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ELECTRONIC IN THE TEXTILE INDUSTRY: Electronic scanning mechanism of weft-straighten-
ing control equipment used in textile industry. Main control in background with engineer ready
to start apparatus by manual control.
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12 Unit Electronically controlled Mercury-Arc-Rectifier installation. Rectifier units are 12-anode, 5000 amperes,

645 volts. (3225 K. W.). View shows master duplex control panel (left foreground), 6-Pole high speed anode

breakers (along left wall), Rectifier excitation cubicles, Ignition Rectifiers, Rectifier auxiliary control panels (left
center) and Cathode Breakers (along right wall).
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FOREWORD

In the last few years the application of electronic tubes in radie,
in electricity, in industry, in commerce, and in business has been
expanding with remarkable rapidity. The electron tube today is
supplying the solution to many “impossible” control problems.
Originally associated with and an integral part of radio, the applica-
tion of the electron tube has developed until it has now invaded
practically every field of applied electricity.

The rapidity with which electronic equipment has increased has
created a demand for a book on all phases of electronics. It
has created need for a simplified treatment of the subject that will
bring a knowledge of this new field within the reach of the average
person, regardless of whether or not he is directly associated with
the electrical or radio field.

The primary purpose of this book is to give you a broad picture
of the electronic industries as they actually exist today, enabling
you to understand present methods and practices. With this knowl-
edge you can select, install, and maintain the various types of
electronic apparatus.

Because all of the instruction is wholly from the electronic
standpoint, and because every technical word and term is explained
in the simplest possible way the first time we use it, you need no
previous knowledge whatsoever of electricity, of radio, or even of
mathematics beyond simple arithmetic to understand and apply the
knowledge obtainable from this boek.

In studying each piece of electronic apparatus we shall first
note the construction and how the parts perform in operation. The
next step is to learn why they perform that way. In other fields it
may be sufficient to know only the apparent manner in which equip-
ment acts, (or is supposed to act), without knowing why. Not so
in electronics, for here the most important actions are invisible.
Nothing appears to move inside electronic tubes, wires and associ-
ated parts. Yet, it is the invisible flow of electrons, with the
changes of electrical pressures, that makes electronic eqmpment
work as it does,
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In working our electronic problems, we first explain
the separate elements, and the things that happen in
each individual part. Then we combine these separate
elements to form the complete installment. It is easy to
understand the whole assembly because we already un-
derstand all its separate parts.

THIS BOOK DESIGNED FOR HOME STUDY
AND FIELD REFERENCE

This book has many practical uses. It is intended both for
home training and for reference work on the job. This makes it
equally valuable to the experienced electrician or radio man at work
in the field, as well as the “beginner,” interested in learning how to
install, repair and operate electronic equipment. Naturally, the ex-
perienced man will use it differently than the beginner. We present
here some practical suggestions for each type of individual.

HOW THE EXPERIENCED ELECTRICIAN OR RADIO
MAN CAN USE THIS BOOK

Today, more and more companies are installing electronic
equipment to speed up production and to provide better safety for
workers. A valuable man in any plant is the man who can keep
this equipment operating to get the best possible service out of it.
Naturally, the more information he has about electronic equipment,
the more valuable he can be to his organization.

The experienced electrician or radio man—the fellow who has
been “in the game” for some time—has great need for a reliable,
authoritative complete reference book on electronics. He should
have such material available at all times and be able to refer to it
with confidence. This book, “ELECTRONICS” fills this need perfectly.
It provides data and diagrams that have been field-tested in actual
use, :

REVIEW THE FUNDAMENTALS

Many veteran electricians and radio men find that it pays to
brush up every now and then on the basic principles of electricity
and radio.

P Y ool
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In studying this book for information on electronics, don’t
overlook the chapters devoted to fundamentals. You’ll be benefited
even though much of it may be familiar to you.

MAKE YOURSELF AN ELECTRONIC TECHNICIAN

Electronics is so universal in its applications, so efficient and so
time-saving, that we believe very soon practically every firm will
have to consider using some type of electronic equipment.

You will be wise to get well acquainted with each of the elec-
tronic functions described in this book, not merely those now actu-
ally found in your plant at the present time.

LEARN TO USE THE INDEX

This book contains a complete, simplified index that will enable
you to locate any desired fact immediately. The index is cross-
referenced on every possible subject. When you're out on the job
it’s mighty important to know how to find the information you
need on electronic equipment quickly. Whether it’s a problem of
selecting the right electronic tubes or one of installation, operation,
testing or trouble shooting—consult the index!

HOW THE “BEGINNER” OR STUDENT CAN
BEST USE THIS BOOK

This book should be of tremendous value to an electrical helper,
a beginner in radio or electricity who is anxious to get ahead on his
job, or anyone who wants to learn about electronics. We have writ-
ten this book from the practical standpoint, using hundreds of
illustrations and examples to explain the .material. Our purpose in
doing this was to make the material as easy as possible to under-
stand. Take your time in reading this book—ask yourself three
questions after you finish each subject—WHAT is it—WHERE is
it used and HOW is it used.

After you have covered the material in this book, and
thoroughly understand its application, the book will then serve as
an excellent reference book for you in the future.

Unlike so many electrical or radio volumes, this book is not the
work of one individual. The staff of the Coyne Electrical School
has contributed toward making ‘“ELECTRONICS” what we sincerely
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feel is the best book on the practical application of electronic equip-
ment available.

Not only that—

In preparing the material, we have had the co-operation of the
leading electrical and radio companies specializing in construction,
design and research on all types of electronic equipment.

We see daily that such knowledge is opening new opportunities
for more interesting and profitable work to anyone sincerely inter-
ested in 'their own advancement.

It is with a sincere feeling of pride that after years of work in
compiling and gathering of essential material, we present as an im-
portant contribution to the electrical and radio industry, our book,

“ELECTRONICS.”
% Lve,

PRESIDENT
COYNE ELECTRICAL SCHOO’
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ELECTRONICS IN RADIO. Two of these big air-cooled 50,000 watt tubes
are used as “spares.” By simply pushing a button the operator can put them
into service without interrupting program.
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ELECTRONICS IN MINING. Working model of new electronic
ore separator to extract metals from low grade ore—one of the
many applications of electronics.



Electronics

Chapter 1
ELECTRONIC TUBES AND THEIR WORK

The Secret of Electronics — Electronic Controls — Electrical Measure-

ments — What Electronic Tubes Will Do — Types of Industrial Tubes —

Amplifiers — Control Tubes — Converters — Generators — Indicators
— Classification of Tubes and Their Uses.

S OME péople think of electronics as made up of trick devices that

do mystifying things like operating a window display when you
wave your hand in front of a black box. Others think of electronics
as something that some day in the future may do many new things
in strange ways. But the truth is that right now electronic methods
are at work in nearly every industry, saving thousands of hours of
valuable time, producing better products, saving great quantities
of scarce and valuable materials, doing dozens of things that never
before have been possible.

Industrial electronics means the automatic control of manu-
facturing processes, it means positive safeguarding of machines
and those who operate them, it means day and night protection of
property, it means automatic sorting and grading of all kinds of
products, it means measurements that are larger and smaller than
ever before possible. Industrial electronics means the economical
conversion of vast quantities of special kinds of industrial power
that are essential in present-day processes such as the mass pro-
duction of aluminum and magnesium, and in the automatic welding
of intricate parts. ‘

THE SECRET OF ELECTRONICS—Electronics, in the sense that
we shall use the name, relates to the flow of electricity through
spaces within glass bulbs or metallic enclosures in which are vacu-
ums or gases. Such enclosures are electronic tubes, some similar in
construction and performance to radio tubes, but many of them
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special types such as developed in laboratories like that pictured
in Fig. 1.

If you look down through the top of a glass radio tube you
will see spaces betweéen the parts inside the tube. Electricity enters
the tube through metal connections, passes to metal parts inside
the tube, flows across the space from one part to another, and leaves
the tube through other metal connections.

Fig. 1. The development of high-voltage electronic tubes
in a laboratory.

The space inside the tube has had practically every particle of
air pumped out to leave an almost perfect vacuum. Some tubes then
are sealed to retain this vacuum, others have a small quantity of
some gas admitted before they are sealed. The flow of electricity
through the vacuum or gas is an electronic flow. Every one of the.
remarkable accomplishments of electronics depends on electricity
leaving the metallic parts inside the tube and flowing through a
space in which there is a vacuum or a gas.

Electricity that does such ordinary things as lighting lamps
and driving motors remains within wires and other parts made of
metals. When electricity flows through metals the ways in which
we may modify that flow aye strictly limited. But just as soon as
we get electricity out of the solid metals and into the open space
inside a tube we may control its flow to permit many things other-
wise quite impossible. Here are only a few examples of what may
be done:
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The most minute forces will positively control other forces that
are thousands of times greater.

A beam of light, or even a change of color, will control the
operation of all manner of machines and manufacturing processes.

Electrical power equivalent to thousands of mechanical horse-
power can be automatically applied and withdrawn, regulated in
quantity, and controlled as to the exact instants and periods of
application.

Actions occurring tens of thousands of times a second may
be observed and measured as easily as though the parts were sta-
tionary.

We may see through inches of solid steel and through many
other substances that are impervious to all light and to ordinary
vision,

We may magnify objects so greatly that the sheet of paper on
which these words are printed would appear to be forty feet thick.

Tools and machines may be automatically protected against
breakage and costly delays in production, as is being done in Fig. 2.
Even more important, these who operate the machines are pro-
tected by untiring electronic guards against injury.

ELECTRONIC CONTROLS—The strictly electronic portions of
any apparatus are the tubes which control and modify electricity
passing through their evacuated or gas-filled spaces. But electronic
devices must include many things other than tubes. Electricity
must be brought to the tubes and carried away from them. Suit-
able electrical or mechanical connections must be made to the
machines and mechanisms which are to be controlled or operated.
Other connections must be made to whatever is to be the basis of
control and operation.

Many electronic installations might be compared to a man oper-
ating a punch press by pressing a foot treadle when he sees that
metal to be worked is correctly placed in the press. The operation
is directed by theé m.an’s brain, which, in an electronic control, is
replaced by a tube. When the work is correctly placed, the man’s
brain is so advised by his eyesight. The electronic brain, which is a
tube, would be informed through the ability of another tube, a
phototube, to exercise electronic sight. Then the man’s brain would
direct his foot to press the treadle on the press. In the electronic
installation the directing tube would actuate another power-con-
trolling tube which would operate the press.

To replace the human operator, with his eyesight, his brain,
and the force exerted by his foot, we use three electronic tubes—one
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to see, one to direct, and one to control an operating force. Most
electronic installations include more than one tube, and between
the various tubes there are suitable electrical connections. To under-
stand electronic devices we eventaully must understand a great deal
about electricity in general, but for the present we need know about
only three things; electrical pressure, electrical rate of flow, and
electrical power.

- Fig. 2. A pyramid type bending roll equipped with an electronic strain gage
thath.gives an alarm when the load exceeds the rated capacity of the
machine.

ELECTRICAL MEASUREMENTS—The electrical difference in
pressure that forces electricity to flow through wires and other
parts is measured in volts. Electrical pressures measured in volts
are comparable to water pressures measured in pounds per square
inch, the differences in water pressures that force water to flow
through pipes and other parts of a water system. Most of us
already are familiar with many voltage measurements, such as the
110 to 120 volts required to force electricity through incandescent
lamps, and the 6 volts of pressure employed in automobile starting
and lighting systems.

The rate of flow of electricity through wires and other parts is
measured in amperes. Electrical flow measured in amperes is com-
parable to water flow measured in gallons per minute. Both
measurements refer to quantities or volumes that pass during a
given time, neither has anything directly to do with speed. Either
water or electricity may flow in great quantities at low speed, as
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water in a river, or in small quantities at high speed, as water
from an atomizing nozzle. To light the common 60-watt incan-
descent lamp requires a rate of flow of about one-half ampere of
electricity. An electric flat iron requires a rate of flow of five to
ten amperes, an automobile headlamp bulb takes about three am-
peres, a one-horsepower electric motor takes about 13 amperes
when operating on a pressure of 110 volts.

Power furnished by electricity is measured in watts. Power of
any kind means merely a rate of doing work. The most familiar

Fig. 3. A time-delay electronic relay.

unit of power is the mechanical horsepower, which is roughly
equivalent to the rate at which work can be done continuously by a
horse. The average man can work continuously at a rate equiva-
lent to about one-seventh horsepower, or at a rate equivalent to
about 100 watts of electric power. This means that you would have
all the work you cared to do continuously were you to produce the
power needed to keep a 100-watt lamp lighted to full brilliancy.

If we keep in mind approximate ideas of the values of elec-
trical units, and if we remember that volts measure differences in
electrical pressure, that amperes measure electrical rate of flow,
and that watts measure electrical power, then we may talk quite
intelligently about electricity.

WHAT ELECTRONIC TUBES WILL DO—Electronic tubes will
do any one of five things. They will (1) amplify, (2) control,
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(3) convert, (4) generate, or (5) indicate. Let’s look intc the
meanings of each of these five functions.

1. Tubes will amplify or strengthen weak electrical impulses,
or, more correcfly, will strengthen changes of voltage, until the
resulting changes will control still larger tubes or until they will
perform certain kinds of work directly.

et &
R S g
Do T
e A )

er Fhatnd Yo

Fig. 4. Resistance welding machines which are automatically operated by
electronic controls mounted in the cabinets near the machines.

Amplifying tubes or amplifiers are frequently mounted in
units such as shown in Fig. 3. Here the tube is in the center, a
control knob at its right, and a magnetic relay or switch at its left.
This particular electronic device is a “time-delay relay” by means
of which a motor may be started or stopped, or any other electrical
device operated, at a definite time after something else happens.
The time interval is adjustable by means of the knob.

2. Tubes will control electric power for the operation of
motors, lamps, switches, and other electrical apparatus, power for
manufacturing aluminum and other metals, for operating steel
rolling mills, for driving electric locomotives, and for industrial
processes such as automatic welding.

A typical welding installation is illustrated by Fig. 4. At the
extreme right is a seam welder that uses the electrical equivalent
of 270 horsepower. In the center is a spot welder using the equiva-
lent of 100 horsepower. Electronic control tubes in cabinets near

\
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the machines start, stop, time and regulate the power after the
operator presses a button to begin the weld.

3. Tubes will convert alternating-current power into direct-
current power. Such tubes are called rectifiers. Alternating-current
electricity flows first in one direction and
then in the opposite direction, commonly
going through 60 complete changes or
“cycles” every second. This is the kind
of electricity delivered in most localities
through the lighting and power lines to
factories and other establishments. Gen-
crating stations and power transmission
lines produce and carry alternating cur-
rent, but for many industrial processes
it is necessary to have direct current,
which flows always in the one direction
without any reversals. Fig. 5 illustrates
a cabinet in which are four rectifiers for
changing high-voltage alternating cur-
rent into high-voltage direct current.

Tubes also will convert direct current
into alternating current wherever the
power supply is direct current and where . s
alternating current is required. Tubes Fig. t?fie,}ilﬂ‘i;,zl::tg svmch

working in this manner are called may be used in many
q industrial processes.
inverters.

4. Tubes will generate around the outside of the tubes or
around wires and other metals connected to the tubes forms of
energy that produce uniform heating simultaneously throughout a
substance, that permit detection of intruders, that allow examina-
tion or photography of structures for detection of internal flaws,
that kill harmful bacteria in foods and medicines, that automatically
bring elevators to correct levels, and that serve many other equally
useful purposes.

The machine illustrated in Fig. 6 employs electronically gen-
erated heat to smooth out a coating of tin only a few millionths of
an inch thick on steel sheets. This process of tin plating saves as
much as two-thirds of the tin formerly required to produce uniform
coating.

5. Tubes will indicate, and, as shown by Fig. 7, make clearly
visible in luminous lines and curves the rise and fall of forces such
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as those acting in a gun barrel during discharge, the electrical
pressures that produce a spark, machine vibrations as small as one
twenty-five thousandths of an inch, and many other things that
happen in the briefest instants of time.

Fig. 6. Flowing a layer of tin into a smooth and
unifermly distributed coating on steel plate by
means of heat generated by high-frequency elec-
tromic tubes.

TYPES OF INDUSTRIAL TUBES—We have listed the functions
of electronic tubes as amplifying, controlling, converting, generat-
ing, and indicating. Each of these functions may be performed by
any one of several kinds of tubes, and often a single type of tube
will perform different functions, depending on how it is connected
to other parts of the apparatus. We shall classify the different
types of tubes according to their primary purpose, as amplifiers,

control tubes, converters, generators, and indicators.
L]
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AMPLIFIERS—Industrial types of amplifying tubes operate on
exactly the same principles as tubes used in radios for increasing
the strength of the weak signals coming in from the antenna until
they are strong enough to produce sound at the loud speaker. The
industrial amplifiers not only operate like radio tubes, but in many
cases radio types of tubes are used in industrial apparatus.

Fig. 7. Actions occurring during the briefest in-
gtants of time are made clearly visible through
linbes and curves on the screen of a cathode-ray
tube.

Amplifiers include the types called triodes, tetrodes, and pen-
todes. A triode is so called because it contains three parts or three
elements that are active in permitting flow of electricity through
the evacuated space and in regulating this flow. Tetrodes have four
such elements. They often are called screen grid tubes. Pentodes
have five active elements.

Amplifiers especially designed for industrial work are called
pliotrons. Pliotrons usually have either three or four active ele-
ments. Strictly speaking, the pliotron class of industrial tubes
includes also five-element types or pentodes. All pliotrons have a
vacuum inside their bulbs, none of them contain gas. Fig. 8 shows a
three-element pliotron, a triode, which is designed to operate with
voltages and rates of flow similar to those used for large “power
tubes” in many radios.

CONTROL TUBES—Industrial types of control tubes differ
materially from radio tubes, both in operating principles and con-
struction. Three types of tubes in the control group are actuated
by small changes of electrical pressure or voltage applied to one of
the elements of the tube. These small control impulses regulate the
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times during which large amounts of electricity are allowed to pass
through the tube, and regulate also the total quantity of power. The
three types of voltage actuated control tubes include thyratrons,
grid-glow tubes, and ignitrons. All three contain gases or the vapor
of mercury.

4
G
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Fig. 8. A pliotron which will
operate as an oscillator or as
an amplifier.

Fig. 9. A thyratron, the most gen-
erally adaptable industrial con-
trol tube.

A typical small thyratron is illustrated in Fig. 9. This particu-
lar tube will control electrical pressures as high as 2,500 volts, will
easily control a one-horsepower electric motor continuously, and
will handle peak powers equivalent to five or six horsepower. As we
shall learn, thyratrons are the most commonly used and generally
adaptable industrial control tubes.

Grid-glow tubes operate quite similarly to thyratrons, but
have no internal element that must be kept heated, as is the case
with the thyratron. Grid-glow tubes are a type of “cold-cathode”
tube. :

Fig. 10 shows an ignitron such as used for automatic control of
welding machines. This tube, which is of medium size as ignitrons
go, will regularly operate at a pressure of 600 volts while controlling
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a flow of 75 amperes. When working at maximum capacity for
short periods this ignitron will handle nearly twice as much power.

Ignitrons are the control tubes used in electrochemical indus-
tries, in steel mills, and in electric railroad service, where single
groups of ignitrons may handle nearly 4,000,000 watts of power
at pressures as high as 3,000 volts.
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Fig. 10. An ignitron, the type of Fig. 11. A phototube which trans-
tube that will control great lates changes of light and color
quantities of electric power. into corresponding changes of

electrical pressure.

Another control tube, called a glow tube, will automatically
maintain a nearly constant electrical pressure in electronic ap-
paratus while the rate of flow of electricity varies in a ratio as
great as eight to one. Ordinarily, when the rate of flow of elec-
tricity increases, the difference in pressure that maintains the flow
will drop off—just as in a water system. Yet a glow tube permits

the flow to vary through a wide range with scarcely any change in
pressure.
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Still another electronic tube used for control purposes is the
phototube, undoubtedly the type most often associated in the popu-
lar mind with electronic controls. Phototubes translate changes of
light and color into changes of voltage. These voltage changes then
‘are applied to amplifier tubes or to control tubes such as thyratrons
and grid-glow tubes.

Fig. 12. Phototube controls insure correct registering of successive colors
on a multi-color printing press running at high speed.

The possible applications of photetubes for control purposes
are almost as extensive as the number of things you might do with
your own hands while being guided by your sight. Anything that
you can see as changes of light or color may be seen thus by the
phototube, and the tube sees many things that are hidden from
mortal sight. Almost anything you can do with your hands can be
done by electrical devices controlled by the phototube. Therefore the
phototube, in combination with amplifiers or other electronic tubes,
is at least the equivalent of your sight and your muscular ability
combined. '

A phototube, of which one style is shown in Fig. 11, is of the
simplest construction. There are only two internal elements, one to

* release electricity in quantities determined by the amount of light
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reaching that element, and another to colleet the electricity for
delivery into the control circuits. .

When combined with other electronic apparatus these simple
phototubes will maintain the relative positions of cylinders on a
multi-color printing press so that the misalignment of successively
applied colors is less than one five-thousandth of ar inch. Such an
application is illustrated in Fig. 12.

Fig. 13. Electronic equipment that detects the most minufe holes in tin
plate and automatically marks the sheet for rejection.

Fig. 13 shows phototubes arranged to detect the presence of
holes as small as 1/100 inch in diameter in tin plate running
through the rolls at hundreds of feet a minute. By means of ampli-
fiers and control tubes the impulses from these phototubes are
made to mark defective sections of plate so that they may be re-
jected later on.

In Fig. 14 a phototube is watching the smoke rising through a
stack, and connected electronic apparatus is making a written rec-
ord of the density of smoke that occurs throughout the day and
night. This, and other applications just mentioned, are only a few
of literally hundreds of phototube applications in everday use.

CONVERTERS—There are two classes of converters. Tubes in one
class change alternating current to direct current. These are called
rectifiers. In the other class are tubes that change direct current to
alternating current, these being called inverters.
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There are two types of industrial rectifiers. One type is called
the kenotron. It is a vacuum tube, containing no gas. Kenotrons
are capable of operating at very high voltages, some of them
handling pressures as high as 150,000 volts, but they are designed
to carry only small electrical flows. Fig. 15 is a picture of a kenotron
that will handle a peak of 100,000 volts with a rate of flow of three-
tenths of an ampere.

Fig. 14, A smoke density recorder making a written
record of the amount of smoke rising through
a large stack.

The othier type of rectifier is called a phanotron. It is a gas-
filled tube capable of carrying currents many times as large as
those handled by kenotrons, but the peak operating pressures are
only a few thousand volts. The phanotron of Fig. 16 will handle
pressures up to 1,000 volts, average currents of 215 amperes, and
peak currents as great as 15 amperes.

When we wish to change direct current to alternating current
we may use either a thyratron or an ignitron with electrical
connections that allow the tube to act as an inverter. Since most of
our present-day generation and distribution of electric power is in
the form of alternating current there is but infrequent need to
produce alternating current from a direct-current supply.

GENERATORS—There are three general classes of generators.
In one class are tubes used for generation of high-frequency electric
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power, in another class are tubes that produce certain forms of
radiant energy, and in a third class are tubes that produce visible
light.

By high-frequency electric power we mean power produced by
alternating current electricity that reverses its direction tens of
thousands of times or even millions of times every second instead of
only 60 times a second as in the usual power and lighting lines.
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Fig. 15. A kenotron rectifier which Fig. 16. A phanotron rectifier
will operate at electrical pres- which changes large quantities
sures as high as 100,000 volts. of alternating current into di-

rect current.

The behavior of high-frequency alternating current is so different
from that of low-frequency power line current that there is a whole
class of high-frequency industrial applications.

Tubes used to produce high-frequency currents are called oscil-
lators. Most of the industrial oscillators are pliotrons, the type of
tube used also for amplifying. There is another type of oscillator
tube, called a magnetron, which makes use of magnetism in con-
trolling flow of electricity within the tube.

The difference between an inverter and an oscillator, both of
which produce alternating currents, is that the inverter produces
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frequencies comparable to those from power lines, such as 60, 50
or 25 “cycles” per second, while oscillators produce frequencies
that seldom are less than 10,000 cycles per second.

High-frequency power from the oscillator apparatus back of
the work bench in Fig. 17 is producing uniform heat for soldering.
High-frequency heating is employed also for forging, brazing and
hardening of metals, for bonding of plywood parts in the one-hun-

Fig. 17. A 5,000-watt oscillator heing used for soldering crystal shélls,

dredth part of the time formerly needed, for kiliing insect larvae
without harming the substances in which they are deposited, and
for innumerable other purposes where heat must be produced inside
a material without raising the outside to a high temperature.

High-frequency heating is only one of the uses for oscillators.
In other fields they make possible such things as burglar alarms,
counters and timers for produetion units or highway traffic, auto-
matic testing of continuous seam welds, detecting the presence of
metal in the pockets of anyone passing through a gate, opening
doors at the approach of someone wising to pass through, and a
long list of other purposes.

In the class of generators that emit radiant energy we have
X-ray tubes and ultra-violet lamps. Radiant energy, it might be
mentioned, includes light, heat and anything which may be emitted
from a body and transmitted or radiated through space around the
body.
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The X-ray tube emits X-rays that will pass through steel, wood,
plastics and other substances that are entirely opaque so far as
human sight is concerned, and on the far side of such substances
will produce a visible image on a suitable sereen or will produce a
photographic image.

Fig. 18 shows the ‘““internal structure” of a man and his razor
as made visible with X-rays. The same principles that made this
interesting picture permit such practical things as the location of
flaws within castings, forgings, molded plastic products, fibres,
porcelains, enamels, cements and paints. X-rays will show whether
the core of a golf ball is centered, whether the flux coating is uni-
formly applied to welding rods, whether insulation is correctly
placed on wires, and will do dozens of other useful things.

Ultra-violet lamps emit rays that have shorter wavelengths
than the shortest in visible light, and which will kill or prevent
the growth of harmful bacteria.

INDICATORS—There are two types of indicator tubes, the cathode-
ray tube which is widely used in industrial applications, and the
target tube which is common
in radios but infrequently used
for industrial work.

In the cathode-ray a beam
of electricity actually is focused
to a small point much as a
beam of light is focused to a
point with lénses. The beam of
electricity then is deflected in
various directions by applica-
tion of voltages, much as the
light beam might be deflected
by mirrors. The external ap-
pearance and internal structure
of a cathode ray tube are illus-
trated in Fig. 19.

The voltages that deflect
the beam in the cathode-ray
tube are obtained directly from
any parts in which instantan- Fig. 18. An X-ray picture of a man
eous changes of voltage or cur- shaving with an electric razor.
rent flow are to be measured
and made visible, or are obtained indirectly through other electrical
apparatus when it is desired to observe such things as vibration,




18 ELECTRONICS

- rapid bending due to applied forces, or anything else which is not
primarily electrical in nature. The moving beam traces a visible
pattern on the flattened end of the cathode-ray tube, which is
coated with materials that become luminous under the action of
the electric beam.
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Fig. 19. The construction of a cathode-ray tube, showing
the beam deflecting plates and the flattened end
of the tube on which is the screen for luminous
tracings.

The target tube is a type used to indicate whether a radio is
correctly tuned to an incoming signal or is mistuned. In this tube a
heam of electricity is made to cast a shadow which, by its shape and
~xtent, indicates the strength of a voltage applied to the tube.

A CLASSIFICATION OF TUBES AND THEIR USES—Now we
have completed a brief preliminary outline of the functions of the
various kinds of electronic tubes used in industry, and have become
acquainted with the names of these tubes. It will be well to stop
'ong enough to make a tabulated listing of industrial tubes and their



ELECTRONIC TUBES AND THEIR WORK 19

principal uses, a listing which will act as a kind of map of the ﬁeld
that we are entering.

INDUSTRIAL TUBES AND THEIR FUNCTIONS

PRINCIPAL NAMES OF TUBE TUBE
FUNCTION TUBES USED SPACE CLASSIFICATIONS
Pliotron (triode) Vacuum
AMPLIFY (tedrode) Vacuum } Voltage actuated
(pentode) Vacuum
Thyratron Gas
Grid-glow Gas Voltage actuated
Ignitron Gas
CONTROL Glow tube Gas Voltage regulating
Vacuum .
Phototube or gas } Light actuated
Kenotron Vacuum .
Phanotron Gas Rectifiers
CONVERT ’Ilg};nition gas
‘hyratron as tara
Ignitron Gas } Inverters
Pliotron Vacuum :
Magnetron Vacuum | Oscillators
GENERATE . -
-ray acuum :
Ultra-violet Vacuum Radiators
Cathode-ray Vacuum .
INDICATE Target VTt Electric beam

When we speak of a tube space as containing gas, we mean
that it actually contains some true gas such as argon or nreon, or
else that it contains the vapor of mercury which may return to
the liquid condition when the tube is cold, and which again evapo-
rates into the tube space when the tube is heated and ready for
normal operation.
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Compact, efficient electronic rectifier in which alternating current is con-
verted into direct current. Thousands of these rectifiers are already in
use in industrial plants all over the country.
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Chapter 2
THE FOUNDATIONS OF ELECTRONICS

What Is Electricity? — Atoms and Electrons — Positive and Negative

Bodies — Attraction and Repulsion — Electronic Flow — FElectronic

Circuit — Electronic Pumps, Energy Sources — Work and Energy —

Electric Potentials — Electric Circuit and Water Circuit — Measuring

Electricity — Measuring Electrical Forces — Electric Charges — Con-

ductors, Resistors and Insulators—Resistance and Heat — Electric Power
— Electron Flow and Current Flow.

The industrial miracles performed by electronics are made
possible by the ease with which we control electricity in the open
spaces inside of thyratrons, ignitrons and all the other types of
tubes. Because of what this control enables tubes to accomplish they
are well named the brains of our electronic devices.

However, a brain all by itself isn’t much good—whether it is
electronic or human. To provide the impressions which guide our
human brain it is connected to a network of nerves which utilize
the senses of sight, hearing, touch, smell, and taste; and the orders
issued by our brain are transmitted through other nerves to
muscles that carry out the orders.

Electronic nerves are the wires and other “conductors” that
connect together all the parts of electronic apparatus. The elec-
tronic brain, a tube, must be connected with whatever is to deter-
mine the kind of control or measurement, and must be connected
also with devices in which control, measurement, production or
protection are made effective. Without all these connections even
the most highly developed tube would be useless.

No one yet knows just what takes place in a nerve when it
transmits an impression to our brain, or carries an order away from
the brain. But in electronics we are much better off—we know
exactly what happens, how it happens, and why it happens, in
every part of our apparatus. Everything that happens is due to
the action of electricity, and when we understand how electricity
behaves we have the foundation for most of our practical work in
industrial electronics. 3

Just as an expert machinist must understand the behavior of
metals, ag a plumber must understand the behavior of water, and a
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carpenter the behavior of wood, so must the “electronic technician”
understand the behavior of electricity, for it is with electricity that
he works.

'The machinist has measures for strengths, hardness and other
properties of metals. The plumber measures quantities, pressures
and rates of flow of water. The carpenter measures lengths, widths
and shapes of lumber. The electronic technician measures quan-
tities, rates of flow, pressures and other qualities of electricity.

Fig. 20. Tubes operate in an electronic “nervous system” of wires and con-
nections. Photograph of an electronic pyrometer for temperature control
of an electrieal cement kiln.

It is impossible even to talk intelligently about electricity and
electronics, let alone doing any useful work in this field, without
-understanding electrical and electronic measurements and the units
in which they are made. Houses have been built by so-called car-
penters whose measurements are made by “the length of a hammer
handle and a little bit over”. Electrical installations have been
made by self-styled experts of similar caliber, but noething need be
said about the results.

We are going to get acquainted with electricity; with what it
is, how it acts, why it acts that way, and, most important of all,
with how we measure its performance. On such a foundation we
shall commence building your ability to adapt electronic methods to

, any situation.
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WHAT IS ELECTRICITY ?—First of all we must get acquainted
with electricity itself. In an electrical dictionary written fifty years
ago there is this definition: “Electricity.—The unknown thing,
matter or force, or both, which is the cause of electric phenomena.”
Fortunately, electricity no longer is an unknown thing. We know
that electricity consists of particles, some of which may be made to
move about and do work. We know the size of these particles, we
know their mass, and we know how many of them must be moved
to do any given amount of work.
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Fig. 21. It is with diagréms like this that we shall show the connections
leading to and from electronic tubes. In this diagram are a phototube
and two amplifiers.

There is electricity in every gas, every liquid, and every solid
substance we know. All these substances are made up of different
kinds of atoms in various combinations. Each atom consists of a
central part, called the nucleus, around which, as Fig. 22, whirl
anywhere from cne to 92 electrons, the number of electrons depend-
ing on the kind of atom. Electrons whirl around their nucleus as
the moon rotates around the earth, and as the earth and the other
planets rotate around the sun.

An atom is small. It would take 250,000,000 atoms laid side by
side in a row to extend one inch. Yet the central nucleus of the-
inconceivably small atom occupies only one ten-thousandth of the
diameter of the atom, and an electron is only about one-fifth the
diameter of the nucleus.
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If you could magnify an atom until one of its electrons became
the size of a baseball, you would see the baseball traveling around
a path nearly two and one-half miles in diameter, at the center of
which would be a nucleus the size of a football.

The only parts of the nucleus that interest us now are called
protons, which are particles of positive electricity. We are much
more interested in the electrons, which are particles of negative
electricity. Our greater interest in the electrons arises from the
fact that they can be separated from their atoms, and can be moved
about and controlled. Electrons are the electricity with which we
do things. .

CARBON. ALUMINUM.

NucLEUS.

SR
LN
S

.Il " °
SHELLS IN WHICH
ELECTRONS ROTATE.

Fig. 22. At the left is represented an atom of carbon with its central nucleus,
around which rotate two electrons in an inner “shell,” and four more
in an outer shell. At the right is a simplified diagram of an aluminum
atom having three shells in which are respectively two, eight and three
electrons, making 13 electrons in all.

Positive and negative electricity, that is, protons and electrons,
have a strong attraction for each other. It is this attraction be-
tween the positive protons and the negative electrons that holds
the atom together. It is a similar attractive force that prevents
the earth and the other planets from flying off their orbits around
the sun, and that keeps our solar system together.

ATOMS AND ELECTRONS—Now let’s talk about a familiar sub-
stance—aluminum. In each atom of aluminum there are 13 negative
electrons whirling around the positive nucleus. The attraction
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between these 13 particles of negative electricity and the positive
protons in the nucleus is sufficient to hold the negative electrons in
the atom under normal conditions. The positive force in the nucleus
is equal to the negative forces of the 18 electrons, as has been indi-
cated in Fig. 23.

In the atoms of aluminum and of many other substances one
of the negative electrons farthest from the nucelus frequently
breaks away from the atom to become a free electron. Ordinarily
these free electrons almost immediately enter other atoms which
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I'ig. 23. The positive forces in the Ilig. 24. The aluminum atom has
nucleus, represented by plus lost one electron from its outer-
(+) signs, exactly balance the most shell, leaving the atom
negative forces of all the elec- positive while the electron be-
trons, represented by minus (—) comes a free particle of nega-
signs. tive electricity.

have lost an electron, because of the attraction between the positive
electricity in the atoms and the negative electricity of the free
electrons. This matter of atoms losing and regaining electrons will
bear a little more investigation.

Assume that an aluminum atom has lost one of its negative
electrons, as in Fig. 24. That free electron now is wholly negative,
it is a wandering particle of negative electricity. The nucleus of
the atom still has just as much positive electricity as ever, it still
has enough positive electricity to attract and hold 13 negative elec-
trons, but actually there are only 12 electrons remaining in the
atom.

This atom which has lost an electron contains more positive
electricity than negative electricity. It has positive force to spare,



26 ELECTRONICS

so we may call it a positive atom. This positive atom has strong
attraction for any free negative electrons in its vicinity, and that
is the reason that roaming free electrons are continually re-entering
the atoms.

POSITIVE AND NEGATIVE BODIES—Now let’s consider a whole
piece of aluminum instead of just an atom, and let’s assume that
the total number of negative electrons (both in the atoms and free)
is exactly the same as the number that would be in all the atoms
were each atom complete. Then all the negative electricity in the
piece of aluminum is exactly balanced by all the positive electricity,
and the body as a whole is electrically neutral—meaning that it has
neither an excess nor a deficiency of negative electricity. Such a
condition is represented in Fig. 25.

LﬁTT’ |/ OQQQQQ—l EREEEERRE
PIODDROD A P PO DS PROEOODE
NEUTRLL NESATIVE. PosiTive.

IYig. 25. In a neutral body the positive and negative forces are balanced in
a negative body there is an excess of negative electricity; and in a posmve
hody there is a deficiency of negative electricity.

In the actual operation of electronic apparatus we frequently
force into a body more negative electrons than can be balanced by
the positive forces in the atoms of that body. Then the body as a
whole has an excess of electrons, which are negative electricity, and
that body as a whole has been made negative.

At other times we remove many of the free negativs electrons
from a body. Then that body has too little negative electricity to be
balanced by its positive electricity in the atoms. When there is
this kind of a deficiency of negative electricity there remains an
excess of positive electricity, so the body as a whole has become
positive.

Whether a body is electrically neutral, is negative or is positive
depends entirely on the relation between the number of negative
electrons actually in that body, and the number that would be
there were the positive and negative forces in exact balance. The
electrical condition depends entirely on the quantity of negative
electrons or negative electricity, because it is only negative elec-
tricity that can be separated from the atoms. The positive elec-
tricity remains fixed within the atoms and remains fixed within
the body of the substance.
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Just as a preview, one of the most important methods of con-
trolling the flow of electricity in gases is by forcibly knocking extra
electrons out of the gas atoms, so that we may have more free
electrons than normally would exist. The additional free electrons
thus produced in certain types of tubes make it possible to save
great quantities of power otherwise required just for operating
the tubes.

An even more important and widely used method of control
is obtained by taking advantage of the attraction and repulsion of
positive and negative bodies for electrons traveling in their vicinity.

- ATTRACTION AND REPULSION-—Nearly 2,500 years ago a
Greek philosopher made note of the fact that when he rubbed a
piece of amber with his dry hand the amber would attract small
pieces of straw and other light objects. Two thousand years later
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Fig. 26. Positive and negative bodies attract each other. Negative and
negative, or positive and positive, repel.

it was discovered that many substances would either attract or
repel other substances when rubbed together. Progress was slow
in those days.

When things like amber, sealing wax and hard rubber are
rubbed with your hand or with pieces of cotton, silk and wool,
electrons are rubbed off the cloth or your hand and onto the
substances rubbed. The cloth or your hand loses negative electrons
and thus becomes electrically positive, while the substances rubbed
gain electrons and become electrically negative.

When one body is electrically positive and another is elec-
trically negative, they attract each other as shown in Fig. 26.
This force of attraction is the same force that exists between posi-
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tive protons and negative electrons in atoms. In electronic tubes
we employ this force to attract negative electricity (electrons) to
bodies that are electrically positive.

If two bodies are both electrically negative, if both have an
excess of negative electricity or electrons, they not only fail to
attract but actually repel each other. This effect is used in elec-
tronic tubes to hold back the flow of negative electricity or electrons
by placing in their path a body that is electrically negative.

It is true also that two bodies which are electrically positive
will repel each other, but this repelling effect is used less often in
electronic apparatus than is repulsion between two negative bodies.
The reason is that nearly all our controls are designed to affect the
flow of electrons, and electrons are negative.

THE ELECTRON FLOW—By far the greater part of work done
in electronic apparatus is done by electrons that are in motion. Elec-
trons that stand still, or that merely circulate among the atoms
in a substance, are only as useful as water that stands still or that
eddies around in a reservoir. If the water is to do work, such
as turning a water wheel or a turbine that furnishes power, the
water must move. To get electrons te do work such as lighting
a lamp or running a motor the free electrons must move out of their
circular or random paths.

To move free electrons and keep them in motion there are two
things we must do:

1. We must have a continual supply of electrons.

2. We must have a force capable of moving them and of keep-
ing them moving.

In any substances, like copper wire, that ordinarily are used
to carry moving electrons from place to place there are free elec-
trons that can be moved. But the entire supply of free electrons
in any substance would be exhausted before we obtained movement
of enough of them to do much work.

The problem of moving the free electrons might be solved
by providing a positive body that will attract these particles of
negative electricity, and another negative body that will repel
them at the same time. But here again we run into difficulties.
The positive body quickly would gain so many negative electrons
that all its excess positive force would be balanced, the body would
become neutral and would have no further attraction. Also, the
negative body that repels electrons because it has an excess of
electrons soon would lose this excess, would become neutral,
and would have no further repulsion.
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We must do two things: .

1. Overcome the lack of free electrons by providing a con-
tinual and ample supply.

2. Maintain the positive body in its positive condition, and
the negative body in its negative condition, even while they con-
tinually gain and lose electrons.

We shall overcome the lack of free electrons by arranging
all the connections between parts of our electronic apparatus
to form electronic circuits. We shall maintain the positive and
negative conditions of the bodies that provide attraction and re-
pulsion by inserting in our circuits one or more electronic pumps.
You have been in the habit of calling electronic pumps by the
more common names of batteries, generators, and thermocouples.
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Fig. 27. The water circuit and the electronic circuit.

THE ELECTRONIC CIRCUIT—In Fig. 27 we have a water circuit
and an electronic circuit. A water circuit means a complete path
through which the same water may travel around and around
continually. An electronic circuit means a complete path in which
the same electrons may continue to circulate, coming in at one
end as fast as they leave the other end, so that the circuit always
remains full of free electrons.

Electrons or negative electricity in motion form what is called
the electronic flow, just as water moving in a river or elsewhere
is called a water flow.

ELECTRONIC PUMPS—CURRENT SOURCES—We started out
by calling batteries, generators and thermocouples electronic pumps.
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However, we shall not continue to use this name because it is
not generally used by those in the electronic and electrical fields.
Instead of calling these devices electronic pumps we shall hereafter
use the more common term energy source. Batteries, generators
and thermocouples really are sources of electronic flow, because
it is in them that electrons or electricity are caused to move and
thus to form a flow of electrons.

Every source of electrical energy produces within it a
difference in electrical pressure that, inside the source, moves
electrons from the positive terminal to the negative terminal as
in Fig. 27. Thus is created a deficiency of electrons at the posi-
tive terminal and an excess at the negative terminal of the source.
The force that moves electrons through energy sources is called
electromotive force, a name which commonly is abbreviated to emf.
The abbreviation is pronounced by naming its three letters in
succession.

WORK AND ENERGY-—It takes work to move electrons out of
their normal paths. Work, in the technical sense, means the over-
coming of some opposing force, and always implies the move-
ment of a body against a force that opposes the movement. Work
must be done to move electrons because it is necessary to over-
come the forces of attraction in the atoms through which elec-
trons move. The attractive force in the atoms must be overcome
in order that electrons may be pulled away from their atoms and
kept from rejoining other atoms.

Anything which has the ability to do work is said to possess
energy. Energy is the ability to do work, or the capacity for
doing work. There are many kinds of energy. You possess muscular
energy that enables you to do work of many kinds. Electrons or
electricity in motion possess electrical energy, which enables the
electricity to do many kinds of work. Chemicals in a battery
possess chemical energy, which is changed by the battery into
the energy of moving electricity. The sole purpose of energy
sources such as those of Fig/ 28 is to change some other kind
of energy into the energy possessed by electricity in motion.

An electric generator or dynamo changes the mechanical
energy of motion into the energy of moving electricity or into
the energy of moving electrons. A thermocouple is a device that
changes the energy of heat directly into the energy of moving
electricity. The thermocouple consists of two unlike metals joined
together in a loop or an electric circuit. When one of the junc-
tions between the metals is maintained at a temperature higher
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than that of the other junction, the thermocouple translates heat
energy into electromotive force that will move electricity.

ELECTRIC POTENTIALS AND THEIR MEASUREMENT—Our
future studies in electronics will be made much easier if we make
sure, here in the beginning, that we have a clear understanding
of the force that causes flow of free electrons, and of how this
force is measured. Such an understanding will be more easily
gained if we first discuss the behavior of water, and then com-
pare the behavior of electrons with that of water.

In Fig. 29 are two tanks partially filled with water and con-
nected together through a pipe. In diagram A the water levels
are the same in the two tanks, so there will be no tendency for
water to flow from one tank to the other. In diagram B the left-
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Fig. 28. Energy sources act like electronic pumps; changing chemical energy,
mechanical energy, or heat energy into electronic energy.

hand tank has been raised slightly higher than the right-hand
tank. Now water flows from the higher tank to the lower one.
In diagram C the left-hand tank has been raised much higher
than before. This causes water to flow from the higher to the
lower tank at a greatly increased rate. The higher is the water
level in one tank with reference to the level in the other tank
the greater will be the rate at which water flows from the higher
to the lower tank.

Whether the tanks and their pipe of Fig. 29 were in the base-
ment or on the roof would have no effect on the rates of water
flow between the tanks for any given differences between levels of
the tanks. The rate of flow between tanks depends only on how
much one tank is elevated above the other, and not at all on
how far both tanks are above ground level,
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With a connecting pipe of given kind, diameter, and length
between the two tanks, the rate at which water flows from one
tank to the other depends on the difference between the levels
of water in the two tanks. The difference between the water

Fig. 29. The rate of water flow between two tanks
depends on the relative levels of water in the tanks.

levels, specified in inches or feet, is a measure of the force that
causes water to flow from the higher to the lower level.

Now we may examine the somewhat more elaborate water
system illustrated in Fig. 80. Here we have a pump that elevates
water from one tank to another, while the water flows back to
the first tank through an inclined pipe. It is plain that the rate
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of water flow from upper to lower tank in diagram A will be greater
than the rate in diagram B. The reason is that there is a greater
difference between water levels in diagram A. Always it is the dif-
ference between levels that determines the rate of flow.

The pump of Fig. 80 must force water from the lower tank
into the upper one at the same rate that water flows from the upper
tank to the lower one in order that a supply of water may be main-
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Fig. 30. It is the difference between water levels that
detell;mines the rate of water flow from one level to
another.

tained at all points in the water circuit. The pump must continually
raise water through the same distance that it falls back through
the inclined pipe. In so doing, the pump provides the force that
causes water to flow downward through the inclined pipe, because
the pump maintains the difference between water levels that is
necessary to cause water flow.

The lowest level in the water system may be called the refer-
ence point, as in Fig. 80, because it is with reference to this level
that the height of all other levels may be measured. In some cases
it may be more convenient to consider the pump as our reference
point; then measuring the level in the lower tank as a certain dis-
tance below the reference point, and the level in the upper tank as
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a certain distance above the reference point. As a matter of fact,
we might- take any level for our reference point, and measure all
other levels as being above or below our chosen reference point.

In Fig. 29, also in Fig. 30, we may measure the difference in
levels by any convenient unit of length, such as inches or feet. In
any given water circuit, if there is a certain rate of flow in gallons
per minute with a level difference of two feet there will be twice
the flow in gallons per minute with a difference of four feet, and half
the flow in gallons per minute with a difference of one foot. The
rate of flow depends on the difference between upper and lower
levels, or on how much the upper level is above the lower one when
we take the lower one for our reference point.

THE ELECTRIC CIRCUIT AND THE WATER CIRCUIT—In Fig.
31 is an electric circuit which we may compare with the water
circuit of Fig. 30. Instead of a flow of water we now have a flow
of electrons. Instead of speaking of water levels and of differ-
ences between levels, we now speak of electric potentials and of
differences between potentials. Instead of a water pump for mov-
ing water from one level to another, we now have an electric battery
for moving electrons from one potential to another. The word
potential used in electronics has a meaning almost identical with
the word level used in hydraulics.

_ The point in an electric circuit at which there is the greatest
deficiency of electrons sometimes is considered as the reference
point, from which we may measure differences of potential to any
other points in the circuit. In a battery or other source the great-
est deficiency of electrons is at the positive terminal, so this terminal
would be our reference point and all other points.would be more
negative. If more convenient we might take any other point in the
circuit for the reference point, and measure the potentials of all
other points in the circuit as being a certain number of volts more
positive or more negative in potential than this chosen reference
point.

In diagram A of Fig. 31 the battery is in a position correspond-
ing to that of the pump in Fig. 80; with the reference point at
the bottom, with electron flow upward through the battery and
" downward through the portion of the circuit that is outside the
battery. A water system must be shown with water being lifted
against gravity and flowing downward with gravity, because the
force of gravity acts only in an up-and-down direction. But the
parts of the electric circuit may be placed in any positions, as in
diagrams B and C, and still the electron flow will be from the posi-
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tive to the negative terminals inside the battery or other energy
source and from negative to positive outside of the source.

In a water circuit we measure differences between levels in
such units as inches or feet. It is the number of inches or feet
of difference between levels that determines the rate of water
flow in a given water system. In the electric circuit we measure
differences between potentials in the unit called a volt. It is the
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Fig. 31. An electric circuit in which rates of electron
flow vary with differences of potential, just as rates
of water flow vary with differences of water level
in a water circuit.

number of volts difference between the potentials at two points in
a circuit that determines the rate of electron flow between these
points. If one battery provides a potential difference of six volts,
and another one provides a difference of three volts, the rate of
flow through a given external circuit will be twice as great with
the six volts as with the three volts of potential difference.

In the following side-by-side paragraphs are repeated some
of the more important statements from our discussion of the



36 ELECTRONICS

water systems, together with statements in which the “water
words” are changed to the equivalent “electronic words.”

Water Circuits

_ If water levels are the same
in two tanks there will be no
flow of water from one tank to
the other.

The higher is the water level
in one tank with reference to
the level in the other tank, the
greater will be the rate at which
water flows from the higher to
the lower tank.

The difference between two
water levels, specified in inches
or feet, is a measure of the force
that causes water to flow be-
tween the levels.

The pump must force water
from the lower tank into the
upper one at the same rate that
water flows from the upper
tank to the lower one in order
that a supply of water may be
maintained at all points in the
water circuit.

The pump maintains the dif-
ference between water levels
that is necessary to cause water
flow.

In any given water circuit, if
there is a certain rate of flow
in gallons per minute with a
level difference of two feet,
there will be twice the flow in
gallons per minute with a differ-
ence of four feet, and half the
flow in gallons per minute with
a difference of one foot.

Electronic Circuits

If electric potentials are the
same at two points there will be
no flow of electrons from one
point to the other.

The higher is the potential at
one point with reference to the
potential at another point, the
greater will be the rate at which
electrons flow from the higher to
the lower potential.

The difference between two
potentials, specified in volts, is
a measure of the force that
causes electrons to flow between
the points.

The battery or other energy
source must force electrons
through itself at the same rate
that electrons flow through the
parts of the circuit outside the
source in order that a supply of
electrons may be maintained at
all points in the electric circuit.

The energy source maintains
the difference between potentials
that is necessary to cause elec-
tron flow.

In any given electric circuit,
if there is a certain rate of flow
in amperes with a potential dif-
ference of two volts, there will
be twice the flow in amperes
with a difference of four volts,
and half the flow in amperes
with a difference of one volt,
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MEASURING ELECTRICITY—We have learned enough about
electricity itself to commence discussing measurements of quantity,
rate of flow, forces that cause flow, and opposition to flow through
various materials.

The practical unit in which we measure quantities of electricity
is the coulomb. One coulomb of electricity consists of about 614
billion, billion electrons—a number written as 6,250,000,000,000,-
000,000. The size of this number is reason enough for measuring _
quantities of electricity in coulombs rather than in numbers of
electrons. _

When the rate of flow of electricity in a circuit is such that
one coulomb of electricity passes a given point in one second, the
rate of flow is one ampere. The ampere is one of the units mentioned
earlier in our talks about electronics.

Before we may define the unit of measurement for electro-
motive force, which is the volt, we must understand something
about the opposition offered by all substances to flow of electrons
or electricity through them. This opposition is called electrieal
resistance.

ELECTRICAL RESISTANCE—The arrangement of electrons in
the atoms of various substances varies with the kind of substance,
and the forces which must be overcome in getting free electrons
past the atoms vary similarly. The result is that some materials
offer much more resistance to passage of electrons through them
than do other substances.

The metals, as a class, offer less resistance than any other sub-
.stances to flow of electrons through them. Among the metals silver
offers the least resistance. Next in order among the pure metals
comes copper, then gold and then aluminum.

Any material in which a relatively great flow of electrons may
+ be maintained by a moderate electromotive force is called an
electrical conductor. Silver, copper, gold and aluminum are excel-
lent conductors. The relatively high costs of silver and gold leave
copper and aluminum as by far the most generally used conductors.
Commercial grades of iron and steel have from ten to fifty times as
much resistance as has copper.

The resistance of any material to flow of electrons or elec-
tricity through it is measured in a unit called the ohm. If an electric
circuit or a part of a circuit has a resistance of one ohm, then an
electron flow of one ampere will low when we apply a difference
in electrical pressure of one volt across the ends of the circuit or
across the part of the circuit in which the flow takes place.
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A relationship so simple as to allow us to say that one volt
difference in pressure sends one ampere of electricity through one
ohm of resistance did not come about by accident. Eleetrical units
have deliberately been chosen to have just such simple relations
as this, which helps a lot to make electrical calculations far easier
than they otherwise would be.

MEASURING ELECTRICAL FORCES—The volt is a unit in which
we may measure electric forces wherever they occur and however
they are applied. We already have talked about the volt as a unit of
measurement for electromotive force, the force that moves electrons
or electricity inside of energy sources. The term electromotive
force is correctly used in relation to electric forces that are pro-
duced inside an energy source, not to forces that exist outside of the
source. .

When, as in Fig. 32, a
source of electrical energy is
connected to the conductors
that form an electric circuit,
' ‘ the force that moves electrons
l through the source from its

_PotenTiaL positive terminal to its nega-

¢ D'"‘"‘"“-\; — tive terminal is effective also

: B in driving electrons through

e oL ow the “external circuit” from

ST gu‘"““* the negative terminal of the

R source all the way around the

conductive path and back to

Fig. 32. The energy source applies a  the positive terminal. Here

potential difference to the ex- 4 will be natural for you to

inquire why we speak of elec-

. tromotive force as existing only inside an energy source and then

say that it is the same force that drives current through the ex-
ternal circuit. Here is the answer.

The force that moves electrons through an energy source is not
only equal te that applied by the source to the external circuit, it
always is greater. It is greater because some of the electromotive
force produced within the source is used in overcoming electrical
resistance inside the source. We said that resistance exists in all
substances, so it exists in the materials inside an energy source.
It is only the force remaining after overcoming the internal re-
sistance of the source that is available for sending electrons through
the external circuit.

[ — - — - oo
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The force applied to the external circuit by the energy source
is called an electric potential. An electric potential, in electrical
measurements, is similar to the level of water in water systems or
hydraulic systems. The difference in lewel of water determines
the force which the water will exert when it falls from that level,
and, in connection with the volume of water, determines the work
that the water will do. The greater the difference in level from
which the water drops the greater the force.

Electric difference in potential is measured in volts. The
greater the difference in electrical pressure between two given
points in a circuit the greater is the difference in potential, as
measured in volts. Ggqing back to the water comparison, it is
plain that the force developed depends on the level above a
point to which the water may drop; i. e., difference in level, so the
force really depends on the difference between the higher and the
lower water levels. Similarly, the true measure of electric force
is the difference of potential between two points between which
electricity flows. _ )

Electric potentials frequently are spoken of as electric pres-
sures. Pressure is a very good name, because potential in an elec-
tric circuit acts just as does water pressure in a water system.
Electric pressures, of course, are measured in volts. We may
speak of electric pressures or pressure differences of so many
volts, just as we speak of potentials and potential differences.

Water flows through piping only when pressure is greater at
one end than at the other, or only when there is a pressure dif-
ference. Were pressures equal at the two ends of a pipe there
would be no movement of water through the pipe, for the equal
pressures would balance each other. But just as soon as there
is a pressure difference, water will flow from the point of higher
pressure toward the point of lower pressure.

Electricity flows through conductors only when pressure or
potential is greater at one point than at another, or only when there
is a pressure difference or potential difference. If potentials are
equal at two points, electricity between these points is pushed just.
as hard in one direction as in the other, and remains stationary.
When the potential is higher at one point than at another electricity
will fllow from the higher toward the lower potential.

Parts of a circuit which are connected through conductors to
the negative terminal of an energy source may be said to have
negative potential, or simply to be negative. Parts connected to
the positive terminal of a current source may be said to have
positive potential, or to be positive. For example, in the tube of
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Fig. 33 the part marked “anode” is connected with the positive
terminal of the battery, so is positive or has positive potential. The
part marked “cathode” is connected (indirectly) with the negative
terminal of the battery, so is negative or has negative potential.
Any forces that move, or that tend to move, electrons or elec-
tricity are measured in volts. Electromotive force, measured in
volts, is the force that moves or tends to move electrons inside a
current source. Potentials and
potential differences, or pres-
sures and pressure differ-
ANODE. ATHODE. ences, all measured in volts,
{Posimve) (RIese) are forces that move or tend
to move electricity through

external circuits.

( We just mentioned forces
that move or that tend to
move electrons. A force that
is capable of causing move-
ment does not necessarily
CuRRENT SOURCE. Controces  produce actual movement. If
Device. you push on a book, the book

Fig. 33. Parts connected to the posi- moves. But if you apply the
tive side of the energy source are game force to the wall of a
positive, or have positive poten- LG
tial, while those connected to the building the wall doesn’t
negative side of the source are move, Pressures in water sys-
negative, or have negative po-
tential. tems move water only when

valves or faucets are opened
to permit movement, but the pressures are there and are tending to
cause movement all the time. It is the same with electricity; elec-
tromotive forces and potential differences may be present without
causing flow of electrons. It is only when these forces are applied
to a circuit completed through conductors that electron flow takes
place.

ELECTRIC CHARGES—As we have mentioned many times, it is
possible to have either an excess or a deficiency of electrons in a
body. If there is an excess of electrons the body is said to be nega-
tive, or, it may be said to have a negative charge. If there is a
deficiency of negative electrons, leaving an excess of positive force,
the body is said to be positive, or it may be said to have a positive
charge.

The unit of charge is the coulomb, which also is the unit of
quantity of electricity. If a body contains 614 billion, billion elec-

PosITIvE. NEGATIVE.
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trons more than it would have were it neutral, that body has a
- negative charge of one coulomb, for that is the number of electrons
in one coulomb. If the body lacks 614 billion, billion or one coulomb
of negative electricity (compared with its condition when neutral)
that body has a positive charge of one coulomb.

Sometimes the word charge is used in the same sense as
potential, although charge should be reserved to mean only such an
excess of deficiency of negative electricity or electrons as might be
measured in coulombs. It is quite common practice to say that a
part such as the anode in Fig. 88 is positively charged, and that
the cathode is negatively charged. :

CONDUCTORS, RESISTORS AND INSULATORS—The paths or
circuits through which electrons flow in electronic apparatus are
composed of many different materials; some solid, some liquid, some
gaseous, and quite frequently a part of the circuit consists of
nothing at all—the vacuum within a tube.

Some parts of a circuit are provided solely to carry electricity
from point to point with the least possible expenditure of energy
or work. These are the wires and other parts made of copper, brass,
aluminum and other metals having very little electrical resistance.
They are the conductors. Devices such as illustrated in Fig. 34 have
many conductors. :

Other parts are connected into the circuits with the deliberate
intention of limiting the rates of electron flow. Such limiting is
necessary when the flow through some circuit or part of a circuit
must be kept small, and when the only available difference in pres-
sure or voltage is large. Electron flow-limiting materials have re-
sistances many times greater than the resistances of materials
generally used as conductors. Part of the available pressure
difference then is used in overcoming the high resistance, and the
pressure remaining is sufficient to force only a small current or a
small flow of electricity through the path. High resistance materials
used to limit electron flow are called resistors.

Still other parts in electronic apparatus are used to prevent
the escape of electricity from paths in which it should remain.
These materials are called insulators. Insulators or insulating
materials are placed around wires and other conductors so that the
electrons cannot escape into other paths, and so that people working
around the apparatus are protected from high electrical pressures
or voltages. Insulators are used also as supports for conductors
that are carried on other conductive materials, such as steel frame-
works, to which the electricity might escape.

-

1
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In any material classed as a good insulator the electrons are so
securely bound to their atoms that there are practically no free
electrons. What is more, the electrons in good insulators refuse to
leave their atom and form an electron flow, no matter how great the
electrieal force tending to make them do so.

Fig. 34. In this photoelectric relay, conductors such as
terminals in the bottom of the cabinet are mounted
on insulators;- wires between the units are covered
with insulating materials; while resistors limit rates
of elecron flow to correct values in the circuits.

When very great electric voltages are applied to an insulator
the electrons are moved a little farther from the centers of their
atoms, but they are not freed from the atoms. Consequently, there
can be no continuous flow of current through an insulator, for
there are no free electrons to form a current. If the applied voltage
is made high enough, electricity finally will be forced through the -
insulator. But with the electrons will go the atoms, too, the insulator
will be punctured, and electricity will go through the hole.

There is no sharply drawn line between conductors, resistors
and insulators. How a given substance will act depends greatly on
the conditions under which it is used. Iron and steel are used as
conductors in some telegraph wires, but as resistors in some types
of electric motor controls. Electric switches sometimes are enclosed
within an evacuated chamber because a vacuum is an excellent
insulator, but in many electronic tubes the electricity is forced to
flow through a vacuum, which then is a conductor of very high
resistance.
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RESISTANCE AND HEAT—It would be difficult to think of an
operation in which work is done without producing more or less
heat at the same time. If you cut metal with a hacksaw or wood
with a wood saw, the saw gets decidedly warm. If you pump up a bi-
cycle tire with a hand pump, the pump barrel gets hot. Everyone has
rubbed his hands together to make them warmer in cold weather.

When an electric force does the work of pulling electrons away
from their atoms and of keeping them away from the atoms to
form an electric flow, the material in which the flow is formed gets
warm. The greater the number of moving electrons or the greater
the rate of flow, the greater the heating, because more electrons
have to be pulled free to form the larger flow. The greater the
resistance of the electron carrying material the more heat is pro-
duced, because it takes more work to pull electrons free in high-
resistance materials.

The relations between electron flow, resistance and heat are so
exact that we may make statements such as this: If a flow of one
ampere flows for 134 minutes in a pound of copper wire of such
diameter as to have a resistance of one ohm, the total amount of
heat produced would raise the temperature of the copper by one
degree Fahrenheit.

If we have a greater electron flow, or if we use metal of ‘higher
resistance, more heat will be produced and the temperature of the
metal will undergo a greater rise. It is this kind of heating that
raises the temperature of electronic tube filaments and cathodes
to red heat, and of incandescent lamp filaments to white heat.

ELECTRIC POWER—Work, as previously explained, means the
overcoming of an opposing force by moving something against a
force that opposes the movement. Power means a rate of doing
work. If you lift a ten-pound weight to a height of five feet you
have done a certain amount of work in overcoming the force of
gravity. You do exactly the same amount of work whether you do
the lifting in a second, a minute or an hour. Here we are talking
about work, not power.

Now follow the diagram of Fig. 85. If you lift the weight in
ten seconds (diagram A) you have applied power at a certain rate.
If you lift the weight twice as fast, or in five seconds (diagram B),
you have used twice as much power, for your rate of working is
twice what is was before. If you lift twice as much weight in the
original time of ten seconds (diagram C) you have done twice as
much work in that time, and again would have exerted twice the
power.
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If you lift the original weight only half as fast as at first,
taking twenty seconds as in diagram D, you exert only half as
much power, for you work at only half the original rate. Also, if
you lift only half the original weight, but take the original ten
seconds to do it, as in diagram E, you will have exerted only half
the original power.
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Fig. 35. Mechanical power depends on the amount of work done and on the
time required to do it.

By following Fig. 36 we may see how rules for power work out
when electricity is doing the work. Here we are using an “am-
meter” to measure electron flow in amperes, and a “voltmeter” to
measure force or potential difference in volts. To force twice the
electrons or twice the rate of flow through a circuit takes twice as
much power, for work has to be done twice as fast. This is illus-
trated by comparing diagrams A and B. By comparing diagrams
C and D we note that twice the original power is required if we
have to use twice the original pressure or voltage for the same
electron flow, as might be the case were the resistance of the circuit
to be doubled. ’ ,

Since the electrical power rate varies according to the rate of
electron flow and also according to the force that must be applied
to cause the flow, we may say that the power rate varies with both
rate of flow and force, or with both amperes and volts. It is a fact
that electric power in watts is equal to the number of amperes of
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electron flow multiplied by the number of volts potential difference
required to maintain that flow.

Supposing we wish to double the rate of flow in a circuit of
given resistance. In Fig. 87 the current of diagram A is doubled
in diagram B. To drive double the number of electrons through the
same resistance quite evidently will require twice the force, so at B
we have twice as many electrons and twice as much voltage too.
Since power is determined by the number of amperes of flow and
also by the number of volts of pressure used, doubling both the
electron flow and the voltage at the same time will mean four times
as much power.

It is equally true that to triple the flow through a given re-
sistance will take three times the voltage and nine times the power,
for three times the original flow multiplied by three times the
original voltage means nine times as many watts of power. It all
works out to this: The power in watts used up in a given resistance
is equal to the square of the number of amperes multiplied by the
number of ohms of resistance.

In this chapter we have covered a lot of ground on the road to a
mastery of electronics. We have learned to use many of the words
in the language of electronics, words which will enable us to discuss
electronic methods with clarity and precision of meaning in our
future investigations.

The subjects we have gone over are the foundations of any
understanding of practical electronics. They are so important that
it would be an excellent plan to go back to the beginning and read
the whole chapter through. It will astonish you how much easier
and simpler everything appears after once you have been over the
story.

Device Device
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A Source. B C Source D
OnicimaL Power. Twice As Mucx Power OniginaL Power. Twice As MucH PoweR.

Fig. 36. The electrical power rate is increased when we increase either the
rate of electron flow in amperes or the potential difference in volts.
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Device Device
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Fig. 37. Electric power in watts is equal to the number of amperes, multi-
plied by the number of volts used. In a circuit of given resistance the
power in watts is directly proportional to the square of the electron flow
in amperes.

ELECTRON FLOW AND CURRENT FLOW-—In discussions of
electrical and electronic subjects there frequently is confusion
between electron flow and current flow. Although the two often
are thought to be one and the same thing they really are distinctly
different.

One direction of motion is based on the movement of free
negative charges (electrons) which, being repelled by the negative
terminal of the energy source and attracted by the positive ter-
minal of the source, obviously move from negative to positive in
the external circuit. This is the electron flow idea, and it is the
one that we use in explaining the action of electronic apparatus.

The other direction of motion is based on the movement of
free positive charges. Such charges are repelled by the positive
terminal of the energy source and attracted by the negative ter-
minal of the source, therefore, they move around the external
circuit from positive to negative. This is the current flow idea.

Either of these ideas may be used in analyzing the behavior
of circuits. However, we should stick to either one or the other,
and should not confuse our thinking by using the terms electron
flow and current flow interchangeably, even though this practice
is followed by many writers and teachers. It is necessary only to
keep in mind that electron flow proceeds from negative to positive,
while current flow proceeds from positive to negative.
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Chapter 3
ELECTRON FLOW IN A TUBE

How the Kenotron Is Operated — Electron Emission — Space Charge —
Alternating Potentials — Alternating Electron Flow — Electron Flow
and Potential Differences for Rectifier — Maximum Alternating Poten-
tials and Electron Flows — Peak Inverse Potentials — Heater Cathodes.

The simplest of all electronic tubes, both in construction and
operation, is the rectifier type from whose bulb have been re-
moved air and all other gases to the greatest possible extent, leaving
a nearly complete vacuum. Such a high-vacuum rectifier for indus-
trial use is called a kenotron. A large kenotron was shown in
Fig. 15.

Inside the bulb of ‘a kenotron are two electrodes, one called the
filament and the other plate, as illustrated in Fig. 38. In small
kenotrons which operate at moderate potential differences the two
ends of the filament are connected to two pins on the base of the
tube, and the plate is connected to a third pin on the base. In large
kenotrons, or in any which operate at high potential differences, the
ends of the filament are connected to pins on one end of the tube,
while the plate is connected to a metallic cap on the other end
of the tube. Thus we have, in the high-potential tube, the entire
length of the glass bulb as insulation for the great potential differ-
ences between filament and plate connections.

Fig. 38 shows symbols such as are used to indicate kenotrons
in wiring diagrams. The symbol at A may be used for any kenotron
having' one filament and one plate, regardless of the kind of con-
nections on the actual tube represented. The symbol at B repre-
sents ‘a kenotron having a top connection, “P”, for the plate and
having its filament connected between two pins on the tube base.
There are four pins on the base, to provide good support for the
tube, but two of them have no connections to parts inside the tube.

HOW THE KENOTRON IS OPERATED—As shown at A in Fig.
39, the two ends of the filament of the kenotron are connected to
any energy source whose potential difference will cause an elec-
tron flow through the filament. The filament energy source ordi-
narily is supplied from the alternating-current power and light-
ing lines and causes an alternating flow of electrons in the filament.
However, the filament might just as well be connected to a source of
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direct potential which would cause electron flow in the filament to
always be in the same direction. The only purpose of the electron
flow in the filament is to heat the filament to a high tempcrature,
anything from a dull red to brilliant white, depending on the kind
of filament used.
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The source of alternating potential from which we wish to
obtain a direct electron flow is connected to the plate and to one
side of the filament of the tube, as shown at B in Fig. 89. Either
end of a source of alternating potential becomes first positive and
then negative. Consequently, as shown by Fig. 39, the plate of
the kenotron is first made positive while the filament is negative,
then the plate becomes negative with the filament positive. Now,
with the plate alternately positive and negative with reference to
the filament, and with the filament maintained at a high tempera-
ture, let’s see what happens to flow of electrons between filament
and plate. '
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ELECTRON EMISSION—Within the metal of which the filament is
made there are at all times great quantities of free electrons mov-
ing about among the atoms of the metal. When the filament is
heated these free electrons travel at higher and higher speeds
or velocities between particles of the metal. If the temperature of
the filament is made high enough many of the electrons leave the
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Fig. 39. Top: Connections to the filament and plate of a kenotron rectifier.
Bottom: The plate becomes alternately positive and negative with refer-
ence to the filament or electron emitter.

metal of the filament and, for a brief interval, emerge into the space
around the filament. Thus we have in the space near a very hot
filament a cloud of electrons, which are particles of negative
electricity.

If the plate of the tube has a positive potential with reference
to the filament, this positive potential exerts a strong attraction
for the negative electrons which are around the filament. Many of
the negative electrons pass across the space within the tube and
enter the plate. So long as the plate remains positive there is a
continual stream of negative electrons from filament to plate, the
supply of electrons being maintained by emission from the hot
filament.
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As indicated in diagram A of Fig. 40, electrons thut enter the
plate are attracted to the terminal of the potential source that
is positive. Inside the potential source these electrons are forced
to flow from the positive to the negative terminal, and from the
negative terminal they flow back to the fllament, there to replen-
ish the supply that is being reduced by electron flow through the
tube space from filament to plate. So long as the plate remains
positive and the filament remains very hot there will be an electron
flow through the circuit indicated by arrows at A in Fig. 40.

i
ELECTRON FLOW. NO ELECTRON FLOW.

SOURCE OF
ALTERNATING
P.D.

Fig. 40. Electron flow from filament to plate, and through the circuit, occurs
only while the plate is positive.

When the alternating potential reverses and the plate becomes
negative with reference to the filament, as in diagram B of Fig. 40,
the negative electrons in the space around the filament are re-
pelled by the negative plate and none of them pass through the
space from fllament to plate. Electrons still are emitted from the
hot filament, but they remain around the filament and in the space
between filament and plate. Thus, with the plate negative, we have
no electron flow in the tube, and, of course, no eleétron flow any-
where else in the circuit between filament and plate.

Although the potential differences between plate and filament
continue to alternate in direction, there is an electron flow through
the circuit only while the potential difference is in one direction—
the direction that makes the plate positive with reference to the
filament, In the eircuit connected to the plate and filament we
have electron flow from the plate through the potential source and
bdck to the filament, never from the filament through the source
and to the plate. The alternating potential produces an electron
flow in only one direction. Such a “unidirectional” flow is called a
direct flow. The rectifier tube causes an alternating potential to
produce a direct flow of electrons.
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The reason that we have a one-way electron flow through the
rectifier tube is that the filament is red hot while the plate is rela-
tively cool. So long as the plate remains cool, free electrons cannot
reach speeds that allow them to escape through the surface of the
plate. As a result, even though the filament becomes positive with
respect to the plate, there are no electrons available at the plate
for attraction toward the positive filament.

SPACE CHARGE—Although many of the electrons emitted from
the hot filament are drawn to the positive plate and form an elec-
tron flow in the connected circuit, many more of the negative elec-
trons remain briefly in the space between filament and plate, then
fall back into the filament. They fall back into the filament be-
cause loss of negative electrons by the filament leaves it somewhat
less negative than the electrons themselves, and the relatively posi-
tive filament attracts the wholly negative electrons.

The electrons that are in the space between filament and plate
at any one time form what is called the space charge. Because two
negative bodies repel each other the negative electrons in the space
charge repel other negative electrons as they attempt to emerge
from the filament. Consequently, the space charge hinders or retards
emissions of electrons from the hot filament. _

The negative electrons of the space charge have, in effect, a
negative potential, while the plate has a positive potential. These
two potentials oppose each other, so the negative space charge coun-
teracts a portion of the positive potential of the plate. The greater
the space charge the less will be the electron flow through the tube
for any given potential difference between filament and plate.

The rate of electron flow through the rectifier tube and through
the circuit connected to the rectifier depends chiefly on the amount
of space charge and on the difference of potential between plate and
filament. The amount of space charge depends largely on the
construction details of the tube, such as the distance from filament
to cathode. The less this distance the smaller must be the space
charge and the more freely electrons may flow. The greater the
potential difference between the plate and filament the greater will
be the rate of electron flow while the plate is positive.

As we stated earlier, not all rectifier tubes have a high degree
of vacuum in their bulbs, some have a small quantity of some gas
that has been intentionally admitted after the bulb first is evacu-
ated. The action of gas tubes will be examined later on, but for the
present we should know that the more completely all gases are
removed from a tube that is to operate with a vacuum the more .
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freely electrons pass from filament to plate. With a very complete
vacuum there are but few molecules to impede the electron flow.
A complete vacuum also allows easier emission of electrons from
the filament.

ALTERNATING POTENTIALS—The alternating potentials that
are applied to a rectifier tube, and, for that matter, all other alter-
nating potentials, may be represented by a curve such as that of
Fig. 41. Points on this curve indicate potential differences that
exist at any instant between the terminals of a source of alternating
potential, between the filament and plate of a rectifier tube, or be-
tween any other places at which there are potential differences.
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Fig. 41. A curve which represents an alternating potential.

We start, from the left-hand end of the curve, with zero poten-
tial difference at the point marked A. Then the potential difference
increases until, at the point marked B, the potential at one termi-
nal reaches its maximum positive value with respect to the other
terminal. Then the potential of the terminal commences to decrease
or to become less positive with reference to the other end of the
circuit, and by the time we reach point C the potential difference
between terminals has fallen to zero, meaning that both ‘ends of
the circuit or both terminals are at the same potential.

Now the potential of the terminal being considered commences
to increase again, but in the opposite direction, and by the time we
reach point D on the curve the potential of this terminal has reached
its maximum negative value with reference to the other end of the
circuit. Then theé potential of the terminal being considered com-
mences to decrease once more, and by the time we reach point E
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the potential difference between opposite ends of the circuit again
has reached to zero.

Each change of potential from zero to maximum and back to
zero is called an alternation. From A to B to C is one alternation,
and from C to D to E is another alternation. The changes of poten-
tial from zero to maximum in one direction, then to maximum in
the opposite direction, and back to zero, as from A to E on the
curve, are called one cycle.

In most power and lighting units that deliver alternating poten-
tials the changes occur at such a rate as to make 60 complete cycles
every second, so each cycle takes up 1/60 second of time and each
alternation takes up 1/120 second, as shown in Fig. 41. We call
such a power supply a 60-cycle supply.

The number of cycles per second of an alternating potential
is called the frequency. With a 60-cycle supply we have a fre-
quency of 60 cycles, or a frequency of 60 cycles per second. From
some power supply lines we may obtain frequencies of 25 cycles
(per second), and in other -cases may find 50 cycles (per second)
or various other frequencies. Power line frequencies ordinarily
are less than 150 cycles per second, and are spoken of as low fre- -
quencies.

In electronic heating we use frequencies of 250,000 to 2,000,000
cycles per second, and for industrial X-ray work we use frequencies
as high as 100 billion, billion cycles per second. Frequencies of
10,000 cycles and more are spoken of as high frequencies.

ALTERNATING ELECTRON FLOW—Rates of electron flow pro-
duced by alternating potentials increase and decrease in the same
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general manner as do the potentials that cause the flow, and the
direction of electron flow reverses just as does the direction of
alternating potentials. An alternating flow of electrons may be
represented by a curve like that of Fig. 42.
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Electron flow caused by an alternating potential difference in-
creases from zero flow to the maximum flow rate in one direction,
then the flow rate decreases to zero and increases to maximum
in the opposite direction, after which the rate again drops to
zero ready to start over again. Each change of flow from zero to
maximum in one direction, through zero to maximum in the opposite
direction, and again back to zero is called one cycle. The cycles per
second, or the frequency, of electron flow are the same as fre-
quency of the alternating potential that causes the flow.

ALTERNATING
POT!NTIAL

PLATE POSITIVE >
ELECTRON ELECTRON
FLOW. FLOW.

PLATE NEGATIVE.
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ALTEHNATING
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/\/\/\/\
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Fig. 43. Electron flow in the rectifier tube and in its plate circuit occurs only
during the half-cycles when the plate is positive, thus producing pulses
of direct electron flow.

How the rectifier tube actually operates is shown by Fig. 43.
Here the alternating potential is shown as making the plate of the
rectifier alternately positive and negative with reference to the
filament. Electron flow takes place only while the plate is positive.
While the plate is negative with reference to the filament there is
no electron flow, although the potential difference still exists. The
result is a series of pulses of electron flow, all in the same direc-
tion, and occuring during one-half of each cycle. We have produced
a pulsating electron flow, but it is a direct flow because it occurs
in only one direction.

ELECTRON FLOW AND POTENTIAL DIFFERENCES FOR A
RECTIFIER—ASs we have mentioned before, vacuum types of rec-
tifier tubes are designed to operate with high voltages or with high
potential differences between plate and filament, but handle only
small rates of electron flow. Large rates of electron flow are
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measured in amperes, but small rates are measured in milliamperes.
One milliampere is equal to 1/1,000 of an ampere. It takes 1,000
. milliamperes of flow to equal one ampere of flow.

If we apply a gradually increasing difference of potential be-
tween the plate and the filament of a rectifier, with the plate posi-
tive with reference to the filament, and measure the resulting
electron flows in milliamperes, we might find such relations as these:

Potential Dif. Electron . Potential Dif. Electron
Plate-Filament Flow Plate-Filament Flow
volts milliamps. volts milliamps.
0 0 94 25
30 5 110 80
50 10 132 35
65 15 : 165 40
80 20 240 44

In this tabulation we have listed the potential difference in volts
between plate and filament at each increase of five milliamperes in
electron flow. Note that we increase the potential difference from
zero to 30 volts to obtain the first five-milliampere increase in elec-
tron flow, but increase the potential only another 20 volts to obtain
the following five-milliampere increase of flow. Then we have a
fairly steady increase of electron flow at the rate of five milliam- -
peres for every increase of 14 to 16 volts of potential difference
until we reach a flow of 30 milliamperes. But then it takes a
potential increase of 22 volts, from 110 to 132, to raise the electron
flow to 35 milliamperes. Finally, the potential increase of 33 volts
from 132 to 165 volts increases the electron flow by only another
four milliamperes. A

The only way in which we can learn much from changes of
potential and electron flow that occur together is to show the re-
lations by means of a curve, as has been done in Fig. 44 for the
potentials and flows just listed for the rectifier tube. A curve with
suitable scales of values is called a graph, because it really is a
graphic picture of what happens.

In the graph of Fig. 44 the left-hand vertical scale applies to
rates of electron flow in milliampperes. The main divisions are
marked 0, 10, 20, and so on. Each of the intermediate horizontal
lines corresponds to two milliamperes. The bottom horizontal seale
shows potential differences in volts, with each of the main divisions

corresponding to 50 volts, and each vertical line corresponding to
10 volts.
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If we wish to know the potential difference for an electron
flow of 10 milliamperes we trace from the 10-milliampere point on
the left-hand scale across to the curve, and from the intersection
of this 10-milliampere line with the curve we trace downward to
the scale of volts—where we read 50 volts as the potential difference
for an electron flow of 10 milliamperes. We may trace from any
other electron flow to the curve and then down to the volts scale,
or we may trace from any potential difference in volts upward to
the curve, then to the left and find the corresponding electron flow
in the left-hand vertical scale.

T :
EREEENE
] ‘T | | Lt
FHH
EEEEEEE )
B I - /
@ [ [
530 __i_ T N |
s | ] / |
3 [
i L
Izo I — + /
: r: T
s | L/ [
ug- _|’—_<l>i] / |
Em_l» — N
g | TA AN |
Ny aRNN B
dEssaet -
] S50 100 150 200 25

PLate PotenmiaL —VoLrs.

Fig. 44. How the rate of electron flow through a
rectifier tube varies with changes of potential
difference between plate and filament.

From the curve of Fig. 44 it is plain that electron flow in-
creases more slowly through the low plate potentials than through
the intermediate plate potentials. But at the top of the curve we
see that relatively great changes or increases of potential differ-
ences cause but small increaseg of electron flow. It is apparent
that no matter how much we increase the potential difference
above 240 volts there will be very little further increase of electron
flow.

The relatively small increases of electron flow at the bottom
of the curve result from the fact that the many electrons in the

-«
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negative space charge counteract much of the positive potential
of the plate. Then, in the middle of the curve, where we have an
increase of electron flow almost directly proportional to increases
of potential, the positive plate is pulling electrons fast enough to
lessen the effect of the space charge.

The flattening off at the top of the curve means that the posi-
tive plate is drawing to itself all the electrons that the filament
is able to emit. The only way to get more electron flow would be to
raise the filament temperature or to use a larger filament or to use
a filament capable of greater electron emission.

Electron tubes should not be operated at potential differences
and rates of electron flow where all possible emission is being used.
Such operation will severely damage the surface of the filament be-
cause the excessively high emission from some areas will quickly
overheat these areas and make them useless. Then the remaining
surface is overloaded more than ever, and soon the filament will
either fail to deliver a normal emission rate or actually will burn in
two.

Tubes should always be operated so that the filament is capable
of emitting electrons at a much faster rate than actually being
used for electron flow in the tube circuits. Under this condition
the rate of flow from filament to plate is limited by the negative
space charge in the tube, and the filament surface is not over-
loaded. Such safe operation is secured along the straight portion
of the curve for plate potential and electron flow. In Fig. 44 this
straight portion extends from about 10 milliamperes and 50 volts up
to about 27 milliamperes and 100 volts. With this particular tube
the plate potential should not exceed 100 volts as an absolute
maximum.

Manufacturers of tubes usually furnish curves such as that
in Fig. 44. In some cases there is a set of curves, one curve for
each of several voltages that may be applied across the filament to
heat the filament. In the published ratings for each tube are
specified maximum limits for electron flow in the plate circuit, for
a given potential difference between plate and filament, and for
given voltages applied across the filming for heating it.

MAXIMUM ALTERNATING POTENTIALS AND ELECTRON
FLOWS—Since the tube for which a curve is shown in Fig. 44 may
be safely operated with plate-to-filament potential differences as
great as 100 volts, it might be natural to expect safe operation when
connected to a power line whose normal voltage is 100 or less—but
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such an assumption would be entirely wrong, as we shall see by ex-
amination of Fig. 45.

Fig. 45 represents the increase and decrease of an alternat-
ing potential or an alternating electron flow during one alternation
or one-half cycle. Considering this to be a curve for electron flow,
the maximum flow is 1,000 milliamperes. If we were to measure
the instantaneous rates of flow at twelve equally spaced time in-
tervals the number of milliamperes would be as shown below the
curve, provided the alternating flow were of the ideal form called
a sine wave,
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Fig. 45. The changes of potential difference and of rate of electron flow during
a half-cycle of an alternating sine wave.

It is quite apparent that the total effect of all the instantaneous
values shown, and all the intermediate ones which might have
been included, will not be as great as though the flow were at the
maximum value of 1,000 milliamperes throughout the entire alter-
nation. The total effect of the alternation in heating a conductor
would be the same as though the flow rate had remained at 707
milliamperes for the whole alternation. Since all following alter-
nations are like this one, we find that the effective value of a sine
wave alternating electron flow is equal to 707/1,000 or 0.707 times
the maximum value, which also may be called the peak value. Sim-
ilar relations exist with an alternating potential; the effective poten-
tial is equal to only 0.707 times the peak potential. Effective poten-
tials and effective flow rates sometimes are called root-mean-square
values, which is abbreviated to r.m.s. values.

If an effective value of an alternating potential difference or
the effective value of an alternating electron flow is equal to 0.707
times the peak value, then the peak value is equal to 1.414 times
the effective value or to 1 414/1,000 times the effective value.

Alternating potentials and alternating electron flow rates ordi-
narily are specified in their effective values unless otherwise men-
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tioned. When you say that the power and lighting line in a build-
ing furnishes an alternating voltage of 110 you are speaking of
the effective voltage or effective potential difference. The peak
potential difference is 1.414 times 110 volts, or is 155.5 volts.

Now we know why #he rectifier tube whose maximum plate
potential may not exceed 100 volts must not be operated from a
100-volt source. It is because the 100-volt source delivers peak
potentials of 1414 volts. Tubes nearly always are rated at
maximum potentials for the plate, which means at peak potentials.
You must remember that the effective potential applied to the
tube may be no more than 0.707 times the peak potential. As a
matter of fact we seldom should use an applied potential even as
great as 0.707 times the peak potential, because ordinary variations
in power and lighting line potentials may cause actual potentials
much above the effective values at which the lines are rated.

PEAK INVERSE POTENTIALS—In the published ratings of rec-
tifier tubes you always will find one value specified as “maximum
peak inverse plate potential” or as some value described as an inverse
potential or voltage. This is the maximum potential difference that
may be applied when the plate is negative and the filament positive
without forcing electrons to flow from plate to filament rather
than in the normal direction from filament to plate. The peak
inverse potential ranges from about three times to a great many
times the usual plate-to-filament potentials applied in normal
operation.

As you will observe from Fig. 48, the alternating potential
applied to the plate when the plate is negative is practically the
same as the plate potential when the plate is positive, so with
usual circuits and ordinary operating conditions there is no danger
that electrons will be forced backward through the rectifier tube.

HEATER-CATHODES—So far we have been talking about tubes in
which electron emission is obtained directly from the surface
of a filament that is heated by an electron flow through the metal
of the filament. In other types of tubes the electron emission is
obtained from a separate element or electrode called the electron
emitter or the cathode, which is heated by electron flow through
another metallic wire not directly connected to the cathode. One
construction for an indirectly heated cathode is shown in Fig. 46.

The cathode of Fig. 46 is a cylinder of some high melting-point
metal, frequently a nickel alloy, on the outer surface of which is
a coating of materials that readily emit great quantities of elec-
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trons at dull red heat. Inside the cathode is the heater wire
which is raised to a high temperature by electron flow through it.
Around the outside of the cathode, and separated a little way from
the cathode, is the plate. There are many other forms of separately
heated cathodes, but the operating principle is the same as shown
here.

Strictly speaking, any element from which electrons enter a
vacuum or a gas is a cathode, so the filament of a tube may be cor-
rectly called the cathode or
may be called a directly heated
RTaoo ) cathode or else a filament-cath-

ode to distinguish it from the

indirectly heated cathode or the

heater cathode shown in Fig.

46. It is true also that the plate

of the tube is an anode, be-

cause anode means an element

SR at which electrons leave a

) . COMMEETION: vacuum or a gas. Both the

S }f:;ingh: gonstruction of a rectifier  1thode and the anode may be

called electrodes of the tube,

for electrode refers to either of the conductors at which electrons
enter or leave a vacuum or a gas.

Symbols used in wiring diagrams to indicate rectifier tubes
with heater-cathodes are shown in Fig. 47. The symbols hav-
ing small circles around the large one indicate tubes having four
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Fig. 47. Symbols for rectifier tubes having a heater-cathode.

connection pins on their base. One of these symbols indicates
that the plate is connected to a cap on top of the bulb. The symbol
having no small circles for base pins may be used to indicate any
kind of tube having a heater, a separate cathode, and one plate
or anode.
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Chapter 4
HOW RECTIFIERS ARE USED

Direct Electron Flow From Alternating Potential — Transformers —
Transformer Voltages — Center Taps — Connecting Rectifier to Load —
Full-wave Rectifier — Full-wave and Half-wave Rectifier Tubes —
Capacitors for Filtering — Capacitor Values — Filter Circuits — Filters
Containing Inductors — Capacitor Input and Inductor Input.

Rectifier tubes are used wherever a direct electron flow is needed
and where the available power supply delivers only an alternating
potential. Direct electron flow is required for electric welding, for
the economical production of many important chemicals, for charg-
ing storage batteries, for operating magnetic couplings and brakes,
for separators that remove pieces of iron and steel from wood
scrap which is to be processed, for powerful lifting magnets such
as used in steel mills, for the testing of electric cable insulation,
for operating oscillographs and X-ray apparatus, for separating
impurities from air, and for driving electric motors at widely vary-
ing speeds. These are a few of the more important uses of direct
electron flow such as may be secured from rectifiers.

In some of the applications just mentioned we use kenotron
rectifiers which operate with high potential differences, with rather
small electron flow, and with a nearly complete vacuum in the bulb.
Other applications require rectifiers in whose bulbs there is a little
gas or vapor, and in still other cases we use rectifiers which have,
in addition to the plate and the filament or cathode, a third elec-
trode that will time the electron flow and regulate the rate of flow.

In some rectifier applications we use an intermittent or pulsat-
ing direct electron flow such as shown by Fig. 43, with the flow
occuring only on alternate half-cycles of the applied potential.
In other cases we provide pulsations of electron flow during every
half-cycle of the applied potential, and in still other cases we arrange
that the direct electron flow shall be of practically: uniform rate,
with hardly any traces of pulsations remaining from the alternating
potential of the supply. To understand these other methods of
using rectifiers we first should examine the device by which alter-
nating potentials are applied to rectifier tubes, this device being
a transformer.
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TRANSFORMERS—By means of a transformer it is possible to
change the alternating potential of the supply line into any other
alternating potential which will produce the potential or the poten-
tial difference required by parts to which the rectifier furnishes an
electron flow.

BEZRE D

Fig. 48. This synchronous timer for electric welding
operates with rectifiers that time the electron
flow and regulate its rate.

A transformer consists of a “core” assembled from many thin
sheets of iron or steel, with coils of insulated wire placed around
a portion of this core. One style of core used in large transformers
is illustrated in Fig. 49. When the coils or windings of insulated
wire are placed around the central section of this core the trans-
former appears as in Fig. 50.

In this book we shall represent a transformer having an iron
core and two separate coils or windings by the symbol shown at
A in Fig. 51. In other publications you frequently will find the sym-
bol shown at B as representing an iron-core transformer. We are
using the symbol at C to represent a resistor, but wherever you
find the symbol at B for a transformer you will find resistors in-
dicated by the symbol shown at D. That is, symbols A and C are
used together in a diagram, or symbols B and D are used together.
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TRANSFORMER VOLTAGES—Whichever winding of a trans-
former is connected to the supply line is called the primary wind-
ing of the transformer. A winding connected to whatever appara-

T

Fig. 49. The core for Fig. 50. The core of the

a large power . power transformer with

transformer. the coils or windings in

(General Electric) place and the connection
leads attached. (General
Electric)

tus or device is to be furnished with electron flow is called a
secondary winding of the transformer. This is illustrated in
Fig. 52.

If the numbers of turns are the same on the primary winding
and on the secondary winding, as at A in Fig. 52, the potential differ-

4

TRANSFORMERS.

- c D
T pEpEp i n NN B

RESISTORS.

Fig. 51. Symbols for transformers and for resistors.

ence furnished from the secondary will be the same as the poten-
tial difference applied to the primary. If, as at B, there are twice as
many turns on the secondary as on the primary winding, the poten-
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tial difference from the secondary will be twice as great as the poten-
tial difference applied to the primary. If, as at C, the secondary
winding has only half as many turns as the primary winding, the
secondary potential difference will be only half as great as the
primary potential difference. In any case the ratio of secondary
potential difference to primary potential difference is the same as
the ratio of the secondary turns to the primary turns,

A B8
PRIMARY SECONDARY sec::omv
WINDING - WINDING. ERIMERT WINDING.
WINDING-
T
FROM POWER FROM POWER o
SUPPLY. n(cnnga SUPPLY. RECTIFIER.
100 VOLTS. 100 VOLTS. 100 VOLTS. 200 VOLTS.
500
TURNS.
1000 1000 1000
TURNS =™  TURNS. TURNS.
Pl .
C D
ITY XK MIGH POTENTIAL
WINDING. SECONDARY LOW POTENTIAL WINDING.
WINDING. WINDING.
FROM POWER To
SUPPLY. RECTIFIER,
100 VOLTS. 50 VOLTS.
500
TURNS. FEWER TURNS.
IeXeXy MORE TURNS.

TURNS.

Fig. 52. The relation between primary and secondary turns and primary and
secondary potential differences of transformers.

If we wish to apply a 500-volt potential difference between
plate and filament of a tube, and at the same time apply a 10-volt
potential difference across the ends of the filament, we may obtain
both voltages from the same power line by using two transformers
with suitable numbers of secondary and primary turns. From the
secondary winding of the plate transformer we will obtain a 500-
volt alternating potential, and from the secondary of the filament
transformer will obtain a 10-volt alternating potential.

Of two transformer windings, the one with more turns must
always operate at a higher potential difference than the one with
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Yewer turns, so, as shown in Fig. 52 at D, we may call the winding
with more turns the high potential winding and the one with fewer
turns the low potential winding. The high potential winding
sometimes is called the high tension winding, and the low poten-
tial winding is called the low tension winding.

Many transformers have two secondary windings, one furnish-
ing high potential for the plate and the other furnishing low poten-
tial for the filament or for the heater of a separate cathode. Such a
transformer is shown in the diagrams of Fig. 53. The simple ar-
rangement of diagram A would operate the tube, but electron
flow returning from the plate circuit and plate winding to the fila-
ment would flow into only one side of the filament. This side of the
filament would carry most of the electron flow for the plate circuit

—— —— B —

PLATE -
WINOING. vH

! ths

PRIMARY.
-

—

o
= e
FILAMENT ";]’cgquﬂ TAP.
WINDING. |
_— 4 .
-

Fig. 53. Electron flow with no center tap on filament winding, and the more
evenly distributed flow through the filament when there is a center tap.

and would be more heavily “loaded” than the other side of the
filament. The unbalance of electron flow in the filament may be
avoided by using a center tap on the filament widing of the trans-
former, and connecting the plate return to this center tap. Now the
electron flow returning from the plate circuit flows equally into both
sides of the filament.

TRANSFORMER CENTER TAPS—A connection brought out from
the “electrical center” of a transformer winding is called a center
tap. A center tap is connected approximately midway in the num-
ber of turns in the winding, at a point where the potential always
remains midway between the potentials at the ends of the winding.
In the transformer of Fig. 54, operating with a secondary
potential difference of 100 volts, we may consider that the ends
of the secondary winding become alternately 50 volts positive
and 50 volts negative. Then the center tap, placed midway between
the two ends of the winding, always will be at a potential midway
between the potentials of the ends. Look at Fig. 55. :
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CONNECTING THE RECTIFIER TO ITS LOAD—In Fig. 58 we
have a direct electron flow in the plate circuit of the rectifier tube,
but this electron flow simply passes around and around the
plate circuit without doing any useful work. Before the recti-
fier can do anything useful, such as charging a storage battery,
it must be connected to its load circuit. The load circuit for a
rectifier is any circuit in which we desire to have and to utilize
in some way or other, a direct electron flow.
S0 VOLYS 50 vOLTS

POSITIVE NEGATIVE
-4+ POTENTIAL. — POTENTIAL.

CENTER TaP 100" VOLTS
— IERO POTENTIAL
POTENTIAL. DIFFERENCE.

CENTER TAP 100 VOLTS
ZERO POTENTIAL
POTENTIAL. OIFFERENCE.

~ 50 voLTs + 50 vouTs
NEGATIVE POSITIVE
POTENTIAL. POTENTIAL .

Fig. 54. The center tap remains at a constant potential, midway between
the alternating potentials at the two ends of the winding.

For convenience in explanation of rectifier action we shall rep-
resent a load circuit as a resistor. The resistor stands for any
device or apparatus in which there is to be produced a direct
electron flow. Using a resistor to represent a load, we connect the

—  HIGH
POTENTIAL

< LOAD
CIRCUIT.

~FILAMENT.

Low

= POTEHTIAL.

Fig. 55. How the rectifier is connected to a load.

rectifier to its load as in Fig. 55. Arrows show the direction of
electron flow in the rectifier tube, the transformer windings, and
the connected load. By comparing Fig. 55 with Fig. 53 you will
see that we have opened the connection from the plate winding
of the transformer to the center tap of the filament winding. and
have run leads from these two points to the load.
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Electron flow always moves from a point of negative potential
toward another point of positive potential. The direction of elec-
tron flow in the load of Fig. 55 shows that the load terminal con-
nected to the plate winding of the transformer is the negative
terminal, and that the load terminal connected to the filament wind-
ing is the positive terminal. In Fig. 55 we have a practical circuit
for a rectifier furnishing pulses of direct electron flow on alter-
nate half-cycles of alternating potential applied to the rectifier. A
rectifier used in this manner is called a half-wave rectifier because
it uses only half of each wave or each cycle of applied alternating
potential.

A FULL-WAVE RECTIFIER—By using two rectifier tubes, a cen-
ter-tapped filament winding or filament transformer, and also a
center-tapped plate winding or plate transformer we may produce
a pulse of direct electron flow from both half-cycles of alternating
potential applied to the rectifiers. By rectifying both half-cycles
we have what is called a full-wave rectifier system.

One of the most commonly used circuits for full-wave rectifica-
tion is shown in Fig. 56. Diagram A shows how the filaments of

PLATE
TRANSFORMER.
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RECTIFIER. RECTIFIER.

RECTIFIER.
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Fig. 56. A full-wave rectifier circuit containing two rectifier tubes. The fila-
ment circuit is shown at A, and the complete circuit at B.

l;_‘;) (

the two rectifier tubes are connected “in parallel” to the filament
transformer. Diagram B shows the complete rectifier system, with
the plates of the rectifier tubes connected to the plate transformer,
and with the load connected between the center taps of the plate
transformer and filament transformer.
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Fig. 57 shows what happens during one complete cycle (two
half-cycles or alternations) of alternating potential from the sec-
ondary winding of the plate transformer. During the first half-cycle

AAVATAVAVAVAVAY

+

(

L |

—— o
SECOND MHALF-CYCLE.

FIRST HaLF-CYCLE.

Fig. 57. Each of the two rectifier tubes conducts electron flow during one of
the two half-cycles of an alternating potential cycle.

the upper terminal of the plate transformer secondary is positive
and the lower end negative. This makes the plate of rectifier 1 posi-
tive and the plate of rectifier 2 negative with respect to the filaments
or electron emitters. Electrons flow from filament to positive plate
in rectifier 1 and through the remainder of the circuit as shown by
arrows. No electrons flow to the negative plate of rectifier 2.
During the second half-
cycle the plate of rectifier 2 is
/\ B /\ N\ made positive and the plate of
\] \/ rectifier 1 is made negative
/

ALTERNATING POTENTIAL.

with respect to the emitters.

Consequently there is electron

flow from filament to plate in

rectifier 2, and around the cir-
Fig. 58. The full-wave rectifier deliv-
ers pulses of direct electron flow on
every half-cycle of the applied

alternating potential.

emitters.

cuit as shown by arrows, but
there is no electron flow in
rectifier 1, whose plate now is
negative with respect to the

During both half-cycles the electron flow through the

load is in the same direction, from top to bottom in the diagrams.
Just as with the half-wave rectifier, the negative terminal for the
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load is the one connected to the plate and the positive terminal
for the load is the one connected to the filament winding. The re-
sulting pulses of direct electron flow in the load circuit are as
represented in Fig. 58. There are two pulses of direct electron
flow during each cycle of alternating potential, and the average
direct electron flow in the load is twice the value it would be with
one similar rectifier tube in a half-wave circuit.

FULL-WAVE AND HALF-WAVE RECTIFIER TUBES—Rectifier
tubes having a single plate are called half-wave rectifiers because
each such tube is capable of rectifying only half of an applied alter-
nating potential. It was only by using two half-wave rectifier tubes
in Fig. 57 that we were able to secure full-wave rectification.

PLATE
WINDING. - ’

i

HEATER.

HEATER
WINDING.

Fig. 59. A circuit containing a single rectifier tube
of the full-wave type.

In other types of rectifier tubes, called full-wave rectifiers,
there are two plates and a single filament or a single separate
cathode. Such a full-wave rectifier of the separate cathode type or
heater-cathode type may be used in the circuit of Fig. 59 for full-
wave rectification. The two plates become alternately and oppositely
positive and negative, just as do the two plates of the separate
tubes in Fig. 57. Electrons flow from the single cathode or emitter
to whichever plate is positive. The load is connected between the
center tap of the plate winding and the cathode of the rectifier tube.
The heater of the tube and the heater winding on the transformer
are not parts of the circuit in which rectification takes place.

In addition to the full-wave rectifier tube represented by the
symbol in Fig. 59 there are many others having the various arrange-
ments of filaments and heater-cathodes shown by the symbols in
Fig. 60. At A there are two sections of the filament, one for each



70 ‘ ELECTRONICS

plate. At B and C there are heaters and cathodes for each of the
plates, with the cathodes connected together and brought out to a
separate terminal on the tube. At D and E there are heaters and
cathodes for each of the plates, but the cathodes are connected
together and to the heater circuit inside the tubes. The connections
for all full-wave rectifier tubes follow the principles illustrated in
Fig. 59.

PLATES. PLATES, PLATES.
A 8 c
CATHODE CATHODE.
FILAMENT. HEATERS. HEATERS.
0 E g
HEATERS AND HEATERS AND
CATHODES. CATHODES.

Fig. 60. Full-wave rectifier tubes may be constructed with various arrange-
ments and connections of cathodes and heaters.

CAPACITORS FOR FILTERING—For many installments we re-
quire a smooth and practically unvarying direct electron flow rather
than the rapidly pulsating direct electron flow represented in Fig. 58.
Changing the pulsating direct flow to a smooth and steady direct
flow is called filtering, and the apparatus used is called a filter. All
filters include one or more capacitors, so before proceeding to apply
a filter system to our rectifier we must learn something about the
behavior of capacitors.

As shown in Fig. 61, a capacitor consists of one or more metallic
sheets or plates separated by thin layers of some insulating mate-
rial. Insulating material is called the dielectric when employed in a
capacitor.

When a potential difference is applied to the plates of a
capacitor the surfaces of the dielectric are negatively and positively
charged as shown at A in Fig. 62. The side of the dielectric to
which negative potential is applied through a plate becomes nega-
tively charged, meaning that it acquires an excess of electrons. The
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side of the dielectric to which positive potential is applied through
the other plate is positively charged, meaning that it loses elec-
trons. The deficiency of electrons on the positively charged side
of the dielectric is exactly equal to the excess of electrons on the
negatively charged side of the dielectrie.

METAL PLATE.
DIELECTRIC >
METAL PLATE.

= |

—=

—

s

CONNECTIONS
TO PLATES.

Fig. 61. A capacitor consists of insulating material, called the dielectric, be-
tween conductive plates of metal.

Because there is a difference between the number of electrons
on the two sides of the dielectric there is a difference of potential
between the two sides. The dielectric is an insulator, and electrons
cannot move freely from place to place in an insulator as they do in
a conductor. Therefore the excess of electrons persists on one side
of the dielectric, while the deficiency persists on the other side.

s
- NEGATIVE
,

CHARGE .
POTENTIAL
DIFFERENCE

-—DIELECTRIC.

POSITIVE
CHARGE.

Fig. 62. The dielectric of the
capacitor is charged by a po-
tential difference applied to the
dielectric through the plates.

A charged dielectric material might be removed from between
che plates and the charges still would remain on the dielectric.
There still would be a potential difference between the two sides of
the dielectric, and if the two sides were connected together by
means of a conductor, the potential difference would cause a flow
of electrons through the conductor from the negatively charged
side to the positively charged side of the dielectric. The electron
flow would cease when the excess electrons from one side of the
dielectric had passed to the side on which there was a deficiency.
Then both sides- would have their normal number of electrons, or
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would be neutral, and there would be no remaining difference of
potential to cause further electron flow.

When the dielectric of a capacitor is connected through the
plates to a potential difference, the capacitor will be charged and
the potential difference between the sides of the dielectric will
become the same as the applied potential difference. If the capacitor
is disconnected from the source of potential difference the capacitor
will retain its charge or its potential difference. If the capacitor
then is connected to any points between which there is no difference
of potential, or between which the potential difference is less than
that of the capacitor, the potential difference of the capacitor will
cause an electron flow to the connected points. The flow will be
away from the negatively charged side of the capacitor and toward
its positively charged side.

If a capacitor is connected to a source of alternating potential
the capacitor will be charged first in one directien and then in the
opposite direction. If the capacitor is connected to a source of
pulsating direct potential difference the capacitor first will be
charged as the applied potential difference increases, then will dis-
charge back through the source as the potential difference of the
source decreases. The capacitor will be charged to a higher and
higher potential difference so long as the applied potential difference
increases, and will discharge as the applied potential decreases,
because this leaves the potential difference of the capacitor higher
than that of the source.

7

DIFFERENCE
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PRESSURE.

L. LM FLEXIBLE
- OCIAPHRAGM.

Fig. 63. A flexible elastic dia-
phragm in a water system acts
in many ways like a capacitor
in an electric circuit.

The action of a capacitor may be compared with that of a
flexible diaphragm enclosed in a housing as shown by Fig. 63. If
this flexible diaphragm, such as might be made from a sheet of
thin rubber, is connected into a water system the diaphragm will
be flexed one way or the other, depending on the difference between
water pressures on opposite sides of the diaphragm.
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If the housing with its flexed diaphragm were disconnected from
the source of water pressure there would be a pressure difference
remaining in the housing. If the housing then were connected to
some water system in which there was no pressure difference, or
in which the pressure difference was lower than in the housing,
the diaphragm would exert its pressure and cause a flow of water
into the connected piping.

Fig. 6a. Cacapitors made with paper di-
electric and metal foil plates rolled
into a compact cylindrical shape.

The dielectric for capacitors-used at potential differences up
to about 1,000 volts usually is made from several thin sheets of
paper impregnated with wax or oil forced into the capacitor during
manufacture. For still higher potential differences the dielectric
may be mica. The plates in these capacitors are made from alu-
minum foil or from tin foil in sheets only a few thousandths of an
inch thick. Fig. 64 shows capacitors made with alternate thin sheets
of paper and metal foil rolled into a cylinder. Leads or connections
are brought out from the two plates.

One or more capacitors are placed in housings such as illus-
trated in Fig. 65, leads or terminals are brought out from the
capacitor plates, and the housing is filled with insulating material.
The three units at the top of Fig. 65 are “paper capacitors,” mean
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ing that they are made with paper for their dielectric. The three at
the bottom are electrolytic capacitors. In an electrolytic capacitor
the dielectric is a very thin layer of gas that is formed on the
surface of a metallic plate immersed in a liquid or else having a
liquid held in absorbent material.

Fig. 65.  Paper capacitors (top row)
and electrolytic capacitors (bottom
row) such as used In filter systems.

A paper or mica capacitor will withstand just as much potential
difference in one direction as in the opposite direction without
danger that the dielectric may be punctured and allow free flow of
electrons through the capacitor. An electrolytic capacitor will with-
stand much greater potential differences in one direction than in
the opposite direction without breaking down. Consequently, the
terminals or leads of electrolytic capacitors are marked positive and
negative to show which side should be connected to the positive
potential and which to the negative potential of the source. Elec-
trolytic capacitors are suitable for use only in circuits carrying a
direct potential. If connected to an alternating potential there will
be a large electron flow through the capacitor when the potential
acts in one direction. This electron flow will overheat and quickly
ruin the capacitor.

CAPACITOR SYMBOLS—In diagrams to follow we shall repre-
sent capacitors of any type by the symbol shown at A in Fig. 66.
In some other diagrams a capacitor is represented by the symbol
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at B. When we wish to show a movable contact which will open
and close a circuit we shall use the symbol at C. In diagrams that
have the symbol at B for capacitors, movable contacts are repre-
sented by the symbol at D, which is the same as our symbol for a
capacitor.

In diagrams that have symbols B and D of Fig. 66 for capacitor:
and contacts you will find symbols B and D of Fig. 51 for trans-
formers and resistors. When you commence to use any eircuit
diagram it is important to note which symbols are employed, other-
wise there is danger of confusing resistors with transformers, and
capacitors with movable contacts.

A ~ B
Y —

|
i —

CAPACITORS.

. C D

I

MOVABLE CONTACTS.

Fig. 66. Symbols used to indicate capacitors and movable contacts in wiring
diagrams or circuit diagrams.

Capacitors frequently are called electrostatic condensers or
simply condensers. The name capacitor is preferable because the
property of an assembly of plates and dielectrie that enables it to
receive and retain a charge is called capacitance or electrostatic
capacity.

The capacitance of a capacitor is measured in a unit called the
farad. One farad is the capacitance in which a potential difference
of one velt will produce a charge of one coulomb of electricity, or
which will produce a charge represented by one coulomb more elec-
trons on the negative side of the dielectric than on the positive side.
Even though a capacitor were made with very thin plates and very
thin dielectric it would have to be the size of a small room to have a
capacitance of one farad. Capacitors of practical size have capaci-
tances measured in microfarads. One microfarad is equal to the
one millionth part of a farad, or it takes a million microfarads to
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equal one farad. Very small capacitors have capacitances measured
in micro-microfarads. One micro-microfarad is equal to the one
millionth part of a microfarad.

FILTER CIRCUITS—Fig. 67 shows the simplest electrical filter
system, with its counterpart for a water system. The electrical
filter consists of nothing more than a capacitor connected across
the load. The water system has a flexible diaphragm connected
across the portion of the system in which there is high resistance
to flow of water due to the small diameter and great length of the
tubing.

When pulsating water pressure is increasing, the pressure
forces water to flow through the high-resistance tubing and at the
same time flexes the diaphragm. When the water pressure com-
mences to decrease, the higher pressure remaining in the diaphragm
chamber continues to force water through the tubing. If the dia-
phragm is of correct size for the water circuit, it will maintain a
pressure to force water through the tubing even while the pressure
from the source falls to zero.

MIGH RESISTANCE
WATER TUBING.\'

\ PULSATING i £
DIRECT POTENTIAL . DIAPHRAGM.
| PULSATING
‘ l HIGH WATER ]
‘ [\ cAPACITOR. _ RESISTANCE PRESSURE. “
LOAD. —
! y 5 — —L-—jJ
— ez o =l

Fig. 67. A simple filter system consisting of a capacitor connected across a
high-resistance load in which there is but small electron flow.

In the electrical filter system of Fig. 67 the capacitor is charged
while the potential difference from the rectifier is increasing, and
while this potential difference is forcing electrons to flow through
the load resistance. When the potential difference from the rectifier
commences to decrease, the higher potential difference of the capaci-
tor causes a greater electron flow through the load than would
take place from the applied potential alone. If the capacitor has a
capacitance suitable for the load and for the electron flow in the
circuit, the potential difference of the capacitor will carry over the
period during which the rectifier potential drops ot zero and com-
mences to rise again. Thus the capacitor causes a relatively steady
and constant electron flow through the load.

The higher potential difference remaining in the capacitor
cannot ferce electron flow backward through the rectifier, because
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that would require an electron flow from the positive plate to the
negative filament—which is impossible. Thus the higher potential
difference of the capacitor can force electrons to flow only through
the load.

The simple filter of Fig. 67 is suitable for a high-resistance
load in which there is a small electron flow. But to smooth eut the
rate of flow through a low-resistance load carrying a relatively
large electron flow we would have te have an immense capacitance
in the filter capacitor. This becomes clear if you consider the water
circuit, in which we would need a very large diaphragm to smooth
out the large flow through a tubing of large diameter and short
length. '

HIGH RESISTANCE
TUBING.

FILTER

RESISTOR. —
) ==
! /
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TUBING.
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Fig. 68. A filter system consisting of two capacitors and a filter resistor be-
tween them, suitable for a low resistance load in which there is a fairly
large electron flow.

&

For a load of relatively low resistance, say 1,000 ohms or less,
we may use the filter system of Fig. 68. First we shall consider the
water system of Fig. 68, where we have between the pulsating

. water pressure and the low-resistance tubing two diaphragms with
a length of high-resistance water tubing between them. The action
of the diaphragm nearest the source is much like that of the dia-
phragm in Fig. 67, and through the length of high-resistance
tubing we have smaller pulsations than from the source. These
smaller pulsations then act on the second diaphragm. This second
diaphragm still further smooths the pulsations, and in the low
resistance tubing we have a nearly constant rate of water flow.

In the electric filter of Fig. 68 the capacitor nearest the rectifier
reduces the variations of potential difference that reach the filter
resistor, just as the capacitor in Fig. 67 reduces variations of
potential that reach the load resistance in that circuit. The reduced
variations of potential coming through the filter resistor of Fig. 68
are applied to the second capacitor and to the load, but the second
capacitor still further reduces the fluctuations, and through the
load we have a fairly steady rate of electron flow.
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FILTERS CONTAINING INDUCTORS—If the low-resistance load
of Fig. 68 is to carry a large electron flow, the large flow through
the filter resistor will cause a large drop of potential across this
resistor. The potential difference furnished from the rectifier then
will have to be great enough to provide the drop across the filter
resistor and still leave enough drop for the load. To avoid much of
the potential drop in a filter supplying a large electron flow we may
substitute for the filter resistor an inductor.

An inductor consists of many hundreds of turns er thousands
of turns of insulated conductor wire placed on an iron core, as
shown in principle by Fig. 69. Cores for inductors generally are
quite similar to those used for some types of transformers, but on
the inductor we have only a single coil or winding instead of the
several windings used on a transformer.
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Fig. 69. The constructional principle of in-
ductors ‘such as used in filter systems,
and symbols used for inductors. :

Symbols for an inductor with an iron core are shown in Fig 69.
We shall use the symbol that appears like a coil with straight lines
along one side to represent the iron core. The zig-zag line for an
inductor is used with symbols B and D of Figs. 51 and 66.

An inductor possesses a most remarkable property. When there
is any change of the rate of electron flow in the winding of an
inductor, there is produced in the winding a potential difference
that tends to oppose the change of electron flow. When the rate of
electron flow is decreasing the “induced” potential difference acts
in such direction as to maintain the electron flow. When the
rate of electron flow is increasing, the potential difference induced
in the winding is in such a direction as to oppose increase of elec-
tron flow. This property of the inductor is called inductance.

Inductance is measured in a unit called the henry. In an
inductor having an inductance of one henry, the induced potential
difference will be one volt when the rate of flow is changing by one
ampere per second. Commonly used inductors have inductances of
between three or four henrys and 100 henrys.
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The inductor is an ideal unit for lessening the variations of
electron flow and potential in the filter circuit. The resistance of an
inductor to a steady direct flow of electrons through it is only the
resistance in ohms of the wire in the winding, yet the effect of
the inductance in opposing changes in the rate of electron flow may
be as great as would be the effect of dozens of times its resistance.
The inductor offers little opposition to the direct electron flow that
we want in the load, yet offers great opposition to changes in the
rate of flow, which we do not want in the load.

INOUCTORS.

J—
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Fig. 70. Filter systems containing inductors instead of filter resistors.

Fig. 70 shows filters made with inductors and capacitors. If
one inductor and two capacitors do not eliminate enough of the
fluctuation in potential and electron flow we may add a second
inductor and a third capacitor, as shown in one of the diagrams.
A filter having two inductors and three capacitors will furnish to
the load a practically constant direct potential difference and direct
eleetron flow provided the values of capacitance and inductance have
been correctly chosen. Inductors frequently are called choke coils
or simply chokes, because they tend to choke back the fluctuations
of electron flow.

CAPACITOR-INPUT AND INDUCTOR-INPUT FILTERS—In all
the filters so far examined we have had a capacitor across the input
terminals of the filter system, which means that there is a ¢apacitor
across the output from the rectifier. These are called capacitor-
input filters or condenser-input filters. If we omit the first capacitor,
as in Fig. 71, the input to the filter system is through an inductor,
and we have what is called an inductor-input filter or a choke-input
filter.

Because capacitors tend to maintain the potential difference
from the filter when the rectifier potential difference drops to zero,
the omission of the first capacitor from a choke-input filter will
lower the potential difference acress the load. However, with
changes of resistance in the load, and consequent changes for elec-
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tron flow demand in the load, there will be smaller changes of load
potential difference with a choke-input filter than there would be
under similar operating conditions with a condenser-input filter.
This statement assumes that the potential difference supplied to
the filter by the rectifier tube remains the same in both cases.

e —§ s IT IT—
| [ | |

Fig. 71. Choke-input or inductor-input filters with which one side of the recti-
fier circuit is connected only to an inductor rather than to a capacitor and
an inductor as in capacitor-input filters.
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Chapter 5
RESISTORS FOR CONTROL OF POTENTIAL AND FLOW

Voltage Divider — W hat Resistors Will Do — Factors Affecting Resist-
ance — Heating Due to Electron Flow — Symbols for Electrical
Quantities — Watts Dissipation of Resistors — Electron Flow and
Potential Difference — Drop of Potential — Series Circuits — Parallel
Circuits — Rule for' Electron Flow, for Resistance — Egquivalent
Resistance of Parts in Parallel — Resistances in Series and Parallel.

In many kinds of electronic apparatus which operate with
direct electron flow we require not only a single value of direct
potential but two or more different values. As many different
potentials as are needed may be secured from one rectifier system
as shown by Fig. 72. Instead of connecting the output side of the
filter directly to the load circuit, as has been done in preceding
diagrams, we here have connected the filter output to a resistor
which is to act as a voltage divider.

FILTER
RESISTOR
|—¢~w:/\s/v‘:/\,- by
|/n|v|o:n.

§ FIRST LOAD

< CIRCWIIT.

SECOND LOAD
=] CIRCUIT.

§

Fig. 72. A voltage divider between the rectifier filter and the load circuits.

The voltage divider of Fig. 72 is arranged to furnish two dif-
ferent direct potentials and two different rates of electron flow to
the two load circuits. Any additional number of direct potentials
and electron flows might be supplied to still other load circuits by
making additional connections to the voltage divider.
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The elementary principle of a voltage divider is exceedingly
simple, as you may see by examining Fig. 73. Across the filter out-
put we have a resistor in which the potential difference between
the two ends is 100 volts. If the resistor is of uniform resistance
from end to end there will be a uniform change of potential from
one end to the other. Then, if we make connections to one end
and to the middle of the voltage divider resistor, as in diagram B,
the difference of potential between these two connections will be
50 volts, or will be one-half the total difference across the entire
voltage divider. If we make the connections at one end and at a
point three-fourths of the way from that end to the other, as in
diagram C, the potential difference between the connections will be
three-fourths of the total potential difference across the entire
voltage divider, or will be 75 volts.

A _ c
_ 9=
75
FROM VOLTAGE 100 100 vOLTS
FILTER. DIVIDER. VOLTS . VOLTS.

Fig. 73. The basic principle of a voltage divider.

When we come to apply this simple principle of the voltage
divider to actual electronic circuits we encounter some difficulties.
. So long as no electron flow is taken from the voltage divider the
potential differences remain exactly proportional to the portion
of the total resistance that is included between the connections.
But just as soon as we commence to deliver electron flow to the
load circuits this simple relation no longer holds true. If we learn
to calculate the resistance in ohms that should be used in a voltage
divider, and in the sections of the divider between load connec-
tions, we shall have learned at the same time to solve a large portion
of all the problems encountered in practical electronie applications.

If you were to examine wiring diagrams or circuit diagrams
for generally used types of electronic apparatus you would find vari-
ous kinds of electronic tubes represented in all of them, because
without tubes the apparatus would not be electronic. But in addi-
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tion to the tubes you will find many resistors, sometimes a few
capacitors, usually a transformer or two, and occagionally some
inductors. In the usual circuit you will find that resistors outnum-
ber all the other elements combined. This is because resistors, when
correctly chosen and applied, will limit potential differences and
electron flows to any needed values; they will cause a total electron
flow to divide and flow in any required portions through any
paths; they will permit the application of suitable potential dif-
ferences to any devices; and they will produce various potential
differences from nearly any rate of electron flow. In fact, when we
know how to choose and use resistors we can make electronic ap-
paratus behave just about as we want it to behave under any oper-
ating conditions.

With all the things that resistors will do it might be natural
to think that a study of their action, and of the rules and laws
applying to resistors, would be quite difficult. Actually, however,
almost everything we need to know about resistors is told by a
single law or rule that tells us about the relations between resist-
ance, the rate of electron flow through the resistance, and the
potential differences that cause the electron flow. Before learning
" to use this law we shall investigate the features of a conductor that
affect its resistance, or the features that determine how well suited
is a conductor for use as a resistor.

FACTORS WHICH AFFECT RESISTANCE—The resistance of
any electrical conductor is affected by four things; length, cross
section, kind of material, and temperature.

If we consider a conductor, such as a wire, of any given size
around and any given material, its resistance in ohms will be
directly proportional to length. If a conductor of a certain length
has a resistance of 100 ohms, a similar conductor of half the
length will have half the resistance, or 50 ohms, while one of twice
the length will have twice as much resistance, or 200 ohms.

The cross section of a conductor, or the cross sectional area, is
the area in units such as square inches of the exposed end when
the conductor is cut straight through from side to side. The re-
sistance in ohms of a conductor of given length and material varies
inversely with the cross sectional area, which means the greater
the area the less the resistance. and the less the area the greater
the resistance. If a conductor with a cross sectional area of one
square inch were to have a resistance of 100 ohms, a conductor
with a cross sectional area of two square inches, but otherwise
similar, would have only half as much resistance, or 50 ohms,
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while a conductor of one-half square inch cross section would have
twice the original resistance, or 200 ohms.

" Material has a decided effect on resistance. Metals, as a general
class, have the least resistance and are the best conductors. Car-
bon and graphite are fairly good conductors, or have fairly low
resistance, as are also many solutions of acids, salts and alkalies
in water.

A convenient way to compare various materials as to their re-
sistance is to list the resistances of conductors made from the
materials, taking a diameter of 1/1,000 inch (0.001 inch) and a
length of one foot. The cross sectional area of a round conductor
0.001 inch in diameter is called a circular-mil, and a conductor
having a length of one foot and a uniform cross sectional area of
one circular-mil is called a circular-mil-foot. The accompanying
table lists resistances in ohms of circular-mil-foots of various
conductor materials used in electronic work.

Resistances in Ohms Per Circular-Mil-Foot

Silver e 9.80

e T 1703 ALLOY RESISTOR MATERIALS
Tungsten ... 33.2 Advance ... 292
*Brass 49 Comet oo 575
*Nickel 52 Constantan ... 294
PureIron ... 60 Ideal . 295
Platinum ... ... 62 Lucerno ... 275
*Soft steel ... ... 96 *Manganin ... 345
*Hard steel .. ... 162 *Nichrome ... 635
*Cast Iron ... 540 Novar ..o 296
Mercury oo 570

Graphite ... 4800

*Resistances differ in various grades and compositions.

Alloy resistor materials, manufactured under various trade
names, are mixtures or alloys consisting chiefly of differing pro-
portions of copper, nickel, chromium, iron, and manganese. In addi-
tion to having high resistances these alloys have other properties
making them especially well suited to use as resistors. Many of
them will operate without harm to themselves at very high tem-
peratures, others change their resistance but little with large
changes of temperature, and still others are able to withstand the
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corrosive effects of certain chemicals. There are dozens of other
resistor alloys in addition to the few listed.

All the pure metals and most of the resistor alloys increase
their resistance to a greater or lesser extent as their temperature
rises. In a copper conductor having a resistance of 100 ohms at
a temperature of 70 degrees (Fahrenheit) the resistance will
increase by about 9 ohms when the temperature is raised to 110
degrees. With nickel the increase would be about 14 ohms, but
with soft steel it would be only about 2 ohms. With the same

Fig. 74. A resistor with two terminals
(upper left) and others with many
taps or intermediate connections for
use as voltage dividers.

starting temperature and same temperature rise, Lucerno alloy
would increase its resistance by about 1 1/3 ohm, Advance by 1/25
ohm, Constantan by 1/60 ohm, and Novar by 1/100 ohm. One of
the disadvantages of copper is its great change of resistance with
change of temperature. Aluminum changes its resistance at ap-
proximately the same rate as copper.

HEATING DUE TO ELECTRON FLOW—This matter of change
of resistance with change of temperature in a conductor is espe-
cially important in view of the fact that electron flow through any
conductor produces heat in that conductor, and ordinarily produces
a rise of temperature. Thus, since electron flow raises the tempera-
ture, and a rise of temperature increases resistance, we may say
that electron flow increases the resistance of a conductor in which
the flow takes place.
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As an example of heating due to electron flow assume that we
have a soft steel wire 1/100 inch in diameter and of such length that
its resistance is 400 ohms. If an electron flow of one ampere is
maintained in this wire, and if all the heat produced is kept within
the wire, the temperature of the wire will go up at the rate of 20
degrees every minute. If the wire did not immediately commence
to lose heat to its surroundings it would soon become red hot.

If the steel wire actually were to increase its temperature
at the rate of 20 degrees per minute, due to the electron flow of
one ampere, the resistance of the wire would increase at the rate
of about 7 ohms per minute. Instead of the original resistance of
400 ohms we would have a resistance of 407 ohms at the end of one
minute, and at the end of ten minutes would have 470 ohms of
resistance.

Heating due to electron flow in conductors of high resistance
is useful for raising the temperature of filaments and heaters of
electron tubes and for many other applications where we wish to
produce heat and high temperatures. But in resistors whose pur-
pose it is to control potential differences and electron flows we do
not want wide variations of resistance, congequently must maintain
their temperatures reasonably constant.

The rate of heat production in any conductor depends on the
resistance of the conductor and on the rate of electron flow in the
conductor. The power that is used up in producing heat is measured
in watts. The number of watts of power is equal to the square of
the number of amperes of electron flow multiplied by the number
of ohms of resistance. The square of any number is that number
multiplied by itself. As an example of power used for heating a
conductor, assume that there is an electron flow of three amperes
in a resistance of 20 ohms. Then we have,

amperes ? X ohms = watts
3% 8% 20=180

SYMBOLS FOR ELECTRICAL QUANTITIES—Instead of using
the full names for electrical quantities such as amperes, ohms
and watts when writing formulas and rules it is the more common
practice to use letters as symbols for these quantities. For instance,
instead of writing “amperes? X ohms = watts”, we would write
I2 X R = P. Here the letter Iis the symbol for electron flow in
amperes, the letter R is the symbol for resistance in ohms, and
the letter P is the symbol for power in watts.

In the writing of formulas we do not use the sign of multi-
plication (X), but simply indicate quantities to be multiplied by
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placing their symbols next to each other. The formula for power
in watts would be written I2R = P, with 12 and R placed side by
side to show that they are to be multiplied together.

The accompanying list shows the letters used as symbols for
many electrical quantities, also the units in which it is understood
that these quantities are measured unless otherwise stated. As
an example, the symbol I ordinarily stands for electron flow meas-
ured in amperes. But, if mention is made of the fact, this symbol
may stand for electron flow in milliamperes or in microamperes.
Similarly, R ordinarily stands for resistance measured in ohms, but
may be used also for resistances measured in megohms. One meg-
ohm is equal to one million ohms,

LETTERS USED AS ELECTRICAL SYMBOLS

Letter Thing Measured Usual Unit
C capacitance farad
E potential difference volt
f frequency cycles per second
1 electron flow ampere
L inductance henry
P power watt
Q quantity or charge coulomb
R resistance ohm
t temperature degrees
v voltage volt
w energy watt-hour

The symbeol V is used only when it is necessary to distinguish
between a potential difference and a single potential. Then we
use V for the potential difference and E for the single potential.
However, in practically all cases the symbol E stands for any value
which may be measured in volts. A watt-hour of energy, whose
symbol is W, is the amount of energy expended, or work done,
during one hour when power is being used at the rate of one watt.
Note that small letters rather than capitals are used as the symbol
f for frequency and t for temperature as ordinarily measured. It
always must be noted whether temperatures are measured in
degrees Fahrenheit or in degrees centigrade.

WATTS DISSIPATION OF RESISTORS—When you specify a re-
sistor for use in an electrical circuit it is not enough to give only
the number of ohms required, but you must specify also the “watts
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dissipation” or the rating of the resistor in watts. The watts disgi-
pation is the number of watts of power that may be used up in the
resistor without causing its temperature to rise so high as to en-
danger surrounding materials or the resistor itself.

The watts rating of a resistor is the maximum number of watts
of power that it will dissipate or use up without causing a tempera-
ture rise of more than 250 degrees centigrade, which is equal to
450 degrees Fahrenheit, when the resistor is surrounded by at least
one foot of free air space on all sides, and when the starting tem-
perature is 40° C. or 104° F.

You might find that a 1000-ohm resistor is to carry an electron
flow of 300 milliamperes, which is a flow of 0.3 amperes. Then,

I2R will be 0.3 X 0.8 X 1000 = 90 watts.

In this resistor the actual power dissipation will be 90 watts,
and to prevent overheating we might select a unit rated at least at
100 watts. If the resistor were to be used in a confined space where
heat could not be carried away readily by circulation of air around
the resistor, we should select a unit rated at 150 or 200 watts.
When a resistor of higher wattage rating is used, its operating
temperature will not be excessive even though the heat cannot be
carried away at a rapid rate.

ELECTRON FLOW AND POTENTIAL DIFFERENCE—We
started out to select resistors for a voltage divider, and although we
have learned something about the behavior of resistors, we have
not yet learned to use the rules that allow selecting the ohms of
resistance that permit a desired electron flow with an available
potential difference, nor can we as yet determine the potential
difference needed to produce a desired electron flow in a given
resistance.

Our investigation of the relations between resistance, electron
flow, and potential difference may commence with these simple
facts: ’

1. All conductors possess more or less resistannce.

2. There can be no electron flow through a resistance unless
there is a difference of potential between the ends of the resistance.

3. When there is an electron flow through a resistance there
must be a difference of potential across the ends of the resistance.

There can no more be an electron flow without a potential
difference than there can be a flow of water through piping without
a pressure difference between the ends of the piping. With no
difference of pressure on the water there is no force to move the
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water, and with no potential difference there is no force to move the
electrons. Since there can be no electron flow without a potential
difference, it follows that a potential difference always accompanies
a flow of electrons in a resistance. Electron flow and potential
difference always exist together,
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Fig. 75. Relations between resistances, electron flows, and potential differ-
ences.

Now let’s inquire how many volts of potential difference will be
needed to produce an electron flow of so many amperes in a resist-
ance of so many ohms. The answer is that the potential difference
in volts is equal to the number of amperes multiplied by the numbez
of ohms. With symbols the law is stated thus:

E = 1R

At A in Fig. 75 there is an electron flow of 1 ampere through a
resistance of 5 ohms. Multiplying 1 (ampere) by 5 (ohms) shows
that the potential drop across the resistance must be 5 volts. At B
the flow is 14 ampere and the resistance is 200 ohms. Multiplying
% (ampere) by 200 (ohms) shows the potential drop must be 100
volts. At C the electron flow of 1/10 ampere produces a potential
difference of 10 volts in a resistance of 100 ohms, because
1/10 X 100 = 10.
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At D in Fig. 75 there are two resistances of 5 ohms each con-
nected end to end. It is plain that the rate of flow must be the same
through any resistances connected end to end, just as the rate of
water flow in gallons per minute must be the same through two
lengths of hose connected end to end. The potential drop in each
of the two 5-ohm resistances must be 1 (ampere) X 5 (ohms),
or must be 5 volts. If there is a potential difference of 5 volts in
one of the resistances, and another potential difference of 5 volts
in the other resistances, the total potential difference across both
resistances must be 10 volts.

The resistances of the conductors that connect resistances or
resistors together and to other parts of a circuit ordinarily may be
neglected when these conductors are of low-resistance materials
such as copper, and when they are so short as in most electronic
devices. The resistance of 10 feet of copper wire of the size com-
monly used for connections is only 3/100 of one ohm.

At E in Fig 75 we have a single resistor consisting of two sec-
tions, in each of which the resistance is 5 ohms. The potential
difference across the two sections must be the same as across the
two 5-ohm resistances at D or must be 10 volts. At E there are two
resistances, one of 10 ohms and the other of 20 ohms. The rate of
electron flow is 1/5 ampere, and with the resistances connected end
to end the flow must be the same in both units. Then in the 10-ohm
resistance we have a potential difference of 1/5 X 10 or 2 volts. In
the 20-ohm resistance the potential difference is 1/5 X 20, or 4 volts.
Then the total potential difference across both resistances will be
2 + 4, or 6 volts.

The potential difference in volts across a resistance of so many
ohms always is equal to the number of amperes of electron flow in
that resistance multiplied by the number of ohms of resistance.
The rule or formula, E = IR, answers two questions that continually
are recurring in electronic work;

1. What potenital difference in volts must be provided to cause
an electron flow of a required number of amperes in a given re-
sistance ?

2. What potential difference in volts results from a certain
" rate of flow in amperes through a given resistance? '

DROP OF POTENTIAL—In Fig. 76 we have a circuit consisting
of three resistances; 10 ohms, 5 ohms, and 15 ohms, connected to
an energy source furnishing an electron flow of 2 amperes. This
2-ampere rate of flow must exist in all three resistances, starting
from the source and returning to the source. By using the formula
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E = IR we find that the potential differences across the 10-, 5-, and
15-ohm resistances are respectively 20, 10 and 30 volts. The total
potential difference across the entire circuit must be the sum of
these separate differences, so is equal to 20 + 10 + 30, or to 60
volts. This is the potential difference that must be furnished by
the energy source.

In diagram B of Fig. 76 the left-hand terminal of the source
is shown_as being negative (—) and the right-hand terminal posi-
tive (+). Electron flow always is from negative to positive, so must
be in the direction shown by arrows. Because of the direction of
electron flow through the resistances, each resistance must have one
end negative with reference to the other end, which is positive.
Note that the positive end of a resistance is connected to the nega-
tive end of a resistance which follows in the circuit.
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Fig. 76. Drop of potential around a circuit is proportional to the resistances
in the circuit.

At the negative terminal of the source there is an excess of
negative electrons. It is because of this excess of negative elec-
tricity that we speak of this terminal as negative. At the positive
terminal there is a deficiency of negative electrons. Such a defi-
ciency leaves this terminal with more positive electricity than nega-
tive electricity, so we call this the positive terminal.

We might consider that the force driving negative electrons
through the circuit external to the source is due to repulsion between
the excess negative electricity at the negative terminal and negative
electrons in the circuit conductors. On the other hand, we might
congider that the positive charge at the positive terminal attracts
negative electrons from the circuit conductors, thus pulling electrons
through the circuit toward the positive terminal of the source.
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Actually, electron flow through the external circuit is due both to
repulsion and attraction.

To make it easy to picture in our minds what happens in an
external circuit it is convenient to consider that there is only one
force that moves electrons, to think of this force as being of maxi-
mum strength (potential) at either the negative terminal or at the
positive terminal, and to consider that this force decreases as we
move through the circuit to the other end, where all of the force
will have been used up. In other words, we may look at things in
either of two ways: (1) maximum potential exists at the negative
terminal, and zero potential at the positive terminal, or (2) maxi-
mum potential exists at the positive terminal, and zero potential at
the negative terminal.

It is customary to consider the negative terminal of an energy
source as being at zero potential or as at zero voltage, and to con-
sider the positive terminal as at the maximum positive potential
or voltage. This has been done at C of Fig. 76. Considering the
potential difference across a resistance as the force that drives
electrons through that resistance, we must use up 30 volts of our
total potential of 60 volts in resistor 1, this being the potential
difference across this resistance as determined in diagram A. Hav-
ing a potential of 60 volts at one end of resistance 1, and using 30
volts in this resistance, leaves 80 volts of potential at the other end
In this resistor we have a 80-volt drop of potential.

The 30-volt potential left over from resistor 1 is applied to one
end of resistance 2. In resistance 2 we must up to 10 volts, as de-
termined in diagram A, so in this resistance we have a 10-volt drop
of potential, and have 20 volts remaining from the 30 volts applied.
The 20-volt potential is applied to one end of resistance 3, in which
we have two 20-volt potential difference or a 20-volt potential drop,
leaving no potential or zero potential at the end of resistance 3 that
is connected to the source.

SERIES CIRCUITS—Any circuit in which all of the electron flow
that passes through any one part must pass also through every
other part is called a series circuit. The circuit of Fig. 76 is a series
circuit because every bit of electron flow in one of the resistances
passes also through the other two resistances. Any parts of a cir-
cuit that are so connected together that all the electron flow through
one passes also through the others are said to be connected in series.
The resistances of Fig. 76 are in series with one another and with
the energy source. The resistances at D and F of Fig. 75 are in
series with each other.
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In the simple half-wave rectifier circuit of Fig. 77 the parts
connected in series include the load, the rectifier tube, and the
transformer secondary winding. These parts, with the connections
between them, form a series circuit, because all the electron flow
through any one of them passes also through the others.

ELECTRON FLOW,
—————

RECTIFIER
TUBE,

i
TRANSFORMER,

Fig. 77. The rate of electron flow, in am-
peres, is the same in all parts of a
series circuit.

We may sum up our findings in relation to series circuits as
follows :

1. Electron flow in amperes is the same in all parts of a series
circuit.

2. The total resistance in ohms of all the parts in a series cir-
cuit, or of any parts connected in series, is equal to the sum of their
separate resistances in ohms.

3. The total potential difference in volts of an entire series
circuit, or of any parts connected in series, is equal to the sum of
the potential differences or potential drops across the separate parts.

4. The potential difference of an energy source connected to a
series circuit must be equal to the total potential difference of the
entire circuit.

PARALLEL CIRCUITS—If you look back at Fig. 72 you will see
that many of the parts are not connected in series. The two rectifier
tubes are not in series because the electron flow in one of them does
not pass through the other. The two loads are not in series, because
each has its own separate electron flow.

In Fig. 78 we have energy sources connected to several re-
sistances. Electron flow from the source divides, part going through
one resistance and part through the others. The electron flow in one
resistance is distinct and separate from electron flows in other re-
sistances connected to the same source. When resistances or other
units are connected together in such manner that the total electron
flow divides between them these parts are connected in parallel. A
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circuit consisting of parts in which the total electron flow divides
between the parts is a parallel circuit. ‘

Fig. 79 shows several resistances connected in parallel with one
another, and in parallel across the energy source. The energy source
furnishes a potential difference of 20 volts. Because of the negligible

SOURGE. ENERGY

SOURCE.
I
T £ i

' T

ENERGY T T

Fig. 78. The total electron flow divides between resistances connected in
parallel.

resistance in the connections from the source to the resistances we
consider that there are no potential drops in these connections.
Consequently the potentials at the ends of the resistances are the
same as the potentials at the end of the source to which they are
connected, the potential drops across the resistances are the same
as the potential difference provided by the source, and the potential
differences are equal across all the resistances connected in parallel.

20 voLTS. 20 vOLTS. 20 vOLTS.
el NN, 1
20 VOLTS FROM A
ENERGY SOURCE, <
>
By 20 VOLTS 20 VOLTS e
POTENTIAL POTENTIAL 2
— DIFFERENCE. DIFFERENCE. 2
.;1
Cn
i
(]
____________ J

o voLTS. 0 VOLTS. 0 voLTS.

Fig. 79. llPlotential differences are the same across all resistances connected in
parallel.

Since the potential differences are alike, and equal to the source
potential, it will be easy to calculate the rate of electron flow in each
resistance when we know the number of ohms of resistance in each.
This, and any other calculations for electron flow rates, are made
with the help of simple rule.
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RULE FOR ELECTRON FLOW-—The electron flow in amperes
through any resistance is equal to the number of volts potential
difference across the resistance divided by the number of ohms
resistance. Using our symbols for amperes, volts and ohms, we
may write this rule as,

I= I—E— or I = E/R

When one quantity is to be divided by another we write the two
quantities in the form of a fraction, with the quantity to be divided
above the line and the one by which the division is made below the
line. Any fraction really means that the upper quantity is to be
divided into as many equal parts as are shown by the lower quantity.

4 2
AMPERES. AMPERES . FOUR 40 OHM RESISTANCES.
—_— e 5
A l 8 I
! |
@ 10
10 2 ; 2 VOLTS. 0.25 0.25 0.2% 0.2%
OMMS AMPERES. © > AMPERES. ] AMP, AMP. AMP. AVP.
° AMPERE-
| l

[ — -
4 2

AMPERES. AMPERES.

Fig. 80. Total electron flow to and from parts in parallel is equal to the sum
of the flows in the separate parts.

At A in Fig. 80 there are two 10-ohm resistances in parallel
across a source furnishing 20 volts potential difference, and a
potential difference of 20 yolts across each resistance. New we may
use our new formula:

I=E/R or I=20/10 = 2 amperes

Thus we find that there is an electron flow of 2 amperes in each
of the two resistances. If each resistance takes 2 amperes the total
electron flow to be furnished from the source must be 4 amperes, of
which 2 amperes goes through one resistance and 2 amperes through
the other resistance.

At B in Fig. 80 there are four resistances of 40 ohms each.
Again we use our formula to determine the electron flow in each
resistance;

I=E/R or I=10/40 = 14 ampere

If a flow of 14, ampere passes through each of the four resist-
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ances, the total flow delivered to the four resistances in parallel
must be 4 times 1/, ampere, or 1 ampere.

In Fig. 81 there are three resistances of 10, 5, and 15-ohm value
connected in parallel across a potential difference of 60 volts. Feor
each resistance we calculate the electron flow by using the formula
I = E/R, finding that the flow rates are respectively 6, 12 and 4
amperes. Then the total electron flow to the three resistances in
parallel must be the sum of the separate flows in each, or must be
22 amperes. Note that in Fig. 76 the same resistances connected
in series across the same potential difference allowed a flow of only
2 amperes.

10 5 () 60 VOLTS

60 VOLTS. oHMS OHMS. oHMS. POTENTIAL

22 AMPERES, 6 12 & DIFFRENCE.
AMPS. AMPS, AMPS. l

Fig. 81. Different resistances of parallel parts permit different rates of elec-
tron flow in the parts.

So far we have learned that the potential difference is the same
across any number of parts connected in parallel, and have learned
also how to calculate the total electron flow when we know the
resistances of the several parts or several branches of the parallel
group. Now we should like to know the equivalent resistance of
several parts in parallel, or should like to know the value of a single
resistance that would replace all the separate resistances and still
permit the same rate of electron flow. Before we may calculate this
equivalent resistance of parts in parallel we must get acquainted
with a rule for determining any resistance when we know the
potential difference and the rate of electron flow.

RULE FOR RESISTANCE—The resistance in ohms of an entire
circuit or of any portion of a circuit is equal to the number of volts
potential difference across the circuit or part, divided by the num-
ber of amperes electron flow in the circuit or in part of a circuit
being considered. This rule may be shown as follows:

R=~IE or R = E/I

All we need do to check this rule or formula is to look back at
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the values of ohms, volts and amperes shown in some of the preced-
ing diagrams, thus:

Figure Rin _ E volts Figure Rin _ E volts
No. ohms =T ° zmps. No. ohms =T O zmme.
75-A 5 = —i— 76-A 2 = £
BB 200 = g T6A 2 =~ 10
B-C 100 = 9 76a 2 = &
B-DE 10 = 10 81 10 = £
BF 15 = & 8l 5 = 8
8- 10 = Z g 15 = £
80-B 40 = %

Now we have three rules and three formulas for the relations
between potential difference in volts, electron flow in amperes, and
resistance in ohms, either in a complete series circuit or in any one
part of a circuit which may be a series circuit or a parallel circuit.
Here are the three rules and formulas:

Potential difference in volts is equal to electron

E = IR fowin amperes multiplied by resistance in ohms.
= _E Electron flow in amperes is equal to potential
. R difference in volts divided by resistance in ohms.
R = E_ Resistance in ohms is equal to potential differ-
I ence in volts divided by electron flow in amperes.

All three rules and formulas hold true in any part of a circuit
or in any complete circuit where one of them applies. Which one
we use depends on whether we wish to learn the value of potential
difference, electron flow, or resistance when the other two values
already are known. The three rules simply are different ways of
expressing the law that electron flow always is proportional to the
potential difference and inversely proportional to the resistance in
which the flow takes place. This law was first stated by Georg
Simon Ohm in 1826, and is called Ohm’s law.
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EQUIVALENT RESISTANCE OF PARTS IN PARALLEL—A
most useful rule for determining the equivalent resistance of two
resistances in parallel is as follows: The equivalent resistance in
ohms is equal to the product of the two resistances divided by the
sum of the two resistances, all in ohms. That is, you first multiply
the numbers of ohms together, then you add the numbers together,
and then divide the first result by the second. Written as a formula
we have,

Equivalent __  first resistance X second resistance

reststance ~  first resistance + second resistance

Supposing we have resistances of 10 ohms and 15 ohms in
parallel, and wish to find the equivalent resistance. Here is the
solution:

Equivalent _ .10 Xx15 _ 150

resistance =~ 10+15 =~ 25

The same rule may be used to determine the equivalent re-
sistance of any number of resistances in parallel. All we need do
is to start with two of the resistances and determine their equiva-
lent resistance, which gives us a single resistance that will take
the place of the two we start with. Then we take this equivalent
single resistance and another of the separate resistances which
are in parallel, thus obtaining two more resistances whose equiva-
lent may be found.

For an example assume that we have paralleled resistances of
10, 15 and 5 ohms, as shown in Fig. 81. First we calculate the
equivalent resistance of 10 ohms and 15 ohms by using our rule
of dividing the product by the sum. We already have calculated
this equivalent resistance as 6 ohms. Now all we need do is calcu-
late the equivalent resistance of this 6 ohms and the 5 ohms of
the third resistance.

Equivalent _ 6Xx5 _ 30 _ 8

resistance = @ 6+5 11 2 fy ohms

We may prove that the equivalent resistance of 10, 15 and 5
ohms in parallel is 2 8/11 ohms from Fig. 81, where we have a
potential difference of 60 volts and a total electron flow of 22 am-
peres. Ohm’s law says that resistance in ohms is equal to potential
difference in volts divided by electron flow in amperes, or that
R = E/I. Substituting our known volts and amperes we have‘

60 (volts) _, 8
52 (amps) > 1T °hS

Were there four resistances in parallel we would calculate the

= 6 ohms

R =
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equivalent resistance of any two of them, then use this equivalent
resistance together with one more of the separate resistances to
get another equivalent resistance, and finally use this second equiva-
lent resistance, and finally use this second equivalent resistance
with the remaining original separate resistance. Any greater
number of parallel resistances may be handled in similar manner.

To find the equivalent resistance of any number of equal re-
sistances in parallel, simply divide the resistance of one branch by
the number of branches or the number of resistances. For ex-
ample, the equivalent resistance of three 45-ohm resistances in
parallel is equal to 45 divided by 3, or is 15 ohms.

Often it is important to keep in mind that the equivalent re-
sistance of any separate resistances in parallel is less than the least
separate resistance. This means that the total electron flow for
the group of parallel resistances always is more than the flow that
would take place through any one alone with the same potential
difference.

RESISTANCES IN SERIES AND PARALLEL—In many electronic
circuits we have control resistors in parallel, or have a control re-
sistor in parallel with a load. and at the same time have other re-

230

1000

\nRSY £ onuS.

LOAD. SECOND
LOAD.

240
voLTs
FROM

FILTER.

1250
C S onms.

Fig. 82. Resistance values assigned to sec-
Itions of the voltage divider and to the
oads.

sistors or loads in series. The loads and voltage divider of Fig. 72
form such a combination of parallel and series resistances. The first
load is in parallel with the upper section of the divider, the second
load is in parallel with the two upper sections of the divider, and
the lower section of the divider is in series with all the other parts.

We may gain valuable practice in analyzing the effect of re-
sistapees in series and in parallel by considering the voltage divider
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and loads to have the resistances shown in Fig. 82. The first step
in analysis is to consider the parallel resistances A and D shown
separately at 1 in Fig. 83. The equivalent resistance of 1600 ohms
and 250 ohms in parallel is 200 ohms, so we may represent resistors
A and D as the 200-ohm resistor A-D in diagram 2. The 200 ohms of
A-D is in series with voltage divider resistor B, whose resistance
is 2800 ohms. Since the resistance of resisters in series is equal
to the sum of the separate resistances, we may represent resistors
A-D and B as a single 3000-ohm resistance at A-D-B of diagram 3.

A. o MA-D. A-B-D.
<
1000 250 200 : 3000
OHMS. OHMS. OHMS. OHMS.

2800
OHMS .

B
)

Fig. 83. Equivalent values are found for parallel resistances, and these equiv-
alents are considered as being in series with other resistances.

Our 3000-ohm resistance A-D-B is in parallel with the 1000
ohms of load resistor E, as shown by diagram 1 in Fig. 84. The
equivalent resistance of 3000 ohms and 1000 ohms in parallel is 750
ohms, as represented by the equivalent resistance A-D-B-E of
diagram 2. The equivalent resistance of 750 ohms is in series with
voltage divider resistor C of 1250 ohms, so the two together have
a tetal resistance of 2000 ohms, as in diagram 3.

Now we have a potential difference of 240 volts across a com-
bination of resistances equivalent to 2000 ohms. The electron flow
will be found from the formula I = E/R. Dividing 240 volts by
2000 ohms gives 2402000 ampere of electron flow, which is equal to
12071000 or 0.120 ampere, and is the same as 120 milliamperes.
When dealing with fractions of amperes it almost always is easier
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to use the milliampere (1/1000 ampere) as our unit of electron
flow.

To determine how the total electron flow of 120 milliamperes
and the total potential difference of 240 volts divide in the resist-
ances of the voltage divider and loads we shall work backward
through the diagrams. Diagram 1 of Fig. 85 corresponds to dia-
gram 2 of Fig. 84. The total potential difference of 240 volts divides
proportionately to the resistances, so in equivalent resistance
A-D-B-E we have 90 volts potential difference and in resistor C
have 150 volts. The electron flow must be the same, 120 milli-
amperes, in these series resistances.

3
A-B-D-E.
g 750
OHNS.
5 0,120
2000 5 AMPERE.
OMMS. 120
240 MILLIAMPERES.

VOLTS.

1280
OHMS.

Fig. 84. Continuing with equivalent resistances for units in parallel, and de-
termining total resistance for parts in series, reduces the voltage divider to
a single equivalent resistance in which the rate of electron flow is easily
determined.

In diagram 2 of Fig. 85 we have separated the resistances into
the equivalent A-D-B of 3000 ohms, and load resistor E of 1000
ohms. Potential difference is the same across resistances in paral-
lel, so here we have a potential difference of 90 volts across the 3000
ohms of A-B-D, and have 90 volts across the 1000 ohms of E. To
determine the rates of electron flow in A-D-B and in E we may use
Ohm’s law for electron flow, I = E/R, as follows:

In A-D-B I =90/3000 = 80/1000 ampere, 30 milliamperes.
InE I =90/1000 = 90,1000 ampere, 90 milliamperes.
Note that the ratio of resistances in A-D-B and E is 8000 to

1000, or 3000/1000, or 3 to 1. Note that the ratio of electron flows
in A-D-B and E is 30 to 90, or 3/9, or 1 to 3. Electron flows in
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parallel resistances are inversely proportional to the respective re-
sistances, meaning that inverting the ratio of resistances gives the
ratio of electron flows, and vice versa.

‘ A-B-D-E. LA-B-D. E.
730 90 voLTS. 3000 < 90 voLTS. 1000 ONNS.
oHMS. 120 MILLIAMPERES. OMHMS. 30 ) L,
MILLIAMPERES.
240
VOLTS.
C.
1250 130 vOLTS.
OMMS. 120 MILLIAMPERES.
<

Fig. 85. Separating series resistances, and dividing equivalent resistances into
their parallel parts, allows determining electron flows and potential dif-
ferences across the parts.

In diagram 1 of Fig. 86 (corresponding to 2 of Fig. 83) we
have separated resistances A-D with 200 ohms and B with 2800
ohms. The total potential difference of 90 volts divides in propor-

O] @

A-D. A. D.

200 OMMS. 1000 ONMMS. 250 OMMS.

6 VOLTS. 6 VOLTS. 6 24 MILLIAMPERES.
MILLIAMPERES.

90 VOLTS.

30
MILLIAMPERES. B.
2800 OMMS.

84 VOLTS.

Fig. 86. Electron flow rates and potential differences finally are determined
for all the resistances of the voltage divider and loads.

tion to the resistances, so we have a 6-volt drop across A-D and an
84-volt drop across B. The electron flow of 30-milliamperes goes
through both the series resistances.
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In diagram 2 of Fig. 86 (corresponding to 1 of Fig. 83) we have
separated the parallel resistances A and D. The total electron flow
of 30 milliamperes divides inversely as the resistances in ohms, so
we have 6 milliamperes in the 1000 ohms of resistance A, and have
24 milliamperes in the 250 ohms of resistance D. Note that the ratio
of the resistances A and D is 1000/250 or 4/1, and that the ratio
of the electron flows is 6/24 or 1/4. We simply invert the ratio of
resistances to find the ratio of electron flows. The potential differ-
ence is, of course, the same across these two resistances which are
in parallel.

Now we have determined the electron flows in milliamperes and
the potential differences in volts for both loads and for every section
of the voltage divider. Whenever you work with circuits containing
resistances both in series and in parallel it is necessary first to
change the parallel resistances into equivalent resistances, then to
consider the equivalent resistances as being in series with other
parts of the circuit. '



=
—
=
Q
-3
=
=
Z,
bl
!
n

A RECORDING SPECTROPHOTOMETER, a high precision electronic instrument widely used in the paper, textile,
chemical and paint industries for analyzing quality and color of product. Radio men and electricians with a knowledge
of electronics are needed to install, mainiain and operate this as well as other types of electronic equipment.
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. Chapter 6
GAS-FILLED AND VAPOR-FILLED TUBES

lonization In « Gas o1 Vapor — Potential Drop In the Tube — FfJects
of Pressure In Vapor or Gas — Preheating the Electron Emitior —
Electron Flow Ratings.

The high-vacuum rectifier tubes which we have been studying
are capable of working in circuits that deliver great potential dif-
ferences to the loads, but the peak rates of electron flow through
these tubes ordinarily are less than one ampere. To obtain greater

Fig. 87. An engineer examines a pair of
sealed ignitrons installed in a portable
mercury-arc rectifier unit for producing
direct electron flow from an alternating
potential.

rates of electron flow would require so much power just to force
electrons through the tube as to make such operation inefficient
or uneconomical. '

The power required to send an electron flow through a tube
depends on the rate of flow in amperes and on the potential differ-
ence applied between plate and filament to cause electron flow. Most
high-vacuum rectifiers require potential differences of 200 to 300
volts for every one-tenth ampere -of electron flow. This potential
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drop for the tube must be supplied by the plate transformer, yet 1t
never reaches the load and so represents a loss. At rates of elec-
tron flow between 30 milliamperes and one-quarter ampere, which
are common for kenotron rectifiers, the loss of voltage and power
is not serious, but would be a great disadvantage with high rates
of electron flow.

The disadvantage of a high potential drop and high energy loss
in the tube itself is overcome by admitting to the bulb, after it has
been evacuated, a small amount of some gas such as argon, helium,
neon or xenon, or else by placing a drop or two of liquid mercury
in the tube so that evaporation will produce mercury vapor while
the tube is operating. .

Symbols for tubes containing either a gas or mercury vapor
have a dot within the circle, as in Fig. 88, to distinguish these tubes
from high-vacuum types.

P ® ©

Fig. 88. Symbols for gas-filled and
vapor-filled tubes have a small dot
to distinguish them from symbels
for high vacuum tubes.

IONIZATION IN A GAS OR VAPOR—In a tube containing a gas
or the vapor of mercury there are billions of molecules or atoms
of the gas or vapor. The atoms are neutral, each containing bal-
anced quantities of positive and negative electricity in the form of
a positive nucleus and negative electrons. Negative electrons travel-
ing at high velocity from the cathode or filament to the positive
plate of the tube collide with the neutral atoms. One such colli-
sion is about to take place at A in Fig. 89. Countless similar colli-
sions are occurring. .

The high-velocity negative electron strikes the neutral atom
with sufficient force to knock one or more negative electrons off
the atom. At B in Fig. 89 one electron has been knocked off the
atom. Then there are two negative electrons traveling toward the
_ positive plate. The atom whieh has lost some of its negative elec-
trieity now is positive because it contains more positive electrieity
than negative electricity. This positive atom is called a positive ion
or just an ion. The production of ions in a gas or vapor is called
ionizatien.
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The positive ion is attracted toward the mass of negative elec-
trons which form the negative space charge in the tube, and moves
toward the negative filament or cathode as at C in Fig. 89. The
positive ion re-combines with enough negative electrons to again
make the ion a neutral atom as at D. Thus the quantity of nega-
tive electrons near the filament or cathode is reduced, which means
that a great part of the negative space charge disappears. Since
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Fig. 89. How ionization takes place in a gas or vapor, and how the positive
ions neutralize most of the negative space charge to permit free flow of
electrons from the emitter to the plate.

it is the negative space charge that retards emission of electrons
from the cathode or filament, reduction of the space charge permits
a greatly increased rate of emission, as at E.

The increased rate of emission means that there are many ad-
ditional electrons traveling toward the plate, colliding with neutral
atoms to knock still more electrons from those atoms. With the
retarding effect of the space charge all but completely removed,
the rate of electron flow through the tube depends only on the
transformer potential and the load resistance, and on the maximum
emission that the filament can deliver, this maximum emission de-
pending in turn on the filament material and the filament
temperature.
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POTENTIAL DROP IN THE TUBE—In a high-vacuum tube the
number of negative electrons in the space between filament and plate
increases with the rate of electron flow through the tube. Conse-
quently, with higher rates of flow, there is more negative space
charge to be overcome and it is necessary to provide a plate-to-
filament potential difference that increases at almost the same rate
as the electron flow. For example, in one kenotron the electron
flow may be doubled by increasing the plate potential about 70
. per cent, and may be doubled again by increasing the potential
another 65 per cent.

The practical absence of negative space charge in a gas-filled or
vapor-filled tube not only reduces the required plate-to-filament
potential difference to very low values, but makes this potential
difference almost constant regardless of the rate of electron flow
through the tube.

TRANSFORMER, HIGH VACUUM TUBE. GAS OR Vf!ol TUBE.

!
400
VOLTS.

Fig. 90. The potential drop across a load conhected to a high-vacuum tube
is much reduced by the high potential drop in the tube, but with gas- and
lva]:lor-ﬁlled tubes most of the transformer potential difference reaches the
oad.

Through gas-filled tubes we commonly have potential drops of
15 to 25 volts, and in mercury-vapor tubes have drops of 5 to 20
volts, and these small drops of potential through the tube remain
almost constant at all electron flow rates within the capacity of
the tube.

The capacity of a tube is limited largely by heating and possible
overheating of the tube, and heat production in the tube depends
largely on the rate of electron flow and the potential drop thrvugh
the tube. The low potential drops in gas- and vapor-filled tubes
permit smaller sizes for carrying the same electron flow as in larger
sizes of high-vacuum tubes. ,

If a high-vacuum rectifier and its load resistance are connected
to a transformer secondary winding delivering a potential difference
of 400 volts, as in one of the diagrams in Fig. 90, the potential drop
through the tube may be something like 250 volts, leaving a poten-
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tial difference of 150 volts across the load. If the same transformer
voltage is applied to a gas- or vapor-filled tube and a load there will
be a drop of only about 15 volts in the tube, leaving 885 volts for the
load.

A high-vacuum tube may safely be connected across a circuit
having no resistance or no opposition to electron flow, because the
space charge in such a tube will use up so much of the applied
potential difference as to limit the rate of electron flow to a value
within the capacity of the tube. But if a gas- or vapor-filled tube
is thus connected, there will be no appreciable space charge effect,
and the electron flow will be so great as to permanently damage
the tube, the transformer, or both. A potential difference must
not be applied to a gas- or vapor-filled tube unless there is enough
resistance in the circuit to limit the rate of electron flow to values
within the ability of the tube and transformer to handle. The tube
itself will not limit the electron flow to safe values.

To cause the initial ienization in a tube, and to thus reduce the
space charge effect to a point that allows a normal electron flow, re-
quires a plate-to-filament potential difference somewhat greater
than is necessary after ionization is established. This higher break-
down voltage or pick-up voltage, as it is called, may be from 25 to
50 volts for gas-filled tubes and from 12 to 15 volts for mercury-
vapor tubes.

EFFECTS OF PRESSURE IN VYAPOR OR GAS—Ordinarily, when
we speak of pressures of gases such ‘as air, we think of pressures
greater than that of the air or atmosphere around us. The pres-
sure of atmospheric air usually is between 14 and 156 pounds per
square inch. When we say that an automobile tire is pumped up to
a pressure of 30 pounds we mean that it is pumped to a pressure 30
pounds greater than that of the surrounding atmosphere. However,
in most technical fields, pressures are measured with reference to
a complete absence of all pressure. The pressure of atmospheric
air is 14 to 15 pounds per square inch greater than zero pressure.
Pressures measured with reference to the absolute zero of pressure
are called absolute pressures.

The absolute pressure of the gas with which a gas-filled tube
is “filled” usually is somewhere between 200 millionths and 1,000
millionths of one pound per square inch, and the absolute pressure
of mercury vapor in a mercury-vapor tube will vary from about 20
millionths to maybe 500 millionths of one pound per square inch
while the tube is in operation.
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The gas pressure or vapor pressure always must be low enough
so that there can be no backward flow of electrons from plate to
filament or cathode while the plate is negative and the filament
positive, yet must be high enough to provide plenty of neutral mole-
cules or atoms for ionization to take place. The greater the pres-
sure the more atoms or molecules are present, and the more atoms
or molecules that are present the greater is the pressure inside
the tube.

The difference between a gas and a vapor is this: A vapor
may be produced by evaporation from a liquid. Mercury vapor in
a tube is produced by evaporation of some of the liquid mercury
placed in the tube. Water vapor in the air about us is produced
by evaporation of liquid water. When the temperature of a liquid
is raised, some of the liquid evaporates into vapor, and when the
temperature of the vapor is lowered some of the vapor condenses
back into liquid. A gas, such as air and the gases used in tubes,
cannot be condensed into a liquid at any temperatures ordinarily
reached, and will not condense even at very low temperatures
unless it is greatly compressed at the same time.

Since gases are practically unaffected by temperature, some
gas-filled tubes may be successfully operated at any temperatures
throughout a great range. Most gas-filled tubes may be operated
when the temperature of the surrounding air is anything from a
few degrees below zero to about 180 degrees above zero, Fahrenheit.

As the temperature of a mercury-vapor tube is raised, more
of the liquid mercury evapo?'ates into vapor, and with more vapor
the pressure becomes greater inside the tube. As the tube is
cooled some of the vapor condenses, and the pressure inside the
tube becomes lower. Between 70 and 180 degrees Fahrenheit the
“vapor pressure” of mercury increases from about 20 millionths
to about 1,800 millionths of one pound per square inch. To main-
tain satisfactory operating pressures, mercury-vapor tubes are
maintained at temperatures from about 20 to 55 degrees centi-
grade, which is from 68 to 130 degrees Fahrenheit.

It is much easier to force an electron flow through a gas or
vapor than through a high vacuum from a cold plate that is nega-
tive to a hot filament. Consequently, the maximum peak inverse
plate potentials of gas- and vapor-filled rectifier tubes are much
lower than for high-vacuum rectifiers. The peak inverse potentials
in large phanotrons or gas-filled rectifier tubes seldom exceed 20,000
volts, and in many of the small types used for industrial work
may be less than 1,000 volts.
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PREHEATING THE FILAMENT OR CATHODE—When operat-
ing any gas- or vapor-filled tube of large size or capacity the
filament or cathode should be heated to its normal operating temper-
ature before a potential difference is applied between plate and
filament or. cathode. Until this preheating produces a cloud of
negative electrons around the filament or cathode, the first positive
ions produced will go directly to the filament or cathode surface,
“bombarding” it with such force as to damage the emitting sur-
face. Particles of emissive material actually may be knocked off
the emitting surface.

When a mercury-vapor tube is first installed, or when it has
been moved or handled for any reason, particles of liquid mer-
cury are lodged on the anode and on the tube walls. With these
tubes the preheating must continue until all these particles of mer-
cury evaporate and until the excess of liquid mercury condenses
in the lower part of the tube. Unevaporated mercury particles
frequently cause “arc-back”, a large electron flow in the reverse
direction through the tube.

Published ratings give preheating times for the various tubes
during normal operation. For gas tubes this time may be some-
thing like 30 seconds, and for mercury tubes may be two or three
minutes. When a mercury tube is first installed,” or after it has
been handled, the initial preheating should be for 15 to 45 minutes,
and ordinarily is at least 30 minutes. In some of the small gas
and mercury-vapor rectifiers used in radio work and for charging
small batteries no preheating is required, the cathodes or filaments
in such tubes being capable of withstanding the moderate amount
of ion bombardment that occurs.

ELECTRON FLOW RATINGS—In published ratings for gas-
filled and mercury-vapor rectifiers you will find values for maximum
average amperes and for maximum peak amperes. The maximum
average amperes refer to the highest average direct electron flow
through the tube that will not cause overheating or other damage.
This is the rate of flow that would be measured with an ordinary
“direct-current” ammeter when there is a steady flow of electrons
through the load.

The maximum peak amperes refer to the greatest instantane-
ous electron flow that should be permitted at the peaks of pulses
of flow through the tube. The peak rate of flow usually is from
three times to six times the average rate. The peak rates of flow
will be greater, with reference to the average rate, when using a
capacitor-input filter than when using a choke-input or inductor-
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input filter, which is one of the reasons the inductor-input filter
sometimes is preferred for rectifying circuits.

Phanotrons generally used in low-voltage industrial electronic
apparatus are rated to deliver all the way from one-half ampere to
30 amperes of average electron flow, and to stand peak flows of
from three to 150 amperes. In half-wave types having a single
plate these are the ratings for the tube, while in full-wave types
having two plates they are the ratings for each plate, with the
tube rating double that for each plate. Most phanotrons are of the
filament type, although some of them have separate cathodes and
heaters.

Fig. 91. A Rectigon gas-filled
rectifier tube.

Gas-filled rectifier tubes of the general style illustrated in
Fig. 91 are designed for such uses as battery charging in automo-
bile service stations. These tubes contain gas at relatively high
pressure, which lowers the maximum permissible peak inverse
potential to between 2756 and 800 volts, but which permits starting
the rectification without preheating the filament, which is made
from pure tungsten. Average electron flow rates are from two
to 15 amperes, and maximum peak flow rates are from six to nearly
50 amperes.
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Chapter 7
THYRATRONS
Thyratron Construction — Grid Action In a Thyratron — Stopping the
Electron Flow — Control Characteristics — Negative and Positive Grid
Control — Temperature Effects — Using a Thyratron — A Rectified
Power Supply — Alternating Potential for the Plate — Potentials

During a Quarter-cycle — Alternating Potential for the Grid — Effect of
Thyratron Controls.

No electronic tube has a wider range of usefulness than the

thyratron.

This tube is used for regulation and control of electric

welding, of lights in theatres and for outdoor displays, of tempera-

tures in any industrial process,
of the speed of motors and the
potential difference of genera-
tors, and it often is used to
control the operation of the
still larger tubes called igni-
trons. Thyratrons control the
timing of successive steps in
all manner of production work,
such as the molding of plastics,
and they will count the number
of pieces produced or will
count events of practically any
kind. Thyratrons help to ac-
curately measure dimensions
and the smallest variations of
dimensions in manufactured
parts, they help test the ef-
fectiveness of electrical insula-
tion, they will protect electrical
machinery against excessive
potentials and rates of electron
flow, and will do other things
that literally are too numerous
to mention.

L

|

Fig. 92.

This is an ignitron welding
rectifier. Three large ignitron
rectifiers may be seen in the lower
part of the cabinet. At the left-
hand side of the cabinet, near the
top, are three thyratron tubes.

Thyratrons are filled either with mercury vapor, with some

gas, or with a mixture of gas and vapor.

The electron emitter

may be either a filament or else a cathode with separate heater.
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So far the thyratron is like the phanotron, but, instead of only
the electron emitter and the plate of the phanotron, we have in
the thyratron a third electrode called the grid. The grid always
permits us to control the exact instant at which electrons com-
mence to flow through the thyratron, and in circuits most com-
monly used, the grid permits not only exact timing of the electron
flow but control of the rate of electron flow through the thyratron
and its connected circuit.

~<———— TOP CAP
~+——GLASS ENVELOPE,

PLATE.
GRID.

CATHODE,
GRID.

HEATER.

-~ MEATER.

— CATHOQODE.
GRID.

FILAMENT.

Fig. 93. The relative positions of the plate, Fig. 94. Symbols which
grid, cathode and heater in one style indicate thyratron
of thyratron. rectifiers.

The grid always is located, with reference to the emitter and
the plate, so that electron flow from the emitter to the plate must
pass to and through the grid. There are various constructions for
accomplishing this object. One method is shown by Fig. 93, where
the grid consists of a cylinder that almost completely encloses
the cathode and plate, with a perforated disc within the cylinder
and between the cathode and plate. The cathode in this case is
in the form of an open spiral placed around the heater. The
plate is cup-shaped, and is connected to the top cap on the glass
envelope of the tube.

Symbols for thyratrons are shown in Fig. 94 for the type of
tube having a separate cathode and heater, also for type in which
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a filament forms the heated electron emitter. Note that in these
thyratron symbols we find the small dot indicating that the tubes
contain either a gas, a vapor, or both.

GRID ACTION IN A THYRATRON—The diagrams of Fig. 95
show how and when the grid controls flow of electrons through the
thyratron tube. In diagram A the plate is highly positive with
reference to the cathode, while the grid is much more negative than
the cathode. Just now the exact manner of making the plate posi-
tive and the grid negative, with reference to the cathode, is not
important; it might be done with a voltage divider or in various
other ways—even by using batteries.

Heating of the cathode causes quantities of negative electrons
to be emitted from its surface. The positive plate tends to exert
attraction for these negative electrons, but the strongly nega- -
tive grid repels the negative electrons. The electrons are affected
by the negative grid more than by the positive plate, because the
grid is between plate and cathode. Furthermore, the grid being
much closer to the electron emitter than the plate is, it exerts a
greater control effect for a given potential on it. Electrons are
thus prevented from flowing from the cathode to the plate, and
there is no electron flow through the thyratron or the circuit to
which it is connected.

In diagram B the grid has been made less negative with
reference to the cathode, while the anode still is strongly positive
with reference to the cathode. Making the grid less negative per-
mits the attractive force of the positive plate to partially overcome
the repelling force of the negative grid on the negative electrons
around the cathode.. Then some negative electrons travel toward
the positive plate, going through the openings or perforations of
the grid. The space within the tube is filled with molecules or
atoms of gas or vapor. The flying negative electrons strike these
particles of gas or vapor, and many of the collisions result in knock-
ing a negative electron out of an atom or molecule. This is the
action that produces ionization, just as in the gas- or vapor-filled
phanotron. '

Atoms or molecules which have lost one or more of their nega-
tive electrons then are positive, or are positive ions shown in dia-
gram C of Fig. 95. The positive ions are attracted to the cloud of
negative electrons around the cathode surface, and they neutralize
the negative space charge just as positive ions in the phanotron
neutralized the negative space charge in that type of tube. With
practically all negative space charge neutralized, there is a tremen-
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dous increase of electron flow from the cathode and an equally
great increase in rate of electron flow to the positive plate.

But the positive ions are attracted not only to the negative
space charge around the cathode, but also to the negative grid. Con-
sequently, as in diagram D, the positive ions form a sort of positive
sheath around the negative grid. This sheath of positive ions
around the grid prevents the negative potential of the grid from
having any appreciable effect in repelling negative electrons. The

A [POSITIVE PLATE.

NEGATIVE
GRID.

GRID LESS
NEGAT|VE.

HOT CATHOOE. CATHOOE.

GRIO LESS
NEGATIVE

GRID
NEGATIVE

CATHODE CATHODE.

Fig. 95. A. With the grid negative there is no electron flow from cathode to
plate. B. With the grid less negative, electrons flow through the tube space
and collide with neutral molecules of gas. C. Ionization releases additional
elgﬁtrons which go to the plate. D. Positive ions form a sheath around the
grid.

more negative the grid is made with reference to the cathode, the
more positive ions collect around the grid. No matter how negative
the grid is made, within any practical limits, it no longer has any
effect on the rate of electron flow through the thyratron so long
as the plate remains positive with reference to the cathode.

With the grid quite strongly negative with reference to the
cathode, and with the plate positive, the negative grid is capable
of preventing the initial electron flow that starts ionization and
allows the greater flow through the thyratron. As the grid is made
less and less negative with reference to the cathode, a potential
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finally is reached at which ionization commences. Then, within the
one hundred-thousandth part of a second, ionization permits the full
rate of electron flow. Once the normal electron flow has begun,
the grid completely loses control over the rate of electron flow. No
matter how the grid-to-cathode potential difference is changed,
again within practical limits, the grid can neither increase the elec-
tron flow, decrease the flow, nor stop the flow.

The grid-to-cathode potential difference at which electron flow
commences may be called the critical potential, the break-down
potential, or the pick-up potential. We shall use the term critical
potential. So long as the actual grid potential is less than the
critical potential there will be no electron flow through the thyra-
tron. The instant the grid reaches the critical potential the full
rate of electron flow occurs almost instantaneously.

STOPPING THE ELECTRON FLOW—The only way to stop elec-
tron flow through the thyratron, once this flow commences, is to
stop ionization within the tube. The only way to stop the ionization
is to so far reduce the difference of potential between plate and
cathode that electrons no longer collide with atoms or molecules
with enough force to knock out additional electrons and leave posi-
tive ions. The plate-to-cathode potential difference at which ioniza-
tion stops is only a few volts, so in practice we consider that this
potential difference must be reduced to zero in order to stop flow
of electrons through the thyratron.

Of course, it is true also that making the plate negative with
reference to the cathode will stop electron flow and ionization, and
will allow the grid to regain control.

Just as soon as the plate potential has been reduced to zero,
or nearly to zero, and kept there long enough for ionization to cease,
we are right back to the condition of diagram A in Fig. 95. Then
the grid once more may control the instant at which the next nor-
mal electron flow commences. Reducing the plate potential to zero
allows the grid to regain its control ability.

CONTROL CHARACTERISTICS—The grid-to-cathode potential
difference which will just permit electron flow to begin depends
largely on the plate-to-cathode potential difference. That is, the
critical voltage of the grid depends on the plate voltage. The
relations between plate voltage and critical grid voltages which
permit electron flow to commence in a typical thyratron tube are
shown by the curve of Fig. 96. Such a curve illustrates what is
called the control characteristic for the tube.
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In Fig. 96 the grid voltages begin at zero on the right, and
become increasingly negative with respect to the cathode as we go
toward the left. Positive plate voltages, with reference to the
cathode, begin at zero on the bottom and become progressively more
positive toward the top of the graph.
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Fig. 96. The control characteristic for a thyratron.

As an example in using a characteristic curve, assume that
the plate of the tube represented by Fig. 96 is 560 volts positive.
Tracing from 560 volts on the left-hand vertical scale across to the
curve, and from the intersection downward to the grid voltage scale,
shows that the corresponding grid voltage (the critical voltage) is
5 volts negative. This means that so long as the grid is more than
5 volts negative, electron flow will not commence when the plate
potential is 560 volts, but when the grid is 5 volts negative, or has
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any other less negative voltage, electron flow will start and continue
in the tube. All grid potentials to the left of the curve mean no
electron flow, and all that lie on the curve or to the right mean an
electron flow.

Now assume that we knew only the grid was to be 5 volts
negative. Tracing up the curve and to the left shows that the cor-
responding plate potential is 560 volts positive. With the grid 5 volts
negative, any plate potential below 560 volts will not cause electron
flow, but a plate potential of 560 volts, or any higher voltage, will
cause electron flow to start. All combinations of grid and plate
potentials to the left of the curve and below it mean no electron
flow, and all combinations on the curve, or above it and to the right,

.mean that electron flow will commence and continue.
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Fig. 97. A control characteristic with which most of the useful control range
is obtained with the grid positive with reference to the cathode.

NEGATIVE AND POSITIVE GRID CONTROL—For all of the
plate potentials that normally would be used with the thyratron
represented by Fig. 97, all the grid voltages that permit control
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of starting the electron flow are negative voltages. All the useful
grid voltages are negative with reference to the cathode. Not
all thyratrons are designed to operate with negative grid control,
some are designed to permit control with the grid positive with
reference to the cathode, while still others are designed to operate
sometimes with the grid negative and again with its positive.
Fig. 97 shows a control characteristic with which most of the useful
control range is secured while the grid is positive with reference
to the cathode. Whether the tube is a negative or positive control
type depends principally upon the design of the grid.

TEMPERATURE EFFECTS—Mercury-vapor thyratrons are af-
fected by changes of temperature just as are mercury-vapor
phanotrons, while gas-filled thyratrons are practically unaffected
by any ordinary changes of temperature, as are also gas-filled
phanotrons.

In any mercury-vapor tube an increase of temperature within
the normal operating range causes evaporation of more mercury,
which means more mercury atoms or molecules in the tube, and
a greater degree of ionization. The increased ionization means
a greater rate of electron flow, so we may say that higher operat-
ing temperatures result in greater electron flows.

The effect of temperature is graphically shown by the curves
in Fig. 98, which are average control characteristics for a Westing-
house WL-631 mercury-vapor thyratron. Curves are shown for
“condensed mercury temperatures” of 30, 40, 60 and 80 degrees
centigrade, which correspond respectively to Fahrenheit tempera-
tures of 86, 104, 140 and 176 degrees.

Condensed mercury temperature refers to the temperaturc
of the coolest part of the bulb of the tube, for it is at the
temperature of this coolest part that mercury vapor condenses
from vapor ta liquid. The more vapor that condenses, the less
vapor remains in the tube space and the lower becomes the pres-
sure in that space. Since pressure cannot well vary from point to
point in a space so small as that within the tube, the pressure
within the entire space depends on that maintained by condensa-
tion of vapor to liquid. Therefore, the pressure and the amount
(density) of vapor within the tube depends directly on the tempera-
ture of the coolest part of the bulb. When we see curves for dif-
ferent temperatures we really are seeing curves for different pres-
sures and densities of vapor.

On the graph of Fig. 98 there are two scales for plate poten-
tials. The left-hand scale is marked “Ep-D. C. or Instantaneous
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Anode Volts.” In the symbol Ep, the letter E stands for potential in
volts, and the letter p stands for plate. The letters D. C. are an
abbreviation for “direct current,” which we speak of as direct
electron flow. Instantaneous volts means the potential difference
in volts applied at any instant. If the potential is steady, as with
a direct potential, the potential is the same at all instants, but if
the potential is alternating its value changes from one instant to
another.

The right-hand vertical scale of Fig. 98 is marked “Ep-R.M.S.
Anode Volts.” The abbreviation Ep again stands for plate potential
in volts. The abbreviation
R.M.S. stands for root-mean- 9 8 7 e 54 s a0
square. A root-mean-square ool _s2 e %0 2 { Conatnseo weactr ’i’”"’i’"”""
potential is an effective alter- s——'—\‘x\m —F——, —} _—
nating potential. As we have T .
learned before, an instantane-
ous potential in a sine-wave, if
it is a peak potential, is equal
to 1.414 times or to approxi-
mately 1.4 times the effective

potential. You will find that
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Checking the plate poten-
tials for a grid potential of 6 Fig. 98. Average control characteris-

5 q . tics at four condensed-mercury
volts negative in Fig. 98, we temperatures for a type WL-631

find that with a temperature mercury-vapor thyratron.

of 30° C. the D. C. anode

(plate) voltage is 910, with a temperature of 40° C. it
is about 710 volts, with 60° C. it is about 595 volts, and with
80° it is only about 540 volts. The higher the operating tempera-
ture the lower is the plate potential at which the tube will com-
mence to carry an electron flow with any critical grid potential.
The curves of Fig. 98 show also that for any given plate potential
a higher operating temperature allows break-down at grid poten-
tials that are increasingly negative. If you compare the 40-degree
curve of Fig. 98 with the single curve of Fig. 96 you will find that
they show the same critical potentials.

In addition to changes of critical grid voltages for various
plate potentials as caused by variations of operating temperature,
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there are some differences between individual tubes of a given type,
and the same tube undergoes some changes of characteristics as it
is continued in use. Ordinary variations between tubes, and in the
same tube as it ages in use, are shown by the curves of Fig. 99.
The typical curve Fig. 99 shows average performance of the
tube represented. With mercury-vapor tubes the curves apply to
some one operating tempera-

ture. In Fig. 99 th tin
o 40 o ure. In Fig e operating

5 " I ] I l | temperature, or cqndensed
% % 1 1 ”WMWI mercury temperature,is shown

z \'é"‘/’/ N[ [ remesT as being 45° C. The left-hand
XN curve shows combinations of

< 72 %2\ the lowest plate potentials and
i . 22272 ‘most negative grid potentials

/

for breakdown. The right-

hand curve shows highest
plate potentials and least neg-
- . ative grid potentials for break-
e — down. It is certain that no
; 5{5,\— tube that is in good condition
= T T8 will permit breakdown to oc-
S cur at combinations of poten-
tials to the left of the curves
Fig. 99 The range of control char- and below them, and all tubes
‘t’glt:':g_t;grat 2 i‘%’;d%ls*;d;m:r:uri in good condition certainly
WLPB77 me(:'cury-vapor tl:)yratroil.) will break down at combina-
tions of potentials above and
to the left of the curves.

USING A THYRATRON—Fig. 100 shows one method of using a
thyratren to control electron flow in a load. Because the flow in the
load is to be small and the operating potentials relatively low, we
shall employ a 2A4G tube, whose control characteristic is shown by
Fig. 101. The highest permissible average rate of direct elec-
tron flow in this tube is 1/10 ampere or 100 milliamperes. The
maximum potential difference between plate and cathode may not
exceed 200 volts, this being the plate voltage before breakdown
or before the tube commences to carry an electron flow. After
ionization permits a normal electron flow, the potential drop be-
tween plate and cathode decreases to 15 volts. When there is
electron flow through a thyratron the potential drop across the
tube is very low, and is practically independent of the rate of
electron flow. This is the same condition found with phanotrons.
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In diagram A of Fig. 100 we see that the plate circuit, between
plate and cathode of the tube, includes the 1500-ohm resistance
that represents the load, also a switch, and a battery furnishing
a potential difference of 120 volts. The switch is necessary be-.
cause, once electron flow commences through the tube, the grid loses
control and in order to stop the flow we must reduce the plate
potential to zero or practically to zero. Opening the switch re-
moves potential from the plate.

ELECTRON FLOW.
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Fig. 100. How variation of grid-
to-cathode potential difference
controls operation of a small
thyratron.

i o

The potential difference between grid and cathode is  deter-
minded by the position of a contact arranged to slide along the
resistor of a voltage divider. The voltage divider resistor is con-
nected across a 9-volt battery, the positive terminal of the battery
being connected to the tube cathode. In diagram A the slider is
shown at a position that makes the grid 8 volts negative with refer-
ence to the cathode. With the switch closed in the anode circuit,
the potential difference of the 120-volt battery is applied between
the plate and cathode, with the plate positive with reference to the
cathode.

Referring to the characteristic curve of Fig. 101, we find that
the tube cannot break down and carry an electron flow because,
with the grid 8 volts negative, it would take a plate potential
of about 170 volts to cause breakdown, and the plate potential
actually is only 120 volts.

In diagram B of Fig. 100 the slider of the voltage divider
has been moved from the negative end of the resistor toward the
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end connected directly to the cathode, at which there would be no
potential difference or zero difference between the grid and cathode.
This new position of the slider makes the grid 6.6 volts negative
‘with reference to the cathode. Referring to the curve of Fig. 101
we find that the ecritical grid potential is 6.6 volts negative for a
plate potential of 120 volts, so now the tube breaks down and
commences to carry electron flow.

Just as soon as electron flow commences, the potential drop
across the tube decreases from the 120 volts that started the flow
to the 15 volts with which the flow continues. With a total poten-
tial difference of 120 volts from the battery, and with 15 volts used
up across the tube, we have 105 volts remaining across the load.
Using Ohm’s law for electron
flow, I = E/R, we divide 105
volts by 1500 ohms to find
that the rate of flow will
be 0.070 ampere, which is
70,1000 ampere or 70 milli-
amperes.

Even though the tube
drop were zero we still would
have 120 volts from the bat-
tery across the 1500-ohm load,
and I = E/R works out to
0.080 ampere or 80 milliam-

ED ORI ° peres. Were the tube drop
Fig. 101. The control characteristic doubled, making it 30 volts,
for a type 2A4G thyratron. This  we would have the remaining

Is 2 gas-flled type containing g4 it from the 120-volt bat-

tery across the 1500-ohm load.
Then I = E/R shows that the electron flow would be 60 milliam-
peres. Decreasing the tube drop to zero, or else doubling the drop,
makes a total change in electron flow only from 80 to 60 milliam-
peres. Were the total circuit voltage greater than 120 volts, as
it would be with any of the larger thyratrons, the potential drop
through the tube would have even less effect on the electron flow,
because it would represent a lower percentage of the total voltage
applied.

Supposing the load resistance in Fig. 100 were reduced to 500
ohms. Still we would have only 15 volts drop in the tube and would
have 105 volts across the load. Then I = E/R shows that the
electron flow would be 0.210 ampere or 210 milliamperes. The

PLATE PoTENTIAL—VOLTS 4
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maximum average plate current for the 2A4G tube is only 100
milliamperes, so the tube would quickly be ruined by the excessive
electron flow allowed by the 500-ohm resistance.

The resistance of the load circuit connected to a thyratron
must not be less than the amount which will limit the electron
flow to the maximum average rating of the tube. To determine
this maximum load resistance we first subtract the tube drop in
volts from the total or maximum potential difference of the
energy source in the plate circuit, thus finding the potential dif-
ference remaining for the load resistance. Then we use Ohm’s
law for resistance, R = E/I. The value of E is the load potential
difference just determined, and the value of I is the maximum aver-
age electron flow for the tube.

For the circuit of Fig. 100 we would subtract the tube drop in
volts, 15, from the battery voltage, 120, to find that 105 volts will
be applied across the load. We know that the tube is rated at 1/10
ampere or (.1 ampere maximum average electron flow. So the
formula becomes, -

=
et

_ — 105 _
R = T or R = 01 = 1050 ohms

Thus we find that the plate circuit connected to the tube must
have a resistance of at least 1050 ohms in order that the electron
flow through the tube shall not exceed the rated 0.1 ampere.

Once electron flow commences in a circuit such as that of
Fig. 100 it may be stopped only by opening the plate circuit by
means of the switch, as in diagram C, or in reducing by some
other method the potential difference between plate and cathode
practically to zero. With the plate circuit open, there will be
no electron flow, regardless of the grid potentiar. However, if
the grid potential is made equal to or less than the critical value
for the existing plate potential, as it is in diagram C, electron
flow will occur in the plate circuit just as soon as the switch is
closed in this circuit. .

A RECTIFIED POWER SUPPLY—In actual installations we sel-
dom use batteries as the energy sources, but ordinarily secure
the necessary operating power from power and lighting lines that
furnish alternating potentials. Fig. 102 shows the thyratron
control circuit connected to a rectified power supply consisting of
a full-wave rectifier tube T, a filter, and a voltage divider VD.
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The rectifier and filter system are no different from some of those
previously examined.

The thyratron cathode is connected to point O on the voltage
divider. All points on the divider from O, which is used as the
reference potential, to the top, which is the negative end of the
whole divider, then are more negative than the cathode point O,
while all points from O down to the lower positive end of the
entire divider are more positive than the cathode point 0. From
the voltage divider we thus obtain some potentials that are more
negative and others that are more positive than the cathode of
the thyratron, and we consider the cathode as having zero poten-
tial, since it has been selected as the reference point.

FILTER.
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Fig. 102. The control circuit for a thyratron connected to a voltage divider
and filter operating from a full-wave rectifier.

The part of the voltage divider above O in Fig. 102 takes
the place of the battery voltage divider in Fig. 100, and on this
section is the sliding contact which is connected through the grid
resistor R to the grid of the thyratron. The purpose of the grid
resistor is to prevent an excessive electron flow between grid
and cathode of the tube, as might happen under some condi-
tions with the grid zero or positive with reference to the cathode.

Capacitors C-C of Fig. 102, connected between the cathode
and the grid, and between cathode and plate, prevent any slight
variations of potential that may come through the filter from
affecting operation of the thyratron tube. When the thyratron
grid potential is close to the critical point, even a slight variation
of this potential would cause breakdown or would prevent break-
down, depending on the direction of the variation. The bypass
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capacitors, C-C, tend to smooth out any potential variations occur-
ring across the sections of the voltage divider.

In order to prevent injury to the emitter from ion bombard-
ment, the cathode of the 2A4G thyratron must be heated for at least
2 seconds before electron flow is allowed through the anode circuit,
8o in the circuit of Fig. 102 we have switch S in the heater circuit
to permit closing this circuit before the tube is allowed to carry
electron flow.

ALTERNATING POTENTIAL FOR THE PLATE—With the cir-
cuits of Figs. 100 and 102 it is necessary to open the switch in the
plate circuit every time we wish to stop flow of electrons through
the thyratron and the plate circuit. Obviously, the operation of
such a switch would be a decided disadvantage in many kinds of
apparatus where we wish the action to be entirely automatic.
While it is entirely possible to open a switch automatically after
the expiration of any desired time period, this kind of automatic
operation calls for more mechamsm and more intricate circuit ar-
rangements.
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Fig. 103. Alternating potential for Fig. 104. Variation of the thyratron
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the plate circuit of the thyra- plate-to-cathode potential differ-
tron, with direct potential for ence when alternatmg potential is
the control grid. used in the plate circuit.

An exceedingly simple method of periodically stopping ioniza-
tion in the tube, and of allowing the grid to regain control, is to
supply an alternating potential rather than a direct potential to
the plate circuit, as has been done in Fig. 103.

Now the plate becomes alternately positive and negative with
reference to the cathode. An alternating potential is represented
by the curve of Fig. 104. During the period of time from A to B,
which is one-quarter cycle, the plate potential increases from zero
to its maximum positive value. During the next quarter-cycle
the plate potential drops back to zero at C, increases to maximum
negative value at D, comes back to zero at E, and so continues so
long as the alternating potential is applied.
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While the plate is positive with reference to the cathode, as
during the time from A to C in Fig. 104, the tube will conduct an
electron flow provided the grid potential is less negative than the
critical potential for whatever plate potential exists. While the
plate is negative with reference to the cathode, as during the
period from C to E, electron flow will cease because there is no
force to draw electrons from cathode to plate inside the tube.

Just as soon as ionization ceases, the grid is again able to
control starting of the following period of ionization and electron
flow. Therefore, every time the plate becomes negative with re-
spect to the cathode, the grid regains control. The plate becomes
negative once during each cycle, so with an alternating potential
of 60 cycles per second the grid may regain control 60 times during
each second. -

POTENTIALS DURING A QUARTER-CYCLE—It is quite im-
portant that we understand exactly what may happen during the
quarter-cycle from A to B of Fig. 104, and during every other
similar quarter-cycle during which plate potential increases from
zero to positive maximum. To commence our analysis we may
examine the upper half of the graph in Fig. 105, which, as you will
see, represents the rise of plate potential during a quarter-cycle like
that from A to B of Fig. 104.

In Fig. 105 we are using a peak plate-to-cathode potential dif-
ference of 1,000 volts, as shown on the left-hand vertical scale.
The quarter-cycle has been divided into nine equal periods of time,
numbered 1, 2, 3 and so on along the top of the graph. The curve
represents the ideal form of alternating potential called a sine
wave. With a sine-wave potential the plate potential will be 174
volts at the end of period 1, will have increased to 342 volts at the
end of period 2, to 500 volts at the end of period 3, and will in-
crease to values shown along the top of the graph at the end of
each following period.

After reaching the peak potential of 1,000 volts we would have
decreases of potential during each period of the following quarter-
cycle (B to C in Fig. 104) at the same rate as the increases in
the quarter-cycle.

Assume that we are using the thyratron whose control charac-
tertistic is shown in Fig. 96. This characteristic curve shows the
critical grid potentials at which the tube will break down for all
plate potentials up to 1,000 volts. From Fig. 96 we may read the
critical grid potentials for the plate potentials existing at the end
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of each of the nine periods of time shown on the graph of Fig. 105.
Here are the critical grid potentials:

Plate potential 174 volts = —2.25 critical grid potential volts.

342 “ = -850 « ¢
[ [ 500 43 — _4.60 6" ““ [ [
[ [ 643 [ — _5.60 [ 6“ [ [
4 [ 766 [ — _—6.40 [y [ [ [
[ [ 866 [ — _7.10 € [ [ €«
€« €« 940 [ — _7.62 [ 4 € [y
[ €« 985 [ — _7.92 [ 4 [ 3
[ [ 1000 [ — .—8.03 [ [ é“ 3

The curve in the lower part of Fig. 105 shows all these critical
grid potentials which correspond to the plate potentials existing at
the end of each of the nine periods of time, also all intermediate
potentials. From the two curves of Fig. 105 we may read the
plate potential existing at any instant during the quarter-cycle,
and may read also the critical potential of the grid that would
just allow ionization and conduction to begin at any instant during
the quarter cycle.

Going back to Fig. 108, assume that the voltage divider is
set to provide a negative grid potential of 5.0 volts. From the
lower curve of Fig 105 we note that this is the critical grid poten-
tial for a plate potential of 560 volts. We might learn the same
thing from Fig. 96. But from Fig. 105 we see that breakdown
will occur during the fourth period of the quarter-cycle. Now we
must remember that once electron flow commences in the thyra-
tron, it will not cease until the plate potential becomes zero. The
plate potential will not become zero until the end of the half-

“cycle. Consequently, conduction will occur during the portion of
the cycle shown at A in Fig. 106.

If we make the grid 8.0 volts negative we find from Fig. 1056
that conduction will begin during the second period, and, of course,
will continue until the plate goes negative at the end of the cycle.
With this 8-volt negative grid potential there will be conduction
during the portion of each cycle shown at B in Fig. 106. If the
grid is made 7.0 volts negative we find that conduction begins during
the sixth period in Fig. 105, and the total period of conduction will be
shown at C in Fig. 106. If we are able to hold the grid potential
at exactly the critical value for the peak plate potential, conduc-
tion will not begin until this plate potential is reached at the end
of the quarter-cycle. Then, as at D in Fig. 106, conduction will
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oc:ux only during the last half of each positive half-cycle of alter-
nating potential on the plate.

It is apparent from Fig. 106 that changes of grid potential will
allow electron flow either during a complete positive half-cycle, as
with zero grid potential, or during only half of the half-cycle, as at
D in Fig. 106, or during any intermediate portion of the positive
half-cycle. But we cannot reduce the electron flow to periods less
than quarter cycles, as at D, no matter how we vary the grid poten-
tial, for increasing the negative grid voltage value would then
result in no electron flow at all.
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Fig. 106. Portions of positive half-cycles during which conduction or electron
flow may take place.

ALTERNATING POTENTIAL FOR THE GRID—In the preceding
diagrams showing alternating potential applied to the plate circuit
of the thyratron, direet potential from a battery still was used
for the grid circuit. It is, however, entirely practical to use alter-
nating potential for the grid as well as for the plate, and to have
such variation of grid potential as will vary the instant at which the
tube breaks down and conducts electron flow.

If control of the thyratron is to be had with a varying nega-
tive grid potential we must have a grid potential that is negative
while the plate is positive, for the plate must be positive in order

to have conduction.
’ How a positive plate potential and a negative grid potential
may be had at the same time is evident from Fig. 107. At A we
‘have two secondary windings on a transformer, one winding for the
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plate circuit and the other for the grid circuit of a tube. While
one end of any transformer secondary winding is positive the other
end must be negative, and when the first end becomes negative the
~ second will be positive. With the windings connected as shown, the
grid will be negative with reference to the cathode while the plate
is positive with reference to the cathode.

Were one of the secondary windings wound around the core
of the transformer in the opposite direction, the positive and
negative ends would be reversed. This is indicated by diagram
B in Fig. 107. But here it is necessary only to interchange the con-
nections to the grid and cathode of the tube to make the grid nega-
tive while the plate is positive Obtaining opposite potentials for

+ B

+

+

Fig. 107. How a negative grid-to-cathode potential is obtained at the same
time as a positive plate-to-cathode potential for the thyratron.

the grid and plate requires only suitable connection of the trans-
former secondaries to the tube circuits. If one method of connec-
tion does not give desired potential relations, reversing the con-
nections to either one of the secondaries will do so.

To control the point at which the tube breaks down during the
alternating cycle of plate potential we must be able to vary the
grid potential, so that we may obtain the critical grid potential for
any plate potential up to the peak plate potential being used. One
method of varying the alternating grid potential, while keeping
it negative with reference to the cathode of the tube, is shown by
Fig. 108.

In Fig. 108 the positive (+) and negative (—) signs on the .
ends of the transformer secondaries are merely to indicate which
potentials occur together, and to show that the plate will be posi-
tive while the grid is negative. Across the grid winding of the
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transformer is connected a voltage divider, with the slider con-
nected to the grid of the thyratron and with the end of this wind-
ing that is instantaneously positive connected to the end of the

LOAD-

VOLTAGE
OIVIOER.

Fig. 108. A method of varying the
amplitude of alternating po-
tential for the thyratron grid
while keeping the grid negative
with reference to the cathode.

plate winding that is at the same instant negative, and connected
also to the cathode of the tube.

It is apparent that with the voltage divider slider moved all the
way up to the end marked zero (0) the grid of the tube will be

+ PLATE r GRID
FOYEMHAL. POTENTIALS .

GRID PLATE
POTENTIALS. POTENT: AL,

Fig. 109. Varying amplitudes of grid-
cathode potential. Note that the
grid is negative while the plate is
positive, and that the grid is posi-
tive while the plate is negative.

connected through the low resistance wiring to the cathode, and
will have no potential difference or zero difference with reference
to the cathode. As the slider is moved toward the end of the divider
marked negative (—) more and more of the alternating poten-
tial from the transformer will appear between the grid and the
tube cathode. When the plate is positive, moving the slider
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downward will make the grid more and more negative, with
reference to the cathode.

In Fig. 109 the change of plate potential with reference to
the cathode, during one cycle, is shown by the full-line curve. The
changes of grid potential with reference to the cathode are shown
by broken-line curves for the same cycle. The grid is negative
while the plate is positive, and when the plate becomes negative
the grid becomes positive. As the slider of the voltage divider
is moved farther and farther away from the zero end and toward
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Fig. 110. Changing the amplitude of
the grid potential causes the curve
of actual grid voltage to cross the

curve of critical grid voltages at
different instants during the cycle.

the negative end, the amplitudes of the grid potentials become
greater and greater, as indicated by the successive curves A, B
and C.

Amplitude is a word frequently used when referring to alter-
nating potentials or alternating electron flows. It refers to the
greatest increase in either direction, positive or negative, from the
average value or the zero value of the wave.

Now we have means for keeping the grid negative with re-
spect to the cathode while the plate is positive, and we have
means for varying the value of this negative grid potential, but
still we have not a particularly satisfactory method of control. The
reason is shown in Fig. 110. Here the upper curve is the same
curve for plate potential that appeared in Fig 105, but now it
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is completed for the entire half-cycle. The lower curve drawn in
a solid line is the curve of critical grid potentials taken from Fig.
105, but not completed for the half-cycle.

The broken-line curves at the lowest part of Fig. 110 show nega-
tive grid potentials of two amplitudes, such as might be produced
by moving the slider on the voltage divider of Fig. 108. Curve A
is for a potential having an amplitude of about 8.7 volts negative,
and curve B is for a potential having an amplitude of 12.5 volts
negative. Curve A crosses the curve for critical grid potentials at
about 5.5 volts negative, so that the tube will break down at the

PLATE. o PLATE.
+

PLATE. PLATE,

EarLIER. Tiue > Laven.

Fig. 111. Alterations of grid potential may be shifted with reference to altera-
tions of plate potential.

point in the cycle where the plate potential is that corresponding
to a critical grid potential of 5.5 volts. Curve B first crosses the
critical potential curve at about one-half volt negative and again at
3.0 volts negative, so with this grid potential or amplitude the
tube will break down almost as soon as the half-cycle commences.
The trouble is that the curves for actual grid potentials
(broken-line curves) have almost the same form as the curve for
critical potential. A very small change of actual grid voltage will
move the intersection of the curves a long way up or down, or
will make a big change°in the point during the cycle at which
the tube breaks down and conduects electron flow. This control
would be too “critical”, it would require too fine an adjustment
of grid potential with the slider to obtain breakdown at any par-
ticular point in the cycle, and the least variation of transformer
potential from any cause would greatly affect the time of control.
The trouble just explained may be avoided by shifting the grid
potential half-cycle a little bit in relation to the plate potential
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half-cycle, so that the grid commences to go negative a little
before the plate commences to go positive. We want a relation
between grid and plate potentials something like that shown by
Fig. 111. The grid commences to become negative at the instant
of time represented by position A, while the plate does not com-
mence to go positive until the slightly later time represented by
position B. At the end of the half-cycle the grid goes positive
at C slightly before the plate goes negative at D, but this relation
does not upset operation of the tube because once conduction
begins, it continues until the plate goes negative, regardless of
grid potential.
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Fig. 112. A more gradual control, or a
less critical control, is obtained
when changes of grid potential
occur a little earlier than corre-
sponding changes of plate potential,

Fig. 112 shows what happens when we displace the grid poten-
tial in relation to the plate potential and use various amplitudes of
grid potential. As on other graphs, the full-line curve at the bot-
tom shows critical grid potentials at which breakdown occurs for
corresponding plate potentials. The three broken-line curves shown
represent three different amplitudes of grid control potential. For
one curve the amplitude (maximum negative potential) is four
volts, for another it is six volts, and for the third is eight volts.
Breakdown points for the three control grid amplitudes are indi-
cated by arrows at the bottom of the graph.

It is apparent that the control method illustrated by Fig. 112
is a great improvement over that of Fig. 110, for now it is nec-
essary to make much greater changes of grid control potential to
ghift the breakdown point a given amount, and the control is
correspondingly less critical and is less subject to troublesome
variations when in practical operation. There are several possible
ways of displacing the alternating grid potential with reference
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to the alternating plate potential in order to obtain the effect il-
lustrated in Fig. 111. We shall talk about methods of shifting one
potential with reference to another when discussing still other
types of control in which such shifting is the chief means for vary-
ing the breakdown point.

EFFECT OF THYRATRON CONTROLS—We should not forget
that the thyratron is always a rectifier, and that alternating po-
tentials applied to the plate circuit of the thyratron produce a direct
electron flow, not an alternating flow, in the plate circuit and the
load. ’
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Fig. 113. Pulses of electron flow occurring always in the same direction are
equivalent in many ways to continuous electron flows.

With any of the methods of control that have been described
we obtain pulses of direct electron flow such as shown by the
shaded portions of the cycles in Fig. 113. The portion of the
cycle during which electron flow takes place may be varied to a
limited extent, from a quarter-cycle as at A to an entire half-
cycle as at C. The values of an equivalent steady or continuous
flow are shown by the shaded bars toward the right. The pulses
occur so many times each second that the effect in many types of
loads is the same as an equivalent continuous flow. For emample,
with a 60-cycle alternating supply potential, a single thyratron will
deliver 60 pulses every second. Two thyratrons connected in a
full-wave circuit, much as two rectifiers of any other type are
connected, will deliver 120 pulses every second with a 60-cycle
supply potential, and will deliver twice the value_of continuous
flow that may be had from ene thyratron when the tubes are
alike.
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Because none of the control methods so far examined permit
reducing the direct electron flow to zero, and because nome of
them permit a gradual variation from zero to maximum rate of
flow; they are essentially on-or-off controls. The electron flow may
be stopped completely by setting the grid voltage so far negative
that the tube never breaks down. If the grid is made less nega-
tive, and breakdown is permitted, there will be an equivalent con-
tinuous electron flow, as in Fig. 113, until the grid again is made
so negative as to stop all flow. Control methods that will either
permit an electron flow or stop the flow, but that have only a
limited effect on the rate of flow, often are called trigger controls.
The next control that we shall study is one that permits com-
- plete and gradual control from zero to maximum flow.
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THYRATRON CONTROL AND OPERATION

How Alternating Potentials Are Produced — Alternating Electron Flow

In Capacitors — Reactance of a Capacitor — Phase Shifting Circuits —

Cathode and Filament Connections — Effect of Phase-shift — Resistor-

inductor Phase Shifting — Multiple Control — Thyratron Ratings —
lonization and Deionization.

With the last method of thyratron control described in the
preceding chapter, we shifted the time of the alternating grid

potential in relation to the time of the
alternating plate potential, then varied the
amplitude of the grid potential to secure
a limited effect on the average rate of elec-
tron flow. Now, to provide a control
method of still wider usefulness, we shall
maintain the grid control potential at a
fixed or constant amplitude, and shall vary
the time relation between the grid potential
and the plate potential. This new method
is called phase-shift control.

The word phase, in the sense that we
now are using it, refers to the relative in-
stants of time at which the peaks of alter-
nating potentials or alternating electron
flow occur. When compairing two poten-
tials or two flows, the two peaks compared
must both be positive or both negative.
Both quantities may be potentials, both
may be electron flows, or one may be a
potential and one an electron flow.

Phase relations are of enough impor-
tance in electronic work to warrant spend-
ing a few minutes in discussing them. One
complete cycle of alternating potential, or
one complete cycle of electron flow, extends
through a time period consisting of 360
electrical degrees, just as a circle consists

Fig. 114. A thyratron,
type WL-672,

of 360 angular degrees. The reason for this use of degrees is shown

by Figs. 115 and 116.
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In Fig. 1156 we have a magnet whose ends or poles are formed
into a hollow eylinder. The ‘“magnetomotive force” of the mag-
net produces lines of magnetic force which are assumed to ex-
tend from one pole to another, and to move from the north pole
to the south pole of the magnet. The north pole is the end which
would point north were the magnet freely suspended, while the
south pole would point south. The space in which the magnetic
lines of force exist is called the magnetic field. In a suitably
designed magnetic structure the lines of force are almost equally
distributed in the field, and we have a uniform magnetic field.

MAGNET.

NORTH POLE.
~<—1 ROTATING

‘ l | CONDUCTOR.

LINES OF FORCE
IN UNIFORM
MAGNETIC FIELD.

SOUTH POLE.

Fig. 115. An electromotive force is induced in a conductor rotating in a uni-
form magnetic field. If rotation is at a constant rate and around a center,
the rises and falls of emf follow a sine wave.

If a conductor is rotated at constant speed in a uniform mag-
netic field, as indicated in Fig. 115, there is an electromotive
force induced in the conductor. An electromotive force, frequently
abbreviated emf, is the force that produces a‘ potential difference
throughout the conductor. If the conductor is part of a complete
circuit or a closed circuit this emf will cause an electron flow in
the conductor and in the circuit. The direction of the emf, and
the direction of any electron flow, depends on the direction of
the magnetic lines of force and on whether the conductor rotates
clockwise or counter-clockwise through the field.

The left-hand diagram of Fig. 116 represents the conductor at
four positions, A, B, C and D, in one travel through the magnetic
field. Since the circle around which the conductor travels con-
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sists of 860 angular degrees we may identify the four positions
according to the number of degrees through which the conductor
has moved from its starting point, which here is considered to be
position A and is marked 0°. One-quarter way around the circle
the conductor has moved through 90 degrees, and is at B. At C
the conductor has traveled a half-circle, or 180° from its starting
point, at D it has traveled three-quarters of a circle, or 270°, and
then comes back to position A which represents a travel of 360
degrees and also the start of the following revolution, or 0 degrees.

The strength of the emf induced in the rotating conductor
depends on the number of lines of force that the conductor cuts
through during each second of time. When the rate of cutting
is 100,000,000 magnetic lines of force per second the induced emf
has a value of one volt.
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Fig. 116. The sine wave of electromotive force produced in the rotating con-
ductor may be divided into 360 degrees of one cycle, and into smaller
numbers of degrees representing portions of the cycle.

When the conductor of Fig. 116 is at position A it is, for the
briefest instant, moving exactly parallel with the lines of force,
and is not cutting across any lines. At this instant there is no
induced emf, no potential difference, no electron flow—so we show
this condition on the zero potential line of the curve in Fig. 116.
As the conductor travels from A to B it cuts through more and
more lines at every degree of travel, so the emf and potential differ-
ence increase as shown by the rise from A to B on the curve.
With the conductor at position B it is cutting straight across the
magnetic lines, so is cutting them at the maximum rate, and the
induced emf and potential difference reach their peak values—just
as shown at B on the curve.
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From B to C the conductor cuts magnetic lines at a decreas-
ing rate, then the rate increases from C to D, reaching a peak
value at D, decreasing again from D to A. All the corresponding
changes of emf and potential difference are shown by the curve.

The curve shows one cycle of alternating potential, and
because this one cycle results from travel of the conductor around
the 360 degrees of the circle, we divide the cycle into degrees. Each
quarter-cycle covers 90 degrees, each half-cycle or alternating
covers 180 degrees, and the full cycle covers 360 degrees.

When the conductor rotates at a constant rate in a uniform
magnetic field the changes of emf and potential are proportional
to the sine of the angle through which the conductor has traveled
from its starting point, considered as zero degrees. A curve show-
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Fig. 117. Phase relations of two alternating potentials, two aiternating elec-
tron flows, or one potential and one electron flow.

ing such changes is called a curve of sines, and the potential or
electron flow is said to be a sine-wave potential or a sine-wave
electron flow. Should you wish to determine the value of a sine-
wave potential or electron flow at various points in the cycle. as
identified in degrees, simply look in any table of natural sines and
there you will find the relative values for each degree.

In two potentials or two electron flows, or one potential and
one electron flow, have their positive and negative peaks occurring
at the same instant or at the same position in the cycle the two
quantities are in phase, as shown at A in Fig. 117. If the positive
peak of one quantity occurs at the same instant as the negative
peak of the other quantity the two are of opposite phase, as at B.
Unless the two quantities are in phase they are said to be out of
phase. One out-of-phase condition is shown at C, but the phase
difference might be any other, and so long as there is a difference



THYRATRON CONTROL AND OPERATION 143

the two quantities are out of phase. Opposite phase is the extreme
case of being out of phase.

If the positive and negative peaks of one quantity occur before
the corresponding peaks of another quantity, as at A in Fig. 118,
the first quantity is said to lead the second. Here the upper quan-
tity (a potential or an electron flow) leads the lower one by a phase
difference of 45 degrees. At'B the peaks of the upper quantity occur
later in the cycle than do the corresponding peaks of the lower
quantity, and the upper quantity lags the lower one. Here the phase
difference is 90 degrees. Amplitude has nothing to do with phase
relations.

What we want for our phase-shift control of a thyratron tube
is an alternating grid potential that may be made to lag or lead the
alternating plate potential, and we wish to have an adjustable phase
difference so that we may shift the phase of the grid potential
with reference to the plate potential as may be desirable for control
purposes. .
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Fig. 118. Lag and lead of alternating
potentials or electron flows.

PHASE-SHIFT PRINCIPLES—Fig. 119 shows one of the many
different circuit arrangements which may be used for phase-shift
control. The load is connected between the plate of the thyratron
and one end of the high-potential winding of the transformer. The
grid of the thyratron is connected to the other end of the high-
potential winding through a capacitor C, with an adjustable resistor
called a rheostat between the grid connection and the plate. The
purpose of grid resistor R is to prevent an excessive flow of elec-
trons in the grid circuit. The cathode of the tube is connected to a
tap on the high-potential winding of the transformer.

In operating the circuit of Fig. 119 we should find that increas-
ing the amount of rheostat resistance reduces the average electron
flow through the thyratron, and that decreasing the resistance
increases the electron flow. Changing the resistance shifts. the
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phase of the grid potential with reference to the plate potential.
To learn just why the phase is shifted by changing the rheostat
resistance requires that we examine the behavior of a capacitor
in an alternating-potential circuit.

First; alternating potential will cause electron flow in a circuit
having a capacitor in series, but direct potential will cause no such
flow. Direct potential cannot cause an electron flow because the
dielectric of the capacitor is an insulator, because the direct poten-
tial acts always in one direction, because any electron flow would
have to continue in ene direction, and because there can be no con-
tinuous electron flow through an insulator.
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Fig. 119. One type of phase-shift con-
trol for a thyratron.
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The reason that an alternating potential may cause an alter-
nating electron flow in a circuit containing a capacitor in series is
shown by Fig. 120. At the top of the diagram is shown the capacitor
with its two plates and the dielectric between them. The positive
and negative signs on the dielectric surfaces indicate positive and
negative charges; a positive charge being a deficiency of negative
electrons, and a negative charge being an excess of electrons, as
compared with the balanced condition of a neutral body. Below the
capacitor is shown a source of alternating potential whose terminals
become alternately zero, positive and negative during a cycle. The
. arrows show directions of electron flow between the source and the
capacitor. At the bottom of the diagram is a curve representing
the changes of potential from the source during one cycle. This is
what happens, step by step:

1. The source potential difference is zero, the dielectric of
the capacitor is neutral (having no charges), and there is no elec-
tron flow. '

2. One terminal of the source becomes increasingly positive,
this being the terminal whose potential changes are represented
by the curve. Of course, the other terminal of the source is at the



THYRATRON CONTROL AND OPERATION 145

same time becoming increasingly negative. Electrons flow from
the negative terminal of the source to one side of the dielectrie,
and an equal number of electrons flow from the other side of the
dielectric to the positive terminal of the source. The capacitor is
becoming charged.
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Fig. 120. How a capacitor is charged and discharged during one cycle of
alternating potential. Resulting electron flow into and out of the capacitor
permits alternating electron flow in a circuit connected to the capaeitor.

3. The source terminals reach their peak potentials.  The
dielectric now has become fully charged. The difference of potential
across the dielectric, due to the differences between electron quan-
tities at the two sides, now is equal to the potential difference of the
source. Because there is the same potential difference across both
the capacitor and the source, there is no electron flow.

4. The source potential is decreasing. The higher potential
difference across the capacitor causes electron flow from the nega-
tive side of the capacitor to the source, and electrons flow from the
positive side of the source to the capacitor.

5. The source potential difference has fallen to zero, the
capacitor has discharged completely, and for just an instant there
is no electron flow.
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6. The source potential difference is increasing, but in the
opposite direction. Conditions are similar to step 2, but the direc-
tions of electron flow and the electrical stress in the dielectric are
now reversed.

7. The capacitor is fully charged in the reverse direction, its
potential difference becomes equal to the potential difference of the
source, so electron flow stops. Compare step 3.

8. The source potential difference has fallen below the potential
difference of the capacitor, so electron flow is as shown by the
arrows.

9. The source potential difference again is zero, the capacitor
has discharged, and we are ready to start over again. Conditions
here are exactly the same as for step 1.

We have seen that an alternating potential will alternately
charge a capacitor in opposite directions, and that the electron flow
for charging and discharging the capacitor periodically reverses its
direction, so is an alternating electron flow.

REACTANCE OF A CAPACITOR—Alternating electron flow is not
so free in a circuit containing a capacitor as in a circuit formed
wholly of good conductors. The opposition offered by a capacitor
to alternating electron flow is called capacitive reactance. The
greater the stress produced in the dielectric by a given difference
of applied potential the greater must be the electron flow in the
circuit. This greater electron flow means less reactance in the
capacitor,

As you will recall, we measure the capacitance of a
capacitor in farads, or for practical purposes in microfarads.
Capacitance measures the charge that a capacitor will take with a
given applied potential difference. So the greater the capacitance
in microfarads the less is the reactance of a capacitor.

The opposition effect called capacitive reactance is measured
in ohms, just as is the opposition called resistance. This reactance
depends on the capacitance of the capacitor and on the frequency of
the applied alternating potential.

Capacitive reactance 159,155

in ohms = Ffrequency Capacitance
in cycles X in microfarads

This formula shows that capacitive reactance becomes less as
the frequency increases, also that the reactance becomes less as
the capacitance is increased. For a frequency of 60 cycles, capaci-
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tive reactance in ohms is equal approximately to 2,653 divided by
the number of microfarads of capitance.

PHASE SHIFTING CIRCUITS—If a resistance and a condenser—
or a resistance and an inductance—be connected in series as shown
in Fig. 121, a potential difference will appear across points A and B.
Assuming the secondary winding of the supply transformer T to
be center tapped, the alternating potential difference between A
and B will equal one-half that of the secondary winding.

Changing the value of R does not alter the value of the poten-
tial difference between A and B but it does change the phase of
this P. D. (potential difference) with respect to the P. D. across X
and Y. This means that the instant when the alternating P. D.
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Iig. 121. The circuits above illustrate the basic phase shifting work; the curves
below indicate how the phase of A-B may be changed with respect to X-Y.

across A-B reaches its maximum value with respect to the P. D.
across X-Y will be changed as the value of R is altered. This
arrangement, which provides us with a means of shifting the phase
of one P. D. with respect to another, is called a phase-shifting
network. It is frequently used for the control of thyratrons, for if
point A is connected to the cathode of the tube and point B to the
grid, as shown in Fig. 122, then the phase of the grid potential
may be shifted with reference to the plate potential in order to
control the firing of the tube.

In the ordinary type of phase shift control circuit, the plate
P. D. of the tube to be controlled is usually in phase with X-Y;
therefore, as the P. D. applied to the grid of the tube is repre-
sented in Fig. 121 by A-B, the three sets of curves show how the
grid P. D. may be shifted with respect to the plate P. D. in order



148 ELECTRONICS

to control the firing point of the tube. With the plate-grid relation
shown in (a) the electron flow in the plate circuit of the tube would
be maximum; in (c¢) it would be zero; and in (b) it would have
some intermediate value,

The phase may be shifted by varying the resistance, by vary-
ing the capacitance, or by varying both of them. In the phase-
shift circuit of Fig. 119 we vary the resistance to shift the phase
of the grid potential with reference to the plate potential. Fig, 122
shows another phase-shifting circuit containing a capacitor C and
an adjustable rheostat for varying the resistance.
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Fig. 122. A phase -shift circuit in
which grid potentials are secured
from a separate winding on the
transformer.

CATHODE AND FILAMENT CONNECTIONS—Doubtless you
have noticed that in some circuits we show tubes having sepa-
rate cathodes with heaters, as in Fig. 119, and in other circuits
show tubes with filaments as the emitter, as in Fig. 122. Which
kind of emitter is used has nothing in particular to do with the
operating principle of the remainder of the circuit, but simply
is a matter of what type of tube is selected.

In Fig. 123 at A we have a tube with separate cathode, at
B we have a tube with a filament emitter connected to a center-
tapped filament winding on the transformer. At C we have a fila-
ment heated by an untapped winding, but have a center-tapped
resistor across the winding. The cathode at A, the transformer
tap at B, and the resistor tap at C, are all equivalent points in the
general circuit. Any parts connected to a cathode might be con-
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nected to a center tap, and vice versa, all depending on the type of
tube that happens to be used.

EFFECT OF PHASE-SHIFT—Now that we have a means for
shifting the grid potential with reference to the plate potential,
let’s see what it will accomplish when operated as shown by the
graphs in Fig. 124. The alternating plate potential is indicated
by a full-line curve for a complete cycle. The critical grid poten-
tial is shown by a full-line curve below the zero position, extend-
ing only across the half of the cycle during which the plate is posi-
tive. The actual alternating grid potential is shown by a broken-
line curve for a complete cycle. These curves are similar to those
in Figs. 105, 110 and 112,
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Fig. 123. Three equivalent connections for permitting electrons from the ex-
ternal circuit to return to the emitter of the tube.
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At A in Fig. 124 the grid potential is of opposite phase with
reference to the plate potential. The grid is more negative than
the critical voltage during the entire half-cycle in which the plate
is positive. Therefore, the tube never will break down and there
will be no conduction.

At B we have shifted the phase to give the grid potential a lead
of 60 degrees with reference to the plate potential. Now the
grid potential remains more negative than the critical potential
until the instant marked “breakdown.” There the actual grid
potential becomes less negative than the ecritical value, ionization
commences, and the tube conducts electrons from this instant to
the end of the half-cycle during which the plate is positive. The
portion of the cycle in which conduction takes place is indicated
by the shaded part under the plate potential curve.

At C in Fig. 124 we have shifted the grid potential another
60 degrees in the same direction as before. Now the grid poten-
tial becomes less negative than the critical value much earlier in
the half-cycle, and we have conduction from the instant marked
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Fig. 124. The effect on time of electron flow of shifting the negative
grid potential with reference to the positive plate potential.
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“breakdown” to the end of the half-cycle in which the plate is
positive.

At D the grid potential has been shifted so far that it is in
phase with the plate potential. Now the grid is positive during
the entire half-cycle in which the plate is positive, so there is
conduction during this entire half-cycle. By shifting the grid poten-
tial we are able to control electron flow in the plate circuit all the
way from zero flow to the maximum flow corresponding to conduc-
tion during all of the half-cycles in which the plate is positive.
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Fig. 125. Phase-shift control may be
had with an adjustable capacitor
and a fixed resistor.

With capacitor-resistor phase-shift control as in Figs. 119 and
122 the grid potential is shifted as from A to D in Fig. 124 by
decreasing the resistance of the rheostat, for this allows the capaci-
tor to have more and more effect, and to give the grid potential
a greater and greater lead.

Instead of using an adjustable resistor (rheostat) and a
capacitor of fixed capacitance we might use a fixed resistor and
an adjustable capacitor as indicated in Fig. 125. Now the electron
flow in the plate circuit is increased by increasing the capacitance
of the capacitor, thus increasing the effect of the capacitance in
comparison with that of the resistance.

Adjustable capacitors usually are constructed with one plate
or one set of plates movable with.respect to the other plate or
set of plates. The greater the separation between plates, or the
greater the thickness of the dielectric, the less is the capacitance
of the unit.

Note that with the capacitor-resistor control we increase the
average electron flow in the plate circuit by decreasing the resist-
ance, or we may increase the flow by increasing the capacitance.




162 ELECTRONICS

RESISTOR-INDUCTOR PHASE-SHIFTING—In Fig. 126 we have
replaced the capacitor with an inductor in the phase-shifting
circuit. An inductor, as we learned when studying filters, pos-
sesses the property called inductance. Inductance opposes any
change of the rate of electron flow because inductance causes an
induced emf that tends to oppose any change in the value
of the electron flow. Such behavior on the part of an inductor
means that it strongly opposes alternating electron flow, because
an alternating flow is constantly changing.
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Fig. 126. A phase-shift employing an
adjustable resistor and an inductor
of fixed inductance.

The opposition offered by an inductor to alternating electron
flows is called inductive reactance. Like all other oppositions, in-
ductive reactance is measured in ohms.

Inductive reactance _— g oggo % frequency % inductance
in ohms ’ in cycles  in henrys

This formula shows that inductive reactance increases with
increase of frequency and also with the inductance in henrys.
Capacitive reactance decreases with increase in frequency. The
effects of reductance are in many other ways just the opposite of
the effects of capacitance. If we were to use an inductor instead of
the ~apacitor in Fig. 121, the potentials in the circuit containing
inductance would lag the potentials in the circuit containing only
resistance, whereas capacitance causes leading potentials.

Because inductance causes a phase shift we may use an in-
ductor as in Fig. 126. The greater the inductance in henrys
and the greater the inductive reactance in ohms the more the
potential will lag in the inductive grid circuit. The greater the
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resistance in comparison with the inductance the more nearly the
potential is pulled back into phase.

The graphs of Fig. 124 represent phase-shift with an inductor
just as well as with a capacitor. We may begin at A with the grid
potential of opposite phase to the plate potential, and consider that
the grid potential is lagging the plate potential by 180 degrees.
Increasing the resistance, to overcome the effect of inductance, or
decreasing the inductance directly, will produce the effects at B and
C, where the lagging grid potential is being brought more and
more nearly into phase with the plate potential. At D the increase
of resistance has so far overcome the effect of inductance as to
bring the potentials practically in phase, or, we might consider that
the inductance has been reduced to such a low value as to have
practically no effect.

Adjustable inductors usually are made so that the coil winding
and the iron core are movable with reference to each other. The
farther the core is moved out of the coil, or the farther the coil
is moved off the core, the less becomes the inductance. Moving
the core into the coil increases the inductance.

Note that varying the resistance one way or the other in a
phase-shift control using resistance and capacitance has the oppo-
site effect of a similar variation of resistance in a control using
a combination of resistance and inductance. Here is 2 summary of
the affect on average electron flow of variations in reactance, capaci-
tance, and inductance in the two types of control circuits that have
been examined:

Circuit with More flow with less resistance, or more

RESISTANCE AND Cap?lcitanc?t-h - |
ess 1low wi more resistance, or less
CAPACITANCE 0 "% e
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