the coil is suddenly decreased, by opening the
switch, the coil momentarily furnishes an emf which is greater
than the battery voltage. Because the voltage then indicated by
the meter is greater than the battery voltage we know that the
coil emf is acting in the same direction as the battery emf.

The reasons for this performance are as follows: First, we
know that current in a coil produces a magnetic field around the

Fig. 12-15.—With the coil out of circuit there will be no “inductive kick.”

coil. Therefore, while the switch is closed there is a magnetic
field around the coil being used in our experiment. We know also
that a moving magnetic field induces emf in a conductor through
which the field moves. The field which is around the coil with the
switch closed will move when the switch is opened. The field
moves because it disappears, its lines shrink back into the coil and
in doing so the lines cut through the coil conductor. This cutting
of the lines of force through the conductor induces emf in the coil.

This induced emf is greater than the battery voltage because of
the speed with which the field lines move back through the coil
conductor when the field suddenly collapses. We know that any
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induced emf is proportional to the rate of cutting of magnetic
field lines and the conductors. When the field suddenly shrinks
back through the coil conductors there are a great many cuttings
per second, and a proportionately high induced emf in the coil.

The shrinkage of the magnetic field which induced the emf
results primarily from a change of current in the coil. The current
changes from maximum to nearly zero when the switch is opened.
The action by which any change of current in a conductor in-
duces an emf in that same conductor is called self-induction.

The ability of a conductor to permit self-induction is called
self-inductance. Usually we say that the property of a circuit or
coil by which a change of current induces an emf in the same
circuit or coil is the property of self-inductance.

Self-inductance is measured in a unit called the kenry. To have
self-inductance as great as one henry a coil ordinarily must be
provided with an iron core, which increases the magnetic flux
and the rate of cutting between field lines and conductors. Coils.
with no cores, called air-core coils, or with cores of any substances
other than iron, usually have self-inductances measured in milli-
henrys (thousandths of a henry) or in microhenrys (millionths
of a henry).

A circuit or coil possesses one henry of self-inductance when a.
change of current at the rate of one ampere per second induces
an emf of one volt. A change at the rate of one ampere per second
would mean, for example, a decrease from three to two amperes.
during one second of time, or an increase from two to three
amperes during one second.

All conductors, even straight wires, possess self-inductance.
This is because a change of current in any conductor causes either
an expansion or contraction of the magnetic field around that
conductor. Then the field lines move outward or inward through
the conductor material and induce emf in the material.

The emf of self-induction always acts in such direction or
polarity as to oppose the change of current which is the cause
of induction. We have just seen that decrease of current induces
an emf acting in the same direction as the battery emf which was
causing the original current. This emf of self-induction tries to
keep the current flowing, it opposes the decrease of current. Here
we have the explanation of sparking or arcing at switch contacts

.
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which open an inductive circuit — the self-induced emf is strong
enough to force current to continue through the gap formed as
the switch contacts first separate.

Inductive Time Constant.—The rule about the direction or
polarity of induced emf applies also when current increases.
While current is increasing, the self-induced emf acts in such
direction as to oppose the increase, This comes about because the
magnetic field is expanding while current increases. The field
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Fig. 12-16.—The manner in which current increases and decreases in a
circuit containing inductance.

lines are moving outward through the coil or other conductor,
whereas when current is decreasing there is inward movement
of the field lines. This reversed motion of the field lines naturally
reverses the direction or polarity of the induced emf.

With the coil out of circuit, as in Fig. 12-15, closing of the
switch permits current to instantaneously reach the maximum
value determined by battery voltage and circuit resistance. In
vesistance alone there is no emf induced by changes of current
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and there is nothing to oppose the change. Resistance does limit
the current to some certain maximum value, but it does not hinder
reaching that value instantaneously.

But with the coil in circuit, Fig. 12-14, the current does not
immediately reach its full or final value upon closing of the
switch. The opposing emf of self-induction acts against battery
voltage, and the actual increase of current is as at the left in Fig.
12-16. At the instant the switch is closed there is rapid increase
of current, but the rate of increase then slows down.

The time during which current increases from zero to 63.2
per cent of its maximum final value is the inductive time constant
of the coil or circuit. This is the period of time from the start of
current until the vertical time line TC on the graph.

The time constant, in seconds, of a circuit containing self-
inductance and resistance is found from dividing the number of
henrys self-inductance by the number of ohms resistance.

Time constant, seconds == henrys/ohms

The resistance which affects the inductive time constant is the
total resistance of the entire circuit. It includes the resistance of
the coil, the connections, and the source.

At the right in Fig. 12-16 is shown how current decreases after
the instant at which battery voltage or other primary emf is
removed from a circuit containing self-inductance and resistance.
Current does not fall instantaneously to zero, but decreases
gradually as the self-induced emf acts to oppose the decrease.
Here the time constant is the period during which the current
decreases by 63.2 per cent of its initial maximum value, it is the
time lasting to the vertical line marked TC. For any given circuit
the time constant is the same number of seconds or fraction of a
second for both increase and decrease of current.

Mutual Induction.—In Fig. 12-17 we have one winding of a
small iron-core transformer connected in series with a dry cell
and a switch, and have the other winding connected to the zero-
center current meter, The switch is open, there is no current in
the winding connected to the dry cell, and the meter reads zero.

In Fig. 12-18 the switch has been closed. Immediately follow-
ing the instant of closing there will be an increase of current
from zero to maximum value in the transformer winding con-
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nected to the dry cell. We shall call this winding the primary of-
the transformer. This change of current from zero to maximum

causes an expanding magnetic field around the primary winding.

The other winding, called the secondary, is around the primary

winding and on the same iron core. The lines of the expanding

magnetic field cut through the turns of the secondary winding

and induce an emf in the secondary. This emf induced in the

secondary causes current to flow in that winding and in the meter

to which it is connected.

Fig. 12-17.—With no CHANGE of current in a transformer primary there is no

emf induced in the dary winding.
The meter pointer may swing in either direction, as shown by
broken lines on the dial. The direction of swing depends on which
way the dry cell is connected into the primary circuit, and on
which end of the primary winding is connected to the cell. In
any event, the meter pointer will immediately return to zero. Emf
and current are induced in the secondary winding only while there
is change of current in the primary winding, only while there is
movement of the magnetic field through the secondary. Steady
current and the resulting stationary field cause no induction.
Earlier we looked at some results of self-induction. Now we are
looking at mutual induction. Mutual induction is the action which
induces emf in one circuit (or coil) when there is change of
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current in another nearby circuit (or coil). The conductors be-
tween which there is mutual induction need not be coils, nor need
they be very close together as in a transformer. There will be
mutual induction and induced emf in one conductor whenever
magnetic lines of force from some other conductor cut through
the first one. As you can imagine, this may lead to plenty of
trouble where circuits thus “couple” when we don’t want them
to do so.

When you open the switch in the primary circuit the meter
pointer will swing in a direction the opposite of that in which it

A e e e

Fig. 12-18.—Closing the switch causes change of primary current, and there
is mutual induction.

moves as the switch is closed. When the switch is opened there is
decrease of primary current and the magnetic lines shrink back
through the secondary winding. When the switch is closed there
is increase of primary current and the magnetic lines move out-
ward. This reversal of field motion reverses the direction of emf
and current induced in the secondary winding and indicated by
the meter.

When we have two circuits close enough together to allow a
changing magnetic field around one circuit to induce emf in the
other circuit we have mutual induction. But at the same time
there is self-induction in the first circuit. The emf’s of self-

'
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induction in the primary winding of the transformer oppose
every change of current in that winding just as though the
gecondary winding were not present. We always have self-
induction in every circuit wherein there is changing current. We
have mutual induction when there is another circuit near enough
to be affected by the changing magnetic field.

The property of circuits by which either may induce an emf
in the other is called mutual inductance. Mutual inductance, like
self-inductance, is measured in henrys, millihenrys, or micro-
henrys. Mutual inductance in henrys is equal to the number of
volts emf induced in one circuit by a current changing at the rate
of one ampere per second in the other circuit.

Energy in Magnetic Fields.—While current flows in a circuit
containing inductance the moving electrons are losing energy.
Part of the energy is used for overcoming resistance, and pro-
duces heating of the conductors. The remaining loss of energy is
due to overcoming the induced emf’s which oppose every change
of current. This part of the energy goes into the building up of
magnetic fields around the conductor or coil. Although this energy
is lost so far as the electrons are concerned, it reappears in a new
form — in the magnetic field. There is energy in a magnetic field
just as there is energy in an electrostatic field.

When current decreases and the magnetic field shrinks, energy
from the field goes back into the electrons. This returned energy
becomes the emf which acts in such direction as to keep the cur-
rent flowing. It is the emf which prevents current in an inductive
circuit from instantly decreasing to zero when externally ap-
plied voltage is removed, and which causes the more gradual
decrease shown at the right in Fig. 12-16.

Measured in watt-seconds, the energy which exists in a mag-
netic field around a steady current is equal to half the product
of inductance and the square of the current, thus:

Energy, inductance, henrys X (current, amps)?*
watt-seconds 2
Alternating Currents.—You know, of course, that an alternat-
ing current is one in which free electrons flow first one direction
and then the opposite direction, and that an alternating emf or
voltage is one which acts first in one polarity and then in the
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opposite polarity. It will be well to check over a few of the more
important facts associated with such currents and emf’s.

An alternating emf would be induced, as in Fig. 12-19, in a
conductor rotating at constant speed through a uniform magnetic
field. The emf would alternate or reverse in direction because,
during the half-circle from A to E, the conductor cuts across the
field from right to left, then cuts across from left to right during
the other half-circle from £ back to A.

The alternating emf thus induced or generated would be of the
ideal form called a sine wave emf. There would be zero emf while
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Fig. 12-19.—How a sine-wave emf is induced or “generated” in a conductor.
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the conductor travels parallel with the field lines at 4 and E,
without cutting across the lines. The emf would increase to
maximum value at C and G where there is the greatest rate of
cutting. While the conductor travels around the full circle the
emf goes from zero to maximum in one polarity and back to
zero, then to maximum in the opposite polarity and again back
to zero.

This double alternation of emf is called one cycle. Were the
conductor part of a closed circuit there would be corresponding
double alternations of current or electron flow caused by the emf.
The changes of either emf or current during one cycle usually
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are represented by a rising and falling curve as in Fig. 12-20.
Here the peak value or maximum value in each polarity is as-
signed the arbitrary value of 1.000. These peak values are reached
only momentarily twice during each cycle, while during other
parts of the cycle the values vary all the way down to zero.

Were this alternating current used for heating it is obvious
that the heating effect could not equal that of a steady current
which remains at the maximum value. Rather the heating effect
would equal that of a steady current having a value of only 0.707
of the peak. Consequently we say that the effective value of a

Peak or — — — —me————1.000
Maximum

Eftective— —
or R-M-S

e mm-" . -——-
P R L

Zero - - -

Effective
or R-M-S
Peak or
Maximum
Fig. 12-20.—The change of alternating emf or current during one cycle.
sine-wave alternating emf or current is equal to 0.707 of its peak
value, as marked on the graph. The effective value sometimes is
called the root-mean-square value, abbreviated r-m-s value.
Unless definitely stated otherwise it always is effective or
r-m-s value that is referred to when talking about alternating
emf’s and currents. All ordinary meters for alternating voltages
and currents indicate effective values, not peak values. To deter-
mine the peak value corresponding to a measured effective value
of sine wave voltage or current, multiply the effective value by

1.414.
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Reactances.—Earlier we performed experiments showing that
every change of current is opposed by emf’s of self-induction,
that these emf’s oppose both increase and decrease of current. An
alternating current is continually increasing and decreasing, so
it is continually opposed by the emf’s or self-induction which tend
to reduce the alternations and thus to reduce the value of the
alternating current.

Here we have a kind of opposition to alternating current which
is in addition to the resistance opposing all current. This opposi-
tion which exists only for alternating or changing current, and
which is due to emf’s of induction, is called inductive reactance.
Reactance is measured in ohms, just as is the opposition of
resistance. A given number of ohms of inductive reactance has
exactly the same effect in limiting alternating current as has an
equal number of ohms of resistance.

The number of cycles of alternating emf or current which occur
during one second is called the frequency of the emf or current
in cycles per second, usually spoken of simply as “cycles” with
the “per second” omitted. High frequencies are specified in kilo-
cycles (thousands of cycles) or in megacycles (millions of cycles)
per second.

Inductive reactance increases directly with frequency, because
the greater the frequency the more rapid are the changes of cur-
rent, the greater become the number of magnetic line cuttings
per second, the greater are the opposing emf’s. Inductive react-
ance increases also directly with self-inductance, because the
greater the inductance the stronger are the opposing emf’s, Here
is a formula for inductive reactance in ochms.

Inductive frequency, inductance,
reactance, ohms™ cycles X  henrys 6.2832

In Fig. 12-21 we have, in a series circuit, the secondary wind-
ing of a transformer, a small coil with an iron core, and a meter
which measures alternating current. The primary of the trans-
former is connected to a 60-cycle a-c (alternating-current) power
line. The continually changing alternating current in the primary
induces a continually changing alternating emf in the secondary,
and this secondary emf causes current to flow in the secondary,
the coil, and the meter — as indicated by the meter readinc. The
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frequency in the secondary is the same as in the primary of the
transformer.

Each numbered division on the scale of the a-c current meter
indicates about 12 milliamperes. The pointer stands at about 2%
on the scale, indicating an effective current of about 30 milli-
amperes. This is the current permitted by the combined inductive
reactance and resistance of the circuit containing the meter.

In Fig. 12-22 enough iron has been added to the core of the coil
to provide a complete path all the way around the outside of the

Fig. 12-21.—Inductive reactance in the coil, combined with resistance in the
entire circuit, limits the alternating current.

coil and through its center opening. This more complete core
allows an increase of magnetic field strength which, in turn,
increases the emf’s which oppose the alternating current and thus
increases the self-inductance of the coil. The result of more self-
inductance is greater inductive reactance. The increased react-
ance drops the current to about 114 units or to about 18 milli-
amperes. The resistance of the circuit is the same as before,
because none of the current-carrying conductors have been
changed. The only change has been in ‘self-inductance and in
inductive reactance.
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Capacitive Reactance.—Alternating current will flow in a cir-
cuit containing a capacitor. The reason is shown in an elementary
way by Fig. 12-23. Here the emf of the source is represented as
reversing its polarity between the two diagrams, just as would a
source furnishing alternating emf.

In the diagram at the left the left-hand terminal of the source
is negative. Electrons will flow away from this terminal, as in-
dicated by arrows, and enter the left-hand plate of the capacitor.
At the same time, other electrons will leave the right-hand plate
and pass to the positive terminal of the source.

g+

Fig. 12-22.—Adding iron to the core of the coil increases inductive reactance
and decreases the current.

In the diagram at the right, where the source polarity is re-
versed, electrons previously added to the left-hand plate of the
capacitor now flow away from this plate and to the positive
terminal of the source. At the same time there is flow of electrons
from the negative terminal of the source into the right-hand
plate of the capacitor.

Every time the emf of the source reverses, there is a surge of
electrons out of one capacitor plate, through the source, and into
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the opposite capacitor plate. The electron flow or current alter-
nates, flowing first one way and then the other. We have an
alternating current, although no electrons can pass all the way
through the insulating dielectric of the capacitor. The alternating
current or alternating electron flow simply charges and dis-
charges the capacitor plates.

It is quite evident that the larger the capacitor plates, the
thinner the dielectric, and, in general, the greater the capacitance,
the greater will be the electron flow and alternating current in
the circuit. Greater electron flow means less opposition to flow.

Fig. 12-23.—Alternating current flows into and out of a capacitor, but not
through the dielectric.

Opposition to flow of alternating current in a capacitor is called
capacitive reactance. Then we may say that an increase of capaci-
tance reduces capacitive reactance, because it allows more current
to flow.

Capacitive reactance is reduced also by an increase of fre-
quency. When frequency increases there are, of course, a greater
number of charges and discharges of the capacitor during each
second of time. Every charge and discharge means a flow of a
certain quantity of free electrons past each point in the circuit.
And we know that the greater the quantity of electrons passing
any one point during one second the greater is the current in
amperes. Thus a greater frequency allows a greater current to
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flow in the circuit containing the capacitor, and more current
means that there must be less capacitive reactance.

Capacitive reactance, like all other kinds of opposition to cur-
rent, is measured in ohms. A given number of ohms of capacitive
reactance acts to limit alternating current just as does an equal
number of ohms of resistance. If we measure frequency in cycles
(per second) and measure capacitance in farads, the formula
for capacitive reactance is this:

Capacitive = frequency capicitance
reactance, ohms cycles ’ farads =~ X 6.2832

#
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Fig. 12-24.—Reactance at 60 cycles is great enough to allow only a little
current through even a large capacitance.

In Fig. 12-24 we have in a series circuit the secondary winding
of our small transformer, the a-c current meter, and a capacitor
whose capacitance is 2 microfarads. At the low frequency of 60
cycles supplied from the building power line the reactance of 2
microfarads is about 1,325 ohms. This very considerable react-
ance limits the alternating current to a small value, as indicated
by the meter.
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Fig. 12-25.—Adding capacitance reduces capacitive reactance, and allows
alternating current to increase.
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Fig. 12-26.—Alternating current in a resistance is in phase with the
potential or voltage.
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In Fig. 12-25 we have connected in parallel with the first
capacitor four more having capacitances of 2 microfarads each.
The total capacitance of five 2-mfd capacitors in parallel is 10
mfds. Earlier it was stated that an increase of capacitance re-
duces capacitive reactance. Here we have the proof, for the
greater capacitance allows a much greater current to be indicated
by the meter, and more current always means less reactance when
other factors remain unchanged.
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Fig. 12-27.—Currents or voltages which are out of phase do not go through
similar values at the same instant of time.

Phase Relations.—The upper curve of Fig. 12-26 represents an
alternating potential, emf, or voltage, in a circuit containing only
resistance, no inductance or capacitance. The middle curve repre-
sents the resulting alternating current. Voltage and current in a
resistance always pass through their zero values at the same
instants of time, they reach peak positive values at the same
instants, and peak negative values at the same instants. Voltage
and current are exactly in step or in time with each other. When
this is the case we say that the voltage and current are in phase.

t
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Phase has much the same meaning as time when the time refers
to instants at which alternating voltages, currents, or both, go
through certain values. The lower curve shows voltage and
current together.

If two alternating voltages, two alternating currents, or a
voltage and a current are not in phase then they are said to be
out of phase. This condition is represented in Fig. 12-27. The
time differences or phase differences may be little or great. In
Fig. 12-28 one of the quantities goes through its peak positive
value while the other goes through its peak negative value. When
this happens, the two quantities (voltages, currents, or both)
are said to be in opposite phase.
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Fig. 12-28.—Here are represented alternating currents or voltages which are
in opposite phase.

Phase differences usually are measured in electrical degrees.
We consider one complete cycle as consisting of 360 electrical
degrees, just as the circle traveled by the conductor in Fig. 12-19
consists of 360 angular degrees.

Fig. 12-29 shows important phase relations in a circuit as-
sumed to contain only inductance and inductive reactance, with
no resistance. Curves are drawn for applied potential, which is
the same as primary emf or applied voltage, also for the induced
emf of self-induction, and for the alternating current. The in-
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duced emf is in opposite phase to the applied potential, there is a
phase difference of 180 electrical degrees or a half-cycle.

The emf of self-induction so retards the alternating current
that, as shown, the positive peaks of current occur 90 degrees
after the positive peaks of applied potential, and negative peaks
of current occur 90 degrees after negative peaks of voltage. In a
circuit containing only inductance and inductive reactance the
alternating current lags the alternating voltage by 90 degrees or
by a quarter-cycle.

Fig. 12-30 shows important phase relations in a circuit con-
taining only capacitance and capacitive reactance, with neither
inductance nor resistance. The broken-line curve marked Capaci-

Applied Induced
Potential _Emf

[~ o

0° 90 180° 270 360°

Fig. 12-29.—In o circuit containing only inductance the alternating current
lags the voltage by 90 degrees.

tor Voltage represents the voltage difference between opposite
plates of the capacitor as the plates alternately charge and dis-
charge. This capacitor voltage always opposes the applied poten-
tial or applied voltage, just as the emf of self-induction opposes
changes of current in an inductive circuit. Cunsequently, the
capacitor voltage is in opposite phase to the applied potential or
voltage.

The capacitor voltage acts on electron flow or current in such




64 APPLIED PRACTICAL RADIO-TELEVISION

manner that the alternating current flowing into and out of the
capacitor plates reaches its peak values before the corresponding
peaks of applied potential or voltage. As shown by the curves, the
alternating current in a circuit containing only capacitance leads
the applied voltage by 90 electrical degrees or by a quarter-cycle.

Applied Capacitor
Potential Voltage
7 ~

.

Current

Fig. 12-30.—In a circuit containing only capacitance the alternating current
leads the applied potential or voltage by 90 degrees.
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Fig. 12-31.—Lagging inductive current and leading capacitive current are in
opposite phase with reference to each other.

In Fig. 12-31 we have curves for applied potential or voltage,
for lagging current in an inductance, and for leading current in
a capacitance. The two currents are in opposite phase with refer-
ence to eacl. other. one reaches its peak positive value while the
other reaches its peak negative value. This means that, were the
two currents of equal values in the same circuit, there would be
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no current at all. They would cancel or balance each other. In any
actual circuit there still would be current, for every circuit con-
tains resistance. The real significance of the opposite currents is
that they indicate oppositely acting reactances. If the inductive
reactance in ohms is exactly equal to the capacitive reactance in
ohms, one reactance makes the current lag just as much as the
other makes it lead. Then there is neither lag nor lead. The
reactances balance and cancel, and the only opposition to current
is that due to resistance. Then we have the condition called
resonance, which is something to be examined during the follow-
ing chapter.

i
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o

Fig. 12-32.—Inductive and capacitive reactances are equal, they cancel, and
only resistance remains to oppose the alternating current.

Before going on we may look at one example of resonance. In
Fig. 12-32 we have the transformer and meter used for earlier
experiments. But now we have the coil with its completed core
as used for Fig. 12-22 and also the five capacitors used for Fig.
12-25, with the coil and capacitors in series. Look back at the
currents indicated by the meter with only the coil in circuit and
with only the capacitors in circuit. In both cases the reactances
limit the currents to about 20 milliamperes. Yet when we have
the two reactances in series with each other, Fig. 12-32, the
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current increases to about 30 milliamperes. This is because the
inductive reactance of the coil is practically equal to the capaci-
tive reactance of the capacitors. The opposite kinds of reactance
very nearly cancel each other, and the current is limited only
by the remaining resistance of the circuit.

Technicians who work only with the smaller types of sound
radios seldom encounter service problems which arise from faulty
phase relations. But in high fidelity sound receivers and in public
address systems the faithful reproduction of sound is dependent
in great measure on maintaining the correct phase of voltages and
currents throughout the amplifiers. In f-m radio receivers and in
the sound sections of television receivers, which operate from f-m
signals, the production of audible sound from the transmitted and
amplified signals depends almost entirely on changes of phase.

In other sections of television receivers the matter of phase
relations is all-important. For example, practically all modern
TV receivers contain rather intricate systems for automatically
preventing rapid sidewise movement of the pictures. These auto-
matic controls for horizontal sweep frequency depend for their
operation on combining two voltages in certain very definite phase
relations. You must not feel that phase relations are merely some-
thing theoretical. They are of great practical importance.




Chapter 3
RESONANCE AND TUNING

By choosing certain values of inductance, capacitance, and re-
sistance, and by varying these values in suitable ways, we may
select from all the signals simultaneously reaching the antennas
of our receivers only the one signal that we wish to reproduce.
Then other circuits containing inductance, capacitance, and re-
sistance in particular combinations strengthen the selected signal
while reducing the strength of other unwanted signals.

These circuits which select and amplify desired signals in stand-
ard broadcast radios operate at frequencies of 450,000 to 1,600,000
cycles, or at 450 to 1,600 kilocycles per second. For reception of f-m
sound broadcasts the frequencies extend to 108,000,000 cycles or
108 megacycles per second. Television signals in the very-high
channels 2 through 13 are at frequencies up to 216 megacycles,
and in the ultra-high frequency bands they go to nearly 1,000
megacycles per second. Principles explained in following pages
apply equally at all these frequencies, and in all the applications
of radio, television, and electronics in general.

Current and Potentials That Oppose It.—At the top of Fig. 13-1
is represented an inductance L in series with a source of alter-
nating potential. Such a source is shown by a symbol consisting
of a circle enclosing a wavy line. The wavy line represents an
alternating cycle, It has previously been shown that in a cirecuit
containing only inductance, with no resistance, the counter-emf
has the time relation to electron flow (current) that is shown by
C-emf and I curves at the top of Fig. 13-1.

At the center of Fig. 13-1 is shown a circuit containing only
capacitance C in series with a source of alternating potential.
As previously shown, the relation of capacitor voltage and elec-
tron flow is as represented by the curves V and I.

Now supposing that we have both inductance and capacitance
in series with each other and with a source of alternating poten-
tial, as at the bottom of Fig. 18-1. Because the inductance L and
the capacitance C are in series there must be the same current

57
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C-emf

Fig. 13-1.—Potentials which accompany a current in inductance and capacitance.

in both of them, just as in any other series circuit. Then this
single current will cause an induced counter-emf in the inductance
and will cause a capacitor voltage in the capacitor as shown by
the curves C-emf and V. These two potentials, both of which op-
pose changes of electron flow, act in opposite directions at the
same time, and both pass through their zero values at the
gsame time.

In Fig. 13-2 there is a series circuit containing a coil of large
inductance, which gives it a large inductive reactance, and con-
taining a capacitor of large capacitance, which gives it a small
capacitive reactance. The counter-emf in the inductance of the
coil and the voltage on the capacitor are proportional to the
capacitive reactances of these two elements, since it is these poten-
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tials that oppose changes of flow that are responsible for the
existence of the reactances. Then, as shown by the curves of the
middle graph of Fig. 13-2, the counter-emf, C-emf, will be large
in proportion to the capacitor voltage V, as at a and b on the
graph.

Because C-emf and V act in opposite directions at the same
time, the effective potential or the net potential that opposes
changes of electron flow will have a value equal only to the

C-emf |
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Fig. 13-2.—The potentials vary with change of reactance.

difference between C-emf and V. This net opposing potential has
a value as shown by the lower graph, where it is marked reactive
potential. Note that this net reactive potential acts in the same
direction as the C-emf in the inductance. Therefore, with the
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inductive reactance greater than the capacitive reactance in a
circuit, the reactive potential and the net reactance will act like
the potential and reactance of an inductance. The circuit will
behave as though it contained only inductive reactance.

In Fig. 18-3 is represented a series circuit containing a coil
of small inductance, which means small inductive reactance, and
containing a capacitor of small capacitance, which means large
capacitive reactance. Now the potentials opposing changes of
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Fig. 13-3.—The greater potential exists across the capacitance.
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flow will be as shown by the center graph; the capacitor voltage
V will be greater than the counter-emf C-emf. The net reactive
potential again will be equal to the difference between the two
opposing potentials, or will be the value of capacitor voltage a
minusg the value of inductor emf 4. The net reactive potential now
acts in the same direction as the capacitor voltage V, so the circuit
which has more capacitive reactance than inductive reactance
behaves like one containing only capacitive reactance.
Resonance. — Assume now that the inductive reactance and
capacitive reactance which are in series are exactly equal to each
other. Then, as shown by Fig. 13-4, the counter-emf induced in
the inductance will be exactly equal at every instant to the voltage
on the capacitor, which is due to the charge of the capacitor. But
these two forces always are acting in opposite directions at the
same time. The result is that the opposition to changes of electron
flow (current) which is due to inductance always is exactly
counterbalanced by the opposition to changes of current which is

Emf Induced Induced Capacitor
|n L *» < Voltage

Vol‘ro je onv

Copocntor

Fig. 13-4.—The opposing potentials balance each other when the
reactances are equal.

due to capacitance. These two forces nullify each other, the dif-
ference between their opposite values always is zero, and there
remains no reactive potential to oppose changes or to oppose the
flow of alternating current.

This is the condition called resonance. Resonance exists when
the inductive reactance and capacitive reactance in the same
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circuit are exactly equal. The reactances neutralize each other,
and there is no remaining reactance to flow of alternating cur-
rent. The circuits so far considered have contained only in-
ductance and capacitance, with no resistance. But in every actual
circuit there must be some resistance. At resonance, with all
reactive effects cancelled, the only opposition to electron flow
is that due to resistance. The amount of resistance which may
be in a resonant circuit has no effect one way or the other on the
frequency at which resonance occurs; that depends only on the
relative values of inductance and capacitance.

Series Resonance.—When resonance occurs in a circuit wherein
the inductance and capacitance are in series with each other and
with the source, as in circuits so far examined, we speak of
series resonance. Such circuits may be called series resonant cir-
cuits. Resonance occurs also in circuits wherein the inductance
and capacitance are in parallel with each other. Then the con-
dition is called parallel resonance. For the time being we shall
continue to examine the actions of series resonant circuits, and
farther along shall take up the actions of parallel resonant -
circuits.

Frequency and Resonance.—The inductive reactance of a coil

or of an inductive circuit increases with increase of frequency.
The capacitive reactance of a capacitor or of any capacitance
decreases with increase of frequency. Therefore, as the fre-
quency of the applied potential is gradually increased in a circuit
containing inductance and capacitance, the inductive reactance
will rise and the capacitive reactance will fall until, at some par-
ticular frequency, their values become equal and we have the
condition of resonance.
These values, found in standard broadcast radio receivers, are
such as permit simple analysis. We must not forget, however, that
precisely the same principles apply in just the same way when
working with the smaller inductances and capacitances, and
higher frequencies, of f-m and television reception.

Fig. 13-5 shows the increase of inductive reactance and the
decrease of capacitive reactance of the assumed values of in-
ductance and capacitance when frequency is changed from 500
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Fig. 13-5.—How the two reactances vary with change of frequency.

to 1600 kilocycles. The increase of inductive reactance is directly
proportional to frequency thfoughout the range, but the decrease
of capacitive reactance is not at a uniform rate. The values of
the reactances are computed from the two formulas,

XL == 0.006283 X kilocycles X microhenrys

- 1569155000
C ' kilocycles X micro-microfarads

At a frequency of 968.5 kilocycles the two reactances are equal,
and each has a value of 1643.2 ohms. Consequently, this com-
bination of inductance and capacitance is resonant at a fre-
quency of 968.5 kilocycles.

At each frequency the net reactance is equal either to the
inductive reactance minus the capacitive reactance, or to the
capacitive reactance minus the inductive reactance, depending on
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which is greater. Fig. 13-6 shows the net reactances as they vary
with frequency; these curves representing the differences be-
tween the two reactances of Fig. 18-5. As the frequency is
changed from 500 kilocycles to the point of resonance, the net
reactance decreases. This net reactance is the excess of capacitive
over inductive reactanc