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PREFACE TO THE REVISED EDITION

THE fine reception given Basic Radio Course in past years has
been most gratifying. Many letters from individuals and schools
regarding the readability and helpfulness of the book have pleased
me immensely, and, being human, I have been even more pleased
by the continuing high level of sales year after year. Competition
in the technical electronic book field has increased sharply in the
past decade, and the fact the original BRC has held its own indi-
cates it must be benefiting from the most significant of all adver-
tising, the word-of-mouth kind.

But the electronic field is a vital growing thing, and even a
“basic”’ book on the subject needs to be reviewed and brought up
to date after a while. In the preparation of the revision, every
sentence of the original edition was read and pondered in the light
of these four questions: (1) Is this still true? (2) Is it still impor-
tant? (3) Is there more that should be said on the subject? (4) Can
this be said more clearly?

Few pages subjected to such an inquisition escaped some revi-
sion. In most cases words, sentences, paragraphs or whole pages
were added to embrace new developments or to improve the clarity.
In a few instances, obsolescent material was deleted. An example
is the material on tuning indicators and pushbutton tuning. Ten
years ago a high percentage of radios featured these; now practically
none do. Cutting out material that presently is only of historic
interest provided room for new and useful information, such as a
whole new chapter on transistors, diodes and printed circuits.




But the revision extends to more than just the rewriting of the
text. New illustrations have been used throughout the book; chap-
ters and chapter headings have been rearranged; review questions
have been added at the end of each chapter; and the book has
been set in new easy-to-read type. In short, every effort has been
made to preserve everything good and time-tested in the original
version while new material has been blended in to bring the book
up to the minute and to make it more attractive and useful.

I am more convinced than ever that a light touch and a little
humor in the writing style makes the acquisition of serious knowl-
edge easier and more pleasant for the reader. Finally, though I
know it is shameless of me to admit it, I had fun writing this book
originally; I enjoyed re-reading it; and I am proud of this revision.
I hope you like it, too!

Joun T. FRYE



PREFACE

WHEN radio servicing started there was a wide knowledge-gap
between the men who designed and built radios and the men who
serviced them. Those early technicians were well-named ‘‘radio
mechanics,” for most of them were recruited directly from garages,
battery shops, and electrical stores. The tools they carried with
them were those that could be found on any auto repair bench, and
the troubles they sought were mostly easily-detected mechanical
failures, such as open filaments, broken connections, dead batteries,
and short-circuits. The radio mechanic taught himself to locate and
repair these defects without bothering to learn much about the why
of radio reception, and what technical knowledge he did have was
usually held in the form of hazy, ill-fitting mechanical analogies.
Then into this radio paradise entered trouble in the form of
increasing receiver complexity. The new-fangled superheterodyne
was prey to a whole host of maladies, none of which could be
identified with the unaided sense of sight, hearing, touch or smell.
New “tools” in the form of electronic instruments as complicated
as the receivers themselves began to appear on the market to aid
in diagnosing and correcting these troubles; but before these
instruments could tell the technician whether or not a particular
portion of the circuit was operating normally, he had to know what
was supposed to be going on in that circuit, and he had to be able
to interpret and understand what the instruments were trying to
tell him. In short, the would-be technician is forced —often quite
against his will —to narrow the gap between what the radio engineer
must know and what the radio technician should know: he had to
become less of a mechanic and more of a technician.
Unfortunately, the need for technical knowledge today is a lot
more evident than the means of satisfying it. Men who write books
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seem to consider radio theory strictly the province of the radio
engineer, and most of their books are written in engineering jargon
that may be crystal-clear to the man who has spent several college
years learning technical doubletalk but is something less than
transparent to the fellow who has ducked into radio through the
side door of experience. When an occasional technical subject is
“written down” for the radio technician, it is over-simplified to
such an extent that both the theory discussed and the reader’s
patience suffer.

This book is intended to lie between these two extremes. It is
written directly at the man whose primary interest in radio is of a
practical nature, but it assumes that man wants to know why and
how the apparatus with which he is dealing does its work.

While every effort is made to present basic radio theory in a clear,
interesting, and graphic form, this theory is not reduced and dis-
torted into electronic baby-talk. Instead, an attempt is made to raise
the understanding of the reader through a step-by-step procedure
and through the lavish use of analogies to the point where he can
swallow the theory in its undiluted form. At the same time,
through the casual introduction but careful explanation of tech-
nical terms, the technical vocabulary of the reader is gradually built
up until, at the end of the book, he will be prepared to tackle and
understand articles that would have been so much gibberish to
him before. '

Finally, the book has been deliberately written in an informal
style that may seem startling to those who are accustomed to seeing
technical writing always wearing formal dress. The writer not only
believes that all learning should be fun, but he is firmly convinced
that a little joking now and then is the best of bicarbonates to aid in
the easy digestion of a complicated subject.

Joun T. FrRYE



THE ELECTRON THEORY

THERE seems to be a growing idea in some quarters that radio
servicing is being lifted out of the reach of the ordinary man.
There are those who strongly hint that, unless you have a college
degree in electrical engineering and have done post-graduate work
on the neutron bomb, you have no business taking the back off an
a.c.-d.c. receiver to replace a dial lamp.

“Modern receivers are so complicated,” they tell us, “what with
transistors and printed circuits and everything, it is almost hope-
less for the ordinary fellow to try to learn radio servicing.”

To all of this the author says simply but emphatically,
“Baloney!”

Anyone who can read and understand what he reads, who can
reason from observed effect back to a logical cause, and who can
handle a soldering iron, can learn to repair radio receivers and
do a good job of it. Like everything else, radio servicing looks
a lot more complicated and difficult to the uninitiated than it
does to someone who works with it every day.

“I don’t see how they can make head or tail of all that mess of
wires,” a customer will often exclaim when he sees his receiver
chassis turned upside down on the service bench. What he does
not grasp is that there is a great deal of repetition in both parts
and circuits. The simplest and the most complicated receivers are
each just an assembly of tubes, capacitors, resistors, coils, trans-
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formers, wire, and hardware. It is true that each of these basic
components can have various forms, but the form has nothing to
do with obedience to the laws of electricity. A tuned circuit con-
sisting of a coil and a capacitor looks the same to an electron
whether it encounters the circuit in a home-made crystal set or
the most modern and expensive television receiver. If you under-
stand exactly what takes place in the single tuned circuit of the
crystal receiver, you need not be concerned because the TV set
has dozens of similar turned circuits. Tuned circuits are not like
girl friends; an increase in the number does not necessarily in-
crease the complications.

The would-be serviceman must understand the nature and be-
havior of electrical currents. Then he must take up the various
pieces of radio apparatus one at a time and consider them both
from the point of view of their action in various electrical cir-
cuits and from the practical angle of physical construction, com-
mon defects, causes of failure, etc. Then he will be in a position
to know exactly why a capacitor is used in any circuit and the
effect its inclusion will have on the circuit action; he will be
able to recognize the many different forms that capacitors take;
he will be prepared to diagnose correctly the symptoms of a
defective capacitor; and he will be able to do the same thing
with any other piece of radio equipment.

Once thoroughly familiar with both the theory and practice of
every item that is used in the design of a radio receiver or other
electronic device, he will understand readily the functioning of
any new circuit he encounters, for the “new” part of the circuit
will be simply one of arrangement. To him it will represent just
another grouping of his thoroughly understood circuit elements.

This book is a down-to-earth, “horse-sense’”’ radio course, but
do not get the idea that radio theory is to be neglected. You can-
not become a good radio serviceman without a clear understand-
ing of radio theory, but you can learn your theory in practical,
usable form, stripped of all the double talk that makes it seem
so much more complicated and difficult than it really is. Let us
look at an example:

If we pass an alternating current through a capacitor and vary
the frequency, we find that, as the frequency increases, more cur-
rent passes through the capacitor. The engineers would have us
remember: “The reactance of a capacitor is an inverse function
of frequency.”

If you want to remember it that way, go right ahead; but if
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you prefer simply to recall that, as the frequency of an alternating
current goes up, the resistance of a capacitor to the passage of
that current goes down, and vice versa, you will be just as correct.
Really to know a thing and to be able to use it, you must know
it in your own words.

But enough of telling what we are going to do! Let’s start
doing it!

The electron theory

Accepting the electron theory is a good bit like ordering hash
in a restaurant: you must have faith. It is universally agreed that
all matter is made up of atoms; yet no one, not even with the aid
of the most powerful microscope, has ever seen an atom. But it
is only by dissecting the atom — and it takes millions of them to
make up a speck of dust — that we are able to find an electron.

The ordinary garden variety of atom is made up of assorted
particles of electricity. In the center is a particle of positive elec-
tricity called the nucleus, and around this circulate one or more
particles of negative electricity called electrons, in about the same
manner as the planets in our solar system revolve about the sun.

The thing to keep in mind about these various particles is that
there are strong forces of attraction and repulsion connected with
them. For example, a positive nucleus has more attraction for a
negative electron than a throbbing crooner has for bobby-soxers,
but two negative electrons or two positive nuclei simply can’t
stand the sight of each other any more than can two women wear-
ing identical dresses.

Ordinarily, the positive charge of the nucleus electron and the
negative charge of an atom are in exact balance, but sometimes
an atom loses one of its electrons and so becomes slightly positive,
in which case it is called a positive ion. If, on the other hand, it
becomes slightly negative by picking up an extra electron, it is
called a negative ion. In either case, the atom is said to be ionized.

An atom that has lost one of its electrons and becomes positive
has no morals at all, for it will steal any loose electron it can from
a neighboring atom. This state of affairs makes it possible for an
electron with an itching foot to swing along from one atom to
another; and when we have enough of these electrons all travel-
ing in the same direction for an appreciable length of time, we
have an electric current.

Some materials give up electrons easily and allow them to move
about when attracted electrically. Called good conductors, such

LR




materials include most metals. On the other hand, there are sub-
stances which stubbornly hang on to their electrons and refuse
to give up any appreciable amount of them, even under strong
electrical pressure. Materials of this kind, such as air, glass, and
rubber, are called insulators.

The method by which electrons are persuaded to move through
a conductor is the application of an electromotive force (e.m.f.)
across the ends of the conductor. This electromotive force is
produced in various ways, each of which produces a crowd of

When this battery is connected across a conductor, say a piece
of wire, the electrons start slipping from the atoms near the

some electrons from their neighbors on the other side. The neigh-
bors do the same thing, and the process continues until the atoms
at the negative end of the wire replenish their losses from the
negative terminal of the battery. This whole bucket-brigade move-
ment of electrical charge takes place at the terrific speed of nearly
186,000 miles a second.

Understand that a single electron does not zip from one end
of the conductor to the other at this dizzy pace. The movement

row of dominoes, standing on end right next to each other, is
pushed over — the toppling movement flashes to the end of the
Tow in a split second; yet each domino has moved but 3 short
distance,

Each electron does drift slowly from one end of the conductor
to the other, but its speed is much less and its path is much more
erratic than that of the electrical charge itself. If we could paint
an individual electron a bright red and were able to follow its

an average speed of about 1 foot in 1] seconds.! This is its linear
speed through the conductor. It whirls around the nucleus at
100 miles per second.

‘Mueller, Introduction to Electrical Engineering, McGraw-Hill.

12



"——'—_—.———'——_-—-j

When the electrons move in a single direction through a con-
ductor, we have direct current (d.c.). All batteries and some gen-
erators produce an e.m.f. resulting in d.c. Other devices, especially
certain kinds of generators, produce an e.m.f. that periodically
reverses its direction; the current that results from this type of
voltage is called alternating current (a.c.). Each terminal of such

1760 SEC
be—— /120 SEC ——»1e——1/120 SEC ——~

+185v /\
+17v

-7V

N/

TIME —>

=65V

Fig. 101. Graph above shows a 60-cycle,
117-volt wave.

a generator keeps changing from positive to negative and back
again, and the other terminal keeps changing its charge so as
always to remain opposite to that of the first terminal.

The speed with which this voltage reverses may be from a few
times a second to millions of times a second. The portion of its
action during which an a.c. voltage starts at zero, builds up to a
peak in one direction, falls to zero, builds up to a peak in the
opposite direction, and again falls to zero is called a cycle. The
number of cycles that occur in a second is the frequency of the
alternating current. Most a.c. voltages furnished to residences
are of the 60-cycle variety, and the diagram in Fig. 101 shows
how a complete cycle takes place in 1/60 of a second.

To use electricity, we must be able to control it; and to secure
control, we must have methods of measuring it. The early physi-
cists decided to establish a connection between the newly dis-
covered electricity and the old established standards of weight;
so they said that the amount of electricity required to deposit
001118 gram of silver from a standard solution of silver nitrate
in water should be known as the coulomb. If a coulomb of elec-
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tricity — about 6.28 X 108 (6,280,000,000,000,000,000) electrons
— flows past a given point in a second, a current of one ampere
is said to be flowing. A thousandth of an ampere is termed a
milliampere.

The unit used to measure the resistance of a conductor to the
flow of current is the ohm. It was defined as the resistance offered
to an unvarying electrical current by a column of mercury,
14.4521 grams in weight, at the temperature of melting ice, with
a constant cross-sectional area, and 106.3 centimeters long. The
megohm, often used in radio work, is 1,000,000 ohms.

Once the ampere and the ohm have been determined, the volt,
the unit of em.f. is easily defined. It is simply the amount of
em.f. that will cause a current of 1 ampere to flow through a
resistance of 1 ohm.

And so we come to the end of the first chapter, and I still have
not told you how to fix a radio; but do not be impatient. If you
have understood all the foregoing, you have established for your-
self a solid foundation upon which a complete mastery of the
theory and practice of radio can be built.

14




10.
11.
12.

QUESTIONS

. Describe the arrangement of electrical charges in

an atom.

. How is an atom ionized?

. What is the basic difference between a good con-

ductor and an insulator?

. How fast does an electrical charge travel?

. What is the average speed of an electron through

a conductor? What is its rotational speed around its
nucleus?

. What is the difference between direct current and

alternating current?

. Name two possible sources of direct current.

. What is the machine called that produces alter-

nating current?

. Why is the electrical power furnished homes usu-

ally called “60-cycle a.c.””?
Define coulomb, ampere, milliampere.
What is an ohm? a megohm?

What is a volt?
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OHM'S LAW AND THE RESISTOR

IN the first chapter we learned that an electric current is made
up of a movement of minute negative particles called electrons;
that these electrons are always attracted by a positive charge, so
that an electric current always flows from negative to positive;
and that we measure current in amperes, electromotive force in
volts, and resistance to the passage of current in okms. Now let’s
take it from there.

‘The man who gave his name to the unit of resistance had the
bright idea of tying the units of current, voltage, and resistance
together, in a simple formula so that, if you know any two of
them, you could always find the third. This formula, which is
known as Ohm’s law, gets more of a workout than a drugstore
telephone on a Saturday night, for you simply cannot do anything
electrical without using it. You cannot even turn on your flash-
light without Ohm’s law getting into the act!

The importance of the formula is equaled only by its simplicity
and ease of application. Ohm’s law states that the current, meas-
ured in amperes, flowing in any portion of an electrical circuit is
equal to the applied electromotive force in volts divided by the

resistance in ohms. That is
' Amperes = Ohms
p Volts

Since the current is referred to as the “intensity,” the voltage
as the “electromotive force,” and the resistance to the passage of
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current simply as the “resistance,” the formula is usually written
with the first letters of these three terms

I=— ()

If we multiply both sides of equation 1 by R, we have
RI =Eor E=1R (2)

Dividing both sides of equation 2 by I gives us

E
R=7 )

These various forms of Ohm’s law enable us to determine
quickly an unknuwn voltage, current, or resistance if we know
the other two. Let us take the circuit of Fig. 201 as an example.
Here we have three resistors, of 1, 2, and 3 ohms, respectively,
hooked in series across a 12-volt battery. When resistors are con-
nected in series, the total resistance is equal to the sum of their
individual resistances; so we know that the resistance from A to
D is equal to 6 ohms. We also know that the battery voltage that
appears across these points is 12 volts; so we simply substitute

A

Fig. 201. The circuit at the right shows how resistors $ -
in series can be used in a voltage-dividing network. m<;' v
The voltage drop across each resistor can be calcu- = B +2v
lated by using Ohm’s law. The sum of the voltage Ty 22 av
drops must be exactly equal to the battery voltage. i c" 6V
A4 device requiring 2 volts for its proper operation - d +
could be placed across A and B. Similarly a part needing g3 o

4 volts could be shunted across B and C. € 0 | 12y

these values in equation 1, and we find that 2 amperes of current
will be flowing from point A to point D.

Using Ohm’s law

Ohm’s law applies to any portion of a circuit. Let’s consider
just that portion between points A and B. We know that 2 am-
peres of current are flowing through this, as well as every other
part of the circuit, and we know that the resistance between these
two points is 1 ohm. Substituting these two values in equation 2,
we find that the voltage drop from point A to point B is 2 volts.
In the same way we learn that the voltage from B to C is 4 volts,
and that from C to D is 6 volts. When these three voltages are
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added together, they total the same 12 volts with which we started;
we have that pleasant and slightly surprised feeling we get when
our check stubs and the bank’s report on our balance come out
exactly together.

This pleasant discovery is expressed by Kirchhoff’s law, another
of the rules by which radio and electricity work. Kirchhoff’s law
is a very simple one and it is valuable because it provides a way
of checking the accuracy of calculations. The voltage drops in all
parts of a circuit, it says, should, when added together, equal the
voltage of the source. If, for instance, we had in addition to the
2-, 4-, and 6-volt drops of Fig. 201, an extra 2-volt drop, the total
would be 14 volts. The battery (source) supplies only 12 volts so
we would know something had gone wrong with our arithmetic
and we should try it again.

Just to prove how well we can handle Mr. Ohm’s handy lictle
gadget suppose we wanted to reduce the current flowing in our
circuit from 2 amperes to 1 ampere. How would we go about it?
Well, we have our battery voltage of 12, and we know that we
want 1 ampere of current to flow; so suppose we substitute these
two values in equation 3. We come up with 12 ohms as the re-
quired resistance. But there are already 6 ohms in the circuit; so
we simply put another 6-ohm resistor in series with those we
already have — say between points D and E — and our current is
reduced to the required 1 ampere. For practlce why don’t you
ﬁgure out the difference that this will make in the voltages ap-
pearing at points B, C, and D?

In dealing with Ohm’s law, there is one thing to keep clearly
in mind: it works only when the quantities are expressed in volts,
ohms, and amperes. Ten milliamperes should be written: .010
ampere: Two megohms would be expressed as 2,000,000 ohms.

Fixed and variable resistors

Resistance is packaged in units called resistors. Some idea of
their wide variety of sizes, shapes, and materials can be seen in
Fig. 202. The most common type in radio work is the so-called
carbon resistor, made by combmmg powdered carbon or graphite
with a synthetic resin and an inert material such as talc, molding
this into short sticks, and attaching flexible wire leads to the ends.
By regulating the amount of carbon or graphite, the resistors can
be made to have values from a fraction of an ohm to several
million ohms. Cheap and small, they are not capable of handling
much current without being damaged by the heating effect of
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that current; furthermore, they are quite likely to change value
with age and temperature.

Wire-wound resistors are made by winding a wire made of a
high-resistance metal such as Nichrome on an insulating form.
Capable of handling much more current than composition re-
sistors, they are also more stable. At the same time, they are more
costly and bulky, and occasionally the wire fractures, resulting in
their changing without warning from their normal value to an
almost infinite resistance. Wire-wound resistors seldom exceed
100,000 ohms in value.

It is often desirable to be able to vary the value of a resistor.
A slider can be arranged to move along the resistor and to make
contact with the resistance element, varying the amount of resist-
ance that appears between the slider and either end. If the resistor
is made in the form of a circle, the slider can be attached to a
shaft passing through the center of the circular resistance ele-
ment, and then the variation in resistance can be accomplished
by rotating this shaft with a knob. Such a knob-adjusting resistor
is variously known as a rheostat, potentiometer, or volume con-
trol. The resistance element may be either wire-wound or com-
position. In volume controls, where the current requirements
are ordinarily very small, it is usually composition.

Why resistance is important

At first glance, you might think that resistance was a kind of
villain of the piece. Here we have gone to a lot of trouble trying
to cause an electric current to flow, either by building a battery
or constructing a generator, and now Old Man Resistance is in
there doing his level best to gum up the works by throttling the
flow of current!

Actually, the ohm is as important as the volt, for, although the
volt may be considered the generating force, the ohm 1is the con-
trolling unit; and if we are to use an electric current, we must be
able to control it. Being able to vary the amount of resistance in
a circuit gives us a “valve-action” control of the current flowing
through the circuit. At the same time, reference to Fig. 201 will
reveal another use for resistance, that of “voltage dividing.” As
can be seen, the 12 battery volts can be sliced up like a length of
bologna into any number of smaller voltages by the use of re-
sistors.

Still another use for resistance is to enable us to convert a
change in current into a change in voltage. Take a look at
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Fig. 202. Various types of fixed and variable resistors are shown here.

Fig. 203. Here we have a variable resistor R1 and a fixed resistor
R2 hooked in series across a battery. The amount of current flow-
ing through this circuit will depend upon the voltage of the
battery and the resistance of R2 plus that portion of R1 through
which the current passes. Any change in the amount of RI’s
resistance used in the circuit results in a change in the amount
of current flowing. We know that the voltage appearing across
R2 depends upon the current flowing through it — for didn’t
Mr. Ohm decree that E = IR? So the change in current caused by

b4

Ri Fig. 203. The current flowing in the circuit shown at the
left is determined by the setting of the variable arm of
RI. The meter indicates the voltage across R2. The

:E R2 voltage across R2 increases as R1 decreases. Note that

the meter does not read the battery voltage but simply

the voltage across R2. The voltage drop across R2 can

never be greater than the battery voltage.
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varying R1 is faithfully reflected as a change in the voltage across
R2. When we start studying vacuum-tube circuits, you will see
how important this use of resistors is.
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Heat and power

In Chapter 1 we defined a good conductor as any material that
gave up electrons easily and so permitted a current to flow
through it readily. The materials of which resistors are made are
no such pushover for an electromotive force, because they do not
give up their electrons without a heated struggle. I use the word
“heated” advisedly, for actual heat is generated by the passage of
current through a conductor. This heat arises from the energy
used in prying loose the electrons from the atoms of the resistance
material. Since the electrical force that performs this prying is
measured in volts, and since it takes more energy to move several
electrons than it does only one, it is not surprising to find that
the amount of heat produced is related both to the voltage and
the current.

The amount of electrical energy or power expended — or dissi-
pated as heat, in the case of a resistor — is measured in watts. The
power in watts consumed in any circuit is equal to the product
of the volts and the amperes; or, expressed in formula form

P = EI. (4)

Equation 2 told us that E = IR; and when we substituted this
value of E in equation 4, we have

P = I’R. (5)

Because electrical energy that is transformed into heat is con-
sidered lost, we often hear the heat losses of a resistor or conductor
called the “I?R losses.” Resistors are rated in wattage as well as
resistance, and the wattage ratings vary all the way from a fraction
of a watt carbon resistors to wire-wound resistors of 100 or more
watts.

Suppose we need a 1,000-ohm resistor that must pass 50 milli-
amperes of current. According to equation 5 the wattage require-
ments will be equal to .050% X 1,000, or 2.5 watts. It is a good
practice to allow for a 1009 overload; so we select a 5-watt
resistor.

You have heard about the boast of the packing houses that they
use every part of the hog except his squeal. Well, the electrical
engineers are just as good, for they even put these I’R losses to
work. In a vacuum tube, for example, it is necessary to raise the
temperature of one of the elements in order to persuade it to give
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up electrons more easily. This heating is accomplished by passing
an electrical current through a resistance wire (the filament) in-
side the tube. When you look at the incandescent filament of a
dial lamp, you are staring some IR losses right in the face.

And so we arrive at the end of another chapter. By this time
you should be on good terms with amperes, volts, and ohms. In
fact, if anyone hands you any two of these measuring units, you
should be able to rub them together and, with the aid of Ohm’s
law, produce the third right out of thin air. By the same token
you should feel right at home with resistors. You should know
what they are made of, what they are used for, why they get all
hot and bothered when an electrical current is passed through
them. And finally, you should know what’s watt!
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10.
11.
12.

QUESTIONS

. Does an electric current flow from positive to nega-

tive or vice versa?

State Ohm’s law in words and give the formula.

. Why is this law so useful in working with elec-

tricity?

. State Kirchhoff’s law and explain how it aids in

checking calculations.

. What do we call a packaged form of resistance?

. Name two kinds of resistors.

Give two important uses of resistance in a circuit.

. Why does the flow of electricity through a con-

ductor generate heat?

. 'What unit measures the power expended or dissi-

pated as heat in a resistor or electrical circuit?
What is the formula for calculating wattage?
What are I’R losses?

Explain how these “losses” are put to use in a
vacuum tube.
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WHAT IS INDUCTION?

HAVE you sat in a hotel lobby where all was quiet until a cute
blonde got up from where she had been sitting unnoticed behind
a potted palm and glided across the floor? If you have, you may
have noticed — if you were not too busy watching the blonde —
that there was something about the girl in motion that seemed
to exert a magnetic effect on every masculine head in the lobby.

Well, what this blonde has, our friend the little electron has,
too; for as soon as an electron starts to move, it is surrounded by
a magnetic field. Let me repeat this, for it is one of the most im-
portant facts in radio: an electron in motion is surrounded by a
magnetic field.

The magnetic field surrounding a single hustling electron is too
small to be easily measured with crude instruments; but when a
few million of them cavort along through a wire, it is easy to
observe the total magnetic field generated. Fig. 301 shows a ver-
tical wire carrying a current, with four compasses grouped around
the wire. Since a magnetic field is the only force that affects a
compass needle, and since lines of magnetic force enter the S pole
of the compass needle and leave by the N pole, we can see that
the magnetic field about the wire consists of circulating concentric
lines of force. Reversing the direction of the current causes the
needles to reverse their positions, indicating the truth of the left-
hand rule for wires:

Grasp the wire with the left hand so that the thumb points in
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Fig. 301. The field around an electric
current.

the direction the current is flowing; then the fingers will be
pointing in the direction in which the magnetic lines of force
encircle the wire.

(Radiomen used to go along with Ben Franklin’s original mis-
take and pretend the current flows from positive to negative —
although we know that just the opposite is true. They, of course,
had to use the right hand.)

Increasing and decreasing the current while moving the com-
pass needles to different distances from the wire will show that
the strength of the magnetic field is related to the amount of
current flowing. It is easy to see why. More current means that
more electrons are moving, and the total magnetic field about the
wire is simply the sum of the magnetic fields of the individual
electrons that are passing through the wire.

The inductor
Suppose we wind our length of wire into a coil. What happens
to the magnetic field about the wire? Fig. 302, showing two adja-

——
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Fig. 302. The fields help or hinder each
other.
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cent turns of such a coil with an exaggerated separation between
the turns, gives the answer. For one thing, we see that as the
magnetic lines of force continue their dog-chasing-his-tail routine
about the wire of each loop, all of these lines pass through the
center of the loop, and as they do so, they are all traveling in the
same direction. This is true for all the turns of the coil: when
the lines of force are at the “most inside” point of the coil, they
are all traveling in the same direction. A half-turn later, when
each circling line of force is at its greatest distance from the
center of the coil, it is traveling in exactly the opposite direction;
and that means that all of the lines of force of two side-by-side
turns are traveling in opposite directions.

When we reflect that these magnetic lines of force are true
forces and can be added when they are working together, we
come to the following conclusions about a coil of wire carrying
a direct current:

1. The circulating lines of force about the wire add together
inside and outside the coil to produce new and stronger lines of
force that issue from one end of the coil, return outside to the
opposite end, and then pass through the center of the coil.

2. Between the adjacent turns, the opposite-going lines of force
oppose each other and so cancel.

3. The new magnetic field is most intense inside the coil where
all of the lines of force are crowded together.

4. The coil has a N and a S pole as does a bar magnet, and
reversing the direction of current through the coil causes these
poles to exchange places.

5. Since the individual fields of all the turns of wire are added
together to produce the field of the coil, it follows that the more
turns of wire there are, the stronger will be the magnetic field of
the coil. Also, since the strength of the field of each individual
turn depends upon the amount of current flowing through it, so
does the strength of the field of the coil as a whole depend on the
current.

If a bar of iron is thrust through the center of our coil, the
magnetic field is greatly increased. The reason is that a magnetic
line of force feels about iron the way a cat feels about catnip. It
just loves to wriggle through that soft iron, and it will endure a
great deal of crowding to be permitted to do so. In fact, a coil
with an iron core will accommodate several hundred times as
many lines of force as will the same coil carrying the same cur-
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rent with only air in its center. The more lines of force there
are, the stronger is the magnetic field.

Magnetism creates current

One of the nicest things about the study of electricity is that it
is such a vice versa business: There are so many statements in this
subject to which you can add, “And so is the opposite true.” An
example is our statement about the moving electron creating a
magnetic field. If a conductor is cut by the lines of force of a
magnetic field, an e.m.f. is set up in the conductor which causes
electrons to move, or current to flow.

When we speak of the conductor being “cut by lines of force,”
we mean that either the conductor or the lines of force must be
moving. A wire moved between the poles of a horseshoe magnet,
a bar magnet thrust into a coil, or a wire placed so as to intercept
the expanding and contracting lines of force that surround an-
other wire through which a current of varying intensity is flowing
all fulfill this requirement. Remember, though, that either the
field or the conductor has to hold still while the other moves
through it —or else one has to be zigging when the other is
zagging.

The intensity of the e.m.f. “induced” by this action depends
upon how many lines of force are cut in how short a time. This
means that a strong magnetic field with many lines of force and
a very rapid movement of either those lines of force or the con-
ductor will produce a high voltage.

Self-induction

And now we are ready to meet self-induction, which is just
about as bull-headed and conservative a quality as you will find
anywhere, inside electricity or out! It simply cannot bear a
change. Take the case of Fig. 303. Here we have a battery con-
nected across an iron-core coil of many turns. A lamp that barely
lights on the battery voltage is across the coil, and a switch and
an ammeter are in series with it and the battery.

)
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Fig. 303. Setup to demonstrate self-

induction.
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When we close the switch, the light glows dimly; but the hand
of the current-indicating meter rises quite slowly to a maximum
reading. Why so slowly? We know that electrons move with the
speed of light. Why are the little cusses apparently dragging their
feet just because there is a coil in the circuit? Well, when the
current started to flow through the coil, a magnetic field started
to build up around that coil. As the lines of force of this expand-
ing field cut the turns of the coil, an e.m.f. was induced in those
windings that had a polarity opposite to the voltage applied by
the battery. This “bucking” voltage was very nearly equal to the
battery voltage.

However, as the induced bucking voltage or back-e.m.f. ap-
proached the battery voltage, it slowed down the increasing cur-
rent from the battery. This in turn slowed down the expansion
of the magnetic field that was producing the bucking voltage.

As you can see, this gives the battery voltage the whip-hand: if
the induced e.m.f. could rise to the value of the battery voltage,
it would stop the current flow; and this would spell its own doom.
The net result is that the battery steadily wins the tug of war,
but it takes time. Eventually the current rises to the maximum
amount the battery can push through the resistance of the coil
wire, and then the magnetic field ceases to expand. It just hovers
out there in the vicinity of the coil without either increasing or
decreasing. Since the lines of force are no longer moving and
cutting the turns of the coil, there is no more back-e.m.f.

Now let us quickly open the switch. Instantly the ammeter falls
to zero, and at the same instant the-lamp flashes very brightly and
then goes out. Where did this lamp-flashing voltage — obviously
hlgher than our battery voltage — come from? How could current

continue to flow through the lamp ufter the battery had been cut
off? Gremlins?

No, the answer lies in what happened to that hovering mag-
netic field when we opened the switch. Since this cut off the
sustaining current, we simply knocked the props from under that
field, and it did the only thing it could do: collapsed. As the field
contracted, the lines of force whizzed through the coil turns faster
than a small boy going through his yard gate at curfew time; and
the speed with which these lines of force intercepted the wires
accounts for the fact that a high e.m.f. — higher than the battery
voltage — was set up in the coil.

You remember that the e.m.f. generated by the expanding mag-
netic field was of such polarity as to resist the voltage of the
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Fig. 304. This group of inductors includes many types of transformers
and chokes. (Stancor Electronics, Inc.)

battery. As might be suspected, the voltage induced by the col-
lapsing field is of opposite polarity and tries to keep the current
flowing after the battery has been cut off. After doing all it could
to prevent the current from starting to flow in the first place,
now the self-inductance does all it can to prevent that current
from stopping!

This property of a coil or wire that tends to prevent any change
in the current passing through it — that always tries to preserve
the status quo — is called inductance. The unit of measurement
of how much of this property a circuit element has is the henry.
When a current change of 1 ampere per second in a circuit pro-
duces an induced e.m.f. of 1 volt, the circuit is said to have an
inductance of 1 henry. If 2 volts are produced, the inductance is
2 henrys, etc. Smaller units are the millihenry (one thousandth
of a henry) and the microhenry (one millionth of a henry).
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Inductors are often used in radio work, but they are usually
called by some other name. For example, we have filter and audio
chokes which consist of many turns of wire on iron cores and may
have inductances from 1 to 100 henrys. R.f. chokes have fewer
turns of wire usually with a nonmagnetic core, and they vary
from a few microhenrys to 100 millihenrys. Fig. 304 shows a
typical group of coils (inductors).

Inductance is chiefly concerned with coils, and anything having
to do with coils is of major importance in radio. This business of
magnetic induction is the key to understanding what goes on in
many of the parts you find in any radio receiver. Do not, there-
fore, dismiss it as not being of practical value. A knowledge of
magnetic induction is as practical in understanding radio as the
knowledge of the alphabet is in learning to read.
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10.

QUESTIONS

. What surrounds an electron in motion?

. Give the left-hand rule for determining the direc-

tion of the magnetic field around a conductor.

. What effect does increasing the current through a

conductor have on the magnetic field around that
conductor?

. Name two factors that determine the strength of

the magnetic field around an air-core coil.

. How can this magnetic field be strengthened with-

out increasing the current or the number of turns
in the coil?

. What happens when a conductor is cut by the lines

of force of a magnetic field?

. What determines the intensity of the voltage pro-

duced in this manner?

. Describe a simple apparatus to demonstrate self-

induction.

. Does a self-induced voltage aid or oppose the cur-

rent producing it?

Why is self-induction called a “conservative”
quality?

. Define henry, millihenry and microhenry.
12.

By what other names are inductors known?
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CAPACITANCE

EVERY electrical circuit, whether it be a 1-inch length of wire or
a cross-country telegraph line, has three “built-in" electrical prop-
erties: resistance, inductance, and capacitance. The first two of
these we have already encountered in previous chapters; now we
are ready to grapple with the third.

Capacitance is like discarded chewing gum; you may find it
almost anywhere. Any time you have two electrical conductors
separated by a nonconducting medium, you have a capacitor;
and a capacitor is to capacitance what a doghouse is to a dog; it
is where you normally expect to find it. By the light of this defini-
tion, you can see that your pocket watch and the furnace in the
basement below form a capacitor; so does a wire and the antenna
stretched above it; so does a moisture-bearing cloud and the earth
beneath.

In this free or “stray” state, capacitance is of little or no value;
in fact it is often a nuisance. But when it is controlled and
“lumped” in definite units, it is every bit as important to elec-
tricity as are resistance and inductance.

In its “cultured” state, capacitance comes in the packaged form
of condensers, the former name for capacitors. There is a wide
variety in the form and material used in such capacitors; but be-
fore we start studying these practical units, let us see how a simple
basic capacitor operates. Once we grasp how it works, we shall
know how all capacitance units function.

Take a good look at Fig. 401. Here we have a capacitor C, con-
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sisting of two parallel flat metal plates with an air space between
them. Switch S2 connects across these plates. The double-pole
switch S1 permits us to connect the battery directly to the plates.
An ammeter, an instrument for indicating both the intensity and
direction of any electrical current passing through it, is inserted
in the lead going to the top plate of the capacitor.

To begin, let us say that S1 is open and that we have momen-
tarily closed S2 and then reopened it.

Now, suppose we close switch S1. As we do so, the ammeter
pointer flips over and then drops back to zero, indicating that a
momentary current passed through it. Next, let us open S1 so as
to disconnect the battery. What happens? Nothing; the ammeter
pointer does not budge. But, suppose we now close S2. As we do
so, the ammeter needle flicks again, but in the opposite direction,
indicating a reverse flow of current.

Paradox or sense?

Several questions should be pulsing through your head at this
point: Why did current flow in this circuit when we connected
the battery? There was no complete circuit, for the plates of the
capacitor were separated by insulating air. After the current

AMMETER
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Fig. 401. Test setup shows capacitance
eflects.

started flowing, why did it stop? Where did the current come
from that caused the meter to flick when we closed S2? It could
not come from the battery, for that had already been disconnected.

The explanations, as usual, go back to electron theory. The
momentary closing of switch S2 before we connected the battery
allowed any excess of electrons on either capacitor plate to flow
through the switch and balance the electron distribution. At the
instant the battery was connected, however, the positive terminal
put a strong “come hither” on the negative electrons of the top
plate, and they surged through the wire and the ammeter to that
terminal, causing the ammeter to register their passage as they
did so. At the same instant, the pent-up excess of electrons on the
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negative terminal of the battery rushed out on to the bottom plate
of the capacitor like school kids spilling out on the playground
at recess. The result of this simultaneous “push-pull” action was
to leave the top plate with a deficiency of electrons, giving it a
strong positive charge, while the lower plate was strictly “Stand-
ing Room Only” with electrons and so had a negative charge.

As more and more electrons left the top plate and crowded on
the lower plate, the charges on the two plates increased in oppo-
site directions until the difference between them was exactly equal
to the difference in potential between the two terminals of the
battery. At this point, the electrons stopped flowing, because the
pushing and pulling force of the charged plates exactly balanced
the equal and opposing forces of the battery terminals.

Nothing happened when we opened Sl, for there was no path
by which the excess of electrons on the lower plate could reach
the electron-hungry upper plate. Since this state of unbalance
still existed, a voltage equal to that of the battery still was present
between the plates, even though the battery itself had been dis-
connected.

The instant we closed S2 we provided the needed connecting
path, and the displaced electrons rushed through it and through
the ammeter to the upper plate. Since this time the electrons were
flowing to the upper plate instead of away from it — as they were
when the battery was first connected—the ammeter pointer moved
in the opposite direction. As soon as the electrons were once more
evenly divided between the two plates, they ceased to flow; and
we were right back to the point we were before we started charg-
ing and discharging the capacitor.

We might have made one other experiment: When we had the
battery connected to the capacitor (S1 closed), if we had slid a
sheet of glass between the plates, we should have noticed that the
ammeter pointer flicked again, indicating that more charge was
moving into the capacitor. When we removed the glass, the
pointer would have moved in the opposite direction, showing
that this-new additional charge had moved back out of the capac-
itor. An explanation of why the material used as the insulating
medium of a capacitor (it is called the capacitor dielectric) affects
the charge the capacitor will take will be given a little later.

It is apparent that a capacitor is a device for storing an electrical
charge. The measure of its ability to do this storing is its capaci-
tance. The amount of the charge stored depends upon how many
electrons we can force to leave the top plate and congregate on
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the bottom plate. We know that the more voltage we have in our
charging battery, the more power we have to do this forcing; so
it should not come as a surprise that the unit used to measure
the capacitance depends both on the number of electrons stored
and the voltage necessary to do the storing. This unit is called the
farad. One farad is the capacitance of a capacitor in which a
coulomb (6.28 X 10 electrons) of electricity is stored when an
e.m.f. of 1 volt is applied. This unit is too large for practical use;
so the microfarad (uf), a millionth part of a farad, and the micro-
microfarad (upf), a millionth part of a microfarad, are always
used in radio.

The “why’’ of capacitance

We have explained what happens when a capacitor is charged,
but we have not explained why. Truth to tell, the pundits of
electronics tend to take refuge in such phrases as “it is believed,”
“the theory is held,” and ‘“we may assume’ when they go to talk-
ing about this subject; but here is what is generally thought:

A charged capacitor looks like Fig. 402 in which the ellipses
between the plates represent, in a greatly exaggerated form, the
out-of-round orbits of the electrons of the dielectric atoms in their
paths about their respective positive nuclei. The orbits are out-
of-round because of the attraction of the positively charged upper
plate and the repulsion of the negatively charged lower plate.
Were the electrons of the dielectric free to move, they would go
straight to the positive plate; but since they are tightly bound,
the best they can do is deviate slightly from their normal circular
path.
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Fig. 402. Capacitor plates after being
charged.

When these orbits are comparatively easy to push out-of-round,
their counter-repelling action on the electrons trying to muscle
their way on to the negative plate will be comparatively weak,
just as a weak spring puts up a feeble resistance to being com-
pressed; consequently a large number of electrons can force their
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way into the plate. The capacitance of the capacitor will be larger
than it would be with a dielectric material in which the electron
orbits were harder to distort. In the latter case, since the dielectric
electrons would stubbornly refuse to budge from their orbits, the
electrons trying to wedge their way on to the negative plate by
distorting these orbits would be rebuffed, and the storage ability
would be lessened.

We could increase the capacitance by using a thinner slice of
dielectric material, allowing the plates to come closer together.
This would reduce the total number of the repelling dielectric
electrons and so permit more electrons to collect on the negative
plate of the capacitor.

It is evident, then, that we can increase capacitance in three
different ways:

(1) We can increase the size of the active portion of the plates.
The active portions of the plates are the portions that are directly
opposite each other and with the dielectric material squarely be-
tween them. Increasing the size of these portions means that we
have more electrons to draw from the positive plate and more
room on the negative plate to store them. When you remember
that the resistance of the electrons of the dielectric material is
“softened up” by the double action of the lower and upper plates,
working as a combined pushing and pulling team, you can see
why only the portions of the plates considered active have much
effect on the capacitance.

(2) We can reduce the thickness of the dielectric material as
discussed above.

(8) We can use a dielectric material whose electron orbits are
more easily distorted.

The effect that the dielectric has on the capacitance is called
the dielectric constant of the material and is expressed by the
symbol K. Air is assigned a K of 1, and all other materials are
compared with this. For example, replacing the air dielectric of
a given capacitor with mica will multiply its capacitance about
5 to 7 times; so we say that mica has a K or dielectric constant,
of 5-7. In the same way glass has a K of 4.5-7, and some rutile
ceramics have a K of several hundred. No wonder the little cusses
can pack so much capacitance in so small a space!

An ideal capacitor would be one with insulation so perfect that
absolutely no current could leak across from one plate to the
other; but ideal capacitors are like ideal picnics — they are never
quite realized. We have no perfect insulators, and there is always
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Fig. 403. These capacitors illustrate some of the many types the technician
will encounter in servicing.

some leakage. A capacitor with high leakage current is said to
have a high power factor; just remember that in capacitors power
factors are like living costs — the lower, the better.

If we keep increasing the voltage across the plates of a capacitor,
we eventually reach a point where the current will break through
the dielectric and destroy it (unless, of course, it is air). Increasing
the thickness of the dielectric will make this breakdown voltage
higher, but it will also reduce the capacitance. Most capacitors
used in radio work carry, in addition to their capacitance value,
a marking indicating the maximum voltage with which they are
to be used. These voltage ratings may vary all the way from a
few volts to several thousand for various applications.

The picture (Fig. 403) shows the wide variety of capacitors used
in radio work. In the next chapter we will take up the actual
construction of capacitors, the good and bad points of each type.
We will also find out why it is necessary to have so many differ-
ent forms of capacitors when they all operate on the same basic
principle.

If you are impatient to get to this discussion of the practical
aspects of capacitor construction, just remember that unless you
have a good, firm grasp of the theory of operation, you will have
a hard time understanding any type of construction, whether it
be an internal combustion engine or a baby's three-cornered
pants!
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10.

11.

12.

QUESTIONS

. What are the basic elements of a capacitor?

Describe a simple practical capacitor.

. What happens when a capacitor is connected to a

battery? Why does the current cease after the capa-
citor is fully charged?

. Why does a voltage remain across the capacitor

terminals after the battery has been disconnected?

. Define the unit used to measure capacitance.

What is a microfarad? a micromicrofarad?

_ Describe in detail how the nature of the dielectric

affects the storage capacity of a capacitor.

Give three ways in which capacitance can be in-
creased.

What is the dielectric constant and what is its
symbol?

Give the K of air, of mica, of glass and of rutile
ceramics.

Does a good capacitor have a high or low power
factor? Explain.

What does the “maximum voltage rating” of a
capacitor mean?




HOW CAPACITORS ARE MADE

A CAPACITOR, we learned in the last chapter, is a device for stor-
ing an electrical charge; and the amount of charge stored depends
upon the voltage applied and the capacitance of the capacitor. We
found that capacitance was related to the active area of the capaci-
tor plates, the spacing between those plates, and the K of the
dielectric employed. Two desirable features in a capacitor are
low leakage current and high breakdown voltage. Now let us see
how all these factors enter into the construction of actual capaci-
tors used in radio work.

There are more ways of designating capacitors than there are
of describing pretty girls, but one of the most common methods
is to refer to the dielectric material; so let us begin with air
capacitors—those with only air between their plates.

The simple capacitor discussed in the previous chapter used
only two plates, but most air capacitors use several. The plates
are divided into two sets, with all the plates of each set con-
nected together, and with the plates of one set interleaved with
the plates of the other, as shown in Fig. 501. This is to economize
on space. You will recall that in a charged capacitor the electrons
are crowded onto that portion of the negative plate facing the
positive plate. That means that in a simple capacitor only one
surface of the plate is used for electron storage.

However, as can be seen in Fig. 501, when the plates are inter-
leaved, each surface of each negative plate is charged with elec-
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trons when it is between two positive plates, and the result is the
same as doubling the size of the plates in a two-plate capacitor.
It is just like buttering your bread on both sides!

By arranging our capacitor so that we can control the degree of
interleaving of the plates, we can produce a variable capacitor
similar to most air-spaced units used in radio work. Very stable
as to capacitance, they have almost zero leakage current. They are
bulky, though, and it is dificult to build very much capacitance
into a reasonable space. You seldom see air capacitors of more
than 500 ppf. The main trouble that develops in these capacitors
is warping or bending of the plates so that they touch and short
out. Occasionally sufficient dust gets between the plates to form
a low-resistance path. In a variable capacitor, one set of plates
(the rotor) must move, and a sliding wiper contact is used to
make an electrical connection to this set. Sometimes dirt or cor-
rosion causes this contact to become erratic.

A capacitor of considerably greater capacitance can be built
in the same space by using thin sheets of mica as the dielectric
and by employing much thinner metal plates. These mica capaci-
tors, as they are called, are enclosed in a case of bakelite or similar
material for mechanical protection and to keep out moisture.

ELECTRONS

Fig. 501. Interleaved plates of a basic
air-dielectric capacitor.

Since mica has a higher K than air, mica capacitors are more
compact than air capacitors. Their leakage is nearly as low; and,
by using thicker sheets of mica, the breakdown voltage can be
made very high. You will find them in ranges from about 100 to
several thousand volts, and from 100 ppf to about 0.1 uf. How-
ever, they are comparatively expensive; and, as breakdown voltage
and capacitance increase, they become quite bulky. A very stable
type of mica capacitor, the silver mica, is made by silver plating
directly onto the mica sheets instead of metal plates.
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Mica capacitors do not give much trouble, but they do give
some. In fact, like an ““angel child,” micas develop faults just often
enough to waste a lot of your time checking everything else be-
fore your suspicion finally falls on them. Occasionally they break
down and short out, or the wire lead connecting to a set of plates
makes a poor contact and causes an “‘open’’ capacitor. More rarely,
moisture may get in and cause a high leakage current.

Paper capacitors are the workhorses of radio; they really carry
the load. Even an a.c.-d.c. midget has a dozen or so of them.
They usually consist of two long, thin strips of aluminum foil,
insulated by paper and rolled up in a tight little cylinder, with
wire leads from each strip of foil being brought out of opposite
ends. They are covered, treated with oil, and sealed with wax
against moisture.

Paper capacitors are ordinarily found in values from about
.001 to several microfarads, and from 100 to 1,600 volts. They
are more compact than micas and cheaper, but they have some-
what higher leakage currents and deteriorate with age because
of the gradual penetration of moisture into the paper.

Immersing a paper capacitor in certain types of oil increases
its breakdown voltage and also increases its life because the oil
prevents the entrance of moisture. That is why military equip-
ment and equipment that must be dependable, uses oil-filled
capacitors instead of the ordinary paper kind. The smaller ones
are sometimes called “bathtubs.”

Thin plastic films are also used, in place of the paper, as a
dielectric, and some of these plastic-film capacitors have electrical
qualities superior even to mica units.

Paper capacitors have the same shorting and open troubles to
which micas are occasionally prey, but they have them much more
often. They are more likely to become leaky, too; and if they
become too hot, the wax runs out of them and allows moisture
to enter easily. Still they are by far the most often-used capaci-
tors in radio because of low cost.

For securing the most capacitance in the least space for the
smallest amount of money, electrolytic capacitors are the answer.
These come in two kinds, wet and dry. Fig. 502 is a sketch of a
wet electrolytic. It consists of an aluminum plate, called the
anode, immersed in an electrolyte, such as a boric acid solution.
The anode has on its surface a very thin oxide film that has been
formed electrochemically prior to assembling the capacitor and
putting it into its case.
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Fig. 502. All modern electrolytic capacitors were
developed from this basic wet electrolytic structure.

Following the previous explanations, you might jump to the
conclusion that the electrolyte is the dielectric, but that is not
true. The dielectric is the thin oxide film—which incidentally has
a K of about 10. The aluminum anode forms one plate of the
capacitor, and the electrolyte forms the other; the metal container
simply serves as a means of making contact with the electrolyte.

Dry electrolytic, like dry cell, is somewhat of a misnomer. Damp
electrolytic would be better, for in such a capacitor the liquid
electrolyte is replaced with a paste. What is more, the anode is
replaced with an oxide-coated strip of aluminum foil, and the
container is replaced with an uncoated strip of foil called the
cathode foil. These two strips of foil, with the electrolytic paste
and a suitable mechanical separator between them, are rolled
into a bundle in exactly the same way as are paper capacitors.
The result is a convenient cylinder.

The capacitance depends on the surface area of the anode
and on the nature and thickness of the film. To increase the sur-
face area, the anode foil is frequently etched with acid, and the
increased area of the “hills and valleys” thus produced on the
foil surface increases the capacitance of an etched-foil capacitor
over that of a plain-foil unit by two to seven times. Another way
of doing the same thing is to spray molten aluminum on a strip
of cotton gauze to produce a gridlike anode that will give a
capacitance 10 times that of a plain anode strip. These are called
fabricated-plate electrolytic capacitors.

ANODE A | FOIL—7 BARRIER  ANODE 8 FONL. 7 OXIOE FILM

/4

COMMON CATHODE FOIL | ELECTROLYTE

1

Fig. 503. Basic structure of a dual dry
electrolytic capacitor.
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The thickness and nature of the oxide film are determined by
the forming process. While a thinner film increases the capaci-
tance, it also lowers the breakdown voltage. Electrolytics used in
electronics are found in capacitances of a couple to several thou-
sand microfarads and in a voltage range up to 600. By using
more than one anode strip or more than one cathode strip, and
by having barrier strips separating these units, it is possible to
have more than one capacitor in a single container. Fig. 503
shows one such dual-unit arrangement.

Electrolytics are unlike other capacitors in that they ordinarily
are polarized. This means that they must be used only with d.c.
voltages and that the anode must always be connected to the
positive point. If these rules are not followed, the oxide film will
disintegrate and the capacitor will be destroyed.

An electrolytic capacitor is only as good as its oxide film, and
various factors can injure this coating. A temporary surge of high
voltage may puncture it; but if the voltage is quickly reduced, the
film will usually heal itself. A reverse current through the capaci-
tor, impurities in the materials used, long subjection to too high
a voltage, and too many months spent lying unused on the shelf
will usually result in permanent damage. Electrolytics are usually
designed to operate between 32 and 140 degrees F, and they
should not be subjected to temperatures far beyond these ex-
tremes for any great length of time.

If the film is broken down, the capacitor usually appears as a
partial or complete short, and the leakage current is excessive. If
the electrolyte dries out or if one of the connecting leads becomes
separated from its foil, the capacitor shows an open circuit. Some-
times, before complete evaporation of the electrolyte, the capaci-
tor shows a marked loss of capacitance.

Ceramic capacitors enjoy a deserved popularity. They consist
of tubes or disks of rutile ceramic with opposite surfaces plated
with silver. The two silver coatings are the capacitor plates, and
the ceramic material is the dielectric —with a K up into the
hundreds!

Ceramics, like some women, seem to have everything—small
size, high capacitance, high voltage rating, and low power factor.
What is more, by regulating the mixture of the ceramic material,
the capacitor can be made to have a positive, zero, or negative
temperature coefficient, which is another way of saying that the
capacitance can be made to increase, stay the same, or decrease
with a rise in temperature. This feature compensates for heat
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changes in other components of an electrical circuit. When the
capacitance of these components ‘zigs” with an increase in tem-
perature, you can employ a ceramic capacitor that “zags” an
equal amount, and vice-versa, and thus maintain the over-all
capacitance constant.

The manufacturers did not develop all these different types
just to show what they could do. Each type fills a particular need.
The choice for a particular job depends upon which will do the
work best for the least cost. In some spots the most important
thing is lots of capacitance; so an electrolytic is used. At another
point the capacitor must not change its value; so a silver-mica
unit is employed. If the leakage must be extremely low, an
ordinary mica serves nicely; and for run-of-the-mill applications,
paper capacitors do the job. Where space is at a premium or
leads must be kept short, as in high-frequency applications, disc
ceramics are the ticket. Air-spaced units are used for variable and
semivariable duty because of obvious mechanical advantages.

Now that we have become thoroughly familiar with the
strengths and weaknesses of the coil and the capacitor, it is high
time that our hero and heroine meet; and that they will do in the
next chapter. Don’t miss this thrilling event, folks, “When Coil
Meets Capacitor,” for that is how radio began!

44




QUESTIONS

. What are the advantages and disadvantages of air-

dielectric capacitors?

How is a mica capacitor made? a silver mica ca-
pacitor?

Describe the construction of a paper capacitor.
What are its advantages and disadvantages?

. What capacitor provides the most capacitance in

the least space for the smallest cost?

. What constitutes the dielectric of an electrolytic

capacitor?

. Is a dry electrolytic really dry? Explain.

. What do we mean when we say an electrolytic

10.

11.

12.

capacitor is “polarized?”

. What happens if such a capacitor is connected into

a circuit so that it is exposed to a reversed polarity
voltage?

. How are ceramic capacitors made?

List several good points of these units.

What do we mean when we say a capacitor has a
positive, zero or negative temperature coefficient?

Explain why so many types of capacitors are used.
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REACTANCE, IMPEDANCE AND PHASE

WE are now nearly ready to splice inductance and capacitance
together into that blissful state known as “‘the tuned circuit.” But
before the actual wedding takes place, we ought to make sure
that the union can withstand any and all strains that may be
placed upon it. It is true that we have observed how both an
inductance and a capacitance behave under the influence of a
direct current, but do we know what they will do when an a.c.
voltage starts pushing and tugging at them? Perhaps it would be
well to investigate this angle before we bestow our blessing on
the marriage.

You cannot penetrate very far into the a.c. woods without hav-
ing a clear understanding of phase; so we may as well get that
straight right now. Phase simply means comparative time of oc-
currence as applied to actions, changes, or events. If two things
happen together, we say they are in phase. If one happens first,
we say that it has a leading phase. The thing that happens second
is said to have a lagging phase with respect to the first.

Consider the case of you and your one-and-only doing a dance
step. If the feet of both are in phase, her foot moves back at the
same instant your foot moves forward. If your foot has a leading
phase, it will move forward before hers is out of the way, and
you will probably step on her toes and be told you are a poor
dancer. If your foot has a lagging phase, she is doing the leading,
and you are going to be a henpecked man!
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As applied to electricity, phase usually means a comparison be-
tween similar changes in two or more different voltages or be-
tween a single voltage and its accompanying current. For example,
Fig. 601 shows what happens when an a.c. voltage is applied across
a pure resistance. Don’t be surprised if you don’t see it; Fig. 601
has probably balled up more students than any other diagram
in the science of radio! It’s supposed to show the life history of a
cycle of alternating current. In our figure, having chosen the
standard 60-cycle current, our base line is laid off in fractions of
a 1/60 second. This makes it a time chart, just like the rolls that
record the temperature for a day, with a thermometer-controlled
pen making a continuous track. Any point on the voltage curve
on the chart will tell you just what the voltage is at that instant
—the curve is simply a combination of all those instantaneous
voltages.

No, altern-ting current really does not wiggle as the chart
might lead you to believe. What happens is that current from the
alternator starts to flow through the resistor, starting with very
low (zero, to be exact) voltage and current. Both current and
voltage rise until, at the end of 1/240 second, we have maxi-
mums of 170 volts (dashed line) and 21% amperes (solid line).

V%JS AMPS OR Ml/t
150 2"~ .
-\‘\*VOLTAGE

100 s
L4
[% 50 j,L \
0
RESISTOR
50

[\
ol \Swnn.m /'_/
150/ \‘\‘/I

201

~ e T

0 17240 17120 3/240 176
SECONDS

3
2
1
0
f
2
3
4
0

Fig. 601. E and I in a resistance are in phase.

The exact quantities are unimportant; in many radio circuits
we have alternating currents of some hundreds of volts at only a
few milliamperes, and in some welding circuits there may be
hundreds of amperes with only a few volts. In most a.c. diagrams,
voltage and current curves are arbitrarily drawn the same height
—see Figs. 602 and 603. The only reason we didn’t do it here is
that the two curves would then be on top of each other, and you
couldn’t tell them apart. Neither is the frequency important; we
have used 60 cycles because it’s common, but the story would be
equally true at radio frequencies.
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But now—because of the way an alternator is built—our voltage
and current start to drop, and at the end of 1/120 second there is
no voltage across the resistor and no current flowing through it.
Then the current starts to flow through the resistor in the oppo-
site direction. Our clever mathematicians represent these volts and
amps in the reverse direction by just drawing the voltage and
amperage curves in the opposite direction to the first ones.
Neat, eh?

Following the chart, we find that voltage and current in this
direction again rise to a maximum in 1/240 second from the time
they started, and in another 1/240 second are also back to zero.
Total time 1/60 second, and we are back at the end of the circle
(or cycle — it's the Greek word for circle) and ready to start all
over again.

This is all to tell you what you probably don’t need to be con-
vinced of — that the voltage across the resistor and the current
through it are exactly in phase, and that when the voltage is
maximum or minimum, so is the current; and both reverse pre-
cisely in step. But when the resistor is replaced by either an
inductor or capacitor, this harmonious state of affairs no longer
prevails. A phase shift takes place, and the current reaches a
maximum value at a different time from that at which the volt-
age is highest. Let us see why. ’
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Fig. 602. Phase relations in inductive circuit.

Fig. 602 shows what happens when an inductance is placed
across the output of an a.c. generator. The dashed line shows the
voltage applied to the coil. You will recall from our discussion
of self-induction (read it again if you don’t) that the changing
current through the coil produces a counter-e.m.f. (voltage) very
nearly equal to the applied voltage but directly opposed to it.
This induced voltage is shown by the dotted line. Notice that
when the applied voltage is positive (or for a.c. it might be better
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to say ““in one direction”) this induced voltage is negative (*in the
other direction”) and vice versa.

Remember that this induced e.m.f. is produced by the expand-
ing or contracting lines of force cutting the turns of the inductor.
Further recall (or re-read) that these lines of force are in motion
only when the current is changing value. Still further, the induced
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Fig. 603. Current leads in capacitive circuit.

voltage is highest when the movement of the lines of force — and
consequently the rate of change of current — is fastest. Keeping
all of this in mind (ves, I know it’s a neat trick), where would you
say the rate of change of current on Fig. 602 is the greatest? the
least?

The solid line represents the current flow. The rate of change
is highest when this line is most nearest vertical; least, when it is
horizontal. As you suspected all along — but can now see on the
diagram — the rate of current change is least when the current
itself is maximum. It is at these maximum-current points that the
induced voltage — sustained only by a changing current — is zero.
On the other hand, the rate of change is greatest at the point
where the current is just starting to reverse its direction or cross
the zero line; and this is the point of maximum induced voltage.

In experimenting with an induction coil, we found that the
current reached a steady value a split second after the voltage was
applied. We can see from our diagram that the current peaks are
separated from both the induced and the applied voltage peaks
by a quarter of a cycle. Since we know that we must apply the
voltage first, we can see that in a pure inductance the current lags
the applied voltage by a quarter of a cycle.

The armature of an a.c. generator has to make one complete
revolution or turn through 360 degrees to produce one complete
cycle of voltage. The angle through which this armature has
turned from the starting point is indicated in degrees along the
time axis. This is all there is to “degrees,” as applied to phase
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lead or lag or other a.c. terms. It is convenient to divide the cycle
(remember it’s a circle) into 360 degrees and refer to fractions of
a cycle in degrees instead of saying — as we did, clumsily — 1/240
second, etc. Every quarter of a cycle is seen to occupy 90 degrees.
Do you see why we say that, in a pure inductance, changes in
current lag changes in applied voltage by 90 electrical degrees?

Fig. 603 shows what happens when an a.c. generator is con-
nected across a capacitor. The dashed line again represents the
value and polarity of the applied e.m.f. with respect to time. As
the voltage first starts to rise in the “positive” direction, elec-
trons are easily pushed onto one of the plates of the capacitor
and rush on at their maximum rate, for they encounter little
resistance. But as this plate acquires more charge, its voltage rises
(note dashed line) and begins to repel the electrons the generator
is trying to force upon it. The movement of electrons, which
makes up the current in wire circuits, slows down and finally
stops when the applied e.m.f. and the electron charge have reached
their maximum values (at 90°, or one-quarter of a cycle). Then,
as the applied voltage starts to decrease, the packed electrons
begin to flow back into the wire, against the applied voltage,
through the generator, and on to the other plate. They keep
right on flowing in increasing number while the applied voltage
falls to zero and starts to build up in the opposite direction; but
the current again begins to droop as the other plate nears its
maximum charge. Thus we see that the current through the cir-
cuit is maximum when the applied voltage is minimum and is at
its minimum when applied voltage is highest. Since the electrons
have to flow onto the plate of the capacitor before its voltage
can rise, it is easy to see why the current through a pure capaci-
tance leads the applied e.m.f. by 90 electrical degrees.

You have noticed that a capacitor, which says a firm “No!” to
the passage of d.c. after it has once become charged, seems to
murmur a coy ‘“Maybe” or even ““Yes” to the knocking of a.c.?
While the electrons do not actually pass through the dielectric
material, their rushing back and forth through the connecting
circuit from one plate to another creates an alternating current
in that circuit just as if the capacitor were replaced by a resistor.

We say “‘resistor” instead of “short circuit,” for the capacitor
does offer some opposition, depending on its capacitance and the
frequency of the applied a.c., to the passage of current. As the
capacitance is increased, more electrons must be moved to charge
it each time; therefore, the current that is composed of the move-
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ment of these electrons is increased just as if the equivalent
resistance represented by the capacitor were lowered. If the fre-
quency of the applied voltage is increased, the electrons have to
make more trips back and forth between the plates in a given
length of time, and more electron trips mean more total current
just as if the equivalent resistance were lowered again.

This “equivalent resistance” offered by a capacitor to the pas-
sage of a.c. is called capacitive reactance, has the symbol X., is
measured in ohms just like resistance, and for any given capacitor
can be found by the formula:

1

X=9fC’

in which f is the frequency in cycles per second, C is the capacitance
in farads, and 6.28 is 2r (r is your old friend of grammar-school days,
3.1416). If you want to know the reactance of a 1-uf capacitor at
60-cycles, you simply substitute in the formula, not forgetting to
change microfarads to farads. Or if you want to work with micro-
farads, simply multiply the numerator by a million, thus:

% — 1,000,000
* = 16.28) (60) (1)

and you find that the answer is approximately 2,654 ohms.

When you recall that an inductance is stubbornly opposed to
any change in the amount of current flowing through it, and also
remember that the current in an a.c. circuit is changing almost
continuously, it should be easy to see that an inductance, too, is
going to offer more than a little opposition to the flow of a.c.

The amount of this opposition increases when either the induc-
tance or the frequency of the applied voltage is increased. Since
the induced or opposing voltage increases with the amount of
inductance encountered, it is not hard to understand why a
greater inductance will offer more opposition to the flow of cur-
rent. The induced voltage also depends on the speed with which
the expanding and contracting lines of force cut the wire; and
since an increase in frequency means that the lines have to speed
up in order to go through their expanding-contracting routine
more often in the same space of time, no great brain is required
to grasp why an increase in frequency stirs up more opposition
to current flow.

This resistance which an inductance presents to the flow of a.c.
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is called inductive reactance. It has the symbol X,, is measured in
ohms, and is found by the formula:

XL=27TfL,

in which f is again the frequency in cycles per second, L is the
inductance in henrys, and the 2r is 6.28, the same ancient mathe-
matical pastry we had served up in capacitive reactance. If we
want to know the reactance of a 10-henry choke to a 60-cycle
voltage, simply substitute in the formula:

X. = (2) X (3.1416) X (60) X (10).

and we find the answer: just under 3,770 ohms.

To review a little while we catch our breath: Resistance is the
opposition offered to the flow of a steady direct current; Reac-
tance is a specialized form of opposition that a.c. runs into.
Reactance comes in two flavors: capacitive or inductive, accord-
ing to whether the current leads or lags the voltage. While all
three impede the flow of current, they are not at all alike. Resist-
ance uses up power and dissipates it in the form of heat. Reac-
tance transforms electric current into a magnetic field in an
inductance or an electrostatic field in a capacitor for a portion
of a cycle and then returns this stored energy as an electric cur-
rent during the remainder of the cycle. With pure reactance in
the circuit — never actually found in practice — the energy is just
swapped back and forth from one form to another without any
loss of power. In a purely reactive circuit, there is a 90-degree
phase shift in one direction or the other from the in-phase con-
dition of a purely resistive circuit. The more resistance we have
in comparison to the reactance, the fewer are the degrees of phase
shift (the closer together are current and voltage maximums or
minimums).

Capacitive and inductive reactances have exactly the opposite
effect on phase, and can be combined just like positive and nega-

tive numbers. In a circuit containing both, the effective reactance

is found simply by subtracting the smaller reactance from the
larger and giving it the name of the larger. For example, in a
circuit containing 15 ohms of capacitive reactance and 10 ohms
of inductive reactance, we just take 10 from 15 and say that the
circuit has 5 ohms of capacitive reactance.

In addition to reactance, all actual circuits have some resist-
ance; and we have a special word to describe this total opposition
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to a.c. That word is impedance, represented by the symbol Z,
and it means “reactance and resistance.” The two are somewhat
like fractions and decimals in that you cannot add them directly.
You have to extract the square root of the sum of their squares,
which gives us the formula for finding impedance:

Z=vVR ¥ X.— X,)?

Suppose, for example, we have a circuit containing 4 ohms of
resistance, 10 ohms of capacitive reactance, and 7 ohms of induc-
tive reactance (total reactance 10 — 7, or 3 ohms capacitive).
Substituting these values in the formula:

Z=~#+ (10—77 =16 + 9 = V25 = 5 ohms.

A typical inductor, capacitor, and resistor are shown in Fig. 604.

Fig. 604. Chief actors—inductor, capacitor, resistor.
(Stancor Electronics, Inc.)

But here is the end of the chapter, and the union of capaci-
tance and inductance into a tuned circuit — like the marriage of
a woman and a reluctant man — has been repeatedly postponed.
These nuptials will take place in the very next chapter!
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10.

11.

12.

QUESTIONS

. What is the general meaning of phase? What does

it mean in electricity?

. What is the phase relationship of voltage and cur-

rent through a resistor?

. What is the phase relationship in a pure induc-

tance? Why?

. What is the phase relationship in a pure capaci-

tance? Why?

. What is another way of saying current lags voltage

by a quarter-cycle?

. What do we call the “equivalent resistance’’ of-

fered by a capacitor to the passage of a.c?

. Give the formula for capacitive reactance.

_ Define inductive reactance and give the formula

for it.

. What is the chief difference between resistance and

reactance with regard to power consumption?

What is the value and nature of the reactance of a
circuit with 15 ohms of capacitive reactance and
95 ohms of inductive reactance?

Define impedance and give the formula for obtain-
ing it.
What is the impedance of a circuit containing 8

ohms of resistance, 10 ohms of capacitive reactance
and 4 ohms of inductive reactance?




RESONANT CIRCUITS

TUNED circuits do for the radio engineer what good looks do for
a girl: they allow him to select what he wants and reject what he
does not want — from the available alternating current spectrum.
This ability to put out the welcome mat for a particular fre-
quency and to cold-shoulder others is of utmost importance. It
permits the engineer to “tune” his radio circuits, and without
tuning there would be no radio as we know it.

Since all tuned circuits consist, essentially, of combinations of
a capacitor and an inductance, their variety is not infinite. In
fact, they come in just two models: the series and the parallel, of
which Figs. 701 and 702 are illustrations. Note carefully that the

CONSTANT VOLTAGE VARIABLE FREQ GEN

Figs. 701 and 702. The series and parallel
tuned circuits.

two types are determined by whether or not the applied voltage
is inserted in series with the capacitor and inductance or whether
both of these circuit elements are arranged in parallel with this
applied e.m.f. A parallel tuned circuit is not so named because
the capacitor and coil are in parallel with each other, but because
both of these are connected in parallel with — or directly across —
the applied voltage. In a series circuit, the applied current must
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go through both coil and capacitor; in a parallel circuit it has its
choice.

Suppose the series circuit of Fig. 701 is connected across a gen-
erator of constant voltage but variable frequency. Then suppose
we change from a very low to a very high frequency. Recalling
that the reactance (resistance to the passage of a.c.) of a capacitor
goes down with an increase in frequency whereas the reactance
of a coil goes up, we can see that at a low frequency the excessive
capacitive reactance prevents much current from flowing through
our series circuit. At the high frequency, on the other hand, our
capacitive reactance decreases, but the inductive reactance rises
sharply and still prevents a great deal of current from passing.
However, at some one frequency, called the resonant frequency,
the reactance of the coil and that of the capacitor will be exactly
equal, and the current will rise to a maximum value.

The reason for this rise in current is clear when we remember
that capacitive reactance and inductive reactance are opposite in
sign and must be combined like positive and negative numbers
in algebra. Remember that a capacitor causes the current to rush
ahead of the voltage, but an inductor holds it lagging back after
the voltage; therefore, when the two are in series, the one undoes
what the other does. This means that at resonance our total reac-
tance is equal to the sum of two numbers equal in value but

R=RESISTANCE

CURRENT

—
FREQUENCY

Fig. 703. Resistance effect on series
circuit.

opposite in sign — or zero. Since the reactances cancel, the only
thing impeding the flow of current through the series circuit is
the ohmic resistance.

The lower this resistance is, the higher the current at resonance,
as is shown in Fig. 703. When resistance is increased, it flattens
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out the current peak; but since the resistance enters the picture
seriously only in the immediate vicinity of resonance, the curves
tend to coincide at points removed from resonance and at which
the capacitive or inductive reactance is much greater than the
resistance.

At the resonant frequency, the sizes of the coil and the capaci-
tor are such that the time necessary for charging and discharging
the capacitor is equal to the time needed for building up the
current through the inductor and letting it die down. The dis-
charging capacitor sends a heavy pulse of current through the
coil; and when this current dies down, the collapsing magnetic
field returns this charge to the capacitor. Look at Fig. 704. Sup-
pose we had a coil and capacitor hooked up as in Fig. 702 and
were able suddenly to put a big negative charge on one of the
capacitor plates, as in 704-a. Electrons would immediately attempt
to flow around to the other plate to neutralize the charge and get
everything back to normal again. But in doing so, they have to
flow through the inductor. This sets up a magnetic field which
tries to oppose their passage. At 704-b we see a big magnetic field
and no excess of electrons on either plate. The current is ready
to stop flowing. But now the magnetic field starts to collapse,
forcing electrons around (still in the same direction) onto the
bottom plate of the capacitor. By the time the field has collapsed
entirely, the situation is as in 704-c, and the electrons, now
crowded onto the bottom plate, start to flow around to the top
again, producing 