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PREFACE

Electron tubes and circuits, with their wide ramifications in radio
and line communications, in industrial production and in research work,
are so numerous and complex as to bewilder the beginner. He needs
a guide which will present the important items in orderly sequence from
the simple to the complex. '

Many special tubes and circuits have been tested and discarded
during the past thirty years. Others have proven their merit and re-
main with us today, and will be used in the future. These are the ones
to study. This book attempts to select the important and the tested,
the basic tubes and circuits and to present both a simple explanation of
how they work and where they are applied, together with sufficient
numerical constants and other details to make them readily under-
standable,

The book is designed for the student with only a limited back-
ground in physics and mathematics. Only too often the design and
principle of operation of radio gear is either oversimplified or is clouded
in elaborate mathematical form. There is a happy medium, striven for
in this book. The more involved material is presented graphically; the
few simple, widely used equations are explained in detail.

This is a textbook. The subject is unfolded systematically from
the simpler to the more complex ideas and equipment. The preliminary
chapters cover the fundamental concepts of direct and alternating cur-
rents and of radiation and the propagation of radio waves. The ele-
mentary subjects, such as two-electrode tubes, gas-filled tubes, photo-
electric cells, etc., are then examined in detail utilizing only the ideas
and theories presented in the previous chapters. This procedure is con-
tinued throughout all of the elementary subjects. The student is then
prepared for the more intricate conditions used in feedback amplifiers,
transmitters and receivers, square-wave and pulse generators, tele-
vision equipment, oscilloscope testing, superheterodyne circuits and
alignment, frequency modulators, direction finders, and the like. To
emphasize the comparative size of circuits and the length of radio waves,
the succeeding chapters carry the subject matter from the long and
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PREFACE vi

short transmission lines and antennas through ultra-high frequency
transmitters and receivers into the realm of microwaves.

The book contains over four hundred problems of a practical nature
designed to assist the student to apply and fix firmly in his mind the
principles he has been studying. The problems for each chapter have
been graded in order of difficulty. Some of them have been purposely
designed so that the student will need to consult radio handbooks or
more advanced texts in order to obtain all the data necessary for their
solution. In a few cases, the problem can only be answered after prac-
tical experience with the equipment itself, or in consultation with some-
one who has had such training. It is hoped that the study of this book
will be accompanied either by a laboratory course or at least with
dimensions of the equipment, or with field tests.

Permission to reproduce numerous circuits and photographs has
been generously granted by the Institute of Radio Engineers, Elec-
tronics, The Journal of Applied Physics, the Bell System Technical
Journal, The “ Radio ” Handbook, The General Radio Experimenter,
The RCA Review, The Western Electric Company and The National
Bureau of Standards. This co-operation is greatly appreciated by the
author. The abbreviation, “ From E. and N. P.,” on certain of the cuts
refers to their source as coming from the author’s book, ¢ Electron and
Nuclear Physics.”

The author wishes particularly to thank Mr. E. B. Redington for
his assistance in the preparation of the problems, and Lieutenants (j.g.)
Norman Oleson (Ph.D.), Robert Reed-Hill, and Preston Taulbee of the
Science Department of the United States Coast Guard Academy for
their advice and co-operation during the preparation of the book. The
author has drawn freely from many textbooks, scientific magazines,
and trade journals of this and foreign countries from the time he first
taught in the Army Radio School at Colorado College in 1918 up to the
present. In particular, he appreciates the merit of the tried and tested
circuits, their constants and constructional details as developed by the
radio amateurs and presented in the “ Radio Amateur’s Handbook ”” and
in The “ Radio ” Handbook.

J. BarToN Hoac
U. 8. CoasT GUARD AcCADEMY,

New Lonpon, CoNNECTICUT,
April, 1942
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CHAPTER 1
THE ELECTRON ,

1.1 Introduction. Because “ electronics” deals with electrons, their
sources and their movements through metals and through vacuum tubes,
it is but common sense that we should have a clear knowledge of the
nature of the electron itself. Let us proceed, therefore, to study:

1.2 The Charge of the Electron. Consider two metal plates placed
parallel to each other but not in contact, with their inner faces ground
very smooth. Imagine also that several small holes have been drilled in
the center of the top plate and that an electrical battery has been con-
nected, one side to the upper plate and the other side to the lower plate,
as in Fig. 1 A. Let small drops of oil sprayed from an atomizer fall

|
5

1l

|

Fia. 1 A. Measurement of the charge of the electron. (From E. & N. P*)

through the holes in the upper plate; then let us examine the droplets
of oil between the plates by means of a long focus microscope. If it
were not for the battery the droplets would fall under the force of grav-
ity, but when the battery is connected, it is found that the droplets can
be suspended and even moved upwards, according to the strength of
the battery. This means but one thing — that the droplets are electri-
fied. Their electric charge was produced at the time the oil was broken
up into droplets at the nozzle of the atomizer.

By properly adjusting the battery, one of the oil drops can be pre-
cisely suspended in a fixed position midway between the upper and
lower plates. Then, of course, the downward pull of gravity is exactly

* “Electron and Nuclear Physics.” By J. Barton Hoag. Published by the
D. Van Nostrand Company, Inc., New York.
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1.3 THE ELECTRON 2

equal to the upward electrical force. When the expressions for these
two forces are written down and equated to each other, an equation is
obtained in which all quantities can be measured except the electrical
charge on the drop of oil. This quantity can then be calculated. In-
deed, there are many ramifications to a precise calculation of this elec-
trical charge, but when all of the details have been followed, a most in-
teresting fact is found, namely, that the electrical charge on the drop
of oil is always a certain definite amount, or two, or three times, or any
integral multiple of this small unit charge. The oil drop never has a
charge of 1% or 134 or some other non-integral multiple of the unit
charge. In other words, Nature has built her electrical world out of
units or “ building blocks,” like the bricks in a building; not in a con-
tinuum like a concrete wall. It can be shown that the individual
charges given off by a hot filament in a radio tube are always of a
definite amount, equal to the least charge on the oil drop. This is true
regardless of the material of which the filament is constructed, or its
temperature. Also, certain electrical particles spontaneously emitted
from radioactive substances have this same identical electrical charge.

This small “ bit” or “ grain” of electricity is the electron, first
found in 1874 by C. J. Stoney and first convincingly established to the
scientific world in the years between 1909 and 1913 by R. A. Millikan.
The amount of this quantity of electricity, the smallest known to exist,
is exceedingly small: 4.802 % 10-° electrostatic unit. This is equal to
1.602 X 107° coulombs. This amount of electricity is so small that a
prodigious number of electrons is needed to make up the total that flows
through an ordinary light bulb each second. If three million people
were to count for eight hours a day at the rate of 200 per minute, they
would have had to count from the time of the Trojan War down to the
present date in order to count all of the electrons passing through an
ordinary Mazda lamp in one second.

There are two kinds of electricity — positive and negative. The
electron is negatively charged. As such it is repelled by any other nega-
tive charge of electricity and is attracted to a positive charge.

Since the discovery of the granular nature of electricity and the
naming of this small quantity of electricity (the “ electron ), an addi-
tional property of the electron has been found. Thus:

1.3 The Mass of the Electron. Consider a glass tube, highly evacuated,
cylindrical in shape, with a filament sealed in at one end. In front of
the filament let there be a metal plate with a hole in the center and a
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wire leading to the outside of the tube. On the other end of the tube,
on the inside wall, let there be a thin layer of a white powder called
phosphorescent zinc sulfide. Now let us heat the filament by sending
an electric current through. it, and let us fasten a battery between the
filament and the metal plate in such a manner as to make the metal
plate positive with respect to the filament. Then, the small bits of
electricity, electrons, emitted by the filament will be attracted toward
the positively charged plate. Some of these in fact will succeed in pass-
ing through the small hole in the plate to travel in a straight line down
the tube and strike the coated surface at the other end where they pro-
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F1c. 1 B. Measurement of the mass and velocity of the electron.
(From E. & N. P)

duce a bright green spot. Now, as in Fig. 1 B, let us deflect the stream
of electrons (it is called a cathode ray) by means of an electrical field
placed across its path. This can be accomplished by means of two
metal plates B and C, and battery V, as in the figure. It will then be
found that the spot of light moves sideways from the central spot S
to 8.

Next we shall add a magnetic field at right angles to the electron
beam, and also at right angles to the electrical field. If this magnetic
field is properly adjusted, it will just compensate for the deflection of
the beam caused by the electrical field. The green spot on the screen
will return to its original position S. By measuring the strength of
the electric and magnetic fields when this condition has been attained,
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1t is possible to compute the ratio of the charge to the mass of one of
the electrons in the beam. Because we already know the charge, it is
a simple matter to compute the mass of the electron. This was first
done in a crude way by J. J. Thomson in 1897.

There are many other indirect methods of measuring the mass of

an electron. The value is 9.11 X 10-28 gram.* This extremely small
mass has never been measured by any direct method. It is so small
that five hundred billion billion billion electrons would be needed to
make up 1 pound. The mass of the electron is essentially constant un-
less the electron is traveling very fast. The faster the electron travels,
the greater its mass, in agreement with experimental measurements and
with theoretical equations obtained from the Relativity Theory.
1.4 Velocity of Electrons in a Vacuum Tube. It is also possible with
the apparatus of Fig. 1 B to measure the speed at which the electrons
travel down the vacuum tube. It is found that they travel very fast;
with velocities of the order of one hundred million (10°) cms.? per
sec. or about ten million (107) miles per hour. This is approximately
one one-hundredth the speed of light. The velocity of electrons de-
pends upon how many cells make up the battery which is used to speed
them up. When the total accelerating voltage is the same as that of
the electric light circuits in our homes, namely 110 volts, the electron
velocity will be 6.55 ) 10® cms. per sec. When the voltage is doubled
to 220 volts, the velocity will be increased to 10 X 108 cms. per sec. It
is to be noted that the velocity does not double when the voltage is
doubled. In fact, the voltage must be made four times as great in
order to double the velocity of the electrons, and it must be made nine
times as great in order to treble the velocity of the electrons. In other
words, the velocity of the electron is proportional to the square root of
the voltage (provided the voltage is not too high). The relationship
will be readily seen in Fig. 1 C.

The equation connecting the voltage E and the velocity v is as fol-
lows: Ee/300 — mv?/2, where e is the charge of the electron in electro-
static units and m is its mass in grams. This equation is accurate to
within 1 per cent up to 7,000 volts. For higher voltages, a more com-
plicated relativity equation must be used. The right-hand side of the
equation is a well-known expression for the energy of moving bodies.
This “ kinetic ” energy is expressed in units called “ ergs.” An energy

1 4536 grams = 1 pound.
2 2540 centimeters = 1 inch.



5 VELOCITY OF ELECTRONS IN A VACUUM TUBE 1.4
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F1e. 1 C. Velocity of electrons accelerated by various voltages

of 1.60 X 10-° ergs will be acquired by an electron speeded up by means
of a 100-volt battery. Thus 1 electron volt is equivalent to 1.60 X 1012
ergs. The electron volt is abbreviated “ e.v.” and is often used today
in referring to the velocity of a charged particle. It should be clear,
however, that the volt is a measure of the energy of the particle rather -
than its velocity.



CHAPTER 2
METALLIC CONDUCTION

2.1 The Structure of Matter. Let us examine a piece of metal very
carefully. If we polish its surface and look at it under a microscope
we shall see small erystals of various shapes. Their shape depends on
the heat and mechanical treatment which the metal received. These
microscopic crystals are arranged in haphazard fashion and are some-
times long and narrow, sometimes fatter, like distorted polygons. Fre-
quently there are impurities such as slag in the region between the
ccrystals. If, now, any one crystal could be still further magnified, it
would be found to contain atoms which are arranged in beautiful geo-
metrical patterns, called space-lattices. This has been revealed to us
by means of X-ray studies. The atoms are essentially fixed in position,
although they may vibrate a little about their ¢ fixed ” positions. In
addition to the metals, there are hosts of other physical objects in the
world around us. Be they metals or non-metals, they are all but com-
plex forms and combinations of only ninety-two basic substances called
elements. Aluminum and copper are elements, whereas brass is an
alloy of the elements zinc and copper. Each element is composed of
small parts, called atoms, each measuring approximately 0.000,000,01
cm, (= 10 em.), or four-billionths of an inch in diameter. In some
substances, the atoms form close-knit groups, called molecules. For
instance, two hydrogen atoms and one oxygen atom make up a mole-
cule of water.

The atoms are not solid spheres. In fact a great deal is already
known about the insides of an atom. There is a heavy central core or
nucleus, which is positively charged, around which electrons revolve
rapidly, like the planets revolving around the sun. In an ordinary,
electrically-neutral atom, the positive charge of the nucleus is equal to
the total negative charge of all the planetary electrons around it.

The outermost electrons of an atom determine to a large extent
the chemical combinations which are possible, and are called the va-
lence electrons. If these electrons are disturbed and then return to their

6



7 THEORY OF METALLIC CONDUCTION 2.2

normal states, light rays are emitted. On the other hand, if electrons
close to the nucleus are disturbed, and then return to their normal states,
X-rays are emitted. When some of the planetary electrons are removed
completely from the atom, it is left with an excess of positive charge
and is said to be ionized. Then, it is an ion. Finally, when parts are
added to or ejected from the nucleus itself, or when the nucleus is split
asunder, a new element is produced. This is * atom smashing.”

2.2 Theory of Metallic Conduction. Metals, such as copper, silver,
brass, mercury, tin, zinc, and iron, will conduct an electric current
whereas wood, rubber, bakelite, amber, sulfur, textiles, resins, and the
like, do not. Solutions of salts and acids are fairly good conductors, and
gases at reduced pressures also pass an electric current. Of course there
are no perfect conductors, nor are there any perfect insulators, but in
many cases, the relative conducting or insulating ability is very pro-
nounced.

In the case of metals, the atoms are so arranged in their space-
lattices as to properly influence each other, and contain outer electrons
which are so loosely bound to the atom that, on the average, one or two
such electrons of each atom escape into the intervening space between
the bound atoms. These semi-free electrons move about between the
atoms at comparatively high speeds, comparable indeed to that of a
small caliber rifle bullet. The metal as a whole is electrically neutral
because the negative charge of the free electrons is counterbalanced by
the positive charge of the atoms from which they have temporarily es-
caped. The atoms from which insulators are made are of such an in-
ternal structure, and interact upon each other in such a manner, that
practically no electrons can escape to move about between them.

A free electron in a metal will travel past approximately one hun-
dred atoms (0.000,001 cm.) before “ colliding ” with other particles or
entering an atom. Thus the free electrons are in a continuous state of
movement or thermal agitation; they move about in tortuous paths,
and on occasion enter or leave the fixed atoms. Because of these mo-
tions, the “ cloud ” of free electrons contains some which are going fast

“and some which are going slowly, with all gradations between.

When a battery is connected to the ends of a wire, say a copper
wire, the free electrons drift slowly down the wire while they continue
their rapid random motions. Suppose a drop of water were to fall into
a brimful lake. Immediately, a little wave would travel across the
water and shove out a drop of water at the spillway. Later, perhaps,
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the original drop might wend its way across the lake and leave it.
Similarly in the wire, immediately upon connecting the battery, an im-
pulse of electricity travels to the other end of the wire, at just a little
less than the velocity of light (which is 186,000 miles per second). Con-
ceivably the drift motion of an individual free electron, which amounts
to only a few centimeters per second, might carry it to the other end
of the wire in due time. '

Over a long interval of time, say one second, the thermal movement

of the free electrons is quite uniform. But during a very short time
interval, the clouds of free electrons in one part of the wire are denser
than in other parts, having slightly larger numbers in a unit volume
than the average. Although these variations from the mean value are
very small, nevertheless they can be detected. They actually serve as
a source of noise in high gain amplifiers. This so-called thermal noise
depends on the temperature and electrical resistance of the wires in the
input end of the amplifier and on the frequency band which is being
amplified.
2.3 Electrical Units and Ohm’s Law. Nature’s unit of electricity, the
electron, is too small for everyday use. In fact, long before the electron
was discovered, man had chosen a unit of electricity: the coulomb, of
practical size. There is another, more theoretical unit called the electro-
static unit or “ e.s.u.” One coulomb is equal to three billion electro-
static units. The relationship of these units to that of the electron was
given in the preceding chapter.

When we speak of a current of electricity, we refer to the rate at
which it flows in a wire. Thus, I = Q/t, where I = current in units
called amperes, Q — quantity in coulombs and ¢ = time in seconds.
Amperes of electricity flowing in a wire are analogous to gallons of
water per second flowing down a pipe.

A battery or a generator separates positive and negative charges
from each other. These charges try to get back together again to set
up the neutral state. The greater this tendency, the greater the electro-
motive force (“ em.f.”). The volt is a unit of em.f. A single dry cell
produces approximately 1.5 volts; a storage battery, about 2 volts per
cell; our lighting circuits use 110 to 117 volts. We think of voltage as
a driving force, although technically it is a measure of work done upon
a unit charge. After expending work in moving a pail of water to the
top of a hill against the pull of gravity, it is in a position to give back
the energy put into it. It is said to be at a higher potential than before.
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The higher we lift the water, the more force it will exert when it falls.
Similarly, the higher the voltage of an electrical circuit, the more
readily will it drive an electric current through a wire. Doubling the
voltage will double the current; trebling the voltage will treble the
current.

The free electrons of a metal do not drift down the wire under an
impressed e.m.f. without some opposition; they collide with atoms and
other electrons; there are no perfect conductors. The measure of this
lack of perfection is called resistance; and its unit is called the ohm.
Thus we have Ohm’s law, E = IR; or, volts equal amperes times
ohms. The product IR is often referred to as the potential drop in the
wire.

According to convention, electricity flows from the positive to the

negative terminal of a battery, from plus to minus. Actually the free
electrons move from negative to positive. In this book, unless we
speak of the “ electron flow ” specifically, we shall mean the conven-
tional positive to negative direction.
2.4 Resistance Laws. The same opposition to the flow of water through
a series of pipes of large and small diameter can be attained by a
single pipe of proper size. So also, a single resistance can be found in
electrical circuits which is the equivalent of a combination of several
resistances in series with each other. Instead of connecting the pipes
or the resistances in series with each other, they might be joined in
parallel, or in more complex series and parallel combinations. In all
cases, however, they can be replaced by a single, equivalent unit. The
laws for a number of typical circuits are given in Figs..2 A through 2 E.
2.5 Heating Effects of Currents. Due to the collision of free elec-
trons with atoms, the passage of a current down a metal wire heats it up.
The amount of heat that is generated depends upon the square of the
current and varies directly with the resistance of the wire and the time.
Thus, in power units,

2
P=E’I=I2R=%:

where P is the power lost in the wire in watts, E = volts, I = amperes,
R = ohms.

The heat developed in a wire must not be confused with the tem-
perature to which the wire will eventually rise. The latter depends on
both the rate at which heat is produced in it by the current and the rate
at which heat is lost to the surroundings. The loss of heat depends on
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many factors. It is obvious that, if the wire is wound into a compact
unit and is placed in a closed space, the heat losses will be less than if
the wire is extended and out in the open air.

2.6 The Decibel. The increase or decrease in power in an amplifier or,
in fact, in any device, can be expressed as the ratio of the power out to
the power in. There is, however, a different and more useful manner
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of showing the gain or loss in the device. This method employs a unit
called the decibel (abbreviated db.), which is one-tenth of a “ bel ” (in
honor of Alexander Graham Bell who invented the telephone).t

If a certain sound is slowly increased in intensity the change will
not be noticed until the power used in making the sound has been in-
creased by 1 decibel. This loudness change is the same over wide lim-
its regardless of the original loudness of the sound. Thus the decibel
gives a measure of the response of the human ear to sounds which have
a barely perceptible difference in intensity.

A gain in power is indicated by a plus sign, and a loss of power is
indicated by a negative sign. Figure 2 F shows the relationship be-
tween the power ratio and the decibel units. It also shows the db. gain
or loss when voltage or current ratios are known for circuits whose
input and output resistances (impedances, to be more general) are
equal. Negative and positive decibels can be added numerically. A
db. of zero stands for the reference power level, i.e., a power ratio of 1.
Reference levels of 1, 6 and 12.5 milliwatts are used in broadcasting
and telephone practice. In acoustics, a level of sound intensity of about
24 X 107'¢ watts/cm.? under standard atmospheric pressure at 20° C. is
used. On this basis the db. of painful sounds is about 130-140; of ordi-
nary conversation, 65-75; of whispering, 25-30 and of the heart beat,
10-15.

1 If P, represents the power output in watts, and P, represents the power in-
put in watts, the number of decibels is given by db. = 10 log P,/P,.



CHAPTER 3
CAPACITANCE AND INDUCTANCE

3.1. Introduction. Suppose we rub a glass rod with a piece of silk. The
glass rod will become positively charged and the silk negatively
charged. We have not created electricity. Nor can it be destroyed.
It can only be transferred from one body to another. A neutral body
contains equal amounts of positive and negative electricity, and when
electrons are added to it, it is negatively charged; when they are re-
moved, it is positively charged.

All around the positively charged glass rod there are electrical
forces, strong near the glass and weaker farther away. The strength
of the electrical forces can be represented by lines; the more lines of
force, the stronger the field. If we connect the terminals of a battery
with wires to two metal plates, an electrical field or region of electrical
force is created between the plates. This field is stronger (more lines
of force) when the plates are close together or when a higher voltage
battery is used.

The directions of the lines of force are very important, for they
represent the paths along which free electrical charges tend to move.
We can control the motion of the electrons in radio and cathode-ray
tubes by sending them through properly designed electrical fields. Fig-
ure 3 A shows some electrical fields around metal balls and plates con-
nected to batteries of various potentials, together with the apparatus
used to measure the fields (an electrolytic trough). Also in this figure,
there are some lines everywhere at right angles to the lines of force.
These correspond to the contour lines of a map and are called equi-
potential lines, for the voltage or potential is everywhere equal along
a given line. We shall return to the discussion and use of lines of force
and equipotential lines in a later chapter.

3.2 Capacitance and Condensers. When a positively charged body is
brought near the end of an uncharged metal rod, the near end of the rod
becomes negatively charged and the far end becomes positive. The rod
is said to be charged by induction. The electrical charges at the ends

13
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of the rod are called “induced charges.” They are numerically equal
to each other. When the original charged body is removed, the rod be-
comes neutral again.

Figure 3 B shows a source of electricity at E (the battery), con-
nected by two metal wires to two metal plates, A and B. The two
plates together with the insulating air between them,
are called a condenser. Let @ be the amount of elec-
tricity on plate A, which is also equal numerically
to the opposite charge on plate B. It is found that
Q will be larger, and in direct proportion, if the bat-
tery voltage E is larger. This fact can be expressed )| e
by the equation @ — CE, where C is a constant, E
called the capacitance of the condenser. Imagine a  Fa. 3B. A sim-

; . ple condenser

tank filled with water to a depth of 1 foot. This

amount of water is the “ capacity ” of the tank, in the sense used above
(quantity stored under unit potential). Of course the condenser will
hold more electricity than the unit amount, C; in fact, it will hold a
total of E times the unit amount, just as the water tank will hold water
clear up to its top. The “ top ” point of the condenser is the breakdown
point of the insulator. If the voltage E is too great, the condenser will
be ruptured and an electrical spark will occur between the plates.

The capacitance C depends on the area of the plates, their separa-
tion, and upon the kind of insulator between them. The capacitance
will be greater if glass or mica is used as the insulator instead of air.
The amount by which the capacitance exceeds the air (or, more ac-
curately, the vacuum) value, is called the dielectric constant of the
insulator. Some dielectric constants and breakdown voltages are given
in Table 3 A.

A B

TABLE 3A. PROPERTIES OF INSULATORS

Insulator Drelectric Breakdown.
Constant Kilovolts per millimeter

Air 1.00
Bakelite 5t07 10 to 28
Glass 4 to 10 20 to 300
Isolantite 6.1 12
Mica 4t07 50 to 225
Mineral Oil 2.2 12 to 16
Fused Quartz 4 8

Hard Rubber 2.8 17
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The unit of capacitance is called the farad. A condenser is said
to have a capacitance of one farad if one coulomb is stored in it under
a potential difference of one volt. This can be done by allowing a
current of one ampere to flow into the condenser for one second. It is
a very large unit. The following, more convenient, units are used in
electronics: (1) the microfarad, abbreviated ufd, which is one one-
millionth (10-°) of a farad, and (2) the micro-microfarad (10-'%), ab-
breviated puf.

The capacitance of a series combination of condensers can be com-
puted by the formula in Fig. 3 C.

C; C2 C: C4 c
1
HHH = — R —
1 1 1
ot c,f ot e

F1e. 3 C. The capacitance of series condensers

The capacitance of a parallel combination of condensers is calcu-
lated from the formula given in Fig, 3 D.

C1 c
C: = o—“-—o C=Ci+ C2+C3+eace
Ca

Fra. 3D. The capacitance of parallel condensers

The capacitance of a plane parallel plate condenser is given by,

kA

C=1rd 900,000

’ ,ufd,

where k is the dielectric constant, A is the area of one of the plates
in square centimeters, and d is the distance between the plates in
centimeters.

3.3 Magnetic Fields of Currents. It has been established that a mag-
netic field is produced whenever an electrical charge moves. If the
charge is at rest, only the electrostatic field exists. Thus a magnetic
field exists around the electrons moving inside an atom, around a beam
of electrons moving through a vacuum tube, and around the free
electrons of a metal as they drift down the wire under an impressed
potential.
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Figure 3 E shows how, with small compasses, .
Oersted found that the magnetic field around a \

wire carrying a current exists as complete, con-
centric circles, in planes perpendicular to the wire. .
. When a current is sent through a coil of wire ( ? @@
properly suspended in a magnetic field, as in Fig.
3 F, the combination of the two fields causes the |
coil to rotate, and by an amount proportional to \M
the current. If a mirror is mounted on the loop, + I_\
the rotation can be measured by the deflection of ~ Fic. 3E. The mag-
. ‘ S netic field around a
a spot of light. Such a current measuring instru- %/ carrying & cur.
ment is called a galvanometer and proves to be  rent
quite sensitive to small currents, measuring down to one one-billionth
of an ampere. If the loop of wire is pivoted in the magnetic field, has a
spiral of wire to restrain its motion, and
a pointer is fastened to it, a more rugged
current meter is obtained. Then, with
suitable resistance shunts around the coil,
L the instrument is called a d.c. ammeter

N S and is calibrated to read amperes directly.
L S Often in radio circuits, the shunt is so
< chosen that the meter reads directly in
I milliamperes (= ma. = one one-thou-

Fic. 3F. Principle of a gal- sandth of an ampere — 10-3 amp.) or in
vanometer, ammeter, or volt-  microamperes (— ua.—one one-mil-
meter lionth of an ampere — 10-¢ amp.) If a
high resistance is connected in series with the loop, the meter may be
connected across a circuit and used to read the voltage drop in that
circuit. It is then called a voltmeter. If the coil is mounted so as to
rotate freely, and a “ commutator ”
is added, we have a motor. N
The magnetic field around a /\\ /
wire, coiled into the form of a sole-
noid, as shown in Fig. 3 G, is the
same as that around a bar magnet,

with a north pole at one end and .
a south pole at the other. This Il' ~A \
is called an electromagnet. Its ‘ S

strength can be varied by changing g(; 3. Magnetic field of a solenoid
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the amount of the current flowing through it. If an iron core is placed
inside the solenoid, the magnetic field becomes much greater.

3.4 Induction. Over one hundred years ago, Michael Faraday per-
formed a simple, most interesting experiment. He made up a coil of
a few turns of wire and connected its ends to an instrument which
would detect an electric current. A small bar magnet was placed near
the coil along its axis. When all was connected as in Fig. 3 H, Fara-

Magnet Coil Current meter
S22 N

Fic. 3 H. The principle of induction

day plunged the magnet into the coil and found that the pointer of
the current meter gave a sizeable kick. When the magnet was pulled
out, the meter deflected in the opposite direction; when the magnet was
held still, there was no flow of current; when the magnet was moved
slowly, the current was small, and when it was inserted or pulled out
of the coil quickly, the current “ induced ” in the coil circuit was large.
Faraday then tried holding the magnet still and moving the coil. The
results were the same; so he concluded that whenever a conductor, such
as a copper wire, is moved through a magnetic field, or whenever a
magnetic field moves across a conductor, an induced electromotive
force is set up which can drive a current through a completed electrical
circuit, and in an amount which is greater the shorter the time of mo-
tion. He also showed that the induction is greater when a stronger
magnetic field is used. The stronger the field and the faster the lines
of force of the magnetic field cut the conductor, the greater the e.m.f
and current. That is Faraday’s law of induction. Very small voltages
and electrical currents are set up in the metal parts of an airplane as
it moves through the earth’s magnetic field. '

3.5 Inductance. When a battery is connected to a coil of wire, the cur-
rent rises gradually instead of instantaneously to its final value. This
is because of the need to establish the magnetic field of the coil. At
first, as the field starts to form, the magnetic lines of force move out,
cut the wires of the coil and generate a “ back ” e.m.f. which opposes
that of the battery. This is called self-induction. When the battery
is disconnected, the lines of force collapse, cutting the coils and gener-
ating an em.f. which is in the same direction as that of the battery,
i.e., in such a direction as to keep the current flowing. In both cases,
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the back e.m.f. opposes the change which causes it. This is analogous
to inertia or mass in mechanics, as, for example, in the case of a fly-
wheel. When a force is first applied to the wheel, its inertia prevents its
attainment of full speed of rotation. Again, when the force is removed,
it requires some time for the wheel to stop rotating. :

The inductance of a coil is measured in henries. It depends on the
number of turns, the cross-sectional area, and the material (air or iron)
inside the coil. A straight wire also has a small amount of inductance.
The formulas for series and parallel combinations of inductances are
the same as for resistances, provided the magnetic fields of the various
coils do not interact with each other.

2 B

RC Time—>

F1c. 31. Charging a condenser C through a resistor R. The Time Constant is RC

3.6 The Time Constant. In the circuit of Fig. 31, the current ¢ will
be large when the switch is first closed. It then decreases “ exponen-
tially ” with time. Similarly, when a charged condenser is first con-
nected to a resistance (no battery in the circuit), it empties rapidly at
first, then more and more slowly. In either charge or discharge of the
condenser, the product RC, of R in ohms and C in farads, is known
as the time constant of the circuit. For the case of discharge, the volt-
age will drop to 1/2.718 or approximately 37 per cent of its original
value in BC seconds. The accompanying Condenser Discharge Chart
(Fig. 3J) may be used to determine the quantity of electricity left in a
condenser C after a certain time of discharge through a resistor R, or
the amount which will flow into the condenser through the resistor dur-
ing a fixed time of charging. A straight edge is used to connect the
desired quantities, as indicated. Conversely, the chart may be used

T %
L/R  Time

Fic. 3 K. The Time Constant of an inductive-resistive cireuit is L/R
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F1a. 3J. From Electronics, Sept. 1937. Instructions for use: Connect resistance
and capacitance values to obtain RC product. Connect RC product and time
values to obtain quantity of electricity (charge) in condenser at the end of given
time value. Example: One microfarad and one megohm gives RC product of
unity. At the end of 0.2 second, the condenser is 20 per cent charged or 80 per
cent discharged
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to determine the time, the resistance, or the capacitance when the other
quantities are known.

In the LR circuit of Fig. 3 K, it requires L/R seconds (L in henries,
R in ohms) for the current to rise to (1-1/2.718) or approximately 63
per cent of its final steady value after the switch has been closed. The
ratio of L/R is called the time constant of this circuit.



CHAPTER 4
ALTERNATING CURRENTS

4.1 A Simple A.C. Generator. When a conductor moves through a
magnetic field, an e.m.f. is produced between its ends. This can drive
a current through the wire, provided a complete circuit exists. In Fig.
4 A, a loop of wire is rotated in a magnetic field. The ends of the loop

Fic. 4 A. An a.c. generator

are fastened to circular metal rings with brushes so that, as the coil
rotates, the generated current can flow by way of the brushes to a load
resistance R and a meter i. When the coil is in the vertical plane, its
wires will be moving parallel to the magnetic lines of force and there
will be zero e.m.f. and no current, as indicated at O, Fig. 4 B. When

il Im
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7/45 Z Time —> T

90 180 Angle—> 360
/2 T 27

Fic. 4B. A sine curve

the coil is passing through the horizontal plane its wires are moving

directly across the magnetic field, the e.m.f. will be a maximum, and so

will the current in the resistance R. This is shown at I, Fig. 4 B. It
22
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occurs at a time (T/4), which is one-quarter of the total time T taken
by the loop for a complete rotation. When wire 4, Fig. 4 A, moves up,
and B moves down, continuing their rotation in a counter-clockwise
direction, the e.m.f. and current decrease until they are zero. This
occurs when the loop is again in a vertical plane with A at the top and
B at the bottom. The coil has now rotated one-half of one revolution
or 180°, or, in radian measure, through an angle of = radians (= =
3.1416, 1 radian = 57.3 degrees).

As the coil continues its rotation, B now moves up and to the
right, while A goes down and to the left; A and B of Fig. 4 A are now
interchanged ; the e.m.f. and the current are reversed in direction. This
is shown in Fig. 4 B, from T/2 to T. This is called the “ negative half-
cycle ” of the current. Each time the coil rotates once, a complete
cycle is generated ; the current, starting from zero, rises to a maximum
in one direction, drops to zero, reverses its direction, rises to a maxi-
mum, then drops to zero, ready to repeat the cycle again. This is the
kind of current we have in our ordinary lighting circuits.

The customary symbol for an alternating current generator is

shown near R in Fig. 4 A.
4.2 Frequency. The faster the loop of Fig. 4 A rotates, the shorter the
“ period ” T and the greater the number of cycles of e.m.f. and current
that will be produced each second. If the loop rotates sixty times each
second, sixty complete cycles of current will be generated each second.
The frequency, f, is the number of complete cycles per second. The
loop will require 1/60 of a second to rotate once. The time for one
rotation or cycle is called the period. It is easy to see that f=1/T,
i.e., the frequency is the reciprocal of the period.

For power lines, the frequencies in common use are 25, 50, and 60
cycles per second, the latter being by far the most widespread. Inci-
dentally, the direct current from a battery or d.c. generator has a fre-
quency of zero.

There are other methods of producing alternating currents than
that of the rotating machine described above. In particular, vacuum
tubes have been used in oscillator circuits to good advantage. With
these, it is possible to produce much higher frequencies, into the bil-
lions of cycles per second.

Frequencies from 15 to 15,000 are known as audio frequencies
because they can operate telephone receivers and loud speakers to
produce sound waves which are audible to the ear.
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Frequencies in the range from 15,000 to 100,000 cycles per second
(=15 to 100 kec. or kilocycles) are called intermediate or low radio
frequencies. From 100 to 1,500 kec. they are called medium r.f. (radio
frequency). From 1.5 to 6 megacycles (mega = million) they are
called medium-high frequencies. From 6 to 30 Mc. (megacycles) they
are h.f. (high frequencies); from 30 to 300 Mec. they are ultra-high
frequencies (u.h.f.). Above this they are referred to as centimeter-
waves, quast-optical waves, or microwaves.

4.3 Effective, Peak, and Average Values. The effective value of an
alternating current is that number of amperes which will produce heat
at the same average rate as that number of amperes of steady direct
current flowing through a given resistance. It is the square root of the
mean of the instantaneous current values squared, and is also known
as the root-mean-square or rm.s, value. A.C. ammeters and volt-
meters are calibrated to read effective values. For sine curves, the
effective value I is approximately 70 per cent of the peak or maximum
value, as shown in Fig. 4 C. More accurately,

I, I,

and similarly for voltages.

%
¢ ord 100% Peak or maximum Im, Em
o
r 70% Effective orrms 1, E
64 % Average valug Iav. Eav.

, \/ .

Fic. 4 C. Effective, peak, and average values of sinusoidal currents and voltages

For rectified alternating currents, an average value is used. This
is simply the average of all the instantaneous values. For a sine wave,
it is given by

Io, =0.636 I'mo: = 0.91.
44 Coinplex Wave Forms. In electronic circuits, the currents and

voltages are often of complicated wave form rather than simple sine
curves. However, these can be thought of merely as the sum of a
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number of simple sine curves. Some of the combinations encountered
in practice are shown in Fig. 4 D.

The lowest frequency f is called the fundamental or first harmonic.
The wave of twice this frequency is the second harmonic. The 3f wave
is the third harmonic. Extremely complex waves may contain as many
as 400 harmonics each of appreciable strength compared with the

Time —» Time—> Time —
A direct current plus a sine current gives a‘r:\orAn(.‘Bie:‘nac:io!)nC

An audio frequency  plus  a radio frequency gives wave

PAA Y oAy

a wave made up of
Frequency f plus  frequency 2f gives  afundamental (f) and
the 2nd harmonic

AR A e

Frequency f, nearly equal to f, gives “beat notes"

L)

Fic. 4D. Complex waves and their composition

fundamental. The existence of various harmonics of different strengths
makes the difference between the ‘ qualities ” of the musical notes
sounded by different musical instruments.

It is possible by mathematical analysis (the study of Fourier
Series), and also by means of machines called harmonic analyzers, to
resolve into its harmonics any periodically repeating wave, no matter
how irregular and complex it may be.

4.5 Phase. If an a.c. generator is connected to a pure resistance, the
voltage and current through the resistance will be “in phase’ with
each other. This means that they both reach their positive maximum
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values at the same instant. Similarly they have their zero value and
their negative maximum value at the same instant. See a in Fig. 4 E.

If an a.c. generator is connected to a pure inductance,! the electri-
cal “inertia ” of the inductance causes the current to lag behind the
impressed e.m.f. by 90°, or one-quarter of a period. This is shown in
b of Fig. 4 E.
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Fic. 4 E. The current 7 is “ in-phase ” with the impressed voltage e in a resistance;
it lags 90° in an inductance and it leads 90° in a capacitance

In case a condenser is connected to an a.c. generator, the voltage
across the condenser terminals is zero when there is no charge in it.
Hence, then, even a small em.f. can send electricity at a great rate
into the condenser. The current decreases as the voltage of the con-
denser builds up and opposes that of the generator. Hence the cur-
rent in a capacitative circuit leads the impressed voltage by 90° or one-
quarter of a cycle, as shown in ¢ of Fig. 4 E.

In a series circuit of inductance and capacitance, the current will
lag behind the impressed e.m.f. somewhere between 0° and 90° if the
inductive effect is greater, and will lead somewhere between 0° and 90°
if the capacitative effect is predominant.

1 A coil is not a “ pure ” inductance since there is always some resistance in its
wires. In addition, there is capacitance between the turns of the coil. A coil is to

be treated as a resistance and an inductance in series with each other, shunted by
the “distributed ” capacitance.



CHAPTER 5
A.C. CIRCUITS

5.1 Reactance and Impedance. The opposition which a resistor offers
to the flow of either direct or alternating current is called resistance.

The opposition which a pure inductance (an inductor without re-
sistance or capacitance) offers to the flow of an alternating current is
called its inductive reactance and is represented by X;. It will be
greater, the greater the inductance L (henries) and the higher the fre-
quency f (cycles per second), and in direct proportion in both cases.
Thus

X, = 2xnfL (ohms).

The opposition to the flow of alternating current which is set up
by a pure condenser (capacitor without resistance or inductance) is
called capacitative reactance and is represented by X,.. The greater
the capacitance C' (farads) and/or the greater the frequency f (cycles
per second), the less X, will be. Thus

1

Xe = onfC

(ohms).

The opposing effect of a capacitance and an inductance connected
together one after the other (in series) is called the total reactance, X,
of the circuit. It is given by:

X =X;—X; (ohms).

The inductive reactance is taken as positive.

The total opposition to alternating current flow, set up by a pure
resistance, inductance, and capacitance in series with each other, is
called the impedance of the circuit and is given by

Z=+vR*+ X?* (ohms).
27
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It 1s to be noted that R and X are not added algebraically Lut as
though they were at right angles to each other.
Ohm’s law for an a.c. circuit is:

E=1z,

as contrasted with E = IR for a d.c. circuit.
The currents I (r.m.s, values) which flow under the conditions dis-
cussed above are shown graphically in Fig. 5 A, where the frequency
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Fi6. 5 A. Current from an a.c. generator of variable frequency

of the oscillator is raised from zero (d.c.) to higher and higher values.
Comparative reactances are given in Table 5 A and should be examined
carefully by the student.

TABLE 5A. NUMERICAL EXAMPLES OF REACTANCE

Frequency. Reactance.
Cycles per Second Ohms

L=01h 60 X, = 38
60,000 38,000

L=1h 60 X, = 380
60,000 380,000

L =100 h. 60 X, = 38,000
60,000 38,000,000

C = 0.01 pfd. 60 X¢ = 300,000
: 60,000 300

C = 0.1 ufd. 60 30,000
60,000 30

C =1 ufd. 60 3,000
60,000 3

C = 10 ufd. 60 300
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5.2 The Partial Separation of the Component Parts of a Complex
Current. Complex currents are often encountered in electronic circuits.
It is often desirable to separate the components one from the other.
In Fig. 5 B we assume that a combination wave of d.c., 60 cycles, and
60 ke. is applied to the terminals at the left of the circuit. The coil L,,
called a radio-frequency choke (r.f.c.), has sufficient reactance to stop
most of the 60-ke. current, but permits most of the 60-cycle current and
the d.c. to pass on to the right. However, the condenser C,, called an

0.1 hy 100 hy _
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Fic. 5 B. To illustrate the separation or “filtering” of d.c., a.f. and rf. currents
from a complex current

r.f. bypass, has low reactance to the r.f. of 60 ke. so that this current
passes through it and is indicated on the r.f. meter. The reactance
of C, is sufficiently high for the 60-cycle current and is infinite for
the d.c., so that these current components do not pass through C,.
Thus we have separated the 60 kc. from the other two components.
The larger condenser C, serves similarly to shunt the 60-cycle a.f.
currents through it, while the large audio frequency choke coil (a.f.c.)
prevents them from passing on to the third arm of the circuit. The d.c.
can pass through L,, with only a small loss in the coil’s resistance.

Later we shall study, under the title of “ Filters,” more elaborate
circuits which are of value in separating currents whose frequencies
are not so greatly different as in the elementary case just discussed.
5.3 Power Factor. The power (watts) lost as heat in an a.c. circuit
occurs in the resistance alone and is equal to I?R. The power consumed
in d.c. circuits is given by EI (volts )X amperes). This product, in a.c.
circuits, may be several times the actual power lost. The power factor
of an a.c. circuit is defined by

Watts Lost as Heat
Effective Volts X Effective Amperes

Power Factor =
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5.4 Actual Coils, Condensers, and Resistors in A.C. Circuits. Actual
coils of wire have resistance as well as inductance. In addition, they
have a small amount of ““ distributed ” capacity between turns. Hence
a coil must be thought of as a series resistance and inductance, shunted
by a small capacitance. At very high frequencies, the reactance of the
condenser may be small enough so that practically all of the current
passes through this bypass condenser. The coil then acts, electrically,
as though it were a condenser.

The leads and plates of actual condensers have sufficient induct-
ance so that, at very high frequencies, their inductive reactance must
be included in the circuit calculations.

In a radio frequency circuit, the magnetic field set up inside a wire
forces the current to travel only on the surface of the wire. This

“skin effect” increases as the frequency is in-

DC Meter creased. Due to the reduced cross-section of wire

A fine wire through which the current flows, the resistance of

‘4 the wire is considerably higher than the d.c. value.

The :h\e,mo_ju,,cﬁon Conductors with large surfaces are needed at very

Fia. 5C. Princi- high frequencies and, since no current flows in the

ple of the ther-  inner part of the conductor, thin tubing serves just
mocouple-amme- as well as solid wire of the same diameter.

ter used to The h.f. resistance of a coil may be many times
measure - radio- . . .

frequency cur-  its d.c. resistance, and also many times the h.f. re-
rents sistance of the same wire when straightened out.

This is because the currents are confined by the magnetic fields to only
a small part of the total surface of the wires.

It should be noted that resistors do not offer pure resistance and
that any and all types of units have capacity to any near-by solid
object.

5.5 A.C. Ammeters. An alternating current can be measured by means
of a hot-wire ammeter provided the frequency is not so high that the
small capacities in the meter bypass the current around the hot wire.

A better r.f. current-measuring meter of the direct reading type
is the so-called thermocouple-galvanometer or thermocouple-ammeter
(or milli-ammeter), In this instrument (Fig. 5C), a very fine re-
sistance wire is heated by the r.f. current flowing through it. A pair of
wires of dissimilar metals, called a thermocouple, is attached to it
and generates a small d.c. voltage which, in turn, operates a d.c. meter
of ordinary design.
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5.6 Transformers. A transformer consists of two coils of wire near
each other. An alternating current in one of the coils, the “ primary ”
coil, sets up an alternating magnetic field which cuts the other *“ second-
ary ” coil, producing an e.m.f. between its terminals. When the sec-
ondary is connected to a load resistance, an alternating current will
flow. ' '

The coils may have air cores, or they may be wound upon a lami-
nated iron core, as in Fig. 5 D.

In the case of iron core transformers, the secondary voltage is very
nearly equal to the primary voltage multiplied by the ratio of the
number of secondary to the number

R
of primary turns. In a step-up A
transformer, there are more turns L L,
on the secondary than on the pri- Prim. H Sec. 2R,

mary; and the output voltage is
correspondingly greater. The re-
verse is true of a step-down trans-
former. The power (watts) delivered to the load is about 95 per cent
of that taken from the supply line. Since watts — volts X amperes,
the secondary-to-primary current is in the inverse ratio to the second-
ary-to-primary voltage. If the secondary voltage is twice that of the
primary, the secondary current will be one-half (or less) that of the
primary.

The impedance of the load in the secondary (Z, = E,/I,), divided
by the impedance presented by the primary to the supply line (Z, =
E,/I,), is nearly equal to the square of the ratio of turns of the second-
ary (N,) and primary (N,). Thus, the impedance ratio is given by

Z, _ (i\’_a)2
Z, \N,

We see, then, that a transformer can be used to transform volt-
ages, currents, and impedances.

There is a proposition general throughout electrical circuits, that
maximum power is transferred from a generator to a load when their
impedances are equal to each other. If the load’s impedance is not
equal to that of the source, a transformer can be connected between
them to bring about the desired impedance match.

5.7 Reflected Impedance. Consider the case of a transformer with a

Fic. 5D. A simple transformer circuit
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simple resistance load as in Fig. 5 D. Here R, is the total primary
resistance including that of coil L,, and R, is the total sccondary resist-
ance, not only of the load but also of coil L,. As the alternating current
generator sends current back and forth through coil L,, its magnetic field
rises and falls, cutting coil L,, generating an alternating e.m.f. between
its terminals, and driving an alternating current through the second-
ary circuit L,R,. But this current, in turn, produces a magnetic field
around the coil L, which, in cutting coil L, generates a voltage between
the primary terminals and causes a current to flow in the primary cir-
cuit. This “ reflected ” current then reacts upon the secondary and
the process continues back and forth, with ever-diminishing intensity.
The final result is that the current flowing in the primary is altered in
such a manner as though the primary resistance had been increased
and its inductance decreased, i.e., the total primary circuit’s reactance,
or, in general, its “ impedance ” is altered. The amount of the reflected
resistance or inductance is greater when the primary and secondary
coils are closer together and when they are so oriented with respect
to each other that more of the lines of force from one of them can cut
the other. The increase of resistance and the decrease of inductance
is greater at higher frequencies of the alternating current. It is also
affected by the resistance and inductance of the secondary circuit.



CHAPTER 6
RESONANT CIRCUITS

6.1 Series Resonance. When two bodies, or two currents, or two volt-
ages, oscillate at the same frequency they are said to be in resonance.
A series LCR circuit can be built which resonates to a generator
of given frequency. Then the current which flows through the circuit
“will have its greatest effective value. This is accomplished by choosing
the inductive and capacitive reactances equal to each other. From
the equations for the reactances, it is easily proven that the resonant
frequency is given by

1
2V LC

fr= X 10°

where f, is in cycles per second, 2z = 6.28, 10° = 1 million, L is the in-
ductance in microhenries (xh), and C is the capacitance in micro-
microfarads (puf). This is one of the most important equations in
radio. Note that the resistance of the circuit does not appear in the

equation. At resonance, the only opposition to the flow of the current
is that due to the resistance, i.e., I, = E/R and not I — E/Z.

! R

L
Fic. 6 A. A series circuit and its resonance curve
The current in the “ tuned ” or resonant series circuit is indicated
at the peak of the “ resonance ” curve of Fig. 6 A. Note that if the total
resistance of the circuit is large, the curve is broader and flatter, and
vice versa.

33
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6.2 Parallel Resonant Circuits. Fig. 6 B shows a parallel circuit and
its impedance curves. The curves are of the same shape as the current
curves of a series circuit. Note that the impedance across the terminals
of a parallel circuit is a maximum at resonance,! whereas it is a mini-

C L z
E f ——
R

Fr1e. 6 B. A parallel circuit and its impedance curve

mum for the series circuit. The current in the LCR circuit itself is often
very large at resonance and can cause considerable heating.
The impedance of a parallel circuit at resonance is given by

@nfLy . L
—p = @2nf,.L)Q = X.Q = jors

if all the resistance is in the coil (which is very nearly true in practice).
The meaning of @ is given in Section 6.4. The resonant frequency f-
is given by the same equation as for a series circuit provided R is small
in comparison with X. Thisis often true in radio frequency circuits.
6.3 Selectivity. The sharpness of the resonance curves is greater when
the resistances are smaller. Sharpness of tuning is also called “ selec-
tivity.” It shows the ability of the circuit to discriminate between
voltages of different frequencies.

6.4 Q of a Circuit. As current surges back and forth in a resonant cir-
cuit, the electrical energy is alternately shifted back and forth between
the magnetic field of the coil and the electric field of the condenser,
losing a certain proportion of the total into the resistance at each
alternation. In order to maintain oscillations, the generator must sup-
ply a small amount of energy each cycle. This is analogous to the
small push we give to a swing; only a little push is needed at the end
of each swing to keep it going. Electrically, the interest lies in the
comparison between the total energy in the circuit to that which is
dissipated (and must be re-supplied by the generator). This ratio is
called the “ Q” (quality) of the circuit. In practice, nearly all of a
circuit’s resistance is in the coil. It may then be shown that

1 There are really three different ways of defining resonance in the case of a
parallel circuit, but, if the resistance is low, the resonant frequency in all three cases
is practically identical.

=
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Q= R R

Practical radio frequency coils have @’s from 50 to 200 and occasion-
ally 500. Audio frequency coils range from 1 to 10 and occasionally are
as low as 1/2. The higher the @, the better.

The rate at which current dies down in a resonant circuit, after
the source has been disconnected, is called the damping of the circuit,
whose measure is called “the decrement” 8. Q — =/8. A high Q
circuit is lightly damped, has a small decrement, a sharp resonance peak,
and a high selectivity.

6.5 The L to C Ratio. In order that a circuit shall resonate to a given
frequency f,, the product LC must have a definite value given by LC =
1/(2xf,)2. This does not tell us, however, whether the product shall be
made up of a large L and a small C or vice versa. Within limits, an
increase in the number of turns of
wire in a coil increases its reactance
faster than its resistance. Hence,
for circuits alone, or for those con-
nected to high load resistances, such
as a vacuum tube, the coils should Fic. 6 C. If R is small, the LC circuit
be made with a relatively large in- Wwill be heavily loaded and will have a
ductance, i.e., the L/C ratio should L‘?lvpsQio ﬁgl;"gl;l;seratw L/C small
be large.

" When the load on a resonant circuit (R in Fig. 6 C) is small, say
only a few thousand ohms, as in transmitters and induction heaters, a
majority of the energy loss takes place in the load. The coil’s resistance
plays only a negligible role. In this case, it can be shown that L should
be comparatively small and C large if @ is to be satisfactorily high.

6.6 Resonant Voltages. At resonance, the voltage across the inductance
is numerically equal to that across the condenser, although they are
always of opposite polarity. This voltage, at resonance, is equal to Q
times the voltage in series with the circuit. The condenser must be
built with an insulator which will not be punctured by this voltage.
6.7 Crystal Resonators. A properly cut and ground piece of quartz,
located between two metal plates and placed in series with a high
frequency generator, has a natural vibrational period dependent largely
upon its thickness. It is equivalent to a series resonant circuit of very

high Q.

L —

LB




CHAPTER 7
COUPLED CIRCUITS

7.1 Introduction. It is sometimes desirable to transfer electrical en-
ergy from one circuit to a neighboring circuit. This can be accom-
plished, as in Fig. 7 A, by means of a transformer, wherein the source
of energy is in the primary circuit and the load is in the secondary
circuit. There are other coupling methods which employ a link circuit

~—Primary—>%—Secondary— —Primary—< Secondary— —Primary—«—Secondary—
o T T -
SSource % L‘ﬁd:% - 1_ - - —
———O 4 4 © Y O o v 0
i |
Resistance Coupled Capacitance Coupled Inductance Coupled
!
——Primary—>x—Secondary— —Primary—»«-Secondary-~
]
TJI _ ] - o T . Im o—o23 L
L]
Balanced Capacitance Transformer Coupled Link Coupled

Fi1c. 7 A. Typical coupling methods

between the primary and the secondary. In still other types of cou-
pling, the primary and the secondary circuits are actually connected
together, using a coil or a condenser or a resistance, as the element
common to both primary and secondary circuits.

The transformer, as shown in Fig. 7 A, differs in its action from
the iron core transformer discussed in the chapter on a.c. circuits, in
that only a few of the lines of force of the primary cut the wires of
the secondary coil. The simple voltage step-up and impedance ratios
applicable to the iron core case no longer hold true. The extent to
which the lines of force of the primary cut the secondary is measur-

36



37 ' COUPLING 71

able, and is called the mutual inductance. Its symbol is M and its
unit is the henry. When the secondary coil is placed close to the pri-
mary and on the same axis, the coupling will be great and M will be
large. If the secondary coil is rotated, or is moved farther away from
the primary, the voltages set up in it will be smaller, the coupling will
be less, and M will represent a smaller number,

The coefficient of coupling is defined by the equation,

k=M/VL1L2)

where the L's are the self-inductances of the primary and secondary
circuits. If all of the lines of force from the primary were to cut the
secondary, k would be equal to unity; the coefficient would be 100 per
cent. This is the “ tightest ” possible coupling,.

Close coupling

Critical coupling

Secondary current

Loose coupling

Frequency ——>

F1c. 7 B. Transformer coupling. The primary and secondary circuits were inde-
pendently tuned to the same frequency (f)

When the circuits are tuned to the same frequency and are so
related that but little energy is transferred from the primary to the
secondary, they are said to be loose coupled. As the coupling is in-
creased, the secondary increasingly “loads’ the primary; and also,
the primary increasingly loads the secondary. This loading action
broadens the resonance curves of both circuits. At critical coupling,
maximum energy is transferred and the resonance curve has quite a
broad peak, as in Fig. 7 B. If the circuits are still closer coupled, the
energy transferred from one circuit to the other decreases, and the
resonance curve will have two peaks, one on either side of the single
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frequency to which the circuits were originally tuned. The closer the
coupling, the greater the frequency separation of these peaks.

If the two circuits are not exactly tuned to the same frequency,
their effect upon each other is not only to increase the effective resist-
ance (the @ of the circuit decreases) but also to reduce the self-induct-
ance. Hence the peak of the resonance curve shifts to a different fre-
quency.

7.2 The Effect of ‘‘ Neighboring Bodies.”” The secondary circuit need
not necessarily consist of a coil, condenser, and resistance, as in the
cases we have just discussed, but can consist of any metallic, and even
a dielectric body, in the neighborhood of the circuit containing the
alternating current. A piece of metal placed inside a coil will have
small eddy currents induced in it. These currents, in turn, react upon
the primary circuit to increase its resistance, i.e., lower its @, and de-
crease its inductance and hence increase its resonant frequency. Be-
cause of the increased resistance, the generator must supply an addi-
tional amount of power (current squared, times resistance). Thus, if we
use the symbol R, for the effective resistance of a circuit (its actual re-
sistance plus that which is “ reflected ”” from the load), we may write

IR} = IR + I’R,
N N <,
Total Heat Prim. Heat  Sec. Heat

where the term on the left side represents the total power which the
source must supply. The first term on the right-hand side of the equa-
tion represents the heat developed in the primary circuit, and the sec-
ond term represents the heat developed in the secondary, or load — be it
a circuit or a metallic body or an insulator. Now, this state of affairs
may be good or it may be bad. For example, it is “ good "’ when the
circuit is used as an induction heater, which consists of a radio fre-
quency generator with a tuned circuit, the coil of which consists of a
few turns of heavy copper wire. The coil is placed around a body which
is to be heated; such, for example, as the metal electrodes sealed inside
a vacuum tube during its process of manufacture, or of a human body
in which it is desired to develop an “ artificial fever.” The eddy cur-
rents set up in the conductive parts of the body inside the coil cause
the body to heat up and, in some cases, to an extent such as to melt it
completely.

If an insulator is placed inside the coil, the high frequency electro-



39 SHIELDING 7.3

static fields cause the electrical charges in its atoms and molecules to
oscillate back and forth about their normal positions. This requires
energy which can only come from the primary circuit. This causes
the dielectric to heat up, and is spoken of as drelectric loss. That en-
ergy should be absorbed from a circuit by a neighboring dielectric is,
in general, undesirable. The resistance of the primary circuit is ef-
fectively increased by these losses.

We may generalize the concept of resistance by defining it in the
following manner:

Watts Lost

Current Squared’

where the ““ watts lost ”” include the heat losses in the circuit itself and
in neighboring bodies (as ohmic, eddy current, or dielectric heating) ;
in general, lost in any form whatsoever from the source of power.
7.3 Shielding. A metal shield can be used to prevent coupling between
two circuits. Capacitive or electrostatic coupling can be prevented by
shielding either the primary or secondary, or both, circuits with an en-
closing metal container. The shield should be grounded and be made
of material of low resistance. Also, metal shields can be used at radio
frequencies to prevent magnetic coupling. Here, the eddy currents in
the shield have magnetic fields which oppose the original field and
more or less completely keep it out of the inside of the shield. The
shielding effect is greater at the higher frequencies, is greater for more
conductive materials, and also depends upon the thickness of the shield-
ing material. At low frequencies, the eddy currents are so feeble that
this method is not satisfactory. The best that can be done in this
case is to surround the circuit with a complete shield of soft iron. This
will partially divert the magnetic fields.

A shield changes the resonant frequency and the @ of the circuit
being shielded. In shielding a coil, the spacing between the sides of
the coil and the shield should be equal to at least half the diameter of
the coil, and the distance of the shield from the end of the coil should
be not less than the diameter of the coil. Copper and aluminum are
satisfactory metals for shields.

7.4 Introduction to Filters. Various combinations of coils and con-
densers are used:
1. To separate currents of different frequencies from each other.
2. As a coupling unit between two circuits whose impedances are
not equal to each other.

Generalized Resistance —
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3. To shift the phase between voltage and current.
4. To alter the magnitude of voltage or current.

Figure 7 C shows some of the filters with which we are already
familiar, together with their curves of output current at different input
frequencies, their basic equations, and their names. See also Figs.
5A and 5B. More complicated combinations will serve better in
separating neighboring frequencies and in more completely suppress-
ing others. In other words, there are filters which have a sharper cutoff.

—»{-Load

Source Filter
+-o—"BUBY —0 I
I
e 1%

¥f- I='2_1rE—fT_ Low Pass
C
T I 1
FRE P ~ I=E(2rfC) High Pass
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F16. 7 C. Crude filters. Low-pass types use series inductance (top figure). High-
pass use series capacitance. Band-pass use series LC circuits. Band-elimination
use parallel LC circuits (bottom figure) :

Of the host of possible LC combinations, a few simplified forms
have been developed under the following assumptions and simplifica-
tions:

1. The resistances of all parts of the filter circuits are to be kept as
low as possible. We shall assume that the resistances are zero.
Such filters are called “ ideal ” or non-dissipative.

2. There shall be no batteries or other sources of electromotive force,
nor vacuum tubes with their attendant amplification, in the filter.
Such filters are said to be passive.

3. The inductances of all coils which contain iron cores shall be as-
sumed to be the same for any of the currents which flow through
them. Filters constructed with such inductances are said to be
linear.

4. There shall be no magnetic coupling of the lines of force from
any of the coils to any other coils in the circuits.
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5. The output or load circuit shall consist of pure resistance (no coils
or condensers), whose value shall be the same as that of the gen-
erator or input cireuit.

It is possible to describe the characteristic of filters in terms of
the output current as in Fig. 7 C, or in terms of the ratio of output to
input currents, or the ratio of the output voltage across the load to
the input voltage, or the ratio of the power output to the power input,
or, as is more common and as we shall now do, in terms of the attenua-
tion of the filter. The attenuation is expressed in decibels (Sec. 2.6)
and is proportional to the logarithm of the ratio of the output to the
input currents or voltages or powers. It is a measure of the losses
which take place in the filter at the different frequencies.

I, I
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Fle. 7 D. An L-section, low-pass filter. The lower frequencies in the range “A”
pass through, while those of higher value are more or less attenuated or lost in
the filter

7.5 Low-Pass Filters. The circuit of Fig. 7D is called an L-type,
low-pass filter. It contains a series inductance and a shunt capacitance.
From the attenuation (db.) curve in this figure, it can be seen that
the choking action of the coil, aided by the bypass action of the con-
denser, has materially sharpened the curve over that of a single series
inductance (Fig. 7 C), especially in the neighborhood of the cutoff fre-
quency, fe. In the equations given in Fig. 7D, L is in henries, C is in

[\)éz LA L/ L LA
c Ic Ic
o— T - N T T o

One section T Two section T
L L
o~ STV - -0
_(2;__L l% c c c
5 c
e T T* | ~T "T T*% |
One section 7 Two section =

Fic. TE.—T- and =-type, low-pass filters
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farads, R is in ohms, and f. is in cycles per second. Note that the gen-
erator and the load both have the same resistance.

Referring to Fig. 7 E, we see that several “ T ”-sections or “ = ”-
sections can be connected in series with each other to form two, three,
or more section filters. The cutoff becomes increasingly sharp the
more sections used. Then, of two frequencies near f,, the lower one will
get through and the higher one will not. The same design equations
are used as for the L-section low-pass filter. Note that, in Fig. 7E,
only one-half the inductance or one-half the capacitance is used in
certain places while the full value is used at others.

l L=
YE { % S, 41rf
R i
41rf 7 fd
Fic. 7F. An L-section, high-puss ﬁlter. L is in henries, C is in farads, R is in

ohms and is the same at the input and output. The cutoff frequency, fe, is in
cycles per second

7.6 High-Pass Filters. Whereas the low-pass filters of the preceding
section permitted the passage, more or less, of all frequencies below
the cutoff value, and attenuated or suppressed, more or less, all fre-
quencies above this value, high-pass filters do just the reverse. A
single L-section high-pass filter is shown in Fig. 7 F and is seen to con-
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F1a. 7 G.— T- and n-type, high-pass filters
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sist of a series condenser, whose reactance is large for low frequencies
and small for higher frequencies, and a shunt inductance, which readily
bypasses low frequencies but forces the higher frequencies to continue
on out to the load R.

Figure 7 G shows T- and »-type, one- and two-section high-pass fil-
ters which offer greater discrimination to frequencies near the cutoff.
The design equations are the same as for the L-section.

o—ggo—
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Q h
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Q
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L-section, band-pass

L-section, band-elimination

Fic. 7H. Simple band-pass and band-elimination filters

7.7 Band-Pass and Band-Elimination Filters. It is possible to trans-
mit a certain range of frequencies through a band-pass filter, and
more or less completely suppress all lower and all higher frequencies.
A simple filter of this type, together with its attenuation curve, is given
in Fig. 7 H.

It is also possible to construct filters which will, more or less,
transmit all frequencies except those which lie within a certain range.
A simple form of band-elimination or band-suppression filter is also
given in Fig. 7 H, together with its attenuation curve.

With multi-section filters of these types, the separation of adja-
cent frequencies can be made much sharper than with the simple L-sec-
tion. On the other hand, in practice, the coils are not pure inductances
but have some resistance. Now @ is our measure of the inductive-ness
versus resistance of a coil, i.e., @ = 2xfL/R. In Fig. 7H, the dotted
lines show in what manner the attenuation is affected when low- and
high-Q coils are used. Similar unsharpening effects occur in practice
with all filters.
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It 1s well known that a quartz slab cut from its crystal in proper
fashion and mounted between two metal plates acts like a circuit of
very high Q. Hence, in circuits where the frequency of the currents is
comparable with the natural vibrational frequency of the quartz, it is
possible to obtain very sharp cutoff filters of all types.

1 Details are given by W. P, Mason and R. A. Sykes, in The Bell System
Technical Journal, Volume XIX, page 221, April 1940.



CHAPTER 8
RADIATION

8.1 Introduction. When a steady current flows through a conductor,
a stationary magnetic field is produced in the surrounding space. The
strength of the field is great near the wire and weaker farther away.

If the field is moved, an e.m.f. will be induced in a nearby con-
ductor in an amount proportional to the rate at which the field cuts
the conductor. The e.m.f. induced in a more distant conductor will
be less because the magnetic field is weaker. Between the two conduc-
tors a difference of potential is created and hence an electric field is es-
tablished.

It is not necessary that conductors be specified. The electric field
will be established between any two points in space, whether they are
separated from each other by a vacuum, an air column, an insulator,
or a conductor,

An electric field E accompanies a moving magnetic field, just as
a magnetic field H accompanies a moving electric field. The fields,
if in motion, are always associated together. It can be shown that
they are at right angles to each other, that both are at right angles to
their motion, and that they contain equal amounts of energy. They
are spoken of jointly as an electromagnetic field.

In 1864, Clerk Maxwell said that light, passing from a source to

an observer, consisted of electric and magnetic fields in motion. He
predicted that there should be other electromagnetic waves of com-
paratively low frequency. These were found in the laboratory work
of Heinrich Hertz in 1887, and are now called radio waves.
8.2 Radiation. When an alternating current starts to flow through a
conductor, its electromagnetic field builds up, with the lines of force
in a certain direction, until the current has reached its maximum.
Then, as the current decreases, the field continues to collapse back
into the wire until it is zero at the end of the first half-cycle. Then
the field builds up again, but with the lines of force pointed in the op-
posite direction,
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However, not all of the energy returns to the conductor each time
the field collapses. Just why this is so is not known. The percentage
of energy which dissociates itself from the original field is very small
when the frequency of the alternating current is low. It increases
more and more as the alternations of current take place in shorter
and shorter intervals of time. One of the important functions of a
radio transmitter is to generate currents of sufficiently high frequency
so that significant amounts of energy are dissociated from the origi-
nal fields. The portion of the field which returns to the conductor is
called the induction field and that portion which is freed is called the
radiation field.

Magnetic fleld m
Electr.x: Eeld ﬁ % W o
[}

=H

FiG. 8 A. The electric and magnetic fields of a radio wave are at right angles to each
other and also at right angles to the direction in which energy is propagated

The radiation field travels away from the conductor with the speed
of light. This is symbolized by ¢ and is equal to 3 X 10 cms. per
second, = 3 X 10% meters per second, = 3 X 10° = 300,000 kilometers
per second, or is equal to 186,000 miles per second. Fig. 8 A shows the
relationships between the electric and magnetic fields and the direc-
tion in which energy is propagated.

le— X

KE==DP),

Fi1c. 8 B. A radiating magnetic field

8.3 Frequency and Wave-Length. Fig. 8 B shows a magnetic field
radiating from a simple conductor in which the current is alternating
at a frequency f. An observer at P would find that f complete oscilla-
tions or reversals of the magnetic field went past him each second.
Hence f is also the frequency of the radiated wave. It is expressed in
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slow rate by the voice, or by dots and dashes. The wave which goes out
is then called a “ modulated carrier wave.”

In order that a broadcast signal may be intelligible, the field in-

tensity at the receiver must be greater than the “ noise level ”’; other-
wise no amount of amplification will make it useful. The background
“ noise ” is due to other radio waves, atmospheric and man-made static,
internal circuit and tube noises of the receiver. Field intensities of
100 pv./m. are considered usable for broadcast reception.
8.5 Standing Waves. An electric light bulb is designed to radiate as
much light as possible, with a minimum loss of energy in other forms.
, A flatiron is built to give out heat and not
7X  light. An antenna is used to radiate as
much energy as possible in the form of elec-
tromagnetic waves of radio frequency. If
the fields from one part of a resonant cir-
cuit overlap those from another part they
may well cancel each other. It is necessary
to spread the circuit out in space if the radi-
ation is to be appreciable. Such an ““ open
circuit ” is called an antenna.

The radiation of energy is greatest from
those parts of an a.c. circuit where the current is greatest. The current
can be increased at certain parts of a circuit by making its dimensions
comparable to the operating wave-length. When this is done, standing
waves of current and of voltage are established in the circuit. This is
analogous to the case of sound waves moving back and forth in a pipe
where, by suitable choice of the length of the pipe and the length of the
sound waves, it is possible to build up large volumes of sound from a
feeble source. We shall now see how standing waves can be produced
electrically.

8.6 Simple Antennas. In the center of Fig. 8 C, the vertical wire is
the antenna, the circle is the h.f. generator, and the shaded area is the
earth. When the generator is first connected, an electrical impulse
travels up the wire to its end. Here the magnetic field collapses because
the current impulse stops at the end of its conductor. The collapse of
the magnetic field sets up an electrical field which adds to the existing
electric field and increases the voltage at the end of the wire. This
starts an impulse back down the wire. As the electric field starts back,
it begins to produce a magnetic field, and continues to do so until the

Fic. 8C. A Marconi type
antenna
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cycles per second (c.p.s.), kilocycles per second (ke.) or in megacycles
per second (Me.).

The distance in space occupied by each oscillation is called the
wave-length. It is indicated by A (lambda) in Fig. 8 B and is usually
measured in meters.

The relationship between the free space velocity c, the frequency f
and the wave-length is: fA = ¢. If A is in meters and f is in megacycles
per second, we have,

300

N=TF

A low-frequency radio wave of frequency 15 ke. has a wave-length of
20,000 meters; a broadcast frequency of 1,000 ke. corresponds to a
300-meter wave-length; while an ultra-high frequency of 60 Me. cor-
responds to a 5-meter wave-length.
8.4 Field Intensity. The strength or electric field intensity of a radio
wave is measured in terms of the e.m.f. (in microvolts, uv.) which it
produces between two points 1 meter apart. For example, if 20 micro-
volts are generated between the ends of a conductor 1 meter long when
the radio wave cuts across it, the field intensity is said to be 20 micro-
volts per meter (abbreviated pv./m.). If the conductor were 5 meters
long, the induced potential would be 100 microvolts. '

When the fluctuating magnetic field of a radio wave moves across
a wire, it sets up a fluctuating e.m.f. or voltage between the ends of
the wire and this in turn drives a current through any electrical circuit
connected to the ends of the wire. The amount of this current is ex-
ceedingly small unless the circuit is “ tuned ” to the same frequency of
fluctuation as that of the radio wave. When you tune your radio re-
ceiver you are adjusting its frequency to that of the radio waves from
the desired transmitting station. But even with a tuned circuit, the
currents are usually small because the energy is sent out in all direc-
tions from the transmitter, and the receiving wire or antenna catches
only a small part of it. Therefore, part of the receiving set is built
to amplify the signal until it is strong enough to operate a loudspeaker
or a meter. A message or signal can be impressed at the transmitter
on the radio “ carrier ” wave just described. In the “ amplitude-modu-
lated ” system, the carrier wave is varied in strength at a comparatively
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energy is once more divided equally between them. If a second impulse
from the generator starts up the wire just when the first impulse has
returned and is ready to start its second trip, the two impulses will aid
each other and a condition of resonance will exist between the antenna
and the generator. It is also possible that the time for the impulse to
travel to the open end and back again should be more than that just
described ; such that the second trip starts just when the generator starts
its third rather than its second pulse.

At the left, in Fig. 8 C, is shown the idealized case of current ¢z and
voltage e along the antenna when it is oscillating at its fundamental
frequency or “ first harmonic.” On the
right in this figure, the voltage and current
curves are shown for the second mode of \/ K
vibration. The fundamental wave-length |
of the antenna is approximately A =41 d e

In Fig. 8 D, the h.f. oscillator is located | . A
\\\ / Ji
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in the center of a straight wire, with the
result that the fundamental wave-length
is approximately two times its physical Fie. 8D. A Hertz type an-
length. The Marconi type is more suit- tenna,

able for the longer wave-lengths because it need be only one-half as long
as the Hertz type for a given frequency. For higher frequencies (shorter
wave-lengths) the Hertz type becomes sufficiently short to be con-
structed. In addition, it can be mounted far above the earth or other
absorbing bodies, whereas the Marconi type uses a ground connection.

Fic. 8 E. Radiation patterns from vertical Marconi antennas

8.7 Directed Radiation. A transmitting antenna should be able not
ogly to radiate energy, but also to direct that energy into the areas
where it is to be received. Figure 8 E shows typical field patterns from
a Marconi antenna. Arrows drawn from the origin to the curves will
have lengths proportionate to the field intensity emitted in their direc-
tions. The half-wave antenna gives low-angle radiation while the
full-wave antenna gives high-angle radiation.
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Figure 8 F shows the field in-
tensities established in different di-
rections around an isolated Hertz
antenna of different lengths, while
Fig. 8 G shows the effect of the
ground on a half-wave antenna of
this type.

Many combinations of the sim-
Fro. 8 F. Top view of radiations from Ple antennas just described have
horizontal Hertz antennas been used to increase the directive

effect. An example of a directive
array is shown in Fig. 8 H. The half-wave radiators are properly spaced
and are so connected that the current flows through the different wires
in proper order to give the uni-directional characteristic shown.

For the very high frequencies (u.h.f. and microwaves), parabolas

may be used to focus the waves along a beam, like hght rays from an
automobile headlamp.
8.8 Transmission Lines. In general, the transmitter apparatus cannot
be mounted at the same position as the Hertz antenna. The energy
is fed from the h.f. oscillator to the antenna by means of a transmaission
line. 'This consists of wires so arranged that they radiate as little
energy as possible. There are two types, called tuned or resonant, and
untuned or non-resonant lines. Examples are shown in Fig. 8 I.

~p>
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L S e
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Fic. 8 G. High- and low-angle radiations from vertical half-wave Hertz antennas
one-half and one wave-length above the ground

A tuned line may conveniently be thought of as the mid-portion
of the antenna folded upon itself in such a manner that the currents
in adjacent wires are in opposite phase but are of equal magnitude.
Then the radiation from one wire nearly cancels that from the other.

In the case of the untuned line, we shall consider two closely-spaced
parallel wires, or, equally as well, a wire down the axis of a hollow
metal tube. For a moment, the parallel wires or the concentric line
shall be assumed to be infinitely long. When an alternatgr is first con-
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Fic. 8 H. A half-wave broadside array with strong uni-directional radiation

Side view

nected at one end, a wave travels outward at a velocity somewhat less
than that of light. An ammeter in series with the line or a voltmeter
across the line at various points would show a gradual decrease from
the input value. The current decreases because some of the current
is bypassed at each point through the dis-
tributed capacity existing between the wires
and because a very small amount passes be-
tween them by ordinary conduction through
the air or other insulator which separates
the conductors. The voltage decreases be-
cause of the resistance and inductance drops
along the conductors. However, the ratio

[y o

of the voltage to the current at every point
is the same as at all other points. This con-
stant is called the characteristic impedance

Fig. 8 1. Examples of tuned
(left) and untuned trans-
mission lines

of the line. At radio frequencies, it is practically a pure resistance and
hence is independent of the frequency.

A line of finite length, connected at its output end to a resistance
load numerically equal to the characteristic impedance, acts just like
a line of infinite length. The wave travels down the line and is all ab-
sorbed in the load; none is reflected to set up standing waves; the line
is non-resonant,



CHAPTER 9
PROPAGATION OF RADIO WAVES

9.1 The Ground Wave. Energy is radiated outwards from an antenna
in all directions. That part which passes along the surface of the earth
is called the ground wave. For frequencies above 1,500 ke., its intensity
is practically the same day and night, winter and summer. But it is
different for different frequencies and for different surface conditions.
The curves of Figs. 9A and 9B illustrate these effects.r It will be
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wave over sea water when the wave over land from a 1 kw.
radiated power was 1 kw. transmitter

noticed that a wave of given frequency travels farther over sea water,
whose conductivity is comparatively great, than over the ground. Obvi-
ously, less energy is absorbed from the wave in a body of greater con-
ductivity. As the frequency is increased, the small currents induced
in the body by the wave become larger, the heat losses are greater and
the wave does not travel as far. At about 2 Mec., the reliable range of

1 Selected data from the report of the Committee on Radio Wave Propaga-
tion, Proceedings of the Institute of Radio Engineers, Oct., 1938.
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transmission from a Y4-kw. transmitter is about 200 miles over land
and 500 miles over sea water. Above 4 Mc., the ground wave can only
be used for short distances.

The ground wave is vertically polarized, ie., its electric field is

perpendicular to the earth. This is so because the conductivity of the
earth tends to short circuit any electrostatic component parallel to its
surface. The curvature of the ground wave around the bulge of the
earth is due to diffraction, a bending which occurs when a wave grazes
an object. The curvature is also partly due to refraction or bending
of the wave caused by a slightly higher velocity of propagation in the
upper than in the lower parts of the atmosphere, a process like that
which causes light waves to bend as they pass through a glass prism
or lens.
9.2 The Ionosphere. That part of the energy radiated from an antenna
which travels in an upwards direction is called the sky wave. The fact
that field intensities, which are very much larger than can be expected
from the ground wave alone, are observed at great distances from a
transmitter suggests that the sky wave has been turned back to the
earth again. Two scientists, Kennelly and Heaviside, independently
and almost simultaneously, proposed that a spherical conducting shell
surrounded the earth some miles above it and reflected the sky waves
back just as light is reflected from the inner surface of an inverted
metal bowl.?

The Kennelly-Heaviside reflecting layer is now called the ono-
sphere and is known to consist of several layers or regions, one outside
the other, in which the rarefied air has been broken up into electrons
and 7ons, or positively charged gas molecules. The electric field of the
sky wave oscillates the small electrons easily back and forth and they,
in their turn, set up the electromagnetic field which returns to earth.
The ionization or electrification of the air is due in large part to the
sun’s rays. Thus the location and number of electrons suffers great
changes day and night, winter and summer. Hence the sky wave
which returns to the earth is also subject to seasonal and diurnal vari-
ations. It is subject to changes over the 11-year sunspot cycle. In
addition, the ionization of the region is greatly altered whenever un-
usual changes occur in.the earth’s magnetic field. Then the layers
usually break up and expand, and radio transmission is poor. Sudden

2 The mathematical treatment is essentially the same in the two cases; uses
the same concepts and similar equations.
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disturbances on the sun are accompznied by fadeouts, when the sky
wave disappears almost instantly. Also, for unknown reasons,
“ patches ” of intensive ionization sometimes occur in small regions and
give rise to unexpectedly long distance transmission.

It is not clear just why there should be layers instead of a continu-
ous distribution of ions and electrons. The lowest layer, called the E
region, is about 70 miles above the earth’s surface, has its greatest
density of ionization around local noon. At night, without the sun’s
rays, it is but weakly ionized. At this height, the ions and electrons are

F1a. 9 C. Bending of sky waves

sufficiently close together to re-combine quickly to form neutral par-
ticles.

Above the E region lies the F region, about 175 miles above the
earth at night. Here the atmospheric pressure is so low that ions and
electrons re-combine slowly. The number of ions reaches a minimum
just before sunrise. The layer splits into two layers during the day-
time, the lowest of which is called F, and the higher F,. Their ioniza-
tion is greatest at about local noon.

If a transmitter is used which sends out a sudden, sharp pulse of
energy, and the receiver is located nearby, two (or more) pulses will
be received. The first pulse to come in is the direct or ground wave, the
second is the pulse which traveled up to the ionosphere and back again.
By recording the pulses and measuring the extra amount of time needed
for the sky pulse, it is possible to calculate the virtual height of the
ionosphere. This is the height calculated on the assumption that the
wave traveled throughout its entire path at the unabated velocity of
light. This is not true in the ionosphere, so that virtual heights are
always greater than the actual heights to which the wave rises.
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9.3 Propagation of Sky Waves. Figure 9 C shows the paths of three
sky waves through the ionosphere.

Low-frequency waves will be returned from the ionosphere even if
sent straight up. As the frequency is increased, a critical frequency is
reached for which the wave does not return to the earth. This is a
useful measure of transmitting conditions. If waves are sent upward
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at an angle appreciably less than 90° from the ground, they may be
refracted or bent back to the earth even though of higher frequency
than the critical value. The maximum wusable frequency, for waves
transmitted at small angles above the ground, is about three times the
critical frequency. Figure 9 D shows the values as measured by The
National Bureau of Standards during September 1941. It can be seen
that for transmission to a given distance, lower frequencies must be
used at night than during daylight hours.

After returning to the earth, the sky wave can be reflected by the
ground, to travel a second time to the ionosphere and back at a more
remote point. This is called a multi-hop. In fact, radio waves have
been received which have traveled the entire distance around the earth.

1f two rays from the transmitter have traveled along slightly dif-
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ferent paths to the receiver, they may be out of phase (crest for trough)
and cancel each other, or they may be in phase with each other and give
a strong signal. Since the paths through the ionosphere are subject to
changes, the received signal may be strong at times and weak at others.
This is called fading.
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heights

9.4 U.H.F.Propagation. For frequencies above approximately 30 Mc.,
the energy is transmitted in a direct ray through the atmosphere. For
greatest field strength there must be no obstruction in the path of the
waves. The ground proves to be a fairly good reflector for these ultra-
high frequencies, so that the received signal is a composite of the direct
and a reflected ray. The effect of the latter is to weaken the signal
because the two waves are, in general, slightly out of phase.

The waves can travel somewhat beyond the bulge of the earth be-
cause of a small amount of refraction in the atmosphere. The solid
line in the graph of Fig. 9 E gives the line-of-sight distances for an-
tennas- of different heights, after allowing for atmospheric refraction
(d =1.41Vvh). Distances are read off the chart (solid line) using
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first the height of the transmitting antenna, then that of the receiving
antenna. The total distance will be the sum of the separate values.
The range of transmission of u.h.f. waves sometimes exceeds that
of the direct ray just discussed because of an increased refraction in
the troposphere or lower atmosphere caused by a “ temperature inver-
sion.” This means that a layer of warm air exists above cooler air near
the ground, a condition which is fairly common in the summertime.
U.H.F. transmissions over distances of 3,000 miles have sometimes been
observed, while sporadic ranges of several hundred miles are common.



CHAPTER 10
HIGH VACUUM DIODES

10.1 Introduction. Electrons evaporate from a hot filament in a vac-
uum tube just the way water molecules evaporate from a liquid into
the air.

Figure 10 A shows a filament F and a metal plate P sealed in a
glass bulb which has been highly evacuated so that there is essentially
no gas in the tube. At the bottom left, there is a battery which is used

' to heat up the filament. The tem-
perature of the filament can be
changed by changing the amount of
current flowing from the battery
through the filament. This is ac-
complished by means of the rheostat
in the lower left corner where the
arrow serves to indicate the sliding
contact or knob which increases or
decreases the total amount of resist-
ance wire in this so-called A-battery
i 104, it yaonyn tmoler,cireut._The plae is charged posi
N. P) tively with respect to the filament by

means of the battery whose voltage is
marked V. When electrons, which are negatively charged, are emitted
from the filament, they are attracted to the positively-charged plate
and move through the empty space between these two electrodes in the
vacuum. The circuit containing the battery V, the current-measuring
instrument %, the filament, and the plate is called the B-battery circuit.
Inasmuch as the filament serves as the source of electrons, it is obvious
that the current can flow through this two-electrode tube, or diode, in
but one direction. In the conventional sense the electricity leaves the
positive terminal of the battery, flows along the wire to the plate P,
then to the filament, then through the wires to the meter 4, to the nega-
tive terminal of the battery. In the true electron sense, the current flows
in the reverse direction.
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10.2 The Evaporation Theory. As explained earlier, there are free
electrons moving between the fixed atoms which make up the metal of
the filament. Some of these are moving rapidly and some slowly.

At the surface of the filament some of the electrons escape into
the vacuum where they travel along curved paths and come back to the
filament, like a ball thrown upward from the surface of the earth. If
the wire is heated, some of the electrons acquire sufficient speed so that
they can escape completely from it. This is called thermionic emission.
In fact, the escape of electrons from a metal obeys the same mathe-
matical laws as does the escape of molecules from water when it evapo-
rates.

The facility with which electrons escape from different filaments,
all at the same temperature, depends on the metal of this filament and
upon certain sensitizing coatings placed upon it.

10.3 The Change of Thermionic Current With Temperature of the
Filament. Suppose we heat the filament of the tube in Fig. 10 A hotter
and hotter, measuring its temperature
with an optical pyrometer, the while
we observe the plate current i. We
will find that the thermionic current i
increases very rapidly as the filament
grows hotter and hotter, as indicated
by the line OA in Fig. 10 B, provided
only that the voltage of the battery is
sufficiently large to draw over to the —
plate all of the electrons as they are O T
emitted from the filament. O. W. Fic. 10B. Plate current at differ-
Richardson, using the mathematics of ent filament temperatures. (From
. .. E. & N.P)
evaporating liquids, was the first to
derive a mathematical equation connecting these currents and the tem-
peratures of the filament. The fact that his theoretical equation agrees
with the measured values lends great weight to the picture of free elec-
trons existing inside of conductors.
10.4 Different Kinds of Filaments. The larger tubes, such as those
that are used in powerful broadcasting stations and in X-ray outfits,
have a filament made of tungsten wire. Although this is not the most
efficient emitter of electrons it has a sufficient ruggedness to warrant its
use in these large tubes. For the smaller tubes, on the other hand, the
filaments can be coated with special materlals which permit them to
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emit electrons more coplously at a given temperature. These special
coatings are of such a nature that the electrons can escape from the un-
derlying metal with greater ease than in their absence. This could be
compared to the spreading of some kind of film over the surface of
water which would permit the water underneath to evaporate more
rapidly at a given temperature. The scientific measure of the goodness
of the filament, insofar as its electron emitting power is concerned, is
called the work function, defined as the number of volts to remove one
electrostatic unit of electricity from the metal. The smaller the value
of the work function, the more copious the emission of electrons, other

Anode 4 p Anode =

Cathode
-—or0

Cathode
-—or0

F
Directly heated . I NM |

Indirectly heated
F1a. 10 C. Types of cathodes

conditions being the same. Conversely, the same number of electrons
can be obtained from a filament whose surface has been properly treated
when it is operated at a lower temperature than from an untreated sur-
face at a higher temperature. Hence, “ thoriated ”” and “ coated ” fila-
ments are often spoken of as dull emitters. Dull-emitter filaments have
low values of the work function, of the order of 1 or 2 volts, in contrast
with the pure metals whose work function is of the order of 3 to 6 volts.
As another comparison between the various types of filaments let
us examine the following numbers: a pure tungsten filament heated to
2,000° K. will deliver 1 milliampere of electron current for 23 units
(watts) of input heating energy (per sq. cm. of surface); a thoriated
filament will give 350 milliamperes for 13 watts per sq. cm. at 1,500° K._;
an oxide-coated filament will give about 150 milliamperes for 6 watts
input at 1,200° K. These are 0.04, 27, and 25 milliamperes per sq. cm.
per watt, respectively, but are only approximate figures, and other fac-
tors, such as life and durability against vibration, are to be considered
in practical cases. .
10.5 Types of Cathodes. The cathode may be directly or indirectly
heated, as shown in Fig. 10 C. In the latter type, a coated metal sleeve
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or thimble K surrounds an insulated heating wire. The sleeve is coated
with the alkali earth metals (oxide-coated) so as to be an efficient
emitter of electrons at a comparatively low temperature. K is some-
times called an equipotential cathode.

If a.c. is used to heat the simple, direct-type filament, electric and
magnetic forces are set up which, in a receiver, cause a hum in the out-
put. The hum may be greatly reduced by the use of a center-tap con-
nection, as shown in Fig. 10 D. The small condensers are used to by-
pass alternating currents around the transformer secondary.
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F16. 10 D. Methods of reducing hum when directly heated filaments are used

10.6 Saturation Currents. Suppose we have a pan of water out in the
open where the wind can blow away the water molecules as fast as they
evaporate. Then, by way of contrast, suppose we have a pan of
water with a box over it, so that the water molecules that have evapo-
rated cannot escape, but remain hovering above the water surface,
sometimes returning to become part of the liquid again. In the first
case, the liquid will evaporate much more rapidly than in the latter.
Similarly, in the case of the electrons evaporating from the filament in
Fig. 10 A; if the plate P is very positive with respect to the filament
(by use of a large battery V), then all of the electrons emitted by the
filament will be drawn over to the plate. But if the battery voltage is
small, electrons will collect in the space between the filament and the
plate, like the cloud of water vapor above the liquid inside the box.
Then the electrical current registered on the meter 7 will not be as large
as that discussed by Richardson (Sec. 10.3). This state of affairs is
shown by the dashed lines in Fig. 10 B. The higher the plate voltage,
the more nearly will the currents approximate the full saturation value

of curve OA.
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10.7 Space Charges. Ordinarily, radio tubes are operated with the
plate voltage adjusted to a value which is insufficient to draw over all
of the electrons which are emitted by the filament. Thus, in usual
operation, there is a cloud of electrons or so-called space charge sur-
rounding the filament, and limiting
the plate current to a value appre-
ciably less than the saturation
value.

The electrons which make up
the space charge are not at rest in the
region just outside of the filament,
but are actually in rapid motion.
Electrons in transit from the fila-
ment to the plate repel other elec-
trons which are behind them and
drive some of the newly emitted elec-
trons back into the filament. Thus
Fie. 10E. The plate voltage V  the space charge is continually pour-
changes the plate current i. Fixed 3,0 gome of its electrons onward to
filament temperatures,. T': and 7. . .
(From E. & N. P.) the plate, the while they are being

supplanted by new electrons just
fresh from the filament. Despite this state of dynamic equilibrium, the
net result is the same as though there existed a fixed cloud of electrons
in the space between the filament and the plate.

The number of electrons in a unit volume, i.e., the density of space
charge, is greatest near the filament and decreases progressively as the
plate is approached.

When the filament is quite hot and the plate voltage is quite small,
the space charge will keep the plate current down to a very small value.
But, if the filament is cooler and the plate voltage is high, the plate cur-
rent will be nearly equal to that of the saturation of total emission
value.

10.8 Plate Control of the Space Charge. The effects due to the space
charge can be shown in another fashion. Let the temperature of the
filament of the tube in Fig. 10 A be held constant and let the voltage on
the plate be increased. As shown in Fig. 10 E, the space-charge-limited
current increases along the line AD and eventually equals the satura-
tion value shown by the horizontal line, upper right of the figure. With
a hotter filament the dotted curve ADT, will be obtained. The rela-

B
A
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tionship between the applied voltage V and the resulting current ¢ is
expressed by the following equation: ¢ = BV?/2 where B is a constant.
This is variously known as the three-halves-power law, the Child law,
and also as the Langmuir law. In actual tubes, the exponent in this
equation varies between two-halves and five-halves. This is because
of the drop of voltage between one end of the filament and the other,
and because of the initial velocities with which the electrons leave the
filament.

10.9 Field Emission. Suppose the voltage on the plate of a two-elec-
trode vacuum tube or diode be increased to a very, very large value.
Then it will be found that the current passing through the tube will be
much greater than the saturation or total emission value discussed in
previous sections of this chapter. The electric field between the plate
and filament, due to the very-high-voltage battery, causes an increase
in the number of electrons escaping from the filament at a given tem-
perature. This so-called field emission is negligible at the usual volt-
ages used on ordinary vacuum tubes. Intense electrical fields, how-
ever, are able to assist the electrons inside the metal of the filament
to escape into the vacuum outside. Thus, due to the combined pull
of the electric field and their own thermal movements, more electrons
escape than would do so by thermal emission alone.

With field emission, it is the strength of the electric field rather

than the voltage of the battery which counts, In other words, if the
filament and the plate are close together, a given voltage of compara-
tively modest amount can set up an electric “ field gradient ” of value
equal to that produced by a much larger voltage applied to a more
widely separated filament and plate. Yet the field emission in the two
cases will be the same.
10.10 Secondary Emission. Consider next what happens when streams
of high-speed electrons strike a metal plate. If the energy is sufficient,
new electrons are actually knocked out of the metal plate. These are
called secondary electrons and the process is called secondary emis-
sion. In fact, the number of secondary electrons ejected by the on-
coming electrons is frequently greater than the number of incident elec-
trons. This does not mean that we get something for nothing, for the
energies of the secondary electrons total to an amount less than the
energy of the incident electrons.

As the speed of the primary or incident electrons is increased from
zero to a few hundred volts, the number of secondaries per primary in-
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creases from a low value, near zero, to a maximum. With further
increase beyond this value of a few hundred volts energy of the pri-
maries, the number of secondaries slowly decreases, as indicated in
Fig. 10F.

ximum secondary emission

n P ———
/ At a few hundred volts

Fia. 10 F. The number 7 of secondary electrons per primary electron at increasing
voltages

Volts ——>

Actually the curve just mentioned is not smooth but has very small
humps and dips in it.

The maximum number of secondaries per primary depends on the
metal used and its surface treatment. For a pure metal, from which all
surface gases have been carefully removed, the value ranges from one
to one-and-a-half. For untreated metals, it ranges from three to four.
It may be as great as eight or ten if certain alkali-metal films have
been deposited on the metal plate. In other words, it is greater for
surfaces having a low work function. Thus, to secure a copious emis-
sion of secondary electrons, specially treated surfaces are needed.

Secondary electrons leave the surface at random in all directions,
at velocities corresponding to only a few volts, even when 1,000-volt
primary electrons are used.

Insulators, such as glass, will also give off secondary electrons. In
these cases, and with high-velocity primary electrons, as used with
large transmitting, rectifying, and X-ray tubes, the number of second-
aries per primary may be somewhat greater than unity. In these cases,
with the negatively charged electrons leaving the surface in larger
numbers than the number of incident charges, the insulator will ac-
quire a positive instead of a negative charge. At another point in the
same high-voltage tube, the number of secondaries per primary may be
less than unity and a negative surface charge accumulates. With the

_continued increase in opposite charges between the two points, sufficient
electrical strains may be set up so as to break down the insulator and
destroy the tube.

Later, we shall see how the phenomenon of secondary emission has
been put to good use.



CHAPTER 11
SOME DIODE RECTIFIERS

11.1 Rectification. To “ rectify ” an alternating current means to limit
its flow through a circuit to one direction only, preventing its flow in
the opposite direction. A diode can be used for this purpose because
the flow across the vacuum tube can only take place in one direction; the
electrons which move across the vacuum and make up the current
through the tube have their source in the hot filament.

Step-down

+

110 v.g R
ac

(a) Step-up (3)
Fic. 11 A. Half-wave rectifiers

11.2 Half-Wave Rectifiers, The operation of a half-wave rectifier can
be understood from Figs. 11 A and 11 B. The diode is connected in se-
ries with the alternating source and the load E. The source may be
directly connected to the circuit or its voltage may be stepped up by
means of a transformer as in 11 A(b). Whenever the plate is positive
with respect to the filament, current flows through the tube and through
the load R, in amount determined by the characteristic curve of the
tube, shown in Fig. 11 B(a). When the plate is negative, no current
flows. Thus, current flows through R each positive half-cycle of the
impressed voltage. _

The + and — terminals in Fig. 11 A are used in the conventional
sense for current flow (through R from 4 to —), which is reversed from
the direction of the electron flow.

The current through the load is called a direct-pulsating current.
This type of current is the equivalent of a combination of a direct cur-
rent and an irregularly shaped alternating current or ripple.

65



11.3 SOME DIODE RECTIFIERS 66

1 cycle
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Fi1c. 11 B. Currents and voltages in the circuits of Fig. 11 A

The peak-inverse-voltage across the tube in Fig. 11 A(b) is 1.41
®times the r.m.s secondary voltage of the transformer (sine wave as-
sumed).

The per cent ripple of a rectifier is defined as 100 times the ratio of
the output ripple r.m.s. voltage to the output d.c. voltage. For code
transmitters, the ripple may be 5 per cent but for speech transmitters
and for receivers it must be less than 0.25 per cent.

The ripple frequency in half-wave rectifiers is the same as that of
the supply line, i.e., 60 cycles per second for a 60-cycle line.

11.3 Full-Wave Center-Tap Rectifiers. Several circuit diagrams of a
full-wave center-tap rectifier are shown in Fig. 11 C, together with the
wave form of the direct-pulsating current which flows through the load
R. When the upper end of the transformer secondary in (a) is 4, the
upper tube conducts, and on the next half-cycle, when the lower end is
-+, the lower tube conducts. It will be noted that during each half-
cycle, the current flows through R in the same direction. Thus both
halves of the supply voltage are used. Since only one-half of the

Fic. 11 C. Full-wave center-tap rectifiers
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transformer secondary is used at one time, the total secondary voltage
must be twice that required with a half-wave rectifier.

The inverse-peak-voltage on the non-conducting tube, which it
must be built to withstand, is equal to 1.41 times the total r.m.s. sec-
ondary voltage (minus the voltage drop in the conducting tube, which
is usually small).

The ripple frequency is twice that of the supply line; 120 for s
60-cycle line.

One cycle

Fig. 11 D. Full-wave bridge rectifier

11,4 The Full-Wave Bridge Rectifier. In Fig. 11 D, when the upper
end of the transformer’s secondary is positive, the current flows through
tube 1, through the load R and then through tube 2, in the conven-
tional sense. During the opposite half-cycle, the flow is through tube 4,
through R, and then through tube 3. Note that it is in the same direc-
tion through R in both half-cycles. All of the transformer’s voltage is
used each half-cycle, but four tubes are used instead of the two in the
full-wave center-tap rectifier. The inverse-peak-voltage is equal to the

' R
AC
Both condensers  supply +
1 cycle are discharging CZ
thru R _T
(b) 2E _

— t= ©
C, is charging C, is charging

Fic. 11 E. Voltage doublers

m-—»




115 SOME DIODE RECTIFIERS 68

maximum transformer voltage. The ripple frequency is 120 for a 60-
cycle supply.

11.5 Voltage-Doublers. Figure 11 E shows the principle of the voltage-
doubler. Referring to (a), when the transformer secondary voltage is
-+ at the left, the upper tube 1 conducts electricity into the condenser
C,. During the next half-cycle, the lower tube 2 fills condenser C, and

&
Primary Secondary @ + lk——1 Cycle—

o~

Fig. 11 F. A three-phase rectifier

C, is discharging through the load R. If R is not too small, both con-
«densers become charged to nearly the peak supply voltage E. Since they
are connected in. series, with the polarity indicated, their total voltage,
which is applied to the load, is 2E. Hence the name “ voltage-doubler.”
The output voltage is indicated in (b) and is seen to be comparatively
constant, the ripple amounting to approximately 5 per cent of 2E.
When additional filtering circuits are added, the ripple will be only a
small fraction of 1 per cent. The ripple frequency is twice the line
- frequency.

Figure 11 E(c) shows a doubler circuit which is often used without
a transformer. The tube is called a double-diode rectifier.

The full-wave doubler circuit has been generalized to give 4E, 6E,
etc., and is then used to produce very high voltages for atom-smashing
experiments.

11.6 Three-Phase Rectifier. Figure 11 F shows the circuit and wave-
form of a three-phase rectifier. The “ three-phase ” refers to the sup-
ply line, which is the equivalent of three generators, each producing a
sine wave 120° out of phase with the other. Thus the output voltage
has a frequency three times that of the supply and is comparatively
free from ripple.

11.7 Filters for Rectifier Circuits. Wherever a supply of current or
voltage of constant strength is needed (wherever a battery has been
used), one may use an alternating source, a rectifier, and a filter. It is
the last-named element of the complete circuit which we now consider.
Filters, as used here, consist of combinations of coils, condensers, and
resistors suitable to' smooth out the ripples in direct-pulsating cur-
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rents so as to yield as nearly pure d.c. as possible. By storing energy
in the magnetic fields of the coils and in the electric fields of the con-
densers while the voltage and current are increasing, and by returning
it to the load while the voltage and current are decreasing, the * val-
leys ” in the direct-pulsating voltages and currents are filled in. The
smaller the “ dips ”” in the direct-pulsating current, i.e., the smaller the
per cent ripple, the easier it is to filter. The higher the ripple fre-
quency, i.e., the more humps per cycle of the supply frequency, the easier
it is to filter.

In Chapter 5 we have seen that a coil in series with a mixed direct-
plus-alternating current will, because of the choking action of the coil,
reduce the alternating component the while it passes the direct com-
ponent. It was also shown in Chapter 5 that a condenser across the
line will more or less bypass the alternating component, without loss of
the direct component. Further details of filters will be found in Chap- .
ter 7.

Some of the common types of filters used in rectifier circuits are
shown in Fig. 11 G, wherein use is made of the choking action of series
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In—> $ Out—> T f BR .I'L. % 38R
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(d) (e) (f)
Fic. 11 G. Types of filters used in rectifier circuits

coils and the shunting action of parallel condensers to suppress and to
bypass the ripple component of a rectifier while permitting the d.c.
component to continue to the output. Filters a, b, and ¢ are of the
choke-input type and d, e, and f are of the condenser-input type. Cir-
cuits b and e are called one-section filters and are used when a com-
paratively large final amount of ripple can be tolerated. The two-
section filters ¢ and f are used when better filtering is necessary.

11.8 Component Parts of Rectifier Filters. Figure 11 H shows the
complete circuit of a typical rectifier. The chokes or coils are wound
on iron cores which have a small air gap. The air gap helps to main-
tain the inductance of the coil at a high value (10 to 30 henries) even
when comparatively large currents pass through the coil. Since the
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inductance does vary somewhat with current, the specification of the
inductance can only be given with accuracy for a given current.

For voltages up to approximately 800, the compact, high-capacity
electrolytic-type of condenser is used. For still higher voltages, the

5V.2a. 10 by 8t 175 ma. Output
1oVv. + 450V.
a.c. Input 130 ma.
15,000 ohms
=(% % Auf 25 watts
1 600 V. 600 V. £om
Switch ~ =

Type 80 tube
400 volts, r, ms each side of center

Fic. 11 H. A typical rectifier circuit

insulator or dielectric of the condenser is usually made of thin, oil-
impregnated paper. Care must be taken to choose a condenser whose
continuous-operation or working voltage is high enough so that it will
not be punctured. The capacitance of each condenser is usually 4 or
8 ufd., although 16 and even 100 pfd. are occasionally used.

" The high resistance BR in the circuits of Fig. 11 G is called a
“ bleeder-resistance ”’ and is used to discharge the condensers after the
power is removed. It should not pass more than 10 per cent of the
output current. For small rectifier units (“ B-battery eliminators”),
a typical bleeder resistor would have 15,000 ohms resistance and 25
watts power-dissipating ability.

11.9 Voltage Regulation. The voltage output of a rectifier circuit de-
creases as larger currents are taken out because of the losses which
occur in the various resistances in the circuit. This is indicated in Fig.
111 for a condenser-input filter and for a choke-input filter. The per
cent “ voltage regulation ” is defined as 100 (E, — E,)/E,. It isto be
noted that, whereas a circuit with a condenser-input filter will deliver a
higher voltage, its voltage regulation is poor in comparison with the
choke-input filter circuit. The regulation of the circuit of Fig. 11 E(c¢)
is poor even with the addition of a choke and another condenser, and
even when the condensers C, and C, are as large as 16 ufd. each.

11.10 Vibrator Units. A common source of power for portable elec-
tronic circuits is the 6-volt automobile-type storage battery. This low
voltage may be stepped-up to a suitably high value by means of a
vibrator and transformer unit, as shown in Fig. 11 J, after which it is
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rectified either by means of a diode, as in (@), or mechanically, asin (b),
and then filtered in the usual manner.

In (a), when the battery is first connected, the vibrating reed is
drawn down by the magnet coil. A pulse of current passes through the
lower half of the primary of transformer T and, at the same time, the
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Fic. 11 1. Voltage from a rectifier for various loads

~magnet coil is shorted and hence de-energized. The reed then moves
upward to close the upper circuit. But then the magnet is again ener-
gized and draws the reed down, etc. Condenser C, (0.005 to 0.03 pfd.
1,500 to 2,000 volt d.c. rating) absorbs the surges of current in the
secondary of T, and hence serves both to protect the rectifier tube and
to smooth the current. In order to prevent r.f. interference or “ hash ”
when the circuit is used in a receiver, the entire unit must be carefully
shielded in a metal can and hash filters are used. One of these consists
of: r.f.e. (50 turns, No. 12 wire, half-inch in diameter) and condenser
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C, (0.5 to 1 ufd., 50 volts rating). The other hash filter consists of
r.f.c. (2.5 millihenry choke) and condenser C; (0.01 to 0.1 ufd.).

i

(3)

F1e. 11J. Power supply units for mobile or portable use

The circuit of Fig. 11 J(a) is of the so-called non-synchronous type
while that of (b) is of the so-called synchronous type. In the latter,
the double-diode rectifier is replaced by an extra pair of contacts on the
vibrator.



CHAPTER 12
HIGH-VACUUM TRIODES

12.1 Grid Control of the Space Charge. A triode or three-electrode
tube contains a mesh or grid of wires in addition to the filament and
plate of a diode. As usually operated, the grid, located between the
filament and the plate in the middle of the space charge, is negatively
charged with respect to the filament and hence adds its effect to that
of the space charge in limiting the number of electrons which flow to
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Fic. 12 A. Circuit used to plot the characteristic curves of a triode.
(From E. & N. P))

the plate. Fig. 12 A shows the circuit used to obtain the family of

characteristic curves shown in Fig. 12 B. When the grid is made very

negative, it strongly repels electrons, prevents them from getting over

to the plate, and hence keeps the plate current I, down to a very small

value. If, however, the grid is less negative, more current flows in the

plate circuit as shown by the rise in the curves in Fig. 12B. In this
73
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figure, the different curves correspond to the different voltages on the
plate; the upper curves when the plate voltage is large, the lower curves
for the cases when it is small.
The characteristic curves of a tube prove very useful both in un-
-derstanding the principles involved in the applications of the tubes and
in the design of electronic circuits. Such curves may be obtained easily
for a given tube in the laboratory or they may be obtained from data
sheets supplied by the manufacturer of the tube. Note that the curves

Te
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Fra. 12 B. Characteristic curves of a triode. Plate current I, vs. grid voltage E,,.
(From E. & N. P.)

are essentially straight over their central portion, and that they have a
longer straight region when the plate voltage is high. Note also that
they bend at their lower left or cutoff end and at their upper right or
saturation end.

12.2 The Grid or ¢ C*’ Bias. In many applications of three-electrode
tubes it is necessary to maintain the grid at a fixed negative potential
with respect to the cathode. This is accomplished by means of grid-
bias devices, as shown in Fig. 12C. A simple, direct method using a
C-battery is shown at (a), while the cathode-resistor method is shown
at (b). In the latter case, the plate current flows through the cathode-
resistor R. (5 to 5,000 ohms) from top to bottom (in the conventional
sense of current flow), and sets up a potential drop which makes the
grid negative with respect to the cathode. The value of R, can be com-
puted with the aid of Ohm’s law when the desired grid-bias voltage is
known and the total current through R, is obtained from the charac-
teristic curves (Fig. 12 B) of the triode. C. is known as the cathode
bypass condenser and is used to shunt alternating or h.f. currents around
R, thus reducing “ negative feedback.”
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In Fig. 12 C(c), the grid leak R, (10,000 ohms to 10 megohms) is
used when the input signal is sufficiently great to drive the grid posi-
tive during a portion of its cycle, as in oscillator circuits. When the
grid is positive with re8pect to the cathode, electrons are drawn to it.
Flowing through R, they set up a potential whose negative is at the top

8) (¢)
Fic. 12 C. Grid biasing methods: (a) fixed; (b) cathode; (c) leak

of R,. The grid condenser C, prevents the grid current from flowing
through the transformer shown at the left of the circuit. In order that
the grid bias shall be nearly constant, it is necessary that the time con-
stant R,C, (see Sec. 3.6) be large in comparison with the period of
the signal voltage. The value of R, can be computed with the aid of
Ohm’s law if the desired grid bias and the d.c. grid current are known.
12.3 Dynamic Curves. “ Static ” characteristic curves, such as those
shown in Fig. 12 B, are obtained when there is no resistance or im-
pedance in series with the plate battery. Dynamic curves take account
of the effect of a plate load and hence show the behavior of the tubes in
actual operation.

30magatic Curves
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Fic. 12D. A triode with a resistance load; and its dynamic curve

Consider the case of a pure resistance load, as in Fig. 12D. The
voltage E, across the tube itself is less than that of the plate battery E,
by an amount equal to the IR drop in the load resistance R. For ex-
ample, if R = 10,000 ohms, I, = 10 ma. (milliamperes) and E, = 200
volts, then the voltage lost in R will be 0.01 X 10,000 = 100 volts and
only one-half the battery voltage is applied to the tube, ie., E, —
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200 — 100 — 100 volts. With a fixed bias voltage on the grid, the plate
current I, is less when the plate voltage is less. Thus, in Fig. 12D (b),
the static or no-load current would be 15 ma. when the full 200 volts
was on the plate. With R in the plate circuit, 4t would be 10 ma., cor-
responding to 100 volts on the plate.

Any change of the grid voltage will alter the plate current. Sup-

pose an input signal should make the grid less negative. In the ab-
sence of B, the plate current would increase along the upper static curve.
When R is present, however, the plate current would increase along the
dotted static curve [Fig. 12 D(b)], provided the voltage on the plate
remained fixed at 100 volts. But this is not true. When the plate cur-
rent increases, the IR drop increases to a value greater than 100 volts,
say to 110 volts, leaving only 90 volts on the plate. With this lower
plate voltage, the plate current cannot be as large. Eventually, the cur-
rent attains a value such as that indicated at C in the figure. From a
succession of such points for various voltages on the grid, the dynamic
curve is obtained. Note that it is straighter and has less slope than the
static curve.
12.4 Voltage Amplification Constant (mu = p). Because the grid is
located in the middle of the space charge, its potential proves to be very
effective in controlling the number of electrons which reach the plate;
much more so in fact than the potential of the plate. The ratio of effec-
tiveness of changes of the grid potential and of the plate potential in
changing the plate current is called the voltage amplification constant
of the tube.

As indicated by the line AB of Fig. 12 B, a change of 10 volts on
the plate may be counteracted by a change of opposite polarity of only
1 volt on the grid (—3 to —4). The ratio of 10 to 1 is the voltage
amplification constant in this particular case.

In order to be more accurate, let us now write down the equation
for this important vacuum tube constant, namely,

_E,—-E') ¢
F=F"F ¢ (for constant I,).

Thus the accurate definition of mu is: the ratio of the change of plate
voltage (E, — E’;) to the change in grid voltage (E’; — E,) for zero
change in the plate current (I’, — I, = 0).

The amplification constant may be obtained from the character-
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istic curves or it may be measured directly by means of an instrument,
called a tube tester, whose details can be found in any of the more ad-
vanced treatises on radio.

The value of this constant is different for different tubes accord-

ing to their structural details, and ranges from 1 to 100 for the various
commercial triodes, having a usual value of about 10.
12.5 The Lumped Voltage. From the equation for mu, it can be seen
that a voltage e, applied to the grid can be replaced by an equivalent
change of e, = pe, volts in the plate battery. Hence the combined effect
of changes of both the grid and the plate voltages upon the electron
stream can be summarized as a single or lumped-voltage e;, whose
equation is as follows:

. (4
61=6g+—p'
M

12.6 The Cutoff. If the spaces between the grid wires are uniform and
if the filament, grid, and plate are lined up with great symmetry, it
will be found that the lower left ends of the curves in Fig. 12 B plunge
sharply into the horizontal axis. These tubes are said to have a sharp
cutoff.
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Fic. 12 E. The plate resistance r, of a triode. The symbol ¢, is used in the text in
place of AE, in this figure. (From E. & N. P.)

In other tubes, called variable mu or super-control or remote cut-
off tubes, the spacing between grid wires is made greater in the middle
regions of the grid and less at the top and bottom. The result is that
the lower left end of the characteristic curve approaches the horizontal
axis much more slowly and only reaches it when the grid potential has
a comparatively large negative value. ‘

12.7 The Plate Resistance (r,). The opposition to the flow of electrons
between the filament and the plate set up by the space charge and by the
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negatively charged grid is the equivalent of a resistance r,, known as
the plate resistance of the tube. A law, similar to that of Ohm, can be
written for the case of a three-electrode tube. There is, however, a
sharp difference between Ohm’s law and the new law, in that the new
one uses changes in current and changes in voltage rather than the cur-
rents and voltages themselves. Thus, the change of plate current i, is
given by the change of plate voltage (ue,) divided by the total resist-
ance of the circuit (r 4+ 7,). As shown in Fig. 12 E this leads to the
equation

iy = L,
P r4r,

where r is the external or load resistance and 7, is the internal resistance
(or plate “ impedance ”’) of the tube, defined for zero load by the equa-
tion
€
Tp = Z:'
We can better understand the meaning of the plate resistance of
a tube by referring to Fig. 12 F which shows the plate current depend-
ence on the plate voltage. Since this curve is not a straight line, 7,
varies as the voltage of the plate changes. With a fixed voltage on the
plate, 7, is a constant. Note that
Iy the d.c. resistance of the tube is
given by E,/I, whereas r, = e,/1,.
The values, of the plate im-
pedance r, for normal operating
voltages of different commercial

Pl triodes range from 800 to 150,000

L3P ohms. They can be obtained

//// 4Ep from the curves of the tube, by

e means of tube testers, and from

_Z data published by the manufac-
0 Ep turer of the tube.

Fig. 12 F. The “plate resistance ” of 12.8 The Mutual Conductance

a triode is given by AE»/Al» ( = e»/
% in the text) rather than as the in-
verse slope of the dotted line. The
latter is called the d.c. plate resist-
ance. (From E. & N. P.)

gm. Very often we are interested
in the change of the plate current
for different changes in the grid
voltage. This is expressed by
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means of a quantity called mutual conductance, g, or, as it is some-
times called, the transconductance s,.. It is defined as the change of
plate current for a change of 1 volt on the grid. Thus

__ K

m = = —.

€ Tp

Since the plate resistance changes with the voltages on the tube, so
also does the mutual conductance. For different triodes on the market,
the mutual conductance ranges from 200 to 5,000 micro-mhos (units of
conductance). A value of 5,000 micro-mhos means that the plate cur-
rent will change by 5 milliamperes when the voltage change of the grid
is 1 volt.



CHAPTER 13
SOME SIMPLE AMPLIFIERS

13.1 Introduction. A small input voltage, applied between the grid
and filament of a triode, proves to be very effective in controlling the
flow of current from a local battery in the plate circuit. Grid voltage
changes are mu (p) times as effective in changing the plate current
as plate voltage changes, as explained in the preceding chapter. A
triode, by itself, has a voltage gain of x. But, in practical operation,
it is necessary to use certain input and output circuits in conjunction
with the tube. The overall voltage amplification of the tube and its
circuits is sometimes less and sometimes more than that of the tube
alone. The stage-gain of the resistance-capacitance (R-C) coupled
amplifier of Fig. 13 A is always less than u, whereas that of the trans-
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Fic. 13 A. A simple resistance-capacitance-coupled single-stage triode amplifier

former-coupled amplifier of Fig. 13 B may be greater or may be less
than g according to the step-up or step-down ratios of the transformers.
13.2. Class ‘“ A ?’ Operation. Let the A, B, and C voltages of the am-
plifiers shown in Figs. 13 A and 13 B be so adjusted at the start that
the tubes are operating at point P in the middle of the straight portion
of the dynamic characteristic curve of Fig. 13 C. The filament is op-
erating at its proper temperature, the C-bias is, say, —10 volts, and
the plate potential is, say, 200 volts positive above the filament. These
so-called d.c. operating conditions are given by the manufacturer of
the tube.
80
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Out —»
In—

Fic. 13 B. A simple transformer-coupled single-stage triode amplifier

Next, suppose an alternating signal voltage is applied to the input
terminals. It will develop a voltage drop across the grid resistor R, of
Fig. 13 A, or across the secondary of the transformer T, of Fig. 13 B.
These voltages are obviously in series with the C-bias voltage and cause
the grid voltage to alternate back and forth about the fixed C-bias
value, as indicated by the (e, — t) curve in Fig. 13 C. Whenever the
grid becomes less negative, the plate current increases and vice versa,
as shown by the (¢, — t) curve of this figure.

Provided the signal voltages are not so great as to exceed the
straight portion of the characteristic curve, the shape of the fluctuations
in the plate current will exactly reproduce the voltage changes of the
input circuit. This faithful reproduction of the wave form of the in-
coming signal is the outstanding characteristic of Class A amplifiers.
In addition, these amplifiers are characterized by (1) low efficiency and
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IF‘IG. 13 C. Principle of Class A operation. The output wave-form duplicates the
1nput wave-form
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consequent high cost of adequate tubes, (2) a steady d.c. plate drain,
which simplifies the plate supply problems.

More will be said concerning Class A amplifiers in Chapter 23.
In addition Class AB,, AB,, B and C amplifiers are taken up at that
point.
13.3 Voltage Amplification per Stage. In Fig. 13 A, let the input volt-
age change the grid voltage by an amount e, This will change the
plate current by the same amount as would ue, volts change in the plate
voltage. The voltage ue, is shared between the load resistance R, and

P Rye——>

Fra. 13 D. Voltage amplification of a resistance-capacitance-coupled single-stage
amplifier

the tube’s internal resistance r,. If these resistances happened to be
equal to each other, the output voltage would amount to pe,/2. In
general, the output voltage is given by we,R,/(r, + R,). Hence the
ratio of the output to the input voltages, which is the overall gain, will
be p times [R,/(r, + R,)]. The term in brackets is always less than
unity ; hence the overall gain is always less than . Fig. 13 D shows
the overall gain for different load resistances.

In the transformer-coupled circuit of Fig. 13 B, the voltage gain is
nearly equal to the gain of the tube multiplied by the step-up (or step-
down) ratio of the transformers.

13.4 Effective Input Capacitance. Although the capacitance between
the grid and filament of a triode is

o—9 - P small, it is }?aralleled by the grid-to-
\ s plate capacitance and by the plate-
$Rz  to-filament capacitance and by the
"p 3 load, as shown in Fig. 13E. The

O

F ¢ombination can be replaced by an

F1a. 13E. The equivalent circuit of effective input capacitance whose
the triode of Fig. 13 A value is often many times that ex-
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pected from the grid-to-filament capacitance alone. When very high
frequencies are applied to the grid of the tube, the effective capacitance
can shunt an appreciable percentage of them to ground and hence lower
the voltage amplification very much.

E.
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Fic. 13 F. A simple two-stage resistance-coupled or d.c. amplifier

13.5 Multistage or Cascade Amplifiers. Whenever it is necessary to
increase the amplification by an amount greater than can be accom-
plished with a single-stage amplifier, several stages are connected one
after another. The various methods commonly used to couple one tube
to the next will now be discussed briefly. For the time being we shall
omit as many of the voltage supplies as possible in order to focus atten-
tion upon the coupling units. Later we shall study the more compli-
cated complete circuits.

The amplifier of Fig. 13 F is called a reststance-coupled or d.c.
amplifier because its coupling consists of a single resistance, R, and
because the circuit can amplify not only alternating but also direct
voltages applied to the input terminals. Were it not for the potential
E., the voltage on the grid of tube 2 would be the same as that on the
plate of tube 1. This amounts to the high positive value given by the
battery E, minus the IR drop in the coupling resistor B. If the grid
of tube 2 were allowed to operate at a high positive potential, the plate
current of this tube would be extremely large, a heavy grid current
would flow and the tube would probably burn out. E. must be greater
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Frc. 13 G. Resistance-capacitance coupling
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than (E, — IR) by such an amount as to bias tube 2 to the middle of
the straight portion of its characteristic curve.

In the circuit of Fig. 13 G, which is called a resistance-capacitance
(R-C) coupled amplifier, the d.c. plate potential of the first tube is kept
off the grid of the second tube by means of the coupling condenser C,.
The use of C, alone, however, would insulate or ““ float ” the grid of the
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F1c. 13 H. Im};edance coupling

second tube. Electrons which reach this grid accumulate, except for a
slight leakage over the outer surface of the tube, and build up a negative
C-bias of erratic unstable amount. To avoid this, the high resistance
grid leak R, is added. _

It will be recalled that the d.c. voltage across the plate of a tube
is less than that of the B-voltage supply by an amount equal to the d.c.
voltage drop in the plate resistor. An economy can be effected by using
a low-resistance, high-inductance coil in place of the resistor, as in the
impedance-resistance-coupled amplifier of Fig. 13 H. The d.c. loss in
the resistance of the coil will be small, yet a fluctuation in the plate
current will set up a comparatively high voltage across the coil; and
this will be impressed through C, and R,, upon the grid of the second
tube. But the amount of this voltage will be different for different fre-
quencies of the voltage sent into the amplifier, and frequency distortion
will occur. This may be an advantage or a disadvantage, according to
the use to which the amplifier is to be put.

The advantage of stepping up the voltage with an inter-tube trans-
former, as in Figs. 131 and 13 J, has made the transformer-coupled
amplifier one of the most commonly used. Here again, however, the
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Fie. 13 1. Transformer coupling for audio frequeﬁcies
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reactive elements of the transformer cause the step-up voltage to have
different values for different input frequencies. In Fig. 13 I, the iron
core of the audio-frequency transformer is indicated by the parallel
vertical lines between its primary and secondary. In Fig. 13J, the

o— ) 1 rf. _ 2 e
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Fic. 13J. Tuned transformer coupling for radio frequencies

primary and secondaries are tuned by means of condensers so as to am-
plify a given frequency (together with those in the immediate neigh-
borhood) to a high value, to the exclusion of all others. This type of
coupling is used in radio-frequency amplifiers.

In addition, more elaborate combinations of coils, condensers, and
transformers are sometimes used in the coupling circuit.
13.6 TFiltering for the Voltage Supplies. When separate A, B, and C
batteries are used for each of the tubes in a multistage amplifier, the
fluctuating and the direct currents both flow in the same circuits. It is
difficult to design the same circuit for efficient handling of two different
kinds of current. For one thing, the a.c. would have to flow far away
from the tubes into the batteries and back again, much energy would
be lost in the internal resistances of the batteries, the stray electric and
magnetic fields of these currents would induce voltages in other parts
of the circuit, and the capacities of the batteries to the ground would
tend to shunt away some of the alternating currents.
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F16. 13 K. Bypass condensers C: and C: and decoupling resistor Rz are used te
separate or “filter ” the a.c. from the d.c.
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Figure 13 K shows how partially to overcome these difficulties by
the use of suitably located bypass condensers:'C, across the C-bias re-
sistor, and C, across the plate battery.

It would be uneconomical to use separate B-batteries or plate-volt-
age supply systems for each tube in a multistage amplifier; nor is it
necessary except in certain special cases. Figure 13 L shows a filtered

Fia. 13 L. The same B-voltage supply unit may be used in common for several
tubes, provided the circuits are carefully filtered

circuit wherein the same B-voltage is used with two transformer-
coupled stages.

It will be noticed in Figs. 13K and 13 L, that additional high
resistances R, and R, (called “de-coupling resistors ”’) are used in
series with the supply line. These assist the bypass condensers to keep
the a.c. out of the d.c. supply circuits and also to drop the B-voltage to
the correct value for each tube.

13.7 Phase Reversal. Suppose that, for a moment, the input signal
should make the grid of tube 1 in Fig. 13 G less negative than its static
value. Then the plate current would increase and the potential drop
across KB would increase. The steady-state value was such as to make
the top of B negative. Hence an increase in current makes this end still
more negative. This change of voltage, feeding through the condenser
C, to the grid of tube 2, will be negative at the upper terminal (with
respect to the filament), the reverse of the positive voltage fed onto the
grid of tube 1. In other words, there is a 180° phase reversal in each
stage of an R-C coupled amplifier.

13.8 Power Amplification. Voltage amplifiers are designed to give the
greatest possible alternating output voltage for a given input voltage.
Power amplifiers are designed to deliver power (watts) to the load,
voltage amplification being incidental.

If the amplifier is to be used to increase power rather than voltage,
as is the case with the last tube in a radio receiver, a tube of different
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structure is used, and the design of the output circuit is different than
in voltage amplifiers. The tubes are selected, not with high mu but
with large mutual conductance gm. The tube and the load impedance
are chosen equal to each other for maximum power output. For mini-
mum distortion, the load impedance is often made equal to approxi-
mately twice the internal impedance of the tube. Three types of audio-
output coupling circuits are shown in Fig. 13 M.

speaker Highs

(a) (%) (¢)

Fia. 13 M. Types of output circuits: (a) transformer coupled; (b) LC coupled
(L and C must both have large values); (c) frequency division, the low and high
notes operating separate speakers

The power amplification is defined as the ratio of the output power
to the a.c. power in the grid circuit. For tubes in which no power is
consumed in the grid circuit the term power sensitivity is used. This
is defined as the ratio of the output power to the a.c. grid voltage.
There is a third term, plate efficiency, which is defined as the ratio of
the output power to the d.c. power input to the plate. The latter is
given by the product of the plate current and the plate voltage. In
general, amplifiers free from distortion have low plate efficiencies and
vice versa.

=l

\ The tickler coil
Fic. 13 N. A simple feedback amplifier

13.9 Regenerative and Degenerative Feedback. In Fig. 13 N, a tickler
coil has been added to a simple amplifier circuit. Some of the amplified
energy in the plate circuit is fed back to the grid circuit and is re-ampli-
fied, Suppose, for example, that the input signal should for a moment
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make the grid positive. The increased plate current, flowing through
the tickler coil, causes its magnetic field to spread out. As this mag-
netic field cuts across the grid coil it induces voltage which will have
either the same polarity as the incoming signal, or the reverse. If the
feedback voltage aids the original signal, the feedback is said to be
positive, the circuit is said to be regenerative, and the amplification
will be increased. Of course the re-amplified energy is also fed back
and the process builds up to a limit set only by the closeness of coupling
of the tickler coil to the grid coil and by the losses in the circuits. Posi-
tive feedback amplifiers, while having high gain, have a tendency to
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Fi6. 13 0. A push-pull amplifier

amplify more at one frequency than at another and hence are used where
sharpness of resonance is desirable.

If the tickler coil is reversed from that just described, the voltage
fed back to the grid will oppose the original signal voltage and the am-
plification is decreased. This negative feedback is called degeneration.
Negative feedback reduces distortion, widens the frequency response,
and stabilizes the amplifier against small fluctuations, but it does lower
the voltage gain.

13.10 Push-Pull Amplifiers. A circuit diagram of a push-pull ampli-
fier is shown in Fig. 13 0. This type of circuit is able to deliver larger
outputs with less distortion than single-tube amplifiers.

Assume that a sine wave signal is applied to the input terminals.
During the first half-cycle, the top of the secondary of transformer T',
becomes positive and the bottom becomes negative. Then the grid of
tube 1 becomes positive and the grid of tube 2 becomes negative. The
plate current of tube 1 increases and that of tube 2 decreases. But the
current increase in P, is up and that in P, is down. If an tncrease in
plate current through P, makes the output positive at the top, then a
decrease in current through P, will also make the output positive at the
top. Thus, the outputs of tubes 1 and 2 add together.
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It is easy to see that each tube need handle only one-half the sec-
ondary voltage of T,. In other words, greater voltages may be applied
to this circuit than to a single-tube mrcult before serious overloading
of the tubes and distortion begins.

There is some curvature, even in the * straight ” part of a tube’s
curve, which causes distortion, i.e., harmonics. It can be shown that
the push-pull circuit cancels all even-numbered distortion harmonics.
Only the odd harmonics come out, i.e., the fundamental, the third,
the fifth, etec.

If the upper and lower circuits and tubes of a push-pull amplifier
are matched with each other, any change in the A-, B-, or C-battery
voltages will cause equal but reversed changes in the plate currents in
the upper and lower halves of the output transformer, and hence will
not appear in the output. In other words, the circuit is notably stable
against changing battery voltages.



CHAPTER 14
SOME SIMPLE OSCILLATORS

14.1 Introduction. A three-electrode vacuum tube may be used to pro-
duce electrical oscillations of frequency from a fraction of a cycle each
second to many million. The ability to generate oscillations resides in
the amplifying property of these tubes, i.e., the energy developed in the
plate circuit is greater than that applied to the grid circuit. The addi-
tional energy comes from the plate power supply. If part of the am-
plified energy is “ fed back ” from the plate to the grid by resistive,
magnetic, capacitive or electron coupling devices, and has the proper
phase or polarity with respect to that of the grid, there will be con-
tinued amplification sufficient to overcome the losses in the circuits and
produce sustained oscillations.
14.2 A Tickler Circuit Oscillator. In the chapter on amplifiers we have
seen that the amplified current in the plate circuit of a three-electrode
tube can be fed back to the grid cir-

€y cuit by means of a tickler coil, with
H - resultant increase in the amplifica-
c tion of the signal. If the tickler coil

L
T is moved closer and closer to the grid
o coil, the amplification increases
C’T + - : 43 “«
Ate until, at a critical value of “ cou-
"‘é 8 pling ” between the two coils, the
tube will produce oscillations within
itself, without the aid of an input
signal. Inorder that a tube shall be self-oscillating, two main conditions
must be satisfied. First, it is necessary that the power transferred from
the plate circuit to the grid circuit shall be equal to or greater than the
circuit losses. Second, it is necessary that the feedback be positive or
regenerative. .
Figure 14 A shows a simple tickler circuit. When the B-battery is
first connected, small random variations — no matter how minute —
are rapidly amplified to such a point as to start the tube in oscillation.
90
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Fic. 14 A. A tickler-circuit oscillator
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External excitation is unnecessary. It will be noted that the B-battery
is in series with the feedback coil, L,, (the tickler). This is called a
series-fed oscillator. Condenser C, is used to provide a low impedance
path for the alternating current around the B-battery. In this and, in
fact, in practically all oscillators, the grid becomes positive during part
of the cycle, with the result that a flow of electrons occurs through the
resistance B,. Condenser C, forces this current through R,, prevent-
ing it from short circuiting through coil L. The grid current flow
through R, results in a negative bias voltage on the grid. Practically
all oscillators use grid-leak bias.

The frequency of the oscillations will be nearly equal to the reso-
nant frequency of the LC or tank circuit, as given by the equation

1
2rvVLC
In general, the oscillation frequency will be governed by that circuit in
which the losses are least, i.e., by the LC circuit which has the highest Q.

14.3 A Hartley Oscillator. As in the circuit just discussed, so also in
the Hartley circuit (Fig. 14 B), the amplified energy of the plate cir-
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Fic. 14 B. A Hartley oscillator

cuit is fed back to the grid circuit by means of fluctuating magnetic
fields. They are both of the so-called magnetic feedback type.

The Hartley circuit uses only one coil, part of which is in the plate
circuit and part in the grid circuit. The amount of magnetic coupling
between the two parts of the coil is adjusted by moving the tap. This
tap is indicated by the arrowhead in Fig. 14 B. The circuit shown is
of the so-called parallel-feed type. In other words, the plate circuit is
divided into two parallel branches, one of which carries the direct cur-
rent and the other the alternating current. A choke coil (r.f.c.) keeps
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the alternating current out of the d.c. path, and a blocking condenser
C» keeps the d.c. out of the a.c. circuit. The grid condenser C, and the
grid-leak resistor R, serve the same purpose as in the tickler circuit.

14.4 A Colpitts Oscillator. The feedback of energy from the plate cir-
cuit to the grid circuit can be obtained by means of electrostatic
coupling as well as by magnetic coupling. Electrostatic coupling is
accomplished through a condenser. Such circuits, as, for example, the
parallel-fed Colpitts circuit of Fig. 14 C, are said to have capacity feed-
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Fic. 14 C. A Colpitts oscillator

back. In this circuit, the tank voltage is divided into two parts by
means of condensers C, and C,.

In order to understand the operation of the circuit, imagine that
at a given instant the grid becomes less negative than its static value,
causing an increase in the plate current. This raises the potential across
condenser C,, i.e, stores more energy in this condenser. This increase
of energy is transferred via the coil L to the condenser C,, making its
grid side more negative, the opposite of that across C,. The increase of
negative potential on C, feeding through C, makes the grid more nega-
tive, which is the reverse phase of that which we assumed at the start.
When this feedback voltage is sufficiently large, the plate current de-
creases, less energy is stored in C,, and the feedback is again reversed
through the coupling of the tank circuit. This process continues. The
energy for the oscillations in both the tank circuit (and for the grid
bias) comes from the B-voltage source.

14.5 The Tuned-Plate Tuned-Grid Oscillator. Feedback can be ac-
complished inside the tube through the grid-to-plate capacity. In Fig.
14 D, voltage fluctuations due to oscillations in the L,C, tuned-plate
circuit induce voltages directly onto the grid through the tube. These
voltages are of the proper polarity to permit oscillations to be main-
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tained. Thus, if the plate becomes slightly more positive, the voltage
induced on the grid — that is, on the opposite plate of this small con-
denser — will be negative. This will cause a decrease in the plate cur-
rent. But this lowers the voltage across the tuned-plate circuit, mak-
ing the plate potential somewhat less than its static value, the reverse

Cg
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Fic. 14D. A tuned-plate tuned-grid oscillator
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of the original condition. The tuned-grid and tuned-plate circuits, by
virtue of their parallel resonant properties, strengthen the otherwise
feeble voltage fluctuations of the grid and plate. The two circuits must
be tuned to approximately the same frequency in order that oscillation
shall occur. However, by slight adjustments in the tuning of either
circuit, the amount of feedback, and hence the strength of the oscilla-
tions, can be adjusted. In operation, there should be no magnetic
coupling between the grid and the plate circuits except that through
the tube. The frequency of oscillation of this circuit is determined by
the LC combination which has the higher Q.
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F1a. 14 E. An ultraudion oscillator

14.6 The Ultraudion Oscillator. This circuit, shown in Fig. 14 E, is
nearly the same as the Colpitts circuit. The voltage division is ac-
complished through the plate-to-filament and grid-to-filament capaci-
ties of the tube.
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14.7 A Simple Crystal Oscillator. A properly cut quartz crystal is the
equivalent of a high-@ tuned circuit. In the oscillator circuit of Fig.
14 F, such a crystal replaces the tuned-grid circuit of a tuned-plate
tuned-grid circuit. The crystal is mounted between the plates of a
small condenser, one of which is connected to the grid and the other to

1
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Fia. 14 F. A quartz crystal oscillator circuit
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The crystal

the cathode of the tube. When the grid voltage changes, the electro-
static field across the crystal changes. Due to an inherent property of
the crystal, known as the piezo-electric effect, small charges of elec-
tricity then appear on the surface of the crystal, accompanied by real
but very small changes in the dimensions of the crystal. The small
potentials so created act back upon the grid of the tube. When the
frequency of oscillations of the circuit correspond to the natural me-
chanical frequency of the crystal, the voltages will be sufficiently aug-
mented to sustain oscillation. As a matter of fact, the frequency of
the tuned-plate circuit can differ a little from that of a crystal, yet
the circuit will oscillate precisely at that of the crystal itself because
of its inherent high Q (9,000 to 16,000). Inasmuch as the crystal fre-
quency is largely determined by its thickness, this offers an unusually
satisfactory method of stabilizing the frequency.

14.8 The Multivibrator Oscillator. This unusual circuit, shown in Fig,
14 G, contains no inductances; only resistances and capacitances. It
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Fic. 14 G. Basic circuit of the multivibrator. Battery voltages omitted for sim-
plicity in explaining its operation
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really consists of a resistance-capacitance-coupled amplifier with re-
generative feedback. In order to understand how this circuit oscillates,
let us imagine that the plate of tube 1 momentarily becomes more posi-
tive than its static value. This positive potential, acting through Cy,
sends electrons on to the grid of tube 2, making the grid more negative
and hence decreasing the plate current. Then the voltage drop in the
plate resistor R,, is reduced. Since this was originally negative at its
top, due to the direct current through it, the upper end now becomes less
negative, or more positive, than it was under static conditions. This
positive impulse, passing through the condenser C, makes the grid of

Time
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Fic. 14 H. One of the many possible, irregular output wave-forms from a multi-
vibrator

tube 1 more positive than normal. This causes an increased current
flow through R;,. But this makes the top of this resistor more nega-
tive than it was. Thus the original excess of positive on plate 1 is re-
versed. In other words, the second tube serves to reverse the phase of
the first tube. The same might be said of the action of tube 1 on tube 2.
The frequency of oscillations depends upon the time constants of the
R-C combinations.

Inasmuch as this type of oscillator is very unstable, its frequency
can be controlled by the introduction into the circuit of a small signal
of constant frequency. This is called locking.

As shown in Fig. 14 H, the wave form of the currents generated by
a multivibrator circuit is very irregular. This means that the circuit
produces many harmonies of considerable strength, along with the fun-
damental frequency of oscillation. It is not at all uncommon to lock-in
this circuit at its tenth harmonic.

14.9 Magnetostriction Oscillators. Figure 14 I shows the circuit of a
magnetostriction oscillator. Here the coupling between the plate cir-
cuit and the grid circuit is accomplished through a special metal rod
made of magnetic material. When its magnetization at the plate end
is changed, by virtue of a change in the plate current, a physical con-
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striction in the dimensions of the rod occurs, causing it to move inside
the grid coil by an exceedingly small amount. The moving magnetism
induces voltages in the grid coil which apply themselves to the grid of
the tube. These in turn cause a reverse change in the plate current.
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Fic. 141. Elementary form of a magnetostriction oscillator

The frequency of the vibrations depends upon the natural resonant
frequency of the rod, and is inversely proportional to its length. It is
possible with these oscillators to produce very intense oscillations at
frequencies of the order of 10,000 to 100,000 cycles per second. Since
the rod is also.vibrating at these frequencies, it sets up vibrations in the
air. These are called super-sonics — meaning that they are above the
audible limit to which the human ear can respond.
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F1a. 14 J. A simple audio frequency oscillator

14.10 A Simple Audio Oscillator. Figure 14 J shows a simple oscil-
lator which may be used for code practice. In order to have sufficient
inductance to produce an audio frequency, an iron core transformer
such as used in audio transformer-coupled amplifiers is hooked up as
shown.

14.11 Push-Pull Oscillators. A push-pull oscillator circuit is shown in
Fig. 14 K. When a random voltage fluctuation makes the grid of tube 1
positive, it makes the grid of tube 2 negative. These cause changes in
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the plate current. Resonated by the inductance and capacitance (the
tank) in the plate circuit, they cause voltage changes on the plate
which, fed through the plate to grid capacitance (or by magnetic cou-
pling between the two tank circuits), reverse the polarity of the grids,

_1
3

Fic. 14 K. A push-pull oscillator

This continues, the tank circuits strengthening the voltage changes of
the grids and plates, so that strong oscillations are developed. In ad-
dition to the fact that the two tubes are operating to give greater
power, the symmetry of the circuit makes it particularly suitable for
use at ultra-high frequencies.



CHAPTER 15
SOME HIGH-VACUUM MULTI-ELECTRODE TUBES

15.1 Tetrodes. There are tubes which contain four electrodes: a fila-
ment, a plate, and two grids located between the filament and the plate.
As usually operated, the grid nearest the filament serves in the same
manner as the single grid of a triode. It is called the control grid. The
additional grid is generally constructed so as to surround the plate as
completely as possible. This type of tetrode is known as a screen-grid
tube, inasmuch as the new grid structure shields the control grid from
changes on the plate without influencing the fixed or static voltages on
the plate. A tetrode with its associated circuits is shown in Fig. 15 A.
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Fic. 15 A. A screen-grid tube. (From E. & N. P.)

In this circuit, the current I, flows (in the conventional sense) through
7o to P, to the filaments, and back to the battery E,. As it passes
through the resistance r,, a voltage drop is set up, equal numerically to
I, X ro. Thus the voltage on the plate of the tube is less than that of
the battery E, by an amount equal to the potential drop in the load
resistance 7,. Now, when a signal is applied at the input terminals, a
change occurs in the plate current, and likewise a change occurs in the
potential drop across the load, of an amount ¢, X r,. In other words,
the voltage between the filament and the plate changes by the same
amount, 4, X .. This change of plate voltage would induce a new volt-
age on the control grid were it not for the shielding action of the screen
98
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grid. In the absence of the screen, voltages induced upon the control
grid can be sufficiently great to start and maintain oscillations through-
out the tube circuits. These are undesirable if the tube is to be used in
a receiver. In short, the screen grid is intended to prevent oscillations
in the circuits.

Tubes of the screen-grid type have high voltage-amplification con-
stants; as great as 800. This is an advantage. But they are also char-
acterized by high plate resistance, of the order of 1,000,000 ohms, which
is, generally speaking, a disadvantage.
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F1c. 15 B. Plate current I» vs. plate voltage E» of a screen-grid tube

Figure 15 B shows the plate current at different plate voltages.
The arrow points to the fixed voltage of the screen grid. In order to
understand the peculiar dip in this curve let us first start with zero
voltage on the plate and gradually increase its value. At first, the
plate current increases as with a triode. However, the electrons which
reach the plate eject secondary electrons from it. As the original or
primary electrons are sped up more and more by the increase of the
plate voltage, starting at zero volts, the number of secondary electrons
ejected from the plate gradually increases. See Sec. 10.10. Since the
screen grid is more positive than the plate, these secondary electrons
flow to the screen grid. The net current in the plate circuit is thus a
composite of the original electrons coming to the plate minus the sec-
ondary electrons leaving the plate. According to the relative numbers
of the primary and secondary electrons, the plate current will increase
or decrease as the plate voltage is increased. Throughout the region
AB of Fig. 15 B, this ratio of secondaries to primaries is on the increase.
When the plate voltage approaches that of the screen grid, the second-
ary electrons have increasing difficulty in escaping from the plate.
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When the plate voltage is greater than the screen-grid voltage, they fail
to do so altogether. Then the secondary electrons, although copiously
emitted, execute small curved paths and plunge back again into the
plate from which they arose, and the net current flowing to the plate is
that of the primary electrons alone. When all electrons emitted from
the filament are drawn to the plate, further increase in its potential does
not increase the current and we have the horizontal section at the upper
right of the curve.

There is a different kind of tetrode known as a space-charge-grid
tube which will be discussed in a later chapter.

SUPPRESS O/R GRID

CG< / leg
Ry (Cé §$G U Ry
——{i|tfih]r
e

F1e. 15C. A pentode. (From E. & N.P.)

15.2 Pentodes. A pentode contains five electrodes: a filament, a plate,
and three grids, as shown in Fig. 15C. This is constructed like the
screen-grid tube, with the addition of a so-called suppressor grid lo-
cated in the path of the electrons between the screen grid and the plate.
The suppressor grid is fastened to the cathode and serves to repel or
suppress secondary electrons, driving them back into the plate from
which they were ejected by the primary electrons. As a result, the
“ negative resistance ” region AB of Fig. 15 B is largely eliminated,
the current rising more smoothly from zero up to its saturation value
as the plate voltage is increased. The tube may then be used for
greater power outputs for a given input grid voltage.

The plate resistance of various commercial pentodes in normal
operation is fairly high, ranging from 22,000 to 2,000,000 ohms. The
mutual conductance is high, ranging from 400 to 6,000 micro-mhos, and
the amplification constant is also large, ranging from 70 to 1,500.

In some of the commercial pentodes the third grid is brought out
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of the tube socket instead of being connected inside of the tube to the
filament or cathode. Many circuit combinations are then possible.

15.3 Beam-Power Tubes. This class of tubes is useful for the same
purposes as the pentodes described in the preceding section. Actually
they contain only four electrodes: a filament, a plate, and two grids,
and hence should be properly classified as tetrodes. But, by proper
design of the internal structures, as shown in Fig. 15 D, the electrons

BEAM-FORMING
PLATE

CATHODE
GRID

s v
Fic. 15D. A beam-power tube. (Courtesy R.C.A. Review)

build up a potential which takes the place of the suppressor grid of the
pentodes. The electrons en route to the plate are concentrated by beam
action in the region between the screen grid and the plate, and serve to
repel secondary electrons back into the plate, removing the undesirable
kink (4B, Fig. 15 B) from the characteristic curve.

In the construction of the tubes, the screen-grid wires are placed
in the “ electrical shadow ” of the control-grid wires. Beam-forming
plates, connected to the cathode, are used to direct the electrons in two
directions, as shown in Fig. 15D. The screen and plate are widely
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separated so that there will be a large space charge in this region. The
potential minimum which is thus created and serves to force secondary
electrons back into the plate is shown in Fig, 15 E.

154 Combination Tubes. It has been found advantageous to mount
two or more tubes within the same glass or metal envelope. Sometimes
the separate tubes which are so contained in a single envelope are
of the same type as, for example, the double-diode tubes. In this case,
the two diodes use a common filament, have separate plates, and are
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F1a. 15 E. Potential distribution in a beam-power tube

Distance

assembled together in a common bulb. Then there are triode-tetrode
tubes and, indeed, many other useful combinations. These various
tubes operate, part for parf, as though the diodes, triodes, and pen-
todes had been constructed in separate vacuum chambers. Figure 15 F
shows some of the possible combinations for tubes used in receivers.
In the code numbering of tubes, the first number stands for the
approximate voltage to be applied to the filament, G stands for a
glass rather than a metal envelope, and T' at the end stands either for
a certain kind of base, known as a miniature “ octal ” (octa means
“eight ), or for a tubular rather than a pear-shaped glass envelope.
Tubes with a T only are smaller than those not so marked (T for
“tiny ”). The central number stands for the useful number of lead
wires brought out of the tube. The letter S means that the tube is
single-ended, all connections coming through the base. For example:
the triple grid 6SK7GT amplifier tube uses 6.3 volts to heat its cathode;
has 7 useful leads (1 and 2, filament leads; 3, cathode; 4, grid; 5, grid;
6, grid; 7, plate) ; has a tubular and small glass envelope, uses a small
wafer octal 8-pin socket and is single-ended.
15.5 Some Electron-Multiplier Tubes. The fact that the number of
secondary electrons knocked out of a metal plate can exceed the num-
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ber of incident or primary electrons (Sec. 10.10) forms the basis of mul-
tiplier tubes. In Fig. 15 G, electrons from the cathode K are controlled
by grid CG and accelerated by the second grid AG. They are directed
by electrostatic fields onto the positively charged metal plate 1, where
they give rise to secondary electrons. In the figure two secondary
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Converter Pen;ode

Fic. 15 F. The names and symbols of some multi-electrode and combination tubes

electrons are ejected for each primary electron. The secondaries are
attracted to the still more positive plate 2, from which four secondaries
are ejected. The latter pass to the plate P and to the output. In this
case, the current (number of electrons per second) is multiplied four-
fold.

A small voltage on the first grid of Fig. 15 G is effective in con-
trolling the number of electrons which pass through it to the next
- electrode. The effectiveness is tremendously augmented by the fact
that the electrons which do pass through the control grid are multi-
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plied many fold. In other words, a very small voltage on the control
grid will cause a very large change in the output plate current. The
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Fic. 15 G. Principle of a multiplier tube

mutual conductance (g, = change of plate current per volt change on
the grid) of these tubes can be varied greatly by changing the voltage
applied to each multiplying stage because this changes the number of
secondaries per primary.

A more practical form of a multiplier circuit is shown in Fig. 15 H,
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Fr1e. 15 H. A more practical form of multiplier tube

where a single high-voltage supply
Multiplier  source (3,000 volts) is used. The

proper voltages on each multiplier
Plate  stage are obtained from the potential

drop in the series of resistors RE.

electrode The absence of coupling stages
between one tube and the next makes
possible the amplification of a suc-
cession of pulses which are very close

Fro. 151 An orbital beam multi- together, or of very high frequency
plie.r tube (microwaves). At the very high fre-
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quencies, the time for the electrons to travel from one electrode to an-
other becomes an important fraction of the period of the oscillations.
This results in a loss in amplification, The maximum theoretical fre-
quency with present-day tubes is about 2 X 10° cycles per second.

In the orbital-beam multiplier tube of Fig. 151, the electrons are
deflected in a circular path by a positively charged focusing electrode.
The tube should prove useful for frequencies of the order of 500 Me.
(wave-length = 60 cms.).

Further discussion of multiplier tubes will be found in the chap-
ter on photoelectric cells.



CHAPTER 16
THE PRINCIPLE OF AMPLITUDE MODULATION

16.1 The Carrier Wave. When an alternating current flows back and
forth in a wire, magnetic and electric fields are constantly forming
around the wire, collapsing, reforming in the opposite direction, col-
lapsing, etc. Some of the energy in the fields does not return to the
wires but travels outward as a “ radio ”” wave. Although small at low,
audio frequencies, the loss of energy from the circuit into the radiated
. waves increases as the frequency is increased. The form of the radi-
ated wave, which is also the form of the currents or of the voltages in
the wire, is shown in Fig. 16 A. It will be noted (dotted lines) that the

Voltage or ﬁ Ec Time —»
current or
field strength UE ll

Say, one one-millionth of a second

F16. 16 A. A carrier wave

strength or amplitude of this curve does not change. It is called a
carrier wave because it serves to carry a signal from the transmitter to
the receiver.

One tenth of
a second

C.W.

—

One millionth—-l l-—

of a second
Dot- Dash
“dit” “dah”
F1c. 16 B. The letter “ A” of the International Morse Code

16.2 Modulated Carrier Waves. It is necessary to change or modulate

the carrier wave in some way if we are to transmit a message. Three

methods are used today for this purpose. First, the carrier wave may

be stopped and started, so as to break it up into telegraphic dots and
106
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dashes, as in Fig. 16 B. Second, the strength of the continuous wave or
current may be increased or decreased by sending it through a micro-
phone, or by more elaborate and practical methods which will be de-
scribed presently. In this so-called amplitude-modulation method, the
peaks of the carrier wave rise and fall, as in Fig. 16 C, at the compara-
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Fic. 16 C. An amplitude-modulated carrier wave

tively low frequency of the sound or audio waves, and to an extent pro-
portionate to the intensity of the sound wave. Third, the amplitude of
the carrier wave may be kept constant, but its frequency varied, at a
rate dependent upon the frequency of the sounds in the microphone, and
by an amount proportional to the loudness of the sounds. This is called
frequency modulation and is represented in Fig. 16 D.
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Fic. 16 D. A frequency-modulated wave

In this chapter we shall concern ourselves only with a brief explana-
tion of the principles of amplitude modulation.

Antenna

High frequency
oscillator

— Microphone

= <—Ground

Fic. 16 E. A crude method of amplitude modulation
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16.3 A Crude Method of Amplitude Modulation. In Fig. 16 E, a mi-
crophone is connected directly in series with the antenna circuit. Sound
waves which vibrate the diaphragm of the microphone change its re-
sistance periodically at the frequency of the sound waves, and in pro-
portion to the intensity of the sound waves. Since the microphone is
in series with the high-frequency current, its amplitude, and that of the
radiated wave, is caused to fluctuate. However, the radio frequency
currents tend to “ pack ”’ the carbon granules in the microphone so that
1t ceases to function. There are numerous other difficulties which make
this method impracticable.
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Fic. 16 F. Elementary circuit for plate modulation

16.4 Plate Modulation. Today, the most widely used method for am-
plitude modulation is known as plate modulation. In this system, radio-
frequency or “ driver ” voltages are applied to the grid of an amplifier
(called the “ modulated ” tube). The audio-frequency or ‘ modula-
tion ” voltages are inserted into its plate circuit in series with the
B-power supply, as in Fig. 16 F. In order that the a.f. in the plate cir-
cuit shall be sufficiently strong, it is necessary to strengthen the micro-
phone voltages with a speech amplifier. The last stage in this amplifier
is called the modulator. The secondary of the audio transformer in the
plate circuit of the modulator is in series with the B supply of the modu-
lated tube, as in Fig. 16 G. The radio-frequency-choke coil, r.f.c., keeps
the high frequency from shunting through the grid-bias battery, and
the bypass condenser C keeps it out of the B-battery and speech ampli-
fier. In Fig. 16 H, we see that when, during a positive half-cycle of
the audio frequency, the plate voltage is increased above that of the B
supply, the plate current likewise increases. Similarly, when the a.f. is
in opposition to the steady B voltage, the output decreases. In order
that the rise and fall of the amplitude of the output r.f. shall be a faith-
ful copy of the a.f., the driver’s voltage must be large, and the C-bias,
the B voltage, and the circuit constants must be properly chosen. In
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order that the changes in the amplitude of the carrier wave shall be
large, the output voltage of the modulator must be nearly equal to
that of the B supply.

The modulated amplifier
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Fic. 16 G. Further details of plate modulation. More elaborate and practical
circuits will be given later
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Fic. 16 H. The principle of plate modulation. The af. voltage increases and
decreases the total voltage on the plate around the “ B battery ” value

16.5 Grid-Bias Modulation. In this method, audio- and radio-fre-
quency voltages are introduced simultaneously into the grid circuit of
an amplifier, while the B supply remains fixed. The circuit 1s indicated
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in Fig. 16 I, with further details in Fig. 16 J. At the bottom of Fig. 16 K,
we see that the combined low- and high-frequency voltages apply to the
grid a wave whose form is that of the r.f. swinging back and forth on an
axis which, instead of being straight, shifts back and forth at audio fre-
quency. The resultant plate current is shown at the right in Fig. 16 K.
These pulses of current stimulate proportionately strong oscillations in
the tank circuit LC (Fig. 16 J) which is tuned to the radio frequency.
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Fia. 16 I. Elementary circuit for grid-bias modulation
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Fic. 16 K. The principle of grid-bias modulation
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The output transformer eliminates the d.c. plate current, delivering a
modulated carrier voltage to the next amplifier or to the antenna from
which the radio wave is radiated. In a way, one might say that the
action of the tank circuit and its output coil (Fig. 16 J) is to “ straighten
the axis ” of the plate current (dotted axis in Fig. 16 K).

The efficiency of operation of the grid-bias-modulation method is
quite low as compared with that of the plate-modulation scheme. On
the other hand, the power output of the modulator tube of the grid-
bias method need only be one or two watts to operate a modulated tube
of considerable power,

RF
driver

F1e. 16 L. Elementary circuit for suppressor-grid modulator

16.6 Suppressor-Grid Modulation. The audio-frequency voltages can
also be introduced into the amplifier tube by applying them in series
with the suppressor grid of a pentode, as in Fig. 16 L. The principle of
operation is the same as for grid-bias modulation, but the circuit is
easier to adjust in practice.

16.7 Cathode Modulation. This is a combination of the plate and grid-
bias modulation methods, the a.f. voltages being introduced partly into
the grid and partly into the plate circuits of the modulated tube by
means of a tapped secondary on the output a.f. transformer of the
modulator.

16.8 Modulation Percentage. In the absence of modulation, the carrier
wave has a constant amplitude, E., of Fig. 16 C. Modulation increases
and decreases the voltage above and below the constant value by a
maximum amount designated in the figure as E,. The ratio E./E. is
called the modulation coefficient (m). When expressed in percentage,
by multiplying by 100, it is called the percentage of modulation, M.
We may write,

M _E; Em:—E.

1
100 . E, 2

Emaz - Emin.
Emaz - Ea
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Figure 16 M shows cases of under-modulation, correct or 100 per cent
modulation, and over-modulation. It is to be noted that the peak r.f.
voltage for 100 per cent modulation is exactly twice that of the un-
modulated voltage. In order to produce 100 per cent modulation, the
a.f. voltage’s peak value must be equal to that of the r.f. The strength
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Fic. 16 M. Under-, complete-, and over-modulation
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of the carrier wave will determine how far the radio wave can be trans-
mitted, whereas the modulation percentage will determine the audible
output at the receiver. Modulation should never exceed 100 per cent
or the a.f. will be distorted and contain harmonics not present in the
original sounds which entered the microphone.

16.9 Side Bands. A wave of the same shape as that shown in F1g 16 C
can be produced by combining three radio-frequency waves in a “ non-
linear device ” or rectifying tube. Conversely, an amplitude-modulated
carrier wave can be thought of as though it consisted of three radio-
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F1c. 16 N. Side bands

frequency waves, as in Fig. 16 N.*  One of the waves has a fixed ampli-
tude and the same frequency as that of the unmodulated carrier. The
other two waves have amplitudes equal to each other. This value
changes in proportion to the strength of the audio signal. Their fre-

1 This viewpoint may not appear simple to the beginner, but it actually
proves to be so in the practical analysis of transmitters.
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quencies differ from that of the carrier by the frequency of the audio
wave. The frequency of one of the waves is greater, the other is less,
than that of the carrier. Since the audio frequency changes with the
pitch of the sound waves which enter the microphone, the frequencies
of these two waves increase or decrease, from that of the carrier (for
zero a.f.) to values which are greater or less by the highest a.f. Thus,
these frequencies change over an upper and a lower side band on the
sides of the carrier. Therefore, in order to transmit an intelligible
signal, a channel or band of frequencies is needed equal to twice the
highest piteh of the sound. A band 5 ke. on each side of the carrier,
or 10 ke. total width, is used in broadcasting. All of the electrical cir-
cuits which handle the modulated-carrier wave in the transmitter and
the receiver should have equal amplification of all frequencies over this
10-ke. band, with zero amplification at all other frequencies. In prac-
tice this can only be approximated.



CHAPTER 17
THE PRINCIPLE OF DETECTION

17.1 Introduction. When a modulated carrier wave has been received,
it is necessary to use a “ detector ” to separate its audio component
from its radio frequency component, if one is to hear the message sent
into the microphone at the transmitter. In other words, the modu-
lated wave must be de-modulated. This may be accomplished by
sending the wave through a non-linear device, i.e., through one whose
current is not directly (linearly) proportional to the impressed voltage.
For example, one may use certain crystals such as galena or iron pyrites
which are much better conductors of current in one direction than in
the other (roughly 10 to 1 better). In Fig. 17 A, the electromagnetic

Tuned Crystal
Circuit Detector
Y Y
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Fie. 17 A. A simple crystal receiver

waves, cutting the antenna wires, induce an e.m.f. whose amount is
strengthened by the tuned circuit. The e.m.f. across the condenser
sends a current ; through the crystal in greater amount in one direc-
tion than in the other, as indicated in Fig. 17 B. The semi-direct-
pulsating current stores energy in condenser C. This, in turn, feeds
through the phones in an amount indicated by the dotted line in Fig.
17 B, whose wave form is like the audio-modulation component of the
input wave, i.e,, like the original audio sound waves at the transmitter. -
17.2 Diode Detector Circuits. A two-electrode tube or diode can be
used as a detector with much more satisfactory results than the crystal
just described. In the circuit of Fig. 17 C, the r.f. current is rectified
114
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by the diode D and flows through the load resistance R. Since (in
the conventional sense) current can only flow from the plate to the
niament of the tube, the voltage drop across R is 4 at the top and

i
/ Current thru the crystal

gl

Fic. 17 B. Principle of a crystal detector

— at, the bottom, as shown. This voltage varies in strength and fre-
quency in the same way as the modulations of the modulated carrier
wave or r.f, input. A typical value of R is 250,000 ohms. Condenser C
must have a reactance for the given r.f. which is small compared with
the resistance of B. If C is too large some of the a.f. will be lost. A
typical value is 250 ppuf.

D
J. @ T —

—_0
F1e. 17C. A simple diode detector circuit

In Fig. 17 D, full-wave rectification is used, the principle of opera-
tion being the same as described in Sec. 11.3. The audio-frequency
voltages are taken out of the circuit through the condenser C,
(= 0.1 ufd.) and the voltage divider or “ volume control ” B, (from
0.5 to 1 megohm). ;

17.3 Plate Detectors. Figure 17 E shows a triode tube used as a detec-
cor. It is heavily biased onto the lower knee of its characteristic curve,
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near the cutoff, in order that it may operate as a rectifier. This is ac-
complished by the voltage drop set up by the plate current in R, (10,000
to 20,000 ohms). C, (0.5 ufd. or larger) bypasses both r.f. and a.f.
around R,. The incoming modulated carrier wave fluctuates the grid
about the bias point and causes the plate current to flow in the manner

T .
input r AF output
[ % Ry
CT R

>Ci

F1e. 17D. A full-wave diode detector

shown in Fig. 17F. The r.f. component of this current is bypassed
through condenser C, (0.001 to 0.002 nfd.). The average a.f. variation,
indicated by the dotted line of Fig. 17 F, which duplicates the modula-
tions of the input wave, sets up a corresponding a.f. voltage across the
load resistor R, (50,000 to 100,000 ohms). This is transmitted to the
output device through the coupling condenser C, (0.1 nfd.). Because
small voltages on the grid can cause comparatively large voltage fluctu-

Cs
RF
output

—o

i
N

AF
R2 output

T ClTQ_B o o

Fig. 17 E. A simple plate detector

ations across the load resistor, this circuit not only detects but also
amplifies the incoming signal.

In the pentode plate detector of Fig. 17 G, the principle is the
same as that for the triode. The bypass condenser C, of the screen
must have a low reactance at both a.f. and r.f.; 0.5 pnfd. or more is used.
The resistors R, (50,000 ohms) and R, (20,000 ohms) are used as a
voltage divider across the B supply to apply the proper potential (30
volts or so) to the screen. C, should be about 250 to 500 uuf.; R, about
100,000 to 250,000 ohms; the other constants as for the triode.

17.4 Grid-Leak Detectors. The triode and pentode detectors of Fig.
17 H are equivalent to a combination of a diode rectifier and an a.f.



117 GRID-LEAK DETECTORS 17.4

amplifier. The grid acts like the plate of a diode rectifier. The d.c.
rectified current flowing through R, sets up a voltage which serves as
the C-bias, while the a.f. currents through this grid-leak set up an a.f.
voltage between its ends which is applied to the grid-filament eir-

Rectified plate current

Ao ﬂ

O<—Eg=Grid voltage

Modulated r.f,

,nﬂ“ﬂmﬂﬂW ]

Fic. 17 F. Principle of plate detection
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Fic. 17 G. A pentode plate detector

cuit (through coil L,). These a.f. voltages operate the tube like an
ordinary amplifier. With triodes, R, ranges from 1 to 2 megohms,
while with pentodes it may be as large as 5 megohms. C, in both cases
ranges from 100 to 250 ufd. In Fig. 17 H, resistance-capacitance cou-
pling can be used at the output, as in Figs. 17 E and 17 G, but trans-
former and impedance units are shown in order to illustrate the various
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types of outputs possible in these four circuits. L in Fig. 17 H should be
very large, say a 500-henry choke. Circuit constants are the same as in
Figs. 17 E and 17 G, except R, and C,, which are given above.

17.5 Regenerative Detectors. Figure 17 I shows a grid-leak detector,
like that described in the preceding section, to which has been added a
tickler coil L, for regenerative feedback. The feedback increases the
amplification very much. With L, and L, wound end to end and in
the same direction, connect the plate lead to the outer end of L,, and the

Fic. 17 H. Grid-leak detector circuits

grid lead to the outer end of L,, in order that the feedback will be re-
generative, The variable bypass condenser C, (maximum of 100 ppf.
or more) is used to control the amount of regeneration. When it has
a large value, its reactance is comparatively small and the regenera-
tion is greater. When C, exceeds a critical value, the circuit breaks into
oscillation. These oscillations are useful for the reception of code
but must not be present for the reception of a speech-modulated
carrier wave. The circuit is most sensitive just before it goes into
oscillation. For code, C, should be set so that the circuit just begins to
oscillate.

17.6 A Super-Regeneration Detector. An alternating voltage from an
external oscillator, whose frequency lies just above the audible range
(say 20 to 100 kc.), can be applied to the grid of a regenerative de-
tector which has been adjusted just to the point of oscillation. This
serves to shift the operating C-bias back and forth, with the result
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that the circuit goes in and out of oscillation at the super-audible
frequency. The additional regeneration which can then be obtained
makes the circuit extremely sensitive. This circuit has been found to
be a very useful circuit for the ultra-high frequencies, but its tendency
to radiate strongly and to tune broadly has on occasion created serious
interference with other receivers. It is desirable that a tuned r.f.
amplifier stage precede such detectors.

L L, =%
— <
T
T—8
'_‘
L Cs
)
AF output
T %m% -

+ B, 50 volts

Fig. 171. A simple regenerative detector. (L; has from 10 to 25 per cent the
number of turns of L,)

17.7 A Comparison. In judging the performance of a detector, we
are concerned with the following factors: (1) the sensitivity or ratio
of a.f. output to r.f. input; (2) the linearity or accuracy of reproduc-
tion of the wave form of the modulation on the incoming signal; (3)
the loading effect of the detector on the tuned circuit in the input.
Heavy loading lowers the @ of this circuit, broadens its resonance curve,
and makes it less selective; (4) the input ability of the detector to
handle large amplitude input signals without overloading. A com-
parison of the various types of detectors just discussed is given in the
accompanying table,

Detector Type  Sensitivity ~ Linearity  Selectivity — Input Ability

Diode Low Good Poor High
Plate Medium Good Excellent Medium
Grid Leak High Poor Poor Limited
Regenerative  Higher Poor Excellent Poor
Super-Regen-  Still higher Good Poor Medium

erative



CHAPTER 18
GAS-FILLED TUBES

18.1 Introduction. Up to this point we have assumed that the tubes
were so highly evacuated that the passage of electrons through them
was unimpeded by collisions with any gas molecules. We shall now
study the phenomena which occur when a gas is inserted in a previ-
ously highly-evacuated tube.
18.2 The Glow-Tube. If a trace of gas, say argon, is admitted to a
tube containing two cold metal plates, and a battery is connected as
in Fig. 18 A, a current can be made to pass
through the tube and a glow of light will appear
: on the electrodes. Starting at zero and increas-
ing the battery voltage, it will be found that a
{llll'r certain minimum voltage, called the striking
, potential V,, must be applied across the tube
f&f{e lc?r‘;;if glow- before the discharge will start. The value
of V, is different for different tubes and
gases. Figure 18 B shows the effect of changing the pressure of the
gas in the tube,

The time for the discharge to start, after a voltage equal to or
greater than V, has been applied, is usually very small, a few micro-
seconds, especially if the applied volt-
age is well above V,. If, however, the 220
electrodes are contaminated or if sur-
face charges exist, the time lag may Vs
amount to several minutes. The time voLrs)
for the discharge to cease after the volt-
age has been removed varies from a
few micro-seconds to a few milli-
seconds. /80 | N

When the tube is glowing, the ap- 0 Pressure @m)”
pli?d. voltage may be reducgd b(?]ow the Fic. 18 B. Striking potential, Vs,
striking potential, to the extinction volt- o1 helium at different pressures.
age V., before the discharge will cease. (From E. & N. P.)

120
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This is illustrated in Fig. 18 C, where the electric current through the
tube has been plotted vertically and the applied voltage horizontally.

A glow-tube may be used around a high-frequency oscillator to
determine whether the circuit is oscillating or not, and to locate the
regions of greatest r.f. voltage. The higher the voltage, the brighter
the glow in the tube.

A glow-tube may also be used to produce “ relaxation ” oscilla-
tions. In arelaxation circuit, a battery sends current through a resistor
R into a condenser C, charging it rapidly

at first, then more and more slowly. This L
requires a length of time which depends

upon RC (see The Time Constant). The

greater RC, the longer the time required. "
A glow-lamp, connected across the con- l

denser, is in a non-conductive state until Vx IV.s

the voltage across the condenser rises to  pyq. 18 C. Striking and extine-
its striking potential. Then the glow dis- tion voltages of a glow-tube.
charge suddenly starts, and the condenser ~(From E. & N. P)
suddenly discharges until the voltage has dropped to the extinction
potential of the glow-tube. The process then repeats itself. The fre-
quency of the pulsations can be varied over wide limits by changing
R and C.

18.3 The Strobotron. It is possible to control the rate of charge of
a condenser and its discharge through a glow-lamp so as to produce
comparatively large amounts of light in short pulses of predetermined
duration and spacing. A special tube for this purpose is known as a
strobotron. As shown in Fig. 18 D, it contains a cold cathode of cesium

A AAA

+ C v V""" vy .
R :
.:{_Outer grid
c o

| —Inner grid 1
J 7
~}-~\Cold
cathode
- O— é :

F1e. 18 D. A simple stroboscope circuit using a strobotron tube
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compound (to assist in starting the arc) and an anode, an inner grid
of wires and an outer grid made of a graphite ring. The tube is usu-
ally filled with neon gas at about 1.5 cms. of mercury pressure.

In the circuit of Fig. 18 D, the large condenser C (say 4 ufd.) is
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filled through the comparatively low resistance R (a few hundred or
thousand ohms). It will then suddenly discharge through the strobo-
tron to produce a brilliant but very brief flash of light provided the
voltages on the grids are such as to permit the arc to strike in the
tube. A pulse oscillator, whose frequency can be altered, is connected
to the inner grid and serves to control the rate at which the flashes
occur. In one commercial form of the apparatus, called a Strobotac,
the flashing rate can be varied throughout the range from 600 to 14,400
per minute. Although each flash lasts only a few (about 10) micro-
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Fic. 18 E. A gas-filled diode. F16. 18 F. The effect of gases in a
(From E. & N. P.) diode. (From E. & N. P.)

seconds, the currents through the strobotron are so large (several hun-
dred amperes) that sufficient light is emitted to be useful to illuminate
objects in bright daylight.

The pulses of light are used to study vibrating and rotating ma-
chinery by the well-known stroboscopic principle and for high speed
motion-picture work. With single-flash circuits, the tubes are used for
short-stop photography of objects moving at high speed.

18.4 Ionizing Potentials. Figure 18 E shows a hot-cathode diode filled
with a gas such as helium at a pressure of 1 or 2 mms. The current-
voltage curve of this tube is shown at OAP, in Fig. 18 F. The rise of
this curve above that for a highly evacuated diode, OAP,, is due to
the creation of charged particles when the electrons from the filament
collide with neutral gas atoms. If the pressure in the tube is greater,
the amount of this additional current will be greater, as indicated by
the curves P,, P,. It will be observed, however, that these curves all
rise above AP, at the same plate voltage. This means that when the
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electrons are sped up sufficiently, to the voltage V, they are just able
to knock an electron out of an atom. The potential V, is called the
minimum ionizing potential. It gives a measure of the energy needed
to remove the most loosely bound electron in the atom. It is therefore
numerically equal to the energy which this electron possessed while in
a normal undisturbed atom.

Tonizing potentials range between 3.88 and 24.5 volts. The follow-
ing values are of interest in commercial tubes: mercury vapor, 10.39;
argon, 15.7; nitrogen, 16.3; neon, 21.5; helium, 24.5.

The number of atoms ionized per electron collision increases rapidly

from a zero value, just below the ionizing potential, to a maximum value
at 135 electron volts for mercury vapor, 140 for argon, 175 for nitrogen,
340 for neon, and 210 for helium. For electrons of still greater energy
this ionization probability decreases slowly.
18.5 The Disintegration Voltage. Atoms from which electrons have
been ejected are called positive ions. If these ions have been created
in the region between the filament and the plate of a gas-filled tube,
then the positive potential of the plate repels them toward the cathode.
If the energy which they acquire by the time they strike the cathode
is sufficiently small they will not damage the cathode. If, however,
their energy exceeds 20 to 25 volts, for inert gases and mercury vapor,
then the positive ion bombardment will disintegrate the sensitized
coatings on the filament and render it a poor emitter of electrons.

The working range of voltages across a gas-filled tube is given as
the difference between the disintegration voltage and the ionizing po-
tential. If the voltage across the tube is less than the ionizing poten-
tial, the gas will not be ionized, and if the voltage exceeds the disinte-
gration voltage, the cathode will soon be ruined. It is possible, within
limits, to control the voltage drop across a tube by choosing its dimen-
- sions properly so that it is below the disintegration value.

18.6 Gas-filled Triodes. These are known by the commercial trade
names of “thyratron,” meaning “door,” and “ grid-glow” tubes.
Their action is quite different from that of high-vacuum triodes, be-
cause the grid serves to start an arc discharge between the cathode
and the plate, and then loses its ability to affect the magnitude of the
plate current. In order to stop the plate current it is necessary to re-
duce its voltage to zero.* Inasmuch as the grid acts only like a trigger

1 An unusually high negative grid voltage, several hundred- or thousandfold
the normal value, will also stop the plate current,
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to start the plate current, the tubes are comparable in application to
lock-in-relays, wherein a small amount of power is used to turn on
comparatively large currents from a local source.

The magnitude of the plate current depends on the voltage of the
plate supply and the series load resistance and can have values up
to the full emission current of the cathode. In practice, of course, the
upper limit to this current is set by the dissipating ability of the tube.
Plate currents range from a few milliamperes in the smaller tubes up
to hundreds and even thousands of amperes in the larger tubes. The
efficiency of these tubes is very high.

It is possible, in the following way, to understand how the grid
can start the plate current and then cease to function. Suppose that
the grid is quite negative at the start. When the plate voltage is first
connected, electrons from the hot cathode create positive ions and elec-
trons by bombardment of the atoms near the grid. The electrons are
repelled at great speed from the grid, which is negative, whereas the
positive ions are drawn toward it much more slowly, because they are
comparatively heavy. The electrons will have moved away from the
region around the grid while the positive ions are slowly moving to-
ward their destination. Thus a positive ion sheath is formed around
the grid wires. With a highly negative grid these sheaths will be
sufficiently large to overlap each other and prevent the current flow
to the plate. If, now, the grid is made less and less negative, the
sheaths become thinner and thinner until, at a critical value of the grid
voltage called the striking potential, E., they no longer close the larg-
est hole in the grid structure. The electric field on ,the plate is no
longer able to attract electrons from the region between the cathode
and the grid. A current then flows through the plate circuit. Once
the current has started, the sheaths all become very small and, although
subject to small changes in size when the grid voltage is changed, they
cannot be made sufficiently large to stop the plate current. It requires
a reduction of the plate voltage to zero before the current is shut off.

The striking potential of the tube depends on the plate potential,
E,, as shown in Fig. 18 G. Any one of the curves in this figure shows
the value of the grid potential for a given plate potential which will
just start the flow of current through the tube. The curve shows simul-
taneous values of plate and striking potentials, in contradistinction to
the usual graphs which show how one quantity y depends upon an-
other quantity z. In Fig. 18 G, curve A is typical of the so-called
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negatively-controlled tube; B is for the positively-controlled type of
tube. In the latter case, the striking voltage is affected by the forma-
tion of negative charges on the inner surfaces of the glass walls of the
tube.

The smaller tubes, which handle smaller currents and are operated
at lower voltages, contain a rare gas such as argon whose pressure is
unaffected by temperature. The larger, more powerful tubes which

- [0} +
EC GRID STRIKING POTENTIAL

Fi1c. 18 G. The striking curves of gas-filled triodes. (From E. & N. P.)

operate at potentials above a few hundred volts contain mercury
whose vapor pressure varies from 0.001 to 0.1 mm., the higher pressures
for the higher temperatures. As shown in Fig. 18 G, by the dotted lines,
these pressure changes alter the striking potential.

The striking curves of different tubes are not always as straight
as those of Fig. 18 G. When, however, they are straight, their slope
serves as a useful constant of the tube. Thus the grid-control ratio
p is defined as the ratio of the plate voltage E, to the striking poten-
tial E.. The larger this number the more readily will a small change
of grid voltage trip the tube and start the plate current flowing.

A word of precaution is necessary for the practical operation of
this class of tube. The filament must be heated up to its normal operat-
ing temperature before the plate voltage is applied and, second, the
plate voltage must be removed from the tube before the filament is
allowed to cool down. Otherwise the high voltage drop across the
tube will exceed the disintegration voltage and the emitting surface
will be destroyed. On the other hand, when the filament is hot and a
discharge is started, the voltage drop across the tube comes almost
instantly to the safe, fixed value of 10 to 20 volts, depending on the
pressure in the tube and its structure,
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18.7 Gas-filled Tetrodes. A variety of striking-curves can be obtained
with a given tube by adding a second grid. An example of the changes
which can result from change of voltage on this shield-grid type of tube

is shown in Fig. 18 H.
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Plate volts
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2004

—4 0 4 8 12 16
Control grid volts
F1a. 18 H. Striking curves of a hot-cathode gas-filled tetrode (type 2050)



CHAPTER 19
OPERATION OF GAS-FILLED TUBES

19.1 A Counting Circuit. In Fig, 19 A, the relay in the plate circuit
is turned on whenever the grid voltage becomes more positive than the
striking potential of the thyratron. When the relay is energized, its
contact is broken, the plate voltage is removed from the tube, and the
plate current ceases to flow. The moving part or armature of the relay
may be used to operate an ordinary mechanical counting device. Inthe
circuit shown, this is accomplished by means of a ratchet wheel, but
other mechanisms can be used. There is an upper limit to the rate at
which the parts of the relay, ratchet, and mechanical counting device
can move. Consequently there is an upper limit to the rate at which
a succession of impulses can be applied to the grid of the tube and still
be recorded in correct number.

19.2 A Self-Stopping Circuit. In order to stop the plate current of a
thyratron, a relay may be used as described in the preceding section or
a combination of resistors and capacitors may be used, as in Fig. 19 B.

Load
Rz/15,000 ohms
50,000=R,
+
- — Eb
CJ+ )\ T™—
F1c. 19 A. A simple counting circuit. Fic. 19 B. A self-stopping circuit

In order to understand the operation of this circuit, imagine that at
the start there is no plate current and that the grid is more negative
than the critical or striking potential. The condenser C, of considera-
ble capacitance, has been charged by the battery, E;, through the re-
sistance R, (of fairly high value, say 50,000 ohms). Because there is
no potential drop across the load resistance R, (of comparatively
small value, say 10,000 ohms), the full voltage of the condenser is across
the tube. Assume, now, that for a very short time interval, a positive
127



19.3 OPERATION OF GAS-FILLED TUBES 128

potential is applied to the grid, causing it to exceed the striking-value.
Then the plate current is turned on. This results in the sudden dis-
charge of C through E,, and considerable potential drop occurs across
R,. This reduces the plate voltage to zero and shuts off the plate cur-
rent. Between successive pulses on the grid, the condenser is refilled

from the plate battery.
eg €p
D

—3

F1e. 19 C. Applying alternating potentials to the grid and plate of a gas-filled tube

19.3 A.C. Plate Voltage and D.C. Grid Voltage. We shall next exam-
ine some of the interesting possibilities of applying alternating volt-
ages to both the grid and plate circuits of gas-filled tubes, as in Fig 19 C.
Figure 19 D shows what will happen when the plate voltage alternates
and a steady grid voltage is progressively raised from a negative value,
well below the striking-potential, to a value above that potential. At
first, as at the top of the figure, there is no current flow in the plate

Fic. 19D. A thyratron operated with a.c. on the plate and d.c. on the grid. The
plate voltage is ep, the grid voltage is eg, the striking potential is dotted
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circuit at any time. When, however, the grid voltage is equal to the
maximum striking-voltage (bottom of the dotted curve), for the peak
value of the plate voltage, then the plate current is turned on and con-
tinues to flow for the remainder of the positive half-cycle. In other
words, the plate current flows during one-quarter of each cycle, as in-
dicated by the shaded areas. The strength of this plate current is
proportional to the plate voltage.

If the d.c. voltage on the grid is made still less negative, then the
plate voltage will be turned on at an earlier time in the positive half-
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Fia. 19 E. Frequency control of the plate current of a thyratron

cycle and will continue to flow, in an amount proportional to the plate
voltage, until that voltage has become zero. For zero grid voltage the
plate current flows during the entire positive half-cycle, i.e., for one-
half the total time. Thus, by a slight change in the grid voltage, it is
possible to vary the plate current from zero up to a value equal to
the average of a half-wave rectified current.

19.4 Frequency Control of the Average Plate Current. An interesting
case arises when both the plate and grid voltages of a thyratron are
alternating. As indicated in Fig. 19 E, the plate current is not turned
on until the grid voltage becomes less negative than the striking-po-
tential indicated by the dotted lines. For a low frequency on the grid,
this results in current flow every positive half-cycle of the plate for a
certain period of time, i.e., when the grid is passing through its posi-
tive half-cycle; followed by an interval of time, during most of the
negative half-cycle of the grid voltage, when there is no plate current.
When the frequency of the grid voltage is increased, the time intervals
of current flow become longer, until, at a sufficiently high frequency,
the current will flow during every positive half-cycle of the plate
voltage.
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19.5 Phase Control. We next consider an operating condition much
used in practice with gas-filled triodes. We propose, first, to apply a
small alternating voltage to the grid and a large alternating voltage
to the plate by means of two transformers as in Fig. 19 C. Now, by

ngsgéoé?{:ejm o A
R ———-1

3\\\\\\\\\\\\\

¢=0°0 \ ST AT
€g
(d)
egl;e:i;goe% k\\\\§t\\\

lag

€p ey (f)

Fic. 19 F. Phase control of the plate current of a thyratron

some hook or crook, we propose to vary the relative phase of these two
voltages, that is, the relative time at which they reach their peak val-
ues. As shown in Fig. 19 F(a), if the grid voltage reaches its peak
value ahead of that of the plate voltage at a time corresponding to 170
electrical degrees, then the plate current will flow for the duration of



131 PHASE SHIFTERS 19.6

the positive half-cycles, as indicated by the shaded areas. If the grid
voltage reaches its peak value one-quarter of a period or 90 electrical
degrees behind the peak value of the plate voltage, the plate current
will flow for only that portion of the positive half-cycles indicated by
the shaded areas in Fig. 19 F(d). As we adjust the phase of the grid
voltage to lag more and more behind the plate voltage, the plate cur-
rent flows for shorter and shorter intervals of time until, for a half-
cycle or 180° lag, there will be no plate current at all.

100

Resistance load

Inductance
load

o
el
Load voltage
% of max

}-_________

180°lag 90° 0° 180° lead
Grid phase angle

Fic. 19 G. Effect of resistive and inductive loads in the plate circuit of a phase
controlled thyratron

Figure 19 G shows the average value of the plate current or load
voltage for various phases of the grid voltage (with respect to the phase
of the plate voltage), in the case where the load in the plate circuit is
resistive, and where it is inductive,.

19.6 Phase Shifters. In Section 4.5 we learned that the current
through a resistance reaches its peak at the same instant that the
voltage across it reaches its maximum value, i.e., the current and volt-
age are “in phase ” with each other. We also learned that the current
through a condenser leads the impressed voltage by a quarter-period
or 90°, while that through an inductance c R

lags behind the applied voltage by 90°. -—-II—:«IWWVW‘—

In Fig. 19 H, the current from the gen-
erator divides along the two paths r and
RC. In pathr, the voltage and current are L.A.ﬂ.!.ﬂ.ﬂ‘.‘.‘.‘i.‘.‘.‘.‘.‘.‘.‘.‘.‘ >
in phase. In path RC, the current leads the
generator voltage by something between
0° and 90°. Thus the voltage at point 4 Fie. 19H. An RC phase
reaches its peak value ahead of that at shifter
point 2. If R is large, this  phase difference ” between 4 and 2 will be
small, whereas if C is large it will be appreciable.

A phase shifter using an inductance and a resistance is shown in

~
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Fig. 191. By changing L andyor R, the phase difference between the
current and voltage through the load can be changed.

Figure 19 J shows a bridge-type phase shifter where adjustments
of the resistances and condensers permit of changing the output phase

L e,
Load O—9 Input \ Oufput
R

Fra. 19I. An L-R phase Fic. 19J. A bridge-type phase shifter

shifter

from 0° to 180° with respect to-the input. Reversing the leads of
either the input or the output gives phase changes from 180° to 360°.
Figure 19 K shows practical circuits for the phase control of gas-
filled tubes.
19.7 Thyratron Rectifiers. As we have seen in a previous section of
this chapter, the plate current through a thyratron flows only during
the positive half-cycles of the plate voltage. Hence a thyratron may
be used as a rectifier. Furthermore, it is possible to change the output

If R large (), $=180° lag, then | ,=0.
If R small (0), #=360° lag, then |,=max. aver.
C constant

If R large (o), €g in phase e, max. aver Ip,
If R small (0), @¢ 180° lag e, zero Ip.
L fixed

Fic. 19 K. Circuits for the phase control of thyratrons
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current of such a rectifier by the phase-control method just described.
A circuit of this type is shown in Fig. 19 . Two-electrode gas-filled
tubes may be used as rectifiers in the circuits of Chapter 11 whenever
larger current outputs are desired than can be passed by vacuum tubes.
In using hot-cathode gas-filled tubes, it must be remembered that the

=D

Phase shifter

F16. 19 L. Phase controlled thyratron rectifier circuit

cathode is to be hot before the high voltage is applied and is to be kept
hot until the plate voltage has been removed. Otherwise, the operating
life of the tube will be reduced by disintegration of the filament under
positive ion bombardment. It must also be recalled that with vacuum
tubes the internal resistance is sufficiently great to keep the current to
a safe value, whereas, with gas-filled tubes, the current flow is deter-
mined by the applied voltage and the external resistance.

19.8 Inverters. A rectifier circuit is used to convert alternating into
direct current. An inverter circuit does just the inverse; it turns a
direct current into an alternating current.
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Fic. 19 M. The principle of operation of an inverter

The principle of an inverter using gas-filled triodes is shown in
Fig. 19 M. Please examine this figure for a moment. You will notice
that the plates and grids of both the gas-filled triodes have the same
d.c. voltages due to the common plate and grid batteries. The plate
battery is the source of d.c. which is to be converted into an alternating
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current. Now, when a small a.c. voltage is applied to the transformer
at the left of the circuit, the grid of tube 1 becomes less negative, suffi-
ciently so as to start a current in its plate circuit and through the re-
sistance R,. This flow of current makes the top of R, negative and the
bottom positive, which charges condenser C, with negative on the top.
The current in R, continues to flow until the second half-cycle of the
a.c. voltage makes the grid of tube 2 less negative. When the strik-
ing potential of tube 2 is reached, its plate current is turned on and
continues to flow during the remainder of the half-cycle. The voltage
drop in R, charges condenser C in the reverse direction, that is, with

Grid
control

Fic. 19 N. The inverter changes d.c. to a.c.

negative on its bottom plate. This charging current has to pass through
R,. Inso doing, it sets up a potential drop across R, of sufficient mag-
nitude and of such polarity as to make the voltage on the plate of the
upper tube zero, with the result that this tube shuts off. Thus the
upper tube conducts during the positive half-cycles and the lower tube
conducts during the negative half-cycles, each reversal of the a.c. serv-
ing to switch the current from tube 1 to tube 2 and back again.

We thus see that the current surges in and out of condenser C of
Fig. 19 M. A more practical form of the inverter is shown in Fig. 19 N,
In this circuit, the resistors B, and R, of Fig. 19 M have been replaced
by the two legs of the primary of the transformer T',, When the upper
and lower tubes are alternately turned on and off by the grid control,
the rise and fall of the magnetic fields in the primary of the output
transformer induce alternating voltages in the secondary. By resonat-
ing the transformer to the grid control frequency (by means of con-
denser C), a comparatively pure sinusoidal output voltage is obtained.

In Fig. 19 O, the fluctuating voltages on the grids of the tubes are
obtained by feedback through the condensers C, from the plates of
these tubes. In addition, the a.c. output from the inverter is passed
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through a full-wave rectifier tube and then smoothed out with a filter
circuit (not shown). Thus d.c. is converted into a.c., stepped up or
down in voltage by a transformer and, by means of a rectifier, recon-
verted into a direct current. The circuit might be called a “ d.c. trans-
former.”

Inverter ]

10

Rectifier

F16. 190. A “d.c. transformer ” circuit



CHAPTER 20
PHOTOELECTRIC CELLS

20.1 Introduction. When ultra-violet light falls on the surface of
certain metals, electrons are given off. This is called the photoelectric
emission effect and was first noticed, although not understood, by Hein-
rich Hertz in 1887, during the famous experiments in which he dis-

light covered radio waves. Look at Fig. 20 A. Light
falls upon the horizontal zinc plate indicated by the

l l l heavy black bar near the top of the figure. Below
this plate, in the box, is the gold leaf of an ordinary

electroscope. When the light falls on the plate, and
when the leaves of the electroscope are charged
positively, there is no loss of electricity, but when
the plate is negative, the leaves collapse. This
shows that the photoelectrons are negatively
charged. In other words, they are held by the
attraction of a positive plate and are repelled from
a negatively charged plate.

g,ll?d 300?&?;}?(?:(1)}: Figure 20 B shows a photoelectric tube in which
emission of elec- the cathode is the surface upon which light is inci-
trons. (From E. dent and from which electrons are emitted. The
&N.P) anode consists of a single straight wire and is
charged with respect to the cathode by means of the battery V. The
glass bulb surrounding these electrodes is evacuated, or at best contains
only a small amount of gas. In the figure, G is a current-measuring in-
strument of a sensitive type known as a galvanometer. The deflection
of the instrument is greater when more electrons leave the cathode, and
vice versa.

20.2 The Intensity of Light. The practical unit of luminous flux of
light is called the lumen. The International Candle emits a total of
47 lumens in all directions. The luminous flux of light, L, in lumens,
which passes through a given area A4, in square feet, normal to the path
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of the light rays at a distance D (in feet) from a source of candlepower
C, is given by the following equation:

L=CA/D>

The “illumination ” I received on a given surface must not be
confused with the intensity of the light which was given out at the
source. Inasmuch as the light which reaches a surface decreases in-
versely as the square of the distance D from the source, the illumina-
tion I in foot-candles is given by the equation: I = C/D?2,

Light

Cathode Anode

®

Fic. 20 B. A simple photoelectric tube and circuit. (From E. & N. P.)

il

The illumination of a surface placed at right angles to the light
rays and 1 foot from a source whose intensity is 1 candlepower is called
1 foot-candle. Ordinary lighting amounts to somewhere between 2 and
15 foot-candles. For office work it should be between 5 and 30, and
for detailed work, between 15 and one hundred foot-candles. A 60-
watt, 110 volt frosted lamp will give about 30 foot-candles at a dis-
tance of 14.5 inches from the center of the bulb. A light intensity of
0.2 lumens will pass through an opening 1 square inch in area in a sur-
face which is illuminated by 30 foot-candles.

20.3 The Photoelectric Current. The electric current, as measured by
the meter G of Fig. 20 B, is directly proportional to the number of
photoelectrons emitted from the cathode each second. This number
depends, for a given cathode material, upon the intensity and the color
of the incident light. Let I stand for the intensity of a beam of light
of but one color (monochromatic) which falls upon the cathode. It is
found that the number of photoelectrons is directly proportional to I.
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1f the intensity of the light is doubled, the photo-current 7 is likewise
doubled, ete. This is expressed mathematically by the equation:

1= S8 X I, (A constant),

where S is a constant. Figure 20 C tells the same story in a graphical
way. This simple relationship between the photoelectric current and
the incident light is accurate over an extremely wide range of intensi-
ties, from 0.000,07 to 10,000 foot-candles; that is,
i from light intensities less than the eye can detect
up to direct sunlight. It is accurate for thick and
for thin coatings of various materials on the
cathode or sensitive surface. It is also exact when
the incident light is made up of a combination of
I many colors, provided only that the relative dis-
_ tribution of energies in the various colors remains
f;g;nfgsgf? eisp}:ic;- unchanged as the intensity is changed. Depar-
rectly proportional  tures from this simple law, which occur in practical
:ﬁetﬁzhtmtlens“y of  photoelectric cells, are due to the accumulation of
’ layers of negative electricity on the walls of the
enclosing glass bulb. In the modern photoelectric tubes the effect of
these changes is greatly reduced by proper design and position of the
electrodes.
20.4 Photoelectric Currents and the Battery Voltage. Figure 20 D
shows two curves which are identical at the left but differ at the right.
The one marked V is for the case when the photoelectric cell is very
highly evacuated.. The other, marked @, is for the case when there is
a trace of gas in the bulb. The photoelectric current is plotted verti-
cally and the voltage of the battery is plotted horizontally. In both
of these curves it is assumed that the intensity of light and its color
are constant. When the cathode or sensitive surface is only slightly
negative, and the anode slightly positive, the currents are small. As
the battery voltage is increased, the currents quickly rise to a satura-
tion value indicated by the long horizontal portion of the V curve. In
other words, in a highly evacuated photoelectric cell, if the battery
voltage is greater than a certain small value — shall we say 10 volts
—all of the electrons which the light releases from the cathode will
be drawn over to the anode. Then any change in the battery voltage
cannot change the amount of the electrical current because all emitted
electrons are in use, The additional current, shown in the curve G,
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is obtained from the gas in the tube. Electrons coming from the cath-
ode, when sufficiently speeded up by the battery voltage, are able to
eject electrons from the neutral gas atoms. The newly created elec-
trons add their number to the original photoelectrons. In addition, the
“jonized ” atom, which is positively charged, moves toward the cath-
ode. The net result of all of this is that the total current is increased.
Furthermore, it is to be seen from the curve G that it increases very
rapidly as the voltage on the cell speeds up the photoelectrons and in-

>
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F1e. 20 D. The photoelectric currents for different voltages applied to a vacuum
(V) and a gas-filled tube (G). (From E. & N. P.)

K Galvanometer Current

creases the effectiveness with which they can ionize neutral gas atoms.
The battery voltage which can be safely applied to a gas-filled cell,
indicated roughly by the dotted arrow, lies between 75 and 125 volts.
It is usually about 90 volts. Higher voltages may be applied when
the intensity of the light is small, and vice versa. If greater voltages
are used, the positively charged atoms will bombard the cathode too
vigorously and destroy its ability to emit photoelectrons copiously.
20.5 The Time Factor. It has been shown by direct measurements
that there is practically no delay between the time light falls on the
cathode and the time of emission of electrons. Furthermore, when the
light is turned off, the photoelectrons cease to come out of the cathode
almost instantaneously. If there is any time delay for a phototube, it is
less than one one-hundred-millionth of a second.

Suppose the light which falls on the cathode were turned on and
off successively at an increasing rate; then, in the case of a gas-filled
photoelectric tube, it would be found that the photoelectric current
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gradually decreased, by as much as 20 per cent when the frequency is
raised to 10,000 cycles per second. This is due to the gas and not to
any time delay of emission of the photoelectrons from the cathode.

20.6 The Scientific Measure of the ‘¢ Color >’ of Light. Light is known
to consist of tiny waves. The distance from crest to crest or trough
to trough of these waves is called the wave-length. The wave-length
of light ranges from 0.000,04 to 0.000,08 cm., according to the color of
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Fic. 20 E. Relative energies of light radiated at different wave-lengths as compared
with the response of the human eye to these colors. (From E. & N. P.)

the light. The red rays are the longest. Next in order of decreasing
wave-lengths come the orange, yellow, green, blue, and violet rays.
We shall use the symbol A for the wave-length. It can be measured
with very great accuracy by means of instruments called spectrometers.
20.7 Photoelectric Current for Light of Different Wave-Lengths.
There is no simple relationship between the color or wave-length of
the incident light and the photoelectric current. Furthermore, differ-
ent sources of light give off different wave-lengths in different propor-
tions, as shown in Fig. 20 E. The light from the sun is of more nearly
constant intensity throughout the visible spectral region than is the
light from a tungsten filament lamp, where the redder rays are much
stronger than the blue rays at the other end of the spectrum.

Let us suppose, however, that there existed a source of light which
gave out rays of equal intensity at each wave-length throughout the
visible spectrum, from the extreme reds through the extreme violets.
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Let us separate this composite light, color by color, and let each in
turn fall upon the cathode of a photoelectric cell. The photoelectric
current per unit intensity of light is called the yield. Let us now exam-
ine the curves of Fig. 20 F. Only the general shape of the curves has
significance; not their absolute values. One can readily see that at
certain favored wave-lengths the photoelectric current (per unit of
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Fie. 20 F. Speétral distribution curves of some photo-emissive surfaces. (From
(E.& N.P)

light intensity) is very much larger than at other wave-lengths. This
is called spectral selectivity. It is to be noticed that the photoelectric
currents are larger for a cathode surface coated with one material than
with another. For light rays of about 0.000,043 cm. (a deep purple
color) the potassium surface emits electrons copiously. For a surface
of cesium on cesium oxide on a silver base there are two favored colors,
one a very red color at about 0.000,07 cm., and the other in the extreme
ultra-violet region beyond the range of the eye, at about .000,035 cm.
Although retaining their general shape and peaks, the curves for a given
cathode surface will be found to differ somewhat according to the
method of manufacture of the cell. All of this means that certain
types of phototubes are preferable for use in one part of the spectrum
and others are preferable for other colors,
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An important point to be noted in connection with the curves of
Fig. 20 F is that they plunge into the horizontal axis at a definite point.
This long wave-length is called the photoelectric threshold. Light of
greater wave-length than this threshold, falling upon the cell, will fail
to eject electrons from the cathode, while shorter wave-lengths will
do so.

The actual photoelectric currents emitted from a given photo-
electric surface by light from a given source can be determined: (1) by
multiplying the corresponding ordinates of the two curves in Figs. 20 E
and 20 F, and (2) measuring the total area under the resulting curve.

Fic. 20 G. Simple phototube amplifying circuits. (From E. & N. P.)

In order to specify the current from a photoelectric cell, it is neces-
sary to state both the intensity and color of the incident light.

The yield from an exceedingly sensitive photoelectric cell is about
600 micro-amperes per lumen. This corresponds to 5.8 X 10-!* ampere
for the smallest amount of light visible to the human eye (9.6 x 10-13
lumen when the pupil diameter is 6 millimeters). Ordinarily, photo-
electric cells at best deliver from 20 to 100 micro-amperes per lumen.
In sound-on-film, the light flux varies from about 0.01 to 0.04 lumen.
Then the current output is a few micro-amperes. The current through
a small light bulb is roughly 1,000,000 micro-amperes. In other words,
photoelectric currents are quite small and require either delicate indi-
cating instruments or vacuum tube amplifiers.
20.8 Some Phototube Circuits. Two simple phototube amplifier cir-
cuits are shown in Fig. 20 G. The one on the left can be used when the
incident light is of constant intensity or changes at a slow rate. The
circuit on the right is useful when the light intensity changes more
rapidly. Figure 20 H shows a circuit in which a common battery B is
used for both the phototube and the amplifier tube. A useful a.c.-op-
erated phototube circuit is shown in Fig. 201. A gas-filled tetrode
(2051) 1is used to supply sufficient power to operate a relay directly.
The lamp serves the double purpose of providing a beam of light for
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operation of the phototube and to lower the supply voltage to a value
suitable for the filament of the 2051 tube.

20.9 Photoconductivity. The resistance offered by a suitably prepared
thin layer of selenium to the passage of an electric current from a bat-
tery changes according to the amount of light falling upon this material.
The resistance differs greatly according to the method of manufacture.
In some cases it decreases from 10 to 20 million ohms to around 1 mil-
lion ohms when exposed to light. Selenium cells are sluggish in their
response to changes of light intensity. After the light is first turned on

Load

868

+

—n
T
Fic. 20H. The B battery F1e. 201. A practical phototube circuit °

serves both the photoelectric
and the amplifier tube

the resistance decreases sharply. After this it continues to decrease
slowly for several minutes or even hours, depending upon the previous
history of the cell. When the light is turned off the normal dark resist-
ance is not reached until after an appreciable time interval.

20.10 The Photo-Voltaic Effect. In contrast with photo-emissive tubes
and photoconductive cells, which require a battery for their operation,
photo-voltaic cells in themselves act like a battery when they are ex-
posed to light. In one of the common commercial forms, the Weston
Photronic cell, a thin film of properly annealed selenium is formed on
a thick base of iron. When light passes through the thin layer of
selenium and reaches the transition region between the two metals, it
causes electrons to move from the iron to the selenium. In the conven-
tional sense, the iron serves as the positive and the selenium serves as
the negative terminal of a battery. Figure 20 J shows the output of this
type of cell for different colors of light, all of the same intensity. Pho-
tronic cells can send as much as one-quarter of one milliampere through
a low resistance load, even when the illumination is quite moderate,
and hence can be used to operate fairly rugged meters and relays
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directly, without the use of vacuum tube amplifiers. Photoemissive
cells have a high internal resistance but give only small current changes
and require extremely delicate meters or vacuum tube amplifiers. On
the other hand, photovoltaic cells have comparatively low internal
resistance (500 to 6,000 ohms), and deliver quite large currents into
low resistance loads. Photoconductive cells are usually intermediate
between the other two cells.
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F1a. 20 J. Spectral distribution curves of photronic cells 4, compared with the re-
sponse (B and C) of the human eye to different colors. (From E. & N.P.)

If the external resistance or load of a photovoltaic cell is suffi-
ciently low, say less than 100 ohms, the output currents are found to
be directly proportional to the intensity of the incident light. But
when the external resistance is greater than a few hundred ohms, and
especially when the light is very bright, the output current falls short
of the value it might be expected to have. This is due to a leakage of
current in the cell itself. If the light is alternately turned on and off
at increasing frequencies, the current is increasingly lost in the cell
itself, due to its so-called internal capacity. The output becomes neg-
ligible at a few thousand cycles per second. Hence this type of cell
cannot be used in “ talkies.”

20.11 Photo-Multiplier Tubes. The phenomenon of secondary emis-
sion was discussed in Sec. 10.10 and the nature of ¢ voltage ”’ multiplier
tubes was presented in Sec. 15.5. Figures 20 K, L, and M show the ar-
rangement of the electrodes in tubes which take advantage of the mul-
tiplication of electrons by secondary emission. Referring to Fig. 20 L,
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all of the metal plates except the collector have been sensitized so as
to be good emitters of electrons. The number of photoelectrons from
A is proportional to the intensity of the incident light. These are at-
tracted to the next more positive electrode B. The metal plates are
shaped so as to bring as many as possible to B. They strike with suffi-
cient energy to cause the emission of more secondary than incident elec-

A ]
Photo cathode

/Orutput

Fic. 20 K. The shape of the electrodes in a photo-multiplier tube
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F1e. 20 L. A 6-stage electrostatic photo-multiplier tube

trons (say in the ratio of N to 1). The secondaries from B are electro-
statically focused onto C where, again, N secondaries are created by
each incident electron. The total number which then moves toward D
willbe N X N. The process continues, building up more and more elec-
trons until the collector is reached. In an n-stage multiplier tube, there
will appear N" electrons at the collector for each electron released by
the light at the cathode. Thus, if N — 4 and n = 6, the current will be
increased 4° fold or 4096 times. In the tube of Fig. 20 L, the gain is 70
db. more than for a normal gas-filled photocell.

For the tube of Fig. 20 L, voltages on any one electrode may be in-
correctly adjusted by about 5 per cent without seriously changing the
sensitivity of the tube. A peak voltage swing of 75 volts may be
obtained without distortion,
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As an example of the sensitivity of a multiplier, the output may
be 40 milliamperes per lumen with 100 volts per stage. At a light level
varying from zero to 0.05 lumen, the collector current would then
change from zero to 2 milliamperes.

The chief advantage of photo-multiplier tubes lies in their ability
to detect and measure very weak light intensities. With an ordinary
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Fic. 20 M. The R.C.A. 931 multiplier F16. 20 N. Voltage supply for the
phototube tube of Fig. 20 M

phototube, the erratic “ dark current ” or no-light current is often so
great as to mask any current set up by a small amount of light sent onto
the cathode.

Figure 20 M shows the structure of a 9-stage electrostatically-
focused multiplier phototube. When ‘adjusted so that 5 secondaries
appear for each incident electron, the current amplification would be,
theoretically, 5° or approximately 2 million. The dark current is equiva-
lent to that produced by about 10-¢ lumen; in other words, is exceed-
ingly small. Approximately 1250 volts are used, 400 of which are
applied between dynode No. 9 and the collector. With 100 volts per
stage, the sensitivity is 0.6 amp./lumen and the amplification proves to
be 60,000. With 125 volts per stage, the gain is approximately one-
quarter million. The tube is unusually responsive in the blue part of
the spectrum. A typical voltage supply system for the tube is shown
in Fig. 20 N.



CHAPTER 21
CATHODE-RAY TUBES

21.1 Introduction. There is an analogy between the action of light
rays in optical systems such as lenses and prisms, and the action of
electron streams in electric and magnetic fields.

Suppose a ray of light were to pass through a glass prism as in
Fig. 21 A(a). It would be found that the blue rays of light are bent

(2 @)

1€)) % (3] Q ¢ I
© Z : © @

Fic. 21 A. A comparison of light rays passing through glass systems (on the left)
with cathode rays in electrostatic fields (on the right). (From E. & N. P.)

more than the red rays of light. Now consider the analogous case of a
narrow pencil of electrons passing between two metal plates, one
charged plus and the other minus, as at (a’) of this figure. Since the
faster electrons remain in the electrostatic field of the condenser for
a shorter period of time, they are bent away from their straight line
path less than are the slower electrons. The light rays are dispersed
by a glass prism into their component colors, and the electron rays are
dispersed into their different electron speeds. We conclude that there

147
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18 a reasonable comparison between the extent to which different colors
of light are bent and the extent to which different velocity electrons are
bent. Now, there is a quantity in optics, called the index of refraction,
which serves as a measure of the extent to which light rays are bent.
We may, analogously, use the velocity of the electrons as a measure of
the extent to which they will be bent. It can be said at this point,
without further details, that it is possible, starting from this analogy,
to carry over en masse the mathematics of optics to serve as the mathe-
matics for the calculation of the action of both electric and magnetic
fields upon rays of electrons in vacuum tubes.

W,

\

Fi1a. 21 B. A double-gauze electron lens. (From E. & N. P.)

Figure 21 A(b) shows the focusing action of a glass lens upon
light rays, while (b”) shows the analogous focusing action of two nega-
tively charged balls upon a parallel beam of electrons. It is to be
remembered that electrons are negatively charged and are repelled by
the negative charges of the balls. It is necessary that this repulsion
increase by the proper amount off the axis if electrons at different dis-
tances from the axis are all to come to the same focal point.

Figure 21 A (c) shows how a bi-concave lens diverges the rays of a
beam of parallel light. Analogously, the two positively charged metal
balls of (¢’) of this figure diverge the electrons in such a way that they
spread out. They all appear to have come from a common source on
the left of the charged balls.

21.2 Electron Lenses. In Fig, 21 B, the heavy dashed lines represent
two metal gauzes, curved as shown and electrically charged by the bat-
tery V, with positive on the right-hand gauze and negative on the
left-hand gauze. An electric field is, therefore, established between
the gauzes. Its direction is from the positive to the negative. This is
the direction of the force action upon positive charges. A stream of
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electrons, whose velocity is represented by the symbol v,, comes from
the left and enters the electric field. Remember that electrons are nega-
tively charged. When they enter the region between the two gauzes, the
electric field tries to bend them immediately along its lines of force.
Their forward momentum, however, opposes this deflection. As a re-
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Fia. 21C. A single-aperture electron lens. (From E. & N. P.)

sult, they travel along a curved path which more and more approaches
that of the electrostatic lines of force. After passing through both
gauzes, they continue along their new paths at the higher velocity v,.
The shaded area in the figure indicates the total region occupied by the
electrons. The fact that the various electrons in this region come to
a common focal point is only possible if the gauzes have been so curved
that the resultant of the electrostatic deflecting force and the forward
momentum of the electrons is directly propor-

tional to the distance of the electrons from the l

axis.

The first electron lens to be treated mathe-
matically is shown in Fig. 21 C. This is called
a diaphragm-hole or single-aperture lens. A
parallel beam of electrons in the metal can
(indicated by the heavy lines at the left of I
the figure) are deflected by the distorted elec-
trostatic field in the hole at the end of the can, F- 21D. A two-aper-
. . ture lens
in such a manner as to be converged toward the
metal plate (represented by the heavy vertical line at the right of the
figure). By proper adjustment of the voltage of the battery V and
the speed of the electrons, they can be brought to a sharp focal point
on the metal plate.

Combinations of two or more diaphragm lenses, as in Fig. 21D,
have been used to produce magnified, inverted, real images of the sur-
face of filaments, thus permitting detailed studies of the emission of
electrons from various minute portions of cathodes or hot filaments.
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An electron lens can be formed by means of two metal cylinders
charged to different potentials. These are known as double-cylinder
lenses. When a parallel bundle of electrons, traveling at a constant
velocity, as in Fig. 21 E, enters the electrostatic field between the ends
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Fic. 21 E. A double-cylinder lens. (From E. & N. P.)

of the cylinders, it is converged toward a point, O in the figure, because
the electrons must assume a compromise motion between their forward
paths and the direction of the electrostatic lines of force. After passing
the gap between the two cylinders, the electrons find themselves in an
electrostatic field which causes them to diverge. But, at this point,
the electrons are traveling faster, having been accelerated across the
gap by the voltage V. Their momentum being greater and the electric
field being the same, their divergence will not be as great as their con-
vergence. Hence they continue down the cylinder, converging toward
a more distant point.
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Fia. 21 F. A short-focus double-cylinder lens. (From E. & N. P.)

In Fig. 21 F, the second cylinder is larger than the first cylinder,
with the result that the electrostatic lines spread out more in the second
cylinder. This means that the electrostatic field in this region is weaker
and its divergent action on the electrons is less. Hence the electrons
come to a focus sooner than in the case where the two cylinders are of
the same diameter.
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21.3 Electron Guns. In many radio tubes there is a centralized fila-
ment, surrounded by the various grids and plates. The electrons spread
out from the filament radially in all directions. We might say that
they are “ broadcast.”

There is an entirely different class of tubes, namely, catliode-ray
tubes, television tubes, positive-ray and atom-smashing machines,
which require that the charged particles should not spread in all direc-
tions from their source but should be confined to a parallel beam, or,
at most, should diverge but slightly along their entire route to the end
plate.

Az
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Fic. 21 G. The electron gun of a cathode-ray tube. (From E. & N. P.)

Figure 21 G shows an electron gun used in a cathode-ray oscillo-
scope. The cathode, K, is of the indirectly heated type wherein a hot
wire is mounted inside a small metal thimble about the size of the
lead in a lead pencil. The front end of this thimble is concave and is
coated with chemicals which render this portion of the structure a good
emitter of electrons. This cathode is surrounded by a metal cylinder,
G, having a metal diaphragm with a small hole directly in front of the
cathode surface. This “grid ” is charged negatively with respect to
the cathode. As a result, the electrons, which are themselves negative,
are prevented from diverging from the cathode and are bent inward
along the axis of the tube, even to the point of crossing over and again
starting to diverge on the other side of the axis. According to the po-
tential of the grid, larger or smaller numbers of electrons are brought
along the axis of the tube, or are permitted to diverge and be lost inside
the gun structures. In other words, the grid serves as the chief control
of the number of electrons which leave the gun. The number of elec-
trons in the cathode ray or electron beam is easily changed by turning
the knob of a rheostat which varies the voltage of the grid.

In front of the grid of Fig. 21 G, there is a cylinder A, containing
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several metal diaphragms with holes in them. This is called the first
anode. It is charged positively with respect to the cathode, to a poten-
tial of several hundred volts. Beyond the first anode there is a shorter
but larger diameter anode A4,, charged to a much higher potential, in
some cases amounting to several thousand volts. The electric field set
up between the two anodes serves, as in Fig. 21 F, to bring the electrons
into a near-parallel beam. The electrostatic field between the two
anodes can be shown to be the equivalent of a thick, unsymmetrical
converging lens. Its focal length can be readily changed, within limits,
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Fic. 21 H. A modern electron gun Fia. 211. A gun for the pro-
duction of intense electron
beams

by varying the voltage applied between the two anodes. In this respect,
electron lenses are greatly superior to optical lenses. With a twist of
the wrist to turn a rheostat, it is possible to change the focal length
of the lens. Glass lenses cannot be so changed, but the crystalline lens of
the human eye can be made of shorter focal length by the muscles which
control it.

The gun structure of Fig. 21 H is used with television pickup tubes.
The gun of Fig. 21T produces very intense electron beams (2 ma. at
10,000 volts concentrated into a spot only 0.3 mm. in diameter). It
uses both electrostatic and magnetic focusing.

21.4 A Cathode-Ray Tube. The cathode-ray tube in Fig. 21 J consists
of a highly evacuated glass tube containing an electron gun at one end
and a fluorescent screen at the other end. The fluorescent screen con-
sists of certain chemicals deposited on the inside walls of the end of
the tube. The chemicals or “ phosphors ”’ are sometimes willemite, cal-
cium tungstate, or phosphorescent zinc sulfide, rendered active by traces
of other substances. When these chemicals are struck by fast moving
electrons, they emit visible light, the color of which is green, white, yel-
low, or blue, depending upon the screen material. After the electron
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impact, the emission of light persists for a more or less short-time in-
terval, usually a small fraction of a second and again depending upon
the nature of the screen material. Screens are classified as of long,
medium, and short persistence. They are also classified according to
the color of the light, the green proving useful for visual observation
since the eye is most sensitive to this color, the blue being more satis-
factory for photographic purposes, and the white for television appli-
cations.
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Fic. 21J. A cathode-ray tube

While passing through the tube from the gun to the screen, the
electrons pass between the plates of small condensers, called the deflec-
tion plates. When one of the plates is made positive and the other
negative (by means of an external battery or an applied signal), the
electrons are attracted toward the positive plate and are repelled from
the negative plate. As seen on the fluorescent screen, the spot of light
is moved to a new position away from the central point. When an alter-
nating potential is applied to the deflection plates, the electrons are
alternately deflected back and forth to produce a line of light on the
screen.

Often there are two sets of deflection plates in a cathode-ray tube
as indicated at zz and yy in Fig. 21 J. The two pairs of plates are
mounted at right angles to each other and hence can move the electrons
back and forth on the screen in the X and Y directions, permitting the
production of curves as on an ordinary sheet of graph paper.

The amount of deflection caused by the deflection plates depends
upon the speed of the electrons, the voltage applied to the deflecting
plates, and their separation. The deflection sensitivity is usually de-
fined as the number of millimeters movement on the screen produced
by one volt on the deflection plates. For small tubes, this amounts to
about 0.1 mm./volt. It is greater when the anode voltages are smaller,
and vice versa.



214 CATHODE-RAY TUBES 154

In certain cathode-ray tubes, the electron beam suffers its deflec-
tions before its final acceleration to a high velocity. This offers the
advantage that only a small deflecting voltage is required in order to -
move the electrons large distances across the screen. It is easy to
deflect slow electrons by large amounts because they stay for a longer
time in the electrostatic field of the deflecting plates.

It is also possible to deflect the electron beam by means of mag-
netic fields. This is accomplished by passing a current through small

+
>
nput = 2 o+
vtl)lt%gei 2 High voltage
0—‘ = D.C. supply
Input < ?
voltage;

2
S Grid
00— 4

Fic. 21 K. A typical cathode-ray tube circuit. Three-inch 906 tube. R, and R, =
1 to 10 megohms. R, =05 megohms. R,=200,000 ohms. R;=20,000 ohms.
High voltage = 1300 volts d.c.

coils mounted close to the glass envelope on the outside of the tube, in
the same relative positions as the electrostatic deflection plates.

A typical cathode-ray tube circuit is shown in Fig. 21 K, together
with suitable constants for the RCA 906 tube. Changing the position
of the sliding contact on the potentiometer R, changes the number of
electrons passing out of the gun and hence the intensity or brightness
of the spot of light on the screen. Changing the sliding contact on R,
changes the focus or sharpness of the spot on the screen. To some ex-
tent, a change of either of these controls affects the other. The sharpest
focus is obtained when the beam current is low. The input signals,
which are to be observed and studied with this machine, are applied
across the resistors B,R,, and hence across the deflecting plates. These
resistors, which are of one or more megohms, are used to drain off any
accumulation of charge on the deflection plates. Often, adjustable d.c.
voltages are also applied to the deflection plates so that the spot can be
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brought to the center of the screen when stray electric and magnetic
fields are present. Inasmuch as only a small amount of current and
power is required for the high-voltage d.c. supply, a half-wave rectifier
may be used with a single 0.5 to 2 pfd. condenser across its output. It
will be noted that one side of each deflector, and anode 2, is at ground
potential. Anode 1, the cathode, and the grid are all at negative poten-
tials below ground.

21.5 Picture Tubes. Cathode-ray tubes are used in television receiv-
ers. A typical kinescope is shown in Fig. 21 L. The neck of the tube
is kept narrow over the region D in order that magnetic deflecting coils

o
+250 +1225
Secand First
grid anode

S

Second anode

Screen

Fic. 21 L. A kinescope (No. 1804)

can be mounted close to the beam. The glass envelope is then enlarged
rapidly so that the electrons can be deflected over a large screen with-
out striking the walls of the tube. The second anode consists of a con-
ducting surface (sometimes “ aquadag,” a colloidal graphite deposit)
extending over much of the inner surface of the tube, as indicated by the
dotted lines in Fig. 21 L. This offers a field-free space and helps return
the electrons from the screen. With high voltages on the second anode,
the electrons strike the screen with considerable energy and produce a
bright image. If the spot is not cut off by the C-battery, it must be
kept in rapid motion or it will destroy the screen material. In some of
the tubes, the electrons must pass through a very thin metallic coating
deposited over the screen material. This coating assists them to return
to the cathode. If a negative charge accumulates on the screen, it will
serve to deflect away oncoming electrons, and distorted patterns result.

Normally the tube is operated with a C-voltage as in Fig. 21 L, or
with a cathode resistor, so that the first grid cuts off all electrons and
the light does not appear on the screen. A positive signal applied to the
first grid decreases its negativeness and allows electrons to proceed

down the tube. The brightness of the light on the screen depends on
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the beam current (number of electrons per second which strike it). A
plot of the beam current versus the control (first) grid voltage looks
very much like the characteristic curve of a triode. The grid must not
go positive or excessive currents will flow and the tube will be damaged.
21.6 The Iconoscope. In television there is need for a device which will
convert impulses of light into equivalent fluctuating electrical currents,
just as the microphone is used to generate electrical currents which are
proportional to the sound waves which reach it for the cases of broad-
casting and public address systems. One type of television pickup tube

Ring collect Photo mosaic, Insulator,

I Cathode ray.

Signal plate

F1a. 21 M. An iconoscope and its circuits

is called the zconoscope. Icon means “image ” and scope means “ to
see” (tele-scope, a long distance “see-er ”’; micro-scope, a small ob-
ject “see-er ”’). Figure 21 M shows a modern iconoscope and its asso-
ciated circuits.

The photo-mosaic consists of a large number of tiny photo-sensitive
globules in a single layer, supported on a thin insulating surface (mica)
and insulated one from the other. Cne method of forming the mosaic is,
first, to dust silver oxide particles over a mica sheet, then to properly
heat the unit so that the oxide is reduced. The silver draws up into
tiny droplets, separate from each other. These droplets are sensitized
to light during a later stage in the manufacture of the tube, much as
an ordinary photoelectric cell is prepared. A metallic coating is de-
posited on the back of the insulating sheet to form the completed unit.

When an image of a distant object is formed on the mosaic by
ordinary glass lenses, as in Fig. 21 M, photoelectrons are ejected from
each globule and pass to the positive conducting surface 4,. The num-
ber of photoelectrons emitted by a droplet depends upon the brightness
of the light which strikes it and the time during which the emission is



157 THE IMAGE DISSECTOR 21.7

allowed to continue. As each globule continues to lose electrons (nega-
tive charges), it acquires a proportionate positive charge.

From the side arm of the iconoscope, an electron gun sends a sharply
focused beam of electrons onto the mosaic. By means of deflecting
coils, the cathode ray is deflected back and forth across the mosaic in
a succession of horizontal lines from top to bottom, scanning the entire
surface in 1/30 of a second. As the beam passes over a positively
charged droplet, it suddenly replaces the electrons which were lost by
photo-emission. The sudden reduction of positive charge on the drop-
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Fic. 21 N. An image dissector with an electron multiplier. Used as a television
pick-up tube

let induces a positive charge on the signal plate (see Fig. 21 M) and
hence on the grid of an amplifying tube T. The amount of this posi-
tive impulse is proportional to the amount of light which caused photo-
electrons to be emitted from the globule during the time between two
successive scannings by the cathode-ray beam. The summing-up of
the light over this time interval results in more sensitive response to
feeble light intensities,

As the cathode ray progresses from one part of the mosaic to
another, a succession of impulses is delivered to the amplifying tube,
proportionate to the amounts of light emitted by the corresponding
parts of the object. Thus a complete picture or frame is scanned every
1/30 second. This means that the picture is scanned 30 times every
second. The impulses applied to T (Fig. 21 M) are amplified and used
to modulate a transmitter, as in the case of the currents from a micro-
phone.

21.7 The Image Dissector. A different form of pickup tube for tele-
vision is known as an tmage dissector and is shown in Fig. 21 N. An
image of a distant object is projected on a photo-surface. Electrons
emitted from different small areas of this surface are brought in suc-
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cession to an opening in a multiplier tube by means of deflecting coils
(not shown in the figure). In the multiplier, they strike a first-stage
sensitive surface where they cause the emission of, say, two or three
secondary electrons per incident primary. These pass either to the
collecting ring (see Fig. 21 N) or to the back side of the “scanning
aperture "’ to produce an additional number of electrons by the second-
ary process.
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Fia. 21 0. An electron telescope

21.8 An Electron Telescope. With glass lenses, an image of a distant
object is projected onto a photosensitized surface, as at the left of Fig.
21 0. A set of positively charged metal rings focuses the electrons
emitted from each point of the photocathode onto a fluorescent screen
to give a visible image. Invisible ultra-violet or invisible near-infra-
red rays may be used instead of visible light rays.

21.9 Magnetic Focusing. In Fig. 21 P, electrons from the hot filament
are accelerated and collimated so as to focus at the center of the screen
S. An alternating potential is applied across the deflection plates and
sweeps the electron beam back and forth. A line instead of a spot is

i1

F1a. 21 P. Magnetic focusing. A long solenoid (not shown) around the tube sets
up the magnetic field H. (From E. & N.P)

T
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then observed on the fluorescent screen. Finally, a magnetic field, H,
is applied, with its lines of force parallel to the axis of the tube and ex-
tending along the entire path of the electrons. This field does not
change the forward motion of the electrons but it does act upon the
transverse motion produced by the deflection plates. The electrons will
be deflected in circular paths in planes at right angles to the axis of the
tube at the same time that they move down the tube. The combination
of their circular and forward motions
is such that the electrons travel in !
helical paths down the tube, as shown i
in the figure. !

If it were possible to see the elec- )
trons from the screen end while they
moved down the tube, it would be
found that the circular paths of the
various electrons are all tangent to the
axis of the tube. This is indicated in
Fig. 21 Q, where the black dot repre- . 21 Q. Projection of electron
sents the intersection of the axis with paths on the screen. (From E. &
the screen. Fast electrons travel in N- P
larger circles, and vice versa, but the time of rotation is the same for all.
(This is also the basic law of cyclotrons.)

Let the electrons all have the same velocity. Then let the mag-
netic field be slowly increased in strength until the time required for
the electrons to make one complete revolution is equal to the time for
them to travel from the deflecting plates to the screen. Then all elec-
trons will be focused at the central spot. If the magnetic field is still
further increased, the electrons will make more than one complete revo-
lution while traveling down the tube. If they make two complete revo-
lutions during this time, they will again be brought into the sharp focus
on the screen.!

By analogy, we may liken the magnetic field to a converging lens
whose focal length is proportional to the velocity of the electrons and
inversely proportional to the strength of the magnetic field. Thus, a
strong magnetic field, twisting the electrons in the manner just de-
seribed, is the equivalent of a lens, '

It is not necessary that the magnetic lens extend along the entire

1 Tt is possible to measure the ratio of charge to mass of electrons with this

apparatus. See Chapter 2, Electron and Nuclear Physics, by J. Barton Hoag.
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F1a. 21 R. A thin magnetic lens

path of the electron beam in order that it shall serve as a converging
lens. In fact, the magnetic field may be confined to an exceedingly
short distance along the axis of the tube and still serve to focus the
electrons sharply on the screen. In Fig. 21 R, the thin disc-shaped
magnetic field produces a magnetic field which extends along the axis
of the cathode-ray tube only a few centimeters. With smaller diameter
magnetic lenses, the field can be confined to only a few millimeters.
Electron Ligt ~ Such ‘“ thin lenses” are used in electron
source source . . .
microscopes. The principle of the electron
microscope can be seen from Fig. 21S.
Here a stream of high velocity electrons
are rendered parallel by a magnet m,.
They pass through a very thin slice of
some object which is to be magnified.
Some of the electrons are stopped by the
object and others get through, just as some
of the X-rays passing through the human
body are stopped by the bones while
others get through the flesh. Electrons
which pass through various parts of the
object o are focused by the magnetic lens
m, to form an image of the object at I,.
] This image is a shadowgraph, since it is
gg}'): i fﬁl;giz dii?tc}tlrfﬁe éﬁciﬂzi produced by transmission through the ob-
microscope ject rather than by reflection from it.

I.
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Furthermore, with m, close to the object and I, far away, the image is
greatly magnified, as much so as can be accomplished with an ordinary
optical microscope. Electrons which pass I, are again focused by the
third magnet m, to the new and again greatly magnified image I,. A
fluorescent screen or photographic plate is placed at I,. Magnifications
as great as 100,000-fold can be produced by this double magnification
system. But of still greater importance is the fact that the small parts
of the object, when thus magnified, can be distinguished one from the
other, Stated technically, the resolving power is much greater in the
electron microscope than in the optical microscope. In fact, objects as
small as 0.000,000,5 cm. have been observed and studied with this in-
strument. This is an extension of approximately 100 times that of opti-
cal instruments.



N CHAPTER 22
THE OPERATION OF OSCILLOSCOPES

22.1 Introduction. An oscilloscope is an instrument which contains a
cathode-ray tube with its power supplies, with amplifiers for the de-
flection plates and with special circuits which permit the electron beam
to be deflected over the screen surface in prearranged patterns. There
are a great many uses to which the oscilloscope can be put, among which
we may mention: studies of the wave form of various voltages and
currents; instantaneous plotting of curves such as those of tubes or of
the hysteresis phenomena in magnetism; the measurement of phase and
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F16. 22 A. A simple sweep circuit

time delays; the measurement of frequency; checking of the alignment
of radio amplifiers; measurement of the percentage modulation of trans-
mitting tubes; as the picture forming element of a television receiving
set, etc. Most of the applications fall into the following simple classifi-
cations:
1. The study of change of voltage or current with time.
2. Comparison of two voltages or currents with respect to their rela-
tive amplitudes.
3. Comparison of the relative phase of one current with another, of
one voltage with another, or of a current with a voltage.

As examples of the first class of problems we may cite: measure-
ments of the time of delay of pulses returning from reflecting bodies
such as the ionosphere, studies of fading, of field strength, and the wave-
form of atmospherics. As examples of the other two classes of meas-
urements we may cite: direction finding on individual atmospherics,
or on signals of short duration, and studies of the polarization of waves
or pulses.

162
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In this chapter we shall concern ourselves with the oscilloscope
itself. Applications of this instrument will be found at various places
in the book, associated with the particular equipment under observa-
tion, test, or measurement.

22.2 A Simple Sweep-Circuit. In order to deflect the spot of light
across the screen at a uniform rate, special * sweep-circuits ”” have been
developed. A crude but simple circuit is shown

in Fig. 22 A. Here, a battery whose voltage is E

sends a current through the resistor R into the '

condenser C. The rate at which the current flows |

into the condenser depends upon the value of R time——>

and C. As shown in Fig. 22 B, it occurs rapidly Fic. 22 B. Current flow
. into the condenser of

when the battery is first connected, then more and  Fig. 22 A

more slowly as the condenser becomes charged.

Across the condenser in Fig. 22 A is a glow-tube, which will start to con-

duct electricity only when the voltage applied to its terminals has risen

to a definite value, called the striking potential (E;). When the voltage

across the condenser terminals has reached this critical value, the glow-

tube becomes conductive and the electricity in the condenser suddenly

empties out through the low resistance glow-tube’s path. The glow-tube

becomes non-conductive or “ shuts off ” at a low voltage called the ex-

tinction potential E.. When the condenser has suddenly discharged its

electricity, and the glow-tube has become non-conductive, electricity

again comes from the battery slowly through the resistance R, to refill

the condenser and repeat the cycle of events. The voltage across the

condenser rises and falls in the manner shown in Fig. 22 C.

time—>

Fic. 22 C. Voltage across the condenser of Fig. 22 A

The frequency of the relazation oscillator, described in the preced-
ing paragraph, depends upon the size of R and C, and upon the com-
parative voltage at which the glow-tube strikes, and the battery volt-
age. Suppose we keep everything the same except the resistance R.
As R is decreased, the time required to fill the condenser becomes less and
less and the frequency of oscillations is increased, as shown in Fig.
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22 D. Similarly if C is the only variable, and its value is made smaller
and smaller, the time needed to raise the voltage across its terminals to
the striking-potential of the glow-tube becomes less and less and the
frequency of oscillations again is increased. In other words, the time
constant RC (Sec. 3.6) determines the frequency of the oscillations.

We now suppose that all parts of the circuit remain constant except
the glow-tube. Imagine that we have at hand a series of glow-tubes

F1c. 22 D. The effect of changing R and C in Fig. 22 A

so constructed and with internal gas pressures such that they strike at
different potentials. If we use the tube with highest striking-potential,
then it will take a longer time before the voltage across the condenser
has risen sufficiently to strike the tube, whereas if we use a tube with
a low striking-potential, the condenser’s voltage will be sufficient to
strike the tube after a comparatively short
time interval. These conditions are shown
in Fig. 22 E.

The voltage across the condenser
(which we intend to apply as a sweep-
voltage for a cathode-ray oscilloscope) is
Fig. 22E. The effect of chang-  dependent on the frequency of the oscilla-
g}gt;};ej; il:-l&gbgoitfnlgiizl. (2};351; tions, as can be readily seen in the preced-

ing figure.
22.3 An Approximately Linear Sweep-Circuit. For use with an oscil-
loscope, we desire a curve of the saw-toothed shape shown in Fig. 22 F,
rather than that developed by the simple relaxation oscillator just de-
scribed. Voltages of the type shown in Fig. 22 F, when applied to the
horizontal deflecting plates of the cathode-ray tube, will produce a
linear sweep ! of the electron beam across the screen. This means that

1 When a certain quantity Y is plotted against another quantity X to yield a
stratght line on the graph, Y is said to vary linearly with X. This means that if
X is changed by a certain amount, resulting in a certain change in Y, then twice the
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as the voltage slowly rises at constant rate, the beam is deflected at
constant velocity from the left side of the screen to the right. In other
words, the time it takes in traveling a unit distance in the X direction
at one point will be exactly equal to the time required to travel an
equal distance at some point farther along the axis. Having traveled
to the extreme right end of its path, the electron beam is suddenly
flipped back to its starting position on the left of the screen just at the
moment the voltage across the deflecting plate is suddenly reduced to
zero by the sudden discharge of the condenser. In general, the fly-back
time must be made as short as possible in comparison with the sweep-
time, i.e., in Fig. 22 F, t, must be only a small fraction to ¢,.

The voltages developed by the
simple relaxation oscillator described
above, and shown in Figs. 22 C, D, and
E, would not give a uniform or linear
sweep. The electron beam would be l‘——t,—ﬁtf‘- t
deflected rapidly at first, then at a ¢
slower and slower rate toward the
other side of the screen, as the con-
denser approached its full charge. This non-linear feature is undesir-
able because it distorts the form of a wave applied to the Y deflecting
plates. Hence we proceed to a description of certain modifications of
the sweep-circuit which will cause it to develop a linear sweep.

If the voltage of battery E in Fig. 22 A is made very great in com-
parison with the striking voltage of the glow-tube, then the discharge
of the condenser will occur very early along the curved path of Fig.
22 C, such as at point P. Since only a short portion of the curve is
used, the voltage rise across the condenser takes place at almost a con-
stant rate. There are, however, better methods of insuring the linearity
of the sweep, which have the added advantage of ease of changedin the
time and amplitude of sweep.

22.4 A Linear Sweep-Circuit. In the first place, resistor B of Fig. 22 A
is to be replaced by a pentode tube, as shown at P in Fig. 22 G. The
pentode is operated with a sufficiently high plate voltage that its plate
current is constant despite variations of the plate voltage. In other
words, the tube is to be operated well along on the curve; on the straight
horizontal section of the curve in Fig. 15B. A current-limiting tube

Fic. 22F. A saw-toothed wave-
form which will give a linear sweep

change in X will cause double the change in Y. In other words, Y is directly pro-
portional to X. The graph of Y vs. X is a straight line; hence the term “ linear.”
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such as this might be thought of as a variable resistor whose nature
was such that, despite different voltages applied to its terminals, it
would only pass a fixed and constant value of current. In addition,
the use of a pentode makes it possible to vary the amount of this con-
stant current by changing the voltage on the grid of the tube. When
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F1a. 22 G. The pentode P replaces resistor R of Fig. 22 A and passes a constant
current, regardless of the voltage between its plate and cathode

the tube is highly biased, this constant current will be small, whereas
when the grid is less negative the current will be of larger value, but
still independent, of the voltage applied across the tube from its plate
to its filament. When the current flows into the condenser rapidly, it
reaches the striking-potential and discharges more frequently than
when the current flows in at a slower rate. Thus the control rheostat
of the pentode serves to change the frequency of the oscillations with-
out altering their amplitude.

A thyratron may be used in place of the simple glow-tube of the
elementary sweep-circuit. As shown in Fig. 22 H, the cathode is con-
nected to the negative side of the condenser and the plate is connected
to the positive side. A negative voltage is applied to the grid of the
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Fia. 22 H. The thyratron T replaces the glow-tube G of Fig. 22 G



167 A SECOND TYPE OF LINEAR SWEEP-CIRCUIT 225
\

thyratron and is adjusted by means of the rheostat R, to such a value
that the arc between cathode and plate does not occur until the process
of charging the condenser has raised its voltage to the desired striking-
potential. When, however, the plate potential has risen to this critical
value, the condenser is suddenly discharged through the tube, the volt-
age on the plate suddenly decreases and, aided by the potential drop
across the small resistor R,, becomes zero or even negative. This, of
course, shuts off the current and the condenser starts to refill. A simple
change of rheostat R, changes the fixed C-bias of the thyratron and
hence the voltage at which the tube starts

to conduct. If the grid voltage is small, g
the charging of the condenser takes only T —{-—-
a small time to raise its potential to the % T ¢
point where the thyratron becomes con- 1,
ductive. In this case, the maximum M
voltage across the condenser will be small, J,
)

but the frequency of sweeping will be
high (or the time for one sweep will be F1a. 221. A sweep circuit oper-
small). On the other hand, if the grid of ?;gfcgﬁ)ghe principle of block-
the thyratron is made more negative, the

voltage on the plate must rise to a higher value before the tube will
“ strike ” and discharge the condenser. This means that the amplitude
and the time of sweep will both be comparatively large.

The ratio of the time to charge and discharge the condenser in the
circuit just described can be made as great as 1,000 to 1. Thus the
fly-back time will occupy only an insignificant portion of each cycle.
This time is primarily determined by that required for the ions in the
thyratron to recombine to form neutral particles, i.e., it depends on
the de-ionization time of the tube. Stated in a different manner, the
maximum frequency of this saw-toothed oscillator cannot exceed that
set by the de-ionizing time of the tube. In practice, it is found that
the upper limit of satisfactory operation is of the order of 50,000 cycles
per second.

22.5 A Second Type of Linear Sweep-Circuit. An entirely different
type of sweep-circuit is shown in Fig. 221. Any one of a variety of
oscillators could be used as well as the one shown. Oscillations of very
high frequency, say 2 Me., are produced by the usual processes. As the
oscillations start, condenser C is charged (with negative on the grid
side) by grid current flowing through resistor R. This C-bias con-
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tinually increases because R is chosen of very high value. It is so high
that it prohibits C from discharging during one, or even many, of the
high-frequency oscillations. Finally, the C-bias becomes so great that
the plate current, and hence the oscillations, are completely shut off.
This is known as blocking action. When the oscillations have ceased,
the grid is no longer driven positive, there is no longer any current to
charge condenser C, and it slowly discharges through R. When the
voltage of the grid has risen to a sufficiently small negative value, a
“spurt ” of high-frequency oscillations takes place, the tube is again
blocked, and the slow discharge of the condenser through the resistance
is repeated. In practice, resistor R is replaced by a current-limiting
tube of the type described in connection with Fig. 22 G. This causes
the discharge of the condenser, C, Fig. 22 I, to occur at a constant rate.
Hence the voltage drop across the condenser, applied to the deflecting
plates of a cathode-ray tube, causes a linear sweep. The frequency
of this sweep-circuit depends largely on the time for C' to discharge
through R. By changing the grid control of the constant-current tube,
it becomes easy to change the sweep-frequency. With this circuit,
higher frequencies can be attained than with those containing gas-
filled tubes, because the de-ionizing factor is no longer present. With
an oscillator operating at 5 Mec., essentially linear sweeps have been
attained up to one-half million cycles per second. Special precautions
are needed with this circuit to keep the oscillator’s high frequency, and
its harmonics, out of adjacent r.f. receiving apparatus.
22.6 The Use of Two Saw-Toothed Sweeps. In Fig. 22 J, saw-toothed
voltages are applied simultaneously to the two sets of deflecting plates
of the cathode-ray tube by means of the separate linear sweep-circuits
1and 2. When the frequency of 2 is greater than that of 1, and is an
exact multiple, say six times, the pattern of Fig. 22K will result.
Starting in the upper left corner, the beam is deflected horizontally
by 2, flies back, and repeats, the while it is slowly drawn downward
on the screen by 1. Just before the end of the sixth horizontal sweep,
the fly-back of 1 brings the spot back to the upper left corner at just
the right moment to repeat the movements along the original paths.
Then a stationary pattern of horizontal lines is seen on the screen. The
entire process is called scanning.

While the scanning process just described is going on, let the con-
trol grid voltage of the cathode-ray tube be altered by a video or tele-
vision signal. Changes of grid voltage cause changes in the number of
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electrons emitted from the electron gun, and hence in the brightness
of the moving spot on the screen. The intensity of light can then be
made directly proportional to the brightness of the spot scanned by the
transmitter. If timed to start at the same instant and to sweep both
horizontally and vertically in synchronism with the scanning at the
transmitter, an image will be properly reassembled and in proper-in-
tensities over all the screen. It is customary in the United States to
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Fics. 22J, K, and L. Double linear-sweeping

use 431 or 525 lines, where 6 are indicated in Fig. 22 K, in order to
show the details of the picture. This complete set of lines (525) is
called 1 frame and requires 1/30 of a second. In other words, 30
frames or complete pictures, each of 525 lines, are produced on the
screen each second. Because of the persistenceé of vision of the human
eye (approximately 1/10 of a second), the successive frames blend
from one into the next and the semblance of continuous motion is estab-
lished.

Another use of the double-sweep circuit is in the study of atmos-
pherics, or static, produced either by nature or man-made machines.
In other words, we propose to examine the makeup of a single “ crackle ”
heard in a radio receiver. Frequently these consist of a rapid succes-
sion of short time impulses. If a cathode-ray tube is connected to the
output of a receiver, and uses only a single horizontal sweep, it would
have to be a very large tube indeed in order that the total time axis
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