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PREFACE TO THE THIRD EDITION

Every year a seemingly new crop of radio tubes comes from
the laboratories of the manufacturers. Although their
bewildering technical names refer in most part to improve-
ments rather than to fundamental changes, there have been
in the last few years many really important developments
which have had a significant influence on the application of all
kinds of electronic equipment.

When the previous edition was published, the radio receiv-
ing tubes then in practical use had only two, three, or four
elements. With the development and introduction into
practical designing of tubes with five, six, or more elements,
combining in one tube the functions that were formerly
performed by two or more tubes, there were, of course, made
available to the designer opportunities for obtaining results in
radio reception that previously were economically impossible.

The introduction of all-metal tubes by which the glass bulb
of radio receiving tubes is replaced by a much smaller thin
metal cylinder has made it possible for engineers to make their
new designs more compact and safer in transportation than
before.

In this revision, the previous edition has been entirely
rewritten and reset; information that is no longer of general
usefulness to designers has been omitted, and emphasis has
been given to the strictly modern types of tubes and their
applications, not only in radio receiving and television equip-
ment, but also in other practical uses.

Opportunities for employment in the radio and television
fields, and, in fact, in the whole general field of electronics,
may be said, in the words of a well-known and successful
_engineer, to lie “both forward and sidewise—forward into

vii



viii PREFACE TO THE THIRD EDITION

new types of applications, and sidewise into more extensive
use in the services for which they have already demonstrated
their value.” Those having guidance responsibilities in
universities, engineering colleges, and technical institutes
may very well have in mind these facts, so that courses in
engineering science may be arranged to include electronic
theory and practice. Such employment possibilities, impor-
tant as they are for the person recently graduated, are equally
important, however, for the engineer who graduated before
the modern electron tube was invented or before it emerged
from the laboratory and entered into actual services. Those
engineers of an earlier vintage in graduation who have not had
the benefit of systematized instruction in the subject of
electronic theory and practice while in college should somehow
acquire a knowledge of the fundamental characteristics and
applications of the new electronic tubes—whether or not they
have permanent employment—or they are much in danger of
droppiug behind in their profession.

The authors are especially indebted in the preparation of
this revision to M. J. Carrol of the R.C.A. Victor Corpora-
tion, Camden, New Jersey; Chester .. Dawes, Professor of
Electrical Engineering, Harvard University, Cambridge,
Massachusetts; C. Davis Belcher, Boston, Massachusetts;
and also to the Raytheon Production Corporation, and the
Hygrade-Sylvania Corporation, for important text material.

In the preparation of this revision, frequent references have
been made to the current issues of Electronics, Electrical
Engineering, General Electric Review, Electric Journal, Pro-
ceedings of the Institute of Radio Engineers, and the Journal
of the Franklin Institute. The engineering departments of the
Westinghouse Electric and Manufacturing Company, Radio
Corporation of America, and Bell Telephone Laboratories
have made valuable contributions.

THE AUTHORS.

StaTE Housg, BosToN, MASSACHUSETTS,
January, 1936.



PREFACE TO THE FIRST EDITION

Until the invention of printing, the communication of news
and ideas was accomplished almost entirely by word of mouth.
Thereafter, the avenues of communication were broadened
enormously, and as a result the eye supplanted the ear as the
principal external medium for the reception of ideas. With
the present development of radio devices, the ear has come
into its own again. Sound borne upon radio waves transcends
space and transcontinental communication is commonplace.
This remarkable accomplishment owes much to the vacuum
tube, the most essential part of all radio apparatus.

In a comparatively short time, there has been a great
increase in the use of vacuum tubes for radio purposes. Con-
currently, popular interest in a practical knowledge of radio
principles and radio operation has greatly increased.

In this book the essential principles underlying the opera-
tion of vacuum tubes are explained in a manner calculated to
present a well defined picture to students and general readers.
The vacuum tube possesses a remarkable variety of functions
and, accordingly, this book includes, in addition to the use of
two- and three-element vacuum tubes for radio reception
and transmission, other applications that are of considerable
practical significance. These additional applications include
the remote control of airplanes and sea-going vessels by the
use of instruments which employ vacuum tubes in essen-
tial capacities, as well as methods of applying vacuum tubes
to the remote control of humidity and similar uses. The first
chapter of the book is introductory; its purpose is to outline
briefly some present theories concerning the flow of electrons
from highly heated bodies to those which are relatively cool.

}b.¢
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The authors wish to express their appreciation of the assist-
ance they have received from Mr. Glenn H. Browning of the
Browning-Drake Corporation and Mr. Horatio Lamson of
the General Radio Company, and to acknowledge the con-
tributions made by the Radio Corporation of America, the
Geéneral Electric Company, the New England Telephone and
Telegraph Company and E. T. Cunningham, Inec.

THE AUTHORS.

BosTON, M ASSACHUSETTS,
February, 1929.



CONTENTS

PREFACE T0 THE THIRD EDITION.

PREFACE TOo THE FIRsT EDITION .

CHAPTER

I

II.

III.

IV.

VL

VII.

VIIL

IX.

X.

XI.

XII.

XIII.

INTRODUCTION.

CONSTRUCTION OF VAacuUM TUBES .

FuUNDAMENTAL ELECTRICAL RELATIONS .

VACUUM-TUBE ACTION .

. RAp10 METERS AND M EASUREMENTS .

TESTING VAcUUM TUBES .

VACUUM-TUBE INSTALLATION.

Use oF VacuuM TUBES AS DETECTOR.

VacuuMm Tusks As REcTIFIERS IN POWER-suPPLY DEVICES

UsSE oF VacuuM TUBES AS AMPLIFIERS .

USE oF VAcuuM TUBES A8 OSCILLATION GENERATORS.

TeLEvISION TUBES.

INDUSTRIAL APPLICATIONS OF VAcUUM TUBES .

APPENDIX. . .

INDEX

xi

Page
vii

ix

10
27

93

. 229
. 251
. 312
. 324
. 356
. 384
. 482
. 522
. 554
. 605

. 627



RADIO RECEIVING AND
TELEVISION TUBES

CHAPTER 1

INTRODUCTION

Principles of Operation of Radio Vacuum Tubes.—For
more than one hundred years the fundamental phenomena
associated with the present use of radio vacuum tubes have
been known to scientists.! These phenomena depend on the
ability of very hot bodies to discharge electricity at moderate
voltages through the surrounding air, which thus acquires
electrical conductivity. A white-hot platinum wire, for
example, when placed in an atmosphere where the pressure
is very low will charge negatively an electrode which may be
nearby. This phenomenon is due to the emission of negative
tons? from the hot platinum wire.

The analogy of this phenomenon to the operation of a radio
vacuum tube can be made clearer by studying the mutual
effects of a highly heated filament and an enclosing cylindrical
electrode made preferably of a metal which is a good conduc-
tor of electricity. The filament may, of course, be conven-
iently heated to incandescence by passing an electric current
through it. Now, if this filament and the surrounding cylin-
drical electrode are in a glass tube or similar container in
which a high vacuum is maintained, and provision is made by
the use of suitable connections to apply to the electrode a high
positive potential, the electrode will be heated moderately

1 DuFay, “Mémoires de 1’Académie,” 1733.

2 Jons are small charges of electricity which, according to our modern
theories, are not supposed to be associated directly with matter. Nega-
tively charged ions of electricity are called electrons.

1



2 RADIO RECEIVING AND TELEVISION TUBES

merely by the ‘“bombarding” action of the negative ions or
electrons emitted from the incandescent filament. A glass
tube containing a filament and an electrode in a rarefied
atmosphere, as described, is called a two-element vacuum tube.

Reasons for the Use of Vacuum in Radio Vacuum Tubes.—
The mutual action of a highly heated filament and a nearby
positively charged electrode for producing electron emission
is increased if the filament and electrode are in an enclosure
from which the air and all other gases have been removed.
The reason for this is that a gaseous atmosphere in the enclo-
sure has a retarding influence on the emission of negative ions
or electrons. Also, any effects due to the ionization of a gas
by impact with the electrons are avoided.

Edison’s Experiments.—Sometime before 1890, when
Edison was engaged in experimental work with carbon-fila~
ment incandescent lamps, he observed, when a metal plate
was sealed inside a lamp bulb so that it was between and
separated the two sides of the carbon filament but was entirely
insulated electrically from the filament itself, that a current
of electricity flowed through a galvanometer when connected
between the outside terminal of the metal plate and the posi-
tive terminal of the filament. On the other hand, when the
connection was reversed, that is, when the galvanometer was
connected between the negative terminal of the filament and
the outside terminal of the plate, no current flowed through
the galvanometer. At the time Edison made this experiment,
there was no satisfactory explanation. It is now known,
however, that this action is due to the flow of electrons from
the heated filament to the plate inside the bulb when the
outside terminal of the plate is made positive. In other words,
when the outside terminal of the plate is positive by being con-
nected electrically to the positive terminal of a source of
electricity, the electrons which are evaporated from the
heated filament are atiracted to the plate and set up a flow of
current. When, however, the insulated plate is connected to
the negative end of the filament, it is made negative so that it
repels the electrons which are being evaporated, and conse-
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quently there is no noticeable flow of current from the filament
to the plate. There is no perceptible flow of electrons in the
latter case because they cannot leave the insulated plate to
flow to the filament, it being possible for only very small num-
bers of ions to escape from a cold body.

When stating the fact that ions can freely leave the surface
of a hot body but cannot leave the surface of a cold body to an
appreciable extent, the word ‘““cold” is taken to mean that
the temperature of the body is below that corresponding to a
dull red heat.

When, therefore, an alternating current is applied to a heated
filament surrounded by an electrode, both being in a rarefied
atmosphere, it will be found that a current of electricity will low
in only one direction; that is, from the electrode to the hot fila-
ment instead of both ways as anormal alternating current does.

Two-element Vacuum Tubes for Rectifying Alternating
Currents.—Practical application can be made of this phenome-
non for the rectification of alternating current, and vacuum
tubes made especially for this kind of service are called recti-
fying tubes. When used for this purpose, each of the two
terminals from the alternating-current supply is connected to
either of the lead-wires supplying the current required for
heating the filament and also one of the terminals of the
alternating-current supply is connected electrically to the
electrode surrounding the filament.!

An arrangement of a filament F and an insulated plate P
with galvanometer and battery connections is shown in Fig. 1.
A so-called ““A” battery may be used to heat the filament to

1 At the moment when the field, due to the alternating current, acts
in such a direction that the surrounding electrode is negative with refer-
ence to the hot filament, only positive ions can pass across, and the
number of these is very small. On the other hand, when the alternating
current reverses and produces a field in the other direction, there is a
relatively free passage of electrons (negative ions) from the hot filament
to the electrode.

The emission of negative electrons, unlike the positive ions, is quite
steady, and varies in amount for different materials used for making the
filament and with its temperature.



4 RADIO RECEIVING AND TELEVISION TUBES

incandescence. As shown in the figure, a ‘“B’’ battery is here
in series with the negative terminal of the heated filament, the
galvanometer, and the insulated plate. This is the condition
when, as in the description of the Edison experiment, the
negative terminal of the heated filament is connected through
the galvanometer to the cold plate. Now, when the plate is
made positive with respect to the heated filament, the electrons
evaporating from the filament will be attracted to the plate,

P b
+ -
F16. 1.—Circuit . Fia. 2.—Circuit
diagram in vacu- diagram in vacuum
um tube when the tube when the plate
plate is positive. is negative.

entering the plate and flowing back to the negative terminal
of the filament through the wires connecting the galvanometer
and battery. The electrons will then pass from the negative
terminal of the filament to the side connected to the positive
terminal and again evaporate on that side and pass on by
attraction to the cold plate. On the other hand, when the
conditions shown in the figure are reversed so that the plate
becomes negative with respect to the filament, as in Fig. 2,
the electrons coming from the filament will be repelled by the
plate and will reenter the filament. In this case, there is no
current in the plate circuit. The two-electrode vacuum tube
may, therefore, be used as a rectifier of alternating electric cur-
rents as it permits the flow of current in only one direction.
In this respect, this kind of vacuum tube has similar char-
acteristics to some mineral rectifiers of radio currents called
‘“crystal detectors.”! In fact, in the early years of radio

!MoveEr and WosTREL, ‘‘Practical Radio,” 4th ed., pp. 36-38,
McGraw-Hill Book Company, Inc., New York, 1931.
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communication, two-electrode vacuum tubes were used to
some extent in the place of crystals. It was in 1905 that
Prof. J. A. Fleming suggested the use of a two-electrode vac-
uum tube as a rectifier for the detection of radio waves, while
in 1907 deForest conceived the idea of introducing a third
electrode into a tube of this kind from which practically all
the air and gases had been removed.
This third electrode was in the form of a
metallic mesh through which the electrons
must pass on their way from the filament
to the surrounding electrode, which will
now be called the plate. This original
three-electrode vacuum tube, as first
devised by deForest, is shown in Fig. 3.
Because of its shape and appearance,
deForest called this third electrode a grid,
and he discovered that it served a very
useful purpose in a vacuum tube, as it
was a means of controlling the flow of
electrons from the filament to the plate. fu
The introduction of this grid into the
vacuum tube made it possible to increase
enormously the sensitiveness of the receiv-
ing apparatus used in radio work. By
making the grid of a vacuum tube positive
or negative, according to requirements,
the amount of current flowing between ‘
the plate and the hot filament can be . 3 _ Three-ele-
increased or decreased, as may be ment vacuum tube
necessary. The grid in performing this ZZFori';’:‘stmcced by
function consumes practically no power

for itself, serving merely as a sort of valve for controlling the
amount of plate current.

Since the grid in a vacuum tube is nearer the filament than
the plate, any change of potential difference between it and
the filament produces a greater change of field strength at the
filament than when there is an equal change of the potential
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difference between the plate and the filament. Thus, a
relatively small change of the potential difference between
the grid and the filament causes a relatively large change
of the current flowing between the plate and the filament.
As the electrons constituting this current from the plate
to the filament come near the wires of the grid, they are
attracted both by the grid when it is positive with respect to the
filament and by the positively charged plate. In this case, the
attraction of the strongly positive plate tends to predominate,
with the result that relatively few of the electrons actually
reach the grid; consequently, nearly all are in the flow of
electrons to the plate. On the other hand, in those cases
which occur so frequently in practice, where the grid is negative
with respect to the filament, the amount of current reaching the
grid is so small that it may be considered a negligible quantity.
Further, the action of the negative grid is to decrease the
" flow of electrons to the plate.

It will thus be seen that the grid provides a means of con-
trolling the amount of current flowing from the plate to the
filament, and that this control is obtained by the use of a
small amount of current, and, also, by the expenditure of very
little power (watts) for the reason that the voltage changes
are very small.

Three-element Vacuum Tubes.—In this description of the
action of vacuum tubes with three elements, that is, the fila-
ment, the plate, and the grid, it has been assumed in all cases
that the atmosphere in the tube was very much rarefied and
that, therefore, the gas, from whatever source, remaining in
the tube had no effect on its action. In the so-called ‘“hard”
vacuum tubes (page 22), so little gas is present that this
assumption is justified. A few types of vacuum tubes, how-
ever, usually called ‘“soft” or gas tubes, contain a small
amount of gas which was put into them during the process of
manufacture. In the normal operation of these ‘soft”
vacuum tubes, the stream of flying electrons from the heated
filament to the positively charged plate has the effect of ioniz-
ing the gas contained in the tube and segregating from the gas
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some positive ions. These segregated positive ions, owing to
their weight, move toward the filament quite slowly. In the
space near the filament, these positive ions from the gas
neutralize the negative electrons, which are farther away
from the filament, thus permitting a greater current to be
maintained with a given voltage difference between the fila-

Grids Plate
Diameters measuvred Diameter gavged
fo 0.001 inch fo 0.002 inch
Cathode-Sleeve Wall Cathode Coating
Approximatel Weight variation
0.002 rnch thic, less than 000007 oz.
Air Pressure Grid Wire

1/100,000,000 that of Diarneter does rnot
afmo.spﬁer/'c pres-, vary more than
sure atsea level 0.00009 inch

Bulb Heater Wire
Inspected under Diameter does not
polarized light vary rmore than
for strains 0.00002 inch

F1Gg. 4.—Materials used in typical radio receiving tubes.

Materials for Vacuum Tubes.—The complex nature of the structure of the modern
vacuum tube, and of the manufacturing processes, is well illustrated by a consideration
of the materials that are used.

Gases.—Argon, carbon dioxide, chlorine, helium, hydrogen, illuminating gas, neon,
nitrogen, and oxygen.

etals and Compounds.—Alumina, aluminum, ammonium chloride, arsenic trioxide,
barium, barium carbonate, barium nitrate, borax, boron, caesium, calcium, calcium
aluminum fluoride, calcium carbonate, calcium oxide, carbon, chromium, cobalt, cobalt
oxide, copper, iri&ium, iron, lead, lead acetate, lead oxide, magnesia, magnesium,
mercury, misch metal, molybdenum, monel, nickel, phosphorus, platinum, potassium,
potassium carbonate, silica, silicon, silver, silver oxide, sodium, sodium carbonate,
sodium nitrate, tantalum, thorium, thorium nitrate, tin, titanium, tungsten, zinc, zinc
chloride, and zinc oxide.

Accessories.—Bakelite, ethyl alcohol, glass, glycerine, isolantite, lava, malachite
green, marble dust, mica, nigrosine, petroleum jelly, porcelain, rosin, shellac, synthetic
resin, and wood fiber.

ment and the plate than is possible in a so-called ‘““hard”’ tube
where there are practically no positive ions present from gases
in the tube.

The materials commonly used at present for making the
filaments of vacuum tubes will be discussed in later sections.
The electrodes, both the plate and the grid, are usually made
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of nickel or molybdenum or other conductors of electricity
having high melting points. The materials and tolerances
used in the construction of RCA radio receiving tubes are
shown in Fig. 4.

The early three-element vacuum tube as constructed by
deForest was called an ““audion’ and proved to be a very
sensitive detector of radio currents, but was rather erratic in
its behavior, the difficulty being that the various gases remain-
ing in the tube after the imperfect and incomplete removal of
gases, as attempted at that time, left so much residue that the
ionization of the gases was a variable and, consequently,
troublesome factor.

In 1912, improved methods were developed for the manufac-
ture of radio vacuum tubes of the three-element type, making
possible the almost complete removal of all the air and other
gases in the tube to suit the special requirements of any kind
of work, including the removal of the gases which had been
absorbed in the metal of the electrodes and in the glass walls
of the tube. Following these improvements in manufacture,
vacuum tubes became dependable and reproducible in their
characteristics, so that it is now possible to calculate the
proper proportions of a vacuum tube.

Briefly, the principle of operation of a three-element vacuum
tube is that the flow of electrons from the hot filament to the
cold plate is varied by applying variations of voltage to the
grid. The circuit of the tube consists, therefore, of two
branches: (1) the output circuit, or plate circuit, connecting the
filament to the plate through some kind of “load” such as a
resistance or an inductance coil, and (2) the input circuit
connecting the filament to the grid through the secondary
winding of a transformer or other means of supplying varia-
tions of potential to the grid.

Since small variations in the potential applied to the grid
produce large variations in the plate current, it can reasonably
be expected that more power is released in the output or plate
circuit than is expended in the nput circuit, and this is actually
the case. Since the power in the output circuit of the three-
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element tube is greater than the power expended in the input,
it is possible to increase the degree of sound amplification by
feeding back! part of the energy in the output to the input. If
the proportion of the energy thus returned to the input circuit
is large enough and the phase relations of the currents in the
output and input circuits are right, the tube can be made to
produce the kind of sustained oscillations (page 147) that are
~ needed for some radio circuits.

The addition of the grid as a part of the radio vacuum tube
produced a device of enormous possibilities, giving the vacuum
tube the same importance as the steam turbine, the Diesel
engine, the dynamo, and the telephone.

Classification of Receiving Tubes.—Vacuum tubes may be
classified in a number of ways depending on the subject under
discussion. The radio-service expert, the amateur, and the
student may find it useful to group them as tubes with two
elements, tubes with three elements, tubes with more than
three elements, and tubes that are gas-filled at low pressure for
changing their operating behavior. Tubes are named accord-
ing to the number of elements they possess—thus, a two-ele-
ment tube is a diode, a three-element tube is a triode, a four-
element tube is a tetrode (screen-grid), a five~element tube is a
pentode, and so on. Tubes may be classified also according
to the kind of service for which they are intended—under this
heading there are power amplifiers or power-output tubes,
voltage amplifiers, frequency conmverters, detectors, mizer tubes,
rectifiers, oscillators, current regulators, and voltage regulators.
The frontispiece illustration shows very clearly the various
stages in tube development. A number of special types which
are used in applications other than radio broadcasting and
reception are the magnetron, the dynatron, the cold-electrode
(general purpose), and the cathode-ray tubes.

! MoyERr and WOSTREL, ‘“Practical Radio,” 4th ed., p. 67.



CHAPTER 11
CONSTRUCTION OF VACUUM TUBES

The number of electrons emitted from a hot metal depends
on the kind of material and its temperature. Tungsten emits
electrons freely and can be heated to high temperatures.
This metal is, therefore, suitable for use in making the fila-
ments in many types of vacuum tubes. The emission of
electrons from platinum is not free but is increased con-
siderably, even at low temperatures, if the platinum is coated
with certain oxides such as those of strontium, barium, and
calcium. A filament made of tungsten and thorium oxide also
emits electrons freely.

At the present time the most common types of electron
emitters for radio receiving tubes are the heated cathode
filament, the coated filament, and the thoriated tungsten
filament.

Heater Filaments.—The type of filament known also as a
unipotential cathode or as an indirectly heated cathode con-
sists of a nickel sleeve which encloses a ‘“heater” element
carrying the heating current. The heater element, made of
tungsten wire, is electrically insulated from the metal sleeve.
The sleeve is coated with alkaline earth compounds, such as
barium and strontium carbonates, with the addition of a small
amount of carbonates of sodium or potassium. A difficulty
experienced with the early type of cathode heater was the
time required to reach the operating temperature, this being
as high as 60 seconds for some types. Various types of
construction are used to obtain a low heating time which in
some tubes has been reduced to less than 10 seconds. Extreme
care is needed to avoid a construction which is favorable to
hum or to microphonic action in the attempt to reduce heating

10



CONSTRUCTION OF VACUUM TUBES 11

time. Several methods may be used for electrically insulating
the heating element from the electron-emitting cylinder. In
some types, particularly those intended for quick heating, the
insulating material may be applied to the heating element
with a spray gun; in others the insulating material is used
in the shape of a core with suitable openings for the heating
element. The tungsten wire comprising the heating element
appears in many forms as shown in Fig. 5, some of which
are the coil and the inverted V in a single-hole insulator, the
wire loop in a double-hole insulator, and the wire loop in a
single-hole insulator with end spacers. A recent form in
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F1a. 5.—Tungsten heating elements.

which a reversed coil winding is baked in the insulator or
threaded into it is intended not only to reduce the electro-’
magnetic field responsible for the production of hum but also
to reduce the heating time by placing the heater wire nearer
to the cathode sleeve. The insulator also appears in various
forms, such as the solid single-hole type, the solid double-hole
type, and the perforated type; the materials used include
porcelain, magnesia compounds, and alumina compounds.
Tubes utilizing the heater-cathode construction are well
adapted for filament operation with alternating current since
the heater element is insulated from the sleeve, and the sleeve
has a shielding effect. Tubes of this type, because of their
freedom from electrical interference which might enter through
the filament supply line, because of their mechanical strength,
and because of the electrical flexibility due to the single
cathode connection, are suitable for any direct current and
especially for automobile receiving sets. Heater cathodes
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have been used also in diode rectifiers. When the electron
emission stops in either the heater type or the coated type of
filament the usefulness of the vacuum tube is ended.

Oxide-coated Tube Filaments.—An ordinary oxide-coated
filament of a vacuum tube is usually made of a thin strip of
nickel, silicon-nickel, or cobalt-nickel alloy, with a surface
layer of strontium and barium oxides. Compared with a
filament made entirely of tungsten, one of the oxide-coated
kind has a longer life and is capable of a given rate of electron
emission at about one-tenth of the filament power (watts) that
is required by a tungsten filament. The end of the normal life
of this type of filament is indicated by an actual failure or
burn-out and not by a previously marked decrease in filament
emission. The resistance of the oxide-coated filament is
constant throughout its life because the current flows mostly
in the core and the evaporation takes place from the coating.
The approach of the end of life of such a tube is accompanied
by an increase in temperature in places on the filament, some-
times indicated by bright spots. At the rated operating tem-
perature, an oxide-coated filament is dull red in appearance.
The use of the oxide-coated filament is limited almost entirely
‘to applications in which both the power requirements and the
operating voltages are relatively low.

Thoriated-tungsten Filaments.—The type of filament
which is made mainly of tungsten but contains a small per-
centage of thorium oxide is called a thoriated-tungsten fila-
ment. In the process of manufacture the oxide is dissolved
in molten tungsten before it is drawn into threadlike filaments.
When a filament of this kind is heated in the normal operation
of a vacuum tube, part of the thorium oxide is changed to
metallic thorium which accumulates on the outside of the
filament and constitutes the active surface from which the
emission of electrons takes place. At the specified tempera-
ture of operation the emission of electrons from the filament
surface takes place at the same rate as the thorium emerges
from the interior of the filament. This process continues
throughout the life of the tube provided the temperature
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of the filament is not excessively high. If, however, the
temperature of the filament is raised a few hundred degrees
Fahrenheit above the normal value, that is, to a temperature
corresponding to a voltage overload of about 10 per cent of the
rated value, the balance between surface evaporation of the
thorium oxide and the supply of this oxide from the interior
of the filament is disturbed. After being subjected for a time
to this excessive voltage, the active thorium layer on the
filament is completely evaporated, leaving a clean tungsten
surface. The filament emission then decreases rapidly because
the electron emission of a tungsten filament even at this
excessive temperature of operation is very small. At the
excessive temperature, however, the rate of formation of the
metal thorium from its oxide is increased, but the rate of
surface evaporation is increased to a greater degree. If the
filament voltage is still further increased, the overload on the
tube is increased until finally no emission at all is obtained.

Under certain conditions, ionization! of gas in a vacuum
tube will serve to dissipate the thorium on a filament or to
neutralize its activity. On the other hand, if the temperature
of operation is below the normal value (corresponding to an
underload) the rate at which the surface layer of thorium is
retained may be likewise retarded, with the result that the
filament may be ‘“paralyzed.” The normal life of a thoriated-
tungsten filament ends when the thorium supply is exhausted.
The indication of the exhaustion of the thorium is a sudden
decrease in filament emission, and not an actual failure or
burn-out as in the oxide-coated filaments. At the rated
operating temperature the thoriated-tungsten filament is
yellowish in appearance.

At the present time the thoriated-tungsten filaments are
used mostly in power tubes (page 22) rated at several hundred
watts.

Pure-tungsten Filaments.—The pure-tungsten filament
once much used in vacuum tubes has been replaced by the
more efficient oxide-coated and thoriated filaments. The

! Jonization of the gas is explained on p. 21.
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so-called ‘“type UX-200” and “201”’ vacuum tubes which
are no longer manufactured were made with this kind of
filament. At the rated operating temperature a tungsten
filament is whitish in appearance. Vacuum tubes used for
heavy power work and operated at high plate voltages are
still made with pure-tungsten filaments.

Filament Emission.—The available supply of electrons at
the filament of a vacuum tube must always be greater than
the ‘““demand” produced by the plate current. Thus, the
normal maximum plate current of a certain three-element
vacuum tube (page 6) is 20 milliamperes. But at the full
output of the tube the plate current varies from about 1 to

about 40 milliamperes. Consequently, in order
that the ‘““peak” current may be satisfactorily
‘“handled”” by the tube, the minimum satis-
g7 factory electron emission for this type of vacuum
tube is about 50 milliamperes, or two and a
half times the normal maximum plate current.

F1c. 6.—Glass Manufacture of Vacuum Tubes.—A step-by-
support for vacu- step description of the assembly of the parts of
um tube. a vacuum tube will illustrate its construction.
The type of tube selected for this description is the 2A5,
a power amplifier pentode (page 9), which is similar to
type 42 (page 621), except for its heater rating. Figure 6
shows the glass tube T which serves as the main support
of the elements of the vacuum tube, and Fig. 7 the kind
of construction which is used to hold the supporting posts
R and the lead-in wires W in the glass seal 8. This
glass seal is fused to the top of the flanged glass tube T and a
long piece of thin glass tubing £ is fused into the side of the
glass tube T, as shown in Fig. 8. At the stage in manufac-
turing shown by these figures, both ends of the glass tube ¥
are open because during the fusing process air is blown through
the tube. The progress of construction after the supporting
posts R are bent to the proper position is illustrated in Fig. 9.
Each of the three wires N is connected to its terminal wire W
and three of the four posts R are connected to wires W, but
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one post R serves merely as a support. In the next stage of
manufacture the lower mica disk M

is added. The principal purpose Rl R =\
of this and the other mica disks is
to maintain the alignment of the .[lu
various elements of the tube and é“’“
to provide rigidity. Next the
cathode-heater cylinders H, illus-
trated in Fig. 10a, are located in
holes in the mica disk. The
filament wire F shown in Fig. 10b, L
which is in the form of an inverted Fic. 7.—Construction of sup-
V is covered with insulation except POrting posts and lead-in wires.
at the top and the ends. This filament wire fits snugly in

A
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R
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M
.:u 4
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F16. 8.—Method of fus- Fi1g. 9.—Method of
ing capillary tube into bending and connect~
flanged glass bell. ing supporting posts

to wires connected to
common terminals.

the cathode heater cylinder H. The complete filament con-
sists of two sections connected in parallel as shown in Fig. 10c,
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and attached to two of the supporting wires N shown in Fig. 9,
and consequently also to wires W.

In the type of grid illustrated in Figs. 11a, 11b, and 11¢, the
grid wires are pressed into the soft metal of the frame during
the process of winding. The grid wire is made of molybdenum,

‘ Cafboa’e ¢ Filament / Filament

heater wire

3

o -Cathoale
« heater
Ry cylinder
3

£JF

(b) Y Supoorting

( ) wires

Fic. 10.—Construction of cathode heaters.

nichrome, nickel-iron alloy, or manganese-nickel. The grid
frame wires fit into holes in the mica disk M. The smallest
and innermost grid @, is connected through one of its frame
wires to the supporting wire N, indicated in Fig. 9. This
grid is known as the control grid. Grid G, is the screen grid
which is connected to one of the supporting posts R by a metal
strap joined beneath the lower mica disk, to one of the end
frame wires of G;. The cathode or suppressor grid G is located

G| Gz G3
| S € ) € )

Fic. 11a, b, c.—Conventional types of simple, screen, and suppressor grids.

between the screen grid and the plate. The plate P (Fig. 12),
in the form of a metal cylinder, fits over the two end posts and
is welded to them. Various forms of plates are used, from a
wire-winding to heavy sheet metal. The material is usually
nickel or iron. After these parts have been attached the
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upper mica disk M is set in place. One of the frame posts.
of the grid G5 is connected by a metal strap L (Fig. 13)
placed above the upper mica disk to a supporting post
R. This same post R is connected to the two cathode
heater cylinders H by a metal strap O located beneath the
lower mica disk. The heat radiator K, made of carbonized
nickel, is connected above the upper mica disk to the frame
posts of the control grid G, and serves not only to increase
the radiation of heat but also to reduce the grid emission.

The getter, the action of which is described later (page 19),
is contained in the receptacle C
as in Fig. 12, or in some forms of ‘ c
construction is fastened directly
to an element of the tube such |
as the plate P. In this tube the Cup for getter
getter cup C is welded to one of Plate
the supporting posts R. F1c. 12.—Typical plate and cup for

A glass bulb B is placed over getter.
the assembled unit, as indicated in Fig. 14, and is fused to the
flange on the large glass tube 7' (Fig. 13). The only connec-
tion between the inside of the bulb and the atmosphere is
through the very small glass tube E.

Many of the glass-sealing processes used in the manufacture
of vacuum tubes require careful annealing of the glass parts
of the tube. This is accomplished by allowing the temperature
to drop very slowly. Molten glass which is cooled quickly
is subject to internal strains. When the cooling is rapid, the
temperature at the surface drops quickly and the outside
layer solidifies. The interior, however, tends to contract and
exert an inward pressure on the outer layer. This may
result in cracks. The air and other gases are exhausted from
the glass bulb of the tube through the small glass tube E.

Care is required to get rid of the air and other gases, not
only in the space inside the glass bulb, but, also, in the walls of
the bulb and glass tubes and in the metal of the elements.
Even if a bulb is thoroughly exhausted by a vacuum pump, it
subsequently would give indications of the gases which gradu-
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ally come out of the interior parts. At ordinary temperatures,
these gases are released so slowly that the period of evacuation
would have to be lengthened to a prohibitive extent before
the vacuum is satisfactory. In order to drive out quickly
these gases from the walls of the bulb and from the elements,
the tube is kept hot during the process of exhaustion. For

Cathode and .-~ ---=W

Suppressor
Control grid-~~ “~Plate

Filament-~" \<— - - Filament

!
F1G. 13.—Assembly of grids, plate, Fia. 14.—Glass

mica disks, cathode heater cylinders, bulb used to cover
and heat radiator. assembled unit.

a similar purpose, the filament may be heated by electric
current and a positive voltage applied to the grid and plate
so that they are heated by the impact of electrons from the
filament. The evacuation is continued until the vacuum
reaches a value corresponding to a pressure of 1/100,000
millimeter of mercury (1{go micron!). When the desired

! The standard of atmospheric pressure is defined as that pressure
which at sea level and at a temperature of 0°C. will support a column of
mercury 760 millimeters high. Another unit used in the measurement

of very low pressures is the micron of mercury, equal to one thousandth
of a millimeter of mercury. One millimeter is equal to 0.0394 inch.
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degree of vacuum is obtained, the small glass tube E is melted
off and the bulb is thus permanently sealed.

During the operation of a vacuum tube in service a further
release of gases takes place. To absorb these gases a small
supply of a so-called ‘‘getter’’ is assembled with the tube
elements. This consists of an alkali metal such as magnesium
or such a substance as phosphorus, arsenic, and sulphur, each
of which volatilizes readily. When the tube is sealed this
‘“getter” is volatilized and then condenses ,
in a silvery film on the inside of the glass
bulb. This film not only attracts the gases
as they are released but also tends to seal
the gases in the walls of the bulb.

Finally, the glass bulb is cemented to an
insulating base in the bottom of which are
small hollow rods. The lead-in wires pass
through these rods and are fastened to them
by a drop of solder at the bottom of each
rod. These rods form the contact prongs
of the vacuum tube which is then made up
as shown in Fig. 15.

During manufacture the vacuum tubes
are put through various factory tests and,
in addition, production samples are taken _ Fre. 15.—Attach-

L. . ment of contact
for a test on characteristics. In this test prongs to glass-bulb
a check is made of the filament current, radio tubes.
electron emission, plate current, screen-grid current, grid cur-
rent, grid emission, insulation, vacuum, amplifying properties,
and plate resistance. These tubes then are given the life test
in which they are operated at the maximum voltages for which
they are designed; the filament types being operated con-
tinuously and the heater types intermittently. Mechanical
tests may be given also to determine the effect of ordinary
vibration and jarring on the tube structure.

Recent Changes in Tube Structure.—In the newer tubes,
designs have been improved in a number of ways. For exam-
ple, the dome-bulb type of construction is conducive to greater
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uniformity and mechanical stability than the former pear-
shaped bulb. In many types the size of the glass bulb has
been reduced. In others, new types of cathodes have been
introduced to provide a greater surface area or to reduce
hum. Reduction of grid emission permits a higher output
from the tube; for this reason emission from the grid (page 5)
has been decreased by the use of carbonized grid wire and
heat radiators (page 17) on the grid structure.

Automatic Tube-making Machines.—In the manufacture of
vacuum tubes high-speed automatic machines are largely
replacing manual operations. The grid, formerly wound by
hand, is now wound, welded, and cut to length automatically.
The plate is made from strip metal by a machine which forms
the shape in one piece or fastens two halves together either by
stitching or by welding. Coated filaments are made by a
continuous process in which the wire is heated, coated, and
cut to length by a machine. The glass flares and stems like-
wise may be produced mechanically. The mounting of the
tube elements is mostly performed by hand, but undoubtedly
machines for this operation can be developed. The final
steps such as the sealing of the glass envelope over the stem,
the attachment of the base, and the tube tests, are performed
automatically.

In a machine used to remove from a tube the air and other
gases, the tube passes through a high-temperature furnace
in which some of the gas held by the metal and glass elements
of the tube is driven off at the same time that the exhausting
action inside the bulb is taking place. In the next step in
manufacture the filament is lighted to form its coating, while
any gas still held by the metal elements is driven off by the
heat formed in the metal from the induced currents produced
by a high-frequency electron “bombarding” machine. When
the required degree of vacuum is attained, the tube is sealed.

Ionization by Collision.—It is impossible to remove com-
pletely all traces of gas from a vacuum tube. In a rarefied gas
some of the electrons are parts of atoms and some are free.
These free electrons move with such velocity that if one hits
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an atom another electron may be knocked off. This “stray”’
electron comes under the influence of the plate voltage and
moves in the same direction as the colliding electron, that is,
toward the plate in the vacuum tube. The remainder of the
atom, which is a positively charged 7on, moves in an opposite
direction toward the filament. Thus, both parts of the atom
act to increase the flow of current through the gas. This
action of an electron on an atom is called 7onzzation by collision
and corresponds to the
‘‘break-down’’ of any electric
insulator at excessive voltage.
In a vacuum tube which con-
tains residual gas, someioniza-
tion will occur when the plate
voltage exceeds 30 or 40
volts, although vacuum tubes
having a high vacuum may
not have their operation
appreciably affected by
ionization. Plate Voltage

Influence of Gas m a F1c. 16.—Curve showing relation
. between plate current and plate
Vacuum Tube.—The relation voltage with and without gas
between plate current and lonization.
plate voltage for operation at rated filament voltage in a
vacuum tube having no gas is shown by the curve A in
Fig. ‘16. Under the action of ionization by collision the
gas atoms are separated into free electrons and positively
charged ions which move toward the plate and filament,
respectively. This movement produces an increase of current
as shown by curve B. It may be considered that ionization of
the gas tends to neutralize the space charge and thus permits
a larger current to pass through the tube.

There seems to be an apparent advantage in ionization by
collision because the plate current is increased; but it happens
that under this condition the filament deteriorates rapidly
because the positively charged ions are attracted forcibly to
the negatively charged filament, and, since they are much

B

Plate Current
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heavier than electrons, the impact breaks down the filament
surface. Also, if a too high plate voltage is applied, a “blue-
glow” discharge may result. In this condition, a tube is
erratic in behavior and becomes insensitive because the plate
current is so large that it is not affected by variations of the
grid voltage. If a tube has a blue-glow discharge owing to
excess gas or to abnormally high plate voltage, its characteris-
tic curves do not repeat themselves and sharp breaks in the
curves may appear. Further, such operation heats the tube
elements and such heating may injure them.

There are, however, certain types of tubes in which gas is
introduced deliberately to obtain changes in the operating
characteristics. In a tube of this type, such as the mercury-
vapor rectifier (page 98), the presence of the blue glow is an
indication of normal behavior. Some pentode tubes (page
9) show a bluish glow when they are operating normally;
in case there is any doubt about the condition of the tube a
test should be made of the plate current.! In a tube which has
become gassy the plate current is greater than normal.

Ionization in a Detector Tube.—To a certain extent ioniza-
tion in a vacuum tube is of value in its use as a detector. ‘‘Soft”
tubes are particularly useful as detectors and, if properly
selected and operated, may be more satisfactory as detectors
than ‘“hard’ tubes of similar construction. They are, how-
ever, quite critical of adjustment because the plate or grid
voltage must be adjusted to a value just under that which pro-
duces ionization. The high-vacuum detector tubes used at the
present time are less sensitive but much more dependable than
the older tubes which did not have such good vacuums.

Ionization seldom takes place in a tube using the tungsten
filament because the vacuum is high. It is more likely to
occur in tubes using oxide-coated filaments because of the
presence of occluded gas. A power tube? with an oxide-coated

1See Chap. VI.

2 A power tube is a vacuum tube intended for the ‘last” audio-fre-
quency stage of a receiving set. It takes its name from the fact that its
power rating in watts is greater than for the usual types of tubes.
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filament when once ionized cannot be used again at the usual
high plate voltages unless it is reexhausted. It may, however,
serve for use at lower plate voltages.

The rectifying property of a two-element tube is ineffective
if the plate becomes heated to incandescence. This heating
takes place when an excessively high plate voltage is applied.
The high voltage increases the velocity of the electrons, which
heat the plate by the force with which they impinge on it.

Testing a Vacuum Tube for Presence of Gas.—No con-
siderable number of electrons will be given off from a cold
element in a tube unless it is subjected to a strong electron
bombardment. If, then, there is current flow in a tube in a
direction which shows that electrons are emitted from a cold
element, either the grid or the plate, it is proof of the presence
of gas which is conducting the current.

One method of ascertaining the presence of gas in a tube is
to apply the so-called overvoltage test. 'This consists of applying
a plate voltage, higher than the normal operating value, for a
few minutes and then testing the tube for performance. Dur-
ing the application of this excess voltage, some gas is released
from the elements of a vacuum tube in which the vacuum is
poor. If the tube performance is satisfactory, the amount of
gas released is not enough to impair its action.

If a negative voltage is put on the grid of a vacuum tube in
which there is no gas, the grid current does not reverse. It is
found, however, that even in a tube having a high vacuum
there is enough gas left so that the positive ions produce a
minute reversed grid current when the grid is negative. The
strength of this grid current increases with the strength of the
plate current. This action in the flow of grid current can be
made to serve as a test of the amount of gas present in a tube.

The presence of a large amount of gas in a tube may be
detected during the final stages of manufacture by a simple test
utilizing a source of high-frequency voltage which may be
impressed across the tube elements. The color and distribu-
tion of the arc across the tube elements indicate the condition
of the vacuum.
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Relation between Tube Constants and Structure.—The two
main factors that enter into the design of vacuum tubes are
the degree of amplification (see page 9) and the plate resist-
ance. The amplification increases with increasing distance
between the plate and the grid and depends, also, on the
spacing and size of the grid wires but not on the distance
between the filament and the grid, for a tube with plane-surface
electrodes. For a tube with a cylindrical arrangement of
electrodes, the distance from filament to grid and the distance
from filament to plate have an effect on amplification.

The plate resistance r, is inversely proportional to the surface
areas of the plate and filament. It depends, also, on the
operating voltages. The value of r; is further affected by the
amplification factor u, which, as shown above with respect to
amplification, depends almost entirely on the structure of
the grid and its position with relation to the plate.

An amplifying tube gives best operation when its plate
resistance is equal to the impedance into which the tube works.
In cases where this is not possible the total plate resistance may
be reduced by operating the vacuum tubes in parallel; or, by
the use of an output transformer, the plate resistance of a tube
may be matched to the impedance of the device with which it
operates.

The mutual conductance G, being equal to u/r,, depends
on the factors which determine these terms. In some types
of tubes it is necessary to make this ratio u/r, as large as pos-
sible. Then, for a given value of u, 7, must be as small as
possible. To make u large and r, small, therefore, the grid
must be close to the filament.

When a vacuum tube is to be used as a detector, it should
have a low internal resistance which changes suddenly within
narrow limits when the grid voltage is varied. Since the
amplification factor depends on the ratio of the change in the
plate voltage to the change in the grid voltage, the maximum
action is obtained when, for a given change of the grid voltage,
the necessary change of the plate voltage to provide the same
current is a maximum. Thus, in a detector tube the resistance
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must drop suddenly from a maximum to a minimum for a small
change in grid voltage. In an amplifying tube, on the other
hand, a small change in grid voltage should tend to increase
the resistance to a maximum. The nearer the grid is to the
filament and the farther the grid is from the plate, the better
are the detecting qualities of a tube. Conversely, the farther
the grid is from the filament and the closer the grid is to the
plate, the better are the amplifying qualities of a tube.

Limiting Operating Conditions.—Since some gas always
remains in a vacuum tube, there are in every tube a large num-
ber of molecules of gas left even when the vacuum in the tube
is as high as possible. Ionization of this gas will occur if
the plate voltage applied to the tube is too high, or if both the
filament voltage and plate voltage are high. The extent of the
effect of ionization on the tube characteristics depends on
the amount of gas present. Thus, one limiting condition of the
operation of a tube at high voltages is due to ionization of the
gases left in the tube. Tubes using oxide-coated filaments
cannot be so completely evacuated as those having filaments
consisting only of tungsten, hence ionization is more likely to
occeur in the former. ‘

The other limiting condition is the deterioration of the ele-
ments of a vacuum tube from overheating. Thus, the heat-
ing of the plate is due to electron bombardment, the amount
of power taken by this heating being the product of plate
current and plate voltage. The electrons moving from the
filament to the plate convert this power first into an increase
in their velocity and then into heat which is released when
they reach the plate. This heat, since the elements are in
a vacuum, can be dissipated only by radiation. It may be
mentioned here, again, that a tube may cease to function if its
emission is impaired by the impact of positive ions on the sur-
face of the filament.

The plate may get so hot that the glass bulb will give way
by sagging. In high-power tubes this difficulty is avoided by
changing the construction so that the outside of the tube
comprises the plate. Then cooling water can be circulated
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around the plate to carry off the heat. The plates of high-
power air-cooled tubes are sometimes blackened to increase
their heat radiating capacity. Sand-blasting or even oxidizing
the plates of low-power tubes produces somewhat the same
effect.

The factor of distortizon has a bearing on the possible output
of a vacuum tube. Several operating conditions must be
assumed if the distortion is to be below the value which is
considered to be a minimum. The table on page 617 states
these operating conditions and gives the maximum undis-
torted outputs of a number of tubes.

Life of a Tube Filament.—The life of a filament is shortened
by excessive heating due to impact by positive ions produced
by collision due to ionization, which occurs to some extent
even in tubes having a high vacuum. The normal life of a
filament depends, also, on the rate at which the substance
volatilizes. As a metallic filament, for example, one of tung-
sten, volatilizes, its resistance increases. This causes a
decrease in filament current, if operation is at constant volt-
age, and hence a decrease in electron emission. On the other
hand, if the operation of the tube.is with a constant current,
the voltage is increased, and the filament temperature rises.
The effect of this is to shorten the life of the filament.

In an oxide-coated filament only the surface volatilizes.
The filament current flows mainly through the core, the
resistance of which remains constant. With this kind of fila-
ment the impact of positive ions produces local heating which
is cumulative and tends to burn out the filament at that place.



CHAPTER III
FUNDAMENTAL ELECTRICAL RELATIONS

It is well known that many common forms of matter can be
made to show evidences of the phenomenon which we call
‘“electricity.” Thus, if a piece of hard wax is rubbed with a
cloth which is then taken away, both bodies will attract light
bits of paper. The wax is said to have a negative charge and
the cloth a positive charge. It can be shown also that ‘“like”’
charges repel each other while ‘“unlike” charges attract.
When equal ‘“unlike” charges come into contact they combine
and a neutral state results.

Electrostatic Field.—This mutual effect of one charge upon
another exists even when there is a considerable distance
between them. The space around the charged bodies is said
to be under a strain which allows it to act upon another charged
body. This space is called an “‘electrostatic field,” which
extends in all directions around a charged body. At any con-
siderable distance from the body, however, the field intensity
or strength is small because it varies inversely as the square
of the distance from the body.

Theory of Electrons.—Every substance consists of a large
number of atoms and molecules, which, for a given substance,
are alike. In order to account for the presence and behavior of
electricity in matter, it is considered that at the center of each
atom there is a charge of positive electricity and that a number
of charges of negative electricity rotate at great speeds around
this center. Normally, the sum of the negative charges
balances the positive charge. These negative charges, which
are all equal, are called electrons and represent the smallest
amounts of electricity which can be conceived. The arrange-
ment and number of these moving electrons belonging to an

27
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atom determine whether the atom is copper, or silver, or
hydrogen, and so on.

Some of the electrons, in moving about, may escape from one
atom and get into the atomic system of another. If an atom
loses an electron, the balance between positive and negative
charges is destroyed and the atom is left positively charged.
In the same way, a negatively charged body is one which has
obtained more than the number of electrons needed for the
electrical equilibrium of its atoms.

Electrons and Electric Current.—It is now a generally
accepted fact that an electric current is nothing more than a
series of moving electrons, but the amount of current set up
by a single electron in motion is too small to be measured by
the most delicate current-measuring instruments. For exam-
ple, in order to have a flow of 1 ampere in a wire, (approximate
current requirement for an ordinary 100-watt incandescent
lamp) a flow of 10!°* electrons per second is required. Not-
withstanding this large number of electrons in movement,
their forward progress is slow. The average velocity of the
electrons in forward movement in a copper wire 1 millimeter
in diameter is about 1{¢g0 centimeter per second, even when
the current is so large that the copper wire is heated by the
current to a red-hot temperature.

At times when there is no current flowing in a wire, or, in
fact, in any other kind of conductor, the electrons will have
a to-and-fro movement of which the velocity is about 20 miles
per second. On the other hand, when a current is flowing as,
for example, along a copper wire, the progressive movement
of the electrons is, as already stated, only a very small fraction
of a centimeter per second. Under other conditions, the
forward movement of the electrons may be much greater and
may actually attain a high value, if the usual collisions of the
electrons are prevented.

Under some circumstances there are practically no collisions
of electrons, and in that case, the electrons attain velocities of
thousands of miles per second, as, for example, in the vacuum

* The symbol in this case means 10 followed by 18 zeros.
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tubes used for either radio reception or transmission, where a
hot filament in the tube gives off large quantities of electrons
which flow freely in the vacuum inside the tube from the
filament to the plate.

Direct or Continuous Current.—In some of the practical
applications of electricity, as, for example, the charging of a
storage battery, it is necessary that the electrons pass around
a circuit continuously in the same direction, including the
passage between the plates of the battery. A current of this
kind, in which the electrons have a progressive motion which
is always in the same direction, is called “direct” or ““con-
tinuous.” In the early development of vacuum tubes for
radio services, only direct or continuous current was used, but
at present, such current is used for the power supply in radio
work only in special cases or where current from a power line
is not, available as in some rural districts.

Units of Current.—The intensity of electric current, that
is, the unit quantity of electricity flowing in a wire during a
unit of time, is called an ampere. This intensity has the same
value at all points along the circuit.

One kind of vacuum tube commonly used in radio receiving
sets requires for the current to heat the filament about
0.25 ampere; but the plate circuit of this tube uses only about
0.001 ampere, or 1 milliampere, this being the unit commonly
used for the small currents in radio circuits. F¥or brevity,
instead of milliampere the word msl! is quite commonly used.
In some cases, still smaller currents must be measured in
radio work, and these smaller currents are usually expressed in
terms of the microampere, which is one millionth of an ampere.

Direction of Flow of Current.—The flow of direct or con-
tinuous current has been defined arbitrarily as taking place
from the positive to the negative end of a conductor; thus, in
a wire connecting the terminals of a battery the direction of
the flow of current is from the positive terminal of the battery
to the negative. But it has been shown (page 4) that
electrons, being negative charges, move from negative to

1 In technical work the term mil generally refers to wire sizes (p. 33).
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positive. Hence it must be remembered that the direction
of electron flow is opposite to that of the usual representation
of current flow, as shown in Fig. 17.

The amount and rate of flow of electricity can be detected
by (1) chemical, (2) heating, and (3) magnetic effects which it
produces. A familiar example of chemical action is the
process of electrolysis used in electrotyping, electroplating,
and in the refining of metals. The heating effect of electricity
depends on the quantity of current flowing, and varies as the
square of the current applied.
In the incandescent lamp a
filament is heated to incandes-
E/;/cof;on cence by an electric current.

The electrostatic field, which
has already been described (page
27), is an effect of electricity at
rest. Electricity that flows in a
conductor sets up another kind
of effect called a ‘“magnetic
=g strain” in the space surrounding
Fie. 17.—Electron flow opposite the conductor. The space in

in direction to current flow. i this field exists is called
the “magnetic field.” The magnetic field consists of imaginary
lines of force which form closed circles around a conductor.
The direction of the magnetic force! may be indicated by its
effect on a compass needle held near the conductor.

Conductors and Insulators.—Matter may be regarded as
belonging to two classes, one of which possesses free electrons,
and the other does not. A substance having free electrons is
called a “conductor’ and is said to offer a low resistance (or
opposition) to the flow of an electric current. A substance
which does not have free electrons is an insulator and offers a
high resistance to the flow of electric current.

All substances, however, contain some free electrons and,
theoretically, will allow the passage of an electric current

Current Flow

1See MoverR and WosTreL, ‘“‘Industrial Electricity and Wiring,”
pp- 11-15, 165. McGraw-Hill Book Company, Inc., New York, 1930.
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although the resistance of some may be so extremely high that
the material is considered a good insulator. Further, the
resistance of some materials is not constant, and may, for
example, vary inversely as the temperature of the material.
That is, the material may serve as an insulator at low tempera-
-tures and a conductor at high temperatures.

Examples of good conducting materials are the metals and
that class of liquid conductors called the electrolytes. Exam-
ples of insulating materials are dry gases, glass, porcelain, hard
rubber, and various waxes, resins, and oils. The minute
current which will pass through an insulator under certain
conditions is called a ‘‘leakage current.”

Difference of Potential. —If one piece of a substance is
charged positively and a piece of another substance is charged
negatively, there is said to be a difference of potential between
them. When these pieces are connected by a wire, as in
Fig. 17, there is a flow of current through the wire while elec-
trons pass through the wire from the negatively charged piece
to neutralize the positive charge on the other piece. The
electric charges which accumulate at the ends of the wire have
the effect of neutralizing the original conditions of charge.

If the original difference of potential is maintained by
removing the neutralizing charges as they accumulate, the
flow of the electric current will be steady and continuous.
Such a steady difference of potential or electromotive force may
be provided by putting the charged bodies and their connecting
wire into a closed circuit containing a device capable of devel-
oping an electromotive force.

Electromotive force may be developed by friction, by
thermal means, by chemical action, and by induction as in an
electric generator. Electricity may be produced by frictional
machines at high voltages but with very small amounts of
current. This method of producing electromotive force is not
practical because of the difficulties encountered in connection
with insulation, dampness, and variation in performance.

Electromotive force may be produced by heating the junc-
tion (thermocouple) of two unlike metals. Tables of the
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thermoelectric power of metals are given in most electrical
handbooks.! The electromotive force developed at a junc-
tion of steel and constantan wires is about 30 microvolts.?
Low voltages but fairly large currents are possible by this
means.

The production of electromotive force by chemical action is -
exemplified by the battery. This action is due to the fact that
a difference of potential exists between two different sub-
stances used in the battery, such as zinc and carbon when
placed in certain chemical solutions. The efficiency of this
method is high but the cost of producing electricity in this
way for most purposes is prohibitive because of the expensive
materials that are required.

The ability of an electric generator to producesan electro-
motive force and thus maintain a difference of potential is due
to the condition which results when the wires on the armature
of the generator pass through the magnetic field of magnets,
called poles.

Resistance.—As the free electrons move along a conductor
it is supposed that they hit the atoms of the substance which
lie in their paths. The effect of this opposition is to reduce the
velocity of the electrons. The extent of the opposition is
proportional to the electrical resistance of the conductor.
Resistance varies with the shape, substance, and temperature
of the conductor. The unit of resistance is called an ohm.
For very small resistances the millionth part of an ohm is used
as a unit and is called a microhm.® For high resistances a
million ohms is used as a unit and is called a megohm.

Unit of Electromotive Force.—The unit of electromotive
force or voltage is called a volt. One volt is that voltage which
will force a current of 1 ampere through a resistance of 1 ohm.

Conductance.—A circuit which offers but little resistance R
to a current is said to have good conductance. If conductance

1 Moyer and WosTREL, ‘‘ Radio Handbook,” p. 46, McGraw-Hill Book
Company, Inc., New York, 1931.

2 A microvolt is a millionth part of a volt.

3 See Appendix for explanation and table of metric prefixes.
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is represented by G, then G =1+ R or R =1+ G. The
unit of conductance is called a mho.

Resistance of a Wire.—If r is the specific resistance of a
substance, that is, the resistance of a wire of unit length and
cross-sectional area, then the resistance B of a conductor
having a length of L feet, and a cross-sectional area of A
circular mils (as defined below) is

rL
E== (1)
A unit wire is a round wire 1 foot long and 1 mil in diameter
(or having an end area of 1 circular mil). A.mail is equal to
0.001 inch. The area of a wire 1 mil in diameter is 1 circular
mil. The area of a circle in circular mils equals the square of
the diameter in mils.

To find the resistance in ohms of a length of any size of wire,
multiply the specific resistance, that is, the resistance in ohms
of one circular mil-foot, by the length in feet and divide by the
square of the mil diameter (circular-mil area). Specific
resistances for wire sizes in mils are given in Table 1.

TaBLE I.—RESISTANCE PROPERTIES OF METALS AND ALLOYS

Resistance, Temp er.ature
Metal cir.-mil-ft. coeﬂ‘.iment
ohms of reglsta.nce
at 20°C.
Aluminum.................. ... ... ...... 17.0 0.0039
Antimony..............cooiiiiii 251.0 0.0036
Bismuth............................... 663.0 0.0040
Copper (drawn)......................... 10.37 0.00393
Gold........ ... ... 14.7 0.0034
Iron
Electrolytic........................... 60.0
Cast.. ... 450 to 600
Lead............ .. ... ... ... ... .. ... ... 125.0 0.0039
Mercury. ... ... ... i 565.0 0.00072
Nickel......... ... . ... ... .. ... ... .. 41.7 0.0062
Platinum............................... 66.0 0.0030
Silver. ........ ... ... 9.8 0.0038
Steel (soft)............................. 96.0 0.0015
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It is obvious that the resistance of a conductor varies directly
with its length; that is, as length increases, the resistance in-
creases. Also,theresistance varies inversely with the cross-sec-
tional area; that is, as the areaincreases, the resistance decreases.

Variation of Resistance with Temperature.—The variation
of the resistance of a pure metal with changes in temperature
is given by the equation,

Rt = Ro(l + a X t) (2)

in which R, = resistance at t°C.
R, = resistance at 0°C.
t = temperature in degrees centigrade.
a = temperature resistance coefficient.
If it is assumed that a = 0.004* the equation may be stated
thus: for each 2.5°C. rise in temperature above 0°C. the reststance
increases about 1 per cent.

Pump

|
— =

F1G. 18.—Water pipes connected in series.

The resistance of some substances does not follow this rule.
Thus, carbon shows a decrease in resistance with increase in
temperature; one alloy of nickel and copper shows no increase
in resistance with ordinary increases in temperature.

Series and Parallel Circuits.—In radio work some units of
apparatus are connected in series and others in parallel. If
the various parts of a circuit are connected in such a way that
the total current must flow through each part, the parts are
said to be in series. If the analogy of the flow of electricity to
the flow of water is used, this corresponds to the pipe line
shown in Fig. 18 in which pipes of various sizes and lengths are

* Approximately correct for copper wires.
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connected in series. If the various parts are connected in such
a way that the total current is subdivided, the parts are said
to be in parallel. The corresponding condition in the pipe
line is shown in Fig. 19. If each of the four paths offers the
same resistance to current flow, then the total current at A will
be divided into four equal parts, which unite again at B.
The equivalent resistance R of a group of resistances r,, 73, 3,
74, and so on connected in series is equal to the sum of the
separate resistances; thatis R = r, + ro + r3 + r¢ + - - -
The equivalent resistance R of a group of resistances ry, s, 73,
r4, and so on, connected tn parallel,

. . —>
is equal to the reciprocal of the sum
of the reciprocals of the separate
resistances. That is,
1 B A
R = @)
_1_ + l l l Fra. 19.—Water pipes con-
Ty T2 T3 T4 nected in parallel.

Relation between Current, Voltage, and Resistance.—The
opposition offered by the resistance R of a conductor to the
flow of current reduces the effective velocity of the electrons
and hence decreases the strength of current I. In order to
compensate for this opposition, and, thus, to maintain a con-
stant value of current flow, it is necessary to apply to the
circuit an electromotive force or voltage E which is equal to
RI. If R is the resistance in ohms and I is the current in
amperes, then E is in volts. This relation is known as Ohm’s
law and may be expressed in the three forms below:

E = IR, or voltage = current X resistance, or volts =
amperes X ohms. (4)

_E __ voltage _ volts
I= 7 O current = resistance °F 2mperes = ohms. (5)
R = E or resistance = voltage’ or ohms = -—m- (6)
1 current amperes

Ohm’s law holds true for any circuit or part of a circuit.
When the equation is used for a part of a circuit the values of
voltage, current, and resistance must apply to that part only.
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Rheostats.—In radio work the need is constantly arising for
adjusting a current to a specified value. This is usually done
by varying the resistance of the circuit. Changes in the
resistance of the circuit can be made by means of resistance
devices called resistors, which are either variable or fixed in
value. Variable resistors are cailed rheostats.

Power and Energy.—The work accomplished by the voltage
F in moving an electron through a unit length D is equal to DE
(since work = force X distance through which it acts). A
current / flowing in a conductor corresponds to a transfer of N
electrons per second through a unit length D.

Power being defined as the rate at which work is done, the
total work performed per second or the power is then W =
NDE or IE. The unit of electrical power is called a watt.
A watt is the power expended by a current of 1 ampere flowing
through a resistance of 1 ohm. One kilowatt is equal to 1,000
watts.

Since £ = IR then by substitution W = I’R, and since I =
E + R by similar substitution W = E? + R.

Thus there are three forms of the equation for power W,

W = EI, or power = voltage X current, or watts = volts
X amperes. (7)

_ W __ power __ watts
I = 7 °r current = voltage’ or amperes = — (8)
E<Y o voltage = P2V, o volts = _watts (9)
1 current amperes

Each of the expressions W = I*R, and W = E? = R can be
stated in three forms in a similar manner.

Energy is expressed in the same units as work. The com-
mercial unit of electrical energy is the kilowatt-hour. Electrical
energy is measured by an instrument called the integrating
wattmeter which automatically adds up the work done, though
there may be a continual variation of power.!

1 The energy which is required to maintain the velocity of the electrons
is given up by them in the form of heat caused by their collisions with
each other and with the atoms.



FUNDAMENTAL ELECTRICAL RELATIONS 37

For example, if an electric motor requires for its operation
5 kilowatts of power, then it uses in each hour of its operation
5 kilowatt-hours of energy; and if this motor operates 8 hours
a day for 5 days in the week, the energy expended or work
done in this service is 5 X 8 X 5, or 200 kilowatt-hours per
week. The electrical units of power are sometimes used as a
means of measuring other forms of energy, as, for example, in
radio work, sound may be conveniently expressed in these
units. The sound of the average human voice expressed in
power units is about 10 microwatts; a microwatt being one-
millionth of a watt.

Joule or Watt-second of Work.—One-watt of power exerted
for one second is called a watt-second or one joule, which is a
unit frequently used in calculations of very small powers,
such as there are in radio work. An interesting example can
be made of the stored energy and the lifting power of an
ordinary 6-volt storage battery which, at a discharge rate of
10 amperes, will continue this rate for about 20 hours. The
energy of total discharge in joules is therefore the product of
the current in amperes X the voltage X the number of
seconds, or energy = 10 X 6 X 60 X 60 X 20 = 432,000
joules (watt-seconds).

Now if the weight of the battery is 20 pounds and it is con-
nected up by wires to an electric motor, of which the efficiency
is 70 per cent, then at the above discharge rate the stored
energy of the battery might be exerted through the motor to
lift the battery. For these conditions, the lifting power of
the battery is 10 (amperes) X 6 (volts) X 0.70 = 42 watts.
Since 1 watt = 0.738 foot-pound per second,! the lifting
power in foot-pounds is 42 X 0.738 = 30.0 foot-pounds. The
distance the battery is lifted per second is 30.0 + 20 = 1.5
feet.

Ampere-hours.—Any primary source of electric current will
be depleted after being connected to the resistances of a
circuit for a time, so that a dry cell, for example, must be

1One horsepower is equivalent to 746 watts and also 550 foot-pounds
per second, so that one watt is 550 = 746 or 0.738 foot-pound per second.
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discarded after it has given out, as it cannot be successfully
recharged. A storage cell, on the other hand, may be
recharged. When cells of either of these kinds are used for
supplying current for radio tubes, obviously the active life of
the cells will be less in proportion to the number of tubes
supplied. The term ampere-hour is used to designate the
number of hours a battery can supply current at a given rate
in terms of amperes and hours. Thus, if a battery has a
rating of 80 ampere-hours, it can supply the tubes of a radio
receiving set at the rate of 2 amperes for 40 hours. The
average 6-inch dry cell, such as is commonly used for electric
bell circuits and for the lighting of the filaments of ‘‘low-
current’’ vacuum tubes, can be used for about 15 ampere-
hours. The small cells used as dry ‘B’ batteries (page 4)
have a much smaller output. A 221l4-volt “B” battery of
small dry cells weighing about 5 pounds can be used for about
2 ampere-hours under average conditions, while the smaller
size of dry ‘“B”’ battery weighing about 2 pounds is good for
only about 0.8 ampere-hour. It should be noted, however,
that the available ampere-hours of any battery are reduced in
proportion to the rate at which current is taken out. For
example, a 5-pound dry ‘“B’”’ battery, when delivering 5 milli-
amperes will be good for 4,000 milliampere-hours, while a
similar fully charged battery when delivering 50 milliamperes
will be good for only 1,000 milliampere-hours. This means
that this battery with the 5-milliampere rate will last for 800
hours of average service, while at the 50-milliampere rate it
will last only 20 hours.

Applications of Ohm’s Law and Power Relations.—It is a
simple matter to carry out the calculations for the action of a
direct-current circuit. Thus, to determine the resistance of
the filament of a vacuum tube it is necessary only to apply
the relation R = FE <+ I or ohms = volts + amperes. A
typical tube takes 0.25 ampere at 5 volts. Hence the resist-
ance R equals 5 + 0.25 or 20 ohms. The conductance (page
32) being the reciprocal of resistance is equal to 14y or
0.05 mho.
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If a voltage of 45 volts is applied to the plate-to-filament
circuit of a certain tube, the plate current will be 0.0017
ampere. Then the internal or direct-current resistance R of
the tube in ohms from plate to filament is R = FE = I =
45 volts + 0.0017 ampere = 26,470 ohms.

The power tnput W, in watts of the filament circuit is
W; = EI or 5 volts X 0.25 ampere = 1.25 watts. The power
output W, of the plate circuit is W, = EI or 45 volts X
0.0017 ampere = 0.077 watt.

The electrical energy taken by a device rated at 80 watts
over a period of 10 hours is 80 X 10 or 800 watt-hours, which
is equivalent to 0.8 kilowatt-hour. At a cost of 10 cents a
kilowatt-hour the expense of operating the device for 10 hours
is 0.8 X 10 or 8 cents.

Frequency, Kilocycle.—The current in a wire or other
conductor, of which the electrons flow first in one direction
and then in the other, is called alternating. The alternating
current in most of the power-line circuits in America has
120 reversals of direction in a second, meaning that there are
60 complete cycles (see Fig. 21) per second. In a wire
connected to such a line, the electrons flow first in one direc-
tion for 1{5¢ second, then stop, flow in the opposite direction
for 1{90 second, then stop again, and start from this point
on a repetition of the cycle. The number of complete cycles
of current flow in a second is called the frequency. In the
case just mentioned, the frequency is 60, and the current in
the wire is called a 60-cycle current. The high-frequency
electric currents used in radio circuits are usually measured
in thousands of cycles, one thousand cycles being a kilocycle.
- For ordinary broadcasting, the frequencies mostly in use are
between 550 kilocycles and 1,500 kilocycles, while for oceanic
radio telegraphy, the frequencies most used are about 60,000
cycles per second or, in other words, about 60 kilocycles per
second. Modern short-wave radio transmission is at such
high frequencies that the kilocycle unit is too small for con-
venience so that the frequencies of short waves are expressed
in a unit called a megacycle which is 1,000,000 cycles. Thus
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a frequency of 20,000,000 cycles per second is 20 megacycles
per second.

The relation between cycles per second (frequency) and
wave length can be very simply stated. The velocity of
electric waves (including the radio kind) is 300,000,000 meters
(186,000 miles) per second.! The ordinary power-line electric
current makes 60 cycles per second. In other words, there
are 60 cycles or electric waves in a distance of 300,000,000
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F1G. 20.—Pipe and pump line to illustrate analogy to electric circuit.

meters, or the wave length of each cycle is 300,000,000 <+ 60
or 5,000,000 meters. Conversely, short waves of, say, 10
meters in length will have a frequency of 300,000,000 = 10
or 30,000,000 cycles = 30 megacycles per second.
Alternating Radio Current.—When radio waves are changed
into an alternating electric current in a conductor by means
of a radio receiving apparatus, this current not only changes
its direction at a definite rate but also varies in strength.
If there is an alternating voltage in a circuit, the variations
in both strength and direction of the electric current corre-
spond to the variations of the voltage. The flow of an

1 This is the same as the velocity of light.
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alternating current is like the flow of water which would be pro-
duced in the pipe line in Fig. 20 when the water is agitated by
a paddle moving back and forth rapidly over a short distance.
In that case, the water simply surges, first in one direction,
then in the other direction. It no sooner attains speed in one
direction than it is compelled to slow up and then accelerate
in speed in the opposite direction, and so on, over and over
again. An object placed in the water will not travel around
the pipe circuit, but will simply oscillate back and forth.
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F1g. 21.—Diagram showing variations of alternating current with time (one
cycle).

In order to distinguish the directions of flow, we call one
direction the positive (4+) and the other the negative (—)
direction. During the flow in one direction, the strength of
the current varies from zero to a maximum and back to zero
again. Figure 21 shows a simple way of indicating the varia-
tions in strength, direction, and time when an alternating cur-
rent is considered. The positive direction of flow is from 4 to
C, the negative from C to E. During the flow from A to C,
the strength of the current varies from zero to a maximum, and
again to zero, as shown by the curve ABC.

Effective and Average Values of Alternating Current.—The
shape of the curve in Fig. 22 indicates obviously that the values
of the alternating current are continually changing; the change
being in the figure from zero to a positive maximum, then
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again to zero and a negative maximum, and finally back
again to zero. The value in amperes of such a flow of current
which, for the present discussion, may be assumed to be a sine
wave, might at first thought seem to be based on the average
value. - If the net value in amperes of the wave is considered
for a complete cycle, its average value is zero, as there is in
such a wave form as much negative as positive current.
This fact would be shown by connecting into the circuit of
such an alternating current a
direct-current ammeter for
the measurement of the cur-
rent. The indication of the
amount of current with such
an instrument would be zero,
for the reason that its indica-

/ tions or readings are of
\ /
\ / average value. Actually, an
N alternating current does not
A

L/ have zero value for the reason

<—Instantaneous Amperes —»
N

Time —— that the ampere value of an

Fig. 22.—Typical sine wave of alter- alternating supply is not

nating current. determined by the average

value but by the heating value of the current. In this respect,

it is desirable to define quite clearly the alternating-current

ampere. It is the current which, flowing through a given

(ohmic or non-inductive) resistance (page 52), will produce
heat at the same rate as a direct-current ampere.

The production of heat by an alternating electric current is
used, therefore, as a means of defining the value of such
current. A practical example like the following may serve to
make this clear. A lamp filament may be assumed to have
its temperature raised 1 degree Fahrenheit in 5 minutes by a
direct current of 1 ampere. If, then, the direct current is
disconnected from the filament and an alternating current is
supplied instead which raises the temperature of the coil
also 1°F. in 5 minutes, then the value of the alternating current
thus measured by its heating effect is also 1 ampere.
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The heating effect of electric current in a filament or other
conductor is not measured by a simple proportionality with
respect to the increase or decrease of the current. Actually,
the heating effect of any electric current is increased or
decreased in proportion to the square of the current (72).
The value, therefore, of the effective current in amperes
represented by the wave of so-called instantaneous values of
current in Fig. 22 cannot be read directly on the scale of
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F1e. 23.—Effective or root-mean-square values of sine-wave alternating
current.

ordinates (amperes) on the curve, but another curve like
Fig. 23 based on squared values will have to be obtained. This
figure shows the instantaneous values of current by a heavy
dotted line which is the same as the instantaneous values of
current shown in Fig. 22. Superimposed on the dotted curve
is the one calculated from squared values, and this curve is
marked I2. This latter curve is obtained from the dotted
curve by plotting the square of each of the ordinates in the I
curve. As indicated in Fig. 23, the maximum value of the
I curve, both positive and negative, is 1.41 amperes, and the
square of this maximum value is the whole number 2.!

The squared curve (I?), it will be noticed, lies entirely above
the axis of zero value. This is because the square of any

! The value 1.41 is often represented by /2.
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negative value is a positive number. It is interesting to
notice also that the squared curve (Z2) has twice as many
peaks as the original curve or curves, which means, of course,
that the squared curve has a frequency that is twice as large
as that of the curve of instantaneous value (I); and its hori-
zontal axis of symmetry is, of course, halfway between its
maximum value and the zero axis, which, in this case, is one
ampere. This horizontal axis of symmetry of the squared
curve (I?) indicates also the average value of the effective
current for the reason that the areas above this line of sym-
metry will just equal in area the shaded area below this line.
The average of the squared values of the curve in Fig. 22 is
therefore 1 ampere.

The values of current shown by the curve of squared values
(I?) in Fig. 23 represent, as already explained, heating values
which, ampere for ampere, are equivalent to heating values due
to direct current. The average value of this squared current
representing heating values is indicated on the scale of
ordinates by the line of symmetry, which corresponds to the
average value of 1 ampere. This average value is called the
effective current or the r.m.s. current, the latter meaning root-
mean-square current (explanation on page 45).

The statement has been made that a direct-current ammeter,
when used in an alternating-current circuit, registers zero
even if a large current is flowing. On the other hand, an
alternating-current ammeter is designed to indicate the ¢ffective
value of the current, or, in other words, the r.m.s. value. The
alternating current that varies in instantaneous value accord-
ing to a sine-wave form and produces heat at the same rate
as one direct-current ampere according to the calculations as
explained in Fig. 23 has both positive and negative maximum
values of 1.41 (or 4/2) amperes.

It should be plain, therefore, that for a sine-wave alternating
current the ratio of a maximum to the effective (r.m.s.) value
is 1.41, or /2. Similarly the ratio of the effective to a maxi-
mum value is 1 =+ 1.41 or 0.707. It should be noted here
that the method of obtaining the effective value of a current
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from the instantaneous values as shown in Fig. 22 will be the
same whether or not the curve of instantaneous values is an
accurate sine wave. In fact, the method will be the same
for an alternating current which varies in shape considerably
from the wave shown in Figs. 22 and 23.

Explanation of Effective (R.M.S.) Current.—The curves in
Fig. 24 are intended to illustrate the actual calculation of the
effective value of the current shown by the positive half of the
sine wave ABCD. As shown in the figure, the curve ABC
is a sine wave of current, of which the maximum instantaneous
value is 1.5 amperes. For

the accurate representation E 2502
of the curve of squared values, £ A 200 §
ordinates marked with the & [ 5 1508
letters HJK, MBE, etc., are 3 20{{/+-6H{ 100 &
constructed on the base line $ 1.oH /8- 050 £
AD at regular intervals. The £ ([ i 1] Dlo ¢
ordinate HJ on the scale of §, [ \NHMPQC\\\ w. o
instantaneous values is 1.3 = 5

amperes. This value when Fic. 24.—Method of calculating ef-
square dis1.69 amperes, which fective values of alternating current.
is to be laid off to determine the point K on the ordinate HK.
On the curve of instantaneous values, the ordinate M Bis 1.5
and the square of this value is 2.25 amperes, the latter value
determining the maximum ordinate at E. In the same way,
ordinates of the curve of squared values can be determined at
the points N, P, and @, thus completing the curve AKERC of
squared values.

After constructing the curve of squared values of an alter-
nating-current sine wave, in order to obtain a useful result, it
i8 necessary to find the average value of the curve. One of the
simplest ways to do this is to erect several equally spaced
ordinates on the base line AC closer together than those shown
in Fig. 24, and then take the sum of these ordinates as
measured on the scale of squared current and divide this sum
by the number of ordinates. This will give an average value
of the current from the curve of squared values. Then the
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effective value is equal to the square root of the average value.
The accuracy of the determination will depend on the number
of ordinates that are used.

Another method of finding the average value of the squared
current from the curve AKERC is to measure the area under
the curve in square inches with a planimeter! and divide the
area thus obtained by the length in inches of the base line AC.
This division gives the average height of the curve of squared
current in inches, and then to find the average value in
amperes, it is necessary to multiply the average height thus
obtained in inches by the scale of ordinates in amperes per
inch. For example, in the figure, the area under the curve
AKERC is 0.75 square inch and the length of the base line AC
is approximately 1 inch. The average height of the curve of
squared current is therefore 0.75 divided by 1.0 or 0.75 inch.
The scale of ordinates of squared current is approximately
1.5 amperes per inch. The average squared value of the
alternating current shown by the curve in Fig. 24 is therefore
approximately 0.75 X 1.5 or nearly 1.13 amperes.

The average value of squared current as calculated above
for a positive half cycle is, of course, the same in numerical
value as that for the following negative half cycle, and the
same also for the following positive half cycle, etc. The
average squared current for any of these half cycles produces
the same heating effect in a given resistance as a direct current
whose squared value is 1.13 amperes, and therefore the
effective alternating current represented by the curve is the
square root of 1.13 or 1/1.13 = 1.06 amperes.

It is a matter of interest to check after the construction of a
curve of this kind the ratio of the maximum to the effective
current which, for a sine wave, has been shown to be 1.41. In
this case, the ratio 1.5 amperes + 1.06 is almost equal to
1.41, which is a fairly good check. As a rule, for the usual

! Detailed descriptions of various types of planimeters and the theory
of their construction and operation are given in “Power Plant Testing,”
4th ed., by James A. Moyer, McGraw-Hill Book Company, Inc., New
York, 1934.
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alternating currents to be dealt with in practice, the shape
of the wave is not nearly sinusoidal, and the ratio of the maxi-
mum to the effective value is not so nearly 1.41 as in the case
here illustrated.

Capacity.—A device which is so arranged that it has a large
electrostatic capacity within a small space is called a con-
denser. Essentially, it consists of two groups of plates which
are insulated from each other.

A condenser used with inductance (see page 50) can be
made to tune the circuit to a definite wave length. A con-
denser may be inserted into a circuit to by-pass an alternating
current around some other part of the circuit. It may be used
also to prevent the flow of direct current in a circuit.

A steady voltage is not able to pass a steady current through
a condenser. When the circuit is first closed, a charging cur-
rent flows until the voltage between the plates of the condenser
has risen to the same value as the applied voltage. If this
applied voltage is then removed and the circuit completed by
a wire, a discharge current flows out of the condenser in the
opposite direction to the charging current.

For a given condenser, the charge Q is proportional to the
applied voltage E. This relation may be written @ = CE
where C is a constant called the ‘“capacity’ of the condenser.
The unit of capacity is the farad. A farad is the capacity of a
condenser in which a voltage difference of 1 volt gives the
condenser a charge of 1 coulomb! of electricity. The farad is a
unit which is too large for practical purposes and it is usual to
use the microfarad (one millionth of a farad) and the micro-
microfarad (one millionth of a microfarad).

During the time the charge is accumulating in a condenser
the voltage @ + C due to this charge is increasing. This
voltage tends to oppose the charging voltage and when
@ + C becomes equal to E the charging process comes to an
end. It will be noticed that the equation @ = CE does not
contain a time factor; therefore, the same amount of charge is

! A coulomb is the quantity of electricity furnished by a current of 1
ampere in 1 second.
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stored in a condenser whether it is built up slowly or quickly.
However, the rate of building up the charge depends on the
value of the capacity and resistance of the circuit. The larger
the product of the factors C and R the greater is the time
required to arrive at any given fraction of the applied voltage.
This product (C X R) is called the time constant of the circuit.?

G G Cs

A - Wi
£ E
Fi1g. 25.—Condensers in parallel. Fia. 26.—Condensers in series.

When ¢t = CR, I = 0.368E + R, that is, the charge reaches
63.2 per cent of its final value and the charging current drops
to 36.8 per cent of its initial value in a time CR.

Condensers in Parallel and in Series.—A group of three
condensers connected in parallel is shown in Fig. 25. All of
these condensers are subjected to the same impressed voltage
and each accumulates a charge proportional to its capacity.
Since capacity is proportional to plate area, it is obvious that
the method of connecting condensers in parallel has the effect
of increasing the plate area of the condensers. A parallel
connection of condensers gives a capacity which is larger than
that of any one of the group. If C is the equivalent capacity

! The changing current 7 at any time after the circuit is closed is,

¢
E “CR
I= R(K) (10)
where C = capacity, farads.
E = applied voltage, volts.
R = total resistance of circuit, ohms.

t = time, seconds.
K = 2.7128.
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of the group and ¢, ¢, c; the capacities of the condensers
respectively, then

C = C1 + C2 + C3. (11)

A group of three condensers connected in series is shown in
Fig. 26. Each condenser accumulates the same charge , and the
total voltage is subdivided among the condensers in inverse
ratio to their capacities. A series connection of condensers
gives a capacity which is smaller than that of any of the group.
If ey, es es are the voltages across the condensers c;, ¢z, c3
respectively then

E=c¢+e +e;
and since E = Q/C then

Q _Q ,Q , Q
Catata
It follows that
1 1,11
tatata
and
C = 1 (12)

1,1, 1
4o 4=
Cy Ca C3

Magnetic Field of a Wire Carrying Current.—A conductor
carrying an electric current is surrounded by a magnetic field
gimilar to that of the familiar

magnet. The strength of this CO"d”‘/v'iq Direction

magnetic field is proportional S Cument
to the current. The direction i~

. .. Direction of
of the magnetic field is given Magretic Fleld

by the direction in which the Fie. 27.—Diagram of relative direc-
fingers point if it is imagined tions of current and magnetic field.
that the right hand is closed and the thumb points in the
direction of current flow. These relations are shown in Fig.
27. The direction of the magnetic field reverses when the
current reverses. An alternating current produces an alternat-
ing magnetic field which has the same frequency as the current
and reverses with the current.
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Inductance.—The significant characteristic of a circuit
including a coil and carrying an alternating current is that
there is more interference with the flow of current than there
would be with a direct or continuous current. In other words,
when a coil carries a direct or continuous current, the amount
of current that will flow through it is limited only by the ohmic
(page 42) resistance. When, however, an alternating current
flows through the same ¢oil, there is much more interference
with the flow. For example, if a coil which has 5 ohms of
resistance is connected to a 10-volt battery (direct current),
it will carry 2 amperes. On the other hand, if this same coil is
connected to a supply line carrying alternating current, which
is adjusted to give also 10 volts, the current then flowing in the
coil will be very much less than 2 amperes; in fact, it may be
only a fraction of 1 ampere. This example shows that there
is something about this circuit when carrying an alternating
current, called inductance, that makes the circuit different from
what it is when carrying a direct or continuous current.

Induced Voltage.—It was stated in the preceding para-
graphs that the strength of the magnetic field set up in either
a straight wire or a coil is proportional to the amount of
current which the conductor carries. Also, that if a coil is
placed in a magnetic field, a voltage is induced in the coil
when the strength of the magnetic field is varied. If the
magnetic field in which the coil is located is produced by
varying the amount of current in the coil, then the voltage
that is 2nduced in the coil by reason of varying the current
acts in the opposite direction to that of the current producing
the magnetic field. This means that when the current causing
the magnetic field is decreasing, the ‘nduced voltage in the
coil is in the direction that opposes the reduction of the cur-
rent. The value of the induced voltage (usually represented
by e) is then N X F, where N is the number of loops or turns
in the coil and F is the rate of change of the current in the
magnetic field.!

1 As usually expressed mathematically, the induced voltage equals
—N X F, the negative sign being used to show the relation between the
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Coefficient of Self-induction.—In the preceding paragraph,
the value of the induced voltage in a coil was expressed as the
product of the number of loops or turns in the coil, and the
rate of change of the magnetic field. It may also be expressed,
however, in terms of the so-called coefficient of self-induction.
If L is the coefficient of self-induction and F is the rate of
change of the current in the magnetic field, then the induced
voltage e, expressed with these symbols, is L X F.

The coefficient of self-induction L is expressed by a standard
unit called a henry, which is the self-induction produced in a
coil by a change of current strength of 1 ampere per second
that induces a voltage of 1 volt. For practical work, smaller
parts of a henry are used, such as the millihenry (one thou-
sandth henry) and the microhenry (one millionth henry).

The so-called filters (page 64) of radio receiving sets are
designed for relatively large values of self-inductance, varying,
usually, from 50 to 100 henrys. Each of the coils of a tele-
phone receiver of the head-set type has usually an inductance
of about one henry.

Mutual Induction.—If two coils are relatively near each
other, and one of them carries a current but the other does not,
the coils react on each other; and a so-called mutual (induced)
voltage is produced in the coil that does not carry a current.
This induced voltage is proportional to the rate of change
of the current in the coil carrying it, and also to the mutual
induction, expressed by the coefficient M, of the two coils.
This relationship may be stated in symbols as e = M X F,
where e is, as before, the induced voltage in volts, and F is
the rate of change of the current in the coil producing the
self-induction in the other coil. Like the coefficient of self-
induction, the coefficient of mutual induction M between coils
is expressed in henrys. The coefficient of mutual induction
decreases in value with a reduction in the number of loops or
turns in either coil, and obviously also as the distance between
the coils is increased.

direction of induced voltage and the change in direction of the current
producing the magnetic field.
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Non-inductive and Inductive Circuits.—Comparative effects
of induced currents in non-inductive and inductive circuits are
shown in Figs. 28, 29, and 30. In the circuit shown in Fig. 28,
there is a non-inductive resistance (L = 0), so that when the
switch 8 is closed the current has immediately its maximum
value. On the other hand, in the inductive resistance shown
in Fig. 29, the current only gradually and slowly approaches

its highest value. In fact, in
0—x— this case it will takean infinite

-
3
<
<

3R time for the current to reach

P 3120 its maximum value, although
l v ¥ in a comparatively short
time, it reaches very nearly
its highest value, the rate of

S

: W_K

20'5 increase in current being,
§0'4 F=18 Volts however, much more rapid
j_‘.°~3 L—;3050/7'"5 immediately following the
§0-2 T closing of the circuit than it
5 0.4 |- SW07¢ : is a little later. The rate of
s 0—-‘24 Cblseo" increase of current becomes

0 O%Eme,(s)fcﬁon o 010 04 Joss and less with elapsed

F1a. 28.—Curve of increase of cur- time, until this rate becomes
:x:chh;s ag;il‘fductive circuit after prgctically zero,! occurring in
this case after 1{¢ second.
The difference between the curves of current flow in Figs. 28
and 29 is due, of course, to the inductance which is zero in the
first case and 0.9 henry in the second case, the voltage and
resistance being the same in the two cases. The effect of
inductance in delaying the increase of current in a circuit is the
cause of the time lag that will be observed in the operation of
the various types of relays that are used in many kinds of
radio work.

1 The equation of the rise of value of the current is as follows:
E Rt

where I is the current at a time represented by ¢in seconds, after the closing
of the switch S, and e is the base of natural logarithms, which is 2.7128.



FUNDAMENTAL ELECTRICAL RELATIONS 53

If a circuit like the one shown in the wiring diagram of
Fig. 30 is short-circuited! by closing the switch S, as shown
in the diagram, the current I through the coil does not stop
immediately, as it would in a non-inductive circuit like Fig. 28,
but continues to flow and does not become zero until- an
appreciable time after the short-circuiting switch has been

Fuse

L=0.9Henry

R=36 Ohms
05 o 05 [—fE~F—Tswitch
E’_OA Pl $04 closed
S0s| /A LW AN
£ 1/ E=I8Volts | + \
02 R=360hms | 502 \\
‘5 0.1 / Switch e enry ls 0.1 N
(S [ 0% closed l | (SR

0
0 0.02 006 0.0 014 002 006 0.10 0.14
Time, Second Time, Seconad

Fra. 29.—Curve of increase of Fi6. 30.—Curve of decrease of cur-
current in inductive circuit when rent in inductive circuit when switch
switch is closed. is opened.

closed. This delay of the current in approaching a zero
value, is shown by the current curve in the figure. The
delay is caused by an induced voltage which, in this case,
tends to slow down the rate at which the current is reduced.

In general, it may be said that inductance has the effect of
opposing any change in the current. For example, if the
current is increasing, the inductance has the effect of delaying

1 Short-circuiting the part of the wiring including the inductance, as
shown in Fig. 30, when the switch S is closed also short-circuits the
battery, so that in order to prevent injury to it, a fuse should be inserted
in the battery line.
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that increase, and, on the other hand, if the current is decreas-
ing the inductance tends to oppose the reducing rate of current
flow. For these reasons, inductance may quite properly
be called electrical inertia.

Arcing Effect Caused by Induction.—Quite different effects
are produced at the blades of the switches, each marked S,
in Figs. 28 and 29, when they are suddenly opened. As the
switch bar is released from the blades in the circuit shown in
Fig. 29, a relatively large flaming arc will be noticed at the
switch; and, on the other hand, when the switch bar is removed
from the blades in the circuit shown in Fig. 28, where there
is no inductance, but only ordinary resistance, with exactly
the same current and voltage as in the other case, the arc is
very much smaller. This arcing at the switch is due to the
voltage of induction, which in electric generators sometimes
becomes so large that it punctures the insulation on the wire
coils of the magnetic fields of a generator when a switch in the
field coils is suddenly opened. In this and similar cases,
the voltage due to induction may be many times the normal
voltage in the coil through which the current has been flowing.

Calculation of Voltage in a Coil Caused by Induction.—
The voltage generated in a coil by induction is proportional
to the number of loops or turns in the coil (page 50) and also
to the product of the inductance and the rate of change of
current with respect to time. Briefly, then, if e is the voltage
generated by induction, L is the inductance of the coil, and
I = tis the rate of change of the current with respect to time,
then for a circuit with a constant number of loops or turns,

e=LX{I+1). (14)

For example, if an induction coil has an inductance of
0.6 henry and the current through the coil is 12 amperes,
which is interrupted after continuing for 0.05 second, then
by the use of equation (14) the induced voltage in the coil is
calculated thus:

e = 0.6 X 12 =+ 0.05 or 144 volts.
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Energy of Magnetic Field.—In order to establish a magnetic
field in a coil for radio or similar services, the expenditure of
some energy is necessary. On the other hand, in order merely
to maintain a magnetic field of a constant intensity; that is,
a magnetic field that does not vary in its strength, no energy is
required after the field has once been built up.!

In other words, the heat loss, owing to the current in a coil,
is exactly the same with a direct or continuous current going
through the coil as it is when the same kind of current passes
through that same coil when it has an iron core (page 58).
The energy in the magnetic field of a coil may be considered
as potential or stored energy, somewhat similar, for example,
to that of a suspended weight. Irrespective of the method,
work is performed in raising the weight to greater heights, but
no energy is expended in maintaining the weight in any
position to which it has been elevated. Somewhat similarly,
energy is stored in the magnetic field of an induction coil.
The energy S expressed in watt-seconds or joules, stored in a
magnetic field is

0.5LI? (15)

where L is the inductance of the circuit in henrys and I is
the current in amperes. This equation shows that for a given
induction coil, the magnetic field is proportional to the square
of the current in its winding. For this reason therefore, if
the current in an induction coil is reduced to one half its
initial value by placing a suitable resistance in the circuit,
the energy of the arc caused by the opening of a switch in the
circuit will be only one fourth as large as it would be without
the resistance.

Example of Calculation of Energy and Power in an Induction
Coil.—If an induction coil has an inductance of 0.06 henry
and the current in the coil is 1.2 amperes, which is interrupted

! Energy lost in electromagnets, for example, because of the current
passing through the resistances of the coils of the magnets is accounted
for as heat in the wires of the coil, and is not, therefore, considered a loss
in the magnetic circuit.
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after a duration of 0.05 second, the energy S stored in the field
of the induction coil is calculated by equation (15) as follows:

S = 0.5 X 0.06 X 1.22, or 0.0432 joule.

The average power P expended during the time that the
circuit is being interrupted is P = 0.0432 + 0.05, or 0.864
watt.

Coupling and Mutual Induction.—If two coils, like those
marked C; and C, in Fig. 31 are
set up so that they are near each
 other, as shown in the figure, and
i coil C, is supplied with current
from a battery B or other source
of direct or continuous electric
current, then when the switch S is
closed so that current flows in the
coil C;, a magnetic field will be
established, as illustrated by the
S elliptical dotted lines in the figure.
Fia. 31.—Mutual induction be- With the two coils located, as

tween two coupled coils. shown, some of the magnetic lines
originating in the coil C, will also pass (as shown) through
the coil C;. Now, if the current in the coil C, is interrupted
by opening the switch S, there will obviously be a change
in the distribution of the magnetic lines in both of the
coils, and this change will induce a voltage in the coil C,.
In other words, the coils C; and C, are so located with respect
to each other that they are called linked or coupled coils, and
because any change in the current flowing in the coil C, will
produce an induced voltage in the coil C,, the two coils have
mutual induction. Even if the coil C, is brought very close
to the coil Cj, it is impossible to have all of the magnetic lines
established by the current in the coil C, circle or couple the
coil C,. The ratio of the number of magnetic lines from the
coil C, that couple the coil C; to the total number of magnetic
lines produced by the coil C, is called the coefficient of coupling,
and is usually represented by the letter K. The extent to
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which the magnetic field set up in a coil influences all the
loops or turns in another coil is called the coupling effect of
one coil on the other. The coefficient of coupling in terms of
coefficients of mutual induction (page 51) and of self-induc-
tion (page 51) is expressed as

K=_M (16)

V'L X Ly
where M = mutual induction between two coils, henrys.
L, = total self-induction of one coil, henrys.
L, = total self-induction of the other coil, henrys.

By definition, it should be added that when the current in
one of two coupled coils is flowing at the rate of 1 ampere
per second, and causes an induced voltage of 1 volt in a second
coil, the two coils have a mutual inductance M of 1 henry
(page 51).

A coil C; is the second of a coupled pair. The primary
current in the first coil is I,, in amperes. If the duration of
current is ¢ in seconds, it is clear that the rate at which the
current in the primary circuit (C,) is changed is I. =+ ¢.
Now, if, as before, the mutual inductance of the two coils
with respect to each other is M in henrys, then the induced
voltage e in volts in the second coil is,

es =M X I, + 1. 17)

Similarly, if the current conditions in the coupled coils are
reversed so that the coil C, receives the primary magnetizing
current, then if I, in amperes is the primary magnetizing
current in the coil Cz, and this magnetizing current prevails
for a time t in seconds, then the induced voltage in the coil
C1 18 e in volts, or

e = M X I n+ i
Example of Calculation of Induced Voltage in Coupled
Coils.—A current of 0.4 ampere flows in one of two coupled

coils, of which the mutual induction is 0.15 henry. The
current flows through one of the coils for a duration of 0.04
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second. Equation (17) can be used to calculate the induced
voltage e, in the second coil, thus

ez = (0.15 X 0.4) =+ 0.04 or 1.5 volts.

Coupled Coils with Iron Core.—The insertion of an iron
.core, preferably of the kind having a complete magnetic
circuit, as shown in Fig. 32, improves very much the mutual
induction between two coupled coils, and consequently raises
proportionately the coefficient of coupling. In fact, by this
arrangement, the coefficient of coupling may be nearly unity.

| Magnetic lines
linking both coils

F1G6. 32.—Closely coupled coils with iron core making magnetic circuit.

Types of Induction Coils.—When an iron core is placed in a
coil of wire, it has the effect of increasing very much the
inductance of the coil. Those coils of wire that have an iron
core are called 7ron-core coils and those that have none are
air-core coils. The air-core coils that are generally used in
radio receiving sets which have relatively few loops or turns of
wire without an iron core are comparatively low in inductance.
On the other hand, a small iron-core coil of the kind that
is used in a telephone receiver, for example, which has many
thousands of loops or turns of fine wire has a much larger
inductance than an air-core coil of coarse wire which is many
times larger in diameter and in length.!

1 Large air-core coils cannot be successfully used in radio receiving sets
for the reason that at the high frequencies (p. 39) of the current used
they have considerable condenser effect (p. 47); in fact, under such cir-
cumstances the condenser effect of a large-diameter air-core coil is much
greater than its induction effect.
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Induction-coil Calculations.—The inductance of coils that
are in simple geometric shapes such as circles, cylinders, and
spheres, can be calculated from theoretical formulas; but
these are so complicated that their derivation cannot be taken
up here. One of the most used of the simple-shaped air-core
coils is the solenoid (Fig. 31), which is cylindrical with its
loops or turns of wire wound in a continuous circuit.

Single Loop.—A single circular loop of wire is, of course, even
a simpler geometric figure than the solenoid. The inductance
Lo in microhenrys® of such a single loop (with or without
insulation covering) for direct or continuous current in the
coil may be calculated with the following formula:

8Kk

Ly = 0.0047rR[(1 + 8R2) loge + 555 — 1. 75] (18)

24R2
where R is the radius of the loop or turn measured to the center
of the wire in centimeters; r is the radius of the wire in centi-
meters; = is 3.1416; log. is the logarithm to the base e or the
natural logarithm (Table II, page 60).

The inductance L, in microhenrys of a single-layer solenoid
(with air core) for direct or continuous current is given
approximately by the following equation:

L, = 0.04kR?n?l 19)

where R is the radius of the solenoid to the center of the wire
in centimeters; [ is the length of the coil in centimeters; n
is the number of loops or turns per centimeter of length of the
coil; k is a shape factor depending on the ratio of the diameter
of the coil to its length. Values of this shape factor are
given in Table III on page 61.

The inductance L; in microhenrys of a solenoid with an iron
core consisting of a bundle of soft-iron wires is expressed
approximately by the following equation, where d. is the
diameter of the core in centimeters (assume in case of single-
layer windings same as diameter of coil) and N is the total

1 A microhenry is one millionth of a henry—the standard unit of
inductance (p. 51).



TaBLE II.—NAPIERIAN LOGARITHMS

e = 2.7182818 log e = 0.4342945
0 1 2 3 4 5 6 7 8 9

1.0 0.0000 0.00995 0.01980 0.02956 0.03922 0.04879 0.05827 0.08766 0.07696 0.08618
1.5 0.4055 0.4121 0.4187 0.4253 0.4318 0.4382 0.4447 0.4511 0.4574 0.4637
2.0 0.6931 0.6981 0.7031 0.7080 0.7129 0.7178 0.7227 0.7275 0.7324 0.7372
2.5 0.9163 0.9203 0.9243 0.9282 0.9322 0.9361 0.9400 0.9439 0.9478 0.9517
3.0 1.0986 1.1019 1.1053 1.1086 1.1119 1.1151 1.1184 1.1217 1.1249 1.1282
3.5 1.2528 1.2556 1.2585 1.2613 1.2641 1.2669 1.2698 1.2726 1.2754 1.2782
4.0 1.3863 1.3888 1.3913 1.3938 1.3962 1.3987 1.4012 1.4036 1.4081 1.4085
4.5 1.5041 1.5083 1.5085 1.5107 1.5129 1.5151 1.5173 1.5195 1.5217 1.5239
5.0 1.6094 1.6114 1.6134 1.8154 1.6174 1.6194 1.6214 1.6233 1.6253 1.6273
5.6 1.7047 1.7066 1.7884 1.7102 1.7120 1.7138 1.7156 1.7174 1.7192 1.7210
6.0 1.7918 1.7934 1.7951 1.7967 1.7984 1.8001 1.8017 1.8034 1.8050 1.8066
6.5 1.8718 1.8733 1.8749 1.8764 1.8779 1.8795 1.8810 1.8825 1.8840 1.88566
7.0 1.9459 1.9473 1.9488 1.9502 1.9516 1.9530 1.9544 1.9559 1.9573 1.9587
7.5 2.0149 2.0162 2.0178 2.0189 2.0202 2.0215 2.0229 2.0242 2.0255 2.0268
8.0 2.0794 2.0807 2.0819 2.0832 2.0844 2.0857 2.0869 2.0881 2.0894 2.0906
8.5 2.1401 2.1412 2.1424 2.14368 2.1448 2.1459 2.1471 2.1483 2.1494 2.1506
9.0 2.1972 2.1983 2.1994 2.20086 2.2017 2.2028 2.2039 2.2050 2.2061 2.2072
9.5 2.2513 2.2523 2.253¢ 2.2544 2.2555 2.2565 2.2576 2.2586 2.2597 2.2607
10.0 2.3026
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number of loops or turns in the coil for direct- or continuous-
current conditions and for coils having ratios of diameter to
length between 0.07 and 0.10:*

L; = 0.08N%d,. (20)
TaBLE III.—SHAPE FAcTORS FOR CALCULATING INDUCTANCE OF
SOLENOIDS
Ratio of Shape Ratio of Shape
diameter factor diameter factor
to length k to length k
0.00 1.000 0.95 0.700
0.05 0.979 1.00 0.688
0.10 0.959 1.10 0.667
0.15 0.939 1.20 0.648
0.20 0.920 1.40 0.611
0.25 0.902 1.60 0.580
0.30 0.884 1.80 0.551
0.35 0.867 2.00 0.526
0.40 0.850 2.50 0.472
0.45 0.834 3.00 0.429
0.50 0.818 3.50 0.394
0.55 0.803 4.00 0.365
0.60 0.789 4.50 0.341
0.65 0.775 5.00 0.320
0.70 0.761 6.00 0.285
0.75 0.748 7.00 0.258
0.80 0.735 8.00 0.237
0.85 0.723 9.00 0.219
0.90 0.711 10.00 0.203

Calculation of Inductance of Air-core and Iron-core Sole-
noids. Example 1.—The inductance of a wire coil is very
much increased when a core made up of iron wires is inserted
inits center. - This may be shown by calculating theinductance
of a solenoid with an air core 60 centimeters long, 6 centimeters

* “Standard Handbook for Electrical Engineering” (1933), Sec. 5,
§§156 and 164, also H. Armagnat, ‘“‘Induction Coils” (translated from
French by O. A. Kenyon), McGraw-Hill Book Company, Inc., New York.
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in outside diameter, and having 150 loops or turns, with
equation (19), for direct- or continuous-current service thus,

L. = 0.04kR™2l (21)

where k is a shape factor from Table ITI, which varies with the
ratio of the diameter to the length of the coil. In this case,
d = 6 centimeters, | = 60 centimeters and d <+ [l = 0.10,
so that the corresponding shape factor ¥ from the table is
0.959. The radius R of the coil is 3 centimeters, the number
of loops or turns per centimeter of length of the coil n is
150 + 60, or 2.5, then

L. = 0.04 X 0.959 X 32 X 2.5 X 60, or 129.0 microhenrys.

The inductance of the same solenoid, when it has a core of
iron wires, can be similarly calculated approximately by the
use of equation (20), in which N = 150 loops or turns and d,
is approximately 6 centimeters,

L; = 0.08N? X d, (22)
L; = 0.08 X 150? X 6, or 10,800 microhenrys.

It will be noticed in the above examples that the inductance
of the solenoid with an iron core is about 80 times as large as
when the coil has an air core.

Ezxample 2.—A solenoid (air-core coil) has a radius R of
2.54 centimeters (1 inch) and length I of 10.16 centimeters
(4 inches). The number of turns » per centimeter of length is
8. Ratio of diameter to length of coil is 5.08 + 10.16, or 0.5,
so that the form factor k is 0.818. Then the inductance L,
for direct or continuous current in microhenrys is calculated
thus, ‘

L, = 0.04k X (2.54)% X 8% X 10.16 = 0.04 X 0.818 X
(2.54)% X 64 X 10.16, or 137.0 microhenrys.

Ezxample 3.—A single-layer air-core solenoid, 4 inches (10.16
centimeters) in diameter and 8 inches (20.32 centimeters)
long has 203 turns. Ratio of diameter to length is 0.5 so that
the form factor £ is 0.818. Number of turns n per centimeter
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of length is 203 + 20.3 or 10. The inductance L. in micro-
henrys for direct or continuous current is

L, = 0.04 X 0.818 X (5.08)2 X 102 X 20.32 = 0.04 X
0.818 X 25.806 X 100 X 20.32, or 1,715 microhenrys.

Ezample 4—The diameter of an induction coil with an
iron core is 0.15 as large as its length, which is 50.8 centimeters.
The number of turns of wire in the coil is 200. Using equation
(20), the diameter d. of the iron core is nearly 50.8 X 0.15, or
7.62 centimeters and the inductance L; of the induction coil for
direct or continuous current is given approximately as follows:

L; = 0.08 X (200)2 X 7.62 = 24,380 microhenrys.

The inductance of the same coil with an air core is interesting
to calculate with equation (19), in which R is (50.8 X 0.15) + 2,
or 3.81 centimeters, [ is 50.8 centimeters, and the form factor &
from the Table III ford + lequals 0.151is 0.939. The number
of turns n per centimeter of length is 200 < 50.8, or 3.94,
so that the inductance L, is

L. = 0.04 X 0.939 X 3.81% X 3.942 X 50.8, or
430.5 microhenrys,

meaning that the inductance of this coil with an iron core is
- about 60 times as large as it is without the core.

In the preceding paragraphs the formulas were used for the
calculation of inductance of a single loop or turn of round wire
and of solenoids, the latter being of the air-core and the
iron-core types. When a wire loop or solenoid has an iron
core its inductance depends a great deal on the magnetic
qualities of the iron that is used for the wires of the core.
If the manufacturer of the iron furnishes a curve showing the
flux density of his product, the inductance of an iron-core
coil can be calculated more accurately by the usual laboratory
methods.!

! Bureau of Standards Circular 74 and Bureau of Standards Scientific

Paper 169. Formulas for the calculation of edgewise-strip spirals, flat
spirals, and multilayer coils are given in Moyer and Wostrel, ‘ Radio

Handbook,” pp. 97-101.
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Choke and Other Induction Coils for Alternating Current.—
The inductance of a coil with an iron core and two windings
of wire, intended for an alternating current (page 39) in one
winding and a direct or continuous current in the other,
decreases in value as its direct- or continuous-current mag-
netization current in one winding is increased. The action
of these coils on each other is in this respect like that of the
two circuits of the transformer of an audio-frequency amplifier
(page 410). This fact is of considerable significance in the
designing of choke coils for filters in radio receiving sets; the
choke coils being intended to “‘choke out” or at least partially
eliminate the alternating ripples in the rectified (page 4)
alternating current.

The design of induction coils is largely empirical as there are
many conditions for which available data are incomplete.
The preceding equations, it will be noted are for the inductance
of coils, with and without iron cores for direct or continuous
current only. The corresponding values of inductance for
alternating current are generally much less and must be
determined by actual testing by laboratory methods.

Tuned Circuits.—By the method of using variable con-
densers (page 64) in series with induction coils, radio receiving
sets are adjusted to receiveé broadcasting from one particular
transmitting station, and to eliminate the broadcasting from
other stations. This is called ‘‘tuning the circuit to a particu-
lar frequency,”” which is possible because the different broad-
casting stations transmit at different, sufficiently separated
frequencies.

Variable and Stationary Condenser Calculations.—For-
mulas are given on page 65 by which the capacity of simple
types of condensers can be calculated. In these formulas
the following symbols are used: C is the capacity of the
condenser in micromicrofarads; A is the area in square centi-
meters of a side of one of a series of stationary plates; d is
the distance in centimeters between a movable plate and a
stationary plate in a variable condenser or between any two of
a series of stationary plates; n is the number of movable
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plates in a variable condenser; A . is the area in square centi-
meters of one side of a movable plate in a variable con-
denser; A, is the area of one side of one sheet of a rolled
by-pass condenser; ¢ is the thickness in centimeters of the
paper in a rolled by-pass condenser; = is 3.1416; and % is the
specific inductive capacity of waxed paper (see page 614).
The capacity of a pair of parallel flat plates with air separa-
tion is
C = 0.8844 =+ d (in micromicrofarads). (23)

The maximum capacity of a multiplate variable condenser
(with a number of movable plates one less than the stationary
plates) is

C = 0.1768nA . + d (in micromicrofarads). (24)
The capacity of a rolled by-pass condenser (Fig. 33)
C = 0.1768kA, + t (in micromicrofarads). (25)

Practical Example of Calculation of Capacity of Variable
Condenser.—By the use of the equations already given, the
capacity of most condensers can be readily calculated. For
example, the following calculation shows how the capacity of
a typical variable condenser of the kind ordinarily used for
tuning in radio receiving sets can be calculated. In this case,
the variable condenser has five movable plates (and six
stationary plates). Each movable plate has an area of 7.5
square inches (7.5 X 2.54 X 2.54),! or 48.37 square centi-
meters, and in the position for maximum capacity effect is
equidistant from the stationary plate on each side. The
distance in this position between a movable plate and a
stationary plate is 0.05 inch or 0.05 X 2.54, or 0.127 centi-
meter. The capacity C in micromicrofarads of this con-

! Inches are changed to equivalent centimeters by multiplying by 2.54,
and square inches to square centimeters by multiplying by 6.45
(2.54 x 2.54).
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denser, when the plates are in a position for maximum effect,
may then be calculated by the use of equation (24) as follows:

C = 0.1768 X 5 X 48.37 + 0.127 = 336 micromicrofarads.

Another interesting example to work out is the normal
capacity of a rolled condenser (Fig. 33) made up of a plate of
aluminum foil that is insulated on both sides by wax paper.
This condenser is similar to the one shown in Fig. 33. The
capacity of this condenser may be calculated by using equa-
tion (25). The specific inductive capacity of the waxed paper
is 2.3. The aluminum foil used in making the condenser is

N
\\\\ . .
= Aluminurn foil
F1a. 33.—Method of making electric condenser from sheets of aluminum foil
and waxed paper.

7.5 centimeters wide and 915 centimeters long. The wax
paper is 0.0025 centimeter thick. Substituting these values
in the equation, the capacity of the condenser C in micro-
microfarads equals 0.1768 X 2.3 X 6,863 + 0.0025, or 1.12
microfarads.

Reactance of Condenser.—It is an interesting fact that if a
condenser is connected to an alternating-current line, the
charging current will be directly proportional to the impressed
voltage and directly proportional also to the frequency of this
voltage. It is also a fact that if a condenser having a capacity
of 3 microfarads, for.example, is used in a circuit in the place
of one having a capacity of 114 microfarads the charging
current will be doubled. It is plain, then, that the charging
current is proportional to the voltage, the frequency, and the
capacity. The reactance of a condenser usually designated
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by the symbol X. is the value obtained by dividing the
voltage by the charging current. It is, therefore, inversely
proportional to the charging current as well as inversely
proportional to the frequency and the capacity of the con-
denser. Stated algebraically, the reactance of a condenser
in ohms is

1

X = m (26)

where C is the capacity in farads, f is the frequency in cycles
per second, and = is 3.1416.

Calculation of Current Flowing in Condenser.—In the same
way that the current flowing in an inductive circuit is found by
calculating the ratio of the impressed electromotive force or
voltage E to the reactance X of the circuit, the current flowing
in a condenser circuit can likewise be calculated by determining
the ratio of the impressed electromotive force or voltage to the
reactance X. of the condenser. It was shown above, how-
ever, that the reactance of the condenser can be stated in
terms of constants, frequency, and capacity, or that X. in
ohms equals 1 + 2xfC.

The current I in a condenser circuit in amperes is, then,

1= = %@ — 24fCE.* (27)

Example of Calculation of Current in Condenser Circuit.—
By using the preceding equation, the current in a condenser
circuit can be readily calculated. For example, the current /
flowing in a condenser having a capacity of 5 microfarads,
‘when connected in a 50-volt, 60-cycle distributing line is
calculated as follows:

I =2 X3.1416 X 60 X 5 X 50 + 1,000,000 or 0.0943 ampere.

* It will be noted in this equation that the current flowing in a con-
denser circuit is directly proportional to the frequency, while in an induc-
tive circuit (p. 52) the current is snversely proportional to the frequency.
If the capacity C is in microfarads the equation is I = 2xfCE -+
1,000,000.
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An interesting example for calculation is the following,
relating to the antenna of a radio broadcasting station. The
antenna has a capacity effect of 0.0032 microfarad and is
connected to a 400-volt circuit operating with a frequency of
1,000,000 cycles per second. The current flow in the antenna
is then

= 2 X 3.1416 X 1,000,000 X 0.0032 X 400 = 1,000,000 =
' 8.04 amperes.

Reactance of Coils with Alternating Current.—It can be
shown experimentally as well as theoretically that any coil
having a constant value of inductance (page 50) and ohmic
resistance (page 42) will interfere more with the flow through
it of a high-frequency current than it will with a current that
has a much lower frequency. For example, if the current
going through a coil from an ordinary alternating lighting
circuit having a frequency of 60 cycles per second is 5 amperes,
then the current that will go through the same coil when the
frequency is 300 cycles per second will be only about one-fifth
as much or about one ampere. The combined effect of both
inductance and frequency is usually represented by the
letter X and is called reactance. Its value is given in ohms
in the following equation where L is the inductance in henrys,
f is the frequency in cycles per second, and = is 3.1416:

X, = 2xfL, or 6.28fL. (28)

Some circuits have practically no inductance so that they are
called non-tnductive. An incandescent lamp, for example, is
a typical example of a non-inductive circuit. It has no
inductance and, therefore, also no reactance (obviously
X: =0, when L = 0). In this case an alternating current
is limited only to the ohmic or ordinary resistance R of the
circuit.

Current in Inductive Circuit. Impedance.—In an inductive
circuit, the flow of current is limited by the resistance and the
reactance. The factor limiting the amount of current in an
inductive circuit is not the arithmetical sum of the resistance
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and the reactance, but is the square root of the sum of the
squares of these quantities.! The combined effect of resistance
and inductive reactance is called the impedance, and is repre-
sented usually by the symbol Z. Then, if the ordinary
resistance of a circuit is R and the reactance of that circuit is X,

Z = vVE + X~ (29)

The relation of these quantities, as expressed by the above
equation, applies to a coil or to a condenser, either of which
may have a resistance in series with it.

Practical Example of Calculation of Current in Inductive
Circuit.—In capacity circuits, in most cases, the losses other
than the condenser reactance are usually so small that they
need not be considered. In an inductive circuit, however,
the resistance may be a large factor and must be considered
along with the inductive reactance. In other words, the
calculation of the impedance, expressed in ohms, of a coil
requires the determination of both its resistance and its
inductive reactance for use in the equation Z = /R? 4+ X2

A useful example for calculation is the determination of the
current in an inductive circuit in which the ordinary resistance
R is 714 ohms, the inductance L is 0.05 henry, and the circuit
is connected to a supply line at 100 volts and 60 cycles per
second. In this case, R equals 714 ohms, L equals 0.05
henry, f equals 60, and r equals 3.1416. Substituting these
values in the equation (28) for inductive reactance, where
X = 2xfL, the value of X is 2 X 3.1416 X 60 X 0.05 or
18.8 ohms, or the impedance Z is then

V7.5% + 18.82 = 1/56.25 + 353.4,

or 20.23 ohms. Since, in an inductive circuit, the current
flow I in amperes is obviously E <+ Z, the current flow in this
case is I = 100 <+ 20.23, or 4.93 amperes.

An examination of the equation for impedance Z shows that
if the frequency is very large, the ordinary resistance becomes
negligible in relative value so that the current in that case

! See MoYEr and WosTREL, ‘‘ Radio Handbook,” p. 75.
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might be calculated by taking into account only the inductive
reactance without the resistance.

Example of Calculation of Current in a Circuit Having
Condenser and Resistance in Series.—When dealing with a
circuit having a resistance and a condenser in series, the
method of calculation is very much like the preceding example.
An interesting problem is to find the current flowing through
a circuit containing a condenser and a resistance supplied
with alternating current at 220 volts and at a frequency of
60 cycles per second, the resistance in the circuit measuring
30 ohms and the capacity of the condenser being 75 micro-
farads. Using the formula on page 67, the condenser
reactance X. is

1 = 2xfCorl + [2 X 3.1416 X 60 X (75 + 1,000,000))], or
35.4 ohms.

The impedance of the entire circuit is then

Z = \/30% + 35.42 = /2153,

or 46.4 ohms; and the current flowing in the circuit is E + Z,
or 220 + 46.4, or 4.74 amperes.

Resistance, Inductance, and Capacity in Series.—Probably
the circuit to which reference is
made most often in the study of

€ radio apparatus is the one which

,,/Z,",”n‘;%ﬁg R has resistance, inductance and
I?I/Z.‘eigt—Alternating-current capaCity, in Seri‘?s' Figur(? 3_4
circuit with resistance, in- Shows diagrammatically a circuit
ductance, and capacity in series. {aking current from an alternating
supply. The ordinary resistance is represented by R, the
inductance by L, and the condenser producing the capacity
effect by C. In the radio circuits usually found in practice,
the resistance to be dealt with is only that of an induction coil,
as the series resistance of the condenser is negligibly small. If
it happens that the condenser has an appreciableresistance, the
circuit resistance R to be used in the calculations is the sum of
the induction coil resistance and that of the condenser. In a

L
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circuit of this type, the following items must be determined
before the calculation of the net effect of resistance, inductance,
and capacity can be worked out. In other words, the quanti-
ties to be considered are:

1. Ordinary resistance.

2. Inductive reactance.

3. Condenser reactance.

The inductive reactance and the condenser reactance tend
to neutralize each other when they are in the same circuit.
The total reactance of a circuit of this kind is therefore the
difference between the two reactances instead of the sum.
If X,is the net or total circuit reactance, then X, = X, — X..

If the equation for impedance is changed in form for the
two kinds of reactance, it is Z = v/R* 4+ (X, — X.)2 On
pages 67 and 68, inductive reactance and condenser react-
ance were written in terms of frequency f (cycles per second),
inductance L (henrys), and capacity C (farads). Substituting
these values in the preceding equation, we have for the
impedance Z in ohms:

1 2
—_ 2 —_
Z = \/R + (21rfL 21rfC) (30)
also the current I in this circuit in amperes is,
I B - \/ . 1 \2

The equations that have just been derived are of the utmost
importance in radio work. They are invaluable in the study
of the principles underlying the tuning and selectivity of
radio receiving sets. Assume that the current supply to a
circuit containing resistance, inductance and capacity in
series is at 110 volts and that the frequency of the supply is
60 cycles per second. It is desired to calculate the current
in a circuit supplied by this line and containing an induction
coil having an ordinary resistance of 15 ohms and an induct-
ance of 0.15 henry, the capacity of the condenser being
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15 microfarads with negligible resistance. Besides calculating
the current in this circuit, it will be worth while to determine
also the voltage across the coil, as well as the voltage across
the condenser. The resistance R of the induction coil, as
stated, is 15 ohms. The reactance X of the induction coil
is 2xfL = 2 X 3.1416 X 60 X 0.15, or 56.52 ohms. The
reactance X. of the condenser is 1/2mfC = 1 + [3.1416 X 60 X
(15 <+ 1,000,000)], or 177.0 ohms. Since the condenser react-
ance and the induction coil reactance tend to neutralize
each other, the net or total circuit reactance is 56.52 ohms
— 177.0, or —120.5 ohms. In this algebraic addition, the
minus sign before the result indicates merely that the capacity
effect is larger than that of induction.

The impedance Z of the circuit is /152 4 (120.5)2 equals
121.4 ohms. The current I in the circuit is # + Z = 110 +
121.4, or 0.906 ampere.

In order to calculate the voltage across the coil, it is neces-
sary to determine the impedance of the induction coil itself,
which has not yet been done. This impedance

Z' = /157 + 56.522,

or 58.5 ohms. The voltage across the induction coil (I X Z’)
= 0.906 X 58.5, or 53.0 volts.

The voltage across the condenser 7 X X. = 0.906 X 177.0,
or 160.4 volts.

A more interesting example than the above with also a
circuit including resistance, inductance and capacity in series
is the following from Morecroft.!

This example deals with a radio circuit consisting of an
induction coil having an inductance of 250 microhenrys and
a resistance of 20 ohms. This induction coil is in a circuit in
series with a condenser which has a capacity of 110 micro-
microfarads. The current is to be calculated in this circuit
when the electromotive force is 4 millivolts at a frequency
of 1,000 kilocycles per second. After the current is calculated,
‘the voltage drop across the condenser and also across the

1 MoRECROFT, JoHN H. ¢‘Elements of Radio Communication,” p. 46.
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induction coil are to be determined. The resistance of the
induction coil is 20 ohms. The reactance X, of the induction
coil is then 2rfL = 2 X 3.1416 X 1,000,000 X (250 = 1,000,-
000), or 1,570 ohms. Reactance of the condenser is 1/2xfC
=1+ (2 X 3.1416 X 1,000,000 X 110 = 1,000,000,000,000),
or 1,450 ohms. Net or total reactance X, of the circuit is
X. — X¢c = 1,570 — 1,450, or 120 ohms. Impedance of the
circuit Z = v/R? 4+ X, or /202 + 1202, or 121.7 ohms.
Current I in the circuit is £ + Z, or 0.004 <+ 122, or 0.000038
ampere. Voltage across the induction coil' is I X X, equals
0.000038 X 1,570, or 0.06 volt. In this case it was stated
that the voltage induced in the circuit is 4 millivolts, and the
calculations show that the voltage drop across either the coil
or the condenser is much greater than this value. In other
words, the voltage drop across either the coil or the condenser
is nearly 15 times as large as the induced voltage in the
circuit.

Inductances in Parallel and in Series.—Inductances in
series are added like resistances. If the coils are so far apart
that mutual inductance is negligible, inductances in parallel
combine like resistances in parallel (page 35). If mutual
inductance is considered, the total value of inductances in
series is

L=L,+L.+Ls+ - +2M o+ M, 3+ M s+ - - ).

Some or all of the mutual inductances may be negative. For
two coils in parallel the total inductance is

_ LL, — M? L .
L = L.+ L,— oM The term 2M changes sign if M is
negative.

Examples of Calculation of Capacity of Condensers in
Parallel and in Series.—As already stated, when condensers
are connected in parallel, the resulting total capacity is the

1 The resistance R is so small in comparison with the reactance of the
induction coil that it is not included in this calculation. Voltage across
condenser equals I X X. = 0.000038 X 1,450, or 0.055 volt.
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sum of the individual capacities. Thus, if the capacities of a
group of three condensers are respectively ¢i, ¢2, cs, then the
capacity ¢, of a single condenser that would replace the
parallel group would be ¢; + ¢2 + ¢s. Now in a practical
example, if the individual capacities of a group of three
condensers are respectively 0.0005, 0.0010, and 0.00025
microfarad, then the equivalent capacity C, of a single con-
denser in microfarads to replace the group when connected in
parallel is 0.0005 + 0.0010 + 0.00025, or 0.00175 microfarad.

A somewhat similar statement applies to the equivalent
capacity of a single condenser to replace a group of condensers
that are connected in series. In the case of such series
connection, the reciprocal of the equivalent capacity of a
number of condensers in series is equal to the sum of the
reciprocals of the capacities of the individual condensers.
Thus, if in a group of condensers in series the individual
capacities are represented by ci, ¢z, €3 in microfarads, then the
capacity C, in microfarads is given by the following equation:

1 1 1 1

Cs ¢ ¢ ¢

Assuming the values of three condensers in a group, the same
as in the last example, which are respectively 0.0005, 0.0010,
and 0.00025 in microfarads, then 1/C, is given by the following
equation:

1 1 1 1
C. ~ 0.0005 T 0001 T 0.00025 — 2000 + 1,000 + 4,000 =
7,000,

or C, = 1/7,000 or 0.0001429 microfarad or 142.9 micromicro-
farads. It will be noticed, therefore, that in the case of con-
densers in series, the equivalent single condenser has a much
smaller capacity than any of the individual condensers.
Using the notation on page 47, the electrostatic charge Q
in microcoulombs on a condenser is C X E, where E is the
potential in volts across the condenser and C is the capacity
of the condensers in parallel connection in microfarads.
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In the case of the three condensers in the preceding example,
if the electric current charging the condensers is from a
110-volt line, the charge @ in microcoulombs is C X E or
0.0001429 X 110, which is 0.015719 microcoulomb.

If now the potential across the first condenser of the group
is represented by e;, that across the second by e, and that
across the third by e;, then, by reversing the method of cal-
culation (¢ = @ + ¢),

0.0157

1 = 50005’ or 31.4 volts.
0.0157

e = o 0.0010’ or 15.7 volts.
0.0157

e = 5700025 °F 62.8 volts.

Energy Stored in Condensers.—When there is a difference of
potential between the positive and the negative plates of a
condenser (as may be shown by the spark that results when its
terminals are short-circuited), there is obviously stored energy
in the condenser. The stored energy S in watt-seconds
(page 37) or joules for a given condenser is S = 0.5QE
where Q is the charge on the condenser in coulombs and E
is the potential across the condenser in volts. Then, since
Q=EXC or E=Q + C, the above equation for the
stored energy may be stated thus, S = 0.5CE?; or in another
form

S =0.5Q? + C. (32)

The next to the last of these equations shows that the energy
stored in a condenser! is proportional to the square of the
potential (voltage) E across the condenser.

Using again the group of three condensers considered in the
preceding examples, the last equation (31) can be used to
calculate the stored energy in each of the condensers in watt-
seconds, or joules, as in the following equations:

1 The energy S (watt-seconds or joules) stored in an electromagnetic
field, is S = 0.5LI? (see p. 55).
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s; = 0.5(0.0157 + 1,000,000)2 + (0.0005 <+ 1,000,000) =
0.0000002466 joule.
sz = 0.5(0.157 =+ 1,000,000)% < (0.0010 = 1,000,000) =
0.0000001233 joule.
s3 = 0.5(0.0157 + 1,000,000)? = (0.00025 <+ 1,000,000) =
0.0000004932 joule.
Total energy S in the group of condensers is 0.5(0.0157 =+
1,000,000) X 110 = 0.000000863 joule.

Also for a check of the last result,

S = 81 + s2 + s3 = 0.0000002466 + 0.0000001233 +
0.0000004932, or 0.000000863 joule.

Angle of Lag of Current in Induction Coil.—If the voltage
impressed on an induction coil has a sine-wave form, the
current will also follow a sine wave. There will be, however,
a so-called “‘phase difference’” between the voltage and the
current for the reason that in an ¢nductive circuit of any type,
the current lags behind the voltage, meaning that the current
does not reach its maximum values at the same time that the
voltage does but lags behind the voltage. This ‘“‘phase
difference’’ between the current and voltage in an inductive
circuit is usually represented by angular measure, the phase
difference being called the angle of lag. The theoretical
maximum angle of lag is 90 degrees or one quarter cycle.
This theoretical maximum of angle of lag is, however, never
attained as it would imply that the resistance of the coil is
zero, which is, of course, an impractical condition. In well-
made coils of the kind used in first-class radio receiving sets,
the angle of lag may approach very close to 90 degrees and in
fact the angle of lag in some radio-frequency circuits as used
in radio construction may be as large as 88 or 89 degrees.!

The angle of lag of an inductive circuit cannot be simply
determined by direct methods and is usually determined

! The angle of lag in inductive circuits as commonly found in power
plant work varies usually from 50 to 70 degrees and is scarcely ever more
than 75 degrees.
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indirectly from the numerical ratio of the reactance of the
circuit to the resistance of the circuit.!

Transformers for Alternating-current Radio Receiving
Sets.—Transformers with iron cores are commonly used in
radio receiving sets with the primary winding of the trans-
former joined up with the plate circuit of a vacuum tube.
The iron core of the transformer is thus magnetized by both
the direct or continuous plate current (page 4) and also the
alternating plate current due to the applied signal voltage.
The inductance due to the alternating current in the
transformer winding decreases rapidly as the magnetization
due to a direct or continuous current is increased. This
fact is of importance in the designing of choke coils for filters
(page 64), such coils being used to suppress the alternating
components of a rectified (page 3) alternating current.

The reactance X, (or 2xfL, page 68) of a coil connected
to a 110-volt 60-cycle line is 750 ohms. The current in the
coil must therefore be 110 + 750, or 0.147 ampere.

Resonance Frequency.—The net or total reactance (page
71) of a circuit is the arithmetical difference between the induc-
tivereactance X and the condenser reactance X¢. Obviously,
then, a radio circuit can be constructed, in which the inductive
reactance X, and the condenser reactance X, are equal and
in which, consequently, the net or total reactance is zero.
When this equality with respect to reactance occurs, there
are larger values of current in a given circuit than under any
other conditions; and when this condition exists a circuit is
resonant. Since the inductive reactance X. (measured by
2xfL) and the condenser reactance X. (measured by 1 + 2xfC)
have both the factor f indicating frequency, the value of

1 The angle of lag is determined numerically from the ratio of the
circuit reactance to the circuit resistance, this ratio being the tangent of
the angle. Thus, if the circuit reactance and the circuit resistance are
equal, the value of the tangent is unity and the corresponding angle as
determined by trigonometric relations is 45 degrees. In terms of the
symbols already used the tangent of the angle of lag is X, + R; the
sine (abbreviated ‘‘sin”’) of the angle of lag is then X, + Z; and the
cosine (abbreviated ‘“cos’’) of the angle of lag is R + Z,.
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frequency at which the circuit will have resonance can be
readily calculated by solving the following equation:

2xfL = 1 + 2xfC,

Jo = 1 + 20/LC (33)

in which f,., is the resonance frequency of the circuit, L is the
inductance in henrys, and C is the capacity in farads. In
radio work, these units are, however, inconveniently large,
so that for this kind of service, the following equation is
preferred, in which L’ is the inductance in microhenrys and C’
is the capacity in microfarads:

fow = 1,000,000 + 2r+/L'C". (34)

Example of Calculation of Resonance Circuit.—The follow-
ing calculation shows the method of finding the resonance
frequency of a circuit having an inductance L’ of 200,000 micro-
henrys and a capacity C' of 20 microfarads in series. The
inductance is that of an induction coil, of which the resistance
R is 5 ohms. When the voltage E supplied to the circuit
is 20 volts at the resonance frequency, determine the current
in the circuit, and also the voltage drop across the induction
coil and across the condenser. The resonance frequency
by equation (34) is

f... = 1,000,000 + 2r+,/200,000 X 20 = 1,000,000 + 2 X

3.1416+,/4,000,000 = 1,000,000 + (6.2832 X 2,000) =
1,000,000 + 12,566.4 = 79.6 cycles per second.

so that

Current I in circuit is £ -+~ R = 20 + 5 = 4 amperes.
Induction coil reactance X. at 79.6 cycles per second is

2xf. L = 2 X 3.1416 X 79.6 X 200,000 -+ 1,000,000 = 100.0
ohms.

Condenser reactance X. at 79.6 cycles per second is

1= 2xfC=1=[2X3.1416 X 79.6 X (20 + 1,000,000)]
=1 =+ 0.010005 = 100.0 ohms.
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Net circuit reactance = 100.0 — 100.0 (as it should be for
resonance)

Impedance of induction coil Z = v/R? 4+ X% =
152 + 100.02 = 100.1 ohms.
Voltage drop across induction coil =
I X Z =4 X100.1 = 400.4 volts.

Voltage drop across condenser =
I X X, =4 X 100.0 = 400.0 volts.

Example of Resonance in Radio Antenna.—It is often
important to know the frequency in kilocycles (per second)
at which an antenna will deliver the maximum current to a
receiving set to which it is connected. Assume that an
antenna has a capacity effect of 0.0025 microfarad and
that a coil having an inductance of 100 microhenrys is in series
with it. Then by equation (34),

Jre = 1,000,000 + 274/0.0025 X 100
= 1,000,000 = 2 X 3.1416 X 0.5 = 318,180 cycles, or
318.18 kilocycles per second.

By similar calculation, if the capacity of an antenna is
known, a coil can be inserted in series with the antenna to
make it resonant for a particular frequency. As an example
of this, if the capacity of an antenna is as before 0.0025 micro-
farad, and it is desired to insert in series with the antenna
an induction coil to give resonance at 500 kilocycles
(500,000 cycles per second), then the amount of inductance
L would be calculated as follows:

500,000 = 1,000,000 < 2r+/0.0025 X L
500,000 = 1,000,000 + (6.2832 X 0.05 X /L)
VL =2 + 0.31416 = 6.36
L = 40.45 microhenrys.

Example of Calculation at Resonance of Tuned Radio
Circuit.—A tuned circuit (page 64) in a radio receiving set
includes an induction coil of 200 microhenrys (0.0002 henry)
and it is desired to determine the capacity of a variable
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condenser which is in series with the induction coil, when
it is set for maximum response (resonance) for broadcast
reception at a frequency f of 700 kilocycles (700,000 cycles)
per second. In this case, the capacity C in farads will be
determined by the following equation derived from (33):

C =1+ [(2nf)® X L]
C =1+ [(2m)? X 700,000 x 0.0002]

C =1 -+ 3,870,000,000, or -~ 3, 870 farad = 0.00028 microfarad.

Wave Meter.—An interesting application of the foregoing
theory and numerical exercises is in an apparatus that is
always needed for amateur radio broadcasting. It is called
a wave meter, and is used for measuring the frequency of
radio currents. This instrument consists merely of an induc-
tion coil which is in series with a variable condenser and a
small ammeter, usually of the hot-wire type! to show the
amount of current in the circuit. Attached at one end to the
shaft carrying the movable plates of the variable condenser
is an indicating device, usually a simple pointer, which moves
over a calibrated scale graduated to be read in either wave
lengths (page 40) in meters, or frequency in kilocycles per
second. A single coil is adaptable to scale readings from
500 kilocycles to 1,500 kilocycles per second, but for a larger
range of frequency, a set of inductance coils is required.

In the practical use of this instrument, when the induc-
tion coil of the wave meter is brought near to another
induction coil, which is in series with the circuit in which
the frequency is to be determined, and the capacity of
the variable condenser of the wave meter is adjusted for the
maximum current, as shown by its ammeter, there is the
condition of resonance, and the frequency of the induced
current in the wave meter is the same as that of the voltage
in the circuit of which the frequency is to be determined.

1See Moyer and WosTREL, ‘ Radio Handbook,” p. 108, McGraw-Hill
Book Company, Inc., 1931.
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Calculation of Frequency of Resonance of Antenna.—The
resonant frequency of an antenna circuit may be calculated
by the use of equation (34), assuming that its capacity is
0.012 microfarad and that there is connected in series with the
antenna an inductance of 25 microhenrys. Then the fre-
quency of resonance f.., is 1,000,000 = 2r+/0.012 X 25 = 285,-
000 cycles, or 285 kilocycles.

Capacity of Variable Condenser for Circuit Resonance.—
The setting of a variable condenser (in microfarads) for
tuning a circuit of a radio receiver may be determined when,
for example, this condenser is in series with an induction coil
of which the inductance is 180 microhenrys; the frequency of
the tuned circuit being 1,220 kilocyecles (1,220,000 cycles).
Using the same notation as in the preceding examples, f.. is
1,220,000 cycles and L’ is 180 microhenrys. Then rearrange-
ment of equation (34) gives in terms of capacity C’ in microfarads

VI'C' = 1,000,000 + 2xf...,
or ¢’ = 1,000,000,000,000 + [(2rf...)> X L’]

then ¢’ = 1,000,000,000,000 = [(2= X 1,220,000)% X 180], or
0.000094 microfarad.

Decrement as Related to Resonance.—A term used in radio
which has a definite relation to the resonance of a circuit is
called the decrement. It is the quantity that indicates how
rapidly the reduction in value of oscillating currents set up
in a circuit takes place. Information about the decrement
of a circuit is useful because of its relation to selectivity
(page 82). In general, it may be stated that the greater
the selectivity of a circuit, the sharper its actual resonant
point and also the lower the decrement will be. A
typical curve of a resonant circuit is shown in Fig. 35, where
the resonant frequency is marked for an ordinate corresponding
to the maximum value I, of current in the circuit. Two
other frequencies marked f; and f., corresponding to a current,
I... + \/2 are points where the value of the current is 1/4/2
of the resonant value. An inspection of the resonance curve
shows that the closer f; and f, are to each other, the sharper
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the resonance of the circuit will be, and for this reason it
may be said that (f2 — f1) + f... is a measure of selectivity.
Decrement, of a circuit can also be written! as R + 2xf..L,
where it has significance from an entirely different point of
view from that being discussed now.
With this relationship in mind, we can write

(fo = f) + fr = B + 2xf..L (35)
7(fa — f1) + fiw = R + 2f..L. (36)

This last equation shows that the selectivity of a circuit is
inversely proportional to the decrement. In this connection,
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still another term called the selectivity factor is sometimes

used, this being f... = (f2 — f1), and since the reactance of an

inductive circuit X, is 2xf,.L, we can express the selectivity

factor as follows in terms of reactance and resistance as given
in equation (35)

fres _ 27rme _ XL

R-h~ R " F

This last equation shows that selectivity of a circuit is the

ratio of the coil reactance X . in ohms at the resonant frequency

to the resistance R, and, further, that when the resistance R
of a coil is small compared with its inductive reactance X .,

37)

1 See MorECROFT, ‘‘Elements of Radio Communication,” p. 54.
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as it should be in all good radio equipment, then the impedance
Z of the coil and its reactance X . being practically equal, we
may say that the selectivity of the circuit in which the coils
are suitably selected and constructed is proportional to the
ratio of the impedance Z to the resistance E.

Inductance, *Capacity, and Resistance in Parallel.—The
general treatment of the flow of alternating current in a
parallel circuit is complicated beyond the requirements for
the circuits ordinarily used in radio work when it includes
both inductance and capacity in addi- —
tion to resistance. For this reason, I Ie
only special cases that have possible
application in radio services will now - E L
be considered. The most common g
application of this kind is the shunting D
(by parallel connection) of an induction
coil by a condenser. One problem for g 36 _Parallel reso-
solution is then to determine for a given nance of inductance and
circuit the amount of current (taken, condenser.
for example, from a generator @) as shown in Fig. 36. In a
branched circuit of this kind the current received by each
branch is exactly the same as it would be if there were not
a second or third branch. For this reason the current in each
branch of the circuit illustrated in the figure will be calculated
in the same way as for a stmple circuit. In that case, then, the
current I, (amperes) in the inductive part of the circuit may
be written

E E
IL=p=—m 38
,L "/R2+XL2 ( )

where the voltage across the terminals of the circuit E is in
volts, the impedance Z is in ohms, the resistance R is in ohms,
and the inductive reactance X, is in henrys.
The current I (amperes) in the capacity part of the circuit
is
Ic = 2=fCE (39)
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where f is the frequency in cycles per second, C is the capacity
of the condenser in farads, E is the voltage across the terminals
of the circuit in volts, and = is 3.1416.

These equations will now be used to calculate the current
in the line and the current in parts of the circuit represented
by Fig. 37 when the inductance L is 0.125 henry and the
resistance R is 12.0 ohms. In parallel with this inductance
and resistance is a condenser with a capacity of 14.25 micro-

Ohms 2P l Ohms =P Ohms 2P
MF.
G@ Henry 8D "T) Henry §D @ Mjg

Actual Circuit Equivalent Equivalent
=80 Circuit for Circuit for
=70 =90
Fi1g. 37.—Inductance and condenser in parallel: (1) for frequency of
resonance; (2) for frequency below resonance; (3) for frequency above
resonance.

farads; the line voltage and frequency being respectively

100 volts and 60 cycles per second.

The coil impedance Z = v/R? 4+ (2r X 60 X 0.125)% =
V122 + (2r X 60 X 0.125)% =
V144 + (47.12)% = A
V144 + 2,220, or 48.63 ohms.

Coil current 7, is 100 <+ 48.63, or 2.06 amperes.
Active coil current I.,is I, X R <+ Z. (40)
ra = 2.06 X 12.0 + 48.63, or 0.51 ampere.
Reactive coil current I, = \/T;2 — I.4°
(or =1, X X, =+ Z) (41)
I.r = \/2.062 — 0.512, or 2.00 amperes.

The condenser current I¢ is 2rfCE (C in farads) = 2r X 60 X
(14.25 + 1,000,000) X 100, or 0.537 ampere.

Active current, I, supplied by line = I.4 or 0.51 ampere.
Reactive current supplied by line I,=1.r—I¢, or 2.00—0.537,
or 1.46 amperes.
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Line current I, = V1.2 + 1,2 = 1/0.512 + 1.462, or 1.55
amperes.

Line impedance = E + Iy, = 100 = 1.55, or 64.5 ohms.
Response of Parallel Circuits.—A circuit with inductance,
capacity, and resistance in any combination arranged in
parallel can also be made resonant for the same conditions
and under similar circumstances as a series circuit. Therefore,
the frequency of resonance of a parallel circuit may be calcu-
lated by setting the reactive coil current I.r equal to the
condenser current and then solving for the resonant frequency.
The following calculations would then be made. Coil reactive
current I, is I, X X, + Z [Equation (41)],
andsince I, = FE + Z, I.p = (B + Z) X (X.+ Z), or

E X,

Iip = X
orfLE

= Rt @nfL) (page 69), since X = 2xfL (page 68).
Condenser current I¢ is 2xfCE (page 67).

Setting down then I.r equal to I, since the two currents
are equal when the circuit is resonant,

2rfLE _
and solving for the value of the resonant frequency f,_

, (L +C)—R?
)

05 [T R
fru = — I_J—Cv - F' (43)

Now it happens that in nearly all practical radio circuits the
value of the term R?/L? is negligibly small and may therefore
be neglected. For ordinary practical conditions, therefore,

we can write,
05 1
=== NILe (44)
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Now it is interesting to know that this last approximate equa-
tion for resonance frequency in parallel circuits is the same as
the equation for the resonance frequency in sertes circuits
(page 78). This fact can often be made use of in designing
radio equipment, knowing that a co:il and condenser will have
practically the same resonance frequency when connected in
parallel as when connected in series.

Line Impedance at Resonant Frequency.—When the fre-
quency of the current in a parallel circuit is that of resonance,
the line current is the same as the active coil current, but the
two reactive currents are equal and opposite so that they
neutralize each other. In that case, the line impedance is
exclusively line resistance and of high value. This resistance
if represented by the symbol R,,., can be written

Active coE'Zl current Tl,% (45)
and since T4 = I X R”/Z [equation (41)]and I, = E + Z.
E___E
1.. E/ZXR'/Z

VB T X+ R = [(B")? + X7 + R
where R’ is the ordinary resistance in the circuit. However,

in most cases R’ is negligibly small in comparison with X, so
that it may be stated approxrimately that

R..= X2+ R".

line

Rline =

=27+ R'=

When there is resonance in the circuit X, = X¢ and
R, = XX X,)+R', or 2rfL X1/2xfC +~ R”, then
equation (45) becomes

L
B = o
In the preceding example at the resonance frequency, the line
resistance Ry, is in ohms,
0.125 X 1,000,000
14.25 X 12

(45a)

Ry = » or 730 ohms.
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Method of Reducing Resistance in Resonant Parallel Cir-
cuit.—When an induction coil and a condenser are connected
in parallel as shown in Fig. 38 and are adjusted to the fre-
quency of resonance, the induction coil and the condenser
thus connected in parallel act as though there was exclusively
resistance in the circuit. This resistance may be too large

' or 266,667 ohms.

for other requirements in the design of radio equipment. The
value of the line resistance R,,,, for this condition as shown by
equation (46) is R,,, = L -~ CR” where R’ is the actual
resistance of the induction coil and the M
condenser in series (page 70) and L and
C are respectively the inductance and
capacity in the circuit. 6

As a rule, this line resistance Riie is
very large so that it may be excessive
for the other elements of a complicated N
design. As an example, the induction Fie.  38.—Resonance

" . . requency impressed at
coil D in Fig. 38 may be assumed to points of circuit that are
have an inductance L of 200 microhenrys Vvarying distances apart.
and a resistance R of 7.5 ohms. The condenser O is of the
variable type (page 64) and has been set for the resonant
frequency of 750 kilocycles. Its capacity at this setting
is 0.0001 microfarad. Under these conditions the apparent
impedance across the points marked A and B (exclusively
resistance) is L + CR"/, or

200 =+ 1,000,000
(0.0001 = 1,000,000) X 7.5

When the calculation of the resistance of a resonant circuit
has large values it is usually advantageous to modify the
circuit to obtain a lower resistance. For this purpose the
circuit in Fig. 38 might be charged to have the line current
delivered to the circuit at, for example, M and A or N and B,
instead of at M and N as in the case calculated. When this
charge is made, or in other words, when the line current is
supplied at points closer together with respect to the induction
coil than are M and N, the circuit resistance may be halved or
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quartered or even reduced as much as 90 per cent. By the
method of using a variable contact on the winding of an
induction coil like D in Fig. 38, such a parallel resonant circuit
can be made use of as an adjustable resistance. This method,
it will be found, has numerous applications in vacuum tube
circuits where it is necessary to match the resistance of the
circuit to the resistance of the vacuum tubes.

Selection of Resistances for Radio Circuits.—The general
rule may be stated that the induction coils for a radio receiver
should have low resistance for the reason that the lower the
resistance of the coils used in radio-frequency circuits (page
505), the better the selectivity (page 82) is likely to be, and
to some extent also the greater the amplification (page 24).

Selection of Inductance for Radio Circuits.—As stated in
the preceding paragraph, low resistance of the induction coils
in a radio circuit is a first consideration, but it is also impor-
tant to have the right amount of inductance effect for the
frequency range of the radio receiving set that is being
designed. For each frequency for which a radio receiving
set is to be used, there are corresponding values of inductance
and capacity that will produce resonance. For example, for
a frequency of 1,000 kilocycles per second, an induction coil
of 200 microhenrys and a condenser rated at 125 micromicro-
farads may be used.! Similarly, resonance at this frequency
can be obtained with an induction coil of 1,000 microhenrys
and a condenser of 26 microfarads. All of these combinations
will, by calculation, satisfy the requirement of giving resonance
at 1,000 kilocycles per second; but when using coils of ordinary
construction, there is not this wide range of selection. If an
induction coil of 1,000 microhenrys is used, the range over
which the receiving set can be tuned is very narrow. A well-
designed radio receiving set for standard broadcasting recep-
tion should give a useful frequency range of about three to
one (for example, 500 kilocycles to 1,500 kilocycles), but if
coils of 1,000 microhenrys are used, the range will be certainly

1 This is derived from the equation f = 1 + (2r4/LC) (p. 78). See
also table of f and LC in Moyer and Wostrel, ‘‘Radio Handbook,” p. 17.
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not more and possibly less than two to one. In addition to
the capacity effect in a radio receiving set produced by con-
densers, there is always some stray capacity from the parts of
the receiving set. Some of this additional capacity is caused
by the wiring itself and some more by the vacuum tubes and
their sockets. The coils also may have considerable extra
capacity which interferes with the best tuning. The amount
of stray capacity in the average radio receiving set is about
25 micromicrofarads which is a value that may be interesting
for comparison with that of the ordinary variable condenser
when set for its minimum value of capacity; that is, about
10 micromicrofarads. It is therefore obvious that even when
the tuning condenser of a radio receiving set is set for its
minimum value of capacity (with plates asfarapart as possible)
the capacity effect of an induction coil and variable condenser
connected in series is at least 35 micromicrofarads.

If a radio receiving set is to be made so that it will ‘“tune”
as low as 500 kilocycles per second, the maximum capacity of
the circuit having an induction coil of 1,000 microhenrys would
have to be about 100 micromicrofarads. But when the
variable condenser is set at its minimum value, the capacity
of the circuit is about 35 micromicrofarads. The -circuit
with this value of capacity and the 1,000-microhenry coil is
resonant at a frequency of about 850 kilocycles per second;
the frequency range in that case being therefore from 500
kilocycles to 850 kilocycles per second or not even two to one.

Still another combination of inductance and capacity is
interesting for study, this being the case where a small induct-
ance and a large capacity are used. For example, if the
induction coil has an inductance of 68 microhenrys and is
used with a variable condenser with a capacity of 1,500 micro-
microfarads, the circuit will have its resonant frequency
at 500 kilocycles per second and will have a very wide range,
probably between 500 kilocycles and 3,000 kilocycles per
second. A condenser of such large capacity is, however,
very expensive and it would be found that the selectivity of
the set would not be satisfactory. The inductance of a coil
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that is well adapted to a frequency range between 500 and
1,500 kilocycles per second (the operating range for standard
broadcasting) is between the two extremes which have been
calculated and the best average results are obtained when the
inductance of a coil is about 250 microhenrys. With this
value of the inductance, a variable condenser of only moderate
size will be required (about 400 micromicrofarads of capacity)
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Fi1a. 39.—Relation between capacity and inductance of circuit for varying
frequencies or wave lengths.

and the selectivity will be sufficiently good for ordinary serv-
ices. The chart of Fig. 39 shows the values of inductance
in microhenrys and capacity in micromicrofarads which are
required for a given frequency in kilocycles or wave length in
meters. For the range of frequencies of ordinary radio
broadcasting, the reactance of the coil should be about
1,500 ohms for the highest frequency at which it is used.
This value varies, however, from about 1,000 ohms to as
much as 2,000 ohms, according to the construction of the coil.
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An average value, however, of about 1,500 ohms will usually
give the most satisfactory results.!

Circuit Having Resistance and Inductance in Series.—
If 7 is the instantaneous current, the voltage required to force
this current through a non-inductive resistance R is Rz, and
the voltage required to overcome the induced voltage of the
inductance is X:i. Hence, the instantaneous value of the
applied voltage e is R7 + X.i. But these values of non-
inductive and inductive voltage
cannot be used to calculate the @
effective applied voltage, because g \
the voltages Rt and Xz are not in f
phase. When the voltage R: is @ @
zero, the voltage X7 is at a maxi- g, 40 voltage measure-
mum. The sum of the two volt- ments across inductive and non-
ages may have a maximum value inductive resistances in series.
which is less than the sum of their individual maximum values.

This may be shown by an experiment in which an alter-
nating current is passed through a circuit containing non-
inductive and inductive resistances connected in series as in
Fig. 40. Three voltmeters marked a, b, and ¢ are used to
measure the voltages between the points A and B, B and C,
and C and A, respectively. The effective voltages indicated
by the voltmeters are such that the reading of instrument ¢
is not equal to the reading of b plus that of a, as would be
expected for direct current. The voltmeter a indicates now a
reading of RI, and b a reading of X .I where I is the effective
value of current, such as would be obtained with an alter-
nating-current ammeter. . The voltmeter ¢ indicates the
effective value E of the applied voltage which is represented
by the hypotenuse of a right triangle whose sides are RI

s

LIf a coil for a radio receiving set is well designed, it will have a react-
ance which is from 100 to 200 times as much as its resistance. The
resistance increases as the frequency of the circuit increases, owing to
the fact that the losses are larger at high than at low frequencies. For
this reason the ratio of reactance to resistance is practically the same for
the frequencies in the usual broadcasting range.



92 RADIO RECEIVING AND TELEVISION TUBES

and X, I. The relation between the sides and hypotenuse of a
right triangle is such that

E? = (RI)?* + (X.I)? = I*(R? + X.2).
From this the effective value of the current produced by the
effective applied voltage E is
E

= ——— .
VR + X,



CHAPTER 1V
VACUUM-TUBE ACTION

Electron Emission.—The tendency of a metal to evaporate,
just as water evaporates at ordinary temperatures, is due to the
tendency of the atoms of the metal to separate from each other
at temperatures that are high enough to give them the neces-
sary velocity.

The electrons associated with an atom are in motion at a
rate which increases with increasing temperature. When a
metallic filament is heated to incandescence, the atomic agita-
tion of the substance is increased and the motion of its elec-
trons becomes so rapid that some of them break away. The
escape of electrons in this way from a metallic filament occurs
at a temperature which is lower than that necessary to produce
atomic evaporation, for the reason that the velocity of the
electrons is greater than that of the atoms. At the surface
of a metal, according to the theory of Richardson,! the electrons
are restrained from leaving the metal by electric forces similar to
the molecular forces which cause the surface tension of a liquid.

In the absence of any external electrical attraction most of
the electrons return to their former position when cooled,
because the filament is left positively charged and exerts
therefore an attractive force on the electrons which are always
negatively charged. At the same time the electrons already
present in the space exert a repelling force on those leaving
the filament. This setting free of electrons by a body when
it is heated is called electron emission. The presence of such
free electrons in the space surrounding a heated filament
makes this space a good conductor of electricity.

1 R1cEARDSON, A. W., “Theory of Thermionic Emission,” Philosophic

Trans., Vol. 202, p. 516.
93
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This kind of electron emission is called thermionic. There
are, however, several other means by which electron emission
may be produced. One of these other means, called secondary
electron emission, refers to the bombardment of a body by
positively charged ions (page 20), by electrons, and by
atoms. The secondary electrons produced in this way have
a very low velocity. The number produced depends on the
material, the condition of the surface, and the velocity of
bombardment. A metal surface coated with graphite tends
to reduce the emission of secondary electrons. The action
of secondary emission of electrons is utilized in the dynatron
tube (page 94). In ordinary radio vacuum tubes the action
of secondary electrons is injurious. For example, an oscillator

tube (page 9) will ““block” if the

grid voltage becomes positive from
1+ the effect of secondary electrons.
= Another means, called photoelectric
T- electron emission (page 212), refers
to the emission of electrons when
radiation such as light or X-rays
strikes a surface. Electrons
Fio. 41.—Diagram of circuitsin emitted by means of photoelectric
typical radio receiving tube. . .
effect havea velocity which depends
on the frequency of the radiation; and the number emitted
depends on the intensity of the radiation. Still another
means, called electrostatic electron emission, depends on the
application of a high voltage, and may.be utilized in the cold-
cathode tubes (page 190).

Emission Current.—When a suitable bulb, as shown in
Fig. 41 from which the air has been removed to obtain a
vacuum, contains a filament or cathode near the middle, with
a flat metallic plate close to it, and the cathode is heated, a
few electrons will leave the cathode with sufficient velocity to
reach the plate. If this plate in the bulb is entirely insulated,
the electrons which accumulate on it will soon build up
a negative charge that is sufficient to prevent a further flow of
electrons from the cathode. If, however, instead of being

Plate..

Cathodle

circuit ==
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insulated, the plate is connected by a conductor to the cathode,
large numbers of electrons will flow across the space between
the cathode and the plate, and then back to the cathode
through the connecting conductor. This current, thus
produced by electron emission, is called the plate current.
This current can be greatly increased if a battery or other
source of electric current is connected into the circuit between
the plate and the cathode so as to create a positive potential
or voltage on the plate.

Characteristic Curves.—The performance of vacuum tubes
in radio communication may be studied by the use of curves
which show their characteristic properties. The performance
of a simple electrical device incorporating an ordinary ohmic
resistance can be determined from a knowledge of only two
properties of the device—its ohmic resistance and its current
rating. On the other hand, the performance of vacuum tubes
is usually shown by diagrams from which a determination
can be made of all the possible combinations of voltages
and currents that may occur in practice. These diagrams,
known as characteristic curves, are easily obtained by keeping
constant the cathode voltage of a vacuum tube, varying the
applied voltages, and then reading and plotting the resulting
currents in the plate-to-cathode circuit.

Two-element (Diode) Vacuum Tubes.—A two-element
tube consists of a metallic filament or cathode and a metallic
plate both sealed in a glass or metal bulb in which there is a
vacuum. The filament or cathode may be heated by the cur-
rent from a battery or from some other source of current. The
plate s made positive with respect to the cathode by con-
necting a battery or other current supply in the plate-to-
cathode circuit. Under these conditions, as explained before
(page 6), a flow of electrons takes place from the cathode to
the plate. As the plate voltage is increased there is a value
at which all the electrons emitted from the cathode are drawn
to the plate, and after this value is reached, any additional
increase in plate voltage is not accompanied by any increase
in plate cutrent. This maximum value of emission is called
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the saturation current and, because it is an indication of the
total number of electrons emitted, it is also called the emission
current or cathode emission. 'This condition is shown at point A
in the curve of Fig. 42. The bend in the curve shows that
when the plate voltage has been made large enough there is
little further gain in the plate current. Under these conditions
the plate current can be increased, however, in another way,
and that is by increasing the cathode temperature. The
explanation of this is that the number of electrons sent out
by the cathode increases with the temperature approximately
as the square of the excess of the cathode temperature above

Cathoole Temperoature-3
C “ " -2

" " -1

B

Plate Current

Plate Voltage

Fig. 42.—Relation of plate current
to cathode temperature.
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o
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a

Cathode Temperature

F1g. 43.—Relation of plate voltage
to cathode temperature.

a red heat, and, thus, more electrons are available to be drawn
over to the plate. For any temperature of the cathode there is,
however, also a corresponding maximum value of plate current.
This maximum is reached when the electrons are drawn over to
the plate at the same rate as they are emitted from the cathode.
The effect of varying the temperature of the cathode is shown
by comparing the curves 4, B, and C in Fig. 42.

On the other hand, if the plate voltage is kept constant,
and the cathode temperature is raised by increasing the
cathode current, the emission current or cathode emission
will be increased. The plate current will increase up to a
certain temperature, but beyond this temperature it will
remain practically constant, even though more electrons are
being given off. This means that for every value of plate
voltage there is a corresponding value of cathode temperature
beyond which no increase in plate current is obtained. This
effect is shown by the curves of Fig. 43.
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The explanation! of this behavior is that the stream of
negative electrons flowing through the vacuum tube acts
as a space charge of negative electricity which neutralizes the
electrostatic field owing to the positive plate (page 27);
that is, the effect of the negative ‘‘space’ charge upon the
electrons leaving the filament is opposite to that of the positive
charge on the plate. In consequence, only a limited number
of electrons can flow to the plate per second with a given
plate voltage, and the remainder are compelled to return to
the cathode. It is obvious, therefore, that the condition of
either voltage or current under which the cathode of a vacuum
tube is to be operated must be specified.

For given plate voltage the maximum possible value of plate
current depends on the spacing, size, and shape of the elements
of the tube.?

Commercial Types of Two-element Vacuum Tubes.—The
ordinary commercial applications of two-element vacuum
tubes are (1) for the rectification of alternating current, (2) for
detection, and (3) for the production of x-rays. The applica-
tions of the diode detector are explained in Chap. VIII and the
applications of rectifier tubes in Chap. IX. Vacuum-tube
rectifiers of alternating current are divided into two general
classes: (1) the high-vacuum type, and (2) the gas-filled and
vapor-filled types.

High-vacuum rectifier tubes for radio applications include
types 5Z3, 1273, 1-V, 80, 81, 83V, 84, and the metal tube type
5Z4. These types in general are similar in construction and
action, but have different ratings as shown in the Tube Table,
page 617. A point of difference is that some types, designated
as half-wave rectifiers, are designed to rectify only half of the

1 LANGMUIR, 1., “Theory of Electron Tubes,” Physical Rev., Vol. 2,
p. 450, 1913; and Proc. Inst. Radio Eng., Vol. 111, p. 261, 1915.

2 The plate current of a high-vacuum tube when not limited by the
space charge (p. 97) of the cathode of the heater type (p. 11) (unipo-
tential, p. 10) is given theoretically by the equation 7, = KE* where K
is a constant depending on the structure and spacing of the elements of
the tube and E is the plate voltage.
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cycle of current, while full-wave rectifiers pass current during
both halves of a current cycle.

Gas-filled and vapor-filled rectifier tubes for radio applica-
tions include the mercury-vapor types 82, 83, and such tubes
as the Tungar, the Rectigon, and the Raytheon rectifiers.
Other types of gaseous tubes having two or more electrodes
and designed for radio applications or for industrial control
devices are described later in this chapter under the heading of
gaseous tubes. :

High-vacuum Rectifier.—High-vacuum rectifier tubes such
as types 1-V, 573, 80, 81, 83V, 84, and so on, are of the filament
type and depend on true thermionic action for their operation;
meaning that the electrons can move from the cathode to the
plate, but, since the plate is not a source of free electrons, when
these electrons are once on the plate they are not released and
cannot flow back to the cathode. Thus, a current flows from
the cathode to the plate only when the plate is positive and
the current stops flowing when the plate is negative. By the
use of this kind of rectifier tube an alternating current may be
changed into a pulsating direct current. Tubes of this type
have a current capacity limit of several amperes and a high
voltage drop. Their characteristics are affected by the spac-
ing and structure of the tube elements. The operating
characteristics are affected by the type of filter system that
is used. Characteristic curves for several tubes of this type
are given in Chap. IX.

Hot-cathode Mercury-vapor Rectifier.—This type of tube is
essentially a gaseous rectifier containing mercury vapor.! Its
principal characteristics are low and practically constant
voltage drop for all values of current, ability to withstand high
inverse voltages (page 101), and improved regulation of
voltage output in comparison with other devices. The fila-
ment or cathode of this tube is coated with an oxide and the

1 Gas at a pressure of 3 to 5§ centimeters of mercury is used to neutral-
ize the space charge in the Tungar rectifier (p. 102), which is designed
for low voltages only.
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plate area is made small for the reason that there is a low
voltage drop in the tube and consequently a low plate-current
loss. The tube is intended for operation at a low gas pressure!
and at relatively high voltages. In the full-wave rectifier
(page 98), which is designed to rectify both halves of an
alternating-current cycle, there are two plates, each of which
entirely surrounds its filament.

In the operation of a hot-cathode mercury-vapor rectifier the
electrons are drawn from the heated filament (cathode) on the
positive part (page 41) of the cycle of the alternating current
being rectified. Some of these electrons thus withdrawn
collide with the mercury-vapor molecules and free new elec-
trons. As the mercury vapor becomes ionized a characteristic
blue glow appears. On the negative or ‘“inverse’’ part of each
current cycle the anode or plate is negative with respect to the
filament or cathode, so that the flow of current stops, and the
blue glow disappears. Disintegration of the filament or
cathode by positive-ion bombardment is prevented by main-
taining the voltage drop in the tube below a definite critical
value (22 volts for mercury vapor).2

The positive space charge (page 97) between the plate and
the filament which is produced by the positive ions on the
plate neutralizes the negative space charge caused by the
electrons emitted from the cathode. Because of this neutrali-
zation of the space charge, the plate can attract the necessary
supply of electrons from the cathode, even though the voltage
difference between the two is relatively low. No appreciable
current flows until the plate voltage reaches a certain value
and then the current increases rapidly in a fraction of a second.
A surge of current of this kind occurs each time the plate charge
changes from negative to positive. This current surge may
cause noise interference in reception because of the currents
induced in adjacent circuits. This effect can be reduced by

tSteiNer, H. C. and H. T. MasEr, ‘‘Hot-cathode Mercury-vapor
Rectifier Tubes,” Proc. Inst. Radio Eng., January, 1930.

2 The voltage at which mercury vapor begins to ionize is 10.4 volts.
The voltage drop in this rectifier tube is approximately 15 volts.
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inserting a radio-frequency choke coil (page 64) having an
inductance of at least one millihenry in the plate circuit, and
by shielding (page 121) the tube. A high plate voltage is
needed to produce the usual amount of plate current required
for the operation of a high-vacuum tube, but in the mercury-
vapor tube about the same value of plate current can be
obtained with a constant voltage of 15 volts. The reason
that the current can increase without an increase of plate
voltage is that space-charge neutralization, increasing as the
current increases, allows more and more electrons to travel
from the cathode to the plate.

The operating temperature of the tube determines the
required mercury-vapor pressure, there being a definite rela-
tion between this pressure and the temperature of saturated
mercury vapor. The coolest part of the tube determines the
vapor pressure to be used for the reason that the mercury
vapor will condense at the part which is at the lowest tem-
perature. The operating temperature of this tube should be
held within certain limits. The voltage drop in this tube is
affected by temperature, but does not depend on the spacing
of the elements. At the lowest limit of voltage drop in the
tube this voltage drop has a value greater than the critical
value at which filament or cathode disintegration begins.
At the high limit of voltage drop, the tube may break down or
flash-back on the negative (inverse) part of the alternating-
current cycle. A tube made with a coated filament or cathode
may be operated for short periods when the voltage drop is
above the limiting value, but the life of the tube will be
shortened through filament or cathode disintegration. High
temperature in the tube, on the other hand, reduces the
voltage drop, and is conducive to longer filament or cathode
life. If the room temperature is over about 120°F. the tube
must be cooled by mechanical means. Usually this is accom-
plished by passing a current of air over the tube.

The ratings of this tube which determine its power output
are: (1) maximum peak value of negative (inverse) voltage at
which operation is possible without the occurrence of flash-
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back, and (2) maximum peak plate current consistent with
long filament (cathode) life. The maximum peak negative
(inverse) voltage is equal to the peak voltage of the power
transformer that is used for supplying power to the tube
minus the voltage drop in the tube. The rating of the filter
condensers (page 363) used with this tube in a rectifier must
be high enough to enable them to withstand the instantaneous
peak voltage of the circuit. The rating of peak plate current
depends on the type of circuit as well as the kind of load and
the filter. If this value of peak current is exceeded, the
voltage drop increases so much that it may exceed the value
at which filament (cathode) disintegration begins. It is
stated that wherever possible a small inductance coil should
precede a condenser in the filter circuit used with this tube,
or, if this cannot be done, the current may be limited by the
use of a protective resistance.!

When flash-back occurs in this tube, its effect is practically
the same as that of short-circuiting the rectifier output. The
short-circuit current under these conditions depends on the
resistance and leakage reactance (page 68) of the transformer
used in the circuit. Since a power transformer has an imped-
ance under short-circuit conditions which may be only a small
percentage of its rated impedance, the short-circuit current
may have very high values.

The cathode voltage must be kept at the rated value. A
reduced cathode voltage caused by poor contacts results in
an increased voltage drop which may cause injury to the
cathode. The same effect is caused if a normal voltage is
applied before the cathode is properly heated. Under normal
operating conditions the cathode of this tube heats quickly
when the current is turned on and it will supply full-load

1 For the protection of the power transformer that is used in the
rectifier unit, its primary winding should be rated at about 150 per cent
of the normal current it will carry. With the condenser-input type of
filter (p. 364), the peak current may be more than three times the value
of the continuous or direct-current output. With the choke-coil type of
filter (p. 361), the peak current may be considerably less.
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current before the other tubes in the receiver require it. If,
through the handling of a tube, the supply of mercury becomes
distributed over the electrodes it may be necessary to light
the cathode for a short time with no plate voltage on the tube.

The improved regulation that is obtained with this tube
may be attributed to the fact that the voltage drop of the tube
is practically constant. Hence any decrease in output voltage
as the load is increased is caused by voltage drop in the trans-
former and filter windings used in the circuit.

The end of the useful life of this tube is indicated by a simple
test. With a direct-current voltage applied to the plate, the
voltage drop should not exceed 18 to 20 volts for normal
operation, when the plate current has a value of twice its
rating. Discoloration of the glass bulb is a normal condition,
and is not an indication of the end of the life of the tube.

Tungar Rectifier..—A Tungar rectifier tube functions by
reason of the unilateral (single-direction) conductivity in the
space between the hot cathode and the cold plate of the tube.
It is of the half-wave type of rectifier, and the spacing between
the cathode and the plate is close, to keep at a low value the
voltage drop in the tube. A tungsten cathode is the source of
electrons and is maintained at the necessary high temperature
by a current from some external source. The tube is filled
with argon which is an inert gas easily ionized by electrons.
In this type of tube the plate current is transferred mostly by
this ionized gas. The Tungar tube is made in capacities up to
about 8 amperes and up to an input of about 75 volts (root-
mean-square).! Although this rectifier tube has been manu-
factured for use with greater current capacity and higher
voltage input than these limits, the results at the higher ratings
have not been uniformly satisfactory. Because of the rela-

! Root-mean-square (r.m.s.) value of voltage is the square root of the
mean of the squares of the instantaneous values of voltage for one com-
plete cycle of alternating current. Unless otherwise specified, the
numerical values of alternating voltages or currents refer to r.m.s. values.
(MoYER and WostreL, ‘‘Radio Handbook,” p. 10, McGraw-Hill Book
Company, Inc., New York, 1931.)
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tively high gas pressure in this tube, the current tends to
concentrate in spots where it may cause localized burning of
the cathode.

Rectigon Rectifier.—Similar to the Tungar is the Rectigon
rectifier tube, both being examples of the low-voltage type of
rectifier tube in which the flow of plate current is aided by
gaseous conduction. Under some conditions, such tubes can
be used for charging batteries when the cathode is cold and
unlighted. One type of the Rectigon tube has been used to
supply a direct-current voltage of 100 volts. It is possible to
make a filter for application with these rectifiers so that they
may be used for heating the cathodes of radio receiving tubes
designed for direct-current operation.

Glow-discharge Rectifier.— Gaseous-conductor vacuum
tubes are represented by the Raytheon rectifier tube, and by
other types of gas-filled rectifier tubes which do not have
filaments. This type depends for its action entirely upon the
effects of ionization by collision. The tube consists of two
elements inside a glass bulb under a reduced pressure of helium
gas. The elements of the tube are arranged in such a way
that the electrons from one element move a relatively short
distance and are absorbed before any ionization by collision
with the gas particles can take place. The electrons from the
other electrode must move a greater distance and have a
path which is long enough so that ionization by collision can
take place, and new electrons and positive ions can be pro-
duced. Consequently when a voltage is applied in one direc-
tion there will be only a very small current from the flow of
free electrons. When, however, the voltage is reversed there
is a much larger flow of current from the effect of ionization
by collision in the longer path. The rectification is not
perfect because some current flows in both directions, although
the reversed current is nearly negligible in value. This type
of tube passes current, freely in one direction at about 150 volts,
but requires about 700 volts to cause a flow of current in the
opposite direction. A characteristic of this tube is the sudden
increase in current when the glow discharge takes place. The
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relatively high voltage drop necessary to produce an initial
current flow is reduced considerably after the conducting path
is once established. Because of this variation in operation
the tube produces voltage surges which may cause considerable
noise.

Three-element (Triode) Tubes.—It has been shown that
the plate current may be influenced by changes in either
cathode temperature or plate voltage or both. Another
factor which will influence the flow of plate.current is the effect
of an electrostatic charge on a third element in the tube.

The third element, which is placed between the cathode and
plate, is usually a set of parallel wires or a perforated plate
called a grid. The spacing
between the wires of this third
element depends upon the
service for which the tube is
designed. The conventional
representation of a three-ele-
ment tube is shown in Fig.
44. For simplicity, in this fig-
ure the source of electrons is
Fia. 44.—Conventional representa- Shown as a wire filament, al-

tion of three-element tube. though most modern tubes
have heater cathodes (page 11). The source of power is
shown in the figure by batteries, instead of the usual power-
supply unit.

The third element or the grid G obtains an electrostatic
charge from its connection to a battery or other source of
voltage marked “C.”

The cathode is nearer to the grid than it is to the plate so
that a voltage applied to the grid exerts a greater attractive or
repulsive force than the plate upon the cathode electrons.
Usually, the grid is charged negatively with respect to the
cathode. A negative potential may be applied to the grid
by connecting the positive terminal of the battery ‘“C” to
the cathode and its negative terminal to the grid as shown in
Fig. 44.

Ol
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The negative charge of the grid tends to forece the cathode
electrons back to the cathode. This effect, together with
that of the space charge (page 97) repels the electrons and,
consequently, reduces the value of the plate current, because
no appreciable number of electrons can reach the plate. If
the negative voltage of the grid is reduced, the flow of electrons
to the plate is increased. If, on the other hand, the negative
voltage of the grid is increased, the flow of electrons to the
plate is decreased. In fact, the plate current may be reduced
to zero if the negative charge
on the grid is large enough. .

A posttive charge on the grid

Plate current _ ~ Plate Voltages

Plate Curren

will neutralize the repelling

effect of the space charge on == N
the flow of electrons, thus caus-  6rid Voltage Grid Voltage
ing an increase in plate cur- Fia. 45. Fic. 46.

rent. The greater the positive
charge on the grid the more the
plate current will increase until

F1G. 45.—Relation of grid current
and plate current to grid voltage.

F1Gg. 46.—Relation between plate
current and grid voltage for series of
values of plate voltage.

it reaches as a limit the satura-
tion current corresponding to the temperature of the cathode.

When the grid is positive, some of the cathode electrons will
be attracted to it and produce in the grid circuit an electron
flow from the grid to the cathode, through the battery or other
source of current “C,” and then back to the cathode. This
effect is shown by the curve of grid current in Fig. 45.

The value of the grid current is relatively small so that it is
usually measured in microamperes. The flow of current in
the grid circuit may be controlled by using suitable values of
the operating voltages. In the action of a vacuum tube as a
detector (page 22), when a grid leak and grid condenser are
used (page 134), the grid current becomes of importance.

The relation between plate current and grid voltage in a
typical vacuum tube is shown by the curve in Fig. 45 for a
given value of plate voltage and cathode temperature. If the
cathode temperature is kept constant and a curve of plate
current is drawn for each of a series of plate voltages a group
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of curves is obtained like Fig. 46. The relation between
plate current and plate voltage for various grid voltages may
be represented as in Fig. 47.

The electric power consumed in the input circuit of a three-
element tube is very small because of the small electrostatic
capacity of the grid with respect to the cathode. Ordinarily,
there is no current in the grid circuit. A small change in
grid voltage, however, produces as much effect on plate current
as a much larger change in plate voltage. Thus, a small
input of electric power, largely in the form of voltage on the

GRID VOLTAGES

Plate Current

Plate Voltage
F1a. 47.—Relation of plate current to plate voltage for a series of values of

grid voltage.
grid, controls a much larger amount of power in the plate
circuit. This characteristic permits the amplification of
voltage or power that may be obtained by the use of a three-
element vacuum tube.

The insertion of the grid element gives the three-element
vacuum tube the properties of amplification and oscillation
which the two-element tube does not have. These properties
give this kind of tube the important place which it occupies
today in radio transmission and reception, and in numerous
other applications.

Plate Current of Triode.—The electron current which flows
from the cathode to the plate of a three-element vacuum tube
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depends on the grid and plate voltages, the spacing and size

of the grid mesh, the distance between the elements (cathode,

plate, and grid), and the area of the elements supplying current.
The equation for plate current is:

I, = K(E, + uE,)* (450)

where I, = plate current of the tube, amperes.

K = constant depending on the type of tube.

E, = plate voltage measured between the plate and the
cathode, or the negative terminal of the filament,
volts.

E, = grid voltage measured between the grid and the
cathode, or the negative terminal of the filament,
volts.

u = amplifying ability of the tube, possibly variable.

z = exponent, approximately about 2, but variable,

depending on grid and plate voltages.

The term E, represents the ‘‘applied” voltage, being equal to
the supply voltage minus the voltage lost in the resistance
of the plate circuit. In radio-frequency amplifiers (page 88),
the resistance in the plate circuit may be neglected, and the
applied plate voltage becomes equal to the plate-supply
voltage. With resistance coupling (page 346), the voltage
loss in the plate resistance is at times large enough to consume
more than one-half of the supply voltage. The effect of a
voltage applied to the grid is given by the term uE,, so that
variations of grid voltage are u times as effective in causing
changes in plate current as the same variations of plate
voltage. Since the voltage which is applied to the grid is
usually negative, the term uwE, lowers the ‘‘effective’ plate
voltage. Thus, if a type 30 tube has 90 volts on the plate,
and the grid is connected to the negative terminal of the fila-
ment, then, at zero grid voltage (E, = 0), the effective plate
voltage E is E, + uE, = 90 4+ 9.3* X 0 = 90 volts, and the
plate current I, is 7.1 milliamperes. If now the value of the

* See Radio-tube Table, p. 617, for values of u.
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voltage applied to the grid (grid bias)! is —4.5 volts, the
effective plate voltage is decreased, although the actual
supply voltage remains unchanged. Then E = E, + uwE; =
90 + 9.3(—4.5) = 90 — 41.9 = 48.1 volts, and the plate cur-
rent I, now is reduced to 2.5 milliamperes, since the effective
voltage is lower.

Curves showing the variation of plate current with plate
voltage are needed only to show the plate current when the
grid-bias voltage is zero. The relations for other conditions
can be found by determining the

- ! / effective plate voltage as in the
g E‘_:g'o example above and by applying
E— this value to the curve to get the
§ corresponding value of plate
+ current.

£ / On the other hand, if the grid-
3 bias voltage has a positive value,
+ the effective plate voltage is higher
a than the applied voltage, since the

0 pliqre Volfgge,Vo:fzso term uE, becomes positive and
Fie. 48.—Relation of plate adds to the plate voltage E,.
current to plate voltage for type [Under such conditions, the grid
30 tube. . .
current is large and the grid absorbs
considerable power (wattage), so that the efficiency of the
tube as an amplifier is reduced.

The curve of plate current plotted against applied plate
voltage -for the type 30 tube is given in Fig. 48. According
to the notation on the drawing, the tube was operated at a
cathode voltage (E,;) of 2.0 volts, and a grid-bias voltage
(E.) of 0 volts. An inspection of this curve shows that the
plate current increases slowly at low plate voltages and more
rapidly at higher voltages. This non-linear relation (due to
the exponent z in the above equation) permits the use of the
tube as a detector. This same relation makes special precau-
tions necessary when a maximum amount of undistorted power
output is required, as in power amplifiers.

t MoveER and WoOsTREL, ‘‘Practical Radio,” p. 79.
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The normal plate current of tubes differs widely, ranging
from 0.2 milliampere for the type 40 tube to 60 milliamperes
for type 2A3, and up to 75 milliamperes for type 46 under
certain conditions of class B amplification (page 130).

Plate Resistance.—The internal or direct-current resistance
R of a vacuum tube permits a current I, to flow from the
plate to ‘the cathode when the plate voltage is E,. An esti-
mate of this direct-current resistance of a vacuum tube may be
obtained by observing the plate current corresponding to
the plate voltage at which the resistance is desired. The
relation between these factors may be expressed as B = E, +
I,

The vacuum tube as generally used in radio reception oper-
ates with pulsating and not constant values of grid voltage,
plate voltage, and plate current. Such a pulsating current,
for example, is considered to be a combination of a direct-
current portion and an alternating-current portion, each of
which acts independently of the other. The resistance of the
tube to alternating current differs from the resistance to
direct current. Unless otherwise stated, the term plate
resistance in connection with the description of vacuum tubes
is the resistance offered to the flow of alternating current and is
designated as r,. The alternating-current resistance r, of the
plate circuit may be found from the relation,

Ty = Ey (46)

in which E, is a small change in plate voltage which produces
a corresponding small change I, in plate current, when the
grid voltage is constant. It may be seen from this that r,
is equal to the reciprocal of the slope of the plate current-
plate voltage curve (Fig. 48, page 108) at the ‘‘point of
operation.” This slope (and, of course, the plate resistance)
is approximately constant over the straight part of the curve
but shows an increase at the lower and upper bends.

The expression for the alternating-current resistance may
be given also as,
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uk,

Tp = 1,

in which E, is a small change in grid voltage which produces a

corresponding small change I, in plate current. The term

uE, is, of course, equal to the term E, from the preceding

equation.

It is shown in Chap. VI that the plate resistance of the tube

to alternating current is approximately equal to half the
resistance of the tube to direct current. That is,

(47)

Tp = = (48)

The plate resistance is a measure of the effect of the plate
voltage alone upon the plate current. It varies because of the
non-linear relationship of plate current to plate voltage shown
in Fig. 48. At low values of plate voltage the plate resistance
is relatively high. As the plate voltage is raised, the plate
resistance decreases rapidly and then more slowly as the
normal operating voltage is reached. If the applied voltage is
very high, the plate resistance may again increase. This
critical value indicates that the saturation point is being
reached ; that is, practically the full emission current is flowing,.
This condition is apt to occur when vacuum tubes are sub-
jected to voltages in excess of rated values, or when they are
operated without a grid-bias voltage. If the cathode emission
at high plate voltages limits the plate current, the plate
resistance will increase. This decreases the efficiency of a
vacuum tube as an amplifier. The plate resistance of com-
mercial tubes, under rated operating conditions, ranges from
1,750 ohms for type 71A to more than 1,500,000 ohms for
type 57. The plate resistance curve of a commercial tube is
given on page 127.

A simple apparatus for volume control can be made to
depend upon this increase in plate resistance which takes place
when the emission current is near the value of the plate cur-
rent. If the cathode current of one or more radio-frequency
amplifying tubes is decreased, the reduced emission current
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increases the plate resistance and thus may be used to control
amplification. The distortion thusintroduced by the increased
slope of the curve showing the variation of plate current
with plate voltage may be neglected. The life of the tube
is less, however, than if the control is accomplished by reducing
the plate voltage by the method of using a series resistance
in the plate circuit, or by the more common methods described
on page 423.

Three-element Vacuum Tube Considered as a Variable
Resistance.—An interesting conception of a vacuum tube is

Plate Resistance

Plate Voltage

F16. 49.—Relation of plate resistance to plate voltage at zero grid voltage.

that of a variable resistance. The curves of Fig. 47, showing
the relation between plate current and plate voltage for various
values of grid voltage, indicate that the three-element tube
may be considered as a variable resistance, the value of which
depends on the grid voltage; meaning that the higher the
grid voltage, the less the tube resistance, and vice versa. As
the grid voltage is varied from the negative to the positive
direction, the value of plate current increases up to the satura-
tion value. At this point, the resistance is a minimum for the
given operating conditions. A curve showing the relation
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between the plate resistance r, and the plate voltage E, at zero
grid voltage is given in Fig. 49. This conception of a tube is
very helpful in a study of tube operation, especially for trans-
mitting equipment.

The resistance of a vacuum tube causes a loss of power which
cannot be avoided. The value of this loss of power is pro-
portional to the value of the resistance. The tube resistance
depends on certain factors of design such as the spacing
between tube elements, the length and area of the cathode,
the temperature and condition of the cathode, the efficiency
of the emitting surface, the plate area, the amplification factor,
and the applied voltages.

The performance of a tube may be improved if the plate
resistance is reduced by changing the design factors men-
tioned before. The desirability of such a change, however,
depends on some other conditions. It may happen that
such a change may increase power consumption to an undesir-
able extent. It may affect the reliability, strength, and life
of the tube, or the tube may not be suitable for the circuit in
which it is used.

Amplification Factor.—The ratio of a small change in plate
voltage E, which is necessary to change the plate current 7,
a given amount to the small change in grid voltage E, which
will produce the same change in plate current is called the
amplification factor u, that is,

U= - (49)

The amplification factor depends on the spacing and size of
the network of wires in the grid, that is, the closer the spacing
the greater the screening effect of the grid on the electrostatic
field of the plate and the greater the amplification factor. It
also varies directly as the distances between the plate and the
cathode, and between the grid and the cathode. The nearer
the grid is to the cathode, the smaller will be the voltage
which is needed to produce a field around the cathode equal to
the field set up about it by the plate. Thus, a tube having a
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large amplification factor uses a fine grid mounted at a small
distance from the cathode, as compared to the distance
between plate and cathode.

The amplification factor may be described also as the ratio
of the change in plate voltage to the change in control-electrode
(grid) voltage in a direction such that there is no change in
plate current. Thus, if the change in plate voltage E, is
25 volts and if the change in grid voltage E, necessary to
maintain the plate current I, at a constant value is 5 volts,
the amplification factor is 25 <+ 5, or 5.

The theoretical formula for the amplification factor in terms
of the tube electrodes and structure indicates that its value is
constant provided that the plate voltage is large compared
with the grid voltage, and that certain assumptions are made
as to construction. Calculated results agree with measured
values to a reasonable degree. Mechanical requirements in
the construction of tubes, however, introduce factors which
result in the dependence of amplification factor on cathode,
grid, and plate voltages. The variation is slight within the
ordinary working range of voltages but becomes considerable
for large changes in plate or grid voltages. The effect of
electrode structure on amplification factor in the case of a
tube having plane-surface electrodes is different from the
effect of cylindrical electrodes.

The wire of the cathode of a tube is not at the same potential
from end to end because there is a voltage variation along its
length. Hence the voltage difference between the grid and
various parts of the cathode is not constant. For example,
if E is the voltage across the cathode and if the grid is con-
nected to the negative end of the cathode, then the grid is at
zero potential with respect to that end, but at a potential of
—E with respect to the positive end. Electrons can flow from
the negative side of the cathode without being affected by the
grid because there is no voltage difference between the grid
and that side of the cathode. But the flow of electrons from
the positive side of the cathode may be stopped entirely by the
effect of the grid which, with respect to the positive side of
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the cathode has a negative voltage (—E). Consequently the
amplification factor is affected because of the change in the
relation between the grid and the cathode when various parts
of the cathode are at different potentials. In the case of a
tube with a unipotential heater cathode (page 10), the entire
cathode has a uniform voltage with respect to the other
electrodes.

The amplification factor is, however, practically constant
in value over the straight portion of the characteristic curve
(page 95) of a tube. The value of the amplification factor
of a vacuum tube expresses the relative effects of grid voltage
and plate voltage on the plate current, and so determines
the plate resistance (page 109) of the tube. An increased
amplification factor corresponds to an increased plate resist-
ance and vice versa. A change in the amplification factor
also affects the mutual conductance (page 115) to some extent
even though the plate area, cathode length, and other such
factors remain constant. A tube with a high amplification
factor shows a lower mutual conductance than a tube of
similar construction but with a lower amplification factor.
This effect is shown in Fig. 50, for a number of tubes with
different amplification factors but using the cathode and
plate construction of a type 20 tube. It is evident from this
drawing that a low value of the amplification factor should be
used in order to gain the advantage due to improved mutual
conductance, provided that the load impedance (page 8) can
be adjusted to a suitable value. Such conditions are con-
ducive to maximum power output. For voltage amplification
in circuits in which high plate resistance is not important, as
in resistance- or impedance-coupled amplification, a high value
of u is desirable, because it allows an increase in voltage
amplification to be obtained from each stage of the amplifier.

The amplification factor is a measure of the maximum
voltage amplification obtainable from the tube alone. The
grid-to-cathode voltage due to the reception of a radio signal
appears in the plate circuit multiplied » times. The voltage
developed across a high-impedance load placed in the plate
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circuit is very nearly equal to this value of uE,. The ampli-
fication curve of a commercial tube is shown on page 127.
The amplification factor of commercial tubes ranges from
3.0 for type 71A to more than 1,500 for type 57, but the
practical maximum value which can be obtained is very much
less than this.

Mutual Conductance.—Both the plate resistance and the
amplification factor of a vacuum tube affect its performance as
an amplifier. In comparing the merits of tubes it is convenient

N
500
AN

\
400 \
350
300

550

>
Al
o

250 \\

200

Mutual Conductance

0 5 10 15 20 25 30
Amplification Factor
F1c. 50.—Relation of mutual conductance to amplification factor.

to use a term called ‘“mutual conductance’ or ‘“control grid-
plate transconductance” which takes both of these factors
into consideration. Mutual conductance G is the ratio of the
amplification factor to the plate resistance. The usual unit
of mutual conductance is the micromho. This characteristic
of a tube frequently is stated as confrol grid-plate trans-
conductance Snm. Its value may be given in terms of milli-
amperes per volt (equation 50). It has been shown in equa-
tions (49) and (45a) that

E E
u = —ET:’ and 1, = T-’-’,
hence the ratio of the first of these two equations to the

second gives the mutual conductance, thus,
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G = E, =+ By = I, (in mhos, or in amperes per volt of grid
E, I, E,

voltage). (50)

Gn = LA (mhos) = % % 10 (in micromhos). (51)
Tp Tp

That is, mutual conductance may be expressed as the ratio
of a small change in plate current to the change in grid voltage
required to produce the same change in plate current. This
expression also represents the slope of the curve showing the
variation of plate current with grid voltage (Fig. 45, page 105)
at the ‘‘point of operation.” The slope of the curve is great-
est, of course, at the point at which the curve is steepest. In
other words, at the point of largest value of the slope, a given
change of grid voltage produces the maximum change in plate
current.

The expressions developed for the values of amplification
factor, plate resistance, and mutual conductance show that
these three factors are interdependent according to the
following relations:

_u
rp = 'G—"")

Tubes having high values of mutual conductance are more
efficient amplifiers than those having lower values, but the
comparison must be made between tubes designed for the
same service and having similar characteristics. The value of
mutual conductance for commercial tubes ranges from 425 for
type 99 tube to 2,500 for type 47. A relatively large change
in mutual conductance causes only a small change in tube
performance as judged by the ear in radio reception.

Effects of Interelectrode Capacity.—The elements of a
vacuum tube form an electrostatic system, each element acting
as one plate of a small condenser. The three direct capacities
which exist in a triode are the grid-to-filament or grid-to-
cathode capacity Cy, the grid-to-plate capacity C,,, and the
plate-to-cathode capacity Co, as shown in Figs. 51 and 52.

u=rp X GQn, and Gm =

NIE
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The total capacity of a tube is made up of the capacity of the
electrodes of the tube, of the lead-in wires, and of the base.
The total capacity of a type 01A tube between the grid and
the filament, and between the plate and the filament, is about
5 micromicrofarads, but the capacity between the grid and
plate is larger, being approximately 10 micromicrofarads.

It is necessary to remember that the interelectrode capacities
of a tube, as measured when the elements are free, are not the
same as when the elements are connected. Thus the “direct”
capacity between the grid and the plate is increased by the
mutual capacity from the grid to the cathode and from the
cathode to the plate. The direct capacity between the grid
and the plate of a type 01A tube, 6
when the cathode has been re- Fork 5 P 6 Cop p

moved, averages 8 micromicro- ék d
farads, while the capacity as iq R | input col\ /Cpk TPt

measured between these two ele- Cok F

ments in a complete tube is 10.1  Fre. 51. Fra. 52.
micromicrofarads. The effec- ,,Fie; 917 Blements of wiode
tive value of this capacity is capacity. ' )
further increased by the capac- ;P15 S Diewram o diree
ity of the wiring of the tube :

socket, the tube base, and also by the amplification action of
the tube.

Input and Output Circuits.—When a tube is in use its input
circutt is from the grid to the cathode, and its output circuit
from the plate to the cathode through a source of power and
some external load. Thus the capacity of the input circuit
may be considered as that of a condenser which has the grid
for one plate and the plate and cathode connected together
for the other. The grid-cathode capacity shunts the imped-
ance in the input circuit, and the plate-cathode capacity
shunts the impedance in the output circuit; these capacities
therefore affect the frequency characteristics of the circuits.
If an alternating voltage is applied to the grid-to-cathode
circuit of a tube, an alternating current will flow in the grid
circuit because of the grid-to-cathode capacity. Whether the
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cathode is lighted or not, this grid voltage will set up a current
in the plate circuit due to electrostatic induction through the
capacity of the tube from the grid to the plate.

While the grid-to-cathode capacity and the plate-to-cathode
capacity do not affect the performance of a tube at audio
frequencies and have only a small effect at radio frequencies,
the grid-to-plate capacity has a very marked effect in a radio-
frequency amplifier. As far as the tube itself is concerned,
the capacities between the elements of a tube introduce a
reactance (page 66) effect.

When amplification is given in terms of the applied grid
voltage, the cathode-to-plate capacity has only a small effect,
so that the amplification is not affected by frequency for values
up to several thousand kilocycles per second. Usually, how-
ever, the amplification is given as the ratio of the output power
to the input power, and the effect of the reactance due to elec-
trode capacities depends on the kind of circuit that is used.
If the reactance of the output circuit has the effect of capacity,
or if the output circuit consists of a resistance, the input resist-
ance is positive. Under such conditions, power is taken by
the tube from the input circuit. The value of this power
which is used is so small at ordinary frequencies that it may
be neglected. At high frequencies no power is taken by the
grid circuit, but the electrode capacities offer a path to the
input current and thus reduce the amplification.

The increase in effective interelectrode capacity may
become so large under certain load conditions as to affect the
performance of the tube at high audio frequencies. Thus, in a
resistance-coupled amplifier the effective capacity reaches a
value of 250 to 300 micromicrofarads, which is high enough to
cause a decrease in amplification at frequencies over 5,000
cycles per second.

In general, then, it may be said that the effect of interelec-
trode capacity is to produce a coupling between the input and
output circuits. Consequently the tube does not have a true
unilateral or single-direction characteristic. The extent of
the coupling depends upon the circuit constants. This
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coupling may cause a feed-back of energy to the input circuit,

or with certain circuit adjustments,
an absorption of energy from the
input circuit. The effect of inter-
electrode capacity is to reduce ampli-
fication at high frequencies. Several
schemes for decreasing this effect
in circuits using three-element tubes
are given in a later section (page 444).

Four-element Tube (Tetrode).—
A tube having four electrodes is
called a tetrode. The screen-grid or
shield-grid tube which has a cathode,
plate, and two grids is one type of
tetrode. Other forms of tetrodes are
the space-charge grid tube, the dual-
grid tube, and the variable-mu tetrode.

Screen-grid Tube.—The screen-grid
tube as illustrated in Fig. 53 shows
how the plate is separated from the
control grid by the screen grid. The
conventional method of indicating
this type of tube and of connecting

- S _.}

FIG 53 —Typxcal screen-
grid tube.

the four electrodes is shown in Fig. 54. The screen grid may

Fia. 54.—Connection of electrodes

be connected to a tap for posi-
tive voltage on the power supply
unit; the plate voltage must be
higher in value than the screen
voltage. The presence of the
screen grid reduces the effective
capacity between plate and grid
to the very low value of a few
hundredths of a micromicro-
T B *  farad. The screen grid is shun-
ted to the ground through a
condenser of large capacity (1.0

jScreen grid

(@}
+
||]|

of screen-grid tube.

microfarad) to provide a path of low impedance to the
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ground for radio-frequency currents. Thus the screen grid
is, in effect, at ground potential with respect to radio-
frequency currents, and is not affected by voltage variations
of the plate. Consequently the control grid is shielded
from plate voltage variations, and feed-back (page 9) is
eliminated.

The direct electrode capacities of the screen-grid tube may
be shown as in Figs. 55 and 56. Since the screen grid G, is in
effect grounded, the diagram of Fig. 56 can be reduced to that
of Fig. 57. Then the two capacities between the control grid
and the cathode are in parallel, and those between the plate
and the cathode are also in parallel. The electrode capacities

61 6, P Cap
ForK _lé
A
N ForK
Fi1a. 55. Fia. 56.

Fia. 55.—Elements of tetrode showing direct-interelectrode capacity.
Fic. 56.—Diagram of direct-interelectrode capacities of tetrode.
F1a. 5§7.—Equivalent capacity of tetrode.

of the screen-grid tube ordinarily given are the grid-plate
capacity, the input capacity, and the output capacity.

It has been shown (page 119) that the grid-plate capacity
may interfere with the proper operation of a tube by producing
a feed-back of energy from the output circuit to the input
circuit, particularly in radio-frequency amplifiers. Several
circuit arrangements have been devised to be used with three-
element tubes to counteract or neutralize this effect. The low
grid-plate capacity of the screen-grid tube makes such circuit
arrangements unnecessary.!

1 Although the internal capacity between the control grid and the
plate is small, it has been found that neutralization of the radio-frequency
amplifying tubes seems necessary when a screen-grid tube is used in the
radio-frequency stages of a circuit using regeneration applied to the
radio-frequency transformer.
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The plate resistance of the screen-grid tube is high because
the plate current does not depend on the plate voltage. The
mutual conductance depends principally on the screen-grid
voltage and on the control-grid voltage. Thus the tube can
be designed for high values of both plate resistance and mutual
conductance, with a resulting high amplification factor.

Because of the high plate resistance it is difficult to design an
external circuit which is matched properly to this tube. This
difficulty is due partly to the high plate-to-screen-grid capacity
which, being in parallel with the plate circuit, acts as a short-
circuit at high frequencies. Thus at 1,000 kilocycles a
capacity of 20 micromicrofarads has a reactance of 8,000 ohms.
Even if the external impedance does not match the tube, a
high voltage-amplification is possible because of the very high
amplification factor.

Shielding of Screen-grid Circuits.—The internal shield of a
screen-grid tube prevents or greatly minimizes feed-back
through the interelectrode capacities of the tube. This,
however, is only one form .of coupling between stages:. If
there is any magnetic feed-back from one tuning circuit to the
preceding one, oscillatory currents may be set up in the circuit.
Hence, it is necessary, also, to shield the input from the output
circuit. The amount of shielding depends on the voltage
amplification per stage and the design of the circuit. A
metallic shield for each tuned stage usually is sufficient. If
the voltage amplification is high, it may be necessary to use
on the tube a grounded metal covering extending to the base.
The connection to the control grid is brought out to a cap on
the top of the tube. The circuit wire connected to this cap
should be shielded with a grounded covering.

Characteristic Curves of Screen-grid Tube.—The curves of
plate and screen current against plate voltage for the screen-
grid type 24A tube are shown in Fig. 58. The heavy line
at 90 volts on the plate-voltage scale indicates the positive
voltage on the screen grid. When the plate voltage is higher
than the screen voltage, it is clear that plate-voltage changes
do not have much effect on the plate current. When the
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plate voltage is lower than the screen voltage, the plate current
decreases as the plate voltage is increased. This effect is
caused by secondary emission (page 94). The screen grid,
being in this case at a higher potential than the plate, has a
greater attraction for electrons. Under this condition an
electron may reach the plate and knock off another electron,
both of which are then drawn to the screen grid. The total
space current, that is, the plate current plus the screen-grid
current, is practically unaffected by plate voltage. To the
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F1c. 58.—Average plate characteristics of type 24A screen-grid tube.

left of the line at 90 volts the secondary electrons are attracted
to the screen grid; and to the right of the line at 90 volts they
are attracted to the plate. Under normal conditions, the tube
is operated on the portion of the curve which is nearly parallel
to the plate-voltage scale. Usually the plate voltage is about
twice the screen-grid voltage.

Power Limitation of Screen-grid Tube.—The capacity of a
tube for power output depends on the value of plate current
and the allowable swing of plate voltage. The screen-grid
tube is limited in this respect for a number of reasons. Inspec-
tion of the curves in Fig. 58 (type 24A tube) shows that the
plate current can be increased by making the control grid
positive; but this will introduce distortion and reduce
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selectivity. The plate current can also be increased by
making the screen-grid more positive. This change, however,
reduces the allowable swing or variation of plate voltage.
When the plate voltage becomes nearly equal to the screen-
grid voltage the secondary emission from the plate causes a
marked decrease in plate current. This limitation is over-
come by the use of an additional electrode as in the pentode
(page 127), to suppress secondary electron emission from the
plate.

Space-charge Grid Tubes.—When a tetrode is used as a
space-charge grid tube the outer grid serves as the control
grid, and a positive voltage is applied to the inner grid to
decrease the space charge around the cathode. The value of
the positive voltage on the inner grid must not be so high
that the space charge is entirely neutralized, because then the
control grid would become ineffective. The performance of a
tube connected in this manner, as compared with that of a
screen-grid tube, shows a lower plate resistance, a higher
amplification factor, higher interelectrode capacities, and a
higher mutual conductance. The plate resistance depends
on the voltages applied to the control grid and to the plate.
The amplification factor depends to some extent on the values of
the operating voltages but principally on the shape of the grid.
The effect of control-grid and plate voltages on the plate
current is the same as in a three-element tube.

A screen-grid tube operated with a space-charge grid con-
nection does not give satisfactory service as an audio- or radio-
frequency amplifier because of the high-amplification factor
and the high interelectrode capacities. Tubes designed for
operation with a space-charge grid have the characteristics
of high interelectrode capacities, and a high amplification
factor with low operating voltages.

Variable-mu or Super-control Tubes.—The distinguishing
feature of a variable-mu or super-control tube; that is, a
tube with a variable amplification factor, is the type of grid
construction. A variable amplification factor can be obtained
with a grid in the form of a tapered helix, or one in which the
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mediate-frequency amplifiers, and also as mixers (page 9) in
superheterodyne circuits.

The chief difference between the performance of a screen-
grid tube and that of a variable-mu tube is shown in Fig. 60 by
the curve of plate current against grid-bias voltage. The
plate current of a screen-grid tube reaches the cut-off value
when a moderate value of negative
voltage is applied to the grid. The
plate current of a variable-mu tube
reaches the cut-off value at a high
negative-grid-bias voltage. This effect
is obtained because a very small plate
current can flow, even though a very
high negative-grid-bias voltage is ap-
plied. The amplification factor on
moderate signal strength is the same Negative Grid-Volts 0
as that of an ordinary screen-grid tube, g 60 _Relation of
but on strong signals it is reduced and plate current to grid-bias
the tube continues to operate on a Jo4:Ee in super-control

and screen-grid tubes.
straight portion of the plate current-
grid voltage curve so that no distortion is introduced.

A variable-mu tube is necessary in a radio receiver in which
volume is controlled by varying the amplification in the radio-
frequency stages in order to get a wide range of control with a
minimum of signal distortion. Two kinds of signal distortion
which may occur in the radio-frequency stages of a receiver
are known as cross-modulation and modulation distortion.
Modulation distortion, which usually takes place in the last
intermediate-frequency stage of a superheterodyne receiver,
is a distortion of the modulated carrier wave (page 324) and
produces a distorted audio-frequency output; this effect is
produced when a radio-frequency stage is operated so that
the peak value of signal voltage causes a swing which is greater
than that corresponding to plate-current cut-off, or when
operation is on an excessively curved portion of the mutual
conductance characteristic curve at high values of negative-
grid-bias voltage. Cross-modulation, which usually occurs in

Plarte Current-Milliamperes
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the first radio-frequency stage, is the distortion due to an
interfering signal which combines with the carrier wave of the
desired signal; this effect is produced when operation is on an
excessively curved portion of the mutual-conductance charac-
teristic curve. These effects are reduced by the use of a tube
in which the cut-off value of plate current is reached gradually
and in which the curvature of the mutual-conductance charac-
teristic curve is relatively flat. Tubes of this kind, because
they are equally satisfactory for either strong or weak signals,
are especially suitable for use in receiving sets provided with
automatic volume control.
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0 40 80 120 160 200 240 280 320 360 400

Plate Volts
FiG. 61.—Average plate characteristics for type 34 tube.

Curves showing plate current plotted against plate voltage
at various values of control-grid voltage for a type 34 tube
are given in Fig. 61. These curves were taken with a screen
voltage of 67.5 volts. It is clear that when the plate voltage
is higher than the screen-grid voltage, the plate current is not
affected to any considerable extent by changes in plate voltage.
The relation between mutual conductance and control-grid
voltage, and also the variation of amplification factor with
control-grid voltage, are shown in Fig. 62. The shape of
these curves is characteristic of typical variable-mu tubes.
A variable-mu tube such as type 51 has a control grid-bias
voltage range which is at least double that of type 24A tube,
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and it can be used in place of this type if the grid-bias voltage
is changed. Type 35 tube cannot be used in place of type 24A
because its plate current is higher and its plate resistance is
lower.

Pentode or Five-element Vacuum Tube.—In the develop-
ment of the screen-grid tube it was found that the plate current
was reduced, and the permissible variation of plate current
was limited by the effect of second-

.. . EX
ary emission, meaning the electro'n OV b S ;gg§
emission from the plate. This A 50 3

» ~ [
action occurs when an electron Plate volts=180 ——0

. . I~ Screen volts=-675 — S
strikes the plate with enough force — —Plate volts=675 | &
to dislodge other electrons. In a 4 T

\ T

|
&5

diode (page 95) or a triode (page
104) type of tube such loose elec-
trons will travel back to the plate
because there is no other positive
electrode to attract them. But in
a screen-grid tube the positive
screen draws the loose electrons
with an attraction which increases
if the plate voltage becomes less
than the screen voltage. Conse- 0 0

=25 20 -5 -0 -5 0
quently the flow of plate current Control Grid Voltage, Volts
is hampered. This effect is shown  Fic. 62.—Relation of mutual
by the dip in the plate current curve 3?;?3;;??)?C&petg4 Zontrol-grid
of a type 24A tube shown in Fig. 58.

To remove this limitation the pentode type of tube was
designed, having a fifth electrode, known as a suppressor,
located between the screen and the plate. The conventional
representation is shown in Fig. 63. The suppressor by its
connection to the cathode is negative with respect to the plate.
Thus any loose electrons are barred from the screen by the
suppressor and are diverted back to the plate.

The advantages inherent in this pentode construction are
utilized in two different ways; namely, for increased power
output, as in tubes represented by types 33, 38, 41, 43, 47,
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2A5, and 6A4,! and for increased voltage amplification in
radio-frequency amplifiers at plate voltages of moderate value,
as in types 34 and 39/44.

Special control features through voltage variation on the
suppressor electrode are available if the suppressor is provided
with a base terminal. Examples of this type of tube are the
triple-grid detector-amplifier type 57, and the triple-grid
super-control amplifier, type 58.

The construction of the type 2A5 power-output pentode was
described in Chap. II. The power-output pentode has the
advantages of both a high ampli-
fication factor and a high power
Grid Plate  capacity, as compared with a
triode or tetrode. Such a tube
§ can deliver a higher power output

Suppressor

on a smaller signal voltage input
than a three-element tube hav-
ing the same output rating. With
Filament the use of a pentode output tube
one stage of audio-frequency am-
Cathode  Screen plification can be omitted, the
Fra. 63.—Conventional repre- output tube being driven by the
sentation of pentode. .

detector tube, or the amplifica-

tion in other parts of the radio receiver can be reduced.
The increased power efficiency of a pentode as compared with
a triode having the same output rating is an advantage as
regards the use of the pentode in all battery and especially
automobile receivers. The output pentode produces a small
amount of harmonic distortion which can be tolerated if the
load and operating conditions are correct but which may
become objectionable if the output coupling unit is incor-
rectly designed. Curves in which plate current was plotted
against plate voltage with various control-grid voltages for
the type 47 power-output pentode are shown in Fig. 64.
These curves were taken with a screen-grid voltage of 250 volts.
In operation the voltages applied to the plate and screen grid

! Types 2A5 and 42 are similar except for the cathode rating.
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are equal. A comparison of such curves for a pentode with
those for a tetrode, for example type 24A, shows a similarity
in that for both tubes the plate current depends principally
on the voltages of the screen grid and control grid, being
relatively unaffected by plate-voltage changes except at low
values of plate voltage. When the plate voltage is low, a
space charge is formed near the cathode, the plate current is
reduced, and is no longer under the control of the control-
grid voltage. A point of difference, however, is that the plate
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F1a. 64.—Average plate characteristics of type 47 power-output pentode.

current of the pentode does not decrease sharply when the
plate voltage approaches a value which is less than the screen-
grid voltage.

A radio-frequency amplifier pentode, for example type
39/44, is not affected by the limited permissible voltage varia-
tion which restricts the operating range of a tetrode at low
plate voltages, when the value of plate voltage approaches
that of the screen grid. For the pentode type the screen-grid
and plate voltages may be the same, and yet satisfactory
operation obtained for values as low as 90 volts. Another
advantage of the pentode is that the use of the suppressor
grid reduces the coupling effect of the tube between the input
and output circuits.
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Multi-electrode and Multi-unit Tubes.—Special types of
tubes have been designed for particular applications, or to
combine in one unit the services formerly available from two
or more tubes. Tubes of the first kind generally need a
number of extra electrodes in order to provide the required
special characteristics, and may thus be classified as multi-
electrode tubes. A tube with six electrodes may be termed a
hezode; one with seven electrodes, a heptode; and one with
eight, an octode. A variety of applications is possible with a
multi-electrode tube because the electrodes can be connected
in different ways for different requirements—for instance, a
dual-grid power amplifier can be connected for service as
either a class A or class B output amplifier! triode; or, a triple-
grid power amplifier can be connected not only as a class A
or class B output amplifier triode but also as a class A amplifier
pentode.

Where two or more separate tubes are combined in a single
unit, the combination is given a compound name such as the
duplex-diode triode, the duplex-diode pentode, the twin amplifier,
and the triode-pentode.

Another type consists of a combination of the multi-electrode
tube and the multi-unit tube. For instance, the pentagrid
converter type has seven electrodes in addition to the heater,
which are so arranged that the tube can operate as an oscillator
(page 9) and a mixer (page 9) at the same time.

! At this point only a brief outline of class A, B, and C amplifiers is
needed. A full description is given in Chap. X. A class A amplifier
is one in which the grid bias and the exciting grid voltage are such that the
plate current through the tube flows at all times. A class B amplifier
is one in which the grid-bias voltage is approximately equal to the cut-off
(p. 149) value, so that the plate current is approximately zero when no
exciting grid -voltage is applied, and so that the plate current in each
tube flows during approximately one-half of each cycle when an exciting
grid current is present. A class C amplifier is one in which the grid-bias
voltage is appreciably beyond the cut-off value so that the plate current
in each tube is zero when no exciting grid voltage is present, and so that
the plate current flows in each tube for appreciably less than one-half of
each cycle when an exciting grid voltage is present.
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The conventional representations of these types are shown in
Fig. 65.

Dual-grid Tube.—An amplifier tube in a class B or positive-
grid swing system is operated with a control-grid-bias voltage
of such value that the plate current flows only when the signal
voltage is in its positive half ecycle. Harmonics are eliminated
by the use of two tubes in push-pull connection (page 317).
An amplifier tube suitable for class B operation should have a
steep characteristic curve of plate current against grid voltage,

Grid Triode plate Grid No.2 Ploite

Heoater

Cathode Diode ploite

Diode plate
Duplex-Diodle Triode Triple-Griod Power Amplifier
Grid Plate Gricl N°.6f/'ds No.3 and No.5

N § %
<>} -Suppressor .
Heor1 Heater
C :/‘;7:;9 - ffreen Grid No.4
—--*Diode plates Cathode
Duplex Diode Pentode Pentagrid Gonverter

Fi1g. 65.—Usual representations of multi-electrode and multi-unit tubes.

with a sharp cut-off (page 149). Also, the load on the driving
circuit should be light and as uniform as possible. For such
requirements the tube must be capable of operation at zero
grid-bias voltage and must have a high value of amplification
factor. These features are obtained by a construction utilizing
two grids, one inside the other, joined to one another, and
acting as a control grid. Each grid is provided with its own
terminal base pin. Type 46 tube, a dual-grid power amplifier,
as shown in Fig. 66, illustrates this kind of construction, which
is used also in tube type 49. In class B service at the maxi-
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with a separate support. The tube is designed for use as a
detector, and also as a power amplifier. In the detector
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F16. 67.—Average plate characteristics of type 46 tube used as class A
amplifier.
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circuit for this tube shown in Fig. 71 the radio signal voltage
across the resistance R is applied to the two grids and the
midpoint of the resistance is connected through a grid leak
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suppressor grid is at the same voltage as the cathode there is

E¢ =25 volts

Screen volts = 100

Suppressor volts=0
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Fig. 73.—Average characteristica of grid-biased detector tubes (types 24

and 57).

practically no space charge between the suppressor grid and

Control 6rid Volts
Fi1g. 74.—Relation of plate
current to control-grid voltage
in grid-biased detector tubes
(types 24 and 57).

10 the screen grid. If a negative volt-
E¢=2.5 Volts y age is applied tp the suppressor grid
Screen Volts=100 Hs  a space charge is set up between the
Suppressor Volts=0 / suppressor grid and the screen grid.
g § Under the effect of this space charge
€ the tube characteristics are like those
< of a triode with the suppressor grid
43
0 acting as a control grid. As a result
v/ -
X/ of the presence of this space charge,
/ 2 electrons are attracted to the plate
A from the suppressor grid alone more
s '_B S o0 readily than through the three grids.

The effect of the control obtained by
means of the triple-grid construction
on the mutual conductance of the
type 58 tube is shown in Fig. 77, and

the effect on plate resistance in Fig. 78. Types 57 and 58 are
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F16. 75.—Average characteristics of grid-biased detector tubes (types 35 and
58).
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constructed with an internal shield that is connected to the
cathode within the tube. This shielding reduces the tube
capacity from the plate to the ground, and also the capacity
between the plate and the screen grid. An external shield of
the can type should be used with these tubes in order to keep
[T, 12505 | the various .ca‘.pacities of the

Platte Volts:250 tubes at a minimum.

Screen Volts =100] These types illustrate the
I application of the improved
cathode design by which the
usual rating of 1.75 amperes
at 2.5 volts has been reduced
to 1.0 ampere.

Type 59 tube is a triple-grid
power amplifier. Each grid is
provided with an external con-
nection. Because of this con-
struction the tube can be used
as a class A (page 130) power-
amplifier triode, a class A4
\ power-output pentode, or a
T / class B power-output triode.
___¥ o When, however, the tube is to

0 serve as a class A power-out-
-50 -40 -30 -20 -10 O . .

Suppressor Voltage, Volts put triode, the second and third

Fic. 78.—Control obtained by 8rids which are adjacent to the
means of triple-grid construction on plate are connected to the plate,
plate resistance of type 58 tube. and the first grid is utilized for
control purposes. Under these conditions the operation of
the tube is similar to that of any class A power-output triode.
When the tube is to serve as a class A power-output pentode
the third grid is connected to the cathode, thus acting as a sup-
pressor grid (page 127), the second grid is employed as a screen
grid, and the first grid becomes the control grid. Under these
conditions the operation of the tube is similar to that of any
class A power-output pentode. When the tube is to serve as a
class B power-output triode the third grid adjacent to the plate
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is connected to the plate while the first and second grids which
are connected together act as a control grid. With such a

connection no grid-bias voltage is needed.

Other triple-grid tubes are the type 77
triple-grid detector amplifier, the type 78
triple-grid super-control amplifier, and the
type 89 triple-grid power amplifier.

Triple-twin Tube.—This tube, illus-
trated in Fig. 79, consists of two triode
units (page 104) in one bulb. The first of
these units consisting of elements similar
to those in a heater-type general-purpose
tube (page 184) is connected through its
cathode to the grid of the second unit
which is similar to a power-output triode.
The two units are mounted on one stem.
The conventional representation is shown
in Fig. 80.

The input unit is operated in a manner
similar to that of the ordinary detector or
amplifier tube. The output unit is con-
nected so that it operates on the positive

Fig. 79.—Triple-twin
tube.

as well as the negative portion of the curve of plate current

plotted against grid voltage.

The combination therefore

Avdio Jg,,”s‘,’c;ﬁf’,;,r can be used as an audio-fre-
frequency (\_ﬁ lifi

ot = quency amplifier, or as a

__lc detector and amplifier. It is

claimed that the tube is capa-

R R, ble of a relatively high power

R E "‘E‘:: l output with low distortion.

[ ™ The circuit in Fig. 80 shows

B- B how the tube is used in an

Fic. 80.—Conventional circuit for ampliﬁer. 1t should be noted

triple-twin tube. that the cathode on the input

side is not at the ground potential. The signal voltage is
applied between the cathode and the grid through a low-
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impedance condenser C. The negative grid-bias voltage
for the grid on the input side is obtained from the resistance
R,. The resistance R; provides a return path to the grid for
direct current. The inductance L provides a path of low
resistance for the grid and plate return currents. The grid on
the output side is provided with a negative grid-bias voltage by
the resistance R;. Both the grid-bias voltage and the grid
signal voltage for the grid in the output section of the tube are
obtained from the cathode of the tube unit in the input section.

Plate rectification only is used because of the marked
curvature of the curve of plate current when plotted against
grid voltage. The grid current of the first section of the
tube must be of the proper magnitude in the operation of the
tube or the detector will be overloaded. The output voltage
is in direct proportion (linear relation) to the input voltage.

Maximum power and minimum distortion are obtained
with a load of about 4,000 ohms, but with a load of 8,000 ohms
the second-harmonic distortion! is more than 2 per cent.
With a signal voltage of 5 volts and a plate voltage of 250 volts
the power output is 4.5 volts. In a push-pull connection with
the same plate voltage and an applied voltage of 5.5 volts the
power output is 10 watts and the distortion is about 2 per cent.

The operating values of voltages and tube characteristics
are as follows:

TaBLE IV—TRIPLE-TWIN TyYPE 295—DETECTOR-AMPLIFIER

Voltage and characteristic values Inp .Ut OUtPUt
section section
Platevolts..................... 250 max 250 max
Grid-bias volts.................. 16 3
Plate current, milliamperes. ... ... 2.0 52.0
Amplification factor............. 14 .4 13.0
Plate resistance, ohms........... 12,000 3,000
Mutual conductance, micromhos..| 1,200 4,350
Power output, watts.............
Signal volts, rm.s. (p. 44)....... 5.0 4.5
Load impedance, ohms........... 12,500 4,000

1 Second-harmonic distortion is caused by a current which has a
frequency twice that of the signal frequency.
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isused which has separate emitting surfaces for each of the diodes
and also for the triode. Because of the flexibility of the circuit
arrangement made possible by this type of electrode assembly,
such combination tubes can be used for several services at the
same time. Thus the diode units when used independently can
provide (1) detection, (2) automatic volume control with
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Fic. 83.—Typical duplex-diode triode in circuits (types 85 or 55).

sensitivity control, and (3) time-delay action restricted to the
automatic volume control circuit. On the other hand, they
may be used together either in parallel or in a full-wave
rectifier circuit (page 98). At the same time the triode unit
can be used as an amplifier. A number of typical circuits for
the application of the duplex-diode triode are shown in Fig. 83.
A curve of direct-current voltage developed by the diode plotted
against the rectified current is shown in Fig. 84 for a single
diode unit in a half-wave rectification circuit. The detector
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characteristics are the same for the four types mentioned
above as well as the tube types 2B7 and 6B7. The plate

characteristic curves of the
high-mu triode unit when com-
pared with those of the low-mu
triode show several differences.
The curves for type 75 are given
in Fig. 85 and those for type 85 in
Fig. 86. The type 85 tube has a
much higher plate current and
range of grid voltage than the
others of this kind.

Duplex-diode Pentode.—The
construction of this combination
tube as shown in Fig. 87 is in
general similar to that of the
duplex-diode triode (page 141),
except that the triode unit is
replaced by a pentode unit. It
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is represented by types 2B7 and 6B7 which are identical except
for the ratings of their heaters. The duplex-diode pentode is
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Fig. 85.—Plate characteristics of triode units (tube types 75 and 2A6).

used for the same general type of service as the duplex-diode

triode.
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the cathodes. 1t is represented by tube types 19, 53, 6AS6,
and 79. Types 53 and 6A6 are identical except for the ratings
of their heaters.

A circuit for the use of a twin triode type 19 as a class B
power-amplifier tube is shown in Fig. 91. The design of this
circuit is essentially the same as that of a class B amplifier
stage using individual output tubes. Figure 91 also shows the
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F1o. 88.—Average characteristics of duplex-diode pentode (type 6B7).

performance characteristics of type 19 as a class B amplifier
tube under stated operating conditions. With this arrange-
ment an additional stage of audio-frequency amplification
would be needed to drive the output tube to a high value of
output.

Type 53 (also 6A6) is a twin triode with a coated unipoten-
tial heater. This type is like type 79 except that it has a
different heater rating and has a higher power output. At a
plate voltage of 300 volts a power output up to 10 watts may
be obtained. "No grid-bias voltage is needed and the distor-
tion is relatively low. If the two triode units of this tube are
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placed in parallel; that is, with the grids connected together
and the plates connected together, the tube can be used as a
class A amplifier to drive another type 53 tube as a class B
amplifier in the output stage. This circuit arrangement as
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Fic. 89.—Typical circuit diagrams of duplex-diode pentode.

shown in Fig. 92 gives a high power output with low distortion.
This tube can be used also (1) as a ‘““biased’’ detector (page
108) and an audio-frequency amplifier, (2) as a two-stage
audio-frequency amplifier, (3) as a two-tube oscillator, (4)
as an oscillator and amplifier, and (5) as a combination voltage
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kept to a minimum, and (6) decrease of radiation at the local
frequency.

The pentagrid converter tube is represented by types 1A6,
1C6, 2A7 and 6A7. Types 2A7 and 6A7 are identical except
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F16. 91.—Circuit and performance characteristics of type of twin triode used
as class B power amplifier (type 19).
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as class B power amplifier (type 53).

for the ratings of their heaters. Types 1A6 and 1C6 are
provided with cathodes intended for battery operation. Type
1C6 is similar to 1A6 except that it was designed for an
increased emission rating and a higher mutual conductance
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the control grid for that part of the tube which acts as an
oscillator. The second grid is the anode grid which serves as
an anode for the oscillator. The third and fifth grids, con-
nected together inside the tube, known as screen grids, are
provided to accelerate the electrons coming from the cathode.
These screen grids are positive with respect to the cathode.
The fourth grid serves as the modulator or signal-control grid,
and is shielded from the other electrodes by the combination
of the third and fifth grids. The effect of this shielding action
is to increase the output impedance of the tube which is
desirable so far as “gain”’ (page 151) is concerned. The

) Dlarte screen grid near the cathode is used to
g;g,’,:’}"; Srid ek reduce radiation of the local frequency.
GridMal % 6ridte2  Electrons from the cathode, after

[\ HACathode acceleration by the effect of the positive

Fia. 94—Diagram of anode grid and the screen grids, are
electrodes in pentagrid drawn through the oscillator grid.
converter. Because of the high velocity which
these electrons acquire they pass through the anode grid
and for the most part through the screen grid. The
modulator grid, however, is negative and therefore retards
the stream of electrons which approaches it. This region,
between the screen grid and the modulator grid, which is
filled with retarded electrons, acts as a virtual cathode for
the modulator section of the tube. The modulator section
may be regarded as a tetrode modulator tube consisting of a
modulator grid, a screen grid, a plate, and a virtual cathode.
The plate is connected to the intermediate-frequency output
circuit.

The oscillator section of the tube consists of the cathode, the
oscillator grid, and the anode grid. The oscillator-grid circuit
is designed so that it can be made to oscillate at any desired
frequency. Consequently the stream of electrons flowing
through the oscillator grid is modulated at that particular
frequency.

The electron stream, which has been modulated at the
oscillator frequency, now comes under the influence of the
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modulator or signal-control grid to which the incoming signal
voltage is applied. As a result of this influence a plate current
is formed which consists of several components having fre-
quencies corresponding to the various combinations of signal
frequency and oscillator frequency. But only the inter-
mediate frequency which is equal to the difference between the
signal and oscillator frequencies can appear in the secondary
of the intermediate-frequency (page 149) transformer because
the primary circuit of that stage is designed for resonance at
the intermediate frequency.

The modulator grid cannot cause cut-off (zero plate current)
in the oscillator section because the current needed for sus-
tained oscillations is controlled by the oscillator grid. Con-
sequently it is possible to obtain control of the gain (voltage
amplification) of the modulator by means of a variable nega-
tive grid-bias voltage on the modulator grid without any
appreciable effect on the oscillator section. If the grid-bias
voltage for the modulator grid is obtained from a variable
resistance in the cathode circuit, the oscillator-grid return
connection must be made to the cathode. If this connection
is not used, the action of the oscillator will be affected by
changes in the grid-bias voltage applied to the modulator grid.
The modulator grid is designed to afford a gradually extended
cut-off which is similar to that obtained in the operation of
type 58 tube, but the conversion gain is higher.

Circuit Connections.—The circuit connections for the
oscillator section of tube types 2A7 and 6A7 are similar to
those for a triode type of oscillator. Likewise, the circuit
connections for the detector section are similar to those for a
separate variable-mu detector (page 123). Difficulty may be
experienced from undesired audio-frequency oscillations if the
grid leak and condenser unit allow an excessive amount of
feed-back (page 9). The remedy is to decrease the coupling
(page 56) between the coils in the oscillator grid and anode
circuits, or to use a grid leak with a lower resistance.

The capacity in the plate circuit of the tube should be at
least 50 micromicrofarads to limit the value of the radio-
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frequency voltage across the load. If this voltage is too high
it may cause feed-back between the oscillator grid and the
plate, producing degeneration and loss of “gain.” A diagram
of a typical pentagrid converter circuit for the filament type of
tube is shown in Fig. 95. For the heater-cathode type of tube
the cathode is grounded through a self-biasing resistance
in parallel with a by-pass condenser.
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F1a. 95.—Diagram of typical pentagrid converter circuit for filament type of
tube.

Circuit Efficiency.—The eﬁiéiency of this circuit is given by
the term conversion transconductance or conversion conductance.
This term is defined as a ratio of which the numerator is the

140 value of the alternating current
t:4_'3|2o = at intermediate frequency in the
f;.ﬁ’ 100 = output circuit of the mixer (page
g § 8011/ 147), and the denominator is the
S £ 6017 radio-frequency voltage of the
—ile 40 signal applied to the fourth grid.
§ 2 Translation gain is the ratio of
3;8: % 0z a4 0608 10 1z 4 16 the intermediate-frequency out-
go Resonm’fg&;ﬁi ;mpedance put voltage to the signal voltage

Fi1G. 96.—Translation gain curve
for pentagrid converter (type

applied to the fourth grid. A
translation gain curve for type

6A7). 6A7 tube is shown in Fig. 96.

As a frequency-converter device the present type of penta-
grid converter tube is suitable for use at medium radio fre-
quencies only. At frequencies higher than 15 or 20 megacycles
the pentagrid converter has two undesirable characteristics—
namely, a reduced conversion conductance, and a shift in
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oscillator frequency which occurs when the signal-grid bias
voltage is varied.

The decrease in conversion conductance takes place even
though the oscillator voltage is maintained at the proper level
corresponding to a given section of the frequency range of the
receiver, and becomes more noticeable as the ratio of signal
frequency to intermediate frequency is increased. This
effect is caused by the space-charge coupling which exists
between the oscillator grid and the signal grid. When the
intermediate frequency is low compared with the signal fre-
quency, the signal circuit may have a value of impedance that
is appreciable at the oscillator frequency. Under this condi-
tion a voltage at the oscillator frequency is produced in the
signal circuit. This generated voltage and the oscillator grid
voltage combine to reduce the conversion conductance of the
tube. The reduction in conversion conductance becomes
greater as the frequency increases for two reasons: (1) because
the ratio of signal frequency to intermediate frequency
becomes greater, and (2) because the ratio of the inductance
L to the capacity C increases toward the high-frequency end
of a band. This space-charge effect is inherent and cannot be
eliminated by coupling a separate oscillator tube to the
oscillator grid of the pentagrid converter.

In the operation of this type of pentagrid converter at high
radio frequencies the oscillator frequency shifts when the
grid-bias voltage on the signal grid is changed. This effect
is caused by the transconductance between the oscillator
anode and the signal grid. It can be eliminated by the use
of a separate oscillator tube coupled to the oscillator grid of
the pentagrid converter.

The pentagrid mixer amplifier metal tube type 6L7 (page
165) is designed to overcome these disadvantages.

Diode Tetrode.—In some cases it is desirable to use a diode-
tetrode combination for detection, automatic volume control,
and fixed grid-biased audio-frequency amplification service.
Type 1A6 tube may be used for such service by connecting
the first grid to the positive side of the cathode, using the
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second grid as a diode, and the fourth grid for audio-frequency
control. The plate is connected to the next tube in the set
by means of a resistance coupling. A circuit diagram for
this use is shown in Fig. 97. Still another possible application
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F16. 97.—Circuit of diode tetrode for half-wave detection, automatic volume
control, and fixed grid-biased audio-frequency amplification.

is given in Fig. 98 which shows the tube as a diode tetrode
serving as a radio-frequency amplifier and half-wave detector,
with automatic volume control.

Triode Pentode.—This is a heater cathode tube consisting
of a triode and a pentode of the remote cut-off type. The
two sections are served by a common cathode and are mounted

Type 1A6
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F16. 98.—Circuit of diode tetrode for half-wave detection, automatic volume
control, and radio-frequency amplification.

in a single bulb, the pentode being on top, as shown in Fig. 99.
This combination is represented by the type 6F7 tube. The
two sections, being independent of each other, can be used for
the services obtained from single-unit types of tubes with
similar characteristics. The conventional representation of a
triode pentode is shown in Fig. 100. The curves of plate
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detector or as an amplifier, using then the triode for automatic
volume control or for noise suppression.
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F1a. 101.—Characteristic curves of triode section of triode-pentode tube.

Spray-shield Tube.'—The distinguishing feature of this
tube is that it has a shield consisting of a semiporous coating
of a zinc alloy. This coating is applied to the outside of the
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Fra. 102.—Characteristic curves of pentode section of triode-pentode tube.

glass bulb and to the shell of the base by successive operations
of sand blasting and spraying the alloy with an oxy-acetylene
blow torch. The coating is grounded to the chassis of a radio

! PARkER and Fox, “The Spray-shield Tube,” Proc. Inst. Radio Eng.,
May, 1933.
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receiver by the use of contact clips. With this arrangement it

is possible to apply a negative
grid-bias voltage to the sprayed R-F
shield. The sprayed shield pre-
vents the accumulation of elec-
tric charges on the inner wall of
the glass bulb, thereby eliminat-
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In multi-grid tubes the value of direct feed-back capacity can
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F1g. 104.—Relation between conversion transconductance and control-grid
voltage in pentode section of triode-pentode (type 6F7).

be made very low if the tube structure is designed foruse with a
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sprayed shield. By the use of this shield, tube structure can be
simplified in manufacture. It is claimed that when the tubes
are in operation the temperature of a bulb with asprayed shield
is less than that of a clear glass bulb enclosed in a shielding can.
A sprayed shield is not used with tubes of the gaseous con-
duction type (page 97) because in such tubes a shield of this
kind would cause an excessive flow of positive-ion current (page
94) to the glass walls of the bulb and produce electrolysis.

Summary of Development of New Tubes.—The funda-
mental applications of vacuum tubes in radio receiving sets
have not changed—they are still used for obtaining amplifica-
tion at radio and audio frequencies, oscillation, detection,
rectification, and power output. The improved tubes now
available are not intended for new uses, but they have made
possible better performance through changes in design.

Recent changes in design can be illustrated by a comparison
of familiar tube types. The well-known UV-201, a general-
purpcse tube, was rated at 5 volts on the tungsten cathode
with a cathode current of 1 ampere. With 60 volts on the
plate, the plate resistance was 18,000 ohms, the mutual con-
ductance 410 micromhos, and the amplification factor was
7.5. In the type 01A tube the change from a thoriated-
tungsten cathode brought about a reduction in cathode current
to 0.25 ampere. This tube, at the maximum plate voltage
of 135 volts has a mutual conductance of 800.

The older tube types in the power-output group started
with type 20, then came in succession types 71 and 71A. The
type 20 has an amplification factor of 3.3 and an undistorted
power-output rating of 110 milliwatts at its maximum plate
voltage of 135 volts and grid-bias voltage of 22.5 volts. The
type 71A tube has an amplification factor of 3 and an undis-
torted power-output rating of 790 milliwatts at a maximum
plate voltage of 180 volts and a grid-bias voltage of 40.5 volts.

Of the tubes designed for operation with alternating current,
the type 26, an amplifier tube, has a coated low-voltage
cathode with a current rating of 1.05 amperes at 1.5 volts.
The type 27, a detector-amplifier tube, has an indirectly
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heated cathode for either alternating or direct-current opera-
tion with a current rating of 1.75 amperes at 2.5 volts. Both
tubes have an amplification factor of about 9 and a mutual
conductance of about 1,000 at 180 volts on the plate.

The next new type to be introduced was a four-element or
screen-grid tube which eliminated much of the difficulty due
to feed-back (page 9) by the use of an additional tube ele-
ment, and made possible a greater stage amplification. The
type 22, a screen-grid radio-frequency amplifier for battery
operation, has an amplification factor of 270, a plate resistance
of 725,000 ohms, and a mutual conductance of 375 at plate
and screen-grid voltages of 135 and 45 volts, respectively.
The type 24A, a screen-grid radio-frequency amplifier tube
with an indirectly heated cathode for either alternating- or
direct-current operation, has an amplification factor of 400,
a plate resistance of 400,000 ohms, and a mutual conductance
of 1,000 at plate and screen-grid voltages of 180 and 90 volts,
respectively.

Then the development turned to power-output tubes. Type
45 with an undistorted power-output rating of 1,600 milliwatts
with 250 volts on the plate and a grid-bias voltage of 50 volts
was a decided improvement. Type 50, although it brought a
maximum undistorted power output of 4.6 watts, has a high
plate current of 55 milliamperes which limits its use. An
entirely new design in the power-amplifier group is the pentode
type 47 tube, which has a maximum output of 2.7 watts
but has difficulties in application because of the low grid swing
(limited range of variation), the production of odd harmonics,
and the necessity for a high value of load impedance to match
its plate resistance of 60,000 ohms.

The development of the radio receiver for battery operation
and for use in automobiles brought the entire line of 2-volt
tubes designed for operation on dry batteries, as well as the
6-volt tubes with indirectly heated cathode designed for
operation on storage batteries.

The next advance brought the wvariable-mu type of tube.
This was designed to overcome certain difficulties introduced
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by the screen-grid tube due to its low grid swing. The use
of the variable-mu tube reduces the effects of modulation
distortion and cross-modulation which are troublesome when
a strong signal voltage is applied to the radio-frequency stages.
This type of tube is being manufactured with various cathode
ratings.

The triple-grid type came about as a result of the success
attending the general application of the suppressor grid
(page 127), as in the output pentode type 47 and in the super-
control radio-frequency amplifier pentode type 39/44. In
both of these types the suppressor grid is connected inside
the tube to the cathode. The advantages of this kind of con-
struction may be summarized briefly as follows: (1) the value
of the voltage applied to the screen may be selected independ-
ently of the plate voltage; (2) the swing of plate voltage can
be increased as compared with that of a screen-grid tube; (3)
the reduction of secondary emission current between the plate
and screen grid results in more even performance and in the
elimination of the tube hiss occurring in screen-grid types
because of the screen-plate secondary emission current; and
finally (4) an increased plate resistance.

Two examples of the triple-grid construction are types 57,
an amplifier-detector tube, and type 58, a super-control
amplifier. Type 57 is of the sharp cut-off type similar to
type 24, and type 58 is a variable-mu tube like type 35.
Then came the multi-electrode, multi-unit, and combination
tubes such as the duplex-diode triodes, duplex-diode pentodes,
twin amplifiers, pentagrid converters, and triode pentodes.

The rectifier tube also required development to meet the
conditions imposed by the application of other new tubes.
The various requirements resulted in the introduction of the
mercury-vapor rectifier tube (page 98) the rectifier-doubler
tube (page 371), and the heavy-duty, high-vacuum rectifier
tube.

All-metal Radio Receiving Tubes.—An important improve-
ment in radio receiving tubes has been brought about by the
manufacture of the shells of such tubes of a suitable alloy
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place, the shell is attached to the base plate and is welded to
the latter around its circumference. By the use of this new
type of base plate it is possible to utilize very efficiently short
and direct lead-in wires which enter the base plate at the
exact points where they will be closest to the tube elements to
which they belong. The use of these short direct lead-in
wires makes it possible to obtain, especially for short wave
lengths, a greater amplification than is possible with glass-
shell tubes. This is, of course, an important consideration
at present because of the very great demand for all-wave radio
receivers. Screen-grid tubes made by this method have only
one-third of the plate-grid capacity of tubes with glass shells.

The all-metal tubes are much smaller, in both height and
diameter, than the types of radio tubes that have glass shells.
There is also the advantage in manufacturing that results
from the abandonment of the now commonly used method of
electron bombardment of the tubes (page 20). When the
all-metal tubes are on the vacuum pump, they are heated by
gas flames.

The use of metal shells for all kinds of radio tubes has
special significance in the industrial field, as, by this method
of manufacture, the objection is overcome that the tubes are
too fragile for use in heavy industrial service. In spite of
the increasing applications in the industrial field, many
engineers are still hesitant about their use in power-plant
work. The development of all-metal tubes has removed the
mental hazards that have been associated with tubes with
glass shells, so that they are now placed in the same category
with other electrical equipment such as contactors, rheostats,
and induction coils.

The Catkin metal vacuum tube made by the Marconi
Osram Valve Company introduces new methods of design
and manufacture for radio receiving tubes. A set of the
parts for a screen-grid tube intended for alternating-current
operation is shown in Fig. 107. After the copper-clad nickel-
steel wires are welded to the electrodes below the steel clamp,
the entire group is ready for insertion into the screen.
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The screen, as shown, is hexagonal, with solid sides to keep the
value of grid-plate capacity at a minimum.
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F16. 107.—Parts of Catkin metal screen-grid tube.
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Fic. 108.—Method of attaching to the tube the base of Catkin metal
vacuum tube.

The method of attaching the base B to the tube is shown in
Fig. 108. The metal shell contains a thin rubber ring which
fits against the flanged top of the shell. The tube is pressed
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into the rubber ring and is thus protected to some extent
against mechanical vibration. The other end of the metal
shell is then flanged over a bakelite insert which carries the
base or terminal pins of the tube. When a terminal pin is
provided for the plate, the connection to the plate is made
by means of a wire brought down inside the rubber ring from
a metal sleeve attached to the plate. In the screen-grid tube
of this design the plate terminal is at the top of the tube and
consists of a brass cup in direct contact with the plate. Finally
a metal shield is fastened over the entire tube.

Characteristics of Metal Tubes.—The use of metal tubes
does not require any change in methods of operation as
compared with the arrangements that apply to glass tubes.
The types of metal tubes available include the sharp and
remote cut-off high-frequency amplifier tubes 6J7 and 6K7;
a medium-mu triode 6C5; a high-mu triode 6F5; a pentagrid
converter 6A8; a pentagrid mixer amplifier 6L.7; a twin diode
with separate cathodes 6H6; a power-amplifier triode 6D5; a
power-amplifier pentode 6F6; and a full-wave rectifier tube
5Z4. Values of the operating characteristics of these types
are given in the Tube Table on page 617.

Types 6J7 and 6 K7.—The characteristics of the metal tube
type 6J7 and the glass tube type 57 are identical except for
their heater ratings and electrode capacities. The metal
tube type 6K7 and the glass-tube type 77 are identical except
for heater ratings and electrode capacities. These metal
tubes are operated in the same manner as the corresponding
glass tubes. Although no extra shielding is required for the
tubes, the top-cap terminals and the leads to the top-grid
caps may require an additional shield especially in the case
of very sensitive receivers in which careful alignment of the
tuning circuits is essential.

Types 6C5, 6D5, and 6F5.—The detector-amplifier triode
6C5 has a higher value of mutual conductance than the
corresponding type of glass tube and consequently can be made
to oscillate with a smaller value of coupling. Type 6D5 is a
low-mu power triode with characteristics which resemble those
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of tube type 45. It may be used as an output tube or as a
driver tube. The high-mu triode type 6F5 is similar to the
triode section of type 75. Type 6F5 used together with the
twin diode type 6H6 will give practically the same results as
type 75 with the advantages that the cathode sections of the
triode and diode units are separate, and that the two anodes
of the diode unit are shielded. The combination of type 6F5
and type 6H6 will give better results than have been obtained
with the duplex-diode triode type 55 or 85.

Type 6A8.—The pentagrid converter tube type 6A8 cor-
responds to the glass tube type 6A7 and is used under the
same conditions of operation. Its characteristics are essen-
tially the same as those of type 6A7.

Type 6F6.—The power-amplifier pentode type 6F6 has
essentially the same characteristics as the glass tube type 42
(and type 2A5 except for heater ratings), and is used under
the same operating conditions.

Type 5Z4.—The full-wave high-vacuum rectifier type 5Z4
resembles the glass tube type 83V except that it has a lower
rating for output current.

Type 6L7.—The pentagrid mixer amplifier type 6L7 repre-
sents a new type. Its action resembles that of a radio-
frequency pentode glass tube with suppressor grid ‘‘injection”
from an external oscillator. Such an arrangement would
minimize the undesirable characteristics of reduced conversion
conduction, and of oscillator frequency shift, which occur at
high frequencies (see pentagrid converter, page 152). This
combination, however, cannot be used in certain types of
receivers because the plate impedance is low and because a
high value of oscillator voltage is required. Changes in the
structure of the radio-frequency pentode type of tube can be
made in order to overcome these disadvantages. Thus, a
screen can be inserted between the suppressor and the plate
to keep the plate resistance at the required value, and a
grounded suppressor can be inserted between the plate and
the oscillator screen. From such design changes the type
6L7 tube has been developed. The relative positions of the
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electrodes are shown in Fig. 108a. These electrodes are the
heater, the cathode, the five concentric grids, and the plate.
The first grid, nearest the cathode, is a control grid to which
the signal voltage is applied as shown in Fig. 1085. This grid
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(K) Cathode-—~~._

(G1) Control grid. (64) Screen
() Signarl gr‘/%/)

. "\ _(63) Control grid

(62) Screern-— (Oscillator grid)

Fia. 108a.—Electrodes in type 6L7 tube.
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is designed for a remote cut-off characteristic in order that
radio-frequency distortion and cross-modulation effects may
be minimized when the grid-bias voltage is obtained from an
automatic volume-control system. The second grid acts
like the screen in a tetrode tube, accelerating the movement of
electrons toward the plate, and reducing the capacity between
the first and third grids. The third grid, designed to have a
sharp cut-off characteristic, is used as a second control grid to
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Fi1a. 108b.—Clircuit diagram for type 6L7 tube.

which is connected the output of an external oscillator. The
fourth grid, connected within the tube to the second grid,
acts as a screen, increasing the plate resistance of the tube,
and reducing the capacity between the third grid and the
plate. The fifth grid, used as a suppressor, is connected
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within the tube to the cathode, and serves to limit the effects
of secondary emission from the plate.

In one method of operation, as shown in Fig. 108¢, the third
(injection) grid is connected to the control grid of the oscillator
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F1G6. 108c.—Operating diagram for type 6L7 tube (first method).
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tube through a coupling condenser C. The voltage which
exists across the grid leak of the oscillator tube is applied
across R and is used to modulate the electron stream in order
to produce an intermediate-frequency component of plate
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F1a. 1084.—Operating diagram for type 6L7 tube (second method).

current. With this arrangement the total grid-bias voltage
for the third grid consists of the fixed grid-bias voltage obtained
from Rs, and of a voltage which depends on the value of the
oscillator voltage. If the applied oscillator voltage is high,
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rectification takes place in the circuit of the third grid, and a
rectified current flows through R. The direct component of
this current produces across R a voltage which contributes to
the grid-bias voltage obtained from K.

In another method of operation, as shown in Fig. 108d, the
third (injection) grid is connected directly to the control grid
of the oscillator tube. Here the direct
and the alternating components of the
voltage across R are applied to the third
grid of the mixer tube. The total bias
voltage on the third grid is equal to the
fixed grid-bias voltage obtained from R,
plus the direct component of the voltage
across B. If the alternating component
of the oscillator voltage has a peak value
which exceeds the total grid-bias voltage
on the third grid of the mixer tube,
rectification will take place in the third
grid circuit and the total grid-bias volt-
age will be increased. This arrangement
has the advantage that the gain is
practically independent of the oscillator
voltage over a wide range.

Tube with Low Grid Current.—The
F1g. 109.—Pliotron de- tube,! Pliotron FP-54, shown in Fig. 109,

tector tube (FP-84). 54 present has no practical application,
being used entirely for scientific measurements. In size it is
like the ordinary receiving tube with a thoriated-tungsten
filament and in appearance it differs mainly in the use of the
quartz rods above and below the plate, which support the
grid, and in the use of an extra space-charge grid. The pur-
pose of this type of construction is to reduce insulation leakage.
The action of the tube is like that of any high-vacuum electron
tube with grid control, but its operating characteristics are
different. The tube is operated with a plate voltage of

1 Huir, A. W., “New Vacuum Valves and Their Applications,” Gen.
Elec. Rev., December, 1932.
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6 volts, a grid-bias voltage of 3 volts, a space-charge grid
voltage of 3 volts positive with respect to the filament, a
filament temperature of 1,700°K.,! and a plate current of
40 microamperes. These conditions are necessary to prevent
the flow of a grid current. The sensitivity of this tube—
that is, the smallest current that can be measured with it—is
1/1,000,000,000,000,000,000 ampere
which is a smaller current than can be
measured by the most sensitive elec- Q
trometer. This sensitivity in terms of
the electron, which is the smallest unit
known, is about 6 electrons per second.
The tube is used for such purposes as M
counting cosmic rays, measuring in con-
nection with a phototube the light from
stars, and recording the pieces (neu-
trons, protons, and alpha particles) of
atomic groups broken apart by the
impact of high-speed ions.

Low-noise Tube.—The appearance .. 110.—Low-noise
of this tube, Pliotron PJ-11, as shown Pliotron tube for measur-
in Fig. 110, is like that of an ordinary "&®mall voltages.
three-element tube in size and construction. Itsspecial feature
is its very high vacuum. A consideration of the action of this
tube is helpful because it leads to a better understanding of
the behavior of the electrons comprising the current flow.
With free filament emission the electron current in a tube
with the ordinary vacuum is limited by the mutual repulsion
of electrons in the space between the electrodes. This effect
is called space-charge limitation. Because of it the electrons
travel at a considerable distance apart, approximately about
one hundredth of a millimeter in an ordinary receiving tube.
The factor that is of importance with regard to this space
charge is the electron-attracting effect of the presence of
positive ions and is not the current that they carry. If the

1 Temperature in absolute or Kelvin degrees is equal to Fahrenheit
degrees plus 460.
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vacuum is high, the positive ion current may be only a fraction
of a per cent of the electron current, yet there may be as
many ions present as there are electrons. The electrons move
several hundred times as rapidly as the ions. Under these
conditions the space-charge limitation due to electron repulsion
is practically eliminated.

The limiting value of the smallest signal that can be ampli-
fied by a vacuum tube is the tube noise caused by ‘“shot
effect”” which is equivalent to an input signal of about 1 micro-
volt. Other tube noises, many times larger than that caused
by ‘“‘shot effect,” are due to poor vacuum and are most
noticeable at frequencies below 1,000 cycles per second. The
input noise level of the PJ-11 tube at low frequencies is less
than 14 microvolt. The tube can be used to measure voltages
ten times smaller than those which could be detected pre-
viously. Uses that have been suggested are in the field of
physiology for measuring heart beats and nerve impulses.

Midget Vacuum Tubes for Use at High Frequencies (Short
Wave Lengths).—Experimental work in the field of radio
transmission and reception with short waves has shown that
the types of tubes and circuits developed for use with longer
waves are not satisfactory. Improvements in tube design
brought types that were effective at wave lengths of from
3 to 5 meters. Changes in circuit design have improved short-
wave receiving apparatus (either tuned radio-frequency types
or superheterodyne types with a detector stage using a triode
tube) so that satisfactory reception is now possible with wave
lengths as short as 5 meters.

Attempts have been made to depart from the usual types
of receivers in the effort to find reception apparatus that would
operate satisfactorily with wave lengths as short as 30 centi-
meters.! Types of circuits that have been tried include the
super-regenerative detector, the heterodyne detector, and
many others that cannot readily be classified. In most of
these circuits the high-frequency current is handled in one
stage only, and amplification is obtained at an intermediate

! TroMPsON and RosEg, Proc. Inst. Radio Eng., December, 1933.
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or at a low frequency. From a practical point of view these
circuits have a number of disadvantages; namely, inefficiency
in the use of plate power; lack of sensitivity, or if sensitivity
is acceptable, the stability is poor; broad tuning; and radiation
from the oscillator stage.

The purpose of the investigation to be described was to
design a tube that could be operated effectively at a wave
length as low as 60 centimeters. The first step was to analyze
the difficulties encountered in reception at low wave lengths
with receiving apparatus, for example, of the tuned radio-
frequency type. Trouble was experienced because the inter-
electrode capacity (page 118) of a vacuum tube was so great
that when a tuning condenser was added, the ratio of induc-
tance to capacity (page 47) was too low to allow for adequate
amplification. A vacuum tube of the ordinary type, when
used at high frequencies, has so much inductance in its
terminal wiring that a large portion of the output voltage
cannot be utilized because of the inductance in the tube. Also,
the combination of this inductance of the terminal wiring of
the tube with the interelectrode capacities results in a circuit
that has a wave length higher than that at which operation
is required. Again, at very high frequencies, the time taken
by an electron in crossing the space between the electrodes
becomes a factor that must be recognized because it may cause
a decrease in amplification.

In studies made of tube action and design it has been shown
that the mutual conductance (page 115), amplification factor,
and plate current are not affected by any change in the
size of the linear dimensions of the tube electrodes and of the
circuit, provided the linear dimensions are maintained in a
fixed relation to each other. But the interelectrode capacities,
the inductance of the tube wiring, and the time interval
required for the passage of electrons between electrodes,
are proportional to the size of the linear dimensions. The
general principle deduced from these relations is that the
linear dimensions of a tube and circuit designed for any wave
length should be proportional to that wave length. In practice,
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however, this proportionality is not applied at long wave
lengths because the resulting large dimensions would not
bring any decided advantages. If it is assumed that an
ordinary tube is not effective below a wave length of 5 meters,
then according to this principle a tube suitable for use with
50-centimeter wave lengths should have linear dimensions
which are one-tenth the size of those in an ordinary tube.

A photograph of a three-element and a four-element tube
constructed according to the proportions stated previously is

F1g. 111.—Midget three-element and four-element tubes shown with type 57
triode tube for comparison.

shown in Fig. 111, with a type 57 tube for comparison. The
construction is of the parallel-plane type and indirectly heated
cathodes are used. The largest dimension is less than 34 inch.

A cross-section view of the triode (three-element tube)
is shown in Fig. 112. The plate and cathode are made of
metal cups. The grid is made of wire mesh placed over a
holding ring and is located between the plate and the cathode.
The outside of the cathode cup is coated with electron-
emitting material, and the heater is placed inside the cup.
The electrodes are spaced a few thousandths of an inch apart
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and are so light that they can be supported by their terminal
wires. This type of construction does away with the capacities
that exist between electrodes and their supports in the usual
vacuum tube.

Griod 7 -“Plate

support support
-=Plate Plorte = ,Con ’;70/
. Screern - /g
Grid grid .——
-‘-:--‘-‘\‘4 “Caf/zode / Y SN\
Ceram/c; em‘en Cathode

aisk

Fra. 112.—Cross section of midget Fig. 113.—Cross section of midget
triode tube to show construction. tetrode tube to show construction.

A cross-section view of the tetrode (four-element tube)
is shown in Fig. 113. The parts in size and shape are like
those of the triode; the screen
grid, also made of wire mesh, is
larger than the control grid.
The spacing between electrodes
is only a few thousandths of an Plate
inch as in the triode. To obtain i Jead
the necessary support and rigid-
ity the grids and cathode are (o’/,,f,o/
mounted on a ceramic disk, and 9.,
the spacing between these ele-
ments is determined by their
distance from the disk. The

. . . %
plate is supported by its termi- Fic. 114.—Bulb and shield for
nal wire. midget tetrode tube.

The glass bulb is made in two parts, round in shape, which
are sealed at the joint. The terminal wires of the triode are
brought out through this seal. The terminal wires of the
tetrode, except the plate and control-grid wires, are brought
out through the seal; the plate and control-grid wires are
sealed in at opposite ends of the bulb as shown in Fig. 114.

-External
shield

“=Screen
grid
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The external shield used with the tetrode serves to isolate or
shield the external plate circuit from the control-grid circuit.

5

/arap
e |
NV
VAL EE
S
N )3
UURE
S

-6 5 -4 3 2 =1 0°

Grid Volts
Fig. 115.—Relation of plate
current plotted against grid
voltage for short-wave triode
tube.

All the terminal wires are short,
the screen-grid terminal wire leav-
ing the bulb near the external
shield where it can be grounded.
Under these conditions the screen-
grid impedance can be made low
in value.

The curves of plate current
plotted against grid voltage for
the short-wave triode are shown
in Fig. 115, and the curves show-
ing the relation between plate cur-
rent and plate voltage in Fig. 116.
It is evident that these curves are
similar in value and shape to those
of an ordinary triode. When the
tube is operated with 67.5 volts
on the plate and with a grid-bias
voltage of —2 volts, the plate
current is 4 milliamperes, the plate

resistance is 9,500 ohms, the transconductance (page 115) is

1,550 microamperes per volt, and
the amplification factor is 14.7.
The measured values of interelec-
trode capacities in micromicro-
farads are 0.7 between the grid and
the cathode, 0.07 between the plate
and the cathode, and 0.8 between
the plate and the grid.

The curves of plate current
plotted against control-grid voltage
for the tetrode are shown in Fig.
117 and the relation between the
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Fi1g. 116.—Relation of plate
current and plate voltage for
short-wave triode tube.
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plate current and the plate voltage is shown by the curves

in Fig. 118. The curves in Fig.

118 end at 40 volts for
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the reason that as the plate voltage is reduced beyond that
value the screen-grid current increases excessively. The
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F16. 117.—Relation of plate F16. 118.—Relation of plate
current to grid voltage for current to plate voltage for
short-wave tetrode tube. short-wave tetrode tube.

curves for this tube show similarity to those of the ordinary
tetrode. When the tube is operated with 135 volts on the
plate, 67.5 volts on the screen grid, and a grid-bias voltage of
—0.5 volt on the control grid, the plate
. e 3%

current is 4.0 milliamperes, the plate b
resistance is 360,000 ohms, the transcon- — 1
ductance is 1,100 microamperes per volt,
and the amplification factor is 400. For
the same conditions, the input capacity is
2.5 micromicrofarads, the output capacity
is 0.5 micromicrofarad, and the capacity
between the plate and the grid is 0.015
micromicrofarad.

The comparison of this triode with °
ordinary tubes was made on the basis of
the lowest wave length at which it would I
generate stable oscillations. The circuit Fic. 119.—Circuit of
of an ultra-high-frequency oscillator using ™! triede oscillator.
this tube is shown in Fig. 119. The circuit is of the inductive
feed-back type (page 9), the inductance being a coil of wire
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wound in solenoid form 1§ inch in diameter. The interelec-
trode capacities of the tube are utilized for tuning the circuit.
Stable oscillations at a wave length of 65 centimeters can be
obtained with a plate voltage as low as 45 volts and a coil of
six turns. The limit of stable oscillations is reached at a
wave length of 30 centimeters with a plate voltage of 115 volts,
and a coil of one turn, the plate current having a value of
about 3 milliamperes.

F1g. 120.—Oscillator for 100-centi- Fig. 121.—Transmitter for
meter wave lengths. 100-centimeter wave lengths.

The radio-frequency amplification produced by the tetrode
was determined by its operation in a receiving set because
quantitative measurements at such short wave lengths present
serious difficulties. One receiving set is made with two stages
of tuned radio-frequency amplification using the tetrode tubes,
a detector stage using the triode, and one stage of audio-
frequency amplification using the triode. Small coils, similar
to those used in the oscillator, and small condensers are in the
tuned circuits. Metal shielding is provided for the batteries
and for all outside wiring to prevent the pick-up of signals by
any portion of the apparatus except its antenna, and to mini-
mize the possibility of oscillation. Such a receiver has a
tuning range of about 95 to 110 centimeters. A half-wave
receiving antenna (page 79) is used.
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The signal voltage for testing the receiving set is produced
by an oscillator operating at a wave length of 100 centimeters.
The oscillator and transmitter are shown in Figs. 120 and 121.
The tube used in this oscillator is a small triode and modula-
tion is obtained with a broadcasting receiver. The oscillator
circuit is coupled loosely to a half-wave radiating antenna;
the plate power required is 68 milliwatts.

When the receiving antenna was coupled to the detector
stage of the receiving set, with the transmitter 200 feet away,
no signals were received, but with the antenna coupled to the
input circuit of the first radio-frequency stage a voltage ampli-
fication or gain per stage of about four was estimated.

Experiments with this apparatus indicate that a receiver for
wave lengths shorter than 1 meter might utilize the super-
heterodyne circuit with one
stage of radio-frequency ampli-
fication to prevent radiation
from the oscillator. The tubes
show good amplification in the
range from 2 to 5 meters and
could be used in that range for
intermediate-frequency ampli-
fication. The success of this - 1 356 "mrax. dia. >
experimental work on tubes for  Fre. 122.—Acorn-type triode for
operation at ultra short-wave p° on wave lengths between 0.5 and
lengths shows new possibilities
in the field of television—for it is practically certain that televi-
sion transmission must be carried on in the ultra short-wave
region.

Acorn-type Tubes.—The midget triode described before
appears in its commercial form as R.C.A. type 955. This
tube is designed for use on wave lengths between 0.5 and 5
meters. It is provided with a heater-type cathode intended
for operation on either direct or alternating current. The
interelectrode capacities are low, being 1.4 micromicrofarads
between grid and plate, 1.0 micromicrofarad between grid and
cathode, and 0.6 micromicrofarad between plate and cathode.
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The small size of the tube is apparent from the dimensions of
the outline drawing in Fig. 122.

The type of construction is shown clearly in Fig. 123. The
most noticeable change from
the usual construction is the
method of connecting the tube
elements to the leads and of
using these leads as the base
pins. Special directions are
given for mounting the tube in
order that leakage losses may
be kept at a minimum. Con-
nections should be made to
F1a. 123.—Midget triode tube (type the terminal leads by means

955). of clips—the heat of solder-
ing might crack the bulb seal.

Adequate radio-frequency grounding is necessary if the full
capability of the tube is to be realized. The usual methods
for by-passing and for grounding as provided in radio receivers

Grid

z- Heater voltage
Fia. 124.—Typical mounting assembly for midget triode (type 955).

for broadcasting are not satisfactory with this type of tube.
A suggested arrangement is shown in Fig. 124. The ground-
ing plate of the chassis is a thick copper sheet. The leads
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to the terminal pins of the tube are made of metal in thin
ribbon form and are insulated from the grounding plate by
spacers of mica. The condenser action of the combination of
metal ribbon and grounding plate separated by the mica
spacers provides a radio-frequency by-pass condenser close to
the tube terminals.

The tube characteristics are given in Tube Table, page
617. As a detector the tube may be used to give either

Ultra - high-Frequenc Push-pull Oscillator
Hartley gOscillgrl'or'y Tunedgplafe Tuned-grid type

Output =

L4 Cyy Ly Co= Depend on L, Cy,L2C2,L5Cz = Depend on
frequency range frequency range desired

Cs= 800082 1 CaCs e 00

= R, = 10,000 to 12,500 ohms,
C4»C5,Ce = 0.0001 p2¢ "7 v watt.

Ry = 20,000 to 50,000 ohms,

- % watt.
Z=RF Choke
F1a. 125.—Circuit for the use of Fi1a. 126.—Circuit for the use of

midget triode (type 955) as a radio- midget triode (type 955) as a push-
frequency amplifier for class C service. pull oscillator.

grid-circuit detection, or plate-circuit detection. As an
amplifier the tube may be used in the radio-frequency stages
of short-wave receivers, or in audio-frequency amplifiers
including those utilizing resistance coupling. As an oscillator,
or as a radio-frequency power amplifier for class C service
(page 130), the tube may be used as shown in Figs. 125 and
126. The choke coil Z shown in the single-tube oscillator
circuit in series with the grid-bias resistance R; is needed to
increase the radio-frequency impedance of the input circuit.
This choke coil is not necessary in an oscillator circuit which
uses the tubes in a push-pull connection. If suitable provision
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is made for short terminal connections, adequate insulation,
and effective radio-frequency by-passing, this type of tube can

Type 955
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o F
ol
QL
E
8 6
ol
2l S
a2t A

0 80 100 150 200 250 300
Plate Volts

Fic. 127.—Relation of plate current to plate voltage in midget triode (type
955).

Grid No.!
l (contro! grid)

F1a. 128.—Midget pentode tube (type 954).

be used in any conventional circuit at frequencies much higher
than the limit for standard types of tubes.

The curves of plate current against plate voltage for various
grid-bias voltages are given in Fig. 127.



VACUUM-TUBE ACTION 181

It is likely that for applications in amplifiers at -high fre-
quencies a new series of multi-element tubes will be developed,
each rated for a definite frequency range in a manner similar
to that used for high-frequency oscillator tubes (page 513).

Pentode~—A midget or acorn pentode is available com-
mercially as RCA type 954. The general construction is
similar to that of type 955, and the same precautions apply
with regard to installation, mounting, shielding, heater opera-
tion, and grounding. In some applications it may be neces-

Plate lead §

\ O A )
Getter cup~ || Internal 6 At cInternal shield

\ ,,'slr/e/d 7 "N

No.2 grid /ead/‘ VI,

No.3 gridk &2 Nol grid,
;/’2" “ gﬂ\‘ _-Plate s
} '"foldsfe lead

=k earer leac ~-External
:’;’u‘,}\ shield ring
Cathode-"g* ) ———
Internal shield” | 1 Cathode lead < Shielding
“-Heater [ead partition

No.! grid lead--

F1a. 129.—Details of construction of F1G. 130.—Method of shielding mid-
midget pentode tube (type 954). get pentode tube (type 954).

sary to supplement the grounding effect of by-pass condensers
by the use of radio-frequency choke coils mounted near the
condensers in the supply wire for each electrode. The con-
nections for the cathode and the screen-grid circuit follow
conventional practice.

The external appearance and size of this tube are indicated
in Fig. 128, and the type of construction in Fig. 129. A
suggested method for shielding is shown in Fig. 130.

The general characteristics of the tube are given in the
table on page 617. The tube may be used for either audio-
frequency or radio-frequency amplification in short-wave
receivers, or as a grid-bias detector. A circuit for a radio-
frequency amplifier is shown in Fig. 131, using the circuit
constants given below. The wire used for the inductance
coils is bare. The choke coil is wound with a single layer.
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TaBLE V.—Circuir CONSTANTS OF ACORN-TYPE TuBg (R.C.A.-955)

Wave-length range, meters

Circuit constants

2.75 to 5.3 1to3 0.8

Turns................... 10 4 5

L, |Wiresize................ 16 16 30

and | Outside diameter, inches. . 34 3% %

L: |Length, inches......... .. 34 NAs %
3 to 25 3 to 25 3to4

C, | Variable capacity, micro-
and | microfarads

C,
C | Fixed capacity, micromi-| 100 to 500 | 100 to 500 | 100 to 500
crofarads
Turns................... 15 15 15
Z |Wiresize................ 30 30 30
Outside diameter, inches. . 4 14 4

The curves of plate current against plate voltage for various
control-grid voltages are given in Fig. 132, and the average
characteristices in Fig. 133.

Control-Grid Screen Plate
Bias Supply Supply Supply
F1e. 131.—Circuit of radio-frequency amplifier using midget pentode tube
(type 954).

High-vacuum Industrial Tubes.—Tubes of the high-
vacuum type in industrial applications do not differ essentially
in any respect from the types of tubes used in radio applica-

tions. They perform the same general services in amplifica-
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tion, oscillation, grid-controlled rectification, and detection.

These tubes are rated and classified

according to the amplifica-
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Fra. 132.—Relation of plate current to plate voltage of midget pentode

(type 954).

tion factor, the plate resistance,

the mutual conductance,

and in special. cases, the grid resistance.

Operating Characteristics.—The ¢
tube expresses therelations between
electrode voltages and currents
when the tube is operating. These
relations are not constant and must
therefore be shown in the form of
curves. Information of this kind
is needed in the design of circuits
and in the calculation of tube per-
formance. Three sets of curves
generally are provided, namely, (1)
the mutual characteristic showing
the relation between grid voltage
and plate current, (2) the plate
characteristic showing the relation
between plate current and plate vol

haracteristic of a vacuum
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Fi1c. 133.—Average charac-

teristics of midget pentode tube
(type 954).

tage for different values of

grid-bias voltage, and (3) the average characteristics showing

the variation in amplification fac

tor, plate resistance, and
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mutual conductance with grid-bias voltage for different values
of plate voltage.

Classification of Amplifier Tubes.—Amplifier tubes may be
classified in four main groups,! according to their application,
namely, (1) voltage amplifiers, (2) current amplifiers, (3)
power amplifiers, and (4) general-purpose amplifiers.

A voltage-amplifier tube has a relatively high amplification
factor and is used where maximum voltage output is desired.
An example of such service is when the output of the tube is
applied to a circuit having a high impedance such as the grid
circuit of another tube. A current-amplifier tube is designed
to provide a relatively high plate current and to give a large
change of plate current for a small change of grid voltage.
This type of tube is applied where the load has a low resistance,
and the current variations are so slow that a transformer can-
not be used. A power-amplifier tube has a relatively low
amplification factor, a low plate resistance, and is designed for
operation at high plate voltages. The load impedance should
be matched properly to the plate resistance. This type of
tube is used where a maximum amount of undistorted power is
required.

The operation of amplifier tubes is classified into classes A4,
B, and C. This classification is concerned with the relation
between the tube output and the exciting grid voltage or the
plate voltage. A detailed treatment is giveh in Chap. X.
General types of amplifier circuits for industrial services are
described in Chap. X, and specific applications in Chap. XIII.

Gaseous Industrial Tubes.—The gaseous grid-controlled
tube, as illustrated in Fig. 134 is similar in construction to the
triode vacuum tube in that it consists of an anode, cathode,
and grid, mounted in an evacuated glass bulb, and filled with
an inert gas, or with mercury vaporat a pressure of a few milli-

11n the classification system of the General Electric Company a keno-
tron is a high-vacuum tube regardless of the number of elements. A
pliotron tube is a kenotron having grid control. A phanotron is a gas-
filled or vapor-filled tube regardless of the number of elements. A
thyratron is a phanotron tube having grid control.
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meters. Initscommercialform it has many names, such as the
grid-glow tube of the General Electric Company, the thyratron
of the Westinghouse Electric and Manufacturing Company,
and so on. Commercial types having four electrodes are
available. In a high-vacuum tube the flow of current is due
mainly to the travel of electrons emitted at the cathode.
In the gaseous tube the current is in the form
of a glow or arc discharge! through the gas
or vapor and consists of electrons moving
toward the anode, as well as positive ions
moving toward the cathode. The positive
ions act to neutralize the space charge which
in high-vacuum tubes causes a high tube
resistance. Because of this neutralizing
effect, the voltage drop of a hot-cathode
gaseous tube is low, being about 15 volts for
mercury vapor, and practically independent
of current.

A negative grid in a vacuum tube does not
carry a current because it repels electrons.
But the grid in a gaseous tube always carries
a current except at that voltage which allows
electrons and positive ions to arrive at the
grid in equal numbers. In this type of tube Fio. 134—Gas.
the grid controls the breakdown of the tube, eous grid-controlled
meaning the point at which current starts to tube:
flow. Current flow begins when the grid voltage has the
proper value with respect to the anode-cathode voltage. After
breakdown occurs, the flow of current is in the form of a
glow or arc discharge limited by the circuit and tube char-
acteristics and is not under the control of the grid. When
the discharge begins, the voltage drop in the tube falls to a
low value practically independent of the current. The
discharge is stopped when the anode voltage is interrupted.
Thus when the tube is operated with alternating current, the

! A more detailed description of discharge in gaseous tubes is given in
Sec. XIII of “Radio Handbook’’ by Moyer and Wostrel.
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discharge is stopped periodically, and the grid control is
effective again upon reversal of the anode-cathode voltage.

The breakdown time, meaning the interval during which
the conductivity is built up, is of the order of microseconds.
The deionization time, meaning the interval before breakdown
voltage is effective after current interruption, is of the order
of thousandths of a second.

Gas- and vapor-filled tubes may be classified according to
the kind of cathode into the following- groups; the cold-
cathode, the hot-cathode or thermionic, and the mercury-
pool-cathode types. In the cold-cathode type, electron
emission from the cathode is obtained by positive-ion bombard-
ment, some ionized gas being present at all times. Because
of its relatively high voltage drop and power loss this type of
tube is used principally for the control of small amounts of
power in sensitive relay applications. The hot-cathode and
pool-cathode types have a low voltage drop between anode
and cathode and are used mainly for power services. One
important difference between these two types is that in the
case of the hot-cathode tube the emission rating cannot be
exceeded without danger of cathode deterioration, while the
pool-cathode tube has a high overload capacity limited only
by excessive heating.

Other tubes which may be classed in this group are gaseous-
discharge rectifiers and glow lamps. Gaseous-discharge
rectifiers are very similar in all respects to grid-controlled
gaseous tubes except that they do not have a grid. Glow
lamps are those types of gaseous tubes which are utilized for
their light-emitting qualities. Glow lamps may have hot or
cold cathodes, with or without grid control, but are generally of
the cold-cathode two-electrode type. These types, also, have
a constant voltage drop independent of the current, and will
be injured unless a series current-limiting resistance is used.

Gaseous-tube Characteristics.—Gaseous tubes also may
be classified according to the type of control, namely, positive
control and negative control. The -characteristic curves
which follow are taken with grid voltage referred either to the
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anode or to the cathode, depending on the application, which
is a departure from standard vacuum-tube practice. The
definition of the polarity of grid voltage depends on the point
of reference. Thus a positive grid, referred to the anode,
means that the grid is positive when the anode is positive and
the cathode negative. A Ry 9megohms
negative grid, referred to the

anode, means that the applied

grid voltage is negative to the E

anode when the anode is posi- 552,000
tive. Similarly, a negative ohms
grid, referred to the cathode,
means that the gridisnegative

when the cathode is negative. o 600

A positive grid, referred to the E AN
cathode, means that the grid f \\

is positive when the cathode §400 \
is negative. In general, the < N

polarity of the grid-bias w’ \
voltage is that polarity which 200 \\
exists under forward voltage \
iti -200 -100 O +l00 +200
conditions on the tube. Nolte AC.on Grid Eq

A control characteristic Fi1c. 135.—Relation of breakdown
curve ShOWing the relation voltage to grid voltage in gaseous tube
between breakdown and grid (type KU-618).
voltages for a type KU-618 tube is given in Fig. 135. The unit
r is a limiting resistance relay coil having a value of about 6,000
ohms. In this arrangement the grid voltage is referred to the
anode. The use of the anode-grid resistance unit has some
effect on the characteristics even with a high resistance, but is
recommended for stabilization of the control characteristic.
The fourth electrode, forming a shield around the anode and
connected to the cathode through a resistance of at least 2
megohms, serves not as a control electrode but to provide
more uniform and stable action.

A resistance characteristic curve showing the relation
between breakdown voltage (alternating) and anode-to-grid
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resistance is given in Fig. 136 for the type KU-618 tube.
Breakdown voltage curves show the minimum anode voltage
at which ionization takes place and a flow of current begins,
at a given grid-bias voltage. The voltages expressed in root-
mean-square values indicate that the tube breaks down at the
peak of each positive half cycle.
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Fig. 136.—Relation of break- Fic. 137.—Direct-current characteristics
down voltage to anode-to-grid of gaseous tube (type KU-610).
resistance of gaseous tube (type
KU-618).

A direct-current characteristic curve showing the values
of grid current before and after breakdown is given in Fig. 137
for the type KU-610 tube with rated load. From such curves
the amount of power used in the grid circuit may be cal-
culated. It should be noted that the curves show the direct-
current values of the voltages. The alternating-current
root-mean-square values may be obtained by dividing the
direct-current values by 1.4 if the voltage wave has a sine
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form free from harmonics, and if the anode and grid voltages
are 180 degrees out of phase. If the anode and grid voltages
are not in proper phase, the direct-current characteristic
may be considered as instantaneous points on the alternating-
current wave and the condition for discharge thus predicted.
A control characteristic curve showing the relation between
breakdown and grid voltages, using

their direct-current values, is given \ \C'Omerfézflf;

in Fig. 138 for a type KU-628 tube. Temper-|

In this circuit negative control is aflure 200
used. One difference between the 60?\ 25% 0
positive and the negative break- <
down characteristic is that the \ L:
grid-bias voltage under positive \ 1500 5
control is positive throughout the 5
major part of the characteristic, 65°C \ §
while under negative control the TN \ 1000 <
grid-bias voltage is negative. This Q
means that less grid current flows . \ L e
when a tube is used under negative 20 C; 500
control, because the grid is negative £ X

with respect to the cathode. The 105°C°

negative type of control is generally

applied to mercury-vapor tubes. 0 D-C G,;;'q/o,fs Eg 0

The control characteristic curve  Frc. 138.—Relation of break-
shows that a flow of current will gggu‘?tliﬁeéggﬁﬁ?égg? of
take place at any condition repre-
sented by values at the right of and above the curve, but not at
values at the left of and below the curve. That is, at a given
grid-bias voltage E,, current will not flow unless the anode
voltage E, is equal to or greater than the value of E, corre-
sponding to E, on the control curve. To take care of possible
variations in individual tubes or in a group of tubes, the grid
voltage should exceed the amount needed, and the phase-shift
(page 76) method of control should be used.

Tube Ratings.—A tube may be rated on the basis of maxi-
mum voltage, maximum current, load time, tube-voltage
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drop, cathode voltage, cathode current, and cathode heating
time.

The voltage rating is given as the maximum crest voltage
which is the highest instantaneous voltage that a tube can
safely withstand in either the forward or inverse direction.
This rating depends on the factors of grid control, flash-back,
and insulation. The maximum crest forward-anode voltage
is the maximum instantaneous voltage that can be held back
by a suitable grid voltage. The maximum crest znverse-anode
voltage is the highest instantaneous voltage that a tube can
withstand in the direction opposite to that of normal current
flow.

The maximum crest current is the highest instantaneous
current that can be obtained without damaging the tube.
This value usually is not equal to 1.4 times the root-mean-
square value.

Maximum average current is that current, regardless of
wave form, averaged over a certain number of consecutive
seconds, that does not cause overheating of the tube. The
maximum continuous average current on commercial fre-
quencies is that value which is indicated by a direct-current
ammeter.

Typical Circuits for Cold-cathode Gaseous Tubes.—The
cold-cathode types of gaseous tubes generally are represented
by the small sensitive tubes taking very minute grid currents.
Tubes of this type are used where a relay is to be operated by
sensitive means such as a change in resistance of the order of a
few megohms, or a change in capacity of the order of a few
micromicrofarads, or where the tube output current is suffi-
cient to meet the requirements.

The various types of circuits used to control the tube depend
on varying the grid voltage from one value to another between
the anode and cathode voltages. This is accomplished by
the use of a very high variable impedance, of the order of
megohms, placed between grid and anode and the controlling
element. The tube will break down when the anode impedance
is decreased or when the cathode impedance is increased. If



VACUUM-TUBE ACTION 191

the grid is left floating electrically, it assumes a negative
voltage, the breakdown voltage is increased, and breakdown
occurs when a grid voltage of the proper value is applied.
The source E is generally an alternating voltage, but direct
voltage may be used if the circuit does not have any capacity

K
E
§I?e/z:v 1
I:f —HF 3'! 4 Fy
Fic. 139.—Circuit for Fig. 140.—Circuit for
cold-cathode gaseous tube cold-cathode gaseous tube
with  variable-resistance with variable-capacity con-
control. trol.

units. With direct-current operation a ‘“lock-in’’ charac-
teristic is obtained, and the anode-cathode voltage must be
reduced to zero to stop the anode current and to allow the
grid to regain control. In the circuit of Fig. 139 the control is
obtained with a variable resistance, and in Fig. 140 with a
variable capacity. In Fig. 141 the control is obtained with a

rad
4
: * C,
E !
iRelay - Co
y 1F
F1:c. 141.—Circuit for cold- Fig. 142.—Circuit for cold-
cathode gaseous tube with cathode gaseous tube with con-
resistance-potentiometer units denser-potentiometer units for
for control. control.

resistance potentiometer consisting of the units R, and R,
which may be such elements as phototubes. In Fig. 142 the
control is obtained with a condenser potentiometer consisting
of units C; and C, which may be metal objects in a production
line chute and metal plates built into the chute, the human
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hand, and so on. In Fig. 143 the control is obtained with the
application from an external source of a grid-bias voltage such
as a battery voltage, a surge-voltage, and so on.

Some of these circuits, with suitable modifications, may be
used with hot-cathode gaseous tubes of the power type. Con-
versely, cold-cathode tubes may be used in some of the circuits
for hot-cathode gaseous tubes, as
in phase-shift control.

Circuits for Hot-cathode Gaseous
Power Tubes.—The hot-cathode
gaseous tube for power service is
made in two types. The tubes

Fro. 143.— Cirouit. for cold. with low ratings have oxide—coat‘ed
cathode gaseous tube with ex- filament cathodes, and those with
ternal source of grid-bias voltage high ratings have mercury-pool
for control.

cathodes. The filament-type tubes
are filled with some inert gas such as neon, argon, or helium.
The voltage drop in a hot-cathode tube depends on cathode
emission, tube design, kind of gas, and gas pressure. The grid
voltage may be either positive or negative, accelerating or
retarding the electron flow and thus controlling the anode-
cathode voltage at which ionization and breakdown occur.
Tube performance depends not only on tube constants but
also on circuit constants. There are two general methods of
operation with regard to control characteristics: namely,
positive-grid control, and negative-grid control.

In positive-grid control a positive-grid voltage is needed
to start the tube. This method is used where a short deioniza-
tion time is wanted, or where a characteristic is desired which
is free from temperature effects. The disadvantage is the
increase in grid current flow. The grid-bias voltage may be
obtained from a battery or from the voltage drop across a
resistance connected between anode and grid. Positive-grid
control usually is applied to gas rather than mercury tubes.

Negative-grid control was used first on mercury-vapor tubes.
The disadvantage of such operation is the resulting high tem-
perature coefficient. Recently, gas-filled tubes have been




VACUUM-TUBE ACTION 193

designed for negative-grid operation with the control charac-
teristics of the mercury-type tube but having less current
capacity for a given size. This type has a negligible tempera-
ture coefficient.

The curves in Fig. 144 give a comparison of the charac-
teristics of the neon-filled tube and the mercury-vapor tube.
These curves are taken from Figs. 137 and 138.

The hot-cathode power gaseous tube is useful for services
requiring a relay action with large current carrying capacity.
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Fi1c. 144.—Comparison of operating characteristics of neon-filled tube and
mercury-vapor tube.
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Also, it possesses a high-speed lock-in characteristic when
operated with direct current.

Phase-shift Control.—By means of this method of control
a direct-current voltage that is continuously variable can be
supplied from an alternating-current circuit, even though the
tube itself has a non-continuous control characteristic. The
tube, however, acts as a rectifier and can be made conducting
at any point of the cycle through the grid control. The
variable-voltage feature is obtained by selecting the desired
portion (indicated by the shaded area) of each positive half
wave during which the tube passes current, as shown in Fig.
145. The instantaneous-voltage curves of Fig. 146 show the
action in detail. The curve E, represents a cycle of line
voltage. The corresponding grid-bias voltage at which the
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tube will break down is represented by the curve V. The
values for curve V may be obtained from characteristics such
as those shown in Figs. 135, 137 or 138 for various tubes.
The tube will break down, at a given value of E4, when the
grid-bias voltage with respect to cathode is more positive than

Fig. 145.—Portion of voltage F1g. 146.—Instanta-
wave during which the tube passes neous values of grid-bias
current. voltage at which hot-

cathode gaseous power
tube breaks down.

the value V, and current will flow until E4 becomes smaller
than the normal voltage drop of the tube, as at point 0. If
the grid-bias voltage curve E, of line frequency is drawn, the
point P can be located, at which point the grid voltage becomes
more positive than the critical value. At this point the tube
breaks down, and current flows during the remainder of the

Load

A
Fic. 147.—Circuit of half-wave Fia. 148.—Vector
rectifier using hot-cathode diagram of voltage re-
gaseous power tube. lations in half-wave

rectifier using hot-cath-
ode gaseous power tube.

voltage wave. Thus all or none of the wave may be used by
properly shifting the grid-bias voltage.

A simple half-wave rectifier circuit for producing this grid-
voltage shift, which can be arranged for either manual or
automatic control, is shown in Fig. 147. In this circuit a
resistance R, or an inductance L substituted for C, is used to
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control the phase shift. The voltage relations are shown in
the wvector diagram of Fig. 148. The voltage AB of the
primary winding of the transformer is represented by vector
AB, the grid voltage by E,, the resistance-voltage drop by IR,
- Grid-glow tube

)

gl. a iw”(ﬁof;/”
P elay relay
. B, R R

Fi1c. 149.—Full-wave rectifier circuit for producing phase shift with hot-
cathode gaseous power tube.

and the condenser voltage by 7XC. The phase shift between

grid and anode voltages is represented by the angle a.

A full-wave rectifier circuit for producing phase shift is
shown in Fig. 149.

Contact-control Tubes (Relay Action).—Tubes of this type
may be used also as simple relay

. . -Ea
devices. The closing of contacts carry-
ing very small amounts of power may v
be used to control the tubes which in
turn either operate power contactors
or act directly. The power control‘led Fio. 150—Relation of
by the tubes may be either alternating critical grid voltage to
or direct current. In relay operation applied grid-bias voltage

s . d in contact-control tubes.

the speed of the action is so high that
the duration of power application may be reduced to a fraction
of a cycle.

The grid-bias voltage, in this or any other form of control,
must be sufficiently negative during the interval when no
current is desired. This can be shown as in Fig. 150 in which
V represents the critical grid voltage, and E, the applied
alternating grid-bias voltage. If the critical grid voltage is
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exceeded, in the positive sense, the tube becomes conducting.
Then when a negative alternating grid voltage, —E,, is
applied, no current flows, but if zero grid-bias or a positive
voltage, +E,, is applied, the current starts to flow at point
P, or P, respectively.

Load Grid-glow fube,

Switch or tim
delay relay

Contro/
contacts

F16. 151.—Circuit using contact-control tube for relay action by delicate
contact.

The type of circuit shown in Fig. 151 may be used for tube
control by delicate contacts. In such applications the voltage
across the contacts before they close, and the contact current
after they close, must be as low as possible to avoid damage
to the contact surfaces.

A circuit suitable for spot welding and similar loads is
shown in Fig. 152. The tubes are in parallel, but in inverse

[ 1, J
% I £ Control/
AC. A contacts
Source Loaa
Ea C
¥ -
.,
Switch or time
olelay relay
Grid-glow tubes- “Grial resistors
Fre. 152.—Circuit including contact-control tubes for relay action for spot

welding.

relation in order to provide control on alternating current.
The control action is such that before the control contacts are
closed, the grid of each tube is negative with respect to its
cathode while the anode is positive. After the contacts are
closed, the grid voltage is reversed or made positive, and the
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tube becomes conducting. The diagram in Fig. 153 shows
the relations between instantaneous values of current and
voltage.

Forward volftage L.
on tube No./ 9 s Gvf;//c; :/:/s
2 EA ! LA
Forward voltage
on tube No.2 VContarcts | Contacts
I\ opened I closed

.-Unit PF load

Tube No. |
C‘:’”e&"‘/?ﬁng‘[\ /X current

Tube No. 2 ,>\_/ v

conaucting

F1G. 153.—Relation of instantaneous values of current and voltage in contact-
control tube.

Mercury-arc Rectifier.—This is a type of gaseous rectifier,
controlled or uncontrolled, in which the cathode consists of a
pool of mercury. It meets the requirements in traction and

Anoole contact

Water jacket

4 —~Radiator
Water r;x“!_"‘
Jacker

o; = mj
Anocle - 1
L T 13 Vopor

Water control
J'cvckef--y{ ring

. ~Quoartz cylinder

. g s Porcelain cathode
Water jacke# - T—ed IS0 insulertor

lgnition and excitation anode’ “Mercury pool cathode

Fia. 154.—Construction details of typical Westinghouse mercury-arc
rectifier.

electrochemical service because of its ability to withstand
heavy momentary overloads without deterioration. On power
applications for voltages below about 250 volts, rotating or
other forms of conversion equipment are used. This type of
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rectifier is generally enclosed within a steel tank cooled by
water. The vacuum is maintained by an evacuating system
that is in continuous operation. The pressure of foreign gases
should be not more than about one-tenth of one micron. The
construction of a Westinghouse 750-kw., 600-volt mercury-arc
rectifier is shown in Fig. 154.

The rectifier will not operate until electrons are provided
artificially at the cathode in a quantity sufficient to form an
initial discharge or arc. The formation. of such a discharge
involves ionization by collision. The arc is’ maintained by a
low voltage and can carry a very heavy current. In one type
the cathode spot is formed by the use of a starting electrode.
This electrode is made positive, pushed into the mercury pool
by magnetic action, and then is withdrawn. As it leaves the
pool an arc is formed. When the main anodes receive voltage
and become positive, the arc shifts to them. Generally,
separate exciting anodes are provided to maintain the are.

The greatest difficulty encountered in operation is the failure
caused by arc-back, which is a breakdown similar to the flashing
of a commutator. The rating of a rectifier may be limited by
this action, or by local heating. The formation of an arc
during a period of back voltage can be caused if a cathode spot
appears accidentally on an anode. The tendency to arc-back
is eliminated by surrounding the anodes with shields and grids
to protect them from mercury drops and from blasts of
mercury vapor.

Controlled Rectifier.—A controlled mercury-arc rectifier is
one in which a grid is placed in each arc stream. A voltage is
applied to each grid so that it may build up a space charge to
control the time of ignition or the beginning of conductivity
in the arc path it affects. Thus there is provided a means for
the control of output voltage and current.

Ignitrons.—The ignitron is a controlled rectifier of the
gaseous type intended for use mainly in power service applica-
tions. In this type conductivity is established by igniting
an arc in somewhat the same manner that an explosion is
produced in an automobile engine cylinder.
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Gas and vapor tubes of the hot-cathode, grid-controlled
type, as represented by grid-glow tubes, thyratron tubes, and
other makes, have certain limitations for power service. One
of these is the time delay in starting to enable the cathode to
reach its operating temperature before the flow of current
begins. Another is the lack of adequate overload capacity
due to the fact that the emission limit of the cathode cannot
be exceeded without causing cathode deterioration. Mercury
is used in the larger sizes of gas and vapor tubes, and other
gases such as argon, neon and
helium in the small sizes. In a
grid-controlled gas or vapor tube
the grid serves to prevent or hold
back a discharge which without
grid control would start at a low
voltage, in a very short time, and
would not be extinguished until the

=

,-~Anode

g Y

_-lgniter

)
F1ag. 155.—Essential parts of ignitron tube.

voltage was removed at least temporarily. The ignitron
tube combines the overload capacity of the mercury-arc
rectifier with the control characteristics of a grid-controlled
gas or vapor tube. An additional advantage is that the
ignitron as compared with the mercury-arc rectifier has a lower
arc loss due to the closer spacing of its electrodes.

The ignitron has a control electrode called an igniter con-
sisting of a rod of suitable material which projects into the
mercury pool. When the rod is positive with respect to the
pool, a flow of current produces a spark at the junction of rod
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and pool. Under proper voltage conditions this spark expands
in a few microseconds to an arc which moves to the anode if
the anode is positive. Thus the ignitron starts at the
beginning of each conducting half cycle. An ignitron tube is
illustrated in Fig. 155 together with the conventional repre-
sentation. The ignitron, in small sizes, is made with a glass
envelope and does not require continuous evacuation. The
larger sizes are enclosed in steel tanks and are provided with
pumping systems.

Fic. 156.—Glow Fic. 157.—Glow
lamp with &piral lamp with crater
cathode. type of cathode.

There is no arc-back difficulty with the ignitron tube because
no back current is present when the anode is negative, and no
ionization can occur. When means are provided for con-
trolling the time of ignition the device acts as a controlled
rectifier.

Glow Lamps.—A glow lamp is commonly of the cold-
cathode two-electrode gaseous discharge type, designed
primarily for producing light. In some cases glow lamps
are made with control grids and also with hot cathodes as in
the stroboglow tubes. Commercial types have usually one
large and one small electrode so that the flash occurring on
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alternate half cycles is somewhat brighter. Tubes can be
constructed, however, which pass current equally in either
direction.

One type of glow lamp using a spiral cathode is shown
in Fig. 156. 1In the crater type shown in Fig. 157 the glow is
located in a crater in order to produce a concentrated beam
which can be easily focused. '

Action of Glow Discharge.—When a suitable voltage is
first applied to the tube, the field between anode and cathode
is uniform. The movement of elec-
trons and ions to the electrodes, g
together with the ionizing effect and $;s0

S

with emission from the cathode due to E
positive-ion bombardment and photo- =100

electric action, represents the flow of f. /
an electric current which increases toa § so G’
value depending on the operating con- :3; T

d?tions. With the ﬁf)v.v of current. the 100 150 & 700
discharge becomes visible. But in a E in Volts
short time the field is non-uniform, Fie. 158.—Relation of
being confined to the cathode where a voltage to current in cold-

ey . . cathode glow lamp.
positive space charge is built up.

The discharge when fully developed consists of several
parts each of which is different in color and form. In the
direction from cathode to anode there is first the cathode glow,
covering the cathode. Next is the cathode dark space the
extent of which depends on the pressure of the gas. On the
anode side of the dark space is a region which at low gas
pressure shows light called the negative glow. Following this
is the Faraday dark space, which may be a hundred times
as long as the cathode dark space. In the last part extending
to the anode is the positive column which appears as the region
of greatest luminosity.

Characteristics of Glow Lamp.—One type of a cold-cathode
neon gas-filled glow lamp connected in series with a high
resistance has the voltage-current characteristic shown in
Fig. 158. There is practically no current flow as the applied
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voltage is increased until the breakdown or striking voltage
E, is reached. At this point a small current flows and the
tube becomes faintly luminous. If the applied voltage is
held constant and the series resistance
is decreased, the tube current and
voltage vary as shown from point a to
b. During this period the luminosity

Current, Milliamperes

o increases and spreads toward the
1 cathode. If the resistance is de-

creased further, the tube voltage
SL—— remains constant, the current in-
0 30 creases as shown from point b to c,

E in Volts and the flow spreads over the cathode.
Fra. 159 —Relation of Thjs portion b-c of the characteristic

voltage to current of glow
lamp as used in small-unit iS called the normal cathode fall of

voltage regulation. voltage.

If the resistance is still further decreased, the tube voltage
and current increase as shown from point ¢ to d, owing to
the voltage increase across the cathode dark space. This
voltage is called the abnormal
cathode fall of voltage. The cur-
rent now is high enough to heat
the cathode sufficiently to produce
electron emission. The discharge
assumes the form of an arc having
a negative characteristic as shown
between points d and e. The cur-
rent at this stage is limited by the
series resistance only. lobk—=—=—

Operation of the tube as a glow o . i:zm\)/o"t?s
lamp is carried out on the pO!‘tiOnv F1c. 160.—Relation of voltage
of the characteristic curve from b te currentin glow lamp in large-

. unit voltage regulation.
to ¢. The length of the operating
portion b-c can be varied by changing the tube design and
the operating conditions. For example, the type of glow
lamp used in voltage regulation has a characteristic like that
shown in Fig. 159. The characteristic of another tube hav-
ing a larger capacity is shown in Fig. 160.

[34]
o
o

Current, Milliamperes
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Tube Ratings.—The ratings generally given for glow lamps
are the average and crest currents, the applied voltage, and
the type of cathode. A tube of this type has a practically
constant voltage drop independent of current. A current-
limiting resistance must be used in series with the tube in
order that the tube ratings may not be exceeded.

General Applications.—A glow lamp emits light during
current flow only and the amount of light is proportional
to the current. Because of this action the tube is suitable
for use in stroboscope applications, television, and so on.
The breakdown voltage being higher than the maintaining
voltage, the tube may be used in any application in which a
current flow is desired when the voltage exceeds a given value.
Such applications include polarity indicators, ground or open-
circuit indicators, voltage indicators, low-power surge arresters,
and overvoltage relays. The lock-in characteristic, due to
the difference between the breakdown and maintaining
voltages, is valuable in certain applications.

Negative Glow Lamps as Illuminants.—Tubes of this kind
are used as low-power illuminants and indicators to show
whether a circuit is live or dead. These tubes generally
are filled with neon gas because of its low striking voltage and
comparatively high luminous efficiency. The color of the
light is orange-red and the luminous efficiency is about 1.2
lumens per watt corresponding to about 10 watts per candle.
On an operating voltage of 200 to 250 volts the striking voltage
is about 180 volts and the extinguishing voltage about 140
volts.

The electrodes are close together, the light coming mostly
from the negative glow. Under normal conditions of discharge
the cathode is not completely covered by the discharge so
that the area of glow and hence the light output are directly
proportional to the current. Under abnormal conditions of
discharge when the cathode is completely covered by the
discharge, the glow increases with the current and again is
proportional to it. Over a considerable part of the range of
abnormal cathode voltage drop the relation between discharge
current and applied voltage is linear.
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Positive Glow Lamp as Illuminants.—These lamps are called
neon tubes and are used extensively in signs. The operating
voltage depends on the length of the tubes and is as high as
15,000 volts in some installations.

The electrodes are placed wide apart and operate in neon
gas. There is a small glow area at the negative column
followed by a narrow dark band but practically all the light
comes from the glow of the positive column.

Discharge Tubes as Protective Devices.—A tube of this
type can be used as a protective device in circuits of various
kinds because the tube is non-conducting until the applied
voltage reaches the striking value. As a protective device
the tube is connected across a coil or transformer winding.
In this application the insulation of the winding is protected
from high voltages because the tube flashes over when a
dangerous surge occurs. In a similar manner the tube can
be used to protect a low-voltage line from damage by acci-
dental contact with a high-voltage line. If the line voltage
increases to the striking value of the tube, a current will flow
in the tube and can operate a
relay that grounds the line.

Glow Lamp as Voltage Reg-
32 V”/’*‘ ulator.—If a glow lamp and

a resistance are connected in

Fio. 161.—Glow lamp used for con- Series as shown in Fig. 161
stant low-voltage supply from higher g0rass g circuit with varying
voltage source. A

voltage, a practically constant
voltage can be taken from the terminals of the tube. The
reason for this is that the current in the range b-c of the
characteristic shown in Fig. 158 can vary considerably without
affecting the voltage. An application of this kind is on
locomotive head-lights where the generator speed varies with
the axle speed and serves to provide constant voltage for
the lamp. The performance of lamps used as voltage regu-
lators is shown in Figs. 159 and 160.

Cold-electrode Gas-filled Voltage-limiting Tube.—This
tube is of the glow-discharge type (page 201), made with two
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electrodes placed in a rare gas, such as argon or helium, and
designed so that breakdown takes place (current flows) at a
definite high value of voltage, with a large
current flow at a much lower voltage after
breakdown occurs. A diagram of such tube |
types is shown in Fig. 162. The cylindrical \ _
electrode C is the cathode and the vertical
wire A is the anode. The commercial type
of this tube (R.C.A.-UX-874) has a breakdown
voltage of 90 volts and a rating of safe con-
tinuous current of 50 milliamperes. The
resistance which must be connected in series
with this tube should be sufficient to produce a
voltage drop with a current flow of 50 milli- s
amperes of about 20 volts (for example, a line Fre. 162.—
. . Cold-electrode
voltage of 110 volts minus an operating voltage g.sfiled  volt.
of 90). The regulation curve showing operat- age-limiting
. . . tube.
ing voltage plotted against operating current,
and the operation characteristics, are shown in Figs. 163 and
164. This voltage-limiting tube is used to prevent injury to
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Fia. 163.—Regulation charac- F1G. 164.—Operation character-
teristics of UX-874 tube. istics of UX-874 tube.

electrical equipment from a surge of high voltage in the supply
circuit. It is used also in connection with a rectifier unit



206 RADIO RECEIVING AND TELEVISION TUBES

(page 361) to maintain a constant direct-current output for
varying load currents. In this application the tube maintains
an approximately constant direct-current voltage of 90 volts
for a current change of 10 to 50 milliamperes.

Ballast or Current-regulator Tube.—The ballast tube is
essentially a resistance unit designed so that when a variable
voltage is applied to it the variations in resistance maintain a
constant value of current. This type of tube known also as a
current-regulator tube appears in its commercial form as
UV-876. It is designed to maintain a constant current of
1.7 amperes for a voltage drop in the tube of from 40 to 60
volts. When connected in series with the primary winding
of a power transformer (page 242), the tube will absorb slight
voltage variations in the alternating-current supply. A
larger size is manufactured which requires an operating
current of 2.05 amperes. If the current in the primary wind-
ing of the transformer is less than the values specified above
an adjustment may be made by means of a
resistance in parallel with the primary winding,.
If the primary current is too large for one
ballast tube it is necessary to use two or more
of these tubes in parallel. When the tube is
connected in the primary circuit, the voltage
on the primary winding of the transformer is
equal to the line voltage minus a drop of about
50 volts in the tube.

Neon Glow Bulb.—The neon glow bulb
belongs to the cold-electrode gas-filled group,
Fic. 165-—Neon known as glow tubes. Two plates of metal

' about 2 inches square are placed parallel to each
other and spaced a few hundredths of an inch apart, as shown
in Fig. 165. The plates are mounted in a glass bulb filled
with neon gas. When a direct-current voltage of the proper
value is applied across the plates, a discharge takes place
and a reddish glow appears on one of the plates. In
this condition of discharge the resistance of the tube is
much less than the cold resistance. The flow of current
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stops if the applied voltage is reduced below a certain
value.

Cold-electrode General-purpose Tube.—This tube with a
cold cathode is used for amplification, detection, and generation.
Patent rights in Great Britain have been allowed for this
type of tube which was developed in Germany by Seibt. The
main advantages of this tube are (1) that the cathode does
not require heating so that the noise produced by the direct
heating of the cathode from an alternating-current circuit is
avoided, and (2) that the tube is superior to heated-cathode
types for equal power consumption and voltage with regard to
the slope of the characteristic curve (page 95) and the out-
put. The tube is filled with neon gas at a pressure of about
6 millimeters of mercury. The leads to the electrodes must
be insulated, preferably with glass tubes to prevent discharges
between them.

In the operation of the tube a glow discharge is produced
between the cathode and the first or discharge anode. The
second anode is necessary for amplification. An intermediate
electrode is provided for the usual control action. Not all
the electrons in a gas-filled tube follow a straight path; some
collide with gas molecules and are deflected by the impact. It
is these deflected electrons that are utilized for an amplification
current. In other words, the glow-discharge region serves as
a source of electrons. The spacing and voltages of the elec-
trodes, the size and shape of the electrodes, and the nature
of the gas as well as the gas pressure, are so chosen that the
luminous glow discharge occurs only between the cathode and
the first or discharge anode. The electric field between the
glow-discharge electrodes and the second or amplifying anode
is not a continuation of the discharge field but is due to the
electron discharge from the region surrounding the path of
the glow discharge. It is assumed that the electrons are
drawn by the second or amplifying anode from the discharge
space between the cathode and the discharge anode along the
edges so that the action can be considered as a kind of edge
effect. The electrons of the amplification current should not
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have a speed dependent on the field of the glow discharge at
the points where the electrons coming from the discharge
field reach the amplification field. The voltage of the second
or amplifying anode must be so low with respect to the dis-
charge anode, and the gas pressure must be such that the
amplification field cannot form a glow discharge. The shape
of the electrodes must be such that the electrons produced in
the glow-discharge field when moving at high velocities cannot
reach the second or amplifying anode. Without this pre-
caution a strong current would flow toward the amplifying
anode, but its dependence on the
s Vvoltage of the latter would be small
\\‘r;a?)‘g‘\:‘%:‘r:‘g‘_{f‘,,ﬂ because the acceleration of the elec-
sl trons in this current is due mainly
to the voltage between the discharge
K electrodes and less to the voltage of
the second or amplifying anode.
One type of this tube using cylin-
Al drical electrodes is shown in Fig. 166.
The discharge cathode K consists
of a sheet-metal cylinder provided
with a large number of rectangular
holes or openings. The cathode is
F16. 166.—Cold-electrode tube surrounded by a discharge anode 4,
with cylindrical electrodes. o 1ioh hag an equal number of holes
located opposite those in the cathode but has sides which are
half the length of those in the cathode. The outer edges
of the discharge anode A, project beyond those of the
cathode. The openings in the discharge electrodes are
so spaced that the screening effect of the discharge
anode is maintained, and yet there are a large number
of sources for the amplifying current. The next electrode
is the intermediate or control electrode S which in
the tube illustrated in the figure is constructed in the form
of a helical grid, but it may be a network cylinder having a
large mesh. The outermost electrode is the second or amplify-
ing anode A, which is preferably a cylinder without perfora-
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tions. The electrodes are secured by means of the supporting
wires H on a glass foot. The individual electrodes have a
height of a few centimeters and their diameters range from
0.5 to 2.5 centimeters. To maintain the screening effect the
control electrode S and the amplifying anode A, should be
placed very close to the discharge electrodes K and A4, usually
at a distance of 3 to 5 millimeters. The supporting wires H
should be provided with insulating sleeves so that no discharge
can take place between these wires. Amplification is increased
by decreasing the open area of A S
the control electrode S and by '
reducing the distance between
the parts of the solid area and K As
the openings in the discharge
anode and locating them radi-
ally opposite. ! !
A diagram of fundamental DEEEE ) -
circuit connections in which E‘L !
this tube is used is given in _ QP, P Py | +
Fig. 167. A source of current
N of 220 volts is shunted by a Fie, 107 Tyvies oy fo w-
potentiometer. The negative
terminal of this current source is connected to the cathode K.
The lead to the discharge anode A, is connected to a tap at P,
to obtain about 200 volts. The lead to the amplifying anode
A, is connected to a tap at P, to obtain about 210 volts, and
a telephone headset is inserted in this circuit. The lead to
the control electrode S is connected to a tap at P,, giving a
voltage which is negative by a few volts with respect to P..
The primary winding of the transformer T receives the current
to be amplified, and the secondary winding is connected into
the control-electrode circuit.
The type of construction shown in Fig. 168, when used with
a voltage of 200 volts and a current of 16 milliamperes between
the discharge cathode K and the discharge anode A4 and with a
voltage on the amplifying anode A, which is about 10 volts
higher than that on 4,, will have a mutual alternating-current
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conductance (page 114) of about 2.5 milliamperes per volt and
an amplification factor of 6. The electron current between the
discharge anode A; and the amplifying anode A4, reaches the
saturation value at about 10 milliamperes with a voltage
difference of 1 volt, the current-voltage characteristic being
very steep.
A cold-electrode, gas-filled tube which depends for its oper-
ation on the ionization of a gas has a characteristic curve of
A A, anode current plotted against voltage that
shows three well-defined regions. In the
S first region, which is utilized in the action
of the Seibt tube, the current increases
slowly and uniformly for low values of
voltage as the voltage is increased, the
amount of current available from this
source being small. In the second region
the current increases sharply for small
increases in voltage. In the third region
the current change corresponding to volt-
age changes is similar to the current-
voltage characteristic of a thermionic tube
F (page 94). The cold-electrode tube!
developed by Hund utilizes this third
Fra. 168.—Con- region. Tubes of this type have been
ppleris ngtails of designed for a plate resistance of 7,000
tube. ohms, a mutual conductance of 3,000
micromhos, and an input impedance of about }4 megohm.
The efficiency and amount of heat dissipated are approxi-
mately the same as in thermionic tubes (page 94). Such a
tube can be designed for various services in audio-frequency,
radio-frequency and ultra high-frequency applications. The
tube is intended for use in radio receivers for which a minimum
expense for service is a requisite. Such receivers are to be
utilized in a plan for providing radio-broadcast programs to
the home through the medium of electric-power-line systems
on a rental basis, the renting company being responsible for
the servicing of the radio receiver.
1 ““Tubes with Cold Cathodes,”’ Electronics, January, 1933.
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In still another type! of cold-electrode tube a special grid
construction is used to afford complete control of the current.
This control is obtained because of the effect of the space
charge around the grid on the discharge current. When there
is a voltage difference between the grid and the adjacent
body of ionized gas, a space charge having a polarity opposite
to that of the grid is formed. This space charge acts to shield
the grid in such a way that a change of grid voltage produces
a change in the magnitude and direction of the grid current,
and a change in the depth of the space-charge region. The
grid current affects the anode

current if the total cathode ffneg‘c”/e
current is limited by a ballast  Glss

. 206) but envelope
resistance (page » but no N Cylinalri-
amplification is possible. In “d -—w/ggfa/
this tube the design is such : g
that the individual space o
charges around the wires of the P cathode
grid can be made to spread Glass ||~

. . . . tube -*
until they combine into a single jnsptator _ Glass
space charge to cut off the dis- A[nsulating
charge current. A cross sec-

tion of one form of this tube is  Fic. 169.—Reich and Hessel-
shown in Fig. 169. The elec- t)e;th’s cold-electrode glow-discharge
trodes are mounted in a glass e

envelope filled with an inert gas such as helium at a
pressure of 3 to 4 centimeters of mercury. The electrodes
are spaced so that the discharge between the anode and
cathode travels through the cylindrical grid. The voltage
applied to the grid is positive with respect to the cathode and
has a value intermediate between that of the cathode and the
anode. The characteristic curves for this tube as shown in
Fig. 170 were obtained under the indicated conditions of
operation. It can be seen from these curves that the anode
current is extinguished when the grid voltage is reduced to the
proper value. The grid current may be decreased by changes

tReich and HesseLserTH, ‘“A Cold-cathode Amplifier Tube,”
Electronics, October, 1933.
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in the design of parts of the tube and of gas pressure. The
tube has a mutual conductance of about 100 micromhos and
an amplification factor of 4. At present this type of tube is
not suitable for radio-frequency amplification but may be
used as an audio-frequency amplifier and as a control tube
operated by photocells.
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Fi1g. 170.—Operating characteristics of Reich and Hesselberth’s glow
tube. : Curves for static conditions at left; for dynamic conditions, at right.

PHOTOSENSITIVE DEVICES

Classes of Photosensitive Devices.—A photosensitive
device is made of materials which emit electrons under the
influence of light in a manner called the photoelectric effect.
The rate at which electrons are emitted is directly proportional
to the light intensity, and the number emitted is proportional
to the light frequency.

Three general classes of the photoelectric effect are known,
namely, (1) photoconductive, (2) photovoltaic, and (3)
photoemissive.

A photoconductive cell is made of material such as selenium
which has a natural ‘“dark’” ohmic resistance that changes
under the influence of light in a manner depending on light
intensity and color. Another photoconductive material is
thallium oxysulphide, used in the thalofide cell. In one form
of construction the photoconductive material is applied in a
thin layer to a glass plate which is mounted in a glass bulb
filled with an inert gas. The current passed by a cell of this
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class is so small that the device is generally used in connection
with a vacuum-tube amplifier.

A photovoltaic cell is one in which a voltage is developed
under the action of light, two common types being the elec-
trolytic and the electronic. The electrolytic type consists of
two electrodes, for example, a copper cathode coated with
cuprous oxide, and a lead anode, both being immersed in an
electrolyte of dilute lead nitrate solution. In the electronic
type which consists of two electrodes in dry contact, electrons
are displaced from one electrode into the other under the
influence of light. There are several commercial forms, such
as the Weston photronic cell of iron and selenium, and the
Westinghouse photox cell consisting of a copper disk, one
side of which is oxidized and then coated with a transparent
metallic film. In the photox cell the electrons pass between
the oxide and the film. The accuracy of the photovoltaic cell
is not seriously affected by normal temperature changes, its
sensitivity is reasonably lasting, and its power output is
appreciable.

Photoemissive effect describes that action by which electrons
are actually emitted from a surface under the influence of
light. A commercial device utilizing this effect is the photo-
tube. In this section, we are concerned only with the photo-
tube types.

Operation of Phototubes.—The operation of a phototube
depends on the emission of electrons when light strikes a light-
sensitive cathode.

As illustrated in Figs. 171 and 172, the phototube consists
essentially of an anode and a cathode, these being sealed into a
suitable bulb from which the air has been removed to produce
an almost perfect vacuum, or else the bulb has been filled with
an inert gas like argon at a low pressure (usually 0.04 to 0.02
millimeter of mercury). The effect of the argon is to increase
greatly the flow of current due to the ions produced by the
collision of the normal electrons with the gas molecules. The
phototube operates very much like a two-element vacuum
tube. In the most successful designs, the anode is a wire
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The control of electric current by the action of light falling
on a coating of caesium in a phototube may take place very
rapidly. In fact, if a source of light is cut off from the cell
several thousand times per second, the electric current will be
affected the same number of times, following quite accurately
the variation in light intensity.

Types of Photoelectric Cells.—There are two general types
of photoelectric cells: (1) high-vacuum type, and (2) gas-filled;
and each of these general groups has many kinds of special
designs for use, particularly with different wave lengths of
light.

There are many variable factors entering into the design
of a phototube, these factors having important influences on
the operating characteristics of the tube. Thus, certain
phototubes have their greatest sensitivity for visible light
rays, that is, for the visible part of the spectrum. Other
designs of phototubes can be made to have their greatest
sensitivity for ultraviolet rays, and still others for infrared
rays.

Characteristics of Phototubes.—The behavior of a photo-
tube may be represented by curves showing the relation
between certain factors such as current, intensity of light,
voltage, color of light, power output, and external resistance.

The relations generally given g
are the current-illumination g0 -
. . (=3
characteristic, the current- g5 -~
voltage characteristic, thecur- 2o
rent-color characteristic, the § s
. L £
vol.ta.ge-lllumlnatlon char?c- 3 055 04 05 05 10 17 1416
teristic, and the power-resist- Light Flux in Lumens
ance characteristic. Fic. 174.—High-vacuum  photo-

Current-light Characteris- electric tube (type SR-50).

tic.—For a given illumination the current flowing between
the anode and cathode of a phototube depends on the
value of the voltage applied between anode and cathode.
When the applied voltage reaches the saturation value
of the tube, the current is proportional to the intensity
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of the applied light. The characteristic curve of current
against light intensity for a high-vacuum photoelectric tube
such as type SR-50 is shown in Fig. 174. The relation is
linear and the current is small.
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F16. 175.—Operating characteristics of gas-filled photoelectric tube (type
SK-60).

For greater emission, the gas-filled phototube may be used.
The increased emission in this type depends on ionization by
collision. The current-light characteristic of a gas-filled
photoelectric tube such as type SK-60 is shown in Fig. 175.
The curves show that, in the low range of illuminations and
voltages, the flow of current is directly proportional to the
light intensity. But in the

§12

810—L- [0 lyment higher ranges the relation is
§ 814 08men | not in direct proportion.
5 el Lymen The linear relation can be ap-
=4 7men_| proximated by variation of
9 ,,?/1 } the load resistance.

wZumen —
¢ Current-voltage Character-

3 0 1020 30 40 50 60 70 80 90 istic.— i
=] Applied Potential in Votts istic.—Curves of the relatl'on
F . between current and applied
1G. 176.—Relation of current and . A .
applied voltage at different light inten- voltage at different light in-
sities for high- hotoelectric g3
tubo (SRr-50). vaccum photoelectric tengities fqr tl.le type SR-50
are shown in Fig. 176. Fora
given light intensity the current-voltage curve indicates
saturation at a relatively low anode voltage.
The current-voltage characteristic for the type SR-50
high-vacuum tube is shown by the upper curve in Fig. 177 for
a constant illumination. A saturation effect is indicated at
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the bend of the curve, but the current continues to increase as

the voltage increases.

In fact, if the voltage exceeds the

maximum recommended for normal operating conditions, a

glow discharge may take place
in the tube and may cause
injury to the cathode.
Current-color Characteristic.
The current-color curve gives
the relative response of the
photoelectric tube at different
values of the wave length of the
light, when the applied voltage
is constant and when the
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F1g. 177.—Relation of current to
applied voltage at constant illumina-
tion for high-vacuum photoelectric
tube (SR-50).

energy of the illumination is

constant. The color sensitivity of a tube depends on the
design. Commercial types of tubes are made to be sensitive
near the red end of the spectrum because the ordinary lamp
bulb used for photoelectric-tube illumination has maximum
radiation in that range. The current-color curve A in Fig.
178 is for a vacuum-type photoelectric tube designed tc give
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Fig. 178.—Relation of current to color in vacuum-type photoelectric
tube. Curve 4 is for maximum response in violet region of spectrum. Curve
B for deep red and ultraviolet region.

maximum response in the violet region of the spectrum.
Curve B is for a vacuum photoelectric tube having maximum
response in the deep red and ultraviolet region.

The sensitivity of a vacuum phototube is increased by the
addition of gas, but the shape of the curve of response to
color is not affected. The current-color curves when gas is
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added to the phototubes of the type used for Fig. 178, may be

obtained by multiplying by 5 the response values shown.
Photo-glow Tube.—One type of gas-filled cell is intended
for operation with an applied voltage having a value just below
that at which the gas is ionized and breakdown occurs. When
such a tube known as the photo-glow tube is illuminated the
breakdown point is lowered because of electron emission from
the cathode, and discharge occurs. The gas pressure in this
type of tube is considerably higher than that in a gas-filled
phototube. The glow discharge is sufficiently large (usually
several milliamperes) to operate sturdy relays. The photo-
glow tube is a half-wave rectifier and, consequently, direct-cur-
rent relays may be operated by the current passed through it.
Voltage-light Characteristic.—The variation in voltage with
changes in light for a typical photo-glow tube is shown in
Fig. 179. The breakdown and

500 - break-off voltages are given by
2 NS two sets of curves: one for
350N AA}%.% alternating current and the
—5328 {p\f :‘ %Q\\ .. other for direct current. The
E’IZSS — \_ breakdown voltage is the value
100 Coreakoff T | at which the glow starts, and

50 j] f f the break-off voltage is the

O 0 . 00 480 4il%  value at which the glow ceases.
F16. 179.—Relation of voltage to Under the influence of a direct
ltil‘j‘ll)‘g changes in typical photo-glow ytage the discharge continues
) independent of the light and
ceases when the voltage is reduced to the break-off value or
when the circuit is opened. Under the influence of an alter-
nating voltage the discharge starts and stops at points in
the cycle which correspond to the breakdown and break-off
values, respectively. Thus the curves show the limits within
which a glow discharge can be maintained during small changes
in illumination.
Photoelectric Response of Radio Tubes.'—The degree of
photoelectric response from radio tubes is affected by the
! KoecHEL, ‘“Radio Tubes Used as Photocells,” Electronics, December,
1932.
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type of tube, the operating voltages, and the way in which the
light is applied. Best results are obtained from tubes having
black, not shiny plates. Four kinds of tubes which are
suitable are types 38, 39, 45, and 50; of these the type 45 is
the most sensitive. The grid is left free or floating, and for
best sensitivity the grid prong (page 19) should be removed
at the base of the tube to reduce leakage in the socket.

The cathode voltage must be kept within certain limits, but
the working value is best determined by experiment. The
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F1a. 180.—Photoelectric response for various tubes (floating grid).

values given in Fig. 180 may be taken as a guide. The cathode
voltage must be high enough to provide the plate current
needed when the tube is illuminated by the light source but
not so high that the light from the cathode affects the photo-
electric response. On the other hand, the cathode voltage
should not be so low that sufficient emission is not obtained.
The plate voltage must be obtained from a continuous- or
direct-current source and its value depends on the application
of the tube. If the tube is to be used as an indicator of light
intensity, a plate voltage of 4 to 10 volts is adequate. If the
tube is to operate a relay, a plate voltage of 22 volts or more
is necessary. As shown in Fig. 181, the photoelectric response
is very critical for relatively small changes in plate voltage.
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The ““eye” of the tube is the grid; therefore, the light must be
directed to strike the grid. The glass at the top of the bulb
must be clear so that light can enter. To avoid body capacity
effects, which may be very noticeable, the tube should be
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F1a. 181.—Photoelectric response for UX-245 tube (filament voltage 1.5,
floating grid).

shielded; and the shield should be grounded to the cathode of

the tube. »

Tests made on the tubes in Fig. 180 gave the results indi-
cated. The chart shows the photoelectric response in micro-
amperes as the illumination

; [y 70 o7 . i
orid | totdeontrolled in foot candles is varied. It
is seen that the output re-
sponse is very nearly in direct

16 l) ' proportion to the logarithm

m of the light intensity.
~ A circuit diagram to illus-
F1a. 182.—Circuit for using UX-245 trate the use of a type 45
8s a photoelectric tube. tube for the operation of a

relay is given in Fig. 182. The value of the plate volt-
age needed to produce a current suitable for relay opera-
tion may be selected from the curves in Fig. 181. Thus,
a Western Electric type B-40 relay having a resistance of 400
ohms will operate on a current of 1.5 milliamperes. At a
plate voltage of 15 volts with no illumination, the plate current
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is 1.4 milliamperes. With an illumination of 80 foot-candles
the plate current increases to about 1.8 milliamperes and
operates the relay. A higher plate voltage can be used for
the operation of a relay which responds to a stronger current.

TaBLE VI.—OPERATING VOLTAGEs FOR PHOTOELECTRIC EMIission
(See Fig. 180)

Plate, Cathode, |Screen grid,
Type of tube volts volts volts
Airline 210.................... 10 6
Kenrad 238................... 120 5 6
Kenrad 239................... 120 5 6
Airline 210*. . ................. 30 6
RCA250f..............c.o0.. 6 6
Kenrad 245................... 6 1.6
RCA250..................... 8 6
* Mesh plate. 1 Black plate.

MISCELLANEOUS TUBES

Cathode-ray Tube.—The cathode-ray vacuum tube is a
device which utilizes a controlled beam of electrons (cathode
ray) to produce light on a fluorescent screen. The direction
of the beam is controlled by the effect of a magnetic or an
electrostatic field, the amount of deflection being proportional
to the field voltage or current. The movement of the beam
is made visible on the screen.

A diagram of a cathode-ray tube of the low-voltage high-
vacuum type is shown in Fig. 183. The assembly of
electrodes, called an electron gun, is mounted in the stem of
the tube. This gun consists of an oxide-coated indirectly
heated cathode from which the electrons are emitted, and an
anode by which the electrons are accelerated and made to
emerge in the form of a diverging beam from a small opening.
A second anode is used to produce further acceleration and to
narrow the beam so that it appears at the screen with a very
small diameter. The bulb of the tube is enlarged to make
space for a screen of suitable size. The second anode consists
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of a metallic coating on the inside surface of the enlarged
portion of the bulb. The control electrode, placed between
the cathode and first anode, is used to start and stop the beam,
to control its intensity, and to assist in obtaining a sharp spot
on the screen. The electrons which appear on the screen are
allowed to leak off to the second anode.

The electron beam, being in effect an electric current, can
be influenced by a magnetic field. If the beam is arranged to
be deflected by electromagnetic means it can be used to

Contro! electrode Internal fluorescent

and cathode screen
/
/ Porth of cathode ray
without dleflection \
I >

Seconoli anodle

Tube base K
1

First anode

(

' \

b Second anodle
] terminoil

'

|
Terminals of electrostatic  Infernal conducting coarf-
deflecting ploites ing (second anode)

Fia. 183.——Typical> cathode-ray tube.

indicate current. This effect may be obtained with two sets
of coils at right angles to each other, placed outside the tube
at a point beyond the forward end of the gun. The two coils
in a set are mounted one on each side with their axes perpendic-
ular to the axis of the beam, and with their magnetic fields
aiding so as to produce a more uniform effect. The beam is
deflected in a direction perpendicular to the axes of the deflect-
ing coils, and the deflection can be determined by the left-
hand rule. By this means the beam can be made to move in
such a manner as to produce patterns corresponding to the
phase relations between the deflecting fields. Deflection with
a magnetic field is satisfactory for frequencies up to a few
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thousand cycles per second, but over that value difficulties
may be encountered due to the inductance of the coils.

In the device described here the deflection system depends
on electrostatic action. Two sets of deflecting plates at right
angles to each other are mounted in the stem of the tube
just beyond the electron gun. When a voltage is applied to
these plates the beam is deflected toward the positive plate,
the deflection being proportional to the voltage. The use of
an electrostatic field for deflection is not limited by high
frequencies. The effect of the plates is somewhat similar to
that of a vacuum-tube grid when it is negatively ‘‘biased.”
The similarity is that the electrostatic plates take a negligible
current, and have a very small input capacity.

A diagram of a rectifier circuit to supply the power required
by a cathode-ray tube is given on page 381.

The cathode-ray tube is used in circuit investigations to
trace oscillograms or wave forms of rapidly varying electrical
phenomena. The visual image produced on the screen can be
recorded on a photograph. A new electrical system for tele-
vision transmission and reception is based on the use of the
cathode-ray tube.

X-ray Tubes.—The x-ray tube is a type of electronic tube in
which the velocity of the emitted electrons is first highly
accelerated and then suddenly altered. This change in motion
is accompanied by the formation of electromagnetic radiations
of very short wave length, known commonly as x-rays, which
pass outside the tube.

The cross section in Fig. 184 shows the construction of a
Westinghouse radiographic x-ray tube. The electrons are
emitted from a hot cathode of the filament type the tempera-
ture of whjch is adjusted to produce the desired current flow
from the anode. The x-rays are produced when the stream
of electrons is made to bombard a target, and this action to
be effective must take place in a vacuum. The electrodes
therefore are sealed in an evacuated tube, made of pyrex
glass which has the necessary heat-resisting properties,
mechanical strength, and transparency to x-rays. The
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anode, made of tungsten, serves as the target. A metal shield
around the cathode directs the stream of electrons to the
target. In the larger sizes of tubes some means must be
provided for cooling to take care of the heat which is generated
at the target. The frequency of the x-ray wave, and con-
sequently its penetrating abil-
ity, depends on the voltage
applied to the electrodes.
The higher the voltage be-
tween the anode and cathode,
the higher is the frequency
of the wave and the greater is
its penetrating ability.

The electrical energy for
heating the cathode is sup-
plied from a transformer hav-
ing a suitable low-voltage
secondary winding. The
anode voltage, which may
have a crest value of 200
kilovolts or more, is supplied
by a high-tension transformer
with the center point of the
winding grounded. Some
means must be provided for
B odiation varying the volt'age. applied to
\ winaow the primary winding of the

Xray beam—7 \ high-tension transformer.
Fic. 184.—Construction details of g. . . .
typical radiographic x-ray tube.  Lhis control is obtained with
an autotransformer by means
of which the voltage applied to the low-voltage winding may
be changed from the line voltage to any desired lower value.
Since the x-ray tube passes current in one direction only, from
anode to cathode, it is desirable to rectify the high-tension
current supplied by the transformer. A rectifier circuit
for this purpose, using one or more tubes, is described on
page 382.
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X-rays are able to penetrate metals, living tissue, and
other objects. For this reason they are used in the medical
and dental fields, and for the examination of the internal
structure of various materials and substances. A few of
such uses are: the examination of welded joints in pipes and
boilers, the detection of flaws in metal castings, the fitting
of shoes, and the detection of metal particles in food. The
degree of penetration varies with the density or character
of the objects so that shadows are formed. Such shadows
can be observed on a fluorescent
screen or they can be recorded
photographically.

Dynatron.—A vacuum tube with
the dynatron connection! utilizes the
effect of secondary electron emission
(page 122) so that the plate-cathode
resistance of the tube is negative
over a certain range of plate-voltage
values. Performance of this kind is
similar to that of a three-element tube - 4
connected to provide feed-back of “_'MM ----- -.M-
energy from the output to the input
circuit. F1g. 185.—Dynatron con-

The dynatron connection for a nection for a three-element
three-element tube is shown in Fig. tu
185 with a grid voltage that is more positive than the
plate voltage. If the grid voltage is fixed and the plate
voltage is varied, the relation between plate current and plate
voltage is shown by the curve in Fig. 186. Electrons due to
secondary emission from the plate are attracted in general to
that electrode which has the highest positive voltage. Thus
when the grid is more positive than the plate, the secondary
electrons are attracted to the grid and cause a reduction of
plate current. In the region where the plate current decreases
as the plate voltage decreases the resistance of the plate
circuit of the tube is negative.

! HuLL, A. W., “The Dynatron,” Proc. Inst. Radio Eng., February,
1918.

(<] F D
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The control produced by the action of a normal control
grid may be obtained with the dynatron connection of a
four-element tube in which the plate voltage is less than the
screen-grid voltage, and the control grid is used in the usual
manner. The characteristics

+ of dynatron operation are
® // illustrated in the curves for
- . .
3 t-Filamen/ the type 24A tube in Fig. 58
© /< emission &
° // over the range of plate voltage
S _Z /f‘“ggﬁ’,’;’nﬁ/"/" from zero to the values on the
0 =< / curves at 90 volts.
Sedom a,a;P\l“"W The dynatron connection can
em/;v_g,'o;; \\ / be applied in several ways to
corren \ / utilize the negative resistance
~/ characteristic of a tube. In

Fic. 186.—Relation of plate cur- one a:pp lication a high-VOltage
rent to plate voltage in typical amplificationisobtained. This
dynatron connection for three-ele- is accomplished by connecting
ment tube.

an external resistance in the
plate circuit of the tube and adjusting the operating con-
ditions until the positive external resistance is nearly
neutralized by the negative resistance of the tube, so that the
resultant resistance is very low.
Then the current flowing in the
plate circuit is large and the
voltage drop across the external
resistance is also large. With
this arrangement a voltage drop
of several hundred times the
applied voltage in the plate
circuit can be obtained.

In another application a  Fic. 187.—Dynatron connection
screen-grid tube with the dyna- Of screen-grid tube to serve as
tron connection can be used as
an oscillator. The arrangement is shown in Fig. 187. The
tuned circuit connected to the plate of the tube will oscillate
when its impedance is equal to, or greater than, the negative

Control gridd
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resistance of the tube. This action of the screen-grid tube
as a dynatron oscillator can be utilized in a wave meter.

Magnetron.—The magnetron is a vacuum tube of the diode
(page 95) type in which the movement of electrons from the
cathode to the anode is controlled by a magnetic field. As
shown in Fig. 188, the cathode is placed along the axis of the
glass envelope and surrounded by a cylindrical plate or anode
which is split so that it will not short-circuit the magnetic
field. The coil provides a uniform magnetic field having a
direction parallel to the cathode.

Gloss envelope Coil Split circular
AN v ) plate

R XX XXy ey
ESROOONNCARAT

NN

I,
F1G. 188.—Diagram of magnetron.

When no magnetic field is present, an electron travels
directly from the cathode to the plate. The effect of a
magnetic field is to pull the electron in a direction at right
angles to its motion and to the direction of the field. Under
the action of a magnetic field below the critical value the
electrons are forced to move around the cathode with a travel
somewhat similar to a widening spiral, but they eventually
reach the plate and consequently the plate current does not
change. When the magnetic field is above a critical value
the electrons are gradually pulled back to the cathode and the
plate current is lowered to zero. This property of a mag-
netron tube can be utilized for amplification purposes because
the power required for magnetization is much less than
that which is present in the plate circuit. The tube is not
suitable, however, for the control of high-frequency currents
because an extremely strong magnetic field is required.

A magnetron in which the magnetic field is due entirely to
a heavy alternating current in the cathode produces a con-
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tinuous or direct pulsating plate current. This plate current
has peaks which occur at a frequency twice that of the cathode
current. The reason for this is that when the cathode current
reaches its maximum value in one direction, the plate current
is reduced to zero by the effect of the magnetic field; and the
plate current is again reduced to zero when the cathode
current reaches its maximum value in the opposite direction.
When the cathode current is low, the control of the anode is
stronger than that of the magnetic field and the plate current
increases to a maximum.
Anode One application of the mag-
< netron is for the production of
relatively large amounts of
power at very high frequencies,
although low frequencies can be
obtained if the inductances and
capacities are large enough.
The circuit used for this purpose
i is shown in Fig. 189. In the
+ - tubes used for heavy power
B oo Diak etron Ar Soner™ generation the anodes are water-
cooled. The frequency is deter-
mined by the values of inductance and capacity in the
tuned circuit. For the extreme limit of frequency the
condenser is omitted and the external inductance consists
merely of the connection between the anodes. The coil
producing the magnetic field is supplied with continuous or
direct current and the field strength must be sufficient to
produce plate-current cut-off (page 130). With tubes of this
type! power outputs of several kilowatts can be generated
up to frequencies of 400,000 kilocycles, but the power output
falls off rapidly at higher frequencies. The advantage of the
magnetron over the triode in this connection is that its
interelectrode capacities are much smaller.

Filament

Tuned circuit =

1 WHiTg, W. C., Electronics, April, 1930.



CHAPTER V

RADIO METERS AND MEASUREMENTS

Types of Meters.—Practical tests of a vacuum tube and its
agsociated circuits involve measurements of the value of
current, voltage, resistance, inductance, and capacity. The
magnitudes of the quantities to be measured should be kept
in mind because they have a bearing on the type of instru-
ment that may be utilized. Thus current measurements fall
within the range from microamperes to several amperes,
voltage measurements range from microvolts to hundreds of
volts, resistance values range from fractions of an ohm to
megohms, inductances range from microhenrys to milli-
henrys, and capacities range from micromicrofarads to
microfarads. Both direct and alternating currents and
voltages are encountered; and the alternating-current quanti-
ties may be of low or of high frequency. For example, the
alternating current obtained from the usual house lighting
circuit has a frequency of 60 cycles per second. On the
other hand, the frequency of a radio signal having a wave
length of 20,000 meters is 15,000 cycles per second, while the
frequency corresponding to the wave length of short-wave
radio broadcasting at 5 meters is 60,000,000 cycles per second.
The current and voltage measurements to be considered deal
as a rule both with direct-current and with alternating-
current quantities.

The meters used for measurements of this kind include
voltmeters, ammeters, ohmmeters, output meters, galva-
nometers, capacity meters, audio-frequency oscillators, and
telephone receivers. . A Wheatstone bridge is also a necessary
part of an adequate equipment. Several types of practical
and commercial devices intended for testing vacuum tubes

are described in Chap. VI.
229
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Meter Accuracy.—Commercial types of voltmeters and
ammeters using the moving-coil, permanent-magnet con-
struction are said to have an accuracy of 2 per cent, and
meters provided with a rectifier have usually an accuracy of
5 per cent; meaning that the accuracy at any point on the
scale of one of these meters is equal to the given percentage
of the full-scale reading. For example, assume a voltmeter
having a scale range of 100 volts and an accuracy of 2 per cent.
The accuracy at any point then should be 100 X 0.02, or
plus or minus 2 volts. It should be noted that an error of
2 volts at a low position on the scale means a different per-
centage of accuracy from an error of
the same number of volts at a high
position on the scale. For instance,
at 20 volts on the scale an error of 2
volts corresponds to a percentage of
10, while an error of 2 volts at a
scale reading of 400 volts corre-
sponds to an error of 14 per cent.

Direct-current Voltmeters.—A di-
agram of a typical voltmeter is
shown in Fig. 190. This type, called
a moving-cotl meter, consists of a
stationary magnet and a movable
coil. A pointer attached to the coil
passes over the scale which is

Fie. 190",;%2‘:3‘“"‘%” graduated to indicate voltage values.

' A spring attached to the shaft of
the pointer resists the movement of the coil and brings the
pointer back to zero when no current is flowing through
the instrument. By Ohm’s law! the current flowing through
the voltmeter is directly proportional to the applied voltage and
consequently the meter scale may be marked to indicate volts.

A voltmeter must be connected across the voltage which is
to be measured. On this account a high-resistance coil is

! MoyER and WosTrEL, ‘“Industrial Electricity and Wiring,” p. 62,
McGraw-Hill Book Company, Inc., New York.
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placed within the instrument in series with the moving coil to
prevent a short circuit. The positive terminal of a voltmeter
(marked +) should be attached to the positive side of the cir-
cuit. The range of voltage over which the meter can be used
depends on its design and on the amount of the series resist-
ance. Thus a millivoltmeter has a small resistance and can be
used to measure small fractions of a volt.

An external resistance called a multiplier may be used with a
voltmeter to increase its range. In the use of the multiplier
the meter reading is multiplied by a constant which depends
on the resistance of the multiplier. '

The magnetic type of meter designed for use in direct-
current circuits will not operate in an alternating-current
circuit. If an alternating current flows through the moving
coil, the magnetic field due to the current must alternate in
direction at a rate corresponding to the alternation of the
current. This rate of alternation, 120 per second for a 60-
cycle current, is so rapid that the moving coil and the pointer
attached to it cannot respond. Consequently meters of the
moving coil and permanent-magnet
type are designated generally only as
direct-current instruments.

Sensitivity of Voltmeters.—A volt- | 5,000 0hms 5,000 Ohms
meter generally is rated by therange 1 “5p yorss
for which it is designed and by its  Fre. 191.—Simple electric
sensitivity in terms of resistance per cireuit including two equal

resistances.

volt. Thus a voltmeter with a range

of 200 volts and a total resistance of 200,000 ohms has a
sensitivity of 1,000 ohms per volt. A low-resistance voltmeter
connected across a high-resistance device such as a plate-
supply unit for a vacuum tube will not give a true reading of
the voltage because the current taken by the meter may be
large enough to lower the voltage of the source of supply.
This is shown clearly by the following example in which the
use of a low-resistance meter is compared with that of a high-
resistance meter. It is clear from the circuit shown in Fig.
191, that the voltage from point 1 to point 2 is 50 volts, when

100 Volts
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the voltmeter is not connected. A low-resistance voltmeter
with a 100-volt range has a resistance of 200 ohms per volt,
meaning a total resistance of 20,000 ohms. When such a
meter is connected across points 1 and 2 to measure the
voltage, the electrical circuit is shown in Fig. 192. The
resistance of the circuit between
points 1 and 2 is now 4,000 ohms,
and the resistance between points 1
5,0000hrns  5,0000pms | and 3 is 9,000 ohms. The current
flowing is 100 = 9,000 = 0.0111
ampere. The voltage drop in the
branch between points 2 and 3 is

100Volts

© 20,000 0hms
Fi1g. 192.—Circuit shown

in Fig. 191 with the addition 0.0111 X 5,000 = 55.5 volts.

of a low-resistance voltmeter.

Then the voltage drop between points 1 and 2 is 100 — 55.5,
or 44.5 volts. The voltmeter, therefore, will indicate 44.5
volts.

Now for comparison a high-resistance voltmeter having
a resistance of 1,000 ohms per volt is used. When this
meter is connected across points 1 and 2 the electrical cir-
cuit is shown in Fig. 193. The 100 Volts
resistance of the circuit between
points 1 and 2 is now 4,762 ohms,
and the resistance between points
1 and 3 is 9,762 ohms. The current
flowing is 100 + 9,762, or 9.0102 100,000 Ohms
ampere. The voltage drop in the g 193 Circuit shown in
branch between points 2 and 3 is Fig. 191 with the addition of
0.0102 X 5,000, or 51 volts. Then a high-resistance voltmeter.
the voltage drop between points 1 and 2 is 100 — 51, or 49
volts. The voltmeter will indicate 49 volts. It is obvious
that a high-resistance voltmeter is more accurate than a low-
resistance voltmeter.

Commercial types of voltmeters for use with direct current
may be obtained for various degrees of sensitivity—thus,
125, 200, or 1,000 ohms per volt. The sensitivity may also
be designated in terms of resistance in ohms over a certain

5,0000hms 5,0000hms
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range of voltage—thus, 200 ohms for a range of 50 to 150
volts.

Direct-current Ammeter.—The action of an ammeter is
the same as that of a voltmeter. Its construction is different
because an ammeter is a device of low resistance which is
connected in series in a circuit to measure the current. For
this reason the series resistance used in a voltmeter is omitted
in an ammeter. Ammeters of this simple type are made for
small currents only, usually not over 50 milliamperes. For
large currents the instrument is provided with a resistance,
called a shunt, connected across the
terminals as shown in Fig. 194. m
This shunt diverts to the coil a
portion, usually one-tenth, of the
main current. The meter is actu-
ated by the small current which
passes through its coil, but the scale
is calibrated to indicate values of
the total current. The meter may sine
be utilized for several different W
ranges by the use of a number of Fic.194.—Direct-current am-
different shunts each to be con- meter with shunt connection.
nected for a definite range. Equations for calculating the
shunt resistances needed to extend the range of instruments
may be obtained from the data sheets of meter manufacturers.

The scales of voltmeters and ammeters of the electromag-
netic type used for direct-current measurements are calibrated
in equal divisions with each unit having the same space value
as the next. The scale of an alternating-current meter has
space divisions which are not equal but which increase as the
square of the value.

Resistance of Ammeters.—The resistance of commercial
types of ammeters as given by the manufacturers is stated in
terms of the voltage drop across the meter at full-scale current.
Direct-current milliammeters in models 301 and 506 by
Weston, and in types MX and NX by Westinghouse, have a
voltage drop of approximately 100 millivolts for ranges over

Moving
i corl
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30 milliamperes. Direct-current ammeters in the above
models by Weston, and in panel types by Triplett, have a
voltage drop of approximately 50 millivolts for ranges up to
50 amperes.

Alternating-current Meters.—For alternating-current meas-
urements a modified form of the magnetic-type instrument
becomes necessary. Two kinds of devices for the measure-
ment of low-frequency alternating quantities are available:
the moving-vane type, and the inclined-coil type. The action
of the moving-vane type, shown in
Fig. 195, depends on the repelling
effect between two magnetized iron
vanes or plates A and B. Plate A
is fastened to a coil C, and plate B
to a pointer. These instruments
respond to an alternating current
because, although the iron plates
change in polarity when the cur-
rent reverses, each has the same
polarity as the other and conse-
quently they still repel each other.

In the inclined-coil type the field
Fic. 195.—Alternating-current of the coil exerts a twisting action

voltmeter. on a plate fastened to the shaft of
the pointer. The coil is protected against stray fields by an
iron shield.

A voltmeter of this kind has a coil with many turns of fine
wire and a series resistance; an ammeter has a low-resistance
coil with a small number of turns of heavy wire. In the less
expensive models air damping is obtained by means of an
aluminum plate fastened to the moving element.. In models
provided with magnetic damping the aluminum plate is con-
trolled by a small permanent magnet. These types are
accurate within 2 per cent at full scale.

Rectifier-type Meters.—In radio measurements it is essen-
tial to use instruments with low power consumption. In
this respect the direct-current meter is to be preferred as com-
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pared with the alternating-current meter. It is possible,
however, to have a meter that may be used for alternating-
current measurements, while possessing the desired character-
istic of low power consumption. These features are obtained
by combining a sensitive direct-current meter with a rectifier.
The rectifier! changes an alternating current to a pulsating
direct current. This rectifying action takes place because
the rectifier has a very high resist- Atternating

ance to current flow through it in current line

one direction, but a relatively low
resistance to current flow in the
opposite direction. Several types
of crystal rectifiers such as car-
borundum and galena have been -
used for this application, but the
copper-oxide rectifier is generally
more satisfactory. The ratio of
high to low resistance of this rectifier
is about 50 to 1. The copper-oxide
dry-contact rectifier consists of +

alternate disks of copper and copper  Fic. 196.—Combination of

. four copper-oxide rectifiers
oxide clamped together under pres- i1 ammeter.
sure. A combination of four recti-
fiers with a meter as shown in Fig. 196 gives full-wave
rectification. It can be seen from the figure that current
flows through the meter in the same direction during each half
cycle. The meter M is of the direct-current type.

The scale of a commercial type of rectifier meter is graduated
or marked to indicate the effective value of the alternating
current supplied by the line. But if the meter has a direct-
current scale, the indication is 0.90 of the alternating current.?
That is, the reading obtained with a direct-current meter must

! Mover and WosTreL, ‘“Radio Handbook,” p. 248, McGraw-Hill
Book Company, Inc., New York.

2 The reason for this is that the direct-current meter indicates the
average value of the pulsating current. It can be shown that the average
value of an alternating current of sine-wave form is equal to 0.637 times
the mazimum value, or 0.90 times the effective value.
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be multiplied by 1 <+ 0.90, or 1.11, to get the effective value of
the alternating current.

The accuracy of commercial types of rectifier meters is
stated to be within 5 per cent at full scale. Corrections for
errors in indication caused by the effect of frequency (page
39) can be made if necessary.

Hot-wire Ammeter.—Another type of current-measuring
device, the hot-wire ammeter, depends for its action on the
expansion of a heated wire, instead of the effect of a magnetic
field on a coil. It may therefore be used on either direct or
alternating current. As shown in
Fig. 197, the resistance wire fas-
tened between points A and B
will stretch when it is heated by
the passage of an electric.current.
The change in length of the wire
is taken up by the spring S and
causes a movement of the pointer.
The position of the pointer may be
adjusted by a regulating screw.

For heavy currents a number of
hot wires in parallel must be used to avoid heating the wire
so much that its resistance changes. The disadvantages of
the hot-wire measuring device are that it is slow in response,
that the pointer must be adjusted to zero position frequently,
and that the accuracy is low.

This instrument can be calibrated for use with either direct
current or low-frequency alternating current. Although such
calibration is considered to be correct for radio-frequency
currents it is best to compare the instrument with a standard
meter for accuracy. This type formerly was used for the
measurement of radio-frequency currents ranging from a few
milliamperes up to about 5 amperes. A typical instrument
giving full-scale deflection on 100 milliamperes may have a
resistance of about 5 ohms.

The thermocouple meter (described next) is generally used
instead of the hot-wire type for measurements at radio
frequencies.

Fi1G. 197.—Hot-wire ammeter.
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Thermocouple Ammeter.—A meter much used for the
measurement of high-frequency currents depends on a thermo-
electric effect and utilizes the voltage which is developed when
the junction of two dissimilar metals is heated. The thermo-
couple consists of two wires of dissimilar metals such as copper
and constantan, steel and constantan, or manganin and con-
stantan. Two ends of these wires are welded together and
connected, as shown in Fig. 198, to a conductor carrying the
high-frequency current to be measured. The other two ends
are connected to a sensitive indicator such as a galvanometer.
The heat of the conductor affects
the junction of the thermocouple
and generates in the wires a voltage
which actuates the galvanometer.

This voltage, which always acts in c\/D .
one direction, depends only on the A Hot wire °
amount of heat and not on the Fic. 98.—Thermocouple
direction of the current in the con- ammeter.

ductor. The deflection of the galvanometer is proportional
to the square of the current flowing in the conductor.
Hence the divisions of the scale are not uniform, having
a greater space value at the upper end of the scale than
at the lower. For currents of more than a few amperes
these instruments are made with several thermocouples
in series. The disadvantage of the thermocouple ammeter
is that the thermocouple corrodes readily. Ammeters of
this type are made with ranges from milliamperes to
thousands of amperes. The range of voltmeters is up to a few
hundred volts with a limiting frequency of about 1,000,000
cycles per second.

The power consumption of thermocouple ammeters having
ranges up to about 25 amperes averages 0.2 watt per ampere.

Galvanometer.—The operation of a galvanometer depends
on electromagnetic principles. This instrument may be used
to detect the presence of small electric currents less than a
millionth of an ampere, and to measure their amounts and
directions. Its sensitiveness and frailty make it applicable
mainly for laboratory work. Its action is based on the move-
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ment of a magnet placed in the magnetic field of a wire carry-
ing a current. The magnet may be stationary and the coil
movable, or the magnet may be movable and the coil station-
ary. The moving element carries a pointer which passes over
a graduated dial. In the most sensitive types there are no
pivots or springs and the coil is suspended by a long thin wire.
Instead of an indicating pointer, a small mirror is attached to
the coil to show its movements by the change in the direction
of light reflected from it.

Telephone Receivers.—The direct-current resistance of
a pair of telephone receivers is seldom more than 4,000 ochms
and in some types may be as low as 50 ohms. The direct-
current resistance is about one tenth of the alternating-current
resistance and also of the impedance (page 68) at 1,000
cycles per second. The impedance at 1,000 cycles of various
types ranges from 20,000 to 30,000 ohms. The sensitiveness
of telephone receivers can be increased considerably if the
receivers are designed for resonance at a certain frequency.
Thus a telephone set that is resonant to 800 cycles might
produce an audible response to a current of one thousandth
of a microampere. The sensitivity of telephone receivers
can be made higher than that of an alternating-current galva-
nometer, but is less than that of a direct-current galvanometer.

Ohmmeters.—Direct readings of resistance are obtained
from an instrument known as an ohmmeter which consists
in its simplest form! of an ammeter and a battery B connected
as shown in Fig. 199. The scale of the meter is marked in
ohms, the full-scale deflection of the pointer indicating the
zero value of resistance. Before the device is used for a
resistance measurement, it must be adjusted to zero, to
compensate for any drop in battery voltage. In this adjust-
ment the terminals of the instrument are short-circuited and
the resistance R is varied until the pointer of the meter is at
zero. Then the unknown resistance is connected between the

! An analysis of various ohmmeter circuits, their errors, and ways of
obtaining greater accuracy is given in an article on ‘Ohmmeter Design,”
by Alfred R. Gray, Radio News, January, 1935.
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terminals and its resistance in ohms is observed from the meter
indication. In this circuit, the voltage being constant, the
value of the current depends on the resistance, the current and
resistance being inversely propor-
tional. Since the movements of the
meter pointer vary with the current,
the meter scale can be marked to
indicate ohms.

The range of the instrument is

taken as that resistance which causes =
a meter deflection of not more than R
95 per cent of the scale. In ohm-
é

meters of the multi-range type a
number of resistance units are pro-
vided for use in series with the meter Jerminal posfs

as a means of extending the range. Fc: 199~;§i:ple ohm-

Commercial types of ohmmeters '
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