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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 electronies,
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
dropping 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 L. 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 House, BosToN, M ASSACHUSETTS,
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 funections
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.
ix
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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, Inc.

THE AUTHORS.
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RADIO RECEIVING AND
TELEVISION TUBES

CHAPTER I

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 elecirons.

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 attracted 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 flow
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
4 —
Fig. 1.—Circuit ‘FIG. 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

1MoveEr 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. |
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 5. 3 __Three-ele
increased or decreased, as may be ment vacuum tube
necessary. The grid in performing this ZZFor‘;Z’tl_Stmcted 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
Jilament 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
Diamerters measvred Diameter gavged
fo 0.001 inch fo 0.002 irnch
Cathode -'Slee;/:/wml E:Va*_'h }?;;Ie CO_OgI:; r;%
Approxima eight variati
/] '552 inch fhic[ less than 000007oz.
Air Pressure Grid Wire

/100,000,000 that of Diameter does not
atmospheric pres, vary more than
sure atsea level 0.00009 /nch

Bulb Heater Wire

Inspected under Diameter does not
polarized light vary more than
for strains 0.00002 inch

F1g. 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.

Metals 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, iridium, 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, zine, zinc
chloride, and zinec 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 circudt
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 circust, 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, mixer 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.

! MoyEr and WoOSTREL, “Practical Radio,” 4th ed., p. 67.



CHAPTER II
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

BOOCO0O]
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5
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@© ) (e) (f) (g9 ()
Inverted Twisted Wire Wire Double Double
coil \' wire loop loop wire loop helix

Fia. 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

! Tonization 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.

Fic. 6 Glass Manufacture of Vacuum Tubes.—A step-by-
support for vacu- Step description of the assembly of the parts of
um. ube: a vacuum tube will illustrate its construction.
The type of tube selected for this description is the 2AS5,
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 S. This
glass seal is fused to the top of the flanged glass tube 7 and a
long piece of thin glass tubing F 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 RJ R =
of this and the other mica disks is F

to maintain the alignment of the .u.u

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, 1
which is in the form of an inverted Fia. 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

p— E
—E
J L
Fig. 8.—Method of fus- F1g. 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 1lc, the
grid wires are pressed into the soft metal of the frame during
the process of winding. The grid wire is made of molybdenum,

‘ Cm‘boa’e s Filament J Filament

heater wire
<
K -Cathodle
« eater
Ry cylinder
3
LJF

(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 Gs. The cathode or suppressor grid G5 is located

G‘ Gz G3
S € ) € )

Fig. 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 @, 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 )
5

as in Fig. 12, or in some forms of
Cup for getter

construction is fastened directly
to an element of the tube such
as the plate P. In this tube the
getter cup C is welded to one of Plate

the supporting posts R. F1e. 12.—Typical plate and cup for

A glass bulb B is placed over Refter:
the assembled unit, as indicated in Fig. 14, and is fused to the
flange on the large glass tube T’ (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 grio-~~ “~Plate

Filament-~" \<— ~ =~ Filament

T I
Fia. 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 Fic. 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 Zon, 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 Zonization by collision
and corresponds to the
““break-down’’ of any electric
insulator at excessive voltage.
In a vacuum tube which con-
tains residual gas, some ioniza-
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
jonization. Plate Voltage

Influence of Gas in a Frec. 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 4 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 currgng
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

18ee 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 eurrent 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 7, 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 émpedance 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, r, 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
occur 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 distortion 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 14990 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 s 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. For brevity,
instead of milliampere the word mal! 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

! 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-
El/gg;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 lows in a
conductor sets up another kind
of effect called a ‘“magnetic
e strain” in the space surrounding
Fie. 17.—Electron flow opposite the conductor. The space in

in direction to current flow. o hioh 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 needie 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

18ee MoyeR and WosTreL, ‘‘Industrial Electricity and Wiring,”
pp. 11-15, 165. MecGraw-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 coustant, 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 f{friction, by
thermal means, by chemical action, and by induction as in an
electric generator. Electricity may be produced by frictzonal
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 produce.an 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 voli. 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 Mover 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.



FUNDAMENTAL ELECTRICAL RELATIONS 33

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 E of a conductor
having a length of L feet, and a cross-sectional area of A
circular mils (as defined below) is

rL
E=7 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 mal 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 I.

TaBLE I.—RESISTANCE PROPERTIES OF METALS AND ALLOYS

Resistance, Temp e]:ature
Metal cir.-mil-ft. coeﬂ‘:lment
ohms of reglstance
at 20°C.
AU s 5z 55555 vm i mme s sy s oms s o s 5 w2 17.0 0.0039
Antimony.........c.ooiiivi i 251.0 0.0036
Bismuth............................... 663.0 0.0040
Copper (drawn)..................co.o... 10.37 0.00393
Gold............ 14.7 0.0034
Iron
Electrolytic........................... 60.0
Cast. ... 450 to 600
Lead........ ... .. ... . . . 125.0 0.0039
Mereury. ... ....oviiiiniiniiiia 565.0 0.00072
Nickeliwossmisinsrsoiomeismormuismosin 41.7 0.0062
Platinum.....................cvii..... 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-see-
tional area;that is, as the area increases, 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 °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 resistance
increases aboul 1 per cent.

Pump

|
— ==

Fia. 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 correet 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 ry, 73, 73,
r4, and so on connected in series is equal to the sum of the
separate resistances; that is R = r, + ra 4+ 75 + 74 4+ -« - -
The equivalent resistance R of a group of resistances ry, s, 73,
ry, 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 = 3)
_1_ + l l l Fre. 19.—Water pipes con-
r 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 F 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)

I= -E—' or current = v_olt_agi or amperes = &lts. (5)
R ~ resistance’ p ohms

R = E} or resistance = voltage’ or ohms = —-VOli- (6)
I 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 called 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 I 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 wait.
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 E = 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 = 5 °or current = ~oToage or amperes = — (8)
E=Y o voltage = PV, o volts = WAV (9)
I current amperes

Each of the expressions W = I’R, and W = E? = R canbe
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.
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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 22l4-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 = E + 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 4o 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 Wy 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 1454 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 ecycle. 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 kilocyele 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 eleetric 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.

+4.0 B

+3.01+
+2.0F
+1.0

&

Ampere

0
-0}
-20f
-3.0fF
-40L

Fia. 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 A4 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 A BC.

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

\ /

\ f average value. Actually, an
\ / alternating current does not
A h lue for th

L/ ave zero value for the reason

<—Instantaneous Amperes —

Time ~—u that the ampere value of an
Fie. 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 (I2).
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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Fie. 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 2.1

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

1 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 (/%) 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
(7?) 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 rooi-
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 effective
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 KE S0
of the curve of squared values, £ A 200 E
ordinates marked with the & ¥ 5 160
letters HJK, MBE, etc., are ;2.0 ’ B :“J |.00§
constructed on the base line § o8- 0.50§(L
AD at regular intervals. The £ T Do ¢
ordinate HJ on the scale of 4 ik AN S
instantaneous values is 1.3 = . 5

amperes. This value when Fie. 24.—Method of calculating ef-
square dis1.69am peres, 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 MBis 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
is 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 secale 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, ete. 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 4/1.13 = 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

1 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
eontain 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.}

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

When ¢ = CR, I = 0.368F + R, that is, the charge reaches
63.2 ver 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

1 The changing current I at any time after the circuit is closed is,

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

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

C = C1 + Ca + Cs3. (11)

A group of three condensers connected tn 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 e, e, €3 are the voltages across the condensers c;, ¢z, c3
respectively then

E=c¢+e +es
and since E = @Q/C then

Q _Q ,Q,Q
C atate
It follows that . )
1 1
catats
and
C—_ L (12)
1 1 1
e e

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""'U"‘O';//\\ Direction

s < 3 il | ——>of
magnetic field is proportional ‘ Current
to the current. The direction

of the magnetic field is given AZ;;:Z‘??/Z/’;

by the direction in which the F¥G. 27.—Diagram of relativp 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 coil, 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 earrying 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 induced 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
gelf-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
switeh 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
o0—x— this case it will take an infinite

-
=
<
<

3R time for the current to reach

T 2120 its maximum value, although
I v 3 in a comparatively short
time, it reaches very nearly
its highest value, the rate of

S

' 1IIIV—§

u)0.5 i & el

o4 increase in current being,

éi' F=18 Volts however, much more rapid

<03 =36 0hms immediately following the

£ 1=0 y g

§02 closing of the circuit than it

C Switch i %

80.1 s dl . is & little later. The rate of
—si | increase of current becomes

0 O'QF%me'ggcﬁon o 010 04 yoss and less with elapsed

Fia. 28.—Curve of increase of cur- time, until this rate becomes
:ﬁ:chh}s gzgg?ducﬁ"e circuit after practically zero,! oceurring in
this case after 1{y 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.
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If a circuit like the one shown in the wiring diagram of
Fig. 30 is short-circuited! by closing the switeh 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 [—f&~t—Tswitch
E’_OA ] S04 closed
%03 A4 Eos] 1\
£ 1/ E=I8Volts | + \
$02 R=360hms | 502 \\
501 / Switch Rkt ] £ 0.1 Ny
(S [ % closed | | S

0
0 0.02 006 010 0.14 002 006 010 0.14
Time, Second Time, Seconad

Fira. 29.—Curve of increase of Fia. 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=LXI=+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 ene 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 induetion coil is caleulated 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

. L established, as illustrated by the

T S T auis elliptical dotted lines in the figure.
Fie. 31.—Mutual induction be- With the two coils located, as
faveen ‘et compled ooile: shown, some of the magnetic lines
originating in the coil C; will also pass (as shown) through
the coil ;. 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 C, it is impossible to have all of the magnetic lines
established by the current in the coil C; circle or couple the
coil C5. 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
M
K=Vixrn W

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,

ee=M X I, + . (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 C, and this magnetizing current prevails
for a time ¢ in seconds, then the induced voltage in the coil
C. is e; in volts, or

e1=M X I, + 1t
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

e; = (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.

Fia. 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 iron-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, eylinders, and
spheres, can be calculated from theoretical formulas; but
these are so complicated that their derivation ecannot be taken
up here. One of the most used of the simple-shaped air-core
coils is the solenotd (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 caleculated with the following formula:

8k

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; 7 is 3.1416; log. is the logarithm to the base e or the
natural logarithm (Table 11, 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

1A microhenry is one millionth of a henry—the standard unit of
inductance (p. 51).
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e = 2.7182818 log ¢ = 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 0.06766 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 1.4061 1.4085
4.5 1.5041 1.5063 1.5085 1.5107 1.5129 1.5151 1.5173 1.5195 1.5217 1.5239
5.0 1.6094 1.6114 1.6134 1.6154 1.6174 1.6194 1.6214 1.6233 1.6253 1.6273
5.5 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 1.8856
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 2.0176 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 2.1436 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 2.2534 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; = 0.08Nd.. (20)
TasLE IIl.—SuAPE 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 the inductance
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. = 0.04kRn?l (21)

where k is a shape factor from Table III, which varies with the
ratio of the diameter to the length of the coil. In this case,
d = 6 centimeters, [ = 60 centimeters and d + [ = 0.10,
so that the corresponding shape factor k 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 1502 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.

Ezample 2.—A solenoid (air-core coil) has a radius R of
2.54 centimeters (1 inch) and length [ of 10.16 centimeters
(4 inches). The number of turns n 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.

Example 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 &k 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)% 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 induection 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)% X 7.62 = 24,380 microhenrys.

The inductance of the same coil with an asr 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 for d + lequals 0.15is 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%2 X 3.94* 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 receive 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



FUNDAMENTAL ELECTRICAL RELATIONS 65

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 = 0.1768nA4 . + d (in micromicrofarads). (24)
The capacity of a rolled by-pass condenser (Fig. 33)
C = 0.1768kA, + ¢ (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

S
T~ Aluminum foil
F16. 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, = er—c, (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 [ in a condenser circuit in amperes is, then,

I=% =10 = 2fCE* (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 7
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 =2X3.1416 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 tnversely proportional to the frequency.
If the capacity C is in microfarads the equation is I = 2zfCE +
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

I =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-inductive. 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 B and the reactance of that cireuit 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? + 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 = equals 3.1416. Substituting these
values in the equation (28) for inductive reactance, where
X = 2nfL, the value of X is 2 X 3.1416 X 60 X 0.05 or
18.8 ohms, or the impedance Z is then

V752 + 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

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

The impedance of the entire circuit is then
Z = /302 + 35.42 = /2153,

or 46.4 ohms; and the current flowing in the circuit is £ + 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

Suply o C radio apparatus is the one which

alfernating R has resistance, inductance and

IC“IIZ.ZT.—Alternating-current capaCity_ - seri(?s. Figure 34
circuit with resistance, in- Shows diagrammatically a circuit
ductance, and capacity in series. taking 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 appreciable resistance, the
circuit resistance R to be used in the calculations is the sum of
the induction coil resistance and that of the condenser. Ina

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:

7 = \/R2 + (2wa — 51;,—0)2 (30)

also the current I in this circuit in amperes is,

I=E-~ \/Rz + (2wa — Ti‘CY @31)

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 induet-
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 B of the induction coil, as
stated, is 15 ohms. The reactance X of the induction coil
is 2nfL = 2 X 3.1416 X 60 X 0.15, or 56.52 ohms. The
reactance X. of the condenseris 1/2nfC = 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 4/152 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 I 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
induetion 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 kilocyecles per second. After the current is calculated,
‘the voltage drop across the condenser and also across the

1 MoRECROFT, JouN 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 2xfL = 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¢ = 1,570 — 1,450, or 120 ohms. Impedance of the
circuit Z = v/R? + X2, or 4/20% 4 1202, or 121.7 ohms.
Current I in the circuit is £ + Z, or 0.004 <+ 122, or 0.000038
ampere. Voltage across the induction coillis 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=Li+Lo+Li+ - +2Mig+ Mg+ Mas+ - - .

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

_ LiL, — M? s .
L= LT L, —on 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 7 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, ¢s, ¢s, 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 4+ 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 ¢, ¢s, ¢; in microfarads, then the
capacity C, in microfarads is given by the following equation:

1 1 1 1

C; C1 Co C3

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 44,000 =
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 @
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 eleetric 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 = g 0.0010’ or 15.7 volts.

0.0157

e = 0.00025' or 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 @ 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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s1 = 0.5(0.0157 -+ 1,000,000)? <+ (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)2 <+ (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 4+ sz = 0.0000002466 + 0.0000001233 4
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

1 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 cireuit 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 + 2#fC)
have both the factor f indicating frequency, the value of

1The 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 X1 + R; the
sine (abbreviated ‘‘sin’’) of the angle of lag is then Xz + 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,
so that
S = 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+/L7C". (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 induection 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 I
in the circuit, and also the voltage drop across the induction
coil and across the condenser. The resonance frequency
by equation (34) is
fie = 1,000,000 =+ 274,200,000 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.

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

Impedance of induction coil Z = v/R? + X2 =
5% + 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),

Jra = 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)
/L =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 -2 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 cireuit 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.

1 8ee Mover and WosTreL, “ Radio Handbook,” p. 108, McGraw-Hill
Book Company, Inc., 1931.



FUNDAMENTAL ELECTRICAL RELATIONS 81

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 <+ 27+4/0.012 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 kiloeycles (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 C’ = 1,000,000,000,000 + [(2nf.)? X L']

then C’ = 1,000,000,000,000 = [(27 X 1,220,000)2 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 fi 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 (fa — f1) + f.. is a measure of selectivity.
Decrement of a circuit can also be written! as B + 2xfL,
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 = f1) + fr = B + 2xf.L (35)
w(f: — f1) + fiw = B + 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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Fi1c. 35.—Typical resonance curve.

still another term called the selectivity factor is sometimes

used, this being f... + (f — 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 _ 27|'fm,14 _ XL

i—fi B R

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 X1 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 R.

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, r I
only special cases that have possible
application in radio services will now -
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, agrdenger:
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

m
=

I -

"/R2+XL2

.

where the voltage across the terminals of the circuit £ 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 = 2zfCE (39)
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where f is the frequency in cycles per second, C is the capacity
of the condenser in farads, K is the voltage across the terminals
of the circuit in volts, and 7 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 =P l Ohms 2P Ohms 2P
MFE
G@ Henry SD ‘JT) Henry D @ ME 0

Actual Circuit Equivalent Equivalent
=80 Circuit for Circuit for
=70 f=90

Fie. 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? + (2r X 60 X 0.125)2 =
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.4is I, X R =+ Z. (40)
ra = 2.06 X 12.0 + 48.63, or 0.51 ampere.

Reactive coil current Izp = V112 — I14®
(or = I, X X, + Z) (41)

I.r = \/2.06%2 — 0.51% 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—1¢, or 2.00—0.537,
or 1.46 amperes.
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Line current I = V/1a2 + 1,2 = 4/0.512 + 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,z is I, X X, + Z [Equation (41)],
andsince I, = E + Z, 1z = (E + Z) X (X + Z), or

E Xy

Iip = X
2rfLE

= B ¥ @nfL) (page 69), since X = 2nfL (page 68).
Condenser current I¢ is 20fCE (page 67).

Setting down then 7.z equal to I¢, since the two currents
are equal when the circuit is resonant,

2nfLE _

and solving for the value of the resonant frequency f,.,

, (L+0C) — R
et = ety

05 [T R
freg - Z“Cy - Z’z'" (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
f==Z\ILc 4)



86 RADIO RECEIVING AND TELEVISION TUBES

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 coil and condenser will have
practically the same resonance frequency when connected in
parallel as when connected tn 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

E E i

Riine = Active coil current  Iza (45)

and since I.a = I X R”/Z [equation (41)]and I, = E + Z.
E _ E _ od e pE
T EZxEZ-Z7TE =

VR + X2+ R =[(R")?+ X% + 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 approximately that

R = X.:? + R".

line
When there is resonance in the circuit X, = X¢ and
R, = (XX X,)+ R’ or 2nfL X1/2xfC + R”, then
equation (45) becomes
L
Houme = OB
In the preceding example at the resonance frequency, the line
resistance Ry, is in ohms,

R — 0.125 X 1,000,000
fine = 14.25 X 12

(45a)

» 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
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 B, = L = CR"” where R’ is the actual
resistance of the induction coil and the
condenser in series (page 70) and L and
C are respectively the inductance and
capacity in the circuit.

As a rule, this line resistance Riine 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 t0 points of circuit that are
have an inductance L of 200 microbenrys Vvarving 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

' or 266,667 ohms.
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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
induetion 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

! This is derived from the equation f = 1 + (2x4/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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Fi1c. 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
broadeasting, 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 Ri + X:i. But these values of non-
inductive and inductive voltage
cannot be used to calculate the @
effective applied voltage, because g \
the voltages Rz and Xz are not in ;
phase. When the voltage R: is @ @
zero, the voltage X7 is at a maxi- g,y 40 vVoltage 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

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.
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and X:I. The relation between the sides and hypotenuse of a
right triangle is such that
E? = (RI)* 4+ (X.I)? = I*(R* + X.?.
From this the effective value of the current produced by the
effective applied voltage E is
I= £ __.
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 foreces 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 emaission, 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 circuits in emitted by means of photoelectric
typical radio receiving tube. . .
effect have a 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

circurt ~= -
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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 current. 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 ¢ncreases with the temperature approximately
as the square of the excess of the cathode temperature above

Cathoole Temperature-3 Plate Volfage-*s

.;E) C " " -2 E " " -*2
£ B " " -1 g " » _*l
2 3
b (&1
£ 2
& 5

Plate Voltage Cathode Temperature
Fi1a. 42.—Relation of plate current Fig. 43.—Relation of plate voltage

to cathode temperature. 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 A, 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 eurrent 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 eleetricity 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

1LaNGMUIR, 1., “Theory of Electron Tubes,” Physical Rev., Vol. 2,
p. 450, 1913; and Proc. Inst. Radio Eng., Vol. III, 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 I, = 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, 5Z3, 80, 81, 83V, 84, and so on, are of the filament
type and depend on true thermionie 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

t8reiner, H. C. and H. T. Masgr, ‘‘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 ocecurs 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
filler (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.



102 RADIO RECEIVING AND TELEVISION TUBES

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-

1 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.
(MovEer 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 force 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.
to zero if the negative charge
on the grid is large enough. .

A positive charge on the grid
will neutralize the repelling
effect of the space charge on
the flow of electrons, thus caus-
ing an increase in plate cur-
rent. The greater the positive
charge on the grid the more the
plate current will increase until

In fact, the plate current may be reduced

Plate current _ | Plate Voltages

Grid
current

Plate Curren

= ¥
Grid Voltage Grid Voltage
Fra. 45. Fra. 46.

Fi1G. 45.—Relation of grid current
and plate current to grid voltage.

F1a. 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
Fia. 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, + wE,)* (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 ukE,, 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 uE, 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 (£, = 0), the effective plate
voltage EF 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, 4+ &, =
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
€ E‘fg'o example above and by applying
E s 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
o : , . than the applied voltage, since the

0 péﬂe Volfgge Vo:ff term wuFE, becomes positive and

Fia. 48.—Relation of plate adds to the plate voltage E,.
current to plate voltage for type [nder 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 MoveR and WosTREL, “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, =
1.

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,

Tp = 7— (46)

in which E, is a small change in plate voltage which produces
a corresponding small change I, in plate current, when the
grid vollage 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,

rp = Ip (47)

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

corresponding small change I, in plate current. The term

ukl, 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,

rp = = (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

Fig. 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 lifg
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 I,
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
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Fic. 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 conirol grid-plate trans-
conductance Sn. 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 = E, and rp = T,

hence the ratio of the first of these two equations to the
second gives the mutual conductance, thus,
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Gn = % -+ ?—" = % (in mhos, or in amperes per volt of grid
g b4 g
voltage). (50)
Or
Gn = g— (mhos) = :f— X 10 (in micromhos). (51)
P r

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:

_ Uu
Ty = (Tm’

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 C,, the grid-to-plate capacity C,,, and the
plate-to-cathode capacity C,, as shown in Figs. 51 and 52.

U =1, XGn, and Gm =

SIE
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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, "
when the cathode has been re- Fork > P 6 Cop p
moved, averages 8 micromicro- ra‘k{é’p
farads, while the capacity as il Input cg] Jepk Ovtevt
measured between these two ele- Cpk -
ments in a complete tube is 10.1  Fia. 51 e, B2,
micromicrofarads. The ~effec- Vo> ;':ﬁ}fl:;nf " itxftegéle::xl‘ggz
tive value of this capacity is capacity. ' _
further increased by the capac- ;, 1%, 5% Diseram of diset
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 eathode 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



VACUUM-TUBE ACTION 119

coupling may cause a feed-back of energy to the input circuit,
or with certain circuit adjustments, . g g
an absorption of energy from the R '
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 i
conventional method of indicating Fro. 53.—Typical screen-
this type of tube and of connecting grid tube.
the four electrodes is shown in Fig. 54. The screen grid may
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
scereen grid reduces the effective
capacity between plate and grid
to the very low value of a few
hundredths of a micromicro-
> ~ B ¥ farad. The screen grid is shun-
Fie. 54';; i?.’elgs_c;?g flfbil.%tmdes ted to the ground through a
condenser of large capacity (1.0
microfarad) to provide a path of low impedance to the

Screen grid

Input

(@}
+
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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

6 6, P Caip
Fork {1 6%'2"\’
r\ {1 :: 1L " 3, %;'z
L3 i hu["’ OUf W
Cak k pk P
v ForK
Fi1a. 55. Fia. 56.

Fia. 55.—Elements of tetrode showing direct-interelectrode capacity.
Fic. 56.—Diagram of direct-interelectrode capacities of tetrode.
Fia. 57.—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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F1a. 58.—Average plate characteristics of type 24A screen-grid tube.

left of the line at 90 volts the secondary electrons are attracted
to the sereen 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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spacing between the turns of wire is variable, or one in which
openings are provided in the grid structure. With this type
of grid construction the amplification can be controlled by
varying the voltage on the control grid. Grids of this kind
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F16. 59.—Typical variable-mu tube.

are used in tubes designated as types 34, 35, 39/44, 58, and 78.
Cut-away views of type 35 tube are shown in Figs. 59a and in
59b. The latter illustrates the construction of thegrid. These
tubes are designed for service as radio-frequency and inter-
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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, w4 60 _Relation of
but on strong signals it is reduced and plate current to grid-bias
the tube continues to operate on a Lo4Ee 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

Plorte 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.

Type 34 l
—E¢=2.0 Volts D.C:
Screen Volts =61.5
6
id o/fS Ec =0

wd Control grid vo
2 LT | =
3 A T
3 2
83 Eg-3
= |1 =]
=
4 K
51 Ecy=-1
a [ %

0

]
0 40 80 120 160 200 240 280 320 360 400
Plate Yolts

Fic. 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-

ary emisston, meaning the electron AT T ggg?
emission from the plate. This 4 des0 8
action occurs when an electron Plate volts=180 —1—10
. I " Screen volts=-675 — S
strikes the plate with enough force - —Glate volts=675 1 g
to dislodge other electrons. In a 4, LT
diode (page 95) or a triode (page £ \k;l"\fo“7‘~5
104) type of tube such loose elec- 5 WA
trons will travel back to the plate = 5% Y %
because there is no other positive &£500 {.A WE
electrode to attract them. Butin E:wo i <
a screen-grid tube the positive %300 R
screen draws the loose electrons 3 / 058
with an attraction which increases g°200 o Y ‘%
if the plate voltage becomes less ;2100 o+ 6«*? 5

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%?&‘;‘:83?‘;‘;1):;4 omealald
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-

Suppressor fication factor and a high power

Grio Plate  capacity, as compared with a

triode or tetrode. Such a tube

can deliver a higher power output

g 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

Fre. 63.—Conventional repre- gutput 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

90
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F1c. 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
hexode; 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.

1 At this point only a brief outline of class 4, 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 ¢ 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 exeiting 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 cycle. 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 Plote

Heater Heort
Cothode Diode plote o Griol No.3
Diodle plate Carthode
Duplex-Diode Triode Triple-Griol Power Amplifier
Grid Ploate Griol No.Gf/HS No.3 and No.5

N § 7%
-} -Suppressor 5
Heor? Heorter
Cathode o Griol No.4
—-"Diode plates Cathodle
Duplex Diode Pentode Pentagrid Gonverter

Fia. 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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mum voltage the nominal power output of two tubes is 20
watts. The characteristic curve of plate current against
plate voltage for tube type 46 in class B operation is a factor
that favors this type of tube; because for equal dissipation of
heat from the plate, the tube can be operated at relatively
low plate voltages, thus decreasing the cost not only of the
tube but also of the power supply unit.
With a plate voltage of 400 volts and
zero grid-bias voltage the static plate
current! is low, being only 6 milliam-
peres. The amplification factor is so
high that a negative grid-bias voltage
is not required.

When two tubes of type 46 are oper-
ated in a class B system the driver
(meaning the tube in the previous
stage) can be a single type 46 tube,
operated as a class A amplifier, with
the second grid conneected to the plate
in order that the tube may have a low
amplification factor. The tube then
is in effect a triode, and the grid next
to the filament serves as the control
grid. The characteristic curve of plate
. and grid current against plate voltage of
Fra. 66.—Typical dual- g type 46 tube as a class A amplifier is

grid power amplifier- o} own in Fig. 67. With a plate volt-
age of 250 volts and a grid-bias voltage of minus 33 volts the
amplification factor is about 5, and the plate current is 22
milliamperes. The average plate characteristics for class B
operation are shown in Fig. 68, and the operation char-
acteristics are shown in Fig. 69.

Another type of dual-grid tube, known as the Wunderlich,
is shown in Fig. 70. The two grids of this tube are located
in the same plane around the cathode. Each grid is provided

! This term designates the plate current which flows when there is no
signal voltage.
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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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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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and a grid condenser (page 105) to the cathode. With this
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Fi1a. 69.—Operation characteristics of type 46 tube.

divided input circuit a much higher value of signal voltage is

Fia.

70.—Wunderlich
dual-grid tube.

needed to operate the detector than with
the usual grid-input circuit. Because of
the rectifying action of this arrangement
the rectified signal current flows from the
grid to the cathode in the tube when the
grid becomes positive. The voltage pro-
duced across the grid leak and the grid-
condenser unit by the flow of rectified
current is impressed on both grids at the
same time, and acts to control the flow
of current in the plate circuit. Since the
radio-frequency effects (page 117) of the

OH i

+
Fig. 71.—Detector circuit for Wun-
derlich tube.

two grids on the plate current are equal and opposite, there is
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no radio-frequency current in the plate circuit. Conse-
quently the tube has a high output rating as a power-detector
tube with low distortion. The characteristic curve of the
detector action of this tube is linear (straight-line relation)
over the operating range. The rectified voltage across the
resistance R can be utilized for automatic
volume-control purposes.

Triple-grid Tube.—The triple-grid
tube was introduced because of the sue-
cessful application of the suppressor-grid
tube (page 127). Two examples of this
construction are type 57, a triple-grid
detector amplifier tube with a sharp cut-
off (like that of type 24A), and type 58
which is a triple-grid super-control radio-
frequency amplifier like the variable-mu
(page 123) type 35. Types 58 and 6D6
are identical except for their heater
ratings and their inferelectrode capacities
(page 141). A cut-away view of type 58
tube is shown in Fig. 72. Types 57
and 6C6 are identical except for their
heater ratings and their interelectrode
capacities. Fic. 72.—Section of

As a grid-biased detector tube, type typical triple-grid tube
57 is capable of delivering a large audio- (t¥pe 5).
frequency (page 413) output voltage with a relatively small
input voltage. The characteristic curves of plate eurrent
plotted against plate voltage for types 24 and 57 are shown
for comparison in Fig. 73, and the curves of plate current
and control-grid voltage for the same tubes are shown in
Fig. 74. The curves of plate current plotted against plate
voltage for types 58 and 35 are shown for comparison in Fig. 75
and the curves of transconductance (page 115) and control-grid
voltage for the same tubes in Fig. 76.

In these types the suppressor connection (page 127) is
made to a separate terminal pin on the base. When the
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suppressor grid is at the same voltage as the cathode there is
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Fia. 73.—Average characteristics of grid-biased detector tubes (types 24

and 57).

practically no space charge between the suppressor grid and

Control 6rid Volts
Fig. 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§=2.6 Volts 3 age is applied tf) the suppressor grid
Screen Volts=100 Hs & space charge is set up between the
Ruppressar Volts=0 / suppressor grid and the screen grid.
¢ § Under the effect of this space charge
£ the tube characteristics are like those
< of a triode with the suppressor grid
44 8 .
/ o acting as a control grid. As a result
v/ [ :
X/ of the presence of this space charge,
i 2 electrons are attracted to the plate
/’ from the suppressor grid alone more
s :ﬁ) s 00 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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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

Plate Volts:250 tubes at a minimum.
ScreenVolts =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 A
power-output pentode, or a
class B power-output triode.
__.¥/ Z ' 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

Fia. 78.—Control obtained by 8rids which are adjacent to the
means of triple-grid construction on plate are connected to the plate,
DIFEEE SRRISCRRIR Bl Rfalt Kube, 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 4 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

Avdlio A Jooutpu?  can be used as an audio-fre-

fr ;‘,‘,2"5;’5}' (\— quency amplifier, or as a
SN . .

__{c detector and amplifier. It is

claimed that the tube is capa-

RZ * R, ble of a relatively high power

R E ';=_ i output with low distortion.

! The circuit in Fig. 80 shows

e ] B how the tube is used in an

Fi1e. 80.—Conventional circuit for ampliﬁer. It 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:

TasLE IV—TRIiPLE-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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Improvements in Triode Design.—Type 56 tube, a super-
triode amplifier and detector, is an improvement on type 27

(Fig. 81) and has a new design
of grid together with a high
efficiency cathode. The result
of the change in construection is
obvious when the operating
characteristics of the two tubes
are compared. For example,
the characteristics of the two
tubes at the same plate voltage
are similar except for mutual
conductance and amplification
factor; the mutual conductance

E;=25V

. .
S o

o
Plote m.a

ST 0
=25 <20 =~ -0 -5 0
Control Grid Volts
FiG. 81.—Relation of plate current
to control-grid voltage in typical
triode tube (types 27 and 56).

for type 56 tube is 1,450, and its amplification factor is 13.8,

both values being about 50 per cent greater
than those for type 27 tube. The curves of
plate current against control-grid voltage
for the two types are given in Fig. 81.
Types 56 and 76 are identical, except for
their heater rating and their interelectrode
capacities.

Duplex-diode Triode.—A combination
unit consisting of two diodes and a triode
in a single bulb is shown in Fig. 82. This
combination is represented by the tube
types 2A6, 75, 55, and 85. Types 2A6 and
75 are similar except for their heater ratings.
Types 55 and 85 are also alike except for
their heater ratings.

The design of tube types 55 and 85 is the
same as that of types 2A6 and 75, except
that the triode unit of types 2A6 and 75
has an amplification factor of 100, while

Fre. 82—Duplex- that of types 55 and 85 is 8.3.

diode triode.

The two diode units are independent of

each other and of the triode unit, but a common cathode sleeve
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isused which has separate emitting surfacesfor 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- Tpe 52, | Twpe 1o
pared with those of the low-mu oDl 681
triode show several differences. E1 ZSVjOHS i 63VOTS »
The curves for type 75 are given K “f— “3,4 h‘ 160 :i
in Fig. 85 and those for type 85 in » £
Fig. 86. The type 85 tube has a 1 l 120 ¢
much higher plate current and NS 7 =
range of grid voltage than the [ ‘_33% 80 E
others of this kind. oz IS £
Duplex-diode Pentode.—The oémrf;\ SN
construction of this combination 7‘

tube as shown in Fig. 87 is in -40 —30 -20 -0 o0

general similar to that of the D;-V°'§4De‘§";P§d by Dfi°<;e

. . 1G. — ation o irect-
duplex-dlode triode (page 141) » current voltagee to Orectiﬁedl mir-
except that the triode wunit is rent for si.ngle diode unit in half-
replaced by a pentode unit. It "*V° HEGhifteRbian;

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 detection characteristics of this type of tube are the
same as those of the duplex-diode triode type. The curves of
plate current plotted against plate voltage for the pentode
unit are shown in Fig. 88. These curves are somewhat similar
to those for type 39/44 tube (page 124), but the curvature of
the mutual conductance characteristie of
the pentode unit is opposite to that of
type 39/44 tube. The cut-off point
of the pentode unit is extended some-
what so as to allow a moderate gain
control (page 151) by the variation of
the grid-bias voltage without distortion
that might be caused by cross-modula-
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Fic. 86.—Plate characteristics Fic. 87.—Duplex-diode
of triode unit (tube type 85). pentode.

tion. When operated at the maximum values of plate
and screen voltages, the pentode unit has an amplification
factor of 730, which is more than seven times that of the triode
unit of a duplex-diode high-mu triode (page 141). Typical
circuit diagrams for the application of the duplex-diode
pentode are shown in Fig. 89.

Twin Triode.—The twin triode, also known as a complete
class B amplifier tube, contains two sets of triode elements in
a single bulb, as shown in Fig. 90. The triode sections are
provided with separate base prongs for all electrodes except
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the cathodes. It is represented by tube types 19, 53, 6A6,
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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F1g. 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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Fi1c. 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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amplifier and phase inverter to supply by means of resistance
coupling an output stage of tubes in push-pull connection.
Type 79 can be used for the same applications as type 53
within the limitation of its lower rating of power output.
Pentagrid Converter Tube.—In a superheterodyne receiver
(page 125) the desired signal frequency
is generally converted to a new lower
frequency which is then amplified,
detected, and delivered to the audio-
frequency-amplifier stages of the set.
This lower or intermediate frequency
is obtained by ‘“mixing”” the signal
frequency with a locally generated
frequency. The value of the local
frequency is adjusted so that the
intermediate frequency, which is the
difference between the signal and local
frequencies, is constant. This fre-
quency conversion is accomplished in
the first detector or mizer tube, both
the signal and local frequencies being
applied to its grid. The local fre-
quency is generated either by aseparate
oscillator tube or in the detector tube e .
3 . Fra. 90.—Twin triode
itself. When the tube functions as a (complete class B ampli-
combined detector and oscillator, a fier).
reactive coupling (page 68) is used to connect the detector cir-
cuit to the oscillator (page 9). When a pentagrid converter
tube is used the connection between the oscillator and detector
circuits is made through electron coupling,' by utilizing the
stream of electrons in the tube. The advantages of this system
are (1) the simplification of cireuit design, (2) elimination of
undesirable intercoupling among the parts of the radio-fre-
quency oscillator-mixer circuits, (3) increased stability of the
oscillator, (4) improved translation gain (page 152), (5) pro-
vision for automatic volume control with the number of tubes

! Electron-coupled circuits are described in Chap. XTI (Oscillators).
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kept to a minimum, and (6) decrease of radiation at the local
frequency.

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



VACUUM-TUBE ACTION 149

in the oscillator section to give improved performance at high
frequencies up to 20 to 24 megacycles.!

The extended cut-off action (page 130) of type 1A6 tube
can be utilized to provide control of the sensitivity of the
receiver. The electrode capacity between the plate and the
modulator grid (page 150) is higher than
in the ordinary screen-grid tube, and hence
precautions must be taken to avoid reac-
tion effects when the difference between
the values of the intermediate frequency
and the radio frequency is small. If the
intermediate frequency is less than the
radio frequency there is a degenerative
effect which increases in magnitude when
the plate-tuning condenser (page 47) is
small; neutralization (page 120) can be
used to compensate for this effect but
overneutralization will cause regeneration.
If the intermediate frequency is greater
than the radio frequency there is a
regenerative effect which may cause insta-
bility. The general precaution, under
either condition, is to use in the plate
circuit a ecapacity of more than 50
micromicrofarads. Fra. 93.—Pentagrid

In the operation of a tube for purposes Ry
of frequency conversion it is necessary to modulate the cathode
current. In the pentagrid converter tube, as shown in Fig. 93,
this effect is accomplished by the interaction between sup-
plementary electrodes and the cathode. The supplementary
electrodes consist of an additional grid and an anode grid® which
are located between the cathode and the control grid. The
action can be explained by a deseription of the flow of electrons,
with the help of Fig. 94 which is for tube type 2A7 or 6A7.
The first grid (from the cathode) known as the oscillator grid, is

1 One megacyele is 1,000,000 cycles.

* The anode grid is used as an anode for the oscillator.
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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,’,f}J il reduce radiation of the local frequency.
GridMal % 6tz  Electrons from the cathode, after

[\ HACathode acceleration by the effect of the positive

Fro. 94—Diagram of anode grid and the screen grids, are
electrodes in pentagrid drawn through the oscillator grid.
SMETRLRL: 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 cireuit 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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F1ac. 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
134_'.’|2o = at intermediate frequency in the
f'si’loo - output circuit of the mixer (page

'§ 80T 147), and the denominator is the
é < 60 radio-frequency voltage of the
=i 40 signal applied to the fourth grid.
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Fig. 96.—Translation gain curve
or pentagrid converter (type

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

2 Translation

A7). 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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F1a. 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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—
Audlio-
[ freguency
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e v3L i
AVC 3V < R,
ST R Ly

Fic. 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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current plotted against plate voltage for the triode section
are shown in Fig. 101 and those for the pentode section in
Fig. 102.

The type 6F7 tube is intended for use as a frequency con-
verter in a superheterodyne receiver. In this connection the
triode section serves as the oscillator, and the pentode section
as the mixer. One form of ecircuit diagram for this purpose

» is shown in Fig. 103. Here the “mix-
ing” is accomplished by means of
the coil in the cathode return wire.
Because of the variable-mu character-
istics (page 123) of the pentode section,
it can be connected to the circuit for
automatie volume control. The curve
of conversion transconductance (page
152) plotted against the control-grid
voltage in the pentode section is
shown in Fig. 104 for the stated
conditions.

Fic. 99.—Triode-pen- F16. 100.—Conven-
tode tube. tional representation
of triode-pentode tube

(type 6F7).

In addition to its use as a detector and oscillator, the tube
can be utilized for other purposes where a triode and pentode
are suitable. For example, the pentode section of the tube
can serve as an intermediate-frequency amplifier and the
triode section as a detector of the fixed grid-bias, grid-leak, or
diode type. Similarly, the pentode section ean be used as an
audio-frequency amplifier and the triode section as a second
detector; or, the pentode section can be connected as either a
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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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Fie. 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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F1a. 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

! PArRkER and Fox, ‘“The Spray-shield Tube,” Proc. Inst. Radio Eng.,
May, 1933.
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receiver by the use of contact clips.

is possible to apply a negative
grid-bias voltage to the sprayed
shield. The sprayed shield pre-
vents the accumulation of elec-
tric charges on the inner wall of
the glass bulb, thereby eliminat-
ing tube noise due to secondary
emission of electrons from the
glass wall, and prevents localized
heating of the glass. Because
of this external coating the tube
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be made very low if the tube structure is designed for use witha
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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 a sprayed 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 low 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 chms, the mutual con-
ductance 410 micromhos, and the amplification factor was
7.5. In the type 0lA 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 variable-mu type of tube.
This was designed to overcome certain difficulties introduced



160 RADIO RECEIVING AND TELEVISION TUBES

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 mulii-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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instead of glass. The object of this change in manufacturing
is, of course, to obtain a sturdier construction with a smaller
space requirement. In the process of manufacture, each
lead-in wire is made to pass through a small glass bead, as

e Grid cap
Cop insylafor— B - Grid lead wire
Cap sypport -=-==--~ —Glass bead seal
Grid lead shield—-- = fernico eyelet
Controf grid—...__ A “~Vacvum-tight
Sorpen-s——ess i - steel shell
Suppressor --—-—- ~~Cathode
Dot it il -—Helical heater
~-~Plate ihsulating
HMount sygport--.__ ]| support
Sypport collar Wk +—- Alate lead connection
Getter tab---—-- ~-lnsulating spacer
Glass beod seal-- Shell fo header
seal weld
fernico gyelet—-- PHESE
lead wire—----W Shell connectfion
Octal base
~—8ase pint

Aligning key -—-——-
Aligning plug--------
Fig. 105.—Triple-grid super-control device.

shown in Fig. 105. This glass bead is placed in an eyelet
made of a special alloy of iron, nickel, and cobalt. This alloy
has the same coefficient of expansion as the glass bead. The
eyelet is welded to the metal container, and, in this process,
the glass bead is fused. By
reason of surface tension, the
glass tends to center the lead-in
wire, and fills the hole in the
metal container so as to make
an airtight seal. The bead is
the only part of this new 8 prong barse

type of tube that is made of Fre. 106.—Parts of all-metal radio
receiving tube.

glass,
By this method of manufacture, the vacuum in the tube

can be made uniformly good, and it is stated that this vacuum
is not only permanent, but actually improves with age. The
operating parts of this type of vacuum tube are assembled
on a steel base plate (Fig. 106) and when all the parts are in
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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.
Grid Frome  Mica
\ Spacer _Heater Wire
Mica Grid / P

Soliol r ] S
Sides™ - Space \Wtre / .

‘ Glaiss Foot
Cot'rhoo{ Inser-'r With
‘ [ Heoter Wire Boase Pins
otng " SheehClamp

*‘Mica Insulators
Fia6. 107.—Parts of Catkin metal screen-grid tube.

218, -Metal Shell

~.Bokelite Insert
With Base Pins

Fie. 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 sereen-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 frequenecy 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

(H) Heater -——~_

(K) Cathode-—~~~_

(G1) Control grid.
() Signal gr‘/%/ )

P \\_(63) Control grid
(62) Screen-— {Oscillator grid)

Fi1c. 108a.—Electrodes in type 6L7 tube.

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

External I-F Trons.

oscillator G5 >
tube and ! To /st
circ;uif /-F tube
. Bt

Y

R-F signol

circuit
ol

v %
Fig. 1085.—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

Type 6L7 I-F Trons.

,F gg y TolF
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e e :
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F1a. 108¢c.—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

Type 6L7 I-F Trans.
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F1g. 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 cireuit 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 R.

In another method of operation, as shown in Fig. 1084, 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 K 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
Fig. 109.—Pliotron de- tube,! Pliotron FP-54, shown in Fig. 109,

tector tube (FP-84). 44 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 Huwn, 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-
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 n& smell 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.



170 RADIO RECEIVING AND TELEVISION TUBES

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 bedts 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 Rosg, Proc. Inst. Radio Eng., December, 1933.



VACUUM-TUBE ACTION 171

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
stze 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

Il
'l| (|l

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.
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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
inch as in the triode. To obtain
the necessary support and rigid-
ity the grids and cathode are CO‘/,,f,o/
mounted on a ceramic disk, and 97%
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.
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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.
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Fia. 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. 6 ’ 1Y%
The measured values of interelec- $5 A4
trode capacities in micromicro- :%’4 4&“7 VA
farads are 0.7 between the grid and 83 ('\‘V // /1 N
the cathode, 0.07 between the plate £, — CA-AA- AJL__
and the cathode, and 0.8 between £, Lo“i/ 4/ 1/ X -2
the plate and the grid. g 0 N

The curves of plate current 0 20 40 60 80 100 120 40

plotted against control-grid voltage  Fic. 116.—Relation of plate

current and plate voltage for

for the tetrode are shown in Fig. e D
117 and the relation between the
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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F1g. 117.—Relation of plate F1g. 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
current is 4.0 milliamperes, the plate ﬁl‘|‘|‘l'm'l'l'|*-—""'
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 Ey
generate stable oscillations. The circuit Fie. 119.—Circuit of
of an ultra-high-frequency oscillator using ™!l tricde 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 !4 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.

F1a. 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 eircuit 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 #earer .
range from 2 to 5 meters and ., .l
could be used in that range for [
intermediate-frequency ampli-
fication. The success of this (SR 70 S P
experimental work on tubes for  Fie. 122.—Acorn-type triode for
operation at ultra short-wave 2% o8 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.




178 RADIO RECEIVING AND TELEVISION TUBES

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
Fia. 123.—Midget triode tube (type the terminal leads by means

L 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

Copper plate (groun.

d) -Plate voltage
¥

~e---=%- Hegter 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~-Frequeng Push-pull Oscillator
Hartley gOscillgfory TunedEplafe Tuned-grid type

L4 Cyy Ly Co= Depend on LGy, L2C,LsC5 = Depend on
frequency range frequency range desired
c ggglored. C4C5Cg =0.000!
3=000005 ur R, = 10,000 %o 12,500 ohms,
C4C5,Ce = 0.000! p2¢ V2 watt.
Ry = 20,000 to 50,000 chms,
% watt.
Z=RF Choke
F1g. 125.—Circuit for the use of F1a. 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 cireuit.
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
I0TEs = 6.3 volts

Plate Milliamperes

0 B0 100 150 200 250 300
Plate Volts

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

Grid No.!
I {contro! grid)

Fia. 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.
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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-

Flate lead
\
Getter cup~, ® /ﬂf;”ﬂ/‘g
Jshie
,/Ia Zgwd/eao/\ (M/ca spacer"le”f’ X
No.3 grid{ Fg N
257G 1ot N

Mica sp acer

Cathode--
N .---Metal
Internal s/ne/z/« Cathode lead i .Zf/e‘;d/ng
\—/-/ed/'er lead rhit
No.1 grid lead-~ y pariion
Fig. 129.—Details of construction of  Fr1e. 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 ConNsTANTS OF AcORN-TYPE Tuse (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% 14
L: |Length, inches........... 34 He X
C, | Variable capacity, micro-| 3 to 25 3to 25 3to 4
and | microfarads
C»
C | Fixed capacity, micromi-| 100 to 500 | 100 to 500 | 100 to 500
crofarads
Turns............ocvin.. 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

characteristics 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-

L Type 954 T [Screen volts = 100 T 7T 17 ]
9 |-Eg=63 volts i Suppressorvolts=0 L 1,40/ grid volts £, =0
8 |
/ =08
« 1 / T
Ye [/ =10
4 / T
g 5 H-A —]la’
=, [/ £y=-20
S 3ifiA 5
+ ==
5 -39
z? =
f 40
=45
0 -15.0
0 50 100 150 250 300 350 400

200
Plate Volts

Fia. 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 characteristic of a vacuum

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

Type 9541

3 E£=63volts™T / &
“£2000 Plate votts = 250 / 0L
S SSE;:en vofts(Ec. =10(()) qé_
S pressor =

£ 1600 ] o2
él? B 3
w 1,200 62
Q

£ VA 771 3
Y 800 4 9
— 400 =
3 VAV =
2 &

-6 -4 -2 0
Control-Grid Volts (E¢,)
Fic. 133.—Average charac-

teristics of midget pentode tube
(type 954).

between plate current and plate voltage for different values of
grid-bias voltage, and (3) the average characteristics showing
the variation in amplification factor, 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) generai-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 A,
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-

1 In 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 P 19—k,
the grid controls the breakdown of the tube, cous 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 9megobms
negative grid, referred to the
anode, means that the applied
grid voltage is negative to the E
anode when the anode is posi- gégooo
tive. Similarly, a negative ohms
grid, referred to the cathode,
means that thegrid isnegative
when the cathode is negative.
A positive grid, referred to the
cathode, means that the grid
is positive when the cathode
is negative. In general, the N
polarity of the grid-bias \
voltage is that polarity which 200 \\
exists under forward voltage
conditions on the tybe. o Volts A.G.on Grid Eg

A control characteristic Fi1c. 135.—Relation of breakdown
curve ShOWing the relation voltage to grid voltage in gaseous tube
between breakdown and grid (tvpe KU-618).
voltages for a type KU-618 tube is given in Fig. 135. The unit
ris 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

600

Anode Voltage

Ea

N
-200 -100 O +00 +200
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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.

load

L~ 2
g 500 S :
‘: / / 9 600 — d
5 / & 2 | current, /
= 5 . =Y
A & £ s 500 =Y Y
2 400— & —F ol > X /
|5 Y8 0 400 2 ’
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< - = ] ~l
0 50 100 -0 9/ +0 20 30 40 50
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Fic. 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 \ \Clomf-'rféz'?;

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

In this circuit negative control is \ afIUFe -
used. One difference between the 60«2\ 25 0
positive and the negative break- <
down characteristic is that the \ L:
grid-bias voltage under positive \ 500 £
control is positive throughout the <
major part of the characteristic, o \ ’é
while under negative control the S 1000 <
grid-bias voltage is negative. This Y
means that less grid current flows . \ L e
when a tube is used under negative 22 C: 500
control, because the grid is negative =25 X

with respect to the cathode. The 05°C°Y

negative type of control is generally

applied to mercury-vapor tubes. e D-C Gr;;'q/o”s Eg 0

The control characteristic curve  Fra. 138.—Relation of break-
shows that a flow of current will gg;:’;u?tl&?}?(:;gil‘ét‘féggf 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-ghift
(page 76) method of control should be used.

Tube Ratings.—A tube may be rated on the basis of maxi-
mum voltage, maximum ecurrent, 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 snverse-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.

Mazximum 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 tubewill break down when the anode impedance
is decreased or when the cathode impedance is increased. If
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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

A
E
§I?e/t:v 1
{ el }'! B Fy
Fia. 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

the
2
: = C,
E !
(Reloy 7+ C2
y AF
Fi1c. 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
To—ro o with low ratings have oxide-coated

Fie. 143.—Circuit for cold- 3
cathode gaseous tube with ex- fillament 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

;A’g/gy
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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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Fic. 144.—Comparison of operating characteristics of neon-filled tube and
mercury-vapor tube.

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

A\ /R

Fic. 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 low until E, 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

= Grid-glow fube L,C

A
F1c. 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

.

Switchor fime
a‘;e/ay relay
R

m
i
0000

Frc. 149.—Full-wave rectifier circuit for producing phase shift with hot-
cathode gaseous power tube.

and the condenser voltage by IXC. 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
be used to control the tubes which in \
turn either operate power contactors ¢ b7 7

. X :
or act directly. The power control‘led i, 150.—Relatiogn o
by the tubes may be either alternating critical grid voltage to
or direct current. In relay operation applied grid-bias voltage

R . . 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

e

~~— -
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exceeded, in the positive sense, the tube becomes conducting.
Then when a negative alternatmg 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

Fie. 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

L 1, J
5 1 A Contro/
AC. \; contacts
Source Loard
En C
Y -
o
Switch or time
olelay relay
Grid-glow tubes- Gr/d ress/stors
Fia. 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 voltage Gridl bivs

on tube No./ 1 ;r' voltage
Forward voltage

on fube No.2 } Confmjs I Cc}nfacfs

| closed

Tube No. | " Rpene _-Unit PF load
conducﬁng‘[\ /X current
Tube No. 2 NS 24

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 eathode consists of a
pool of mercury. It meets the requirements in traction and

Water _jacket Arioole contoct

\ -~ Radliator
Water r;x‘a“"‘
Jocker
Anocle - 1 ;
LE | p— 18 Vapor
Woter control
vackef--ﬁ g

: e = Porcelain cathode
Water jacket--- ' - insulertor

lgnition and excitation anode’ “Mercury pool cathode

Fiec. 154.—Construction details of typical Westinghouse mercury-are
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 i 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 are 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 are
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 arec 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

)y

o =

-~ Anode

_~lgniter

Cathodle -

(@ ®)
F1a. 155.—Essential parts of ignitron tube.

voltage was removed at least temporarily. The ignitron
tube combines the overload ecapacity 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-are 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 eycle. 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.

<~7

Fic. 156.—Glow Fic. 157.—Glow

lamp with @spiral 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, ¢
together with the ionizing effect and $;s50

S

with emission from the cathode due to £
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; c

d%tions. With the ﬂf)\?V of current. the 100150 & 200
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-

s . . 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
increases and spreads toward the
cathode. If the resistance is de-
creased further, the tube voltage
L__ remains constant, the current in-
30 creases as shown from point b to ¢,
E in Volts and the flow spreads over the cathode.
Fra.  159.—Relation of This portion b-¢ of the characteristic

voltage to current of glow |
lamp as used in small-unit i8S 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. ] p——

Operation of the tube as a glow e i:zm\)/o”l?s
lamp is carried out on the portion  Fia. 160.—Relation of voltage
of the characteristic curve from b to 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.

o
o
|
|

Current, Milliamperes

o
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o
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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
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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-
1 J2lois ylator.—If a glow lamp and
a resistance are connected in
Fia. 161.—Glow lamp used for con- Series as shown in Fig. 161
stant low-voltage supply from higher 5arq9s g circuit with varying
voltage source. .
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-¢ 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- L
amperes of about 20 volts (for example, a line Fre.  162.—
. . Cold-electrode
voltage of 110 volts minus an operating voltage s giled, volt-
of 90). The regulation curve showing operat- age-limiting
ing voltage plotted against operating current, tube
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- F1a. 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,
Fre. 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




VACUUM-TUBE ACTION 207

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 Voltage of the latter would be small
because the acceleration of the elec-
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.
#w  The discharge cathode K consists
of a sheet-metal cylinder provided
with a large number of rectangular
holes or openings. The cathode is
Fia. 166.—Cold-electrode tube surrounded by a discharge anode 4,
with cylindrical electrodes. )i 1 has 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 A;, 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 A
the openings in the discharge
anode and locating them radi-
ally opposite. , —
A diagram of fundamental > Gl —
circuit connections in which —J\_B!‘L {
this tube is used is given in N 9"1 R Py A
Fig. 167. A source of current _
N of 220 volts is shunted by a Fie, 167 Typical vt tox ap-
potentiometer. The negative
terminal of this current source is connected to the cathode K.
The lead to the discharge anode A4, 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 A; and with a
voltage on the amplifying anode A, which is about 10 volts
higher than that on A, 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 4, 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
Fie. 168.—Con- region. Tubes of this type have been
Catonh. nogetails of designed for a plate resistance of 7,000
tube. ohms, a mutual conductance of 3,000
micromhos, and an input impedance of about 14 megohm.
The efliciency 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 ecathode ’ysg‘c’,’g
current is limited by a ballast 6/073/576

. enveio,
resistance (page 206), but no N Cyfinalri-
amplification is possible. In a G-ppet il
this tube the design is such : g
that the individual space L\ perar
charges around the wires of the p cathode
grid can be made to spread Glass ||~

. : 5 p, tfube -~
until they combine into a single jnsptor _ Glass
space charge to cut off the dis- A[nsulating
charge current. A cross sec-

tion of one form of this tube is  Fis. 169.—Reich and Hessel-
shown in Fig. 169. The elec- :)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 ecurves for this tube as shown in
Tig. 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
1 Reice and HessereerTH, ‘“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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Fig. 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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extending out from the bottom of the bulb into its central
portion, the wire being ““capped” in some designs by a small
disk. The cathode is a material, usually caesium, which has

e i
ﬁ‘ “-+Cathode
1
1l ’
i g
A i
b
F1c. 171. —T\ p- Fig. 172.—Ele-
ical photoelectrie ments of photoelec-
tube. tric tube.

the property of emitting large numbers of electrons when its
surface is illuminated. The coating of caesium on the inside
of the bulb is, in many cases, deposited on a ‘““backing of
e metallic magnesium.” After the electrons have
ome/ecfnc
Ce// . been emitted from the cathode, their passage
= 004Gy toward the anode may be hastened if a voltage
’5 camiga Of the right polarity and of suitable magnitude
i is applied between the cathode and the anode.
;‘mmeﬁ,; A simple circuit including a phototube, an
slm;jephom_ ammeter, and a battery is shown in Fig. 173.
sllgctf”c cir- With these arrangements, a current flows through
the tube and its circuit as shown, when its cathode
is illuminated. A phototube must, obviously, have some
provision for admitting light; and for this purpose, a small
window is left in the magnesium backing.
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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 photoelectrie 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 20 -
- - (=3
characteristic, the current- £i5 ~
voltage characteristic, thecur- 2o
rent-color characteristic, the % s
. . £
vol.tag.;e-lllummatlon char.ac- & 0 04 05 08 10 17 14716
teristic, and the power-resist- Light Flux in Lumens
ance characteristic. Firc. 174.—High-vacuum  photo-

Current-light Characteris- elein tubie (eybe dE-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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Fi1g. 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

b L0 lymen higher ranges the relation is

20— Wi - .

E gl /4 08limen | mnot in direct proportion.
e I b ;

§ /= WV lumen The .lmear relation can })e ap-

_’f; 4 Zmer_| Dproximated by variation of

* ‘ the load resistance.

€2 )2 lumen —

£o Current-voltage Character-

S 0 1020 30 40 50 60 70 80 90 jgtic,—Curves of the relation

Applied Potential in Volts b d lied
F1g. 176.—Relation of current and etween current and applie

applied voltage at different light inten- voltage at different light in-
:ifti)zs( Sf?{r-5 (l):)i'gh-vaccum photoelectric o, itiag fO.I‘ tl}e 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 eurve, 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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Fi1a. 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 4 in Fig.
178 is for a vacuum-type photoelectric tube designed tc give
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Fie. 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



218 RADIO RECEIVING AND TELEVISION TUBES

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
AL
2N two sets of curves: one for
=350 é’;}fﬁ‘w alternating current and the
€ 300 [ ICr 5~ .
T 250 IR — Tt other for direct current. The
E’Ilgg ] \__ breakdown voltage is the value
$100 C{ bfwiioff] | at which the glow starts, and
50 T 1] the break-off voltage is the

O o0 .90 480 il value at which the glow ceases.
F1e. 179.—Relation of voltage to Under the influence of a direct
iﬁl)‘: changes in typical photo-glow y.)tage 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 (foating grid).
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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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Fra. 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
/___Jgg’eo'%’;you/ied in iI'Z)ot candles is varied. It
is seen that the output re-
sponse is very nearly in direct
proportion to the logarithm
of the light intensity.
A circuit diagram to illus-
Fic. 182.—Circuit for using UX-245 trate the use of a type 45
a8 photocletetn 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

Floatin
Grid 4
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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 EMIssion
(See Fig. 180)

Plate, Cathode, |Screen grid,
Tigpe:of fube volts volts volts
Airline 210. .. ................. 10 6
Kenrad 238................... 120 5 6
Kenrad 239................... 120 5 6
Airline 210*%. . ................. 30 6
RCA250F.......c0vvivvnnn.. 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

Control electrode Internal fluorescent

and cathode screen
/
/ Parth of cathode ray
without dleflection d
I ».

Seconoli anoole

Tube baise i
1

First anode
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] A

1] Second anode
[ termineil

!

U
Terminals of electrostatic  Infernal conducting coatf-
deflecting plates 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



VACUUM-TUBE ACTION 223

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

Radiafor—--*)

---N-Anode sfem

A-Target
X-ray profective N NI-flectron stream
Shield—... ‘

Filamen (g means must be provided for
connecror---f&s = . .
\ st varying the voltage applied to
\ window the primary winding of the
X-ray beam—7 \

N . high-tension transformer.
Fie. 184.—Construction details of s 5 . s
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 deseribed 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 - +
connected to -provide feed-back of “_'M'"I ————— 1M-
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.

1 Hyrr, A. W., “The Dynatron,” Proc. Inst. Radio Eng., February,
1918.

6 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
Sfour-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
b %5 . .
3 *-Filamen/ the type 24A tube in Fig. 58
© /< emissron E
® // over the range of plate voltage
2 _Z /f “z’gﬁ’,’;’nﬁ’/ % from zero to the values on the
0 =< / curves at 90 volts.
o da)},P\laJ'W The dynatron connection can
em/;v.s/'o; \ / be applied in several ways to
caren \\ / utilize the negative resistance
~/ characteristic of a tube. In

Frc. 186.—Relation of plate cur- oue app 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 8  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

Controf grid
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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 circulor
%\ / - plate
R AR R

A0

[/
Fia. 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
FI(:'io:lsgf‘;ifh’t%;?xﬁc;";m‘f::ﬁ’ " 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 WHaite, 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. VL.
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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

Fra. 190‘;;&2‘:2:"’“"9“ graduated to indieate 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

! Mover 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 50 yoits
for which it is designed and by its  Fia. 191.—Simple electric
sensitivity in terms of resistance per ¢ircuit 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  5,0000hms | 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
Fig. 192.—Circuit shown

in Fig. 191 with the addition 0.0111 X 5,000 = BB E welia

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 *highesistance 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

5,0000hpms  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 serdes 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 zire
be wutilized for several different W
ranges by the use of a number of Fic.194.—Direct-current am-
differenit shunts esch 1o 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 4
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
Frc. 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 eurrent.?
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 4 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 correet for radio-frequency
currents it is best to compare the instrument with a standard
meter for accuracy. This type formerly was uised 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 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-

R
D
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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 ohms
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

1 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 chm-
meters of the multi-range type a
number of resistance units are pro- é
vided for use in series with the meter Jerminal posfs
as a means of extending the range. ¥’c- 199~;§ti£}ple blitn=

Commercial types of ohmmeters )
are available in ranges from several thousand ohms to half a
megohm.

Volt-ohmmeter.—The volt-ohmmeter is an instrument
which can be used as a multi-range voltmeter and milliammeter
for direct-current measurements, as well
as an ohmmeter. This arrangement is
made possible by the use of a number of
resistance units which may be connected
in series with the meter. A panel picture
of the Weston model 663 is shown in Fig.
200 and the circuit diagram in Fig. 201.
There are six available resistance ranges
from R + 5 to R X 10,000. The proper
range is selected by means of the control
Fra. 200.—Weston gwitch near the bottom of the panel. The

volt-ohmmeter. y

current needed to operate the device as
an ohmmeter is obtained from dry-cell batteries mounted
under the panel. The knob marked ‘“Ohmmeter Adjuster”
is used to bring the meter pointer to its zero position
when the terminal leads are inserted in the jacks marked

[o+]
e
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‘“Resistance Ohms” and short-circuited. The instrument
has a range of 50 microamperes and a resistance of 2,500 ohms.
The current drawn from the batteries and passing through the
resistance being measured varies from 60 microamperes in the
R X 10,000 position to 300 milliamperes in the B + 5 position.
For a given range the current is a maximum when the meter
pointer indicates zero ohms.

When the control switch is in the ‘Volts-milliamperes”
position the internal wiring connections are so arranged that

Res,
ohms g
& 25
T fcel }goo ohms
Yy
hms ?0,0000 ohms
42/ ohms NS 150000 okms
Sk 250
8420bms 3|1 S8 onsiliaims S &3 250000 ofims
F (/ |_l :gE 500
76 okmis ARSI 2000000bms
® 1000
Obmmeter 1--484 ohms
adjuster-... . .-25 ohms
N 0 4 2825 0hms
X70000 " Yoensd 2777 0hms
X X10" =X 100
x0T NIX1000
R X/0000
Confrol | . 45
switch--T 7 X/
X10000" X1000 “X 100 X190

Fic. 201.—Wiring diagram of Weston ohmmeter.

the meter can be used to indicate either volts or milliamperes.
Four ranges for voltage readings are provided through the
jack terminals on the upper left-hand side of the panel. The
instrument when used as a voltmeter has a resistance of
1,000 ohms per volt, and the scale is marked for ranges of
0-2.5-10-100-250-500—1,000 volts. The instrument may be
used as a milliammeter by means of the jack terminals at the
upper right-hand side of the panel. The ranges available are
0-1-5-25-100 milliamperes.

Output Meters.—An output meter may be used for com-
paring the degree of amplification produced by vacuum tubes.
It may be utilized also generally as a sensitive indicator of
voltage, as, for example, in the measurement of the signal
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output voltage produced by a radio receiver, or the amplifica-
tion in a radio-frequency stage.

A sensitive output meter is essentially a direct-current meter
connected with a rectifier. A panel view
of a commercial type designed for output
or volume measurements where a constant
impedance is desired is shown in Fig. 202.
The internal wiring connections are shown
in Fig. 203. The rectifier used is of the
copper-oxide type. A self-contained con-
denser for blocking any direct-current com-
ponent is connected to a separate pin jack
for use when desired. Five voltage ranges
of 1.5, 6, 15, 60, and 150 volts are available
at the pin jacks and may be selected by the dial switch. As
shown in the circuit diagram, the resistance R. is in parallel

]’ with the meter while the resistance R,

is in series with it. The arrangement

R | is such that for any position of the

switch, that is, for any of the available

voltage ranges, the impedance of the

entire instrument is constant at about

Fi1a. 203.—Wiring of Weston 4,000 ohms. This approximates the

output meter. impedance of a loud-speaker, or the

impedance of the primary winding of an output transformer
(page 24).

Wheatstone Bridges.—A circuit
called the Wheatstone bridge is used
to measure an unknown resistance —
in terms of known resistances. A I
diagram of this circuit is shown in T 3 dn
Fig. 204. The voltage drop between ¥ie. 204.—Typical Wheat-

stone-bridge circuit.
points @ and ¢ is the same over the
path abc as over the path adc. Hence, some point b on
the upper path must have the same voltage as a point d on
the lower path. When such points have been located, a
galvanometer or sensitive current indicator G connected

Fia. 202.—Weston
output meter.

Rz
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between points b and d will show no deflection. With a cur-
rent I, (amperes) in the upper circuit, I; in the lower, and
r1 and r; being the respective resistances in ohms, the voltage
drop I,r; is equal to the voltage drop I.; so that I,r; = I3
s 9 and r; = ry = I, = I,. Simi-
larly in this figure, I,ry = Ir4
and rp +ry=1,+1, con-
sequently r, = r3 =13, + r4 O
T4 = rors + r1i. An unknown
resistance r4 may be calculated

Logagle | | Line volfage - .
switch acjustment  from this relation.

| BB Lo Capacity Meters.—The in-
Jacks e = strument shown in Fig. 205 is

Fic. 205.—Hickok capacity meter. . i
g intended for use as a capacity

meter for measurements from 0.0001 to 20 microfarads. It
is operated on alternating current having a frequency of
60 cycles per second, and is provided with a means of com-
pensating for line-voltage fluctuations between 100 and 130
volts. The conventional circuit

diagram of Fig. 206 shows the Rehms

connections of the power trans- weter | - PYAIRN. L 9000

former, pin-jack terminals, tog- SHE B o
gle switch, rectifier, meter, and < twb <3 pntormer
voltage-adjustment unit. The .§ e 032§ 100wlts
meter is of the moving-coil type, /% - O Ol
with a range of 0.0003 ampere | —
and a resistance of 150 ohms. 4500

The dial of the meter is marked  CommnD ¢ B & Anjacks

with four scales A, B, C’ and D, Fia. 206v—C§rcuit of Hickok capac-
5 ity meter.

corresponding to the four ranges

available through the pin-jack terminals. The rectifier is of

the copper oxide type.

Connection to a source of power is made by means of a cord
and plug on the meter. Then the test leads are inserted in
the proper pin-jack terminals, one being connected to the
“common’’ terminal, and the other to terminal 4, B, C, or D,
depending on the range. The toggle switch is set in the ABC
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position when terminal A or B or C is used, and in the D
position for terminal D. The meter should be adjusted if its
pointer is not at zero. Then the test leads are touched
together, and the control knob for line-voltage adjustment is
moved until the pointer of the meter indicates a full-scale
deflection. Next the test leads are connected across the
condenser which is to be measured. The capacity in micro-
farads is obtained directly from the meter indication.

An electrolytic condenser! must be “formed’’ before it is
measured in this device. The forming may be accomplished
by applying to the condenser a
direct current at a voltage of not
less than 45 volts for a period
of about 1 minute. Then the
forming voltage is removed
and a measurement is made
immediately of the condenser
capacity.

Inductance measurements
with readings in henrys can be Common " D
made with this meter by means Fre- ti%éisci:g;‘cig?dm:;c;‘“ of
of tabulated values which show ’
the inductances corresponding to capacities over the range
of the instrument.

The action of this device may be described with the help
of the simplified circuit diagram of Fig. 207. This diagram
shows the circuit connections when a condenser is inserted
between the ‘‘common’ and the D terminals. The rectifier
units are arranged to allow an alternating current to flow
through the condenser, and a pulsating or rectified current
through the meter. The variable resistance of 1,500 ohms acts
as a shunt, being in parallel with the meter. When either of the
terminals A or B is used, a higher voltage is applied. When
the toggle switch is in the ABC position, a “Y’’ network of
resistances is connected in parallel with the “Y’” network

1 Mover and WosTREL, ‘‘Radio Handbook,” p. 104, McGraw-Hill
Book Company, Inc., New York.
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shown in the diagram. The current flowing in the circuit is
proportional to the capacity (page 47).

Audio-frequency Oscillators.—A multitude of bridge meas-
urements require a dependable source of alternating current
of low power but of constant frequency. The source of
current supply should also be simple in its operation, as well as
rugged and reliable. One type of audio-frequency oscillator
shown in Fig. 208 is suitable for such use. It has an output

avdlio bst‘///or?‘o%

Zero low Q Medium

Fi1g. 208.—Audio-frequency oscillator, (General Radio.)

of about 0.06 watt at 1,000 cycles per second. External bind-
ing posts are so arranged that three output voltages may be
obtained. The outputs obtainable with these three different
connections are given in Table VII.

TaBLE VII.—QutruTs OF TYPICAL AUDIO-FREQUENCY OSCILLATOR

Poslfion Voltage, .Cl.1rrent,
volts milliamperes
Low....... .. ... ... 0.5 100
Medium........ 1.5 40
Highs ::suismisvarssamss 5.0 12

This type of oscillator can be used for general purposes where
a small amount of power of good wave form is required for a
single bridge.
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For some capacity measurements it is desirable to use a
high voltage. This increased voltage may be obtained by
connecting an inductance and capacity in series across the
high-voltage output terminals of the oscillator. By adjusting
this circuit to resonance, voltages as high as 50 or 100 volts
may be obtained by connecting output leads across the con-
denser. This instrument will operate satisfactorily on from
4 to 8 volts. The input current is approximately 0.13 ampere.

Button
C’ono/elr;ser
LA
2 Armartfure coil
ary |
Input
fmnsfbrmer'
A AAAA A
Secandary
Primary.
l\lllllT!1lHll\
Output 1000~ audro
transformer oscillator

199 e o

Zero low Medium High
F16. 209.—Circuit of audio-frequency oscillator,

When in operation, the oscillator may be heard for a distance
of approximately 25 feet, or may be made silent by enclosing
it in a sound-proof box. The circuit of this oscillator is
shown in Fig. 209. The closing of the switch places the field
magnetizing coil directly across the battery. The primary
coil of the input transformer which is in series with the
microphone button is also across the battery. The resonance
circuit consists of the secondary of the input transformer,
the primary of the output transformer, the armature coil, and
the condenser. The secondary coil of the output transformer
has three taps to permit the obtaining of three different output
voltages. The use of the two transformers prevents the out-
put wave from containing any direct-current components.
Each transformer core has a small air gap to prevent distortion
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of the wave form. Since, however, the magnetic circuits are
all nearly closed iron paths there is very little effect from out-
side fields. This feature is particularly important where the
oscillator is being used in close proximity to a Wheatstone
bridge. The tuning fork in this apparatus makes it possible
to keep the frequency constant at 1,000 cycles per second.
The resonance circuit is carefully adjusted to this value.
Since the oscillator is self-starting, it may be operated by a
switch placed at the bridge or located some distance away
from the bridge.

By the use of the field magnetizing coil on one tine or
prong of the vibrating fork, instead of relying on its perma-
nent magnetism, the polarity and intensity of the magnetiza-
tion of the tuning fork with respect to the armature are
permanently maintained.

Success or failure in the operation of an audio-frequency
oscillator or ‘“hummer” lies very largely in the microphone
button. If the button heats so that the oscillator cannot be
run indefinitely, and also if the adjustment of the button is
not permanent, or if slight mechanical shocks change its
operating characteristics, the oscillator has little commercial
value. A distortion of as small an amount as 14¢¢ inch from
the normal position of the button will destroy the perfect
operation of the button. In order that the button may be
insensitive to mechanical shocks and yet operate properly
at 1,000 cycles per second, use is made of its high inertia
effect at the latter frequency. One side of the button is
attached to the tuning fork by means of a short, flat spring.
The other side, which has a projecting mounting post, is
held in position by a self-centering spring. This combina-
tion of springs enables the button to withstand severe shocks,
yet it has sufficient inertia so that satisfactory operation is
obtained. The adjustment of the button is permanent.
This type of mounting, together with the fact that the electrical
constants of the circuits have been adjusted to their best
values, insures the continuous operation of the oscillator with-
out heating.
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The harmonic content of the output varies with the imped-
ance of the load. For a normal resistance load the harmonic
content is from 3 to 8 per cent. The variation in frequency
caused by the effect of the load and by temperature changes
has a maximum value of about 0.1 per cent. A variation of
this magnitude is negligible for practically all bridge measure-
ments. The load of the microphone button on the fork
produces a frequency which is less than the rated value by
0.5 per cent.
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Fia. 210.—Load characteristics of audio-frequency oscillator.

This type of oscillator may be obtained for any 100-cycle
multiple in the range from 0.4 to 1.5 kilocyecles, with a self-
contained filter arrangement to correct the wave form. The
output characteristics showing both power and wave form for
the 1,000-cycle type are shown in Fig. 210.

Resistance Measurements.—QOccasionally a resistance meas-
urement must be made when devices such as a Wheatstone
bridge (page 241) or an ohmmeter are not available. In
that case a simpler method! using the circuit shown in Fig. 211

1 Other testing methods for resistance, inductance, and capacity

measurements are given by Moyer and Wostrel in ‘‘ Radio Handbook,”
in the section on Laboratory Equipment and Methods.
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can be utilized. In this circuit are a battery or other suitable
source of direct current and an ammeter I. The unknown
resistance to be measured is inserted in

A B the circuit between the points A and B.
E j After a reading has been made of the cur-
rent a known variable resistance is in-

U serted in place of the unknown resistance,

Fic. 211.—sSimple and its value is adjusted until the
circuit for resistance ammeter ShOWS the same rea ding as
measurements.

before. The variable resistance must be

marked in such a way that the value under any adjustment
can be noted.

Resistance Measurement with Volt-

meter and Ammeter.—In this method the

resistance R in ohms is calculated from R

the relation R = E = I, where E is the =

drop in volts across the resistance R, and

I is the current in the circuit in amperes. Fie. 212.—Ar-
rangement of volt-

A voltmeter V and an ammeter I are
connected into the circuit as shown in
Fig. 212 for high resistances, and in Fig.

meter in circuit of Fig.
211 when the resist-
ance to be measured is
high.

213 for low resistances.

It should be noted that the resistance of the circuit is
changed slightly when the measuring instruments are con-
nected to the circuit. For most practical
measurements this effect may be disre-
garded, if the resistance of the voltmeter
is high compared with the resistance
which is to be measured.

Measurement of Inductance.—One
method of measuring the value of an
inductance is based on the use of the
Wheatstone bridge. In this method the
unknown inductance is measured by com-
paring it with a known inductance. The arrangement
of the bridge is shown in Fig. 214. In this circuit L
is the unknown inductance, L, the known inductance,

F1ag. 213.—Arrange-
ment of voltmeter in
circuit of Fig. 211 when
the resistance to be
measured is low.
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T a telephone headset, and R and R, are variable resistances.
A source of alternating current is connected to the circuit at
points 4 and B. Next the resistances B and R, are adjusted
until there is no current indication in the telephone receivers.
Then the value of the unknown inductance L may be calculated
from the relation L = L;R + R,.

This Wheatstone-bridge circuit can be used also to measure
directly the mutual inductance

of coils. In some cases, how- R ((/anown}
ever, it may be advisable to Ad

measure first the inductance Bo

of each coil and the total R,

inductance. Then the mutu- Ly

al inductance M may be cal- Fie. 214.—Circuit diagram for
culated from the relation that inductance measurement with a
total inductance L, = L, + ' beatstone bridge.

L, + 2M.* This relation, however, is true only when the
coils are in series and connected in such a way that their
inductances do not oppose each other.

Testing Coils with Ohmmeter.—Coils and windings such
as are used in transformers and ‘“‘chokes” (page 64) are gen-
erally made in commercial sizes with definite values of
resistance stated by the manufacturer. An open circuit, a
short circuit or a partial short circuit in a coil can be detected
by an ohmmeter test. In this test the resistance of the coil as
indicated by the ohmmeter is compared with the specified
resistance rating of the coil. This comparison will show the
nature of the defect.

A coil which is wound on an ron core may become grounded
to the core. A short circuit of this kind can be detected by a
test between each terminal wire and the core.

Measurement of Capacity.—The capacity of a condenser
may be measured by means of a Wheatstone bridge. In this
method? the unknown capacity is compared with a known
capacity. The unknown capacity C in farads is calculated

1 See p. 73.
2 Mover and WoSTREL, ‘‘ Radio Handbook,” p. 604.
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from the relation C = CR, + R, where C, is the known
capacity, and R, and R are the resistances in ohms of the
bridge arms (see Fig. 214).

The capacity of a condenser may also be readily calculated
from the relation I = 2xfCE (page 67). This relation gives
the current I in amperes that flows in a condenser having a
capacity of C farads when an alternating voltage of E volts
at a frequency of f cycles per second is applied. If C is in
microfarads and I in milliamperes this relation becomes
C = 1,000/ + 2xfE(x = 3.1416). The value of I is obtained
from the indication of a milliammeter in series with the con-
denser when an alternating voltage is applied. The ordinary
house supply circuit at 110 volts and 60 cycles per second can
be used.



CHAPTER VI

TESTING VACUUM TUBES

Tube Testing for Service Work.—We have learned that
the behavior of a tube is indicated in terms of certain electrical
characteristics, such as amplification factor, plate resistance,
mutual conductance or transconductance, emission, and power
output. Consequently, a tube can be tested by measuring
its characteristics and comparing them with standard values.
But even a careful analysis made with accurate laboratory
equipment does not give an absolute measure of the perform-
ance of the tube under actual operating conditions in a radio
receiver. Because there may be this variation between
analysis results and actual performance, it has become cus-
tomary to check the condition of a tube by means of simple
tests.

Experience has shown that the necessary degree of accuracy
in testing is obtained if the value of a single characteristic,
instead of several, is used to determine the condition of a tube.
The characteristics generally selected for service testing pur-
poses are (1) emission, (2) mutual conductance, and (3) power
output. Each one of these has certain limitations which
should be understood. With this information, the service
man or experimenter can select the commercial testing device
which best meets his requirements, or he can design equipment
for special applications.

A complete service test would consist, in addition to the
tests mentioned above, of an examination for (1) tube ele-
ments in contact, (2) excessive gas pressure, and (3) electrical
leakage.

Emission Test.—A test of the electron emission of a tube as
an indication of its condition is not in general favor because of
the danger that the test results may be misinterpreted. One of

251
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the limitations of this test is that it is made under static
conditions and thus cannot be an indication of the performance
of the tube under actual operating conditions. There is also
the danger that emission may be impaired permanently if the
test voltage is applied for too long a period. In a vacuum
_tube the maximum current, or saturation current, is obtained
_at a certain value of plate voltage beyond which there is
no practical increase of plate current. This current is called
emission current or “emission” because it serves as an indica-
tion of the total emission of electrons. Generally, however,
its value cannot be measured be-
cause if the current is increased to
its maximum the tube may be
damaged and the emitting condi-
tions may be changed. Conse-
quently a test of emission is made
at a lower voltage which will not
injure the tube. Comparisons of
tests are valueless if the operating
. conditions are not alike.
f=——=lpii=—" A low value of fotal emission is
Fra. 215.—Typical circuit for g gign that the tube is approaching
STARIA, TRRUE; the end of its useful life. A low
value of fest emission, however, for a coated filament (page
12) may not mean that the tube is worn out, because this
type of filament is capable of such copious emission that satis-
factory operation is possible for an additional period of time.
A normal value of emission may be obtained under certain
conditions, even though the tube would be unsatisfactory in
operation. Thus a coated filament or cathode may have
active spots from which the emission is so great that a normal
test is obtained, yet the emitting area may be so restricted or
confined that the grid does not have its usual control over the
electrons.
A wiring diagram of a circuit for the emission test is shown in
Fig. 215. All the electrodes or elements of the tube, except the
cathode and diode (page 95) elements, are connected to the
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TasLe VIII.—EwMission DATa

Filament voltage, | Emission voltage, | Emission current,
Tube type volts volts milliamperes
1A6 1.50 50 3
2A5 2.5 50 50
2A6 2.5 50 40
2A7 2.5 50 40
2B7 2.5 50 40
6A4 6.3 50 40
B6A7 6.3 50 40
6B7 6.3 50 40
6F7(pentode) 6.3 50 30
01A 5.0 50 25
10 8.0 100 60
WD-11 1.1 50 5.7
WX-12 1.1 50 5.7
112A 3.3 50 10
19 1.25 50
120 3.3 50 14
22 3.3 50 14
24A 2.5 50 40
26 1.5 50 40
27 2.5 50 40
30 1.50 50 3
31 1.50 50 5
32 1.50 50 3
33 1.25 50 9
34 1.25 50 3
35 2.5 50 40
36 6.3 50 40
37 6.3 50 40
38 6.3 50 40
39-44 6.3 50 40
40 5.0 50 25
41 6.3 50 45
42 6.3 50 75
43 25.0 50 75
45 2.5 50 85
46 2.5 50 50
47 2.5 50 85
48 30.0 50 100
50* 7.5 250 75
53 2.5 50 75 per cathode
55 2.5 50 2
56 2.5 50 40
57 2.5 50 40
58 2.5 50 40
59 2.5 50 50
71A 3.3 50 10
75 6.3 50 25
76 6.3 50 30
77 6.3 50 30
78 6.3 50 30
79 6.3 50 40 per cathode
856 6.3 50 25
89 6.3 50 50
99 3.3. 50 5.7
5Z3 5.0 75 85 per plate
12Z3 12.6 20 40
25Z5 25.0 20 40 per plate
18% 6.3 20 30
80 5.0 75 55 per plate
81 7.5 150 125
84 6.3 25 30 per plate

* The emission for type 50 is measured with the control grid connected to one side
of the filament.
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plate. The meters specified for this circuit are of the direct-
current type. Before a reading of the meter is taken, the tube
should be operated for a period of time sufficient to heat it to a
constant temperature. The cathode is operated at the rated
voltage and the plate voltage is selected from Table VIII. It
is seen from the table that a positive plate voltage of 50 volts is
used for the majority of tubes. In the case of diodes a direct-
current voltage of 10 volts is connected between each diode
with a limiting current of 0.4 milliampere for each diode.
Certain types of tubes, as indicated in the table, are tested at
less than the rated filament voltage in order to avoid injury
due to excessive emission. If a tube gives a reading of emis-
sion that is much less than the value in the table, it should be
regarded as doubtful until tests for other characteristics
indicate its general usefulness.

Mutual-conductance Test.—The characteristic used as the
basis of measurement in many types of commercial tube
testing devices is the mutual conductance or transconductance.
It is commonly assumed that if the test on such a device shows
a satisfactory value of mutual conductance, the amplification
factor and plate resistance also are satisfactory. This assump-
tion is made on the grounds that mutual conductance is
affected by any change in the other characteristics, in gas
pressure, and in electrode position.

Mutual conductance in mhos is defined as the ratio of the
change in plate current in amperes to the change in grid
voltage in volts. The commercial tube-testing device is
designed to utilize this relation to give an indication of mutual
conductance.

One type of testing device using the so-called grid-shift
method is arranged so that a change is made in the value of
grid voltage applied to the tube being tested, and a reading is
taken of the corresponding change in plate current. If this
reading compares favorably with values provided for use as a
standard, the tube is normal. In this type of device direct-
current voltages are applied to the electrodes of the tube to be
tested. The grid voltage is shifted usually by 1 volt and the
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change in current is read on a direct-current ammeter in the
plate circuit.

Another general type of mutual-conductance testing device
is designed to give ‘‘dynamic’’ values of the characteristic.
This device is arranged so that an alternating-current voltage
is applied to the grid; and this voltage produces a plate current
which has an alternating-current component. The usual
type of alternating-current ammeter (page 234) is used to
indicate the value of the alternating component of the plate
current in milliamperes. Then if the voltage applied to the
grid has a value of 1 volt (root-mean-square) (page 45), the
mutual conductance in micromhos is equal to the plate current
multiplied by 1,000. The majority of the commercial tube-
testing devices intended for operation from an alternating-
current house-lighting circuit are of this general type.

Power-output Test.—The justification for a power-output
test is that it gives the best possible indication of the perform-

.C.
Input

Gl

AC. Milliammeter

= MI}‘:— ‘/Y‘&

F1c. 216.—Power-output test of pentode for class A operation.

ance of a vacuum tube in actual operation. The power-output
test on a tube intended for voltage amplification serves as a
measure of the amplification and the output voltages which
the tube can produce. On a tube intended for power-output
services, the test gives a direct indication of performance.
The testing method for a tube intended for class 4 operation
"(page 130) is different from that for a tube intended for class B
operation, although the general procedure is the same.
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The circuit diagram of a power-output test on a pentode
tube intended for class A operation is shown in Fig. 216. It
should be noted that an alternating-current voltage is applied
to the grid. The alternating-current milliammeter in the
plate circuit serves to give an indication of the alternating-
current output voltage produced across the impedance L
which acts as a plate load. The direct-current component
of the plate current ig ‘“‘blocked” from the ammeter circuit
by the condenser C. In this
test the resistance of the plate
load must be known. Then

The circuit diagram of the
power-output test on a tetrode
intended for class B operation
Fia. 217 —Power-output+ test of Is shown in Fig' 217. In this

tstrode for olass B Speration: test also an alternating-current

voltage is applied to the grid;
but in this ¢ase, a direct-current milliammeter is used in the
plate circuit to indicate the value of the direct current. Then
the power output in watts is equal to the square of the current
reading in amperes times the load resistance in ohms times the
factor 0.405.1

Calculation of Static Characteristics.—Static characteristics
are those relations which may exist between tube voltages and
currents when there is no load in the plate circuit and when a
direct-current grid-bias voltage is applied. It should be
remembered that the relations which actually exist between
voltages and currents, when the tube is operating in any of its
applications, are determined not only by the characteristics
of the tube itself but also by the properties of the radio
apparatus used with the tube. Such relations, called the
dynamic characteristics, are treated in a later section.

£

% the power output is determined

E from the value of the current
erlp?/ 2 :;:5 and the load resistance.

=

G

[}

1 See second footnote, p. 235.
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The tube characteristics to be determined are the mutual
conductance, the amplification factor, the plate resistance, and
the grid resistance. The calculations are made from values
taken from a curve showing the relation between plate current
and grid voltage, and another curve showing the relation
between plate current and plate voltage.

Plate-current Grid-voltage Curve.—A plate-current grid-
voltage curve shows how the plate current is affected by
changes in the value of the grid-bias voltage. The data for
this curve of a vacuum tube are obtained by operating the
tube at its rated filament voltage and plate voltage, with a
direct-current bias voltage applied to the grid. Then the
grid-bias voltage is increased in negative value until the point
of cut-off (page 130) is reached, at which the plate current is
reduced to zero. Next the grid-bias voltage is decreased in
small steps to the zero value and then increased gradually to a

TasLe IX.—TesT DaTa FOR PLATE-CURRENT GRID-VOLTAGE CURVE

Filament voltage........................ 5.00 volts
Filament current........................ 0.25 ampere
Platevoltage........................... 45.00 volts
Grid Volts, Plate Current,
Negative Milliamperes
6 0.0
5 0.1
4 0.2
3 0.4
2 0.7
1 1.1
0 1.6
Positive

C W= U WD
WWH WO NG~

[



258 RADIO RECEIVING AND TELEVISION TUBES

maximum positive value. At each step the grid-bias voltage
and the corresponding plate current are observed and recorded.
A test of this kind on a type 01A tube gives the data as shown
on page 257,

Using these values a curve may be plotted on cross-section
paper. It will have the shape of curve 45V in Fig. 218.
Information such as the volts and amperes in the filament
circuit and the plate voltage, as well as the other data of the
test, should be recorded on the curve sheet.
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Fig. 218.—Mutual conductance determined by the tangent to characteristic
curves of tubes.

Mutual Conductance.—It was shown, in the explanation of
how a vacuum tube operates, that the ratio (mutual con-
ductance) of changes in plate current to changes in grid voltage
is a better measure than any other single factor for determining
the relative merit of a tube. A curve, which represents the
relation between these two factors with horizontal values
(abscissas) for grid voltage and vertical values (ordinates) for
plate current, is a graphical device to show the good or poor
qualities of a vacuum tube. In the portion of such a curve
where it is steep, there is a relatively large change in plate
current for a change in grid voltage, and where the curve tends
toward a horizontal direction, the plate current has a relatively
smaller change. The slope of this curve is, therefore, pro-
portional to the mutual conductance and is a measure of the
good qualities of the vacuum tube which has been tested.
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Since the slope of a curve showing the relation of plate
current to grid voltage changes somewhat at different points,
the values of mutual conductance should be taken at the point
in the curve at which the vacuum tube is to be used. The
grid voltage used in making such a curve is measured with
respect to the negative end of the cathode. If the tube is to
be used with the grid return connected to the negative end of
the cathode, the slope should be taken at the zero of grid volts.
If the tube is to be used with a negative grid-bias voltage of
1 volt with respect to the negative end of the cathode, the
slope should be taken at a grid voltage of minus one (—1).

" The slope of a curve showing the variation of plate current
with grid voltage at the actual point where the tube is to be
used is most easily determined by placing a straightedge
tangent to the curve at the point corresponding to the grid
voltage (with respect to the negative end of the cathode) and
drawing a line intersecting the scales of plate milliamperes
and grid volts. It may be assumed, for example, that the
grid return is connected to the negative end of the cathode and
that all values of current will be taken with the grid voltage
at zero. In the case shown in Fig. 218, the vertical distance
from the base line to the intersection of the tangent line with
the right-hand edge of the curve sheet should be noted, this
being 6.8 milliamperes; and then this value is to be divided by
the distance along the base line from the right (adding positive
and negative values), which is 13 volts. The value obtained
by this division is 0.52 which is the slope of this line at the
point where the tube is actually working and is the value of the
mutual conduectance of the vacuum tube. Its value, however,
is not stated in the standard terms ordinarily used. This
will be explained in the next paragraph.

. Because the values of current are in milliamperes instead of
amperes, it is necessary to divide this value of mutual con-
ductance as obtained above by 1,000; and further, because
resistances are expressed in micromhos instead of mhos, a
multiplying factor of 1,000,000 must be used. The final
result is that the above number must be multiplied by
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(1,000,000 = 1,000), or 1,000, to obtain the value of the
mutual conductance of the vacuum tube in micromhos.
Multiplying 0.52 by 1,000 gives 520 as the mutual conductance
in micromhos.

Simplified Method of Finding Mutual Conductance.—The
taking of the mutual-conductance values as given above is
somewhat tedious, although it must be done where the actual
curves are desired. A shorter method from which no curves
can be made may be worked out which will check a tube with
sufficient accuracy. In the application of this briefer method,
the grid voltage is set at 2.5 volts (negative) and the plate
current in milliamperes is read and recorded. Then the grid
voltage is shifted to 2.5 volts (positive) and the plate current
is again noted. The plate current will be higher for this second
reading than for the first reading, the increase being due to the
change in grid voltage. The first value of plate current when
subtracted from the second value, gives the increase in plate
current in milliamperes for a 5-volt total change in grid voltage,
and when the change in plate current in milliamperes is multi-
plied by 200,! the value of mutual conductance in micromhos
will be obtained. This method is not quite so exact as the
method used when the curve is taken, but is sufficiently
accurate for most commercial testing.

As an example of this method a type 01A vacuum tube
was tested at a plate voltage of 45 volts. At 2.5 volts (nega-
tive) the plate current was 0.6 milliampere. At 2.5 volts
(positive) the plate current was 3.2 milliamperes. This is
an increase of 2.6 milliamperes and two hundred times this
value gives 520, which checks with the mutual conductance
obtained from the curve.

Amplification Factor.—The next important constant of a
vacuum tube is the amplification factor. This is defined as
the ratio of the change in plate voltage (which is necessary to
change the plate current a given amount) to the change of
grid voltage (which will produce the same variation in the

t This multiplication factor of 200 as used here is the value of the ratio
1,000 + 5, or multiplier + grid-voltage range.
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plate current). The amplification factor w does not change
much in value over the range of operating voltages. It
undergoes a small and usually negligible decrease in value at
low plate voltages. The amplification factor is useful for
determining the qualiby of a vacuum tube as an amplifier.
Values of amplification factors of standard tubes are given
on page 617. This factor can be obtained from a curve show-
ing the variation of plate current with grid voltage by taking
a reading, preferably on the straight-line slope of the curve,
at some slightly different value of plate voltage from that
used for making the curve. This point should be plotted
on the cross-section paper in its

3

proper position with reference to §_
grid voltage and plate current for & /

. =12 %
this new value of plate voltage. F 6
For example, on the enlarged por- £ - / 40.65
tion of the curve (Fig. 219), the § "/*Z-——Y:;:\ i
point P is the new value which was 2 ] Bel25| P= 35V
taken at a plate voltage of 35 volts. & ¢ 3 l 5 II 5

The original curve was taken at 45 Grid Voltage, volts
volts. Hence, the change in plate g, 219 Amplification fac-
voltage is 10 volts, the grid re- tor determined by slope of
5 i characteristic curve of tube.

maining at zero voltage with re-

spect to the negative end of the cathode. As shown in the
figure, the value of plate current drops from 1.60 to 0.95
milliampere, a difference or change of 0.65 milliampere.

. From the above definition the amplification factor is equal
to the change in plate voltage divided by the change in grid
voltage. The grid voltage which would be necessary to
produce this same change in plate current is the horizontal
value from the point P to the curve which is marked by the
distance B, in this case, 1.25 volts. The amplification factor
of this tube under these conditions is then 10 <+ 1.25, or 8.0.

It should be noted that the above value is an average for
operating conditions between 35 and 45 volts. To get this
result more accurately, it is necessary that the change in plate
voltage should be very much smaller than the values taken
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above, but this greater accuracy is scarcely worth while as the
values obtained by the method that has been described will
be found. to check very closely with the values obtained by
standardization laboratories with very elaborate equipment.
Plate Resistance.—The term plate resistance, as explained
before (page 109), does not apply to the resistance offered to
the flow of a direct current in the plate circuit, but is the
resistance offered to the flow of an alternating current in such
a circuit. The resistance offered to the flow of a direct current
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Fi1g. 220.-—Method of determining direct-current resistance of tube from
plate current—plate voltage curve.

may be considered as the internal or direct-current resistance

of the tube.

The plate resistance may be obtained from the values
already found as it is simply the ratio of the change in plate
voltage to the change in plate current. The change in plate
voltage for the conditions on page 261 was 45 — 35, or 10.
The change in plate current was 1.60 minus 0.95 milliamperes,
or 0.65 milliampere, or 0.00065 ampere, this value being shown
as the distance A on the curve in Fig. 219. The ratio of 10
to 0.00065 is 15,400, which is the plate resistance.

A method of determining the direct-current resistance is
from the ratio of plate voltage to the corresponding plate
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current. In Fig. 220 the variation of plate current with
changes of plate voltage for a type 01A tube is shown. If a
plate voltage of 45 volts is applied, the plate current at the
point 4 is 1.70 milliamperes or 0.0017 ampere. The internal
or direct-current resistance of the tube is equal to the reciprocal
of the slope of the line connecting this point with the origin O.
This direct-current resistance B may be computed from the
current and voltage readings, as follows,

45

R = 50017

= 27,280 ohms.

At the point B, with an applied voltage of 90 volts and a
current of 6.0 milliamperes, the resistance is lower, being 15,000
ohms.
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Fig. 221.—Method of determining
plate resistance from the slope of
characteristic curve for plate voltage
of 90 volts.

F1g. 222.—Method of determining
plate resistance from the slope of
characteristic curve for plate voltage
of 45 volts.

The plate resistance r, may be determined from the curve
showing the relation between plate voltage and plate current
by computing the slope of a tangent to the curve drawn
through the point in question. For example, the tangent
UW at the point B may be drawn as shown on the enlarged
section of the curve in Fig. 221 and the triangle UVW con-
structed. Then WYV represents the change in plate voltage
and VU the corresponding change in plate current. From
these values the plate resistance r, may be computed. The
plate-voltage change is 94 — 86, or 8 volts. The plate-current
change is 6.50 — 5.50 = 1.0 milliampere, or 0.001 ampere;



264 RADIO RECEIVING AND TELEVISION TUBES

and the plate resistance r, = 8 + 0.001, or 8,000 ohms.
Similarly, the plate resistance at 45 volts (point A, Fig. 222)
is 15,740 ohms. ,

These values are roughly one half of the direct-current
resistance of the tube, which is 15,000 ohms at 90 volts.
Similarly, the readings at 45 volts are 27,280 and 15,740,
respectively. An estimate of the alternating-current plate
resistance can be obtained by reading the plate current and
plate voltage, computing the direct-current resistance from
these readings, and taking one half of this value.

The plate resistance may also be determined from two sets
of instrument readings. In this case, the grid voltage is left
fixed, and the plate-current reading is taken with the plate
voltage set a few volts below the value of plate voltage at
which the plate resistance is desired. The voltage is then
increased an equal amount above the nominal value of plate
voltage and both sets of readings recorded. From these
readings the plate resistance may be computed. Referring
to Fig. 221, the readings are taken at points opposite W
and U. When E, is 94 volts, I, = 6.55 milliamperes or
0.00655 ampere. When E, is 86 volts, I,, = 5.55 milliamperes,
or 0.00555 ampere, and

B 94 — 86 8
~ 0.00655 — 0.00555 _ 0.0010

Tp = 8,000 ohms.

In addition to the curve shown in Fig. 220 and the values
which were taken from it, curves may also be made from the
following data: the variation of filament current I; with fila-
ment voltage E;; the variation of plate current I, with filament
voltage E,; the variation of plate current I, with filament cur-
rent I;; the variation of plate current I, with plate voltage
E,. These values are self-explanatory and when plotted will
show the operation of any tube and will make it possible to
visualize the operation better than by any other method.

Grid Resistance.—Another characteristic which is useful
in a study of a vacuum tube is the grid resistance or grid
conductance, sometimes called the ‘“input resistance’” or
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“input conductance.” This measures the alternating current
flowing in the grid circuit for a given value of applied alternat-
ing voltage. The method of obtaining this is shown on the
enlarged portion of the curve showing the variation of grid
current with grid voltage in Fig. 223. If an alternating
voltage with an amplitude of 0.25 volt is impressed on the
steady grid voltage of 4+0.4 volt at the point O on the curve,

the total voltage will vary be- 20
/

tween R and S and the current
S w
A
P
[¢)

n

Grid Current, Microamperes
o e
& o

between U and T. The tangent
to the curve at O coincides
closely with the curve in that
region. Now the conductance g
is the ratio of maximum current
to maximum voltage and hence

g = UR + OR = slope of tangent.

Hence, the conductanece for small

variations about a point on the 02 & o&igv [94 05 06
curve is equal to the slope of ra Yo age’vomﬁ)_ )
the tangent to the curve at that in:::f ’ ciﬁ;ﬁfﬁﬁ??m‘iﬁiﬁ“ﬁ
point and the resistance is equal curveshowing relation between grid
to the reciprocal of the slope. euprent-and wid valtses,
The value of mutual conductance is obtained more accurately
from the ratio WV + WO.
Numerically,

072 X 10°°
T T 02

R = % = 2.8 X 105 ohms.

= 3.6 X 10~® mhos.

The conductance decreases and the resistance increases as
the angle the tangent makes with the horizontal is reduced.
That is, if the positive value of the steady grid voltage is
decreased, the input resistance increases, or the value of an
alternating current in the grid circuit is decreased, for a given
alternating voltage applied to the grid. In order to keep the
input power small, it is desirable to make the grid resistance
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high by setting the steady grid voltage at zero or even making
it negative.

Plate Conductance.—Still another important characteristic
called the plate conductance is obtained from the curve show-
ing the relation of plate current to plate voltage. This curve
shows how the plate current varies with plate voltage when
the grid voltage is constant. The plate conductance at any
point is equal to the slope of this curve at that point. The
plate resistance is equal to the reciprocal of the plate con-
ductance. These quantities measure the alternating current
in the plate circuit for a given applied plate voltage when
there is no appreciable external resistance or reactance in the
circuit.

Leakage Current.—Any current that flows between the
electrodes of a vacuum tube through the insulation resistance
is termed a leakage current. The tube is prepared for a test
of leakage current by bringing the cathode or heater up to its
normal operating temperature. Then the cathode current is
turned off, and the leakage current test is made immediately
while the other tube electrodes are near their normal operating
temperatures. For this test the tube should not be inserted in
a socket. The test for leakage current between any two
electrodes is made by applying a voltage between them, with
the other electrodes free. The voltage applied should be high
enough to give suitable readings. The value of the insulation
resistance may be calculated from the voltage and current
readings.

How to Build a Tube Tester.—The testing device described
in this section is of the type which operates on alternating
current with a frequency of 60 cycles per second and a nominal
voltage of 120 volts. Alternating voltages are applied to
the electrodes of the tube under test. The measuring or
indicating instrument, as shown in the panel view of Fig. 224,
is a milliammeter of the moving-coil type, with a range of
0 to 5 milliamperes and an internal resistance of approximately
10 ohms. The scale of the meter has a section marked
“good” and one marked “bad.” The deflection of the
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meter, caused by the action of the current flowing in the plate
circuit of the tube being tested, is taken as a measure of the
condition of the tube. The primary winding of the power
transformer is connected in series with a rheostat by means
of which the supply voltage can be adjusted to the correct
value as shown on a line-voltage meter. This voltmeter
has a resistance of about 1,500 ohms. A neon light bulb is
utilized in a circuit arrange-
ment to indicate leakage be-
tween tube electrodes. The
unused sections of the various
switches within the unit may
be utilized to meet the re-
quirements of new types of
tubes.

The wiring diagram of this
tube tester is given in Fig.
225. The letter symbols that
appear on this diagram are
used to identify the various
pieces of apparatus and cor- ]
respond to the letter symbols F'¢- 224-—Panel view of Model 304
in the accompanying Parts
List. Only those items in the Parts List which are not self-
explanatory will be described. T1 is a power transformer
having three taps on the primary winding and ten taps
on the secondary winding. The 500-ohm rheostat VER1
is for line-voltage adjustment. The 25-ohm rheostat
VR2 is the milliammeter shunt. The selector switch
SW1, used in the short-circuit test, is of the 12-point
3-deck type. The panel view shows two controls marked
“tube selector’” which consist of the selector switches
SW2 and SW3. The switch SW2, with a range of positions
from A to M marked on the dial, is of the 12-point 2-deck
type. The switch SW2, with a range of positions from N to Y,
is of the 12-point 3-deck type. The switch SW4 for filament-
voltage control is of the 10-point single-deck type. Switches
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SW5 and SW6 are of the single-pole double-throw toggle type.
The complete parts list is given in Table X.

Sw. !

-
\
Vo

2nd plarte sw. 2

MI v
.Sw.6¢'

jl

>
| Tube
selector sw.

ALALA

_A-Top view
of sockets

v
F1a. 225.—Wiring diagram of Model 304 tube tester.

Assembling and Wiring.—The first piece of apparatus to be
mounted on the panel is the bracket for the neon lamp. The



TESTING VACUUM TUBES 269

TaBLe X.—Parts List oF TuBE TESTER*

Letter | Quan- .
aymbal by Description
L1 1 Neon lamp and casing
M1 1 Milliammeter
M2 1 Line voltage meter
R1 1 Carbon resistor, 100,000 to 200,000 ohms
R2 1 Wire-wound resistor, 2,200 ohms
R3 1 Wire-wound resistor, 600 ohms
R4 1 Carbon resistor, 40,000 ohms
SW1 1 Selector switch, 12-point, 3-deck
SW2 1 Selector switch, 12-point, 2-deck
SW3 1 Selector switch, 12-point, 3-deck
SwW4 1 Selector switch, 10-point, single-deck
SW5 1 Toggle switch, single-pole, double-throw
SW6 1 Toggle switch, single-pole, double-throw
T1 1 Power transformer
V1 1 Molded socket
V2 1 Molded socket
V3 1 Molded socket
V4 1 Molded socket
|43 1 Molded socket
VR1 1 Rheostat, 500 ohms
VR2 1 Rheostat, 25 ohms
2 Insulating centering washers for rheostats
1 Panel, etched and drilled
1 Insulated control grid cap and lead
4 Large knobs with indicators
2 Small knobs with indicators
1 Cord and plug
1 Set of screws, nuts, wire, etc.

* This apparatus in kit form may be obtained from Radio City Products Company,

New York.
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lamp terminals must be kept from touching the panel to
avoid a ‘“‘ground.”

Care should be taken that the insulation centering washers
are not forgotten when the rheostats VR1 and VR2 are being
mounted.

The wiring from one deck to another of each selector switch,
as indicated on the wiring diagram, should be completed
before the switch is mounted on the panel. This will not offer
any difficulty if the plan of representing a switch on the wiring
diagram is understood. The selector switch SW1, for example,
which has three decks with 12 contact points on each deck, is
represented by three vertical rows of black circles, there being

% 9 ‘0 o 9OCommon
5 2, ig
o)
o] O O O

M’\ dwommon

Y5 6
Connections at Connections at
Top Bottom

Fig. 226.—Power-transformer connections for Model 304 tube tester.

12 circles in each row. The arrow head pointing to a row
represents the wire connection to the movable arm for that
row. At the completion of this stage of assembling the selector
switches SW1, SW2, SW3, and SW4 are wired and mounted on
the panel.

After the five tube sockets are attached to the panel, the
wiring from one socket to another is put in place. Then the
connections are made between the sockets and the selector
switches, as well as the connections from one to another of the
selector switches. Wires which must pass around meters or
other pieces of apparatus should be cut to allow for the extra
length needed. Other wires may be cut close to size to produce
a neat job.

The next part to be mounted is the power transformer.
This transformer, as shown in Fig. 226, has two sets of con-
nections, one set being near the upper end and one near the
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bottom. The connections numbered 1 to 10, inclusive, are to
be wired to the corresponding points of selector switch SW4.
The wiring for the other connections of the transformer is
indicated clearly on the wiring diagram of Fig. 225.

Finally the toggle switches and the meters may be mounted
and the remaining wiring completed.

Operating Procedure—The plug is connected to an electric-
light socket on an alternating current, 60-cycle, 110-volt-
supply . circuit. The left selector switch is turned to the
M position, and the right selector switch to the Y position.
The filament switch is turned to the number given in the Tube
Table (page 272) for the tube being tested, and then the tube
is inserted in the proper socket.

The test for short circuits and for leakage between tube
electrodes is made by turning the ‘“‘short-tests’ switch to
various positions, with the two tube-selector switches in posi-
tions M and Y, respectively. A bright glow in the neon light
indicates a short circuit. A dim glow indicates a high-resist-
ance leak. A very faint glow may occur on a resistance of
over 5 megohms, but does not necessarily indicate that trouble
is present. The operator should trace the wiring from the
points of the ‘“‘short-tests’ switch SW1 to the tube sockets to
understand the meaning of the numbers on the dial of the
switch.

The first step in the test for tube condition is to turn the
“short tests” switch to the REG position. Then the tube
selector switches are set to the positions indicated in the Tube
Table for the type of tube being tested. The adjustment for
line voltage is made by moving the line-voltage control knob
until the pointer of the line-voltage meter is at the arrow on the
meter dial. The shunt-control knob is set to the position
corresponding to the value given in the Tube Table. Then
the test switch is pressed and the meter indicates the condition
of the tube by the deﬂectlon of the meter needle on the
“Bad-Good”’ scale.

Rectifier tubes are designated in the Tube Table by the
letter R for half-wave types, and by RR for full-wave types.
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36 7 AN 90 *75 7 CN 90 1A6 3 EO 60 (RR)AF 4 F 85
37 7 AN 95 (D) = DQ 0 1A6 3 CcO 60 (RR)AG 6 F 85
38 7 AN 70 76 7 AN 95 2A3 4 B 20 GA (] AQO 95
39 7 AN 0 77 7 AN 95 2A5 4 AN 80 KR-5 7 AO 93
40 6 A 90 78 7 AN 50 *2A6 4 CN 90 KR-20 4 CN 60
41 7 AN 85 179 7 AR 95 [60)] o DQ 0 (D) Wy DQ 0
42 7 AN 85 179 7 MO 93 2A7 4 AN 70 KR-22 7 CN 60
43 10 AN 93 (RR)80 8 F 8 2A7 4 MS 90 (D) .. DQ 0
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46 4 BO 85 (RR)83 [ F 85 6A7 7 MS 90 PZ 4 AO 95
47 4 AN 95 (RR)84 7 FN 85 12A5 7 AR 70 PZH 4 AN 95

Nore: 8 after number on any tube simply designates spray-shield tube. Tests same as ordinary tube,
* Do not use the control-grid cap that extends through panel.
t Use special cap connector and plug it into terminal 5 of any socket.

Use the special cap connector and plug it into terminal 2 of any socket.
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The test switch must not be used for a check on rectifier tubes.
In the case of full-wave rectifiers a check on the current from
the second plate is obtained by throwing over the second plate
switch.

A tube having a diode unit is given two sets of values in the
Tube Table, the values marked D being for the diode unit. A

— - deflection beyond. the line
marked ‘‘Diodes O.K.” on
the meter dial indicates that
the condition of the diode
tube is satisfactory.

The cap-to-socket connec-
tor mentioned in the Parts
List (Table X) is an external
connector used for certain
tubes in order to apply a low
positive voltage on the grid
which has the external cap
for its terminal.

Commercial Type of Tube
Tester (Confidence No. 6).—
A panel view of this testing
device is shown in Fig. 227.
Fig. 227.—Panel of “Confidence” The short-circuit indicator

Mo 6 5ube denben located at the upper left-hand
side of the panel consists of a red pilot lamp which lights
when the tube being tested has a short circuit from its plate or
its screen grid to any other element, or a short circuit from its
grid to its cathode. This pilot lamp, as indicated in the wir-
ing diagram of Fig. 228, is connected between the +H wire
and one end of the middle secondary winding of the power
transformer.

The meter has a scale which is marked “Bad’ and ““Good,”
to indicate the condition of a tube. One end of the meter
circuit is connected to an end of the middle secondary winding
of the power transformer. The other end of the meter circuit
has three branches, one leading to the plate of the type 01A
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tube, one to a brass plate under the selector rotary switch, and
one to a terminal of the push button that is marked ‘‘2nd plate
button.” This push button is located at the right-hand side
of the panel, and below the tube socket marked No. 8. It is

,for tifament supply Topped for line
0 N forplatesupply " volrage adjustment

i b dos
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p
Socket 6 Socket 5 Socket4  Socket 3
Fic. 228.—Wiring diagram of * Confidence’ No. 6 tube tester.

used to provide a check on the current from the second plate of
a tube having two plates.

The rotary switch at the upper right-hand corner of the panel
is used in the adjustment for line-voltage variations. It is
intended to select one of a number of taps on the primary



276 RADIO RECEIVING AND TELEVISION TUBES

winding of the power transformer, which is connected to the
power-supply circuit.

The power transformer has two secondary windings, one of
which has been mentioned in connection with the description
of the meter. The other secondary winding is in two sections,
one being used to supply the filament current for the tube to be
tested, and the other being used to provide voltage to the K
terminals and @1 terminals of the test sockets. It is also a
part of the circuit connected to the ‘‘cathode-to-heater”
push button. This push button is located on the left-hand
side of the panel and below the tube socket marked No. 1.
Power for operating the device is obtained through a cord-and-
plug connection to any 110-volt, 60-cycle circuit.

Uniformity in these tube testers is obtained by means of a
small resistance connected in series with the meter. This
resistance may be adjusted to compensate for variations in
the transformer, meter, cables, and so on.

The selector rotary switch has part of its mechanism above
or on the panel and part below. Above the panel are the knob
and pointer, and on the panel are the engraved numbers
denoting certain switch positions. Below the panel are the
pinwheel arrangement of switch points or contacts, and a
central brass plate. This brass plate serves as a common
terminal for the meter shunt resistances which are connected
to the inner row of contact points. The outer row of contact
points is connected to the taps marked 1.1 to 30 on the cathode
secondary winding of the power transformer. The portion of
the switch beneath the panel is so arranged that it turns two
copper contact arms which make contact with both the inner
and outer rows of contact points. These switch arms are
placed in such a way that one is diametrically opposite the
other; that is, when one is on point 14, for example, the other
is on point 42. The wiring diagram shows how the connec-
tions are made to the various terminals of the eight tube
sockets on the panel. The filament circuit connections are
shown in Fig. 229.
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Most commercial types of tube testers which are intended
to give an indication of the transconductance (mutual con-
ductance) of a vacuum tube perform the test by the application
of arbitrary values of alternating voltages to the plate and
grid, with one change in grid voltage. In this tester the

F16. 229.—Filament circuit of * Confidence” No. 6 tube tester.

values of the operating voltages are such that the plate
current is normally held high on the grid-voltage plate-current
curve, and the test of the condition of a tube is made with a
fixed value of grid-bias voltage on the grid. The circuit is
designed so that the plate current cannot increase beyond a
safe value.

Operating Directions—The plug of the connection cord is
inserted into any socket on a 110-volt, 60-cycle supply circuit.
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In the adjustment for line voltage the selector switch is turned
until it is in position between numbers 1 and 55. Then the
rotary switch on the upper right-hand side of the panel is
turned until the pointer of the meter reaches a mark at the
center of the ‘“Good” section of the meter scale. In this
position of the selector switch its contact arm closes a circuit
to light the filament of the type 01A tube which is enclosed
in the device.

Next the selector switch is turned to the number for the
tube being tested as given in the tube table provided with the
instrument. Then the tube is inserted in the socket desig-
nated in the tube table. The condition of the tube is indicated
by the meter reading. The portion of the Tube Table which
follows is given to illustrate the general procedure:

‘"Tube type Selector Socket Test Cathode

48 9 3 .. C-H

Tests of Multi-element Tubes.—Tubes of the multi-element
type require special handling. The type 2A6, for example,
which consists of a triode and two diodes, is tested as a triode
for the triode portion, and as a diode for the other portion.
All tubes having the multi-element construction are given
separate tests for each portion of the tube. In the Tube
Table such tests are indicated by the following abbreviations:
“tri” for triode, ‘“dio” for diode, and “pen” for pentode.

Tests of Rectifiers and Diodes.—A check on the current from
the second plate of all full-wave rectifiers, except types 6Z4
and 84, is obtained by pressing the push button marked ‘‘2nd
Plate.” Tubes of the 6Z4 and 84 type are inserted in another
socket for testing the current from the second plate.

Short Circuits.—In the test for a short circuit from the
cathode to the heater of a tube, the button marked ‘‘Cathode
to Heater Short” is pressed down. If there is no short circuit,
the pointer of the meter turns to zero. If there is a complete
short circuit from cathode to heater, the meter pointer retains
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its position temporarily and then gradually moves toward
zero as the resistance of the short circuit increases.

The test for a short circuit from the grid to the filament is
made by pressing the button marked “2nd Plate Button”
and releasing it almost immediately. If there is no short
circuit, the meter needle will swing to the extreme right. If
there is a short circuit, the “Short Indicator” lamp will be
lighted.

Any short circuit from plate or screen grid to any other tube
element will make the ‘““Short Indicator” lamp burn brightly.
Some tubes which take a large current will cause the ‘““Short
Indicator” lamp to glow dimly but this glow does not indicate
a short circuit.

Meter Readings.—If the test of a tube throws the meter
needle to the extreme right of the scale marked “Good,” the
plate impedance of the tube is near the low limit, or the mutual
conductance is near its high limit, or gas is present. A tube
of this kind is no longer useful as a radio-frequency amplifier
but might give satisfactory service as an oscillator or detector.

If the test of a tube throws the meter needle to the left end
of the “Good” section of the scale the plate impedance of the
tube is near the high limit, or the mutual conductance is near
the low limit, or the emission is low. A tube having a high
plate impedance might be used in a resistance-coupled ampli-
fier, and a tube having low mutual conductance might serve
temporarily in the first stage of audio-frequency amplification.

If the meter needle does not remain in a fixed position but
creeps or swings from side to side, the elements of the tube
are not functioning properly. In a case of this kind the cause
may sometimes be located by tapping the tube lightly while
it is being tested. A tube which gives erratic test readings
probably will be noisy in a radio receiving set.

Commercial Type of Tube Tester (Supreme).—The instru-
ment (Model 85) shown in Fig. 230 indicates the quality of a
tube on the basis of ‘““good” or ‘“bad’” transconductance
(mutual conductance) emission, and leakage or short cir-
cuits between elements of the tube. Alternating voltages
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81 -15-3 99-33-3

IHIMEANNNENNENm

for leakade fests,depress all buttons,one ata time
forquality test,depress buttons indicated after tube type.

Fic. 230.—Panel of ‘Supreme’ Model 85 tube tester.
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are applied to all the elements of a tube subjected to tests.
The wiring is such that all the elements of the tube inserted
in a test socket are normally connected together. The

- -This switch
3 Y, open for 12A5
E closed = rormal
S
< 4. This switch
625 open for 1275
closed=normal
Y
Power andlﬁgl Qualit
leakage fes I fest Y [,
Typ Tube fest Filorment
O1A Selector voltage control
200.0hms X
L “g(o) Ohms 110V,

i5 25 63

12 2530

F1a. 231.—Wiring diagram of ‘‘ Supreme’ Model 85 tube tester.

operation of one of the numbered switches merely removes
the corresponding tube element from electrical connection
with the other tube elements. The rectified current for the
tester is obtained from the type 01A tube which is provided
with the testing device. This tube is shown in the wiring
diagram in the lower left-hand side in Fig. 231. The neon
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tube, shown at the top of the panel, glows when there is a
leakage current or a short circuit in the tube being tested.
Four sockets are used in which the tubes are inserted when
they are being tested; ‘“‘four-pin” tubes being tested in the
four-hole socket, ““five-pin”’ tubes in the five-hole socket, etc.
The wiring diagram shows the top views of the sockets. Below
the sockets on the left-hand side of the panel are two switches,
which are used in testing tubes of the 6Z5 and 12A5 types.
Below the sockets on the right-hand side of the panel is a
switch which is used for tests of the 1275 type of tube, together
with one spare switch. The internal construction of the 6Z5
switch is the same as that of the toggle switch below the meter.
The indicating meter in the center of the panel has a scale
which is engraved to indicate “Good” or ‘““Bad’ readings.
Below the meter on the left-hand side of the panel is a rotary
switch which is used to select the proper filament voltage.
This switch is shown in the wiring diagram of Fig. 231 as a
variable contact in the filament secondary winding of the
power transformer., The X terminal of the filament winding
of the transformer is connected to each X terminal of the
sockets. The Y terminals of the sockets are connected to
the Y terminal of the switch marked 6Z5 and are shown in
the upper left-hand corner of the wiring diagram. The Z
terminal of the switch is connected to the Z terminal of the
filament winding of the transformer. Below the meter on
the right-hand side of the panel is a rotary switch that is used
to make adjustments for variations in line voltage. This
switch is shown in the wiring diagram as a variable contact
in the primary winding of the power transformer. The toggle
switch directly below the indicating meter is used to adjust
the testing device for either the line voltage and leakage test,
or for the quality test. On the lower half of the panel is a
rotary switch marked ‘Tube-Test Selector.” This switch,
which acts on a variable resistance connected to a tap on the
secondary winding of the power transformer, is used to select
the voltage for the tube being tested. The seven cathode
buttons at the bottom of the panel are used in both the leakage
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test and in the quality test, as explained in tne section on
operation. ~

The power necessary for operating this testing device is
obtained from the ordinary 110-volt, 60-cycle alternating-
current light socket by means of the cord and plug which are
attached to the device.

Operating Procedure—The first test to be made on the
tube is the one for line voltage and leakage. To perform this
test the toggle switch below the meter is set in the ‘‘Power
and Leakage Test” position. Then the line-voltage adjust-
ment is made by turning the rotary switch at the right-hand
side of the panel until the pointer of the meter is at the center
of the meter scale. Next it is necessary to consult a Tube
Table provided with the instrument, in order to determine
three values. In this table there are four columns of figures:
the first gives the type of tube, the second gives the corre-
sponding filament or heater voltage, the third gives the
setting for the tube-test selector, and the fourth gives the
number of the cathode button to be used in the test. The por-
tion of the Tube Table which follows is given as an illustration.

Tube Filament Tube-test Cathode
type voltage, volts selector button
1A6 2.0 76.5 3

After these values are noted for a given type of tube, the
rotary switch at the left-hand side of the panel is set to the
proper filament or heater voltage. The tube is then placed
in the proper socket, and the top cap terminal (if any) is
connected to one of the top cap-pin jacks.

After these adjustments have been made, the test for leak-
age can be performed. To carry out the leakage test the
cathode buttons are pushed down, one at a time, in order to
obtain an indication of leakages or short circuits by the glowing
of the two elements of the neon lamp. It must be kept in
mind that a flicker of one element of the neon lamp indicates a
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discharge of a condenser rather than a defect in the tube. A
leakage circuit which comes into action only intermittently
may sometimes be detected if the tube is tapped slightly at
the time the cathode button is pushed down. The numbering
of the ecathode push buttons corresponds to the numbering
of the pinholes in the sockets, as shown in the wiring diagram.
Thus, when button number one is pressed, the tube electrode
connected to number one hole in any socket is removed from
electrical connection with the other electrodes but is joined
to the return circuit leading to the secondary winding of the
transformer. The particular electrode of a tube in any
socket can be identified with the help of the Socket Chart
which is given on pages 305 and 306.

Quality Test.—After the preliminary adjustment of the
device has been completed and the leakage test has been
carried out, the tube may be tested for quality. For this
test the toggle switch is thrown to the ‘“Quality Test” posi-
tion. Then the rotary switch of the tube-test selector is
turned to the proper position, and the proper cathode button
as indicated in the Tube Table is pushed down to obtain a
meter reading. When the cathode button is pressed a return
connection is made between the filament circuit and the other
electrodes of the tube. After this test has been made, the
rotary switch at the right-hand side of the panel should be
turned to the “Off’ position.

If the wrong button is pushed down, no harm results to the
testing device and the pointer of the meter either does not
move or moves slightly backward. In the quality test the
pointer moves forward only when the correct button is
pushed down. The setting of the tube-test selector switch is
not critical. It may be moved to the end of its travel during
the test on a tube without injuring either the meter or the
testing device. An incorrect setting of the filament or heater
voltage switch will not injure the testing device but may burn
out the cathode of the tube.

Action of the Leakage-test Circuit.—The neon glow lamp
used for this test is of the 110-volt, 2-watt type. The glow
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lamp is used instead of a meter or a pilot light for the leakage
test because it does not have the mechanical inertia of a
meter movement or the thermal lag of a pilot-light filament.
This neon glow lamp is affected only by leakage voltages and
not by rectified voltages because it is connected in series
with a bloeking condenser (page 256). During a leakage test
one element of the lamp may flicker when one cathode button
is pushed down, and the other element of the tube may flicker
when another button is pushed down. Thus, in a test on a
type 27 tube, one lamp element flickers when button number
one is pressed down and the other element flickers when
button number five is pressed down. This flickering is caused
by the alternate charging and discharging of the blocking
condenser.

A leakage or short circuit between any two elements of a
tube will cause both elements of the neon lamp to glow when
the two buttons corresponding to the tube elements are
pressed down. For instance, a short circuit between the
control grid and sereen grid of a type 35 tube is detected when
the TC button is pushed down and again when number one
button is pushed down.

Slow-heating Filament.—The filaments of some tubes heat
very slowly, in some cases, more slowly than indirectly heated
cathode types. In extreme instances a heating period of
2 minutes may be necessary before a normal operating condi-
tion is reached.

Tubes with Three Heater Pins.—Some types of radio receiv-
ing sets intended for ordinary service are provided with
vacuum tubes having filaments which may be operated on
either 6-volt or 12-volt batteries. Such tubes may be designed
with three heater pins. This indicates that such a tube has
two 6-volt filaments which are connected in series internally
with one external pin for each end of the combined filaments
and one pin for the common ends. Thus, the tube may be
operated from a 6-volt source with connections to one outside
pin and to the common pin, or from a 12-volt source with
connections to the two outside pins. Likewise, when such a
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tube is tested, the filament may be operated on either 6 or
12 volts. In this device, however, a filament voltage of
12 volts is applied so that the test will include the entire
filament.

Switches are provided for use in tests on tubes of the 6Z5,
12A5, and 12Z5 types. These switches should be set in the
position marked ““Normal,”” except when one of these tubes
having three heater pins is being tested, in which case the
switch is used as indicated in the Tube Table. These switches
serve to open the heater center-pin connections so that both
portions of the filament are in series during the test.

Kellogg Tubes.—A Kellogg tube of the 401 or 403 type has a
heater terminal located at the top of the tube. The top
heater terminal must be connected to the filament contact of
one of the sockets which is not being used. The tube itself
is placed in the four-hole socket.

Diode and Multi-plate Tubes.—In this device the plates of
full-wave rectifiers and of the diode-detectors are tested in
parallel. An individual test on each plate, however, may be
obtained by a change in the operating procedure.

The following instructions apply in the case of the type 82
tube. If the No. 1 button is pushed down together with No. 3
button during the quality test, the meter indication is for the
current from the second plate. Then, if the No. 2 button
is pushed down together with No. 3 button, the meter indica-
tion is for the current from the first plate. The same pro-
cedure may be used for a comparison of the plate currents of
diode detectors and of full-wave rectifier tubes which have
single-filament elements or filament elements connected in
parallel. If a full-wave rectifier tube has two filament ele-
ments in series, a comparison of the plate currents cannot be
made unless a special testing circuit is devised. In the tube
tester described here, the plate voltage is measured from the
filament pin which carries the plate and filament currents
from the tube. Consequently, if a tube having a series
filament is tested, one portion of the filament will be positive
with respect to the other portion by half the filament voltage,
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and, therefore, the effective voltage acting on the two plates
is not the same. However, the two parts of a series filament
carry the same current, and the assumption may be made that
one part will deteriorate at the same rate as the other. In
general, the full-wave rectifier tubes of the 2.5-volt type have
parallel filaments, and rectifiers of the 5-volt type have series
filaments.

Rectifier tubes of the mercury vapor type show wide vari-
ations when tested in this device. The pointer of the meter
may swing beyond the end of the scale during the tests of
some of these tubes for which the tube-test selector adjust-
ment may appear critical.

Future Tubes.—It is possible with this testing device to
establish the settings for any new tubes that may appear.
In the procedure for obtaining these settings the toggle switch
is moved to the position marked ‘“Power and Leakage Test,”
and the rotary switch for line-voltage adjustment is moved
until the pointer of the meter is at the center of the scale.
The rotary switch for the setting of the filament-voltage con-
trol is turned to the number which corresponds to the filament-
or heater-voltage rating of the tube. Then the tube is inserted
in the socket which will accommodate it, and the top cap
terminal (if any) is connected to one of the top cap-pin
jacks, the toggle switch being moved to the position marked
“Quality Test.” Next the button switches are pushed down
in turn, beginning with No. 1 until the pointer of the meter
moves to the right; the button which caused a movement of
the pointer must be held down while the other buttons are
tried in turn to determine whether they will increase the
meter indication. The buttons which produce a forward
movement of the meter pointer should be recorded in the
fourth column of the Tube Table. Next, with the proper
buttons held down, the rotary switch of the tube-test selector
is adjusted until the pointer of the meter indicates a value of
77 which appears at the center of the section of the scale
marked “Good.” Then, with the meter pointer held at 77,
several new tubes should be checked, to obtain values for the
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setting of the tube-test selector. The average of the tube-test-
gelector values may be recorded in the third column of the
Tube Table. The values for the first and second columns of

f~—

Fig. 232.—Panel of Hickok Model AC-47 tube tester.

the Tube Table can be obtained from the published tube
specifications.

Commercial Type of Tube Tester (Hickok).—The device
(model AC-47) shown in Fig. 232 is designed to test all
types of tubes, with provision
for additional sockets to accom-
modate new types. The elec-
tric power for the test is
obtained through a type 80
rectifier tube and a B-elimi-
nator from a 110-volt, 60-cycle
supply circuit. No batteries
of any kind are needed. This
arrangement provides direct
current for the plate and grid

Fie. 233.—Dial of plate mili- circuits and also allows the
ammeter in Hickok Model AC-A7 application of an alternating-
bt teston, current voltage to the grid.
The voltage control adjustment affords a means of compensating
for line voltage changes. The test readings are indicated on a
direct-current milliammeter and a mutual conductance meter
with an average accuracy of 1 per cent. The meter dials are
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shown enlarged in Figs. 233 and 234. The wiring diagram of
the device is given in Fig. 235. The device is protected from
possible damage from short cir-
cuits by a fuse lamp in series
with the primary winding of

the power transformer. This @@m} €%
lamp burns dimly undernormal o . %
operating conditions. Uonﬂtﬁﬁi?aﬂggs

The purpose of the instru-
ment is to test a tube for the
value of plate current, gas con-
tent, and mutual conductance.
The plate-current indication is
the result of the application ofa g5 234 Mutusl conductance
direct voltage to the plate of the meter in Hickok Model AC-47 tube
tube, a grid-bias voltage to tester.
the grid, and an alternating current through the filament.
Flate Sw. Tube fine

AC [
Supply Hgh Low fest fest
e M1 gy S0
Choke §;
3 Iry
d‘ > E‘ < §~ TS
R g N
=% 4 S| L
S R T
N N
XJW/M M=
N
*
13
‘i
B Q
. et
‘§§: B 1 — —F
§ t 26 © 0 h%‘ Gas
S . S \9 27 024 3 Y
 [7lorment pl < 0  \—
— )
Grid chp 15000hms
pofentiomefer

F1a. 235.—Wiring diagram of Hickok Model AC-47 tube tester.

The mutual-conductance reading as given by this instru-
ment measures the change in plate current due to a change in
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grid voltage. This is accomplished by applying an alter-
nating-current voltage to the grid and measuring the resultant
alternating-current component of the plate current.

Testing Rectifier Tube for Use in the Tester—The type 80
rectifier tube used in this device should be tested occasionally
for emission. For this test, the tube is inserted in the socket
marked 80 and the “High-Low’’ switch is set in the “Low”
position if the milliammeter scale has a range of 0 to 35, and
in the “High’’ position if the scale range is 0 to 50. The test
plug* marked 280 is inserted in the socket for a type 27 tube,
the “Tube Test-Line Test” switch is turned to the ‘‘Line
Test’’ position, and the voltage control is adjusted until the
mutual-conductance meter shows a reading of 2,000. Then,
with the switch in the ‘“Low’ position, the milliammeter
should show a reading of 19 to 21 milliamperes, or 39 to 42
milliamperes with the switch in the “High” position. A
reading of the current from the other plate is obtained by
inserting the multiplex socket A in the tester, observing the
indication of the mutual-conductance meter, operating the
No. 2 plate button, and again observing the indication of
the mutual-conductance meter. If no change is observed,
the emissions from the two plates are equal.

Adjustment for Line-voltage Variation.—The type 80 rectifier
tube should be in the type 80 socket, and the tube to be tested
should be inserted in the proper location. The “Line Test-
Tube Test’’ switch is set in the “Line Test” position and the
rheostat control (located between the two meters) is adjusted
until the mutual-conductance meter shows a reading of
2,000, this point on the meter dial being also marked “Line
Test.” The “Line Test-Tube Test’’ switch may be turned
to the “Line Test’’ position at any time during the test of a
tube in order to check the line voltage.

Procedure for Tube Testing.—The tube to be tested is inserted
in the socket for that type according to the specifications
accompanying the device. The filament voltage which the

! This test plug consists of a resistance unit provided with base terminal
pins and is used to place a load in the plate circuit.
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tube requires is applied by placing the filament-voltage
change plug in the proper position as determined by the
value given in the specifications. The correct value of grid-
bias voltage is obtained by turning the potentiometer (located
at the lower right-hand corner of the panel) until its pointer is
over the type number of the tube as marked on the dial. The
plate current is read on the milliammeter and the mutual
conductance on the other meter.

If a change in the mutual-conductance reading is noticed
when the observer’s hand is placed on or near the tube, the
plug in the alternating-current-supply line should be reversed.

‘5 \
S

Fra. 236.—Multiplex socket for chkok Model AC-47 tube tester.

A test on a ballast tube, type 6AA or type 10AB, can be
obtained by setting the filament voltage at 1.1 and inserting
the tube in the type 01A socket. The tube condition is
satisfactory if the filament burns with a dull red color.

Multiplex Sockets.—The testing set is provided with sockets
for type 24, 26, and 27 tubes. Other types of tubes may be
tested by the use of the multiplex fitting which is illustrated
in Fig. 236. This fitting contains three additional sockets
(4, B, and C) and is designed for insertion in the sockets of the
testing set. The sockets in the fitting are marked to indicate
the tube types which they can take.

The general instructions which follow apply to the use of
any one of sockets A, B, or C. After the multiplex fitting
has been inserted in the sockets of the test set, the tube to be
tested is inserted in the proper socket of the fitting. The
plug on the right-hand end of the fitting is connected accord-
ing to the type of tube. The regular instructions as to fila-
ment voltage, plate voltage, and potentiometer setting are to
be followed. A reading on the plate milliammeter, as obtained
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in a test on a rectifier tube, gives the current from one plate
only. A reading of the current from the other plate is obtained
by pressing the “No. 2 Plate’” button which is located on the
side of the fitting. All rectifier tubes should give a reading of
39 to 42 milliamperes per plate, with the plate switch in the
180-volt position. In this case the “Test Plug’” push
button on the fitting is used instead of the test plug
of the test set. .

Short Circuit in Tube.—Short-circuited electrodes in a tube
being tested will result in an increase of current flow. The
effect of this current increase in the primary winding of the
power transformer is to cause the fuse lamp to burn more
brightly or even to burn out. The fuse lamp serves in this
way to indicate a short circuit in the tube.

A short circuit between the filament and cathode may be
detected by the use of the ‘“Cathode’ push button at the
left-hand side of the type 26 socket. This button is pressed
while a tube is being tested and the two meters are observed.
These meters indicate zero if there is no short circuit between
the filament and cathode. If the pointers of the meters do
not indicate zero, there is a leakage of current between the
filament and the cathode.

Noisy Tubes.—If the indications of the milliammeter and
the mutual-conductance meter show a change when the tube
being tested is tapped gently with the finger tips, the tube
generally will be noisy in a radio receiving set.

Gas Test—The test for gas is made by inserting a high
resistance in the grid circuit, and then restoring the plate
current to its original value by the insertion of sufficient
resistance in the cathode circuit. There are several steps
in the complete operation. First, the tube is tested for plate
current and mutual conductance. Then the dial at the left
of the type 226 socket is set to zero and the ‘“gas’ button is
pressed down. If the plate-current reading shows an increase,
the tube contains gas. Next the plate current is brought
back to its original value by adjustment of the gas content dial.
At this point the ““gas’’ button should be pressed several times
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rapidly and a final adjustment should be made for the plate-
current reading if any change is noted.

The “gas” dial is marked with average permissible values
for gas content. A more exact indication of the amount of

_gas may be obtained from a reading of the grid current. After
the plate current has been balanced as above, the value of the
grid current in microamperes is found by multiplying the
reading in ohms on the “gas’” dial by the plate current in
amperes. For example, with a plate current of 25 milli-
amperes and a ‘“ gas’’ dial setting of 200 ohms, the grid current
in microamperes is 0.025 X 200 or 5.

Test Results.—The values for plate current and for mutual
conductance as given in the specifications are the average
values provided by the tube manufacturers. In some cases,
however, the manufacturer’s values have been changed to
indicate the results that may be expected in a tube tested at
the plate voltage supplied by the testing device. A tube
which yields results that are 25 per cent more or less than the
values given in the specifications will operate satisfactorily in
most cases in a radio receiving set. Qutput tubes usually
can be used even if the mutual conductance values are 35 per
cent more or less than the tabulated figures. If best results
are expected, however, tubes of the same type for a given
radio receiver should be as nearly alike as possible, particularly
those used in radio-frequency amplifiers, and in push-pull
stages. A soft tube (page 22) when tested shows a plate
current which is above average, and a mutual-conductance
value which is below average.

Commercial Type of Tube Tester (Weston).—The panel,
or top, view of Model 661 is shown in Fig. 237. This device
is designed for operation from an alternating-current line,
100 to 130 volts, 50 to 60 cycles. The maximum power con-
sumption is 30 watts. Tubes of the 4-prong, 5-prong, 6-prong,
large 7-prong, and small 7-prong types can be tested in this
device. Seventeen sockets are located on the upper half of
the panel. The meter is of the permanent-magnet, moving-
coil type, having a range of 6 milliamperes and a resistance
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of 20 ohms. The meter scale has 60 divisions with a center
mark to be used in the line-voltage adjustment, two ranges
being provided so as to allow for readings on all types of tubes.
The rotary switch on the lower left-hand side of the panel is
used for the line-voltage adjustment. The right-hand switch

V7
#

provides the control for filament voltage. There are three
push buttons near the bottom of the panel, the left-hand one
being used in the line-voltage adjustment, the middle one in
the tube test, and the right-hand one to provide an extra
range for the meter.

This device applies alternating voltage for the filament,
plate, screen, and grid electrodes. The condition of a tube
under test is indicated by the change in plate current when a
change is made in the grid voltage. The grid voltage change
is applied through the circuit connected to the button marked
“Test,” as shown in the wiring diagram of Fig. 238.
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Fia. 238.—Wiring diagram of Weston Model 661 tube tester.
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Operating Procedure.—The first step in a test is the adjust-
ment for line voltage. After the connecting plug is attached
to a 110-volt supply circuit the pointer adjustment on the
meter is turned until the pointer is at zero. Then both of
the rotary switch controls are turned to the left to the “Off”
position. Next the “Line Check’ button is pushed down.

This completes a circuit, as

shown in Fig. 239, consisting

of several turns of the primary

EC'_—_ winding of the transformer, the
meter with its shunt, and the
contact rectifier for changing

C‘h’ZEk the alternating current to
D direct current. Finally the
_.l_,\,\,\,_r 1 “Line Voltage” switch is

turned until the voltage tap

: selected is such that the meter

pointer moves to the center

mark of the scale. Unless this

Red adjustment is made, the test

values given in the specifica-

+ - tions with the instrument are
valueless.

Fia. 239.—Circuit in line-voltage The Tube Table in the speci-
adjustment for Weston Model 661 fications is arranged in such a
tube tester. way that each type of tube is
assigned a certain filament setting, a certain socket, and a
minimum value for the test reading of the meter. The portion
of the Tube Table which follows is given to show how the
values are used.

Tube type....... 47) 48| 49| 50| 52| 53| 55 | 56| 57 58 | 59
Fil. switch....... 3 9 21 7 6 3 3 3 3 3 3
Socket.......... Pl N| P| Al P| L J Q O (0] L
Minimum....... 9.0[4.8/7.2/9.5/9.0{19.0/21.0 R(8.2{20.0 R23.0 R(8.5

The tube test is carried out by setting the filament switch
to the number given in the Tube Table and this switch selects
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a certain tap on the secondary winding of the transformer.
Then the tube to be tested is inserted in the proper socket
and the “Top Cap” wire is attached, if the tube has a top
terminal. This top-cap wire supplies the necessary grid
voltage. After the tube has been normally heated, the meter
pointer is brought back to zero. Next the button marked
“Test” is pushed down and the meter reading is observed and
compared with that given in the Tube Table. If the value

o0

7est
button

Lire sockef
Line son
yoltage control

5

control.

Line check
—

W_F::°

Fi1a. 240.—Simplified circuit diagram showing connections to socket A in
Weston Model 661 tube tester.

given in the Tube Table is marked R,' the button marked
“Press for Red Values” must be held down, and the meter
set to zero before the test button is pressed. When the
red button is pressed, a resistance is connected in parallel
with the meter. The simplified diagram in Fig. 240 shows
the connections to socket A and the circuits used in the test
of a tube intended for that socket.

Rectifier Tubes.—In a test on a rectifier tube the filament
switch and socket number are selected from the Tube Table.
The tube is inserted in the socket and the meter reading is
observed. The meter should not be set to zero and the test
button should not be touched.

1 In the table provided with this tester these values are printed in red.
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A check is obtained on the current from the second plate of
a full-wave rectifier tube by removing the tube, turning it
90 degrees clockwise, inserting it again in the socket, and
observing the meter reading.

Commercial Type of Tube Tester (Dayrad).—The panel
view of this tester (series 14) in Fig. 241 illustrates the various

Fig. 241.—Panel of Dayrad Model 14 tube tester.

controls. Four sockets for different types of tubes are pro-
vided, one of these being left unconnected to take care of new
types of tubes. The alternating-current meter located in the
upper center of the panel has a range of 5 milliamperes and a
resistance of 20 ohms. The left-hand half of the meter scale
is marked ““Poor” and the right-hand half is marked * Good.”
The operating voltages are such that the meter indication for
a normal tube will be in the “Good " section of the meter scale.
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Operating Procedure—Power is obtained from any alternat-
ing-current supply circuit having a voltage of 105 to 125 volts
and a frequency of 60 cycles per second. The connection is
made through the cord and plug on the instrument. Adjust-
ment for line-voltage variation is obtained by means of the
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Fi1g. 242a.—Wiring diagram of Dayrad Model 14 tube tester.

toggle switch shown in the right-hand side of the autotrans-
former in Fig. 242a.

A chart which is provided with the instrument lists for
each type of tube the value of filament voltage, selector adjust-
ment, and plate adjustment. When these settings are made,
and the tube which is to be tested is inserted in the proper
socket, the meter gives an indication of the condition of the
tube. During this test the switch on the lower righthand
side of the panel should be in the ‘““1st Test’’ position.



300 RADIO RECEIVING AND TELEVISION TUBES

Operation of the filament switch serves to select an alternat-
ing-current supply for the filament circuit. The switch-
point contacts are connected to taps on the coil winding of
the auto-transformer.

The selector switch is made with four sections arranged
as shown in the wiring diagram of Fig. 242a¢. The purpose
of this switch is to provide the necessary alternating-current
voltages for the grid and plate circuits. An explanation
of the wiring of the selector switch will show how this is
accomplished. The selector switch is of the four-section type
with 11 contact points on each deck. As shown in Fig. 242a
there are four rows of circles, each row representing one sec-
tion or deck of the switch. The large circle at the left-hand
end of a row represents the rotating arm of the selector for
that row. When the selector knob is rotated the arms make
contact with the points on the four rows. Thus when the
selector knob is in the position marked ‘“1’’ on the panel dial,
arm 1 is connected to P (plate), arm 5 to K (cathode), arm 6
to P (plate), and arm 7 to P (plate). The 11 points of the
switch are interconnected in such a manner that the voltages
required for the plate, cathode, diode unit, first plate, and
second plate, can be obtained for any tube now available.

The plate-adjustment control consists of a 200-ohm variable
resistance connected in parallel with the meter.

Duplex, Diode, and Rectifier Tubes.—A duplex tube such
as type 2A7, or type 6F7, is listed twice on the Tube Chart;
that is, there are two groups of values for the control adjust-
ments to show that two tests are necessary. The first test
is made in the usual manner. Then the second group of con-
trol settings is used and the toggle switch on the lower right-
hand side of the panel is placed in the ‘“2nd Test” position.
This connects the meter into the second-plate circuit. When
the test is completed, the toggle switch should be returned to
the “1st Test’’ position.

The general procedure for tubes of the diode type and the
rectifier type is the same as outlined above, with specific direc-
tions given on the tube chart of the instrument.
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Heater-to-Cathode Leakage Test.—In this test the tube is
first checked in the usual manner. Then the selector switch
is turned to a given position which releases the cathode
connection. If there is any leakage between heater and
cathode the meter will show an indication.

Short-circuit Tests.—This instrument is not arranged to
indicate directly a short circuit between the electrodes of a
tube. The meter reading however can serve as a general
indication of short circuits because connections between
certain electrodes have definite effects on the deflection of
the meter. Detailed information about these relations is
provided.

Commercial Type of Tube Tester (Triplett).—The instru-
ment (model 1210-A) shown in Fig. 242b is designed to test
both metal and glass types of tubes. The panel has four sockets,
a direct-reading meter with a ‘“Bad-Good” scale, three selec-
tor switches, one load control knob, one push button which is
used to indicate the quality of the tube being tested, and one
push button which is used to give separate readings for double-
plate tubes.

The circuit arrangement is such that the meter indication
depends on an emission test of the tube. The rectifier tube
included in the device is of the 01A type. Cathode-leakage
tests and short-circuit tests also can be made with this instru-
ment. Operation is from a 60-cycle, 100 to 300-volt alter-
nating-current line.

Dynamic Characteristics from Bridge Measurements.—
For some laboratory requirements the ‘“‘dynamic’” character-
istics of a tube are of more fundamental importance than the
static values. To obtain such data it is necessary to apply
an alternating-current potential to the tube and to make use
of certain balanced-bridge measurements.

A commercial type of bridge is available which serves as a
direct-reading device giving the following three fundamental
dynamic characteristics of a tube: (1) amplification factor,
(2) plate resistance, and (3) mutual conductance. A vacuum-
tube bridge of this type is provided with suitable controls for
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the measuring circuits, tube sockets for various types of tubes,
a transformer with the necessary controls for supplying alter-
nating current to the filament cireuit of the tube to be tested,
terminals for battery connections, and a voltmeter for reading
filament voltages. The auxiliary equipment consists of a
source of supply voltage for the plate and grids of the tube, a
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Fia. 242b.—Wiring of Triplett tube tester.

source of power supply at a frequency of 1,000 cycles per
second, a pair of head-set telephone receivers, and a sensitive
amplifier.

The procedure for the determination of each of the charac-
teristics is the same. A control switch is turned to point
toward the characteristic desired as indicated on a dial. Then
circuit adjustments are made to provide the appropriate
conditions for the tube to be tested. Next a balance is
obtained by the adjustment of resistance switches and a
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capacity-balancing condenser. At the point of balance the
characteristic can be read directly from the position of the
resistance switches.

REACTIVATION OF VACUUM TUBES

Reactivation of Thoriated-tungsten Filaments.—Modern
types of vacuum tubes for radio receivers are constructed with
coated filaments, or with filaments of the heater type (also
termed heater cathodes, unipotential cathodes, equipotential
cathodes, or merely heaters). A filament of the coated type,
or of the heater type, reaches the end of its useful life when it
becomes inoperative because of loss of emission. Such a
filament or cathode cannot be reactivated, and would be
burned out by the application of the high voltage used in the
reactivating process. Information as to the type of filament
or cathode used in a tube is given on the data sheet placed in
the tube package, or may be obtained from the manufacturer.

Thoriated-tungsten filaments are found in the following
types of tubes: 00A, 01A, 10, 20, 40, and 99. The action of the
thorium-oxide layer on the thoriated-tungsten filament of a
vacuum tube is such that, when the filament is heated, some of
the thorium oxide is reduced to metallic thorium and works
out to the surface of the filament. When the vacuum tube is
in use, this surface layer of thorium gradually evaporates and
is replaced at the same rate by fresh thorium from the interior
of the filament. This process continues uniformly throughout
the life of the tube provided the normal temperature of the
filament is not exceeded. If the temperature is raised a few
hundred degrees above the normal temperature, corresponding
to a voltage overload of about 10 per cent of the rated value,
the balance between surface evaporation of thorium and its
supply is disturbed and the active thorium layer is completely
evaporated, leaving a plain tungsten surface from which the
filament emission rapidly decreases. If the operator further
increases the filament voltage, the overload on the tube is
increased so much that no filament emission is obtained. The
filament then is *“ paralyzed ”’ but can be restored by reactivation.
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Need for Reactivation. Emission Test.—An indication of
the condition of a vacuum tube for filament emission is readily
obtained by an emission fest. 1In the test for filament emission
described on page 253 the current for producing filament emis-
sion is set at a certain low value of filament voltage which is
needed to produce the required amount of emission.

Voltages higher than those given in the table on page 253
must not be used because of the danger of damaging or possibly
even burning out the tube. If the value of emission current
indicated on the milliammeter in this test is above the mini-
mum value specified in the table, the tube filament is in good
condition and reactivation is not necessary.

The value of plate current, when the tube is operated at
rated voltages, is not an accurate measure of filament condi-
tion. The reason for this is that small variations in the con-
stants of the tube (especially the amplification factor) cause
much greater variations in the plate current, even though the
performance of the tube is not appreciably affected. If, how-
ever, the plate-current reading is low, and increases rapidly
as the filament voltage is increased slightly above the rated
value, it is likely that the filament is becoming inactive.
If the plate-current reading of a used tube is less than 80 per
cent of the reading when the tube was new (provided the
operating voltages in each test are the same), improvement
will result from reactivation.

Methods of Reactivating.—The kind and degree of overload
which has been put upon a tube determine the method to be
used in reactivating the filament.

First Method.—Tube filaments which have been overloaded
only slightly may be reactivated by a simple process. Accord-
ing to this treatment the filament is burned at its normal
voltage for from 10 to 20 minutes. During this treatment no
voltage is applied to the grid or plate of the tube. Then an
emission test is made. If the emission shows no improvement,
it is evidence that the tube has been overloaded heavily over a
long period of time. In such a case, the second method of
reactivation, as described below, should be tried.
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Second Method.—According to the second method the fila-
ment is first “flashed” at three times its normal voltage for
from 30 seconds to one minute.

This treatment accelerates the rate at which the thorium
works out of the interior of the filament to the surface. Since
there is no voltage on the grid or plate, the evaporation of
thorium from the filament surface is slow.

The filament is then seasoned for a period of 10 minutes at
1.5 times its normal voltage. During these operations no grid
or plate voltages are applied. If the emission current shows
no improvement at the end of this period, the tube cannot be
reactivated.

The high temperature developed in flashing is necessary to
“strip”’ or clean the filament surface. After this step, which,
in effect, completely paralyzes the filament, the seasoning
voltage is applied in order to form another layer of fresh
thorium on the filament surface. It must be expected that a
small percentage of tube filaments will burn out when the
flashing voltage is applied.

Tube-base Connections.—The connections between the
base-terminal pins and the electrodes of radio vacuum tubes
are shown in the charts in Figs. 243a and 243b. It should be
noted that each diagram in these figures represents a view of
the baitom of the base. The pin numbers on the base diagrams
follow the system recently standardized by the Radio Manu-
facturers Association. According to this system, if the base
of the tube is held toward the observer in such a way that the
heater pins are at the bottom (the heater pins are larger in
diameter than the others) then the left-hand heater pin is
number one. The other pins are numbered consecutively in a
clockwise direction.

The symbols used to designate the electrodes are given in
Table XII as shown on page 308.

Each base diagram is identified by the number shown
beneath the diagram in the figures. A diagram of this kind by
itself would not serve to indicate the type of tube which is
provided with such a base so that it is necessary to show also
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the relation between the base diagram and the type of tube.
This is given in two of the tables which follow, the one
(Table XIII)showing the base diagram number for each type of
tube, and the other (Table XIV) showing the tube type or
types which have similar bases.

TasLe XII.—ELECTRODE SYMBOLS

Dp Diode plate He Heater center
F Filament K Cathode
G. Control grid Nec No connection
Ga Anode grid P Plate
Go Oscillator grid Su Suppressor grid
Gs Sereen grid Top cap
H Heater XS External shield

TasLE XIII.—BaskE ARRANGEMENTS BY TuBe TYPES

Type Base Type Base| Type Base| Type Base Type Base

00A 4-1 6C7 7-7 25Y5 6-7 46A1 5-7 758 64
01A 4-1 6D6 6-1 2525 6-7 46B1 5-7 76 5-1
1A6 6-8 6D7 7-8 26 4-1 47 5-3 77 6-1
1Cé 6-8 6E7 7-8 27 5-1 48 6-3 78 6-1

1v 4-7 6F7 7-5 278 5-1 49 5-4 79 6-5
2A3 4-1 6F7S 7-5 30 4-1 50 4-1 80 4-5
2A5 6-2 6Y5 6-9 31 4-1 53 74 81 46

2A6 6—4 || 625/12Z5 | 6-10 32 4-2 55 6—4 82 |45
2A7 7-2 10 4-1 33 5-3 558 64 83 4-5
2A7S 7-2 12A 4-1 34 4-3 56 5-1 84 55
2B7 7-3 12A5 7-6 35/51 5-2 56A8 5-1 85 64
2B78 7-3 12A7 7-9 | 358/51S | 5-2 568 5-1 85AS 64
28/48 5-5 1273 4-7 36 5-2 57 6-1 89 6-1

272/G84 | 4-6 15 56 37 5-1 578 6-1 V-99 44
5723 4-5 18 6-2 38 5-6 57A8 6-1 X-99 4-1
6A4/LA | 5-3 19 6-6 39/44 5-6 58 6-1 182B 4-1
6A7 ] 20 4-1 41 6-2 588 6-1 183 4-1
6A78 7-2 22 4-2 42 6-2 58A8 6-1 485 5-1

6B7 7-3 24A 52 43 6-2 59 7-1 864 4-1
6B78 7-3 248 5-2 45 4-1 71A 4-1
6C6 6-1 25/2568 |[6-11 46 54 75 64

When the type number of a tube is followed by the letter S, the
tube is a standard type but is equipped with an external
shield, as specified for Majestic radio receivers. This shield,
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not shown on the base diagrams, is connected through the
base to the cathode pin.

TaBLe XIV.—Tvusg TyYPES BY BASE ARRANGEMENTS

Base Type Base Type Base Type
4-1 004, O1A, 5-2 244, 248, 758, 85,
10, 124, 35/51, 85AS
20, 26, 30, 358/518, 36 | 6-5 79
31, 45, 50, 5-3 33, 47, 6—6 19
71A, X-99, 6A4/LA 6-7 25Y5, 2575
182B, 183, 54 46, 49 6-8 1A6, 1C6
864, 2A3 5-5 28/48, 84 6-9 6Y5
4-2 22, 32 5-6 15, 38, 6-10 6Z5/1275
4-3 34 39/44 6-11 25/258
4-4 V-99 5-7 46A1, 46B1 7-1 59
4-5 80, 82, 83, 6-1 6C6, 6D6, 7-2 2A7, 2A7S,
57Z3 57, 578, 6A7, 6ATS
4-6 2Z2/G84, 57AS, 58, 7-3 2B7, 2B7S,
81 58S, 58AS, 6B7, 6B7S
4-7 1V, 1273 77,78, 89 7-4 53
51| 27,278, 37, 6-2 2A5, 18, 41, 7-5 6F7, 6F7S
56, 568, 42, 43 7-6 12A5
56AS, 76, 6-3 48 7-7 6C7
485 6-4 2A6, 55, 7-8 6D7, 6E7
558, 75, 7-9 12A7

Metal Tube Bases and Pins.—The metal shell is connected
to a base pin and during operation of the tube the shell is at
ground potential to eliminate any danger from electrical shock.
The octal base for metal tubes requires a special socket because
of the pin arrangement and because a locating key or lug is
of assistance in locating the tube properly in the socket. The
base is so designed that eight pins uniformly spaced can be
used. Where the tube design is such that fewer pins are
needed, the unnecessary ones are omitted and the spacing of
the remaining pins is unchanged. With this arrangement a
universal pin numbering system has been devised. In this
system a number is assigned to each of the eight pin positions.
Pin number one, for the shell connection, is the first pin to the
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left of the locating key when the base is viewed from the bot-
tom with the key toward the observer. The direction of

//Small octal 5-pin bose

Bottom View
Fia. 243c.—General pin arrangement for metal tubes.

Fic. 243d.—Bottom views of bases for metal tubes.

numbering is clockwise. With this system, the pin numbers
for a six-pin base are 1, 2, 3, 5, 7, and 8.

The pin connections for the various types of metal tubes are
given in the following table. The drawing in Fig. 243¢ shows
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the general pin arrangement, and the drawings in Fig. 243d

show the bottom views of the tube bases.

TaBLe XV.—BasE ARRANGEMENTS BY Tuse Tyepes (MEeraL Tusgs)

Pin positions and numbers

Tube | Base | 1 | 2 | 3 | 4 | 5 | 6 | 7 | 8 |ToP

cap
Pin connections

574 5-L S H . P, o | Py .. |H-K

6AS8 8-A 8 H P Gs | Go Gy H |K G

6C5 6-Q S H P G -, H |K

D5 | 6Q | S | H| P | .. |@ H |K

6F5 5M S H .. P e H |K G

6F6 7-S S H P Gs | G H |K

6H6 7-Q S H P: | K2 | Py H | K\

6J7 7-R S H P Gs | Gsu H |K G

6K7 | 7-R S H | P | Gs ) Gsy H 'K G

6L7 7-T S H P Gs | Gu H |K G

Explanation of pin symbols: G = control grid, G4 = anode grid,
Gx = modulator grid, Go = oscillator grid, Gs = screen, Gsy = sup-
pressor grid, H = heater, K = cathode, P = plate, S = metal shell,
1 = locating key.



CHAPTER VII

VACUUM-TUBE INSTALLATIONS

Filament and Heater Current.—The current for a filament
or for a heater of a radio tube may be taken from a direct-
current source such as a battery or a power line, or from an
alternating-current source such as a house-lighting circuit,
depending on the type of tube and the requirements.

In the case of direct-current operation the voltage applied
to the filament is controlled by a resistance in series with
the filament. For parallel connection of filaments the size of
the required resistance R in ohms is found from the relation
R = (V — E;) + I, where V is the supply voltage in volts, E,is
the rated filament voltage of the tube and I is the sum of the
filament currents in amperes. The filament or heater voltage
of a tube in operation should be measured at the socket. TFor
example, if two dry cells are to supply the filament current for
three type 32 tubes, two type 30 tubes and two type 31 tubes,
all being connected in parallel, the size of the series resistance
is found as follows: The supply voltage is 2 X 1.5, or 3 volts,
the filament voltage is 2 volts, and the total filament current is
0.56 ampere, so that the resistance needed is (3 — 2) -+ 0.56, or
1.8 ohms. The nearest commercial unit might be 2 or 3 ohms.
For series connection of filaments the same formula is used; in
this case the value used for the filament voltage must be the
sum of the filament voltages of all the tubes, and the value
used for the current is the filament-current rating of one tube.
In a series filament connection only tubes having the same
filament-current rating can be used. A tube having a lower
rating must be provided with a shunt resistance across its
heater terminals to take the excess of current.

For operation with alternating current the filaments or
the heaters may also be connected either in parallel or in

312
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series. With a parallel connection the power is obtained from
the supply ecircuit generally through a step-down transformer.
A resistance may be used in series with the primary winding of
the filament transformer if the voltage of the supply circuit
must be reduced. If the voltage of the supply circuit must be
increased, a so-called “booster” transformer may be connected
between the supply source and the filament transformer.
With a series connection a voltage-reducing resistance may be
used in series with the heaters or the filaments. The procedure
for caleulating this series resistance is the same as that for the
direct-current example already given. The so-called ‘Uni-
versal’’ type of radio receiving set which can be operated on
either alternating or direct current uses the series filament
method of connection. The power in watts dissipated in a
resistance is equal to the voltage drop in volts across the
resistance multiplied by the current in amperes.

Cathode Connection.—When the heater of a tube is operated
with alternating current, the cathode should be connected to
the mid-tap on the secondary winding of the heater transformer
or the mid-tap of a resistance placed across the secondary
winding. This connection is necessary to maintain a low
potential difference between the heater and the cathode, as
recommended by tube manufacturers. Where the demands of
circuit design necessitate the use of a resistance between the
heater and the cathode, the resistance should be by-passed with
a suitable filter; otherwise an annoying hum may result. If
the heater is operated from a storage battery the cathode
should be connected directly or indirectly (through grid-
biasing resistances) to the negative of the battery terminal;
if the heaters are connected in series, the cathode circuits
should be connected directly or indirectly to the negative
terminal of the direct-current supply line.

B Voltage.—The ‘“B”-voltage supply is needed to provide
voltage for the plate circuits, screen circuits, and in some
cases for grid-biasing circuits. This voltage supply may be
obtained from batteries, from an alternating-current line
through a rectifying and filtering device, from a direct-current
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line through a filtering device, or from a local electric genera-
tor. Several commercial devices have been produced to
supply the plate power for automobile radio receiving sets!
from the automobile storage battery or from an auxiliary
engine-driven generator. The applied voltage, for filament-
type tubes (except rectifiers) should be measured between the
plate terminal and the negative terminal of the filament.
For heater-type tubes the applied plate voltage should be
measured between the plate terminal and the cathode terminal.
For half-wave rectifier tubes the plate voltage should be
measured across the entire high-voltage winding of the
power transformer. For full-wave rectifier tubes the voltage
applied between each plate and the filament or the heater is
measured separately across each half of the high-voltage
winding.

Grid Voltage.—The current for providing a grid-bias
voltage may be obtained in several ways; namely, from a
“C” battery, from a voltage tap on a direct-current power-
supply unit, or from the drop in voltage across a resistance
inserted in the cathode circuit (self-biasing? arrangement).
If a “C” battery is used, the grid-return wire is connected to
the negative battery terminal, and the positive terminal of
the battery is then connected to the negative terminal of the
filament socket or to the cathode terminal. Where alternating
current is used on the filament, the grid return may be con-
nected to the mid-tap of a resistance placed across the filament
terminals, in order to reduce hum. If the grid-bias voltage
is obtained from a voltage tap of a direct-current power-
supply unit, the grid return must be connected to a tap
which is more negative than the one used for the cathode.
The grid-bias voltage recommended for a tube is stated with
a definite reference point depending on the type of filament.

1 Automobile radio receiving sets are described in Moyer and Wostrel,
““Radio Construction and Repairing,” 4th ed., p. 391, McGraw-Hill
Book Company, Inc., New York.

2 The term self-bzas is used because the cathode current of the tube is
utilized to provide the grid-bias voltage.



VACUUM-TUBE INSTALLATIONS 315

For a tube having a filament operated with direct current,
the reference point is the negative terminal of the filament.
For a tube having a filament operated with alternating
current, the reference point is the mid-point of the filament.
For a tube having a heater type filament the reference point is
the cathode. The filaments of certain types of tubes may be
operated with either direct or alternating current. In the
case of these tubes the grid-bias voltage for filament operation
on alternating current is greater than the grid-bias voltage
for direct-current operation by an amount equal approxi-

F1a. 244.—Self-biasing method of obtaining grid-bias voltage.

mately to half the rated filament voltage, and the reference
point is the mid-point of the filament.

The self-biasing arrangement, shown in Fig. 244, depends
on the voltage drop produced by the cathode current across
a resistance which is connected from the negative terminal
of the “B’’ supply to the cathode. The by-pass condenser C
provides a path of low impedance. Sufficient condenser
capacity must be provided so that there may be a minimum
impedance between the cathode and the grid return connec-
tion. Attention must be given also to the value of the time
constant. If this is too high the receiver may be paralyzed
or blocked for a short time by a disturbance such as static.
If the time constant is too low there may be difficulties caused
by audio-frequency feed-back and by modulation distortion.
A time constant of about 11¢ second should give satisfactory
results. .

In a three-element tube the cathode current is equal to
the plate current; and in a tetrode or pentode it is equal to
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the sum of the plate and screen-grid currents. The size of the
required resistance R in ohms is found for one three-element
tube from the relation R = 1,000V = I, where V is the
grid-bias voltage in volts and I is the rated plate current in
milliamperes. For example, if the grid-bias voltage is to be
9 volts and the plate current is 3 milliamperes, the required
resistance is 1,000 X 9 =+ 3, or 3,000 ohms. If the current
flowing through the resistance is from more than one tube the
size of the resistance is determined
by the total current.

The action of any cathode-
resistance arrangement for providing
grid-bias voltage can be understood
when the value of the current flow-
—+—Jd——¢ ing in the resistance is known,
together with the direction of the

R R, L current and the resistance of the
B gy unit.  The path of the plate cur-

Fie. 245.—Circuit for pro- rent, in the circuit shown in Fig.
Z{)‘{i":ﬂ v ﬁc,;’e‘:;z;‘;g_t;g:s 321::;: 245, is from the positive. terminal

of the power-supply unit to the
plate of the tube, through the tube to the cathode, through
the grid-biasing resistance R, to the negative terminal
of the power-supply unit, and then through the supply unit
back to the positive terminal. In this case the direction of
current flow in the resistance R; is away from the cathode.
Then the end of the resistance R, from which the current leaves
is megative with respect to the cathode. In this circuit a
combination of variable and fixed grid-bias voltages is obtained
by the use of the bleeder resistance R,. The variable portion
of the grid-bias voltage is due to the flow of the cathode
current, while the fixed portion is due to the current which
comes from the bleeder resistance R,.

The arrangement for obtaining a grid-bias voltage from a
tap on the voltage divider of a power-supply unit is similar
to the circuit shown in Fig. 245. In that case the resistances
R, and R, are a part of the voltage divider. The grid-return

/—\
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wire is connected to a point that is more negative than the
one used for the cathode connection.

In some circuits the cathode resistance, or a part of it, is
common to two or more tubes. A simple arrangement of
this kind is shown in Fig. 246. é

The resistance R; carries the
cathode current of the tube
shown as well as the cathode

currents of other tubes con- 7% grs of It
other tubes] R, R

.. . i To
nected to this circuit, while the heredd Cathodes of
other fubes

resistance R, carries the cathode
current of only one tube. The K]
grid-bias voltage for this tube is g, 246 —Cathode-resistance
the voltage drop across both arrangement which is common to
resistances R; and R, The U7 °F more tubes.
grid-bias voltage for the other tubes is the voltage drop across
the resistance R,, for the reason that the reference point for
those tubes is the junction point of the resistances R; and R..
Grid-bias Voltage for Power Amplifiers.—The power output
and amount of distortion from ‘“over-biased” push-pull

Type 2Abord2

o
Output
o]

Fixed bias
Supply volk

=

- B‘ B+ B+
Fiag. 247.—Fixed grid-bias arrangement using battery-supply current.

audio-frequency amplifiers are affected by the method used
to provide the grid-bias voltage. Three general types will
be considered: (1) fixed grid-biag voltage, (2) semi-fixed grid-
bias voltage, and (3) self-biasing voltage. The grid-bias
voltage supply in the fixed grid-bias type is provided by a
battery or a separate rectifier, in the semi-fixed grid-bias type
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by a tap on the power-supply voltage divider, and in the self-
biasing type by a cathode resistance.

The greatest power output and usually the least distortion
are obtained with the fized grid-bias arrangement using a

Type 2A3
AF é
Input L

4

i

'@ufpuf

s
F = BY
Pow?r =
sup,
Ry .
100 A .
_—‘ ke B
“~Separate rectifier

Fig. 248.—Circuit arrangement for obtaining grid-bias voltage from separate
rectifier for circuit with type 2A3 tubes.
battery-supply current, because the voltage obtained from
such a low-resistance source minimizes degenerative effects.
The circuit connection! is shown in Fig. 247 for type 2A5 or

Ype 245 or42 )
Input 1
L m Output
Ak
e
Jeff bias . I
voltage supply
- -L—% B+ B+

Fic. 249.—Self-biasing arrangement which produces a decrease in output and
an increase in distortion.

type 42 tubes. If the grid-bias voltage is obtained from a

separate rectifier, as shown in Fig. 248 for a circuit with type

2A3 tubes, the output is decreased slightly, and the distortion

is increased.

1 RCA Application Note 35.
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A more marked decrease in output and increase in distortion
are obtained with the self-béiasing arrangement shown in Fig.
249. These changes are due to two reasons. First, the grid-
bias voltage fluctuates because the direct-current flow in the
plate circuit varies with the signal voltage. Second, the
capacity of the condenser that is used to by-pass the alter-
nating current around the grid-biasing resistance may not
be adequate. Sufficient capacity should be used to reduce
the impedance of the resistance to a value that becomes
negligible.

0B~

F1a. 250.—Circuit for semi-fixed grid-bias method.

The change in output and distortion that is obtained with
the semi-fixed grid-bias arrangement is intermediate between
the results with the fixed grid-bias method and with the self-
biasing method. The circuit connection!' for the semi-fized
grid-bias method is shown in Fig. 250. The reasons for the
change in output and distortion with this arrangement are
the same as those for the self-biasing method.

Grid-voltage Variation for Volume Control.—The volume
of sound from a radio receiving set may be controlled by a
variation of the voltage on the grids of the tubes in the stages
of the radio-frequency amplifier.

All the systems commonly used for automatic volume control
operate on the same principle that a portion of the carrier

1 RCA Application Note 29.
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voltage (page 125), rectified and filtered, is utilized to provide
a grid-bias voltage for the tubes in the radio-frequency
amplifier or in the intermediate-frequency amplifier, or both.
This grid-bias voltage is obtained generally from the detector
stage, but some designers use a separate tube which is supplied
with a grid-bias voltage from the input circuit of the detector
stage. There are several ways of applying this voltage
variation, depending on whether the control is manual or
automatic: (1) from a bleeder circuit by the use of a potentiom-
eter, (2) from a variable resistance by a self-biasing arrange-
ment, or (3) from a bleeder circuit in which the bleeder current
is varied by a tube used for automatic volume control. The

Bl Rl

B~ A-A+ B+ B A
B+

F1a. 251.—Grid-bias voltage variation for volume control.

first two methods are shown in Fig. 251. In these arrange-
ments it is essential that the grid-bias voltage should not at
any time be less than the minimum recommended value.
This requirement is met by providing a fixed stop on the
potentiometer, by a fixed resistance connected in series with
the variable resistance, or by connecting a fixed cathode
resistance to the variable resistance used for regulation.
Screen-grid Voltage.—The positive voltage required for the
screen grid of the tetrode type of tube is generally taken from
a tap connection on the B-supply unit (page 4), or through a
potentiometer connected across that unit. In some cases
a series ‘‘dropping”’ resistance and shunt filter condenser
are used. The screen-grid voltage for a pentode tube, how-
ever, may be obtained by means of a resistance connected in
series to a high-voltage supply, as shown in Fig. 252. The
screen-grid circuit needs more thorough filtering than the
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plate circuit because it has a control effect similar to that
of any other grid. The screen-grid voltage may be measured
at the source of supply, or between the negative filament ter-
minal or cathode terminal and the screen-grid terminal.
Control of volume in the older types of radio receiving sets
was effected by the variation of the sereen-grid voltage on the
tubes in the radio-frequency amplifier stages. Such action
is possible because a reduction in screen-grid voltage decreases
the mutual conductance and thus results in less amplification.

n o

& 4

'._.

-B +B A- B- B+

F1Gg. 252.—Arrangement for ob- Fic. 253.— Volume-control ar-

taining screen-grid voltage. rangement using screen-grid voltage
variation.

The variable voitage is obtained, as shown in Fig. 253, by the
use of a potentiometer connected across the resistance which
provides the screen-grid voltage.

Filters for Voltage-supply Wires.—It is customary to
provide a filter in each voltage-supply wire that passes into a
stage. This precaution is necessary to prevent coupling
between the stages, owing to a voltage-supply circuit which
is common to all stages. Two simple types of filters that
can be applied to circuits carrying weak currents are shown in
Fig. 254. 1In these filters, R is a resistance unit and C is a
by-pass condenser. For circuits carrying strong currents the
resistances in the filters should be replaced by radio-frequency
choke coils. The filter provides a low-impedance path for the
signal current to the cathode and thus by-passes the path
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through the voltage-supply circuit. The low-impedance path
is through the condenser; and the resistance or the choke
coil provides a high impedance to the power-supply circuit.
A rule for the minimum practical size of the condensers,
as stated by the RCA Radiotron Company is as follows:
The impedance of the condenser at the lowest frequency

Voltage R R

T LT
.Jo cathode.

F1a. 254.—Electric filters for voltage-supply wires.

amplified should not be more than one-fiftth of the impedance
of the filter-choke coil or of the resistance at that frequency.
In special cases better results are obtained if the ratio is
not more than one-tenth. If stage shielding is used it should
enclose the filter unit also. The use of filters for smoothing
the output of rectifier tubes is described in Chap. IX.
Coupling Circuit for Power-output Tube.—The direct-cur-
rent component of the current in the plate circuit of a power-

Bypass
Output Plate  condenser
FPlate  ftransformer
o= o
Choke coi/ 7,
To
loud'speaker loudspeaker

o— -0
B+ B- B+

Figc. 255.—Coupling circuit of Fia. 256.—Coupling circuit of
transformer type for power-output choke-coil type for power-output
tube. tube.

output tube would injure the winding of an electromagnetic
loud-speaker.! For this reason some form of coupling must be
provided which will allow the fluctuating component of the
current to flow into the loud-speaker but which will exclude
the direct-current component. Coupling is generally needed

! Moyer and Wostrel, *“Practical Radio,” 4th ed., p. 128, McGraw-Hill
Book Company, Inc., New York.
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also to transfer power efficiently from the output stage to the
loud-speaker. Two types of coupling devices are shown in
Figs. 255 and 256. The transformer type (first) consists of
a primary and a secondary winding on an iron core; each wind-
ing can be designed to have the impedance needed in its circuit.
In the second type of coupling device the choke coil, con-
nected in series with the plate and the B-supply unit, allows the
direct-current component to flow but opposes the fluctuating
current; the by-pass condenser passing the fluctuating current.
The impedance of the iron-core choke coil should be at least
10 henrys, and the capacity of the by-pass condenser should be
2 to 6 microfarads.



CHAPTER VIII

USE OF THE VACUUM TUBE AS DETECTOR

The average frequency of the waves of sound produced by
the voice in speaking is about 800 cycles per second, but the
range of frequency varies with the pitch of the tone. A change
of inflection in speaking, a change of tone in singing or in the
sound of musical instruments, causes changes in the frequency
of the air waves which are produced.

Modulation.—The high-frequency energy that is generated
by a radio broadcasting transmitter is utilized as a carrier for

_Modulation or
° Side-band frequency

Carrier
,: frequency )
' —F
) I b
i N Y
\ \{
A \,

Fig. 257.—Carrier and modulation frequencies.

the transmission of a signal current of low or audio frequency.
The process whereby the characteristics of the audio-frequency
signal are impressed on the carrier frequency is called modula-
-tion. These two frequencies may be represented as in Fig. 257
in which A indicates an unmodulated wave of high frequency,
and B the same wave after it has been modulated at an audio-
frequency rate. The percentage of modulation depends on the
ratio of the amplitude of the modulation frequency to that
of the carrier frequency. Thus, from Fig. 257, the modulation
in per cent may be expressed as 100e¢ = b. At 100 per cent
modulation the two amplitudes are equal. Broadcasting
324
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transmitters are seldom modulated over 90 per cent. The
effect of the degree of modulation on the action of a detector
is considered in a later section.

The modulated radio-frequency currents produce radio
waves which retain the characteristics of the sound waves used
for modulation. The radio wave is changed by the radio
receiver into sound waves having the same characteristics as
the sound waves which entered the microphone at the
transmitter.

The high-frequency alternating currents used in radio trans-
mission and reception will not flow to any considerable extent
through the inductive windings of loud-speakers or of tele-
phones. Even if the current did flow, the diaphragms of such
apparatus could not vibrate at such high rates; and further,
even if the diaphragms could vibrate at this rate, a note of
such high frequency would be inaudible. The detector is a
device by means of which the audio-frequency component
is extracted from the modulated carrier, and is delivered in the
form of a pulsating direct current. This cur-
rent then can be used to operate a loud-speaker
or if necessary is applied to an audio-frequency
amplifier so that its amplitude may be
increased. :irid o\loi#ag:

True Detector.—A theoretically true detector . =~ .0
would have a characteristic as shown in Fig. Relation  be-
258. When the input voltage is positive in '¥een ;’:fc‘fe s
value, the plate current varies directly with voltage in true
the voltage, and when the input voltage is detecter-
negative, the plate current is zero. If, now, an alternating
voltage is impressed on such a detector so that the
average value' of the voltage is at the zero point, a
plate current will flow only when the impressed voltage
has a positive value. The value of the resulting audio-
frequency current is directly proportional to the strength of
the radio-signal current. This theoretical action, however, is
considerably different from that of an actual vacuum-tube
detector in its normal operation.

’le‘e Current
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Types of Detectors.—The types of detectors most commonly
used are the diode detector, the triode detector arranged for
plate-circuit detection, and the triode detector arranged for
grid-circuit detection. Other types of detectors used to some
extent are the alkali-vapor tube, the multi-element tube, the
non-oscillating tube with regeneration, and the oscillating
tube.

Detection with Diode.—The diode has two properties which
make it suitable for use as a detector, where a minimum of

Diode
+
Radglio-frequenc |
or /hr‘em[;Za’/m'e{ - R
frequency input T o grid of audlio
amplifier fube

F1c. 259.—Half-wave rectification with diode.

distortion is required. These are its rectifying action and its
low resistance in the direction of current flow. Because of this
low resistance of the tube an approximately linear dynamic
characteristic (page 333) can be obtained with a convenient
size of load resistance. The diode, however, has no amplifying
action. The circuit shown in Fig. 259 illustrates the use of
a diode for half-wave rectification. The audio-frequency
signal voltage across the load resistance R is impressed on the
grid of the amplifying tube. To obtain a still lower tube
resistance, two diodes may be connected with their plates in
parallel.

Full-wave rectification is obtained by the use of two diodes,
or a tube of the duplex-diode-triode type (page 141) as shown in
Fig. 260. In this circuit the input is balanced so that no
carrier frequency is delivered to the grid of the amplifier tube
and consequently there is no need for a carrier-frequency
filter. The double-diode portion of the tube acts as a full-wave
rectifier. Its output is delivered to the triode portion of the
tube which acts as an audio-frequency amplifier. The grid-
bias voltage for the triode is obtained from the voltage drop
across the resistance R; but this method should not be used
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unless the resistance in the plate circuit of the triode is large.
This plate-circuit resistance must be large enough to keep the
plate current from becoming excessive when the grid-bias

Duplex-diode

Triode

Radlio-frequency
or infermediate
frequency input

3B-
F1a. 260.—Full-wave rectification with duplex-diode triode.

B+

l 10 grig of avdio

amplifier fube

voltage drops to zero at a time when there is no radio-frequency
input. The grid-bias voltage on the triode may reach the cut-
off value if the signal voltage is very strong. Full-wave
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Fic. 261.—Average characteristics of single diode unit for half-wave
rectification.

rectification, as compared with half-wave rectification,
provides about half as much signal output but does not require

carrier-frequency filtering.
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Radio-tube Applications.—In addition to services as detec-
tors and oscillators, vacuum tubes for radio receiving sets are
utilized as amplifiers, rectifiers, frequency converters, and
mixers in superheterodyne circuits.! These various services
will be considered in detail in the following chapters.

Characteristic of Diode Detector.—The curves in Fig. 261
represent the average characteristics of a single-diode unit in
half-wave rectification for duplex-diode triodes such as types
55, 85, 2A6, and 75, and also for duplex-diode pentodes such as
2B7 and 6B7. The curves show the relation that exists among
the following four factors: (1) signal input voltage (root-mean-
square value), in volts, (2) load resistance, in ohms, (3) rectified
current, in microamperes, and (4) direct-current voltage, in
volts, that is developed by the diode unit.

Typical Diode-detector Circuits.—Radio receiving sets in
which diode detection is used generally have tubes of the
duplex-diode-triode or the duplex-diode-pentode types. In
some cases, however, a triode may be connected to give diode
detection. In receiving sets designed for battery operation a
screen-grid tube may be used for detection. A few examples
of these types in commercial applications are given in the
following paragraphs.

Type 75 as Diode Detector.—The use of a duplex-diode-
triode tube, type 75 or 2A6, as a detector amplifier is illus-
trated in Fig. 262. In this circuit the diode units are
connected to give half-wave rectification, and to provide
rectified voltage for automatic volume control. When a signal
voltage is applied to the tuned circuit LC and the diode plates
are positive, a stream of electrons flows from the cathode to
the diode plates, and through the tuned circuit and the 0.5
megohm resistance R back to the cathode. The flow of current
is in the opposite direction. This current, being rectified, pro-
duces a rectified voltage across the resistance B. The rectified
voltage is proportional in amplitude to the applied signal
voltage. The 0.0001-microfarad condenser across R stores
a small amount of energy from each cycle of the rectified

1 See Chap. X.
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radio-frequency current in the resistance R and consequently
the available voltage has a form corresponding to the audio-
frequency modulating signal voltage.

A portion of this audio-frequency voltage is taken from the
tap on the resistance R and is applied through the condenser
C; to the grid of the triode unit of the tube. The plate current
of the triode returns to the cathode through the resistance R,.
With this connection the grounded end of the resistance R; is
negative with respect to the cathode, and the other end is

To grid
of output
L] tube
7] _54 $025meg.
gfa‘/’ fb'/qii K Tooor
7 K.1an
I F stages 005”73{ o
10meg| R4

005 ;Ce Rz |05me
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F1g. 262.—Circuit arrangement of duplex-diode-triode type 2A6 or 75 when
used as detector-amplifier tube.

positive. The flow of plate current across the resistance R,
produces a voltage drop which is utilized as a grid-bias voltage
for the triode, and is applied to the grid through the resistance
Rs. The condenser C; is used to improve the quality with
regard to very low frequencies, and the condenser C, serves as
a by-pass for any radio-frequency current that may be present
in the triode-plate circuit.

The voltage for automatic volume conirol is obtained in the
following manner: The current flow in the resistance R is in
such a direction that the negative end of the resistance R is
toward the tuned circuit LC. The current is smoothed out
by the resistance R; and the condenser Cs. Then the voltage
across the condenser Cj is applied to the grid-return circuits
of the radio-frequency and intermediate-frequency stages.



330 RADIO RECEIVING AND TELEVISION TUBES

If the signal strength increases, the grid-bias voltage applied
to these stages becomes more negative. The effect of a more
negative grid-bias voltage is to reduce the mutual conductance
of the tubes to which it is applied, with a consequent decrease
in amplification. This results in a reduced signal voltage on
the detector. The combination of the resistance R; and the
condenser C; serves also as a timing circuit for the operation
of the automatic volume control.

Type 85 Tube as Diode Detector.—The type 85 tube is rated
as a duplex-diode triode. As used in the circuit of Fig. 263

025 mfad
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Fig. 263.—Duplex-diode triode (type 85) with diode electrodes used as
detector and the grid and plate used for audio-frequency amplification.
the diode electrodes provide the detector action while the grid
and plate give audio-frequency amplification. The output of
an intermediate-frequency stage is applied through a trans-
former to the detector tube. A portion of the rectified voltage
also gives a voltage drop across the resistance R which is used
in one of the two automatic-volume-control systems. This
voltage drop is applied to the second intermediate-frequency
stage in all of the five tuning bands, and to the first detector
and first intermediate-frequency stage in two bands. The
detector output is coupled to the grid circuit of the driver
stage (page 132), through a compensated volume-control

system, a tone-control system, and a transformer:

Type 6B7 as Diode Detector.—The use of the diode units of
the type 6B7 duplex-diode pentode for detection is illustrated
in Fig. 264. The output of the first intermediate-frequency
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transformer is applied to the control grid of the type 6B7
tube. In this tube the intermediate-frequency signal is
amplified and then is applied to the second intermediate-
frequency transformer 7':.. Both the primary and the second-
ary circuits of the transformer 7'y are tuned in order to provide
maximum sensitivity. The signal then is applied to the
audio-frequency diode unit of the type 6B7 tube. The signal
voltage is applied also through the condenser C to the auto-
matic-control diode unit of type 6B7. The output of the
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Fr1a. 264.—Diode units of ty)::z%eB7 (duplex-diode pentode) used for detection
in Crosley model 61 receiver.

audio-frequency diode produces a voltage drop across the
resistance R and the condenser Ci. In this circuit there occur
also a direct-current voltage and some intermediate-frequency
current. The audio-frequency signal voltage is separated
from the direct-current voltage by the condenser C., and the
intermediate frequency is filtered by the resistance Rs. The
audio-frequency voltage is applied across the volume-control
resistance R; and thence to the grid of the audio-frequency
amplifying tube.

Automatic-volume-control voltage is developed, in the diode
circuit, across the resistances R4 and R;s. The voltage drop
across the resistance R is used as an automatic-volume-
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control voltage for the radio-frequency amplifying stage, and
for the control grid of the oscillator-modulator tube. A delay
voltage is obtained from the voltage drop across the resistance
Rs. The audio-frequency diode resistance R returns the
current directly to the resistance Rs. The grid-bias voltage
for the pentode section of type 6B7 tube is obtained from the
voltage drop across the resistance Rs.

Type 76 Tube as Diode Detector.—The output of the inter-
mediate-frequency amplifier is applied to the grid of the type 76
tube which serves as a second detector. Type 76 is nominally
a super-triode amplifier-detector but acts as a diode in this
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F1G. 265.—Super-triode amplifier and detector (type 76) used for detection
and to supply automatic-volume-control voltage.

circuit because the plate is connected to the cathode. The
tube is operated as a diode detector and is used to supply volt-
age for automatic volume control. The direct-current com-
ponent of the rectified signal voltage produces a voltage drop
across each of the resistances R and R, shown in Fig. 265,
which is proportional to the wave that was rectified. The
voltage drop across the resistance R (250,000 ohms) is used
as the grid-bias voltage for the first detector and the inter-
mediate-frequency stage. The voltage drop across both the
resistances R and R, is used as the grid-bias voltage on the
radio-frequency stage. These grid-bias voltages are used to
provide the automatic volume control of the receiver. The
resistance R, is connected in parallel across the resistances R
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and R, in order to reduce the total resistance in the circuit to a
proper value. The circuit consisting of the resistance R3; and
the condenser C in series, connected from a tap on the volume
control resistance to the ground, provides low-frequency, low-
volume compensation.

Analysis of Diode Detection..—The wide-spread use of
the diode detector in radio receiving sets is due to its numerous
advantages. First, the diode detector does not become over-
loaded until the input increases beyond practical limits.
Second, it can be used to provide a separate supply of voltage
that is sufficient for the requirements of automatic volume
control. Third, the quality of the audio-frequency output
is good enough to match the overall performance of the radio
receiving set.

The current of a diode detector may be considered as being
proportional to the square of the voltage for small values, and
as approaching a linear relation for large inputs.

In the socalled “linear’”” type of diode detector the ratio
between the voltage developed and the input voltage is con-
stant, and in the ‘‘square-law’ type this ratio is approxi-
mately constant unless the load resistance becomes too high.
Also, the effective resistance of the diode circuit is practically
unaffected by changes in input voltage. Because of these
relations it follows that the voltage produced across the
resistance of the diode is proportional to the amplitude of the
carrier wave (page 324).

In actual operation, however, the conditions are changed
by the effect of the load on the tube, and by the degree of
modulation of the input voltage. Then a new relation exists
between the value of rectified current and the input voltage.
In the case of the linear detector on signal voltages having low
modulation the effect is a decrease in the voltage and a slight
departure from the linear proportion. But on signal voltages
having high modulation there is serious distortion because the
current drops to zero before the carrier wave reaches its zero

1 KiLcour and GLESSNER, ‘‘Diode Detection Analysis,” Proc. Inst.
Radio Eng., July, 1933.
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value. Even in the case of a signal voltage which has a
degree of modulation lower than that at which cut-off
occurs, the audio-frequency voltage is decreased to the extent
that its peak value is not equal to the direct-current voltage
times the modulation factor. The load consists of the
coupling circuit shown in Fig. 266. The coupling circuit is
used to transfer the voltage variations produced across the
resistance of the diode detector to the following tube. This
coupling acts toward audio-frequency currents as a shunt
. across the diode resistance with-
3%4 ' out affecting its value to direct
current. The effect of the load,
however, for common values of the
audio-frequency shunt may be
neglected; that is, the average
Fre. 266.—Simple diode-detec- yglye of the direct current produced
tor circuit. )
by the detector is assumed to be
independent of the audio-frequency shunt. Then the effective
resistance of the input circuit of the detector depends
entirely on the direct-current value of the load.

In the case of the square-law detector in actual operation,
the characteristic of rectified current is similar to that for
the linear detector except that the current decrease at low
values is more gradual, and the effect of the audio-frequency
shunt is similar. But there is a difference in the effect of
modulation when the series resistance is large compared to
the detector resistance. Under that condition the distortion
caused by current cut-off appears at a lower degree of modula-
tion in the square-law detector than in the linear detector.

It is necessary also to consider the effect of the condenser.
This effect is complicated because the condenser has impedance
at both the carrier frequency and the modulation frequency.
In general it can be stated of the linear detector that the
efficiency of detection increases as the capacity of the con-
denser is increased ; but at the same time the input impedance
decreases. 1If a condenser of fair size is used to cut down the
high-frequency voltage passing to the audio-frequency ampli-
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fier, it may have an appreciable conductance at audio fre-
quencies and thus introduee modulation distortion.

In one circuit arrangement for delayed automatic volume
control, the plate of a second diode unit is shunted by a resist-
ance and is connected through a condenser to the detector in
which the signal voltage is produced. A source of voltage
is connected to this second diode circuit and is used to delay
the building up of the direct current across the resistance.
Distortion caused by the effect of this second plate, acting
as a shunt to the driving circuit at high frequency and to the
detector load at audio frequency, may be reduced if the
resistance in the shunt circuit is relatively high.

For a complete picture of the action of a diode detector the
driver tube with its transformer and the detector tube with
its load should be considered as a unit or system. If the direct
current developed across the diode resistance is compared with
the high-frequency current applied to the driver tube, the gain
under certain conditions is nearly independent of the size of
the load condenser. If the condenser is small, the efficiency
of detection is low, the input impedance is high, and there is
a high gain in the tuned circuit. Conversely if the condenser
is large, the efficiency of detection is high, the input imped-
ance is low, and there is a low gain in the tuned circuit. For
minimum distortion the voltage applied to the detector should
have a linear relation to the voltage applied to the driver
tube. In the ideal case, the grid-bias voltage and the load
for the driver tube should have such values that the driver
output is linear over the range from zero input to a limit which
is double the maximum value of the average carrier wave to be
received.

Detector Distortion.'—In the operation of a radio receiving
set a carrier voltage is applied through an tmpedance to a tuned
circuzt. During the tuning operation the amplitude of the
voltage across the circuit changes, and there is a shift in the
phase of the resulting voltage across the tuned circuit. At
resonance the two side bands (page 440) shift the same amount

1 Jarvis, “Linear Detector Distortion,” Electronics, December, 1934.
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and hence remain symmetrical in phase. If the circuit is
detuned, however, the side bands are unsymmetrical in phase,
referring to the carrier, and distortion results. This dis-
tortion decreases as the degree of modulation is decreased.
Comparing this distortion for linear and square-law detectors
it is found that the linear detection shows less distortion at
low phase shifts but has the disadvantage of producing a
third harmonic (page 131) of considerable magnitude.
Another result of detuning is that the amplitudes of the
side bands may be unequal. This condition also causes
distortion which generally acts in such a way as to add to
the distortion due to a shift in phase. Where these forms
of distortion are found, there is present also the distortion
produced by cross modulation which likewise has the effect
of adding to the kinds of distortion mentioned previously.
The remedies proposed for

15 o
$ / these conditions are: (1) an
E‘- y, automatic tuning arrange-
210 ment to provide correct tun-
£ .
< A/ ing, and (2) a means for
g 05 / decreasing the percentage of
s # - modulation.

: -—’T/ The Triode Detector.—A

% -4 -2 0 +2 +4 vacuum tube, in operation in

Girrd Volage wolfs a radio receiving set, is ac-

Lid tfrg;"c;gl‘g;:c‘fzﬁiﬁ tube,. °f tuated by an alternating cur-

rent due to the radio signal.

The purpose of the vacuum tube when operated as a detector
is to detect and amplify such alternating currents.

An understanding of this action of a tube may be gained
from a consideration of a vacuum tube of which the curve in
Fig. 267 shows the relation between plate current and grid
voltage. At the zero value of a steady voltage on the grid
which corresponds to point A on the curve, the plate current
is about 0.7 milliampere. Now, if an alternating voltage hav-
ing a maximum value of 2 volts is applied to the grid of the
tube, its voltage will vary above and below the steady value
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and the plate current will similarly rise and fall. The plate-
current variations are the same as the grid-voltage variations
because the operation of the tube is on the part of the charac-
teristic curve which is nearly straight. At a grid voltage of
+2 volts, the plate current is about 1.1 milliamperes, and at
—2 volts it is 0.3 milliampere. These relations are shown

in Fig. 268. il

The varying plate current in Fig. §’m J /\
268 may be considered as consisting ioi; 0 \/ \
of two components,' one of which is 3" _5|
alternating and the other of which is 2 aLIE
direct current. The average value of §§ '
the varying current is the same as §§0‘7 T\ 7/ \"
the value of the direct component. %’:—E 0.3
The alternating component, in this & =

g P Time
case, has an amplitude of 0.4 milli W, O88—Hlation. of

ampere and an effective value (see plate current to grid voltage
page 41) of about 0.3 milliampere. &t 4 in Fig. 267.

A direct-current ammeter indicates the average value of the
current which passes through it, and hence would show no
change in the value of the plate current, when the alternating
grid voltage is applied.

Thus if the grid-bias voltage is such that the “point of
operation’’ is on a straight portion of the curve showing
the variation of plate current with grid voltage, then the plate
current variations are similar to the grid-voltage variations.
This illustrates the use of a vacuum tube as an amplifier.

If the same alternating voltage is applied to the grid when
operation is at point B on the curve (Fig. 267) corresponding to
a negative grid voltage of 4 volts, then the grid voltage will
fluctuate from —2to —6 volts. In this case, the plate current
corresponding to a grid voltage of —4 volts is about 0.1
milliampere; for —2 volts on the grid it is about 0.3 milli-

1 A component of an alternating electric current is one of the parts out of
which the whole may be obtained by the principle of addition of instan-
taneous values. (See p. 43 and R. L. Dawes, ‘“Industrial Electricity,”
Vol. I1, p. 23.)
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ampere; and for —6 volts it is only a little less than the value
for —4 volts. These relations are shown in Fig. 269. It is
obvious that the curve for the plate current is quite distorted
in shape when compared with the curve for the grid voltage.
This distortion is due to the fact that the ““point of operation”
is at the bend of the curve for plate
current against grid voltage in Fig.

Q

g -2

2 L AV.\ /\ 267. It is evident from this curve
Eﬁ‘ [ \/ N (Fig. 269) that the average value of
ts -6 the varying current is ‘greater than
£903 the steady current flowing when no
Sk 320 N\__/_\___. alternating voltage is impressed on
a:t_s§ 0 S~ the grid. Under these conditions an

Fic. 269.—Relation of plate ammeter would show an increase in
current to grid voltage at B the plate current when the alternat-
in Fig. 267. . ¢ s 5 5

ing grid voltage is applied. This
change in the average value of the current is of importance in
the operation of a vacuum tube as a detector.

Detection by Plate Rectification.—A circuit illustrating
the use of a triode as a detector with plate rectification is
shown in Fig. 270. The reference point for all voltages is
taken at the negative terminal of
the filament. The grid-return wire
is connected to the negative termi-
nal of the ‘“A’ battery. The
filament rheostat is in the negative
leg of the filament. Hence the
negative terminal of the “A”
battery, and also the grid, is made . o

g § Fig. 270.—Simple circuit
negative with respect to the refer- ;.| ding nbBeaREHsTing w0
ence point at the negative terminal uum tube as detector without

grid leak and condenser.
of the filament by an amount equal
to the voltage drop across the rheostat. This negative
voltage applied to the grid is called the grid bias or
biasing voltage and fixes the ‘“point of operation” on the
curve showing how the plate current varies with the grid
voltage. It is obvious that as the voltage of the ““A” battery

L

4]
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is reduced the amount of grid-bias voltage also decreases.
The connection in Fig. 271 provides a constant grid-bias
voltage equal to that of the “C” battery. In this case, the
rheostat is put in the positive leg of the filament. With a
cathode-type tube the grid-bias voltage may be obtained
by the self-biasing method (page 152) in which the flow of
cathode current in a cathode resistance produces the required
voltage. The radio-signal voltage is im-
pressed across the vacuum tube between
the grid and the filament. It has already RG"U
efurn

been shown that, when an alternating 76',+ Iy
voltage is applied to the grid under these Battery Bfffery
operating conditions, the wave form of the Fw. 271.—Part
current in the plate circuit is distorted from Oflcirc“;“;l Fi%.dg70
that of the grid voltage and that the plate 385‘,5:“6,5&,’;‘(1,,3‘5
current increases more above the normal tingrheostatin posi-

ca L. . tive leg of filament.
value when the grid is positive (relative
to the point of operation) than when it is negative.

The detection of voice-modulated continuous oscillations is
illustrated in Fig. 272. Here, there is an increase of the plate
current corresponding to the average value of the half cycles
of radio-frequency current when the signal current is positive.
This increase is the output of the detector that is utilized in the
loud-speaker. The radio-frequency component! of the plate
current flows through the by-pass condenser C in Fig. 270,
and the pulsating audio-frequency component of the plate

“current flows through a telephone receiver or a loud-speaker.

In the action which has been described, detection results
from the distortion due to operation on the bend of the curve
in Fig. 267 showing the variation of the plate current with
grid voltage. This method is called detection by plate rectifica-
tion, or detection with grid bias, or detection without grid leak
and grid condenser.

An advantage of the plate- rechﬁcatwn method of detection is
that no current flows in the grid circuit because the average
value of the grid voltage is maintained negative with respect

1 See footnote p. 337.
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to the filament in order to operate on the curved portion of
the curve. Hence, no power is taken from the tuning circuits
and no damping effect is exerted on them.

For radio-signal voltages of ordinary intensity, the mean
value of the change of plate current is nearly proportional to
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Fig. 272.—Detection of continuous oscillations as modified by the voice.

the square of the amplitude of the oscillations of the grid
voltage, although the relation does not hold for strong radio-
signal voltages.

In this method, operation at the upper bend of the curve is
very similar to that at the lower bend. But it should be noted
that, for operation at the upper bend, equal variations of the
incoming oscillations produce unequal variations of the plate
current, so that the plate current is decreased more than it is
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increased. In operation at the lower bend, the plate current
is inereased more than it is decreased.

The average value of the change in plate current increases
most rapidly when the curve in Fig. 267 bends sharply at the
“point of operation’’ or when the slope of this curve changes
rapidly. Operation at the lower bend of this curve is prefer-
able, because at the upper bend the grid is positive and the
conductance of the input circuit is high enough to result in
considerable damping of the receiving circuit.

In plate rectification, the result of the action of the tube
may be considered equivalent to that of a stage of radio-
frequency amplification and a detector. This is because the
radio-frequency voltage that is applied to the input is amplified
between the grid and the plate R
and is rectified in the plate circuit.

Detection by Grid Rectification.

In this type of detector the tube

operates on the bend of the curve

showing how the grid current varies

with the grid voltage, and on the

straight portion of the curve show- =

ing variations of plate current with  Fre.  273.—Non-oscillating
grid voltage. In the operation of ;':it(’fle:ﬁegnd":ongzzes‘;‘.’r wath
this method a fixed condenser C

is connected in series with the detector tube as shown in
Fig. 273. It should be noted that the grid-return wire is con-
nected to the positive terminal of the ‘A’ battery.

When an incoming radio-signal voltage as represented in
Fig. 274 is received by this circuit, similar voltage variations
are communicated to the grid through the condenser C.
Each time the grid becomes positive, the grid current which
flows as the voltage e increases more than it decreases when
the grid voltage becomes less than eo. Thus there is rectifica-
tion of the current in the grid circuit. When the grid voltage
becomes positive with respect to the filament, electrons
are attracted to the grid, and when the grid voltage becomes
negative during the next half cycle, the electrons cannot
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get away from the grid because they are ‘“blocked” by the
condenser C. As this action continues, more electrons are
‘“trapped’ on the grid. Hence, the grid continues to gain
negative charges and the mean value of grid voltage becomes
more and more negative with increasing strength of the
incoming oscillations as shown at (3) in Fig. 274. This nega-

4. Plate Current Oscillations

Plate Current,
millia.nperes

8. Cyrrent in Jelephorre
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F1c. 274.—Use of detector tube with grid condenser on modulated continuous
oscillations.

Grid Current,
microamperes

-l

tive grid charge opposes the flow of electrons to the plate
and magnifies the decrease in plate current as shown at (4)
in the same figure. This charge can leak off through the
condenser C or through the walls of the vacuum tube. If
the insulation of the circuit and the condenser were perfect,
the plate current would be so reduced that the tube would
“block.” But in order to make certain that this leakage
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occurs at the proper rate, a resistance R of a few megohms
called a grid leak is shunted across the condenser C. Thus the
grid leak has the effect of shifting the point of operation.
In a soft tube (page 6) a grid leak is not needed because the
charge can leak from the grid to the filament by means of the
conducting path through the gas with which the tube is
filled.

Values of the capacity C range from 150 to 500 micro-
microfarads and the grid-leak resistance varies from 1 to
10 megohms. The value of R is such that the rate of leakage
is proportional to the period of the audio-frequency variations
of the radio-frequency oscillations and not to the period of the
radio-frequency oscillations. The form of the current which
flows through a telephone receiver is represented at (5) in
Fig. 274.

In this method of detection (grid rectification), the operation
is carried out on that portion of the curve showing variations
of grid current with grid voltage which has the greatest curva-
ture. At the same time, the plate voltage is so adjusted that
the operation of the tube takes place on the steepest portion of
the curve showing plate-current variations with those of grid
voltage. In order to meet these conditions, the grid must be
positive with respect to the negative end of the filament. The
average voltage difference between them may be found,
approximately, at the point of greatest curvature of the curve
of grid current.

When a radio-signal voltage is received, the voltage of the
grid depends on the value of the grid-leak resistance, the shape
of the curve of the relation of grid current to grid voltage, and
the relative voltage of the point to which the grid return is
connected. If the capacity of the grid condenser is too small,
it will not allow the radio-frequency voltage to be impressed
on the grid without acting through the resistance and, thus,
decreasing the voltage. The reactance of the condenser should
be less than the grid-filament impedance. If the condenser
capacity is too large the condenser requires more charge
and thus may retard changes of grid voltage. This would
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impair the detecting action of the tube which depends on the
fluctuation in average grid voltage.

In grid rectification, the result of the action of the tube may
be considered equivalent to that of a detector and a stage of
audio-frequency amplification. This is because the radio-
frequency voltage applied to the input is rectified in the grid
circuit and the audio-frequency variations are amplified in
the plate circuit.

Comparison of Detection by Grid Rectification and Plate
Rectification.—The grid-rectification method of detection
is more sensitive than plate rectification and to this extent
this method is better than plate rectification when the input
voltages are small. The second-harmonic (page 131) dis-
tortion on weak signal voltages is approximately the same for
both types. Overloading, however, will occur more readily
with the grid-rectification method and the capacity of this
method is limited because relatively low plate voltages must
be used. When the input voltage is large, plate rectification
may be used to take full advantage of the greater output
voltage available for a given signal amplitude and of the free-
dom from distortion which results from overloading. In
this circuit arrangement, the impedance of the tube is rather
high so that the primary coil of the first audio-frequency
transformer should have a high inductance.

A study! of detection for weak radio-signal voltages brings
out a number of interesting conclusions. A rectifying detector
depends for its action upon a non-linear relation between the
instantaneous output current and the instantaneous applied
voltage. If the impressed modulated voltage of a radio signal
is small, the output contains the following components: (1)
a constant current; (2) a current of modulation frequency;
(3) a current of double modulation frequency; and (4) currents
of frequencies equal to the sum and difference of the several
modulation frequencies. All of these component currents

t CHAFFEE and BrRowNING, ‘“A Theoretical and Experimental Investi-
gation of Detection for Small Signals,”” Proc. Inst. Radio Eng., February,
1927.
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are proportional to the square of the impressed voltage of
the radio signal. The component of modulation frequency
is proportional to the degree of modulation, and all the
others depend on the square of the modulation or on the
product of the two modulation factors, and, hence, are small
in comparison with the current of modulation frequency if
the degree of modulation is small.

A hard tube used without a grid-circuit impedance, that is,
without a ““blocking’’ condenser and grid leak or the equiva-
lent, and with no radio-frequency impedance in the plate
circuit, depends for its detecting action entirely upon the
bends of the plate-current curve. The resulting ‘“‘detection”
is usually very small. A gas (soft) tube when used in this
way gives much greater detection than a similar tube highly
exhausted because ionization increases both the upper and
lower bends of the plate-current curve. Ionization also causes
kinks in the plate-current curve resulting in a high sensitivity
at such points because of the very large values of the ratio
of small changes in grid-plate conductance to small changes
in grid voltage. A radio-frequency impedance in the plate
circuit of a hard tube used without a grid impedance decreases
the detection coefficient due to the lower bend of the plate-
current curve. A tickler coil (page 346) when used will
usually compensate for this decrease in the detection coeffi-
cient by increasing the strength of the impressed radio-signal
voltage. All audio-output devices in the plate circuit should
be shunted by a condenser having a small reactance for radio-
frequency currents.

The sensitivity of a hard tube used with a grid impedance
depends on the product of grid-plate conductance and the
ratio of small changes in grid conductance to small changes in
grid voltage and, also, upon a factor ' which is equal to the
equivalent parallel impedance of the grid impedance and the
grid-to-filament resistance. For this case, when a hard tube
is used, the sensitivity is usually much greater than the
maximum sensitivity obtainable without a grid impedance.
The grid-plate conductance should be made large by using
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the proper plate voltage. The value of the product men-
tioned before is a maximum for grid-biasing voltages of a
few tenths of a volt, when positive, but F falls so rapidly for
positive grid voltages, owing to the increase of grid con-
ductance, that the point of maximum sensitivity is found
at a grid voltage more negative than that which gives a
maximum value of the product. The detection-coeflicient!
curves have very narrow peaks so that it is necessary to adjust
the grid-biasing voltage to the proper value, usually 0.1 or
0.2 volt (positive). Because of the steady rectified component
of current in the grid circuit, a strong radio-signal voltage
unfortunately alters the grid-biasing voltage.

The ordinary grid-leak and blocking condenser is not the
best form of grid impedance because of its variation with the
frequency, and especially its large value at zero frequency.
The ideal impedance is one having negligible resistance to
steady currents, a high impedance for frequencies from
100 to 10,000 per second, and low impedance for radio-fre-
quency currents. A tickler coil used with a detector pro-
vided with a grid impedance definitely increases the detection
coefficient.

Performance of Various Types of Detector Tubes.—This
description of detector-tube performance is based on an
experimental study? of the newer types of tubes. The results
obtained are shown in the chart of Fig. 275. This chart is
drawn to give the relation between audio-frequency voltage
(r.m.s. values) and radio-frequency voltage (peak values)
at 1,000 kilocycles per second with a modulation of 30 per
cent. Each curve is marked to indicate the type of tube which
it represents. The coupling used was of the resistance type

1 The current-detection coefficient, used as a measure of the detection
current, is obtained from the second derivative of the curve showing the
relation between plate current and plate voltage. The voltage-detection
coefficient, meaning the equivalent steady voltage produced by plate
rectification, is equal to the current-detection coefficient multiplied by
the total resistance of the circuit, for a small change in current.

2 NeLsoN, J. R., ‘“Detector Tube Performance Curves,” Radio Engi-
neering, April, 1933.
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(page 107), and the values of resistance were selected to
provide the best performance consistent with high sensitivity
and low distortion.
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Fia. 275.—Average performance of typical detector tubes.

The wiring connections for the four types of circuits in
which the tubes were operated are shown in Figs. 276 to 279.
The values of the resistances are shown in these circuits and
the values of the voltages applied to the
tubes, are listed in Table XVI. The letter
G following a tube-type number in the table
and in the chart of Fig. 275 indicates that the
tube was operated to give grid-circuit detec-
tion. The letter P indicates plate-circuit A Fie.276.—Typ-

. ical two-element
detection. tube circuit for

The circuit shown in Fig. 276 was used for detection.
the diode detector. Although the output has
a linear characteristic for input voltages of 5 volts or more, it
would show more curvature on lower inputs.

The circuit shown in Fig. 277 was used for such tubes as are
represented by types 24, 27, and 57. For plate-circuit detec-
tion, the curves for type 24 and type 57 tubes coincide except

R
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TaBLE XVI.—REsSISTANCE AND VOLTAGE VALUES

Cireuit Resistances, megohms Voltages, volts
Type of
be connec-

w tions | Ry | R, |Rse| Ry | Ese | Es
Diode a 0.5
27-G b 0.8 | swivus 0.02 250
27-P b 0.035 0.25 Ll 250
24-P b 0.025|10.56| 0.5 100 250
57-P b ... 10.025]|0 0.5 90 250
85 c 05| ..... 0.3 .. 250
55 c 0.5 ..... 0.2 - 250
2A6 d 0.5 ..... 0.25 \ S 250
75 d 0.5 ..... 0.25 C. 250
2B7-X d 0.5 ..... 0.027 100 250
6B7-X d 0.5 ..... 0.027 100 250
2B7-Y d 05 | sumes 0.5 45 250
6B7-Y d 0.5 ..... 0.5 45 250

for a small section in the upper range where the type 57 tube
has a much higher output. Somewhat the same condition
is shown for the type 27 tube comparing plate-circuit detection
with grid-circuit detection.

o &N
b T
; =
R 3 3
562 = 2RL 3 R,
Rl 2 ) 9
Mt AW
it .
Fig. 277.—Typical detection Fia. 278.—Typical detection
circuit for four-element tubes. circuit for duplex-diode-triode

tubes.

The circuit shown in Fig. 278 was used for duplex-diode-
triode tubes represented by types 55 and 85. A disadvantage
of this arrangement, from the standpoint of operation at over-
loads, is that the grid-bias voltage is proportional to the
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carrier voltage. Hence the value of grid-bias voltage pro-
vided is excessive, as the modulation voltage must be equal
to or less than the carrier voltage. Although the output
available is sufficient, it may happen in a system using auto-
matic volume control that the value of radio-frequency voltage
is high enough to ‘‘over-bias’’ the triode unit of the tube and
thus to cause plate-current cut-off. With an arrangement
intended to provide a fized grid-bias voltage in a circuit similar
to that shown in Fig. 279, a greater increase in output voltage
can occur before the tube is overloaded because the grid-bias
voltage for the triode unit does not depend on the carrier
voltage.

The circuit shown in Fig. 279
was used for duplex-diode high-
mu triode tubes such as type 75
and type 2A6. In this type of
tube the operating grid-bias volt-
age on the control grid must have
a value which is nearly equal to
that at which the flow of grid =
current begins, in order that there  Fre. 279.—Typical detection
may be a grid current during at focar for duplex-diode high-mu
least a part of the cycle. The
grid-cathode resistance must be kept high to avoid short-
circuiting the grid-leak resistance of the diode circuit. This
purpose is accomplished by the use of the 1-megohm resistance
shown in the grid circuit.

A duplex-diode-pentode tube, such as type 2B7 or 6B7,
may be used with the diode units serving as detectors, and
the pentode unit as an audio-frequency amplifier. The chart
(Fig. 275) shows performance curves for this application of
the tube. The curve marked X represents operation at a
screen-grid voltage of 100 volts. This condition applies to
the case in which the same value of screen-grid voltage is
applied to the other tubes. More satisfactory operation,
however, may be obtained at a screen-grid voltage of 45 volts,
as shown by the curve marked Y.

LOmeg ohm
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The curves indicate that the sensitivity obtained with a
tube of the duplex-diode high-mu triode type (2A6) is nearly
as good as that for the duplex-diode pentode tube (2B7).
Further, the triode type is less expensive than the pentode
type. Both of these types have an advantage over tube type
24 or 57, in that they can be used to supply voltage for auto-
matic volume control. The duplex-diode triode tubes such
as types 55 and 85 show much better sensitivity and capacity
for overload than the tubes of type 27, and in addition they
can be utilized for other purposes such as automatic volume
control.

In general it may be stated that the use of the new tubes
allows for improved circuit performance with regard to
sensitivity and overload conditions and, also for increased
flexibility with regard to other tube functions such as auto-
matic volume control.

Detection with Gaseous Detector.—A gaseous detector
tube is one in which a small amount of gas is utilized to change
the characteristics. The type 00A tube uses caesium vapor
for this effect. In a tube of this type the particles of gas are
ionized when they strike the electrons that are moving to the
plate. Because of this action the characteristic curves show
sharp bends at which exceptionally good detection may be
obtained. Thus it is seen from Fig. 280 that best detection
is obtained at a grid voltage of about minus 2.0 volts, which
represents the point of greatest curvature. Either grid
rectification or plate rectification may be used. Another
result of the ionization is that there is a flow of plate current
when both the plate and grid voltages are zero, and this flow
is not stopped unless the grid-bias voltage is negative enough
to produce cut-off. The value of plate voltage is not critical
at 45 volts, but at lower voltages the sensitivity is decreased
and at higher voltages the noise level is higher and conse-
quently detector action suffers. The audio-frequency volt-
age in the output circuit is quite critical with respect to the
adjustment of the grid-bias voltage, as shown in Fig. 281.
Except at very low values of signal voltage the relation
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between the change in plate current and the signal voltage is
practically linear. Noise is its main disadvantage.

Grid Current,microamperes
)
\-

o — %

-
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F1a. 280.—Characteristic curve showing best point of operation of UX-200A
tube.
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Fig. 281.—Variation of audio-frequency output with changes of grid-bias
voltage for UX-200A tube.

Detection with Four-element Tubes.—A screen-grid tube
used as a detector gives a high audio-frequency amplification
per stage. The utilization of such high audio-frequency
amplification is troublesome because of the increased difficulty
from frequency distortion due to the coupling between the
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tubes which are in a common power-supply circuit, and also
because microphonic disturbances in the detector cause more
disturbance.

The amplification of a screen-grid tube can be utilized by
using the tube as a detector and eliminating the first stage of
audio-frequency amplification. Under these conditions the
detector tube must be able to take a radio-frequency input
voltage of several volts and must be able to supply 20 to 30
volts to the grid of the power tube.

The four-element tube of the screen-grid type is used more
commonly for the detection of large than small signal voltages.
In such service the screen-grid voltage should be less than the
values recommended for amplification. The tube may be
I connected either for grid rectifi-

E 057"21 cation or for plate rectification.
o Feea0ee As in a triode, the plate cur-
& rent in a tetrode is a function

20,000 of two variables, (1) plate volt-
ipiad) age and (2) control-grid volt-

2T age. Hence for either grid or

| 100 750 - plate rectification the perform-
2003 B~ /354ks ance of a screen-grid detector

F1a. 282.—Application of screen- is comparable with that of a
grid tube type 32 as detector in triode. A self-biased sereen-
Spartan model 81A receiver. grid detecior liss high —
tivity and low distortion on small signal voltages, but the
distortion increases with higher signal input.

The use of a screen-grid type 32 tube as a detector is shown
in Fig. 282. The grid-bias voltage is obtained by the self-
biasing method.

Calculation of Output Voltage.—The curves of Fig. 283
show the variation of the plate current with the plate voltage
of a screen-grid tube for various plate input voltages at 1,000
kilocycles per second. Different load lines are drawn from
the point corresponding to 270 volts. The voltage applied to
the screen grid was E.. = +67.5, and the grid-bias voltage
was E, = —12.3 volts. This tube was used as a detector
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in the circuit of Fig. 284. Here, R = 5 X 105 ohms, r = 2 X
10 ohms, and C = 0.2 X 10~® farads. The alternating-
current impedance of the combination is approximately
4 X 10° ohms.

600

o
o
=

~n
f=3
(=3

Plate Current,microamperes

3
S

90 135 P73 210

180
Plate Voltage  volts
Fia. 283.—Relation of plate current to plate voltage in UX-222 tube for

various input voltages and loads.

The output voltage for a given input voltage and load may
be obtained from the curves that have just been mentioned.
Thus, with a load of 400,000 ohms, an input voltage of 2 volts
‘(root-mean-square value), modulated 50 per cent, the point 4

is taken as a reference. The ”
alternating-current voltage —
across the resistance R will

vary in value between B and R "_

C. This corresponds to an
output-voltage variation of

approximately 52 volts, so that (24 Ee2

the peak value is one half of the Fro- %8)‘;‘_2—2'53;{’1%:1“ ‘g:‘t’:étor.“ing
total, or 26 volts. For 40 per

cent modulation, the peak value would be 80 per cent of
this or 20.8 volts. For any given input voltage it is only
necessary to draw two other curves; that is, for example,
with an input of 24/2 volts, curves may be drawn
for values of input of +/2 and 34/2 volts. Then, the
variation of voltage at 50 per cent modulation is found, and,

A
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since the output voltage is proportional to the modulation, its
value for other degrees of modulation may be found.
Detection with Multi-electrode Tubes.—It has been shown
(page 127) that a five-electrode tube, as commonly used, is
similar to a screen-grid tube with an extra grid placed between
the screen-grid and the plate, the extra grid being connected
to the cathode. Then, at all except low plate voltages, the
value of the plate current depends not on the plate voltage but
on the screen-grid and control-grid voltages. Thus what
holds for the screen-grid detector can be applied also to this

5% ohms|

=005mid
=Chassis

r—ﬂ'{ﬁi— --—|- telurne control

Rectifier
Resistor
Fi1g. 285.—Circuit for using type 77 tube with self-biasing resistance as
detector.

type of multi-electrode detector. Either grid-circuit or
plate-circuit detection can be used.

Type 77 as Detector—This type, known as a triple-grid
detector, is useful as a grid-biased detector in the universal
recetving set intended for operation on either alternating or
direct current. The particular advantage of type 77 tube is
its ability to deliver a large audio-frequency output voltage
of good quality with a relatively small radio-frequency input-
signal voltage. The cathode-resistance method of providing
grid-bias voltage is better than the bleeder circuit or than the
partial self-biasing method, because it permits a higher output
at low modulation. The use of type 77 tube as a detector is
shown in Fig. 285, where R is the self-biasing resistance for the
detector tube.
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Non-oscillating Tube as Detector with Regeneration.—It
has been shown that the radio-frequency portion of the plate
current of a detector tube does not enter into any action on
the telephone receiver or other apparatus in the plate circuit.
This radio-frequency current may be used to increase the radio-
frequency voltage in the input circuit. To accomplish this
a feed-back coil is coupled to the secondary coil in the grid
circuit. For a given radio-signal strength, the radio-frequency
voltages and currents are increased by the effect of regenera-
tion and, consequently, the volume of sound is also increased.
This action is cumulative up to a certain point, but beyond
this value the tube begins to oscillate. A more complete
description of regeneration is given in Chap. XI, but this
elementary description serves to introduce the conception of
an oscillating tube.

Oscillating Tube in Reception.—The frequency of an incom-
ing radio-frequency current may be changed by a method
which depends on the interaction of two currents of slightly
different frequencies. Thus, if the input circuit is forced to
carry a locally generated current having a frequency either
greater or less than that of the incoming current, there is
an interaction between the two frequencies which produces a
current of a third frequency equal to the numerical difference
between the other two. This general method is called hetero-
dyne action and the current of the third (and lower) frequency
is called the beat current. When the same tube generates the
local oscillations and acts also as a detector, the action is
known as autodyne or sometimes as self-heterodyne. When an
additional tube is used to generate the local oscillations, the
action is called separate heterodyne. The super-heterodyne or
multiple-heterodyne or double-detection method of reception is
based on the use of separate heterodyning and detecting
stages. These various methods will be considered briefly in
Chap. XI.



CHAPTER IX

VACUUM TUBES AS RECTIFIERS IN
POWER-SUPPLY DEVICES

Types of Rectifiers.—A rectifier is a device by means of
which an alternating current is changed into a current of which
a part is direct. This definition is general enough to cover all
types of rectifying devices, including not only electronic
rectifying tubes but also dry-contact rectifiers, crystal recti-
fiers, electrolytic rectifiers, and mechanical rectifiers.! Still
other types not used at the present time are the rectifying
spark gap, the coherer, the magnetic detector, and the capillary
detector.?

Of these various types only the electronic rectifiers are
treated here. These may be grouped in two main classes,
(1) high-vacuum tube types, and (2) the gas-filled- and vapor-
filled-tube types. The action of typical tubes for rectifiers
has been described in Chap. IV. Such rectifiers may be
further defined and classified according to the form of their
output voltage waves. Thus a half-wave rectifier is a device
by means of which alternating current is changed into pulsat-
ing current, utilizing one half of each cycle only. A full-
wave rectifier is a device having two elements so arranged that
the current output flows in the same direction during each
half cycle of the alternating-current supply. There are also
stngle-phase rectifier circuits, and multi-phase rectifier circuits.

Capacities and General Applications of Electronic Rectifiers.
Electronic rectifiers are available in a wide variety of voltage
and current ratings. The current ratings range from micro-

1 These types of rectifiers are deseribed in Moyer and Wostrel, “Radio
Handbook,” Sec. V.

2 These types are described by L. S. Palmer in ‘‘Wireless Principles
and Practices,” Chap. IX.

356
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amperes to thousands of amperes, and the voltage ratings from
millivolts to about 50,000 volts. The voltage rating is deter-
mined by the negative or ¢nverse voltage which the insulation
of the plate can withstand. The current rating of gas-filled
and vapor-filled tubes, which have hot cathodes, depends on
the emission limit of the cathode. When this limit is reached,
the cathode surface may be impaired by the impact of positive
ions.

Rectifier tubes of the high-vacuum type are designed for
operation in low-power circuits, those with tungsten filaments
being particularly adapted to high-voltage service. A tube of
this type is made with the elements enclosed in a glass bulb.
Rectifier tubes of the gas-filled and vapor-filled types are
designed for eperation in rectifier circuits in which a compara-
tively high current output is required. For such applications
they are preferable to the high-vacuum types because of their
low, constant voltage drop which gives better regulation and
higher efficiency. For power applications the mercury-arc
rectifier, controlled or uncontrolled, is used. This tube is
of the gaseous type and has the same general characteristics.
Grid-glow tubes may be used as rectifiers in certain applications
in which special characteristics are —
required.

Specific industrial applications of
various types of rectifier tubes are E
described in Chap. XIII.

Simple Rectifier Circuit Using the S5
High-vacuum Rectifier Tube.—Pow- N R
er-supply systems for radio apparatus 2 i fe,f:;‘ﬁ,(;/s
are generally designed for operation Fia. 286.—Simple rectifier
on a single-phase, 110-volt, 60-cycle cireuit.
electrical line. A simple rectifier circuit for such a system,
using a diode high-vacuum rectifier tube, in half-wave rectifica-
tion is shown in Fig. 286. An alternating-current voltage
from the supply line is applied to the primary winding W of
the power transformer. The filament current is obtained
from the transformer secondary winding S;. When a load is
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connected across the output terminals, a rectified current
flows through the circuit in the direction shown by the arrows.
The rectified half-wave current is shown in Fig. 287,

A more detailed explanation is necessary to show the action
of the tube in this circuit. The form of the voltage that is
applied to the tube through the trans-
former secondary winding is shown

Y AWA fnput in the drawing. In the first half
- current cycle, when the voltage is positive,
naNA & the upper end of the winding 8, is
utput L .

- current positive and the lower end of S, is
negative. Under these conditions a

Fie. 287 —Forms of input current flows through the tube from
g{;ﬁ.‘;},‘;“,’: L current of simple 4} o plate P to the filament F, through

the load connected to the output ter-
minals, and back to the transformer winding S,.

When the second half of the first cycle begins, the applied
voltage reverses. Then the plate of the tube becomes negative
and no current flows. During the next cycle this operation is
repeated. Consequently, the output current consists of a
series of pulses or surges of a variable
direct current. It is clear from the

drawing that rectified current flows during
half a cycle only. The connections for a g“'

half-wave rectifier which has a heater
cathode are shown in Fig. 288.

Full-wave rectification, in which a
rectified current flows during both halves L4
of the cycle, is obtained by the use of two _ Fre.288.—Circuit for

. : : half-wave rectifier with
separate diode rectifiers, or by one duplex- .+ "'t e,
diode rectifier. A duplex-diode rectifier
actually consists of two diode rectifiers in one bulb,
each rectifier having a plate and a filament. A rectifier
circuit using one tube for full-wave rectification is shown
in Fig. 289. The secondary winding 8; is connected across
the two plates of the tube and its center tap is connected
to the negative output terminal. In the first half cycle, when
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the voltage applied to the tube is positive, the upper end of
winding S, is positive, plate P, is positive, and plate P, is
negative. Under these conditions there is a current flow
through the tube from P; to F,

through the load connected to the Sy e
output terminals, and back through
the center-tap connection to Si. W% i R Il P

During this interval no current
flows from the second plate P, to
the filament. But when the second Sa%
half of the first cycle begins, the ) |
applied voltage reverses, making I
Vi P - + erminals
plate P, positive, and P; negative. Fia. 980 —Bestiier i
Under these conditions there is a cuit for full-wave rectifica-
current flow through the tube from tior-
P, to F, through the load in the same direction as before, and
back to S;. Thus the output current consists of a pulse or
surge of variable direct current in the same direction in each
half cycle. The wave forms of cur-
' rent input and output are shown in
Ao, Fig. 290,
Maximum Peak Inverse Voltage.—
+ ‘mw?‘puf This is the value of peak voltage that
- current . rectifier tube can withstand in a
F16. 200.—Forms of input  direction opposite to that of normal
Z’:ﬁi_ v‘;:f,‘;“,ig;‘l‘;{;’,“ tofsimple o rent flow. The action can be
described by reference to Fig. 289,
which represents the circuit connections for a full-wave
rectifier tube. When the plate P is positive and the
plate P, is negative, there is a current flow from P, to
Sz, but none from P, to S;. The cathode of the tube
is then positive with respect to the plate P.. Consequently,
at that instant the voltage between the filament and
the plate P. is opposite or in inverse relation to the
voltage that produces- the flow of current. The peak
value of this inverse voltage depends on the resistance and
the character of the conducting space between the cathode
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and the plate P,. The safe value or the maximum inverse
peak voltage is that which does not cause a breakdown.
For a full-wave rectifier tube on a single-phase supply line,
the safe value of voltage is equal to the transformer peak
voltage minus the drop in voltage across the active half of the
tube. With a sine-wave form of voltage on the supply line,
the safe value is about 1.4 times the root-mean-square voltage
between plates P; and P,. In polyphase circuits a graphical
determination must be made to obtain the value of safe peak
voltage.

Maximum Peak Plate Current.-—This is the value of peak
current that a rectifier tube can withstand in the direction
of normal current flow. For the hot-cathode type of tube the
safe value of current depends on the quantity of electrons
emitted from the cathode, and on the electrode structure,
but in a given circuit the actual peak value depends on the
constants of the filter circuits. If the filter circuit is designed
in such a way that a choke coil is adjacent to the rectifier
tube, the peak current may be somewhat higher than the
load current, but if a condenser is adjacent to the rectifier
tube, the peak current may be several times the load current.

Electron Flow in Rectifier.——When the filament is heated,
electrons are emitted at the filament surface and gather in
the surrounding space. If a positive voltage is applied to
the plate or anode, electrons are attracted to the plate. This
passage of electrons produces a flow of current in the opposite
direction, namely, from plate to filament, according to the
accepted convention for current flow. If a negative voltage
is applied to the plate, the free electrons in the space around
the filament are forced back into the filament, and there is no
current flow.

The plate when positive does not attract all the electrons
emitted at the filament. Some of the electrons remain in the
space around the filament and form a space charge. This
space charge acts to repel electrons leaving the filament and
tends to hinder their travel to the plate. The effect of the
space charge depends on the temperature of the filament and
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on the plate voltage. If space charge could be eliminated a
given flow of current could be maintained at a lower plate
voltage. One method of decreasing the space-charge effect
is used in rectifiers of the mercury-vapor type. The mercury
in such a rectifier is vaporized when the tube is operated.
The atoms of mercury vapor are bombarded by the electrons
moving toward the plate with the result that some of the atoms
become ionized. Ionized atoms lose electrons and thus are
left positively charged, and these positively charged mercury
ions act to neutralize the space charge. As the space charge
is neutralized, increased numbers of electrons are available to
produce current flow. The voltage drop of a mercury-vapor
rectifier is relatively small, having a value of about 15 volts
between the plate and the filament.

Rectifier Circuits and Filters.—The pulsating output
delivered by the simple rectifier circuits described previously

\Voltage - - ) ==
CTRouT | troms. [Rectifier ] Fitter 1 Co;,’:’-?’.mf

former ! TR

Fia. 291.—Apparatus for obtaining ‘““pure” direct current.

may be acceptable for some applications, but for other uses
the pulsations must be smoothed out to a degree depending
on the purpose for which power is needed. This smoothing
is accomplished by the use of filters and also to some extent
by the use of special circuit arrangements.

The layout of power-supply apparatus is given in Fig. 291.
This shows the relative positions of the rectifier unit, the filter
system, and the control unit. In general, this type of appa-
ratus can be used with either a high-vacuum rectifier or a
gaseous rectifier.

A filter generally contains inductance in the form of choke
coils, and capacity in the form of condensers. The coils and
condensers have various values and are connected in various
ways depending on the action desired and on the magnitude
of the voltages and currents. A choke coil tends to smooth
out fluctuations in current and must have more inductance for
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large than for small currents. A choke coil has a relatively
low resistance and should be wound with wire that is heavy
enough to carry the necessary current without overheating.
A condenser tends to smooth out fluctuations in voltage.
The smaller the voltage the larger the condenser must be to
smooth out the fluctuations.

The control unit of power-supply apparatus for radio
applications takes the form of a voltage divider. The voltage
divider consists of a combination of resistances so arranged
that required amounts of current at specified voltages may be
obtained at various taps on the resistances. A method of
caleulating the resistance values is given later.

Voltage and Current Variations of Rectifier Output.—The
voltage and current variations that are produced by various

A B C

)
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: 0

ooee]
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D

F1g. 292.—Typical rectified power-supply system.

arrangements of tubes for half-wave and full-wave rectifica-
tion in single-phase and three-phase circuits are explained in
this section.

Single-phase, Half-wave, One-tube Rectifier—A simple
arrangement for half-wave rectification with one tube in a
single-phase circuit is shown in Fig. 292. This figure also
indicates the form of the voltage wave which is developed
across the resistance load. - With this arrangement the various
voltage relations are: E, = 0318E_., E, = 045E_,
E,.. = 3.14E, ; and the current relations are I,, = 0.3181_,,,
tube,, = load,,, tube,, = load.,., tube., = 1.57 tube,, and
load.,, = 1.57 load,,. This rectifier ecircuit ean be used
only in applications where a low average of load voltage is
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satisfactory and where large voltage variations do not cause
disturbance.

Effect of Capacity and Inductance in Filter.—The supply of
energy from a rectifier circuit can be made more uniform if a
filter of condensers or choke coils, or both, is connected between
the rectifier tube and the load. The filter absorbs part of the
energy during the peaks of the input and delivers it during the
periods when the supply is low. The electrostatic energy
stored in a condenser is proportional to the applied voltage, and
the electromagnetic energy stored in a choke coil is propor-
tional to the rate of change of the
current.

If a condenser is connected
across the rectifier circuit of Fig.
292 at the points B and D, its
effect on output voltage is shown  Fie. 293.—Effect on output
in Fig. 293. With this arrange- Jonpseproduced by comncotine
ment the average value of voltage
can be increased until it is only a few per cent less
than the maximum value. The condenser is being charged
during the interval ¢; to ¢, of a cycle, and discharged during the
interval ¢, to t;. This procedure is repeated periodically.
The average direci-current voltage is equal approximately to
the average of the condenser voltages at charge and discharge,
namely (E_,, — E:) =+ 2. One disadvantage of this circuit
arrangement is that the charging current taken by the con-
denser during the time interval from ¢, to ¢, is very high and
must be kept below the peak current rating of the rectifier
tube. Generally, the circuit is used only in applications where
very small currents are needed.

Where a larger current is required, the amplitude of voltage
ripple may be reduced by the addition of a filter choke coil in
a rectifier circuit which has a high-vacuum tube. In the case
of a load having a high resistance the choke coil is inserted in
the circuit of Fig. 292 at the point A, producing an average
voltage E,, which has a value of 0.45E__ volts. In the case
of a load having a low resistance the coil is inserted at the point
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C. Under these conditions the voltage E,, has about the
same value as when only a filter condenser is used, and the
value of the charging current is high if the condenser is large.
In the first arrangement the output voltage is lower because
the condenser does not charge up to the peak of the alternating-
current voltage on account of the limiting effect of the coil,
the inverse voltage on the tube is higher, the peak value of
current demand on the rectifier is reduced for a given output,
the voltage regulation is improved, and for a given load voltage

a higher transformer voltage is necessary.
The filtering action is improved, for given values of capacity
and inductance, when they are distributed in sections rather
L L
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/nput
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Condenser Input Choke_fﬁoil Input

Type lype
Fig. 204.—Two types of filter sections.

than placed in a single group. Two general types of filter
sections are shown in Fig. 294. A filter condenser, particularly
theinput type, must be designed to withstand the instantaneous
peak value of the alternating-voltage input; the peak value
being approximately 1.4 times the root-mean-square! value
as indicated by a voltmeter. The values of the inductances
and condensers in the filter circuit, and the number of sections,
vary with several factors, the most important one being the
amount of ripple voltage which can be allowed. Other factors
are the maximum current demand and the frequency of the
line from which the alternating-current is taken.

Several departures as found in practice from the conven-
tional filter system should be noted. A filter choke coil is
generally inserted in the positive wire leading from the
rectifier tube, but in some cases it is placed in the negative

1 The root-mean-square (r.m.s.) or effective value is equal to 0.707
times the maximum value.
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wire because in so doing it is possible to use the voltage drop
across the filter choke coil for a grid-biasing voltage, and to
eliminate the use of a by-pass condenser on the cathode of the
output tube. One of the choke coils of a filter system may be

110 g
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Fig. 295.—Circuit of full-wave rectifier with filter of condenser-input type.
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F16. 296.-—Oscillograph record of UX-280 tube with condenser-input type of
filter.

replaced by the field winding of the loud-speaker, in fact, this
winding may be the only choke coil in the filter system. A
condenser may be shunted across the first choke coil to form a
resonant circuit which will reduce hum frequencies.
Single-phase, Full-wave, One-tube Rectifier—A circuit dia-
gram of a full-wave rectifier with one type 80 tube, as com-
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monly used for radio applications, is shown in Fig. 295. The
filter section is of the condenser-input type with a recommended
minimum value of 20 henrys for the choke-coil inductance and
2 to 4 microfarads for the condenser capacity. With this
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1

Fia. 297.—Circuit of full-wave rectifier with filter of choke-input type.
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Fia. 298.—Oscillograph record of UX-280 tube with choke-input type of
filter.

arrangement, the load on the tube is heavy, as shown on the
oscillograph record in Fig. 296, which indicates instantaneous
values of the current in the tube. This record shows that a
current flows through the tube only when the transformer
voltage exceeds the first filter-condenser voltage. The charg-
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ing of the first condenser in the filter causes a very heavy
current to flow through the tube for a short time, reaching
a peak of 310 milliamperes. Since the average current
(“load” current) is only 125 milliamperes, the peak current
through the tube reaches a value of 2.5 times the average
current. Thus, the cathode must be heavier and longer than
would be the ease if the rectified current could flow for a longer
time, so that the high peak could be avoided.

A reduction in the value of the peak current is obtained by
means of the filter circuit in Fig. 297, where the first filter

condenser is omitted and the

tube feeds directly into the 520 —\L;o;.L

inductance or choke coil. The \%
oscillograph record (Fig. 298) ¢ 440 -3 < et
shows the reduction in peak i 0% ing
current, which is only 140 milli- f 380 \'l”o ~
amperes or 1.1 times the load ‘8:. 280 LN N ~
current. This reduction is pos- *—6 NN ~_
sible because the tube no longer » ,,, NN
feeds directly into a condenser, o ~LT
and the choke coil keeps the cur- 3 N
rent flowing through one anode,

; i 0 40 80 120 160
or both, during the entire cycle. 0 oo M femparas

Some voltage is lost in the choke gy 299 Regulation curves
coil, which, however, is a react- of voltage delivered to input of
ance load and does not consume %
power. The efficiency of the two systems is almost the
same. The values in Table XVII show the advantages
of the latter circuit in tube operation. Operation at this
reduced peak current extends the life of the filament of
the tube and allows a lower value of emission before the oper-
ating efficiency of the tube is affected. A tube having an
emission of 200 milliamperes could be used satisfactorily in the
circuit of Fig. 297 but not in that of Fig. 295.

The condenser which is used across the input circuit in
Fig. 295 should be added across the output of the filter of the
circuit in Fig. 297 since the ripple voltage is slightly greater
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than that from the usual filter. The higher efficiency in the
second case is the result of reduced tube losses because of
operation at a lower temperature. As shown in Figs. 299 and
300, the regulation is better than when a condenser is used,
except at very low values of power output.

TaBLE XVII.—OperaTING ConDITIONS OF FILTER CIrcUIT

i LB ?ower Load current, | Load, FPazwer Efficiency,
CIFetLt | {OTima, | pt, milliamperes | volts output, er cent
volts watts p watts p
Fig. 295| 300 62 125 300 37.5 60.5
Fig. 297 360 59.5 125 300 | 37.5 63

A filter system, in which the input filter condenser is omitted,
is not recommended for half-wave rectification, because the
output current and voltage are reduced considerably so that
the operation of the filter is impaired. The usual circuit

design with a small input con-

A “;“;aylﬁ ! densel“ of about 1.0 microfarad
I”'s erpik | Capacity reduces t‘he peak cur-

5 400 \\\{-’“\Oor__\h~ rent of th(? tube without notice-
= N ™~ | ably reducingthe output voltage.
[ B L i Figure 299 illustrates the
*é ~ T regulation curves of the voltage
£ 240 |- ‘;07\ || delivered to the filter input by
z St the type 80 tube at various
* 160 \\OL‘\ load currents with the type of
= 7 I~ | filter shown in Fig. 295. If the
S 80 filter resistance is known, the
output voltage at the filter

0__40 80 120 160 : A
D.C.Load - Milliamperes terminals can be determined.

F1e. 300.—Regulation curves Figure 300 gives regulation
showing advantages of using cir- .

cuit connections in Fig. 297. curves which show the advan-

tages, at load currents greater

than 20 milliamperes, that are obtained by using the circuit

connections in Fig. 297.
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The full-line curves in Fig. 301 show the regulation of two
type 81 tubes in a full-wave rectifier with a conventional filter.
The dotted lines show the performance obtained in a similar
circuit in which the first filter condenser is omitted. The
superior regulation of the performance obtained with the use of
the choke-input coil is evident. The circuit in which the first
filter condenser is omitted is not satisfactory when the tube is
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Fic. 301.—Regulation curves Fic. 302.—Characteristic curves of
of two tubes in a full-wave recti- typical heavy-duty rectifier tube.
fier with filter.

used as a half-wave rectifier. The dot-and-dash curves in
Fig. 301 show the voltage delivered by the tube at the input
(condenser type) to the filter for half-wave rectification.

The mercury-vapor type of rectifier was described on page
98. The capacities, ratings, and operating characteristics
of tubes for such rectifiers and other types used in radio and
low-power applications are given in the Tube Table on

page 617.
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The operation-characteristies curves of the type 5Z3 recti-
fier tube are shown in Fig. 302. This tube is a high-vacuum,
full-wave rectifier designed for heavy duty. It is intended to
supply rectified power to radio apparatus having very large
direct-current requirements. Type 5Z3 tube is somewhat
similar to type 83 which is a tube of the mercury-vapor type,
the main difference being that the type 83 tube has a much
lower internal voltage drop. These types are not inter-
changeable in a radio receiver unless the design is changed to
conform to the tube characteristics.

Voltage-doubling Rectifier Circuit.—Two diodes may be
utilized in a simple rectifier circuit as shown in Fig. 303 to

= +
Direct
current

outpyt

F16. 303.—Simple rectifier circuit using two tubes connected so that rectifica-
tion of each half eycle is obtained.

yield a voltage output which is equal to approximately twice
the output from a half-wave rectifier. The two diode tubes
are connected in such a way that rectification of each half cycle
of the alternating-current supply is obtained. While a cur-
rent is flowing through one diode during its conducting period,
there is also a flow of discharge current from the condenser
connected across the other diode. The effect of this combina-
tion produces a voltage which is equal to the direct-current
output voltage of one tube plus the discharge voltage of the
condenser. This total voltage is equal to approximately
twice that obtained from a half-wave rectifier circuit. The
output of a voltage-doubler circuit has a ripple frequency which
is twice that of the supply voltage; consequently, in such a
circuit, as also in a full-wave rectifier circuit, less filtering
effect is necessary.
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The type 25Z5 tube was designed particularly for full-wave,
voltage-doubling rectifier service. It is essentially a high-
vacuum duplex diode, containing two separate diode units
each being provided with a coated unipotential heater
cathode. Sufficient ventilation should be provided to prevent
overheating. The tube is intended for supplying power as a
half-wave rectifier to ‘“transformerless’” radio receiving sets

+
Input == Output

Fi1g. 304.—Half-wave rectifier using 25Z5 tube.

of the “universal” type (page 313), and in voltage-doubler
circuits for supplying power to “‘transformerless’ receiving
sets operated by alternating current. These applications are
possible because a separate base pin is provided for each of
the two cathodes. The heater can be operated in series with
the heaters of other tubes in the receiving set. The filter
circuit should be of the condenser-input type, using an input
capacity of 16 microfarads for

half-wave rectification and a

higher value for voltage-dou- A T -
bling service. Foruseasahalf- "°/ ouip :ff
wave rectifier the two plates of ”:‘,

the tube are connected together

and the two cathodes are 5 -
. Fi1e. 305.—Voltage-doubling rectifier

connected together as shown in uiing 25745 tube,
Fig. 304. Operating condi-
tions are given in the Tube Table (page 617). For use as a
voltage doubler the diode uniis of the tube are connected as
shown in Fig. 305 and the operating conditions are the same as
for half-wave service.

Single-phase, Full-wave, Two-tube Rectifier—Both halves
of a cycle can be rectified by the method of using two tubes
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as shown in Fig. 306. With this arrangement the voltage
relations are: E,, = 0.318E_.; E_,. = 0.448E__; and E, =
3.14E,.. The current relations are: I, = 0.6361_, ; tube,, =
0.5 load,,; tube,, = 0.705 load, . tube,, = 1.57 tube,,; and
load_,, = 1.111 load,,. The advantages of this arrangement
as compared with that used in Fig. 292 are that E,, is

X it
§ & Eav
Emé_l i — _ aE max.
i |~ ©F av.
i Load one ac/e
Y

Fia. 306.—Method of rectifying both halves of a cycle with the use of two
tubes.

doubled for a given input voltage, and that a smaller filter
can be used because the frequency of the ripple voltage is
twice that of the supply voltage. The use of the duplex-
diode rectifier tube was described on page 371.

Single-phase, Full-wave, Four-tube Rectifier.—For a given
voltage across each tube, the arrangement shown in Fig.

’ +

3 +
r 3
42 E max.
v ~E av.
] Load

Fire. 307.—Method of rectifying both halves of a cycle with the use of
four tubes to obtain twice the output voltage obtained from the circuit
shown in Fig. 306.

307 can be used to provide double the direct-current out-
put voltage obtained from the circuit of Fig. 306. With
relation to the tube voltage, the alternating input voltage
also is doubled. In the four-tube arrangement two tubes
are in series during each half wave of the cycle. With this
arrangement the voltage relations are: E,_, = 0.636E_,, =



VACUUM TUBES AS RECTIFIERS 373

0.900E,., and E, = 1.57E,,. The current relations are:
I,, = 0.6361_,,; tube, = 0.50 load,,; tube., = 0.705 load,.;
tube.,, = 1.57 tube,,; and load_, = 1.11 load,w

Three-phase, Half-wave, Three-tube Rectifier.—When more
than one phase is rectified, the effect is that more voltages

are superposed, in different time relation to each other, but

W]
|

|
g
<

i Erms.
vty Py gy

}( One.
oo Cycle ™
vpply

Fia. 308.—Three-phase rectifier circuit using three tubes for half-wave
rectification.

having the same peak values. A three-phase rectifier circuit
using three tubes for half-wave rectification is shown in Fig.
308 together with the wave forms of the rectified voltages.
It is seen that with this arrangement there is an increase in
E, and a decrease in the amplitude of the ripple voltage.

The ripple frequently increases with the number of phases.

Supply
F1g. 309.—Three-phase rectifier circuit using six tubes for half-wave recti-
fication with double Y connections.

With this arrangement the voltage relations are: E,, =
0827E,,, = 1.170E,,, and E_ , = 2.09E,. The current
relations are: Tube,, = 0.333 load“, tube_,, = 0.579 load,.,;
tube,,,, = 1.76 tube,,; and load,, = 1.02 load,,.

Three-phase, Half-wave, Siz-tube Rectifier—The circuit in
Fig. 309 shows the use of six tubes for half-wave rectification
with a double Y connection on a three-phase system. The
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wave form of voltage indicates the increase in the ripple
frequency. With this arrangement the voltage relations
are: E, = 0.827E_,. = 1.170E__, and E,, = 2.090E,,. The
current relations are: I, = 1.9101_,.; tube,, = 0.167 load,,;

5 _ Emax.
SRR —Eav
‘3/¥\ ‘K¥ Xt—-Erms
IRAVAVAYAYATA!
LiiYdivy
I‘ One. ___
Cyc/e
Fia. 310.—Three-phase rectifier circuit using six tubes with full-wave
rectification.
tube,, = 0.280 load,,,; tube., = 1.72 tube,, and load,,, =
1.02 load,,.

Three-phase, Full-wave, Siz-tube Rectifier—The circuit in
Fig. 310 shows the use of six tubes for full-wave rectification
on g three-phase system. With this arrangement the voltage

SR - Z 43 24z
AN NS XX
S s Edo\ ety [/
Ede.” Single:phase Single-phase Three-phase
half-wave full-wave
% . b i %
2 i
S o
Edc NN Edc / x % Edc/,' “\
\] \ Ca AN ‘i LY
Four-phase Six- phase Twelve-phase
(two-phase fullwave) (fhree-phase,fulMave r)
three-phase, double sta

Fi1ag. 311.—Relation of ripple frequency to direct-current voltage from a
single-phase to a twelve-phase circuit.

relations are: E, = 1.65E_,, = 2.34E,_, and E,, = 1.045E,,.
The current relations are: I,, = 0.955I_,; tube,, = 0.333
load,,; tube,,, = 0.561 load,,.; tube,, = 1.72 tube,,; and
load,,,, = 1.02 load,,.

Effect of Number of Phases on Rectification.—The wave forms

of rectified voltage in Fig. 311 show the increase in ripple

av
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frequency and the increase in direct-current voltage from a
single-phase to a twelve-phase circuit. The rectifiers repre-
sented by the wave forms from the six-phase and the twelve-
phase circuits can be derived from a three-phase circuit.

Table XVIII gives approximate values for the input
voltage, output voltage, and output current for the circuits
shown in Figs. 306 to 310 inclusive when a half-wave, hot-
cathode, mercury-vapor rectifier tube such as type KI-605
is used.

TasLE XVIII.—Inpur anD OvurpUT ¥OR KI-605 RECTIFIER IN
TypicaL CIRcuUITS

Num-| o ut voltage \(/)o‘lltt:“: Output
Circuit ber of P K% £0 current,
volts (r.m.s.) d.c.
tubes amperes
volts
Fig. 306, 1-phase, full-wave.............. 2 | 1,750 per tube| 1,570 0.2
Fig. 307, 1-phase, full-wave. . .. 4 | 3,500 total 3,150 0.2
Fig. 308, 3-phase, half-wave. ... 3 | 2,050 per leg 2,400 0.25
Fig. 309, 3-phase, double “Y"" .. .. ....... 6 | 2,050 per leg 2,400 0.6
Fig. 310, 3-phase, full-wave. . ............ 6 | 2,050 per leg 4,800 0.3

This two-electrode tube, which is air-cooled and has an
oxide-coated cathode, is rated as follows: Maximum -crest
inverse voltage = 5,000 volts; maximum crest anode current
= 0.3 ampere; cathode voltage = 2.5 volts; cathode current =
2 amperes; tube drop = 15 volts.

Regulation of Voltage Supply.—Where the voltage of the
power circuit used for the operation of radio apparatus
shows considerable variation some method must be provided
for voltage regulation. Two auxiliary tubes which have been
used for this purpose are the voltage-limiting tube (type
UX-874) and the ballast- or current-regulating tube (type
UV-876). A description of these tubes is given on page 205.

Voltage Distribution.—The load on the rectifier circuits
shown in the preceding diagrams is considered for simplicity
as a single resistance. In a radio receiving set, however,
positive voltages of various values are needed for plate and
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screen-grid supply, and negative voltages for grid-biasing.
The maximum voltage available from the rectifier circuit is
generally used for the plate requirements of the tubes. Lower
values of voltage such as are needed for screen-grid supply
are obtained from the high-voltage terminal through series
resistance units, Negative voltages are obtained from
resistance units placed either in the negative wire of the
filter system or in the cathode circuit of the tube that requires
a grid-bias voltage. In some power-supply systems the
various resistance units are grouped together in an arrange-
ment known as a voltage divider (page 362) and connected
across the filter output. In this case the voltage divider
is tapped at various points for voltages of the required values.

In other systems the various
e 400 volts resistance units are separated
100 m.a R4 and so located that each may
d 200 volts 55 m.a. he considered in relation to the

+

45 m.o. R3 stage which it supplies.
< 100 volts 30 m.a. Voltage-divider Calcula-
R tions.—The arrangement of
15 m.a. ™2 . : . ;
b 50 volts 10 ma, Tesistance units in Fig. 312
R represents a conventional volt-
5 m.a. ™

age divider. Arbitrary values
of currents and voltages are
assumed for ease in calculation.
This divider is intended to
provide 200 volts at 55 milliamperes, 100 volts at 30 milli-
amperes, and 50 volts at 10 milliamperes. The input to the
divider is taken from a 400-volt rectifier-filter system.

The values for the resistances are calculated from the
negative end of the divider. The resistance in ohms of any
unit is equal to the voltage in volts across that unit divided
by the current in amperes flowing through that unit. The
current in the resistance R, is called the ‘“bleeder” current
which has in this circuit a value of 5 milliamperes. The
voltage across the resistance R, is 50 volts, being the same
as the value at the tap marked b. The resistance of R,

a S m.a.

Fie. 312.—Conventional voltage
divider.
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must be 50 <+ 0.005, or 10,000 ohms. The current in the
resistance R, is the bleeder current of 5 milliamperes plus the
10 milliamperes taken from the tap b. The voltage across
the resistance R, is the difference between the voltage at the
tap ¢ and that at the tap b, or is 100 — 50 = 50 volts. The
resistance R, must be 50 <+ 0.015, or 3,333 ohms.

The current in the resistance Rj; is equal to the current
in the resistance R; plus the 30 milliamperes taken from the
tap ¢, which is 45 milliamperes. The voltage across the
resistance R; is the difference between the voltage at the tap d
and that at the tap ¢ or 200 — 100 = 100 volts. The resist-
ance R; must be 100 + 0.045 or 2,222 ohms. The current
in the resistance R, is 100 milliamperes and the voltage across
this resistance is 200 volts. The resistance Rs must be
200 + 0.100, or 2,000 ohms.

A resistance unit consumes power which is dissipated in
the form of heat. The value of the power in watts is equal
to the voltage in volts across the unit multiplied by the
current in amperes in the unit. To allow for a margin of
safety in overheating, the heat dissipation rating of a resistance
unit should be double the power rating as calculated above.

Ignitron Rectifier Circuits.—The action of the ignitron, a
controlled rectifier of the gaseous type, has been described
in Chap. IV. The use of the ignitron for single-phase, half-
wave rectification with early starting in the cycle and without
phase control is illustrated in the circuit of Fig. 313. The
anode A is connected to one side of the supply line and the
cathode C to the other side in series with the load. A small
auxiliary rectifier is connected from anode A to the igniter B.

At the beginning of the voltage cycle the voltage between
the anode A and the cathode C starts to build up as shown
by the curve a in Fig. 314 and the igniter current as shown
by the curve ¢. The voltage across igniter B (Fig. 313) is
equal to the anode voltage minus a constant ‘‘arc drop” of
about 15 volts in the series rectifier. An arc forms at the
junction of the mercury and the igniter rod when the igniter
voltage and current reach the values e and 7, respectively,
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in the curves. When the arc shifts to anode 4, the anode
voltage falls to the value of the arc voltage drop (10 to 15
volts), remaining constant for the remainder of the half
cycle, and the igniter current falls to zero. The anode current
follows a sine-wave form for the remainder of the half cycle.
During the inverse cycle the ignitron is non-conducting,

AT
A VT
: Small
series
A’ZZ’;’,Z?L’,” g rectifier
supply
Load

Single phaise-3 wave

FIG'. 313.—Ignitron tube used for single-phase, half-wave rectification without
control of firing of anode.
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Fia. 314.—Relation of anode voltage to rectified anode current in ignitron
rectification circuit in Fig. 313.

and the series rectifier prevents inverse current through the
igniter. The ignitron can be used for single-phase, full-
wave rectification with circuit connections as shown in
Fig. 315.

Control of the starting point at which anode current begins
to flow is obtained with the circuit arrangement shown in
Fig. 316. Here the series rectifier is replaced by a grid-glow
tube (page 199) and a suitable phase shifter which serves to
change the phase of the grid-bias voltage applied to the grid
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of the grid-glow tube. No igniter current flows until the
grid-glow tube breaks down at a time depending on its grid-
bias voltage (Fig. 317). Thus the ignitron can be “fired”
at practically any desired point on the positive half cycle.
As a result the average rectified current output can be varied

B 8,
L0 [N
v L
")-4: D
3
E& Ek
9 15}

Alternating
current
supply

e ‘Bias phase
% Shiffer

Load
°

2

Single phase-j wave
Fia. 316.—Ignitron tube used for half-wave, single-phase rectification with
control by grid-glow tube and phase shifting.
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F1a. 317.—Rectified anode current and igniter current for ignitron-
rectification circuit in Fig. 316.

from a value of practically zero when ignition occurs at the
end of the half cycle, to 2 maximum when ignition occurs
at the beginning of the cycle.

For some services the limitation of these circuits is that
the igniter current must flow through the load and conse-
quently delayed or inaccurate firing may result. An arrange-
ment for a firing circuit independent of the load is shown
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in Fig. 318. In this circuit the condenser is charged on each

inverse half cycle to a voltage much higher than the firing
; Gria-glow tube

B-Batfery g

il

Power
H Transformer
:é! Load .
Fra. 318.—Ignitron-rectification circuit with the firing circuit independent of

the load.

voltage of the igniter. This condenser voltage then acts
across the grid-glow tube and the igniter. When this tube
breaks down, the condenser discharges through the igniter
producing a large current for an
extremely short period. The time
constant of the load must be such
that the anode current can increase
to a definite value during the con-
denser discharge. The time of dis-
charge can be lengthened by the
use of series resistance. To obtain
a proper pick-up, the anode voltage
must be maintained for a definite
period following ignition. Thisvolt-
age maintenance may be produced
by the use of resistance orinductance
in series with the igniter.
Mercury-arc-rectifier Circuit.—A
description of this type of rectifier
which belongs in the gaseous class,
and its operating characteristic, is
. given in Chap. IV. The diagram of
Fie. 319.—S8imple method g simple method of connecting a
of connecting mercury-arc rec- .
tifier to transformer. mercury-arc rectifier to a trans-
former is shown in Fig. 319. The
positive-load terminal is connected to the cathode, and
the negative terminal to the neutral point of the transformer
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bank. The voltages at the anodes depend on the voltages of
the transformer terminals to which the anodes are connected.
The current goes in turn to that anode which is most positive.
The connections of commercial units are more complicated,
utilizing various wiring schemes to obtain certain desired
characteristics.

The efficiency of the circuit depends on the voltage drop in
the arc. This increases with the size of the unit, and also with
the load, being about 18 to 24 volts for the 500-kilowatt recti-
fier shown previously. At a circuit voltage of 600 volts and
an arc drop of 20 volts the efficiency of the rectifier alone is
96.77 per cent.

Rectifier Circuit for Cathode-ray Tube.—The circuit shown
in Fig. 320 illustrates the use of rectifier tubes of the tungsten-

Deflecting 5ecv/7d anode
lates, i first anode
\k‘\ i’ Control electrode

Lathode

Secorid
anode

To voltage Control

under fest electrode
bias

Fia. 320 —Rectifier supplymg focusmg and accelerating voltages to
cathode-ray tube.

cathode type (page 98) for the operation of a cathode-ray
tube, type RC-593. The output current of the rectifier is
controlled by the adjustment of the cathode current. The
voltages required by the cathode-ray tube are for focusing and
accelerating the electron beam which is shown as a dotted line
in the diagram.
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The voltage which is to be tested is applied to the terminals
of one set of deflecting plates. The other set may be used for
a linear ‘““sweep’’ circuit, or for connection to another voltage
which is to be compared.

Rectifier Circuit for X-ray Tube.—The modern hot-cathode
x-ray tube having a hot and a cold electrode passes current in

X=Ray tvbe
tferminals T
+ —
A-Ray fvbe
ferminals
Fi1¢. 321.—H a-l f- Fig. 322.—Full-wave
wave rectification cir- rectification circuit.

cuit with one rectifier
tube and X-ray tube.
one direction only so long as the cold electrode is not heated
to the point where it emits electrons. Thus for moderate
voltages and small currents, the tube can perform double
duty as a rectifier and as an
X-ray generator.
Where a greater amount of
X Rayrube energy must be applied or where
the normal cold anode is brought
to incandescence it is necessary
_l to prevent any inverse polarity
current from being applied to
the electrodes of the x-ray tube.
Fre. 323.—Full-wave rectifica- The present tendency is to use
tion circuit with four rectifier tubes one or more rectifier tubes to
and X-ray tube. . .
rectify the current in preference
to a mechanical rectifying switch driven by a synchronous
motor.
In half-wave rectification a single rectifier is connected in
series with the x-ray tube as shown in Fig. 321. The opera-

+




VACUUM TUBES AS RECTIFIERS 383

tion of this arrangement produces a low-power factor; but the
system is satisfactory for the smaller types of apparatus.
When more current is required, full-wave rectification is
preferable for the reason that for the same line current about
twice as much secondary current is obtained as with a half-
wave-rectification circuit. In full-wave rectification either
two or four rectifier tubes are needed. When two tubes are
used as in the circuit of Fig. 322, only half of the voltage of the
high-tension winding of the transformer is applied to the x-ray
tube. When four tubes are used as in the circuit of Fig. 323,
full voltage is applied to the x-ray tube.



CHAPTER X

USE OF VACUUM TUBES AS AMPLIFIERS

Simple Amplifier Circuit.—The fundamental circuit for a
vacuum tube used as an amplifier is shown in Fig. 324. In
this arrangement the voltage E, which is to be amplified is
applied across the input terminals; E. represents the source of
negative voltage that is used as a grid bias to maintain the
grid negative with respect to
the cathode; and E, represents
the source of plate-supply volt-
/,,p,,;- load age. Under these conditions,

when the grid-filament circuit
is complete, a steady current
l'l M‘l—‘lH' will flow in the plate circuit,
even though no signal voltage
is applied to the grid. The

Fia. 324 ——Sxmple circuit for vacuum 5 e
tube used as amplifier. static characteristic curve,
showing the relation between
plate current and grid-bias voltage is given in Fig. 325.
Thus for a grid-bias voltage E. the steady plate current
is represented by the line C. Operation under these
conditions takes place on the curve at the point A,
known as the operating point. The position of the operating
point on the curve is fixed by the value of the grid-bias voltage.

In the actual operation of an amplifier tube in a radio
receiver, an input-signal voltage as represented by E, in Fig.
325 is applied to the grid. The corresponding variations of
plate current may be represented by the curve marked
‘““output signal.” It should be noted that the operating point
A is in the middle of the “straight’’ range of the characteristic
curve. In this range the form of the output-signal voltage is
exactly like that of the input-signal voltage. This similarity

384
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does not exist if operation is on the lower bend of the curve
(near cut-off), or on the upper bend (near saturation). In
operation on either bend the form of the output-signal voltage
is unlike that of the input-signal voltage and distortion results.

The mutual conductance or slope of the line is equal to the
ratio of a small"¢hange in plate current to the small change in
control-grid voltage producing it (see page 115). This value
can be used as a measure for determining the relative merits
of amplifier tubes. The wvariations of voltage produced
across a load in the plate circuit are much larger than the

Ypperbend
o
Lower ben,
Grid volts 131~ 9% *
i (&
Input signal : 3
Eo |8
Grid swing-Ac 4 5} LN o
| C-Negative grid bras

129
Fia. 325.—Static characteristic curve of simple amplifier.

voltage variations applied to the grid. This relation is an
indication of the amplifying effect of the tube.

Input Circuit.—The method of applying the input signal to
the grid of the tube needs consideration. If the value of the
grid-bias voltage is such that the grid of the tube cannot
become positive, the grid-input impedance of the tube is very
high. Under this condition it is possible to use an input
circuit which has high impedance. Where the signal is
applied to the grid through the secondary winding of an input
transformer, the secondary impedance may be as high as
desired to match other design conditions. Where resistance
coupling is used, the grid-resistance unit may have a value of
from 0.5 to 2.0 megohms, depending on the type of tube and
circuit.
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Output Circuit.—The output circuit of a vacuum tube
contains the apparatus for using the amplified variations of
current and voltage. The voltage acting on the plate of a
vacuum tube which has no load in the plate circuit is equal to
the plate-supply voltage. But a tube in actual use as an
amplifier may have one or more of the following in the plate
circuit: a resistance, a primary winding of a transformer, an
inductance, a loud-speaker.

Resistance Load.—When a varying plate current flows
through a resistance load, the voltage acting on the plate is
not constant because of the varying voltage drop across the
load; that is,

E, = By, — IR,

where E, = plate voltage, volts.

E, = supply voltage, volts.

Ry = external resistance, ohms.

I, = plate current, amperes.

1t has been shown (page 110) that the effect of an alternating

grid voltage E, is to produce an alternating plate current
uE, + r, in amperes, where u is the amplification factor
(page 112) and r, is the plate resistance, in ohms, and that the
effect of an alternating plate voltage E, is to produce an
alternating plate current E, + 7,. The total plate current
produced by grid and plate voltages in combination is,
therefore,

1= s | s
Tp Tp

This expression is true only if the plate-current variations
are small enough to extend only over the straight-line portion
of the plate-current—grid-voltage curve.

In the case of a resistance load R, the alternating current I,
flowing through the resistance R, produces an alternating-
voltage drop of E, = I,R,. The effect of this voltage drop is
opposite to the action of the grid voltage; that is, if the grid is
made more positive, the plate current and also the voltage
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drop across R, increase, and consequently the plate voltage
decreases. Or, if the grid is made more negative the plate
current and, also, the voltage drop across R, decrease, and the
plate voltage increases. Hence, when I,R, is substituted for
E, it is given a negative sign. When this substitution is made
in the equation above, the plate current becomes

ukE,

uk, _uE,
rp+R0

Tp

L= DB o cobioh 1, =
Tp

that is, the alternating current I, in the plate curcuit for an

impressed grid voltage E, is the same as that which would be

caused to flow in a circuit having a resistance of r, + Ro by an

alternating voltage wE,.

It is advantageous to consider the action of a vacuum tube as
similar to that of an electric generator. The steady values of
plate and grid voltages and plate current are considered only
in so far as they affect quantities such as the plate resistance.
The grid is omitted from the discussion except when the
matter of grid current must be taken into consideration. The
tube may then be regarded in effect as a device in which there
is connected between the plate and filament an alternating-
current generator having a resistance r, and generating a
voltage uE,. The resistance r,* is determined by the steady
or non-varying grid and plate voltages. The alternating, or,
more correctly, fluctuating plate current is produced by the
voltage uE,.

In a circuit containing only resistance, the impressed volt-
age is in phase with the current; that is, the variations of
the impressed voltage occur in step with the variations of the
current. The counter voltage is opposite in phase to the
impressed voltage and to the resulting current. That is, in
the tube circuit the plate current is in phase with the grid
voltage, the phase difference between the plate voltage and
plate current is 180 degrees, and the phase difference between
the plate voltage and the grid voltage is 180 degrees.

* Actually, of course, r, does vary with the alternating plate current.
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Since the plate voltage E, acting on the tube is equal to
E, — I,R,, where I is the “B”’ or plate-supply current, it is
evident that when an external resistance is inserted in the
plate circuit additional “B’’ or plate-supply voltage must
be supplied to maintain the plate voltage at its proper value.
If this is not done, the plate voltage E, decreases, r, increases,
and the voltage amplification is reduced. When R, = r,,
the “B”’ or plate-supply voltage E, must be about 50 per cent
larger than the rated plate voltage of the tube. Under these
conditions, a voltage amplification of u + 2 is obtained.

Reactance Load.—The derivation of the expression for the
value of plate current can readily be extended for the case of a
reactance load. Thus consider that the plate circuit contains
a loud-speaker having a resistance R, and an inductance L.
The voltage divided by the impedance! gives the current as
I, =uE, + Z. Since the frequency term f appears in the
impedance, it is clear that impedance varies with frequency
as well as with resistance and inductance. The current lags
behind the voltage by an angle « having a value such that

tan a = ——X~
rp + RO

These equations state that, for a given value of impressed
grid voltage, the alternating plate current may be considered
to have the same value and phase relations as a current flowing
in a circuit having a resistance r,, an impedance Z, and an
applied voltage of uE,.

When the plate circuit contains reactance as well as resist-
ance, the phase difference between the plate and grid voltages

1 The impedance Z of the plate circuit is Z = 1/ (r, + Ro)? + X3,
where X = 2xfL, and = is 3.1416.
If the plate circuit contains a load having a resistance R,, an induc-

tance L, and a capacity C, the current is I, = ug,, - In this case

Z =/, T RO + X2,

where X = 2xfL — —Z—n—-{f'—C The phase angle ais given by tan a = r_,,TXIT

0
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may not be 180 degrees. Thus, consider a load having an
impedance Z made up of a resistance By and a reactance X,.
If the plate current is represented by I,, as in Fig. 326, then
the voltage drop I,r, in the tube is located as OY, the voltage
drop I,R, in the external resistance is Y'S, and the voltage drop
I,X, in the external reactance is ST, located at right angles
to the axis. Then, the volt- T

age drop I,Z in the external N

impedance is YT, the result- 0 M IpXo
ant of the resistance drop e Y " ;(;5 >1p
I,R,, and the reactance drop E,Q/éﬂ

I,Xo. The impressed volt-

age ul, in the pla’te circuit is WFIG. 326.—Typical vector diagram

given by OT and is the result- showing relation between plate cur-
ant of the voltage drop Ip"'p rent and voltage drops in external

resistance and inductive reactance.

in the tube and the external

impedance drop I,Z. When the external impedance is equal
to the plate resistance, that is, when OY equals Y7 in Fig.
326, the angle has a value of 45 degrees. Also E, is equal
to —I,Z and is represented in the diagram by OW which is
parallel to I,Z or YT. The angle 8 which represents the
phase difference between E, and «E, or E, has a value of 157

o degrees.
\ Fe ey ® The phase difference between E,
0 —> and I, is given by the angle whose
W value is such that its tangent is
Xo + R, while that between uE,
Fi1g. 327.—Typical vector X

diagram showing relation be- and I, is B
tween plate current and volt- rp + Ro
age drops in external resistance Now, if the reactance X, were a

sud eapacity reactanpe: capacity, the voltage drop I,X,
would be drawn in a direction vertical to I, but downward,
instead of upward as in Fig. 326 in which I,X, is taken
as an inductive reactance. The resulting relations would
then be represented as in Fig. 327.

Classification of Amplifiers.—Amplifiers may be classified
(1) according to the relation between the grid-bias voltage



390 RADIO RECEIVING AND TELEVISION TUBES

and the fraction of a cycle during which current flows, as class
A, B, C, AB, and BC amplifiers; (2) according to the frequency
level at which they are operated, as audio-frequency, inter-
mediate-frequency, radio-frequency, and direct-current ampli-
fiers; (3) according to the type of coupling used between the
stages, as transformer-coupled, impedance-coupled, and resist-
ance-coupled amplifiers; (4) according to the width of the
frequency band for which they are designed, as tuned and
untuned amplifiers.

Amplifier tubes for radio applications are grouped in two
general classes: (1) voltage-amplifier tubes, and (2) power-
amplifier tubes.

Class 4, B, C, AB, and BC Amplifiers.—The voltage acting
on the grid of an amplifier tube consists of two parts, one being
the grid-bias voltage and the other the exciting or radio-signal
voltage. The total voltage acting on the plate consists of two
parts, one being the constant plate-supply voltage, and the
other the load voltage (page 386). For any given plate
voltage the plate current may be reduced to the cut-off point,
that is, brought to zero, if the grid has sufficient negative
grid-bias voltage. Then when an alternating signal voltage
is applied to the grid (the grid-bias voltage being equal to
the cut-off value), a plate current will flow during half of the
cycle of the signal voltage, as shown in Fig. 328. In this
diagram,! and in those which follow, the value of the grid-bias
voltage at the point of plate-current cut-off is represented by
the distance between the zero base line and the line marked
C. No current can flow during the other half of the cycle
of the signal voltage because the grid is more negative than the
cut-off value. In general, the plate current flows for less than
a half cycle when the grid-bias voltage is greater than the
cut-off value; and for more than a half cycle when the grid-bias
voltage is less than the cut-off value. The relation between
the grid-bias voltage and the fraction of a cycle during which
the signal current flows is used as a basis for classifying certain

1See McARTHUR, E. D., “Electronics and Electron Tubes,” Gen. Elec.
Rev., November, 1933.
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characteristics of amplifiers. This grouping pertains to class
A, B, C, AB, and BC amplifiers.

A class A amplifier is designed with a load circuit (page 386),
consisting of resistance or impedance, the performance of
which is the same for all frequencies. The grid-bias voltage
and the grid-exciting voltage have such values that the plate

Ep
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Fic. 328.—Relation between signal voltage applied to the grid and plate
current flowing during half of the cycle of signal voltage.

current flows through the tube continuously. The grid-
voltage variation is limited to that portion of the negative
grid-voltage region of the mutual characteristic (see Fig. 46)
which is nearly linear, and the value of the grid-bias voltage
is much less than cut-off. A vacuum tube is usually operated
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F1G. 329.—Average characteristics of ideal class A amplifier.

under such conditions because then the input impedance of
the tube is high, and the amount of energy required for control
is very small. In an “deal class A amplifier the form of the
alternating component of the plate current is exactly like that
of the input voltage, and the plate current flows during 360
electrical! degrees of the cycle, as shown in Fig. 329. The

1 One cycle corresponds to 360 electrical time degrees.
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class A amplifier with a triode power tube has low output,
high power amplification, low efficiency, and low distortion.
When pentode power tubes are used, the power output and
efficiency are higher than when a triode is used, but the distor-
tion also is increased.

A class B amplifier is designed with a resistance load or
with a tuned circuit. The resistance load is generally used in
audio-frequency amplifier circuits with two tubes. The tuned
circuit is used in amplifiers dealing with a single frequency.
The grid-bias voltage and the grid-exciting voltage have such

! ' i Eb

' Zime —| ey
0 o Ec=Cutoff
¢ K

Fra. 330.—Average characteristics of ideal class B amplifier.

values that the plate current is reduced practically to zero
when there is no grid-exciting voltage, and so that the plate
current flows during half of each cycle. The operating grid-
bias voltage is set at a value equal to or near the plate-current
cut-off. Where only one tube is used, the amount of distortion
is high because only half of the input-voltage wave is amplified,
and the applied signal voltage is large enough to make-the grid
positive. Generally two tubes are used in a push-pulil circuit,
so that both halves of the wave are amplified. The power
output is proportional to the square of the excitation voltage.
In an ideal class B amplifier the form of the alternating
component of the plate current is nearly an exact reproduction
of the input voltage during that half of the cycle when the grid
is positive with respect to the grid-bias voltage, and the plate
current flows during 180 electrical degrees of the cycle as shown
in Fig. 330. The class B amplifier, as compared with one of
class A, is capable of higher output, lower power amplification,
and somewhat higher efficiency.
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A class C amplifier is designed with a tuned circuit and is
used only in applications involving a single frequency. The
grid-bias voltage and the grid-exciting voltage have such values
that the plate current flows during considerably less than half
a cycle. The grid is “biased”” at a value beyond plate-current
cut-off, as shown in Fig. 331, and the applied signal voltage is
large enough to make the grid positive. The output varies
as the square of the plate voltage. The class C amplifier is
capable of high power output at high efficiéncy and hence is
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Fie. 331.—Average characteristics of ideal class C amplifier.

utilized in radio transmission where high efficiency in the plate
circuit is essential and the degree of linear relation between the
output and input is not important.

In class AB or class A prime amplification, the grid-bias
voltage and the grid-exciting voltage have such values that the
plate current flows during a period of the cycle which is greater
than 180 electrical degrees but less than 360. The class AB
amplifier has an output and efficiency which fall between
the values for class A and class B amplifiers. In class BC
amplification the grid-bias voltage and the grid-exciting
voltage have such values that the plate current flows during a
period of the cycle somewhat less than 180 electrical degrees.
The class BC amplifier has an output and efficiency which fall
between the values for class B and class C amplifiers.

Applications—Any one of these classes of amplifiers, in
either a one-tube or a push-pull circuit, may be used in radio-
frequency amplification where the amplifier output feeds into
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a selective tuned circuit (as in a radio transmitter), or for
services where some distortion is permissible. In audio-
frequency amplification with a one-tube circuit, operated
under the requirement that distortion must be kept below
5 per cent for triodes and below 7 to 10 per cent for tetrodes
or pentodes (page 127), only the class A amplifier ean be used.
By means of a push-pull stage, however, the distortion can be
reduced and the output increased. A class B amplifier for
audio-frequency amplification is designed with a balanced
stage using two tubes. This design produces a power output
with practically no distortion because the even harmonics
(page 131) are eliminated. A class A power amplifier may be
used to supply power to a class B output stage. The tubes
in the class A amplifier may be either triodes or pentodes, but
the triode type produces less distortion than the pentode
type.

Increased output from a class C amplifier may be obtained
by the use of power tubes in either push-pull or parallel con-
nection. For the same grid-signal voltage the output with a
parallel connection is twice that obtained from one tube.
Twice the grid-signal voltage is necessary to operate the push-
pull connection, but the advantages over single-tube operation
are: (1) increased power, (2) elimination or reduction of dis-
tortion caused by harmonics of even order, and (3) control
of hum due to fluctuations of the voltage of the plate-supply
unit. Also, the power output as compared with that from one
tube can be more than doubled because the load resistance
can be smaller without causing any increase in distortion. A
gain in economy of operation is realized because both the grid-
bias and signal-input voltages can be greater than the values
permissible when only one tube is used.

Class A Voltage Amplification.—In the simple case in which

the external load consists of a resistance R, the alternating-
E,R

voltage drop across Rg is, IRy = el (page 387). The

Tp + RO

ratio of this alternating voltage which operates in the plate
circuit to the alternating grid voltage is the voltage amplifica-



USE OF VACUUM TUBES AS AMPLIFIERS 395

tion, usually expressed as 4 = —UR—°- When a tube is in
p + RO

use as a voltage amplifier, its maximum amplification is
obtained by making the load resistance as high as is practical.
This becomes evident from a consideration of the above equa-
tion for A. That is, with very high load resistances the term
7, becomes negligible and the voltage amplification approaches
the amplification factor « of the tube.

When the external load consists of an inductance coil and if
the resistance Ry of the coil is small compared to r, and
wL,* then the voltage across the output circuit is V = I,wL
S VR
~ N i)

wwL
V1t + (wl)?
The “B” supply voltage need not be greater than the rated
plate voltage of the tube because the resistance of the coil is
assumed to be negligible. The form of inductance, depending
on circuit requirements, may consist of an air-core coil, an
iron-core choke, or the primary winding of a transformer.

Maximum Power Output.—The voltage amplification may
be considered as the load voltage drop per volt input since

uR, uE, Ry _ IR,

The voltage amplification Ei/ =
g

may be made nearly equal to u if wL is large.

¥ R Tt R VE,_ E

The current output per volt of input is %:’ = -y _1: By The

product of these two expressions gives the power output per
I,Ry , I, IR,  u’R,

volt squared of the input as z, X E,"EF " TR

It can be shown by differentiating this equation that the condi-
tion for mazimum power output occurs when R, = r,, that is,
when the load resistance is equal to the plate resistance of the
tube. The equation then reduces to u? <+ 4r,. It is impor-
tant to remember that this result is obtained by considering
the tube as a generator and neglecting the effect of distortion
which modifies the relations considerably.
* The symbol w is used in place of the term 2=f.
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Distortion in Power Tubes.—Two causes of distortion in
power tubes will be considered here. First, the distortion due
to the curvature of the plate-voltage—plate-current curves at
low values of plate current; second, the distortion resulting
from the flow of grid current.

The effect of distortion due to the amount of curvature of
the curves is shown by an inspection of the plate voltage—plate
current curves in Fig. 332. While these curves do not indicate
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Fra. 332.—Curves showing distortion effects in power tubes.

actual conditions of operation because they are taken with no
load in the plate circuit, the procedure outlined below may be
used to determine the behavior of tubes with a plate load.
The plate current—plate voltage curves of a type 71A tube
for various grid voltages are given in Fig. 332. When a plate
voltage of 180 volts is applied, the tube operates along the
vertical line at 180. The value of the plate current for a grid
bias of —40 volts is found to be 20 milliamperes at the inter-
section of the vertical line and the ‘“bias’’ line. Now, if a
signal voltage having a peak amplitude of 10 volts is applied
to the grid, the range of operation of the plate current is along
the vertical 180-volt line from its intersection with the —30
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volt “bias” line to that with the —50 volt “bias”’ line. The
positive swing of the grid produces an increase in plate cur-
rent of 18 milliamperes, but an equal negative swing produces
a decrease of only 14 milliamperes. This effect is due to the
increased curvature at low plate voltages of the plate current—
plate voltage curve, and causes distortion by introducing into
the output current a second harmonic component (page 402)
which did not exist in the impressed signal voltage. The effect
of the curvature increases rapidly as the amplitude of the
signal voltage is increased. At low values of plate current the
curvature is much greater, and, therefore, the instantaneous
value of plate current must not come close to zero. Under the
load conditions given in the following paragraphs, the mini-
mum value of instantaneous plate current for satisfactory
reproduction is taken to be 1.0 milliampere. This is indicated
by the dotted line at the bottom of Fig. 332.

When the load resistance is very high, the range of plate
current is no longer on the vertical voltage ordinates, and the
line representing the conditions of operation is then swung,
about the ‘““operating point,” away from the vertical, until it
is nearly parallel to the 20-milliampere line. This new line of
operation intersects all of the equidistant curves at the same
angle so that it is clear that the distortion due to the curvature
of the characteristic curve is eliminated. The power output,
however, is decreased and approaches zero in the limiting case.

When the load resistance is lower than in the preceding case,
an intermediate condition obtains. This may be shown
graphically by drawing the ‘load line”’ for a given load resist-
ance in the plate circuit. Thus in Fig. 332 the line CAB repre-
sents operation at a grid-bias voltage of —40.5 volts with a
plate load of 3,900 ohms. This “load line” is located by the
“operating point’’ and has a slope equal to the reciprocal of
the load resistance. If this figure had been made with a scale
of ordinates in amperes, the slope of the ‘““load line”” would be
given by 1/3,900, and for a milliampere scale the slope becomes
1,000/3,900, or 10/39. If one point A on the “load line” is
known, any other point X may be located by using this value
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of the slope, by the method of drawing through the point 4 a
horizontal line AY equal to 39 on the scale of abscissas, and
at Y drawing a vertical line YX equal to 10 on the scale of
ordinates. Then through the points 4 and X the required
“load line”” CAB can be drawn.

In the first part of this discussion the distortion occurring
with no plate load was shown for operation with —40 volts of
grid-bias voltage. The effect of the plate load of 3,900 ohms
in decreasing this distortion is evident from a consideration
of the “load line” through the point D at —40 volts. With
no plate load a 10-volt radio signal causes the plate current
to range from 18 milliamperes in one direction to 14 milliam-
peres in the other. The same signal voltage along the 3,900-
ohm ‘““loadline’ causes arange of plate current of 5 milliamperes
in each direction. This shows that under these operating con-
ditions the effect of the second harmonic is really not
appreciable.

The second cause of distortion mentioned previously is that
due to a flow of current in the grid circuit. It has been shown
that the distortion resulting from the negative swing of the
grid voltage on the lower portion of the characteristic curve
which has a pronounced curvature is eliminated by using a
very high plate-load resistance. If, however, the impressed
grid voltage is too high it may cause a swing which extends
beyond the curve for E. = 0in Fig. 332. When this happensa
grid current flows. As the grid becomes more positive the grid
current increases quite rapidly and the grid-to-filament
resistance of the tube is decreased. This decrease, however,
occurs only when the grid swings positive and, consequently,
a very uneven load results on the transformer; this unevenness
of the load produces distortion. Operation should be such -
that the grid is always negative with respect to the filament
except under the conditions given later for class AB and class
B amplifiers (pages 405, 408).

Maximum Undistorted Power Qutput.—The conditions for
maximum power output are limited by the extent to which the
output is considered as undistorted. The two forms of distor-
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tion already discussed must be quite severe in order to affect
the quality of reproduction so much that it is perceptible to the
listener. A distortion of 5 per cent is quite imperceptible to the
listener and, hence, may be allowed, especially because only a
relatively small power increase is obtained if the distortion is
greater. Undistorted power output, then, may be considered
as the amount of power which is obtained when the input
signal voltage does not become greater than the value produc-
ing a 5 per cent distortion due to the introduction into the
power output of harmonics of the second and higher degrees.

It has been shown that the power output is a maximum when
the resistance of the external load resistance Ry, = r, (plate
resistance of the tube). In this explanation, however, the
distortion which is introduced is neglected. To avoid exces-
sive distortion the grid “swing’ must be limited, that is, the
minimum value of plate current must be greater than 1
milliampere.

Investigations! indicate that a maximum undistorted power
output is obtained when the load resistance R, = 2r,, with
the plate and grid voltages adjusted to their best values.
The maximum may occur at a different relation between the
external load resistance R, and the plate resistance of the tube
7, if the applied voltages are not set to the best values. That
is, the best load resistance is found to have a certain value at a
given plate voltage; now, if the grid-bias voltage is reduced in
order to allow a moderate decrease in plate voltage without a
sacrifice in output, the best value of the load resistance is less
than that found before.

Class A Power Amplifier.—A tube used in the output stage
must supply relatively large amounts of power to the loud-
speaker. For this application the tube is designed to provide
a large power output rather than a high voltage amplification.
For class A service (page 390) the triode power tubes as
compared with pentode power tubes have low power sensi-
tivity, low plate-power efficiency, and low distortion.

1 Proc. Phys. Soc. (London), Vol. 36.
Proc. Inst. Radio Eng., Vol. 14.
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The power output may be increased by the use of two
tubes connected either for parallel or for push-pull operation.
The parallel circuit is shown in Fig. 333 and the push-pull
circuit in Fig. 334. The output of the parallel circuit is double

the output of a one-tube circuit
operated with a given signal
“”E: voltage. The output of the
push-pull circuit is at least
double the output of a one-tube
circuit but the signal voltage

I

t required is double that of a
1 . .

A T one-tube.cn'.cult. With the
supply push-pull circuit, however, the

Fic. 333.—Two class 4 power am- distortion produced by har-

plifiers in parallel circuit. monics of even order and the
hum caused by fluctuations of the plate-supply voltage are
eliminated or greatly reduced through cancellation. Because
of the decrease in distortion, it is possible to reduce the
load resistance and thereby to increase the output.

¥
Input Jovdspeaker
£
6 AC
B+ B- Heater
supply

F1a. 334.—Two class A power amplifiers in push-pull circuit.

Another advantage of the decrease in distortion is that a
stronger input signal can be allowed because the grid-bias
voltage can be increased to a value greater than is permissible
for a one-tube circuit.

A class A power amplifier may be used to supply power to a
class AB or to a class B output stage. For such service either



USE OF VACUUM TUBES AS AMPLIFIERS 401

triodes or pentodes may be used, but triodes produce less
distortion than pentodes.

Power Output and Distortion of Triodes.—Calculations for
the undistorted power output of a triode used as a class 4
amplifier in a one-tube circuit can be made without serious
error from the curve of plate current plotted against plate volt-
age, by assuming that the load consists of resistance only. The
calculations may conveniently be made graphically for given
conditions of operation. For a type 71A tube the maximum
plate voltage to be supplied is 180 volts and the grid-bias
voltage is —40.5 volts. Determinations of the best load, the
power output, and the second harmonic distortion may be
made from the curves in Fig. 332. In this case the value of
3,900 ohms for the load resistance was taken after consider-
ation was given to the plate resistance of the tube. This tube
resistance may be read directly from the curve in which plate
resistance is plotted against grid voltage, at a plate supply
voltage of 180 volts; or it may be obtained from the slope of
the plate current—plate voltage curve at the point A. The
tube resistance at the operating conditions represented at
the point A is equal to the reciprocal of the slope of the curve
at this point. To get the slope of the curve at this point,
a line GH is drawn through A parallel to a tangent to the
curve for E, = —40. If a triangle such as HGK is con-
structed, the slope of the curve is given by GK + HK and the
reciprocal of the slope, or the tube resistance is HK + GK.

Numerically, this plate resistance of the tube is equal to
216.5 — 158.5

0.038 — 0.008
tube resistance is equal to 3,900 ohms.

The power output of the tube is equal to the product of the
effective values of the alternating plate voltage and the alter-
nating plate current. These values are determined by the
intersection of the ‘“load line”” CAB with the line of minimum
plate current. Thus in Fig. 332 the “load line” intersects the
line for minimum plate current at the point B which falls on the
curve for E, at —80 volts. This corresponds to a maximum

or 1,950 ohms. A load resistance of twice the
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negative grid swing of 80 — 40.5 = 39.5 volts. A positive
swing from the point A would extend to the point C on the
curve for E, = —1 volt, since 40.5 — 39.5 = 1.0 volt. The
fluctuating plate voltage as defined by these voltage limits has
a value of 250 volts at the point B and 96 volts at the point C.
The alternating component of this fluctuating voltage has an
amplitude of (250 — 96)/2, or 77 volts, and an effective value
(page 41) of 0.707 X 77, or 54.4 volts. The fluctuating
plate current defined by these limits has a value of 0.001
ampere at B and 0.039 ampere at C. Its alternating component
has an amplitude of (0.039 — 0.001)/2, or 0.019 ampere, and
an effective value of 0.0134 ampere. Therefore, the power
output, which is the product of the effective values of voltage
and current, is equal to 54.4 X 0.0134, which is 0.73 watt or
7.30 milliwatts.

This method for the calculation of power output may be
represented by the following equation:

(Emax - Emin) (Imu - Imin)

8
in which E_,,, E.., .., and I, are the maximum and
minimum values of plate voltage and plate current for the
given value of grid-voltage swing.

The second harmonic distortion D, depends on the differ-
ence between the average fluctuating current and the steady
plate current. It may be stated as a percentage of the
fluctuating plate current by the following expression, in which
I, is the value of the plate current at the point of operation:

D - l/Z(Ima.x + Imin) - IO
2 Imsx - Imin
Numerically, the distortion D, in the example given is,
14(0.039 + 0.001) — 0.0185
(0.039 — 0.001)
There are several ways of reducing this distortion, such as

decreasing the input signal voltage, increasing the load
resistance, or slightly decreasing the grid-bias voltage and at

Power output =

min?’

D, = X 100 = 0.039, or 3.9 per cent.



USE OF VACUUM TUBES AS AMPLIFIERS 403

the same time reducing the input voltage. Such changes,
however, also reduce the power output.

The mazimum undistorted power output of a number of tubes
in common use is given in the Tube Table (page 617).

Load and Power Output for Push-pull Triodes.—The
proper size of the plate-to-plate load for two triodes con-
nected in a push-pull circuit and operated as a class A power
amplifier may be calculated by use of the diagram in Fig.

335, which shows the plate ¢4
current—plate voltage curves g
for the amplifier tube. A £
load line is drawn from E, =
which is the operating plate = &
voltage, to the point I,, which § 40
is the intersection of a vertical 3
line through E with the grid 20
voltage curve E. = 0. The 3
point E is obtained from the « 0

100 150 200 250 300
£ E

relation E = 0.6E,. The re- i
ciprocal of the slope of this Plate Volts
load line, multiplied by 4, o B0e o O todes in
gives the value of the plate- push-pull circuit operated as class A
to-plate load. Thus for two Power amplifier.
type 45 triodes operated at 250 volts (o), the plate-to-plate
load = 4(E, — 0.6Ey) + I, = 4 X 100 =+ 0.096 = 4160 ohms.
The grid-bias voltage, at an operating plate voltage K,
may have any value between E,” and 0.5 E,”, where E,/ is
the grid-bias voltage specified for single-tube operation at a
plate voltage E,, and E,” is the grid-bias voltage which
produces cut-off of plate current at a plate voltage of 1.4E,.
Thus for a type 45 tube, E,/ = 50 volts, E,’” = 110 volts at
1.4E, (or 350 volts), and 0.5E,” = 55 volts.
Power Output—The power output obtained from two
triodes, connected in a push-pull circuit and operated as a
class A amplifier, may be obtained from the relation,

Power output = I,.Eq + 5
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where power output is given in watts, I, is expressed in
amperes, and E, in volts For the conditions shown in Fig.
335 the power output = 0.096 X 250 <+ 5 = 4.8 watts.
Power Output and Distortion for Pentodes.—Calculations
for the undistorted power output of a pentode used as a class
A amplifier can be made graphically from curves in which
plate current is plotted against plate voltage as shown in Fig.
336. The load-resistance line is drawn in such a way that
the reciprocal of its slope is equal to the load resistance.
I, represents the plate current, and E., = V, represents the

Plate Current Milliamperes

Eq
Plate Volits
Fia. 336.——Average characteristics of pentode used as class A amplifier.

grid-bias voltage, both at the operating point. The formula
below gives the power output in watts when I is in amperes,
and E in volts. The term r, represents the tube resistance.!

Power output = r,[I,, — I + 141, — [,)}* =+ 32.
Distortion.—The calculations for distortion, using the terms
already defined, may be made with the following formulas:
The second harmonic distortion D, is
Toes + 1w — 21,
Joax — Tuin + 1.41(1, — 1)
L The tube resistance rp may be found from the relation
s = (Bmex — Emia) + (Imax — Imin).

I, is the current at a control-grid voltage of 0.293V, and I, is the current
at a control-grid voitage of 1.707V.

D2=
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The third harmonic distortion D3 is

Toue — Toi — 1.41(I; — 1)
Towe — Tom + 141, — 1)

The percentage of total distortion 100D, due to the second

D3=

and third harmonics is (e 763 volts } x)
SN Y =l
S 3
100D, = 100v/(D2)* + (D9 .  FHaREHS R ey
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Fig. 337.—Power-output of twin Fia. 338.—Power-output of dual triode
triode used as class A amplifier. used as class A amplifier.

grouped, according to their construction, as triodes, twin
triodes, dual-grid triodes, tetrodes, and pentodes. The plate
current—plate voltage characteristic curves with load lines for
representative types in each group! are shown in Figs. 337 to
340, inclusive. Output calculations for these types may be
made in a manner similar to that described on page 402.
Class AB Power Amplifier.—This arrangement was designed
to overcome the relatively high distortion that is obtained
with a class B amplifier at low levels of output. The class

1 For type 46 (dual grid), see Chap. IV p. 133.
For type 47 (pentode), see Chap. IV p. 129.
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AB amplifier consists of a stage of power-output triodes in
push-pull connection operated at an over-biased condition as
compared with a class A amplifier, or at under-biased conditions
as compared with a class B amplifier. The class AB amplifier
has class A characteristics on small input voltages, and class B
characteristics on full input. At most input voltages the
amplifier operates with class A characteristics and hence class
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N 160
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160 140 120 100 80 60 40 20 O
Plate Current Milliamperes
F1g. 339.—Power-output tetrode used as class A amplifier.

A power-output tubes are used. Certain precautions in
design! are necessary if the amplifier is to give satisfactory
results. The design of the amplifier is conveniently carried
out by fixing a definite output or load requirement and then
calculating the operating voltages and circuit constants from
the output transformer toward the input transformer.

The output-load impedance is determined by the operating
voltages and not from characteristic curves taken at class A

14Class AB Amplifier Design,” Radio Eng., April, 1935.
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voltages. The load impedance should be approximately
double the class A value. The output transformer must have
a suitable frequency response and power rating. The input
transformer should have the characteristics of a class B input
transformer, should deliver a high grid voltage, and should
have a high primary impedance to allow a high-voltage gain
in the driver.
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F1c. 340.—Power-output pentode used as class A amplifier.

The power-supply unit must be capable of delivering a
greater average load than is necessary in class B service, but
it need not have as fine regulation. The output stage must be
driven to the point where a small amount of grid current flows
on full signal input, without appreciable distortion. The
driver tube should have high power-output capacity and
should be operated over a limited portion of its characteristic
curve to minimize the possibility of non-linear response.

The self-biasing method of supplying grid-bias voltage is
not satisfactory. Some form of semi-fixed or stabilized grid-
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bias voltage should be used. In one method the grid-bias
voltage is obtained by placing the voltage-dropping resistance
for the driver and voltage amplifier tubes in the negative side
of the power-supply unit and using the resistance to provide
the grid-bias voltage for the output tubes.

Class B Power Amplifier.—The class B power amplifier is
intended to supply a very high output of good quality with
comparatively small tubes operated at a relatively low plate
voltage. The distortion, however, may be higher in the
usual range of signal voltages than that produced by a class 4
amplifier using tubes with the same maximum power-output
rating. The overall power consumption is low because the
plate current is low when no signal voltage is applied. The
amplifier is designed with two tubes in push-pull connection.
By means of this arrangement the distortion due to even
harmonics is eliminated. For this service it is advantageous
to use in the output stage a tube of the twin triode type
which contains two class B amplifier triodes in one bulb.

When the grids of the output tubes are ‘“driven’ so as to
become positive, the resulting distortion is allowable if suffi-
cient input power is available for the grid circuit. This
power is supplied by a driver stage operated as a class A
amplifier and connected to the output stage through a special
push-pull interstage transformer having a step-down ratio.
The value of this ratio depends on the type of driver tube, the
load on the power tube, the allowable distortion, and the effi-
ciency of the transformer. The transformer must have good
power efficiency because power is transferred, and it should be
as nearly independent of frequency as possible.

The driver tube must be able to supply the amount of power
required by the output stage, with allowance for the efficiency
of the transformer. In class B service the driver stage must be
capable of supplying the necessary input voltage to the output
stage under the condition where an appreciable amount of
power is taken by the grid circuit of the output stage. Its
load resistance should be higher than that used in class A
amplifier service if low distortion is a requisite.
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If the amplification factor of a class B tube is sufficiently
high, the tube may be operated with a zero value of grid-bias
voltage. With this arrangement the grid-biasing resistance
is not needed and there is a consequent gain in sensitivity.
Also, the entire voltage of the power-supply unit can be used
for the plate-supply voltage. The power-supply unit must
maintain good voltage regulation regardless of the variation
of average plate current with the intensity of signal voltage,
and particularly for peak power demands. Either a vacuum
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Fig. 341.—Operation characteristics of type 59 triple-grid power amplifier
tube in class B service.

type or a mercury-vapor type of rectifier tube may be needed,
depending on the circuit design. The filter choke coils and the
windings of the power transformer should have low resistance.

The operation characteristics in class B service of the type
59 triple-grid power amplifier tube are shown in Fig. 341.
The drawing also gives the circuit arrangement and operating
voltages for which the characteristics were obtained. In
this kind of application the first and second grids are con-
nected together, and the third grid is connected to the plate.
A diagram for a typical class B audio-frequency amplifier using
a type 59 driver tube, and two type 59 output tubes, with an
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output of 20 watts, is shown in Fig. 342. The circuit constants
are: C; = 0.1 microfarad, C; = 10 microfarads (50 volts),
C; and Cs each = 0.06 microfarad, Cs = 16 microfarads
(500 volts), Cs = 8 microfarads (350 volts), B; = 250,000 ohms
(1 watt),! R, = 1,100 ohms (2 watts), R; and R4 each = 3,500
ohms (1 watt), Bs = 2,600 ohms (10 watts), L; = 15 henrys at
100 milliamperes and a direct-current resistance of 80 ohms or
less, L, is a 1,500 ohm loud-speaker with a field voltage of

Driver Power amp/itfier Speark
tyoe 59 Hype 59 ol

) Speaker
= M2

ST A T

St+400'v.

Fia. 342.—Audio-frequency amplifier using type 59 driver tube and two type
59 output tubes in class B service.

120 volts, and L3 is a 2,500-ohm loud-speaker with a field of
140 volts.

AUDIO-FREQUENCY AMPLIFICATION

Resistance Coupling.—A circuit diagram of a resistance-
coupled audio-frequency amplifier is shown in Fig. 343. An
incoming signal voltage produces a current through the
coupling resistance R; in the plate circuit of the first tube.
Voltage variations across R, diminished by any voltage drop
caused by the blocking condenser C, are impressed on the
input circuit of the second tube. Grid-voltage variations
applied to the second tube cause corresponding variations of
plate voltage which are impressed on the input circuit of the
output stage.

1 This reference to power rating in watts needed for the resistances is
explained on p. 313.
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The blocking condenser is necessary to insulate the grid
of the tube from the high positive voltage of the plate supply.
Because the grid is thus insulated it would tend to accumulate
negative charges. To prevent this accumulation, a high-
resistance leakage path is provided through the grid leak R,
which ordinarily has a resistance of the same magnitude as
the internal grid-filament resistance of the tube. The grid
leak is utilized also to apply a grid-bias voltage to the grid of
the second tube.

/ﬂpﬂ@ %R, Rg }wjaw‘
= F B | ]

F1a. 343.—Resistance-coupled audio-frequency amplifier.

Size of Coupling Resistance.—A consideration of the relation

. . Eg2 uRo
for voltage amplification By~ 1, + R shows that the voltage

amplification increases as the resistance R, increases. When
Ry is so large that the tube resistance r, (page 109) may be
neglected, the value of voltage amplification reaches its
maximum value, E,, + E,; = u but practically does not
exceed 0.75u. In this connection R, is the equivalent resist-
ance of R, and R, in parallel (Fig. 343). Generally the
coupling resistance may have a value which is twice the plate
resistance of the tube.

The theoretical relation between voltage amplification and
the load resistance for a tube with an amplification factor of
8, a plate resistance of 10,000 ohms, and a mutual conductance
of 1,000 micromhos is shown in Fig. 344. The amplification
increases rapidly for relatively small load resistances but
more slowly as the load is increased. It is necessary to remem-
ber that when the plate circuit is loaded with a resistance, the
supply voltage must be increased to compensate for the voltage
drop in the resistance.

Size of Grid-leak Resistance.—A grid leak and a blocking
condenser when connected in series act as a shunt to a coupling
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resistance (page 107), as shown in Fig. 345. If the grid-leak
resistance is too high, the tubes may be temporarily inactive.
When the grid-leak resistance is low, the total impedance of
the input circuit of the stage is decreased, the voltage drop
across the coupling resistance is reduced, and the amplification
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Fi1a. 344.—Theoretical relation of load resistance to voltage amplification in
typical radio receiving tube.

is cut down. Hence the value of grid-leak resistance should
be less than the value which will permit the tubes to “block.”
Values commonly used range from 0.25 to 1.0 megohm.

Size of Blocking Condenser—Several factors are involved
in the determination of the size of a blocking condenser, and

¢ the final choice is a compromise among
R T them. The rapidity with which the
$Rg condenser responds to voice amplitude

i o variations requires that the ime constant
and blocking condenser ft¢ X C be small, where C is the capacity
:gﬁ;ﬁng ::sistsalllll;r;t to of the blocking condenser and R, the

’ grid-leak resistance. In order to make
Ry X C small, C must be as small as possible for the reason that
if R, is decreased it causes such a reduction in the impedance of
the grid-filament circuit that the voltage drop across the
coupling resistance is diminished and the amplification is
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reduced. Generally the capacity of the blocking condenser C
is not larger than 0.1 microfarad.

The reactance of the grid condenser acts to reduce the
voltage across the coupling resistance and thus diminishes the
voltage available in the grid-to-filament circuit. The react-
ance of the grid condenser must be small compared with that
of the circuit from the grid to the filament. The circuit is
made up of the capacity and resistance of the grid to the fila-
ment and the grid-leak resistance. At audio frequencies, the
impedance between the grid and the filament consists mostly
of the grid-leak resistance in parallel with the grid-to-filament
resistance of the tube and has a value of several hundred
thousand ohms. This impedance is not affected appreciably
by the reactance of the capacity of the grid-to-filament circuit
which may be equal to about a million ochms. A condenser
of 0.003 microfarad capacity has a reactance at 1,000 cycles per
second of about 53,000 ohms.

Use of Tubes Having High Amplification.—With resistance
coupling, the amplification is practically dependent on the
tube alone and the resistances in the circuit decrease slightly
the tube amplification. It is, therefore, desirable to use tubes
having as high an amplification factor as is practical for this
service. On the other hand, the response characteristic (curve
of amplification against frequency) obtained with such tubes
shows a drop at the higher frequencies.

Effect of Frequency on Amplification.—One of the advantages
of resistance coupling is the good response obtained at very low
audio frequencies. The frequency range over which uniform
response is obtained may be brought to as low a frequency as
may be desired in practice by using the proper size of blocking
condenser. If the capacity of the blocking condenser is such
that its reactance at low frequencies is of a magnitude which
approaches that of the grid leak, the amplification is decreased
at a rate which becomes more marked as the reactance
increases; but the response of the ordinary loud-speaker below
50 cycles per second may not be satisfactory. The frequency
characteristic begins to drop at about 5,000 cycles per second
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because the capacity of the input circuit of the tube acts as a
low reactance shunt to the coupling resistance and thus
decreases the amplification. But even at 10,000 cycles per
second the decrease in amplification is only moderate.

The good response obtained at very low audio frequencies,
however, increases the possibility of trouble from a common
plate-voltage supply. The by-pass condensers ordinarily used
are not very effective at very low audio frequencies and there-
fore the common voltage supply acts as a coupling between
the stages. The coupling, due to the common voltage supply,
gives rise to oscillations in the amplifier called ‘‘motor-
boating.” Such action may be avoided by using a low-
resistance grid leak across the input circuit of each stage, or
by using a smaller blocking condenser. These changes, how-
ever, reduce amplification at low frequencies.

Impedance Coupling.—The impedance-coupled audio-fre-
quency amplifier uses a coil in place of the coupling resist-
ance shown in Fig. 343. Its action is similar to that of the
resistance-coupled amplifier. Here, also, as in the case of
resistance coupling, the voltage amplification obtained
from the circuit is due to the amplifying action of the tube.
The advantage of impedance coupling over resistance coupling
is that the supply voltage does not have to be increased to
compensate for the small voltage drop in the coupling unit.

Size of Impedance.—The coupling must have a high react-
ance at the frequency for which the amplifier is intended, and
a low resistance to direct current. An inductance unit for
audio-frequency work is made with an iron core and must have
low iron losses and small internal capacity. If the resistance
of the coupling unit is assumed to be negligible, the expression
for voltage amplification is given as

Eaz uXo

En Vit Xot
where X, is the reactance of the unit at a stated frequency.

The curve in Fig. 346 shows the theoretical relation between
voltage amplification and the reactance of the coupling unit,
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using a tube having the characteristics described on page
411. There is not much gain in amplification at reactances
greater than about 30,000 ohms. At a frequency of 50 cycles
per second the inductance of a 30,000-ohm reactance is nearly
100 henrys.

Size of Blocking Condenser and Grid Leak.—The resistance
of the grid leak should be several times the plate resistance of
the tube. The effect of voltage drop in the coupling condenser
on amplification at low frequencies 8

is minimized if the capacity is such

that at a given frequency the ! 7
capacitive reactance is equal to B, g 6 ]
and the inductive reactance is r":‘) 5
equal to R;. It may be stated here 43 i
that the resistance type of grid & ]
leak in general may be replaced to & 3 ]
advantage by the inductance type, ; 2
in which case the coupling is -rg |
termed double impedance. An in- 5

ductance type of grid leak is made 0 50,000 100,000
with a large value of inductance Exiaa] PletelReoohupetgfime
but a comparatively low resistance, agflimﬁ?ﬁ;ﬁsft'&n of Jolto
and, therefore, an accumulated plate reactance in typical
charge can leak off the grid in a r@dic Teceiving tube.

shorter time than if a resistance type of grid leak is used. The
inductance type and a coupling condenser may be designed for
resonance at the low end of the frequency range with conse-
quent improvement in the frequency characteristic.

Effect of Frequency on Amplification.—The frequency
characteristic obtained with impedance coupling is a curve
which indicates a higher amplification over the middle portion
of the range of audio frequencies than with resistance coupling
but a marked drop at each end of the range. At low fre-
quencies the amplification is decreased on account of the low
impedance of the choke coil compared with the high resistance
of the tube. The high effective capacity of the input circuit
of the tube together with the inductive reactance of the coil
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may result in resonance, or in extreme amplification, or even
in oscillations at frequencies from 100 to 300 cycles per second.
At high frequencies a marked decrease in amplification is
caused by the high effective capacity of the input circuit of
the tube.

Transformer Coupling.—The diagram of a transformer-
coupled amplifier is given in Fig. 347. The alternating
voltage of the radio signal which reaches the grid circuit of
tube A produces in the plate circuit of that tube a pulsating
current. This current flowing through the primary winding
of the transformer T, induces a stepped-up voltage in the
secondary winding which is applied to the grid circuit of tube

B

F1a. 347.—Circuit of transformer-coupled amplifier unit.

B. The variations of this stepped-up voltage are amplified
reproductions of the grid-voltage variations which were
impressed on tube A.

Voltage Amplification.—An elementary study of the trans-
former action between tube A and tube B in Fig. 347 can be
made when certain conditions are assumed. The tube
capacities between the grid and the filament, and between
the plate and the filament, which are very small except at
high audio frequencies, are neglected. The transformer is
assumed to be perfect, that is, it has no leakage or magnetizing
current. Also it is assumed that the load on the secondary
winding of the transformer consists of a non-inductive resist-
ance equal to the grid-filament resistance r, of tube B. For a
study of the action of such a circuit on alternating current,
the transformer may be considered as an equivalent resistance!
in the primary circuit and equal to the resistance r, of the

tIf secondary current I, = nEr; + r, and primary current I, = nl,,
then I, = n2Er; + r,.
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secondary circuit divided by n? where n is the transformer
voltage ratio. The voltage acting on the plate circuit of tube
A is taken as ul,. It is then possible to represent the plate
circuit of tube A as in Fig. 348. The relation of the voltage
Ey, in the figure to uE, is the same as that of the equivalent

i ; T, s
resistance r, + n? to the total resistance r, + ;;; That is,
ury
’ry + niry
nErg

grid of tube B the voltage amplification is equal to 7 =
g

Er=E Since nEys is the voltage acting on the

unr,
amplification depends directly on u and that as r, increases
the voltage amplification increases, approach-
ing un as a limit. Therefore, r, should be
made as large as possible by keeping a nega-
tive grid-bias voltage on the grid. In prac-
tical applications, 7, is equal to about a
million ohms but under certain conditions of _F1e. 348.—

" Equivalent of
operation may have a value of only a few plate circuit of
hundred thousand ohms. Further, the ex- tube A in Fig.

2 . . . 347
pression for voltage amplification has a maxi-
mum value when n = 4/r, + r, which indicates the best value
for the transformer ratio. The voltage amplification, in terms
of this value of n, is un + 2. Both the voltage amplification
and the transformer ratio, however, are decreased by imperfec-
tions in an actual transformer.

Transformer Construction—The greater the impedance
of the primary winding of a transformer relative to the plate
impedance the larger will be the voltage impressed on the
primary winding of a transformer, and consequently, also the
amplification. A primary inductance of 100 henrys has an
impedance of 628,000 ohms at 1,000 cycles per second and
62,800 ohms at 100 cycles per second. The reduction of
impedance with frequency decreases the amplification at low
frequencies. The inductance of the primary winding depends

From this expression it is seen that the voltage
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on the number of primary turns, the cross section of the core,
the length of the iron core path, and the amount of direct
current flowing in the primary winding. High core losses
diminish the amplification at all frequencies. The voltage
amplification increases rapidly with an increase of the primary
no-load reactance at low values, but more slowly at higher
values. Beyond a certain point, then, there is little to
be gained by increasing the reactance. The factors of size
and cost must be considered, also, for an increase in the core
increases the size of the unit, and if more primary turns are
used, more secondary turns are necessary for a given value of n.

Since the primary and secondary windings of a transformer
cannot occupy the same space there is a certain amount of
magnetic flux called ‘““leakage flux’’ which does not link both
coils. This produces the leakage inductance which decreases
amplification at all frequencies.

The capacity effect between the turns and between the layers
of the primary and secondary windings is small and affects
amplification only at the higher frequencies. The capacity
effect between the primary winding and the secondary
winding also acts as a short circuit at the higher frequencies
and tends to decrease amplification.

If the transformer ratio n is made high, and there are many
turns on the primary winding, a large number of turns are
needed on the secondary winding. This results in an increased
internal capacity effect which, with the input eapacity of the
next tube, brings the natural frequency of the secondary
circuit within the range of audio frequencies and causes a
resonance peak. Amplification beyond this natural or cut-off
frequency is very poor.

It has been shown that amplification of low frequencies
requires a large number of turns of the primary winding and
that a large number of turns of the secondary winding dimin-
ishes the amplification at high frequencies. Consequently
a transformer is made with a rather low ratio of turns, a
core having a large cross section, low internal capacity, and a
low leakage inductance.
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Amplification Curves.—At low frequencies there is a decrease
in amplification caused by the low impedance of the primary
winding of the transformer. At high frequencies the amplifica-
tion curve may show resonance peaks caused by the internal
capacity and the leakage inductance of the transformer.
Such peaks may be reduced by the use of a high resistance
secondary winding or by a resistance across the secondary
circuit. Radio transformers are generally designed for cut~off
(page 130) at 8,000 to 10,000 cycles per second.

A condition of resonance at 5,000 cycles per second or more
does not produce a very noticeable effect on reception because
the efficiency of the loud-speaker at such frequencies begins
to drop off. A condition of resonance at moderately low
frequencies may be detected by laboratory measurements
but, if small, does not perceptibly affect the performance of
the amplifier.

The performance of a multi-stage amplifier may differ
considerably from the frequency characteristic of a single
transformer. Interstage coupling may increase the effect of
resonance conditions, and the coupling resulting from a
common plate-voltage supply may cause a considerable change
in amplification at low audio frequencies.

Balancing Plate Currents in Push-pull Amplifier. ~In some
cases it is advisable to provide some means for balancing the
plate currents of tubes in a push-pull power amplifier in order
to remove the hum voltages present in the plate supply.

Two methods may be used for producing this effect. In one
method, as illustrated in Fig. 250 (page 319) an adjustment of
the grid-bias voltage on the output tubes may be made by
means of the potentiometer B which is connected between
the center taps of the filament windings. In the second
method the grid-bias voltage on one of the output tubes may
be adjusted by means of a potentiometer R, in the circuit
shown in Fig. 248 (page 318). In this arrangement the
secondary winding of the input transformer must have two
separate windings. The potentiometer is connected with its
center tap to one of the windings, and its arm to the other.
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Loud-speaker as a Load.—The loud-speaker commonly
used may be classified as of the dynamic type which uses a
moving coil to drive a cone, or of the magnetic type which uses a
magnetic armature as the driver. The efficiency of this
device is very low, being generally less than 5 per cent. Loud-
speakers of the dynamic type have an input impedance of
less than 10 ohms. For the proper operation of this type
of loud-speaker the direct current in the plate circuit of the
output tube must be kept out of the moving coil, and the
impedance of the speaker circuit must be matched to that
of the output tube in order to obtain a maximum transfer
of energy. These requirements are met by the use of an out-
put transformer having a step-down ratio of windings. The
turns ratio must be such that the impedance of the primary
winding is greater than the plate resistance of the output
tube.

Amplification Comparison.—An amplifier when supplied
with input power is intended to deliver a greater amount of
output power. In an aftenuator, however, this process is
reversed, the output power being less than the input power.
For the comparison of power values there is needed a unit
which can be used conveniently for both large and small
amounts. The unit in electrical and sound calculations for
the comparison of power values in amplifiers and attenuators
is the bel. One bel indicates the amplification obtained when
the ratio of a power P, to a power P, is equal to 10. The
decibel (abbreviated db), equal to one-tenth of a bel, is com-
monly used in the comparison of amplification values. The
decibel has the advantage, with regard to sound intensity
comparisons, that it expresses the smallest difference which
can be detected by ear.

By definition, the ratio in decibels of two powers P; and
P, is equal to 10 logi, (P, =+ P;). Tables are available which
give the decibel equivalent of various values of power ratios.
The ratio is termed a “gain” when P, is greater than P,,
and a “loss’” when P, is smaller than P;. A power compared
with one that is smaller is said to be “up”’ a certain number of
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decibels from the lower level. Similarly, a power compared
with one that is greater is said to be “down’’ a certain number
of decibels.

The unit decibel indicates the value of a ratio and not
the amount of power involved, that is, if the amplification of
a device is given as so many decibels, a definite reference value
or level in watts is understood. The amount of power then is
equal to the decibel value times the level value. The reference
level used in radio work is 6 milliwatts (0.006 watt).

The decibel unit can be used also for comparison of two
voltages, or two currents. This may be done because the
power consumed in a resistance is proportional to the square
of the voltage or to the square of the current. The value in
decibels of a voltage ratio is equal to 20 logi, (E. + E.),
and that of a current ratio is 20 logi (I1 = I,). These
expressions, however, cannot be applied unless the resistances
of the circuits for a given comparison are equal.

Table XIX gives the relation between decibels and power
ratios for a range of 1 to 50 decibels (page 420). It is con-
venient to remember that the decibel equivalent of a power
ratio of 10 is 10. The values in the table show that doubling
the gain or halving the loss increases the decibel equivalent
by 3 decibels.

TasLe XIX.—RELATION BETWEEN DEgcIBELS AND Power RaTiOs

Decibels
Power 1 2] 3 4 5 6 | 7| 8| 9 [10]20] 30 50
ratios
Gain......... 1.25(1.6 (2.0 (2.5 {3.2 (4.0 |5.0 [6.3 | 8 | 10 { 100 1000 {100,000
Loss..........|0.80{0.62/0.50(0.40/0.31(|0.25(0.20|0.16|0.13(0.10|0.01(0.001}0. 00001

VOLUME CONTROLS

Types of Controls.—One of the first methods used for volume
control depended on the adjustment of the filament current
supplied to a vacuum tube by means of a rheostat in the
filament circuit. This arrangement was applied to both the
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battery type and the alternating-current type of tube.

RADIO RECEIVING AND TELEVISION TUBES

‘When

manufacturers recommended that tubes should be operated
at a non-variable filament voltage, the volume control was
moved to other sections of the receiver.

Some of these
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F1g. 349.—Typical volume-control arrangements.

arrangements, as illustrated in Fig. 349, include a potentiom-
eter in parallel with the primary winding of a transformer in a
radio-frequency stage, a potentiometer in parallel with the
grid-filament circuit of a vacuum tube, and a series resistance
in the plate-voltage lead of a vacuum tube, usually in a
radio-frequency stage.
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In the early kinds of radio receiving sets using screen-grid
tubes the control of volume generally was obtained, at first,
by the variation of the voltage applied to the screen grid and
later by the use of double controls. These controls were
designed in many forms, such as (1) screen-voltage adjustment
with a variable resistance in the antenna circuit or with a
provision for grid-bias-voltage variation; (2) parallel resistance
in the audio-frequency stage with antenna circuit adjustment
or with screen-grid-voltage adjustment, and so on.

In the more recent receivers using multi-element tubes
the volume is controlled generally by variation of the grid-bias
voltage on tubes in certain stages. The arrangement may
consist of manual control on the antenna circuit and one tube,
or manual control on the antenna circuit and several tubes, or
automatic control, or combinations of manual and automatic
control.

Manual Volume Controls.—In the circuit! shown in Fig. 350
the manual-volume-control device consists of a variable

6A7
L}J Ist Det.& Osc.

B+

Fie. 350.—Circuit for manual volume control.

portion having a resistance of 7,500 ohms and a fixed minimum
portion of 350 ohms. The arrangement is double-acting in
that it simultaneously reduces the antenna output and
increases the grid-bias voltage on the type 6A7 tube.

In the circuit? shown in Fig. 351 a modulated voltage drop
is produced across the 500,000-ohm volume control. The

1 Stewart Warner model R-123 chassis.
2 Stewart Warner model R-125 chassis.
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volume is varied by impressing any part of this voltage on the

triode section of the type 75 tube.
Tube Action in Automatic Volume Control.—The volume
of sound from a radio receiver can be controlled by the main-
tenance of a constant value

606 4T Dot of carrier input to the audio-
= frequency detector tube.

This constant value is ob-
tained by regulating the gain
(page 150) of either the radio--
frequency or the intermedi-
B= ate-frequency amplifier stages
; L % or both. Such regulation is
- = accomplished by utilizing a
Fre. 351.—Circuit utilizing rectified voltage which is de-
modulated voltage drop for volume 5 +
control. pendent on the carrier-signal
voltage in a radio-frequency
or intermediate-frequency stage. The rectified-voltage regu-
lation is applied to the electrodes of a tube in a number
of ways; for instance, in the case of a pentode in a
radio-frequency stage the regulating voltage may be applied
to the suppressor electrode or to
either the plate or screen electrodes
or both. Ordinarily the regulat- Rf“orE
ing voltage is applied to the grid of a R
radio-frequency amplifier tube.

A circuit arrangement for auto- AV
matic volume control with a diode- A c
detector tube is shown in Fig. 352. amp/iﬁerT
Consider this circuit first when the Fia. 352.—Circuit for auto-
grid-biasing battery and its by-pass f‘;zgg d‘;‘gi‘;?;i biviital. wath: &
condenser are omitted so that the
resistance R and its by-pass condenser C, are connected
directly to the cathode of the tube. Then, as soon as
any signal voltage is received, a current will flow through
the diode (page 95) from plate to cathode, through
the load resistance R to the tuning circuit, and conse-

Diode
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quently the cathode end of the load resistance R is at a
positive potential with respect to the cathode; and the other
end is at a negative potential. A connection is made at the
negative end of this resistance to provide a negative grid-bias
voltage for the grids of the radio-frequency amplifier tubes.
The resistance R has such a value that for a given signal
voltage, the voltage drop across it ‘‘biases” the regulated tube
to a degree which provides the desired volume of sound.
Then if the signal input becomes smaller, the voltage drop
across the resistance R becomes smaller, thus reducing the
grid-bias voltage on the regulated tube and thereby increasing
the sensitivity of the receiver, so that the desired sound volume
is maintained. If, on the other hand, the signal-voltage
input becomes greater, the voltage drop across the resistance
R is increased; thus increasing the grid-bias voltage on the
regulated tube, and thereby decreasing the receiver sen-
sitivity. The value of the resistance R should be such that
for a given signal voltage the grid-bias voltage produces a
receiver sensitivity of the right degree for the desired volume.
In this arrangement, the mutual conductance of the tube is
decreased as the grid-bias voltage is made more negative,
and consequently the voltage amplification is decreased.

In delayed automatic volume control (d.a.v.c.), the control
action does not start until the signal strength attains a certain
value. This delayed action is made possible by the applica-
tion of a fixed negative direct-current voltage V to the plate
of the diode, as indicated in Fig. 352. With this arrangement
the diode current does not flow until the peak value of a
positive swing of signal voltage exceeds the value of the
negative voltage V. The amount of delay action depends on
the result that is expected. In general, delay action is
intended to prevent overloading of the receiver, but if the
delay effect is too great, the advantage of automatic volume
control may be lost.

Tube Action in Automatic Noise Suppression.—The sen-
sitivity of a receiver which has automatic volume control is
increased greatly when the receiver is being tuned from one
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station to another. In this region the effects of static and
other interference are amplified excessively. The noise which
comes from a receiver until a desired signal voltage from a
transmitter is tuned in completely may be suppressed auto-
matically through control of the audio-frequency amplifier
tubes. This control is obtained by the use of an additional
tube known as a noise-suppression-control (n.s.c.) tube. This
tube in turn is controlled by means of a voltage which is
supplied from the detector-tube circuit. - The control of the
audio-frequency tube is effected by varying the voltage on
its control grid, screen grid, or suppressor grid, the use of the
control grid for this purpose being preferred because extremely
Triode Amplifier
Diode N.S.C.Tube Tube
Detector

fk @al >

reque. or P 7
/'nefgrm’g';m‘e (r;; ;,/,Z/I,'o_
-frequency frequency
input amplifier

B+ Tube

Fic. 353.—Simple circuit for automatic noise suppression.

small current and voltage changes are needed for the control
operation. This system is known also as a squelch system
or as a gutet automatic volume control system (q.a.v.c.).

A simple circuit for automatic noise suppression is shown
in Fig. 353 with a diode-detector tube, a triode noise-suppres-
sion-control tube, and the controlled audio-amplifier tube.
When there is no signal voltage across the input transformer,
there is no plate current in the diode tube and consequently
no grid-bias voltage across the resistance R. The noise-
suppression-control tube, having no grid-bias voltage, allows
the maximum value of plate current to flow through the
resistance R;. The voltage across R, is used as a grid bias
for the amplifier tube and has such a value that no plate
current can flow. As a result, the audio-frequency stages
of the receiver are inoperative. When, on the other hand,
there ¢s a signal voltage across the input transformer, a plate
current flows through the diode tube and through the resist-
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ance R, producing across that resistance both a direct-current
voltage and an alternating-current voltage. The direct-
current voltage on the resistance R is applied as a grid bias
to the noise-suppression-control tube and has such a value
that no plate current can flow in that tube. Thus there is no
current, in the resistance R;, and the amplifier tube operates
under its usual minimum fixed grid-bias voltage to amplify
the audio-frequency signal voltage applied to its grid from
the resistance R through the condenser C.

Type 55 Type 57
P g L3 %’ﬁ be y‘[‘% be
Oo—t ™ _"‘—’
Intfermediate, .
~frequency == frequenc
1pet ow,%ufs age

—LAMA——a— A ANAS—A/Y
B- 4V Y. 3V. 0OV [0V,

F1a. 354.—Circuit for noise suppression, delayed automatic volume control,
and diode detection.

The circuit of Fig. 354 shows how a type 55 and a type 57
tube are utilized to obtain diode detection, delayed automatic
volume control (d.a.v.c.), and noise-suppression control. The
diode D; provides the d.a.v.c. action, diode D, provides the
detector action, and the triode provides the noise-suppression-
control (n.s.c.).

When there is a signal voltage across the input transformer, a
current flows from the diode plate D; to the cathode, and
through the resistances B and R, back to the plate. The
negative grid-bias voltage needed for diode D; to obtain
delayed-automatic-volume-control action is provided by the
voltage drop of 14 volts across the bleeder resistance R.
Thus when the peak value of the signal voltage exceeds 14
volts, a voltage for automatic volume control is obtained
across the resistance Ri. At the same time that a current
flows from the diode D, there is a flow of current from the
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diode plate D, to the cathode and through the resistances
R; and R; back to the plate. The voltage drop across these
resistances provides a negative direct-current grid-bias
voltage for the triode of the type 55 tube, and an audio-
frequency voltage which is applied to the type 57 audio-
frequency amplifier through the condenser C. The value
of the negative grid-bias voltage for the triode of the type 55
tube is such that no plate current flows when a signal is being
received. Thus there is no voltage across the plate resistance
R, and the plate current of the type 57 tube is limited only
by the minimum value of grid-bias voltage supplied by the
bleeder resistance Rs. The audio-frequency voltage obtained
from the diode D, is amplified in the type 57 tube and delivered
to the audio-frequency stages. When there is no signal
voltage across the input transformer, there is no plate current
through either of the diodes D; or D;. Under these conditions
there is no automatic-volume-control action because the
diode D; has a negative grid-bias voltage of 14 volts. Conse-
quently a maximum plate current flows through the triode
producing a voltage drop across the resistance R4 which is
applied as a grid-bias voltage to stop the flow of plate current
in the type 57 tube. There is no audio-frequency voltage to
pass on to the audio-frequency amplifier tubes. The audio-
frequency stages are consequently suppressed and no sound
is heard.

The coupling coil L; is needed because it was found that
when the receiving set was slightly detuned for the signal
voltage, the circuit for noise-suppression control did not act
to cut out audio-frequency amplification until the action of
the automatic-volume-control circuit in maintaining a constant
value of input to the detector tube wasstopped. Consequently
some noise and carrier hiss are heard, although the arrange-
ment for noise suppression is effective when the receiver is
constderably detuned. The remedy is to reduce to a minimum
the delay in effecting noise-suppression control. This delay
can be reduced provided that separate sources are used to
supply the signal voltages for the automatic-volume-control
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tube and for the noise-suppression-control tube. Further,
the circuit arrangement must be such that, when the receiver
is being detuned, the signal voltage supplied to the noise-
suppression-control tube must be decreased at a greater rate
than the signal voltage for the automatic-volume-control
tube. Both requirements are met by the use of the coupling
coil L; which is coupled more closely to the coil L, than to the
coil Ly, and hence the selectivity of the coil L; isless than that of
the coil L,. Consequently, when the receiver is being detuned,
the signal voltage on the diode D, is reduced more than the
signal voltage on the diode D;. In this way the noise-sup-
pression effect is made to start before the sensitivity of the
receiver is increased to its maximum value by the action of
automatic volume control.

Tubes of the duplex-diode type are used with the diodes
connected together to provide both the voltage for automatic
volume control and for audio-frequency detection. With this
arrangement the number of units is reduced; but the filter
circuits are connected to the second detector circuit. An
illustrative example is shown on page 435.

Filter Circuits for Automatic-volume-control Systems.—In
a typical automatic-volume-control circuit such as shown in
Fig. 355 the application of a signal voltage to the plate of
the diode produces several different currents, which develop
correspondingly different voltages across the resistance r.
The voltages which must be considered are (1) a direct-current
voltage proportional to the signal carrier, (2) an alternating-
current voltage proportional to the modulation of the carrier,
and (3) an alternating-current voltage proportional to the
carrier voltage. As explained previously the direction of the
flow of the direct current is such that the point A is negative
with respect to the cathode. The direct-current voltage
developed across the resistance r is applied to the grids of the
controlled tubes. The series tesistance including R., R,, and
R; does not change the value of this grid-bias voltage because
any tendency for direct current to flow through them is
blocked by the condensers C,, Cs, and Cs.
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The other voltages developed across the resistance r must
not be allowed to enter the tube circuits. The amplifier
tubes might be made to oscillate if the radio-frequency voltage
reached their grids. Distortion due to audio-frequency
modulation would result if the audio-frequency voltage
reached the grids. The resistances (except r) and the con-
densers are used to filter out these alternating-current voltages.
The first section RC' of the filter is designed so that the
alternating-current voltage across C is small in comparison
with the voltage across the resistance r. Other filter sections
such as R;C,; are provided for each tube. The voltage that

To signal

source '
] V3 a

.....

Re Rs c—L :
11

Fig. 3565.—Automatic-volume-control cil:cuit with ﬁlters.

does reach the grid of tube V, is that across the condenser C,
which is small compared with the original value. Additional
filtering action, if needed, could be provided by the use of a
condenser across the resistance r, or by another filter sec-
tion. If the condensers C,, Cs, and C; are not large enough,
there may be a small voltage developed across them owing
to alternating currents in the tuned circuits. This condenser
voltage would be fed back to the grids of the controlled tubes
because they are connected to a common point, and might
thus produce oscillations. In this respect the grid resistances
tend to isolate the grid-return voltages. If tube V; is a
radio-frequency amplifier, V; a first detector, and V; an
intermediate-frequency amplifier, the resistances R, and R;

! The section RC of the filter refers to the combination of the resistance
R and the condenser C.
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may not be needed. The reason for this is that any voltage
that may exist across the condenser C; would be an inter-
mediate-frequency voltage and would cause no disturbance
if it reached the radio-frequency amplifier V,. The first
detector tube, however, carries both radio-frequency and
intermediate-frequency currents and would be affected by
voltage variations from either the tube V; or the tube V3.
Therefore it is seldom possible to omit the resistance R,.

Size of Filter Units.—The size of the units in the -filter
circuit in an automatic-volume-control system depends on
the value of the so-called {ime constant of the circuit. The
time constant of a filter circuit is equal to the product of the
capacity in farads and the resistance in ohms and thus is
proportional to the time required to discharge the condenser.
When a direct-current voltage across the resistance r is
produced by the application of an input-signal voltage, the
condensers C, C,, Cs, and C; become charged to the voltage
that exists across the resistance r. The effect of the other
resistances in the filter circuit is to delay the charging of the
condensers. Then when there is no signal voltage, the con-
densers begin to discharge. The path of the discharge
current from the condenser C is first from it to ground, then,
because the ground side of the condenser is positive, through
the resistances r and R back to the condenser C. The currents
from the other condensers flow to the ground and then through
the resistances r, R, and their respective grid resistances
back to the condensers. If all the condensers have equal
capacity, the time of discharge will depend on the resistance
in the path of discharge. Consequently the grid-bias voltages
applied to the tubes do not change at the same rate as the
voltage across the resistance r. If a fading station is being
received, the fading may be so rapid that the compensation
provided by the automatic-volume-control action is inade-
quate. The effect on tuning of a large time constant is that
the operator adjusting a receiver in which the automatic-
volume-control action lags will tune just off the station
because the maximum response is observed at that point.
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Under such conditions accurate tuning can be obtained,
however, if the adjustment is made slowly and carefully.

The value of the time constant should be about 0.05 second
but not over 0.06 second. This value is obtained by taking
the product of the capacity in microfarads of the condenser
which discharges through the largest resistor, and the resist-
ance in megohms through which it discharges. Thus, in
Fig. 355, if each of the resistances r and R has a resistance of
0.5 megohm, if each of the resistances Ri, R,, and R; has a
resistance of 0.25 megohm, and if each condenser has a
capacity of 0.05 microfarad, the time constant for the circuit
containing the controlling condenser is

0.05(r + R + Ry) or 0.05 X 1.25 = 0.06 second.

Values commonly used are given in Table XX.

TaBLE XX.—VaLuEs POR CALcULATION OF TIME CONSTANT

Resistances, megohms Capacities, microfarads
et e | ea | e
0.25 0.5 1.0 0.03 0.03
0.1 0.5 0.5 0.05 0.05
0.1 0.5 1.0 0.04 0.04

These resistances cannot be made too small without affect-
ing the performance of the circuit. With the arrangement
of Fig. 355 both r and the RC circuit are in parallel with the
secondary winding of the intermediate-frequency transformer
in the plate circuit of the preceding amplifier tube. If the
resistances are very small they will introduce a shunting effect
and reduce”the gain of the amplifier.

Double Automatic-volume-control System.—In an all-
wave receiver the conditions of reception on the different
bands may show considerable variation. For example, in



USE OF VACUUM TUBES AS AMPLIFIERS 433

the broadcast and long-wave bands the signal-voltage levels
are relatively high. Also, a constant input to the second
detector is needed because of the use of aural compensation
(page 439) with the volume control. In this range the auto-
matic-volume-control system, using a separate tube, provides
a constant input and therefore does not function on an
extremely weak signal voltage. In the short-wave bands the
signal strength may be very low and may fluctuate widely.
For this reason it is desirable to have some automatic-volume-

RE IsDet.ond Osc 2ndLF 2nd Det.oanadt
6D6 6AT |stl.F 6D6 6D6 AF.85
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Fig. 3566.—Circuit for double-automatic-volume control.

control action below the level at which the ordinary system
operates. Such control is provided by means of a voltage
drop obtained from the diode section of the second detector
tube. This voltage drop operates on the second intermediate-
frequency stage for all bands, and on the first-detector and
first intermediate-frequency stages for the short-wave bands.
In one five-band all-wave circuit! the double automatic-
volume-control system is arranged as shown in simplified form
in Fig. 356. The output of the first detector tube is applied
through two tuned circuits to the grid of the intermediate-
frequency and automatic-volume-control stages. Energy

1 RCA Victor Model 381.
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from the secondary winding of the transformer in the second
tuned circuit is applied through a coupling coil to the first
intermediate-frequency stage which in effect is in parallel
with the intermediate-frequency and automatic-volume-control
stages. The output of the first intermediate-frequency stage
is applied through a transformer to the second intermediate-
frequency stage, and thence through a second transformer to
the second detector tube.

The output of the intermediate-frequency and automatic-
volume-control stages is applied to the tube for automatic
volume control through an untuned intermediate-frequency
transformer. The type 76 tube in the automatic-volume-
control stage is operated as a rectifier, its plate being grounded
and only the grid being used. A small grid-bias voltage of
about 5 volts is maintained so that rectification does not occur
until the signal voltage exceeds this value. When the signal
voltage exceeds 5 volts, a portion of the rectified voltage
produces a voltage drop across resistances B, and R,. The
voltage drop across both of these resistances is used as the
automatic grid-bias voltage for the radio-frequency stage.
The drop across the resistance R, is used as the automatic
grid-bias voltage for the first detector tube and the first inter-
mediate-frequency stages on the bands X and A.

A portion of the rectified voltage of the second detector
tube produces a voltage drop across the resistance R;. The
voltage drop is used as a second automatic-volume-control
voltage and is applied to the second intermediate-frequency
tube for all bands, and to the first detector and the first
intermediate-frequency tubes for the bands B and C. The
change in the automatic-volume-control system is made by
the addition of a group of contacts on the band-selector switch.
The switching arrangement for changing the automatie-
volume-control system in the various bands is shown in Fig.
356.

Audio-Frequency Methods for Automatic Volume Control.—
Most of the automatic-volume-control circuits are intended
to vary the amplification of a receiver in proportion to the
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strength of the signal voltage by changing the carrier-wave
voltage. With this arrangement all stations having the same
degree of modulation would produce equal audio-frequency
outputs. But when the receiver is tuned from one station to
another which has a different degree of modulation, the
volume must be readjusted.

One solution for this difficulty is the use of an audio-
frequency limiting device as illustrated in Fig. 357. This
arrangement! provides automatic volume control on the
audio-frequency section of the tube in order to avoid audio-
frequency overload when the

i i 2nd Det, AF.
signal voltage is changed fr<.)m o ! ToAf
one of low to one of high 687 olriver

modulation. Since the pen- 1 ¥
tode unit of the 6B7 tube is Eé

of the variable-mu type (page

123), the application of a - B+
control of this kind does not R,

produce any appreciable dis- =7

tortion and the audio-fre- A’r"cxggg’ggd‘—]l Rzl

quency output is practically Avcitolf sfage

. Fie. 357.—Automatic volume control
constant. With the exten- on audio-frequency section of tube.
sion of automatic volume

control to the audio-frequency stage it becomes possible
to obtain more satisfactory automatic-volume-control per-
formance in small receivers.

The direct-current voltage drop developed across the resist-
ances R, and R, is used for automatically regulating the con-
trol grid-bias voltage of the radio-frequency and the mixer
stages. The smaller voltage developed across the resistance
R, is applied for automatic-volume-control action to the
control grid of the intermediate-frequency stage. This
arrangement is designed to reduce the distortion that might
result if a tube is operated near its cut-off point. In each
successive amplifier stage the variations of plate voltage
become greater and may even approach the value of the plate-

1 Service, April, 1935.
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supply voltage, while the condition is aggravated as the
negative grid-bias voltage is increased by automatic-volume-
control action. The audio-frequency and direct-current
components of the detected signal voltage are taken from
the resistance R; and are applied to the control grid G of the
type 6B7 tube. Since the cathode is connected to the ground,
there is no grid-bias voltage on the control grid when no signal
voltage is received. When a signal voltage is applied, how-
ever, the control grid receives a negative grid-bias voltage
which increases as the signal voltage increases.

Retroactive Automatic-volume-control Circuit.—In the
circuit shown in Fig. 358 automatic-volume-control action is

IstLF 2nd [Fand Det.
6D6 6F7
Eg% %3
To B
screen| gy To screen
~ supply | supply

R.f.stoge av|

Osc det avc R,

44
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Neg.return Rs
circuit to adalunl
rectifier tube  Fiffer choke

F16. 358.—Retroactive circuit for automatic volume control.

obtained from a type 76 tube which is fed from the plate of
the first intermediate-frequency tube through a condenser.
The voltage developed across the resistances R; and R, is
used for automatic volume control. This voltage is applied
to the radio-frequency tube, to the oscillator-detector tube,
and also to the second intermediate-frequency tube. With
this arrangement the automatic-volume-control voltage
applied to the second intermediate-frequency tube depends
on the signal voltage that is developed before that tube.
This arrangement is useful in reducing distortion that may
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be caused by overloading from a strong signal input, because
while both intermediate-frequency tubes are controlled, the
automatic-volume-control tube is fed from a point in the
circuit at which the gain (page 151) is below its highest
value. Another advantage is that a partial automatic-
volume-control effect is obtained without the use of a separate
tube for that purpose. The reason for this is that the auto-
matic-volume-control tube is operated from a point of reduced
selectivity; consequently, when the receiver is tuned from one
station to another, the interchannel noise serves to reduce the
gain. The sensitivity of the receiver to weak-signals cur-
rents, however, is not greatly reduced. Because of the grid-
bias voltage developed across the resistance R; the noise
level must be comparatively high before the automatic-
volume-control tube begins to operate.

Circuit Arrangements in Automatic-volume-control Sys-
tems.—Certain precautions as to location of units in an
automatic-volume-control system must be observed in order
that proper performance may be obtained. Thus in a super-
heterodyne receiver, common grid returns in the radio-
frequency and intermediate-frequency stages must be avoided
in order to prevent coupling between the stages. This
precaution is necessary because some carrier frequencies are
harmonics of the intermediate frequency.

The load for the diode unit of the second detector tube in
the circuit arrangement shown in Fig. 359 is the resistance
R;. This resistance should be connected so that the current
is returned directly to the cathode, except where a special
signal delay action (page 425) is desired. If the connection
is made to the ground instead of to the cathode, the diode unit
is “biased” by an amount equal to the drop in the cathode
resistance B4. Such a connection produces a marked decrease
in the sensitivity of the receiver on low-voltage signals. In
the early designs of automatic-volume-control systems an
initial grid-bias voltage was not applied to the tubes which
were controlled. The disadvantages of this arrangement are
that a grid current may flow if the tube does not have a large
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enough grid-bias voltage, with the result that the voltage drop
is produced in the isolating resistance. This condition leads
to excessive plate current, coupling difficulties, and possible
damage to the tube. In later designs a grid-bias voltage of
the correct value is obtained either by properly proportioning
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F1a. 359.—Circuit details for automatic volume control.

the cathode resistance, or from a tap on the voltage-supply
unit.

The introduction of the pentagrid-converter type (page 147)
of tube makes possible the application of a grid-bias voltage
for volume control to the detector unit of the tube. One
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Fig. 360.—Circuit providing grid-bias voltage to detector unit of pentagrid
converter for automatic volume control.

circuit for such an arrangement is shown in Fig. 360. If the
automatic-volume-control action is needed for two tubes only,
the tube in the intermediate-frequency stage is not so treated.
But in that case the grid-bias voltage on that tube must have
such a value that the grid will not become positive on the
strongest signal voltage that may be received.
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In the circuit shown in Fig. 361 the pentagrid converter
is followed by two intermediate-frequency stages. With
other types of combined detector-oscillator tubes a variable
control grid-bias voltage could not be applied for the purpose
of obtaining volume control, with the result that the perform-
ance of the oscillator was hindered by a strong local incoming
signal. But with the pentagrid converter a variable grid-
bias voltage can be applied to the detector unit of the tube.
The circuit shown gives satisfactory performance if the
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Fi1a. 361.—Circuit providing grid-bias voltage -for automatic volume control
on intermediate-frequency stages.
automatic-volume-control voltage is not applied to the second

intermediate-frequency stage.

Tone Control.—Tone control changes the ‘frequency
response’’ of a receiving set and thus affects the timbre of
the reproduction while volume control changes the output of
sound. One method of tone control is to divert the higher-
frequency currents from the loud-speaker. This is accom-
plished by a set of small by-pass condensers arranged so
that they may be cut in or out of the circuit as desired.
Another method utilizes a large variable resistance in series
with a fixed by-pass condenser which has a capacity of from
0.5 to 1.0 microfarad. This combination of resistance and
capacity in series is connected across the secondary winding
of the input transformer in the audio-frequency amplifier
(see also Fig. 263).

RADIO-FREQUENCY AMPLIFICATION

Function of Radio-frequency Amplifier.—The three factors
which enter into radio-frequency amplification are (1) sensi-
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tivity, (2) selectivity, and (3) fidelity of reproduction.?
Sensitivity indicates the extent of the response to signal
voltages of the frequency to which the receiver is tuned. It
is measured by the signal voltage needed in the antenna
circuit to produce a standard output from the receiver.
Selectivity is the ability of the receiver to differentiate signal
voltages of different frequencies. A signal voltage that has
several side bands each with a width of 5,000 cycles per second
requires a 10-kilocycle (10,000 cycles per second) transmission
channel. For operation under these conditions a receiver
must have 10-kilocycle sensitivity. Fidelity of reproduction
is determined by the response of the receiver to the frequency
range of the side bands. This is for the reason that when a
carrier wave is modulated at audio frequency, these three
frequencies are present: (a) carrier frequency, (b) carrier
frequency plus the audio frequency, and (¢) carrier frequency
minus the audio frequency. The last two are called the side
bands. If the fidelity is to be good, the side bands must be
fully reproduced. A radio-frequency amplifier must select
the desired frequency and must amplify the carrier frequency
together with its side bands. The resonance curve must not
be sharp at the top, or the side bands will be cut off.
On the other hand, if the resonance curve is too broad,
interference may be caused by the amplification of other
frequencies.

Types of Radio-frequency Amplifiers.—The radio-frequency
amplifier has the same general form as an audio-frequency
amplifier, but the same designs cannot be used for interstage
coupling, because of the effect of tube capacity at high fre-
quencies. Such amplifiers are classified according to the
type of coupling between stages, as (1) resistance-coupled,
(2) impedance-coupled, and (3) transformer-coupled ampli-
fiers. Usually a circuit is used which must be tuned to
resonance (page 77) to provide the necessary amplification
and selectivity. The ‘‘tuned radio-frequency amplifier”

! For standard measurements see Sec. VIII, “Radio Handbook,” by
Moyer and Wostrel, McGraw-Hill Book Company, Inc., New York.
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is one form of such a ecircuit. In another type, the super-
heterodyne, the signal is amplified to some extent at radio
frequency and is then converted to a lower frequency for
further amplification.

The operation of radio-frequency amplifiers in recetving
sets is carried out under class A (page 399) conditions. Radio-
frequency amplifiers operated under class B and class C
conditions are used in power transmitters.

Resistance Coupling.—A¢t high frequencies, the impedance
of the grid-to-filament circuit consists largely of the reactance
of the grid-filament capacity. The disadvantage of this is
that the capacity reactance of the grid-filament circuit is so
small that it has the effect of a short circuit on the coupling
resistance and, therefore, decreases the amplification. The
blocking condenser must have a capacity such that its reac-
tance is smaller than the grid-filament capacity reactance as
stated above. This shows that the capacity of a blocking
condenser for use at high frequencies may be made smaller
than that of one for use at low frequencies. A resistance-
coupled amplifier for high-frequency work is similar to one for
audio frequency, except that the blocking condenser must be
smaller. The distributed capacity of the coupling resistance
should be as small as possible; otherwise, it would reduce the
impedance of the coupling unit and thus diminish the amplifi-
cation. A resistance-coupled radio-frequency amplifier is
noisy because it amplifies audio frequencies as well as radio
frequencies.

Impedance Coupling.—At 600 meters (500,000 cycles per
second) the inductance of a 30,000-ohm reactance is 0.01 henry.
It is difficult to build a suitable inductance without iron so
that its internal capacity is small and its size is not too large.
The effect introduced by the distributed capacity (page 89)
is that excessive amplification exists at a frequency equal to
the natural frequency of the coupling unit. The performance
of an amplifier using inductance alone is not satisfactory for
short wave lengths. Also, an amplifier of the inductance-
coupled type, just like one of the resistance-coupled type,
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amplifies audio frequencies as well as radio frequencies and
hence has poor selectivity.

If a condenser and inductance in parallel are used, they
may be tuned to the required frequency. With such a con-
struction the value of inductance may be low because the
tuning is accomplished by the condenser, but the impedance
of the unit may be high. Tuned amplification of this kind is
useful for radio-frequency amplification because of the great
selectivity which it provides.

Transformer Coupling.—For radio-frequency amplification
it is customary to use air-core transformers (although satis-
factory iron-core transformers

Y - — have been developed) with a 1
e _L . to 1 ratio. On very long wave
7 C C:Y »

¥4 lengths a step-up ratio has been

found advantageous.
Fiac. 362.—Equivalent circuit of If two low-loss circuils are

tuned radio-frequency stage.

coupled “loosely’’ by means of

a transformer with a primary winding of few turns and a
secondary winding of many turns, the voltage amplification is
increased because of the step-up ratio and the tube amplifica-
tion. A circuit of this kind, however, gives maximum ampli-
fication at only one frequency and poor amplification at
adjacent frequencies. In order to obtain a circuit which gives
more uniform amplification than the untuned circuit over a
band of frequencies, a variable tuning condenser is used across
the secondary winding of the transformer. Such a circuit is
called a tuned radio-frequency amplifier.

Voltage Amplification.—The equivalent circuit of a tuned
radio-frequency stage is shown in Fig. 362. The expression

for the voltage amplification according to the principles and

. . (@)MLyu . .
notation of Chap. IITis R, + (@ f}l[)‘«’ From this expression

it is seen that the voltage amplification varies with the amplifi-
cation factor w of the tube, the secondary inductance L,, the
coupling M between the coils of the transformer, the plate
resistance r, of the tube, and the effective resistance of the
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secondary circuit R,. The mutual inductance M between
L and L, is equal to k\/LL; in which k is the coefficient of
coupling. The total series resistance of the secondary circuit
R, is equal to the L, coil resistance (3.4 ohms) plus the equiva-
lent resistance of r,. The equivalent resistance of r, is
(2rfL,)? + r,. In order to illustrate the use of the expression
for voltage amplification assume that f = 500,000 cycles per
second, ¥ = 0.3, L = 35 microhenrys, L, = 250 microhenrys,
u = 8, r, = 10,000 ohms, and r, = 1,000,000 ohms. Then
(6.28 X 500,000 X 250)*
10 X 10° =
0.62 ohm and R, = 3.4 + 0.62 = 4 ohms, approximately.
M = 0.3+/35 X 250 = 28 microhenrys. The substitution of
these values in the expression for voltage amplification gives

the equivalent resistance of r, =

(6.28 X 5 X 10%)% X 28 X 250 X 8

~ 116
2
[4 X 10 + (6.28 X 5 X 105><_12_0“?L6>]><606><106

It is important to keep enough negative grid-bias voltage on
the grid circuit of the tube so that the resistance 7, of the grid-
filament circuit may be high.

Resonance Curve.—The shape of the resonance curve depends
on the effective resistance of the secondary circuit, on the
coupling between the coils, and on the grid-plate capacity
of the tube, which couples the input and output circuits.
Increased coil coupling increases the secondary circuit resist-
ance and has the effect of broadening the resonance curve and
diminishing the selectivity. Amplification improves as the
coupling is increased until the best point is reached, beyond
which it slowly decreases. The degree of coupling generally
used is well below the best value, to obtain stability and
selectivity. The tuning of the secondary circuit is broadened
at high frequencies.

Because of the grid-plate capacity, the output circuit, under
the usual load conditions, reacts on the input circuit. The
feed-back action is greater at high than at low frequencies and
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tends to offset the broadened tuning. The effect is equivalent
to the addition of a condenser and resistance across the second-
ary circuit. The constants of the output circuit determine
whether this resistance has a positive or a negative effect. The
action of a negative resistance is to offset the losses in the
secondary circuit. When the losses in the secondary circuit
are offset in this manner, the tuning is made sharper unless
the negative resistance supplies all the losses; and in that case
the circuit will oscillate.

Tubes for Radio-frequency Amplification.—A tube having a
fairly high output resistance may be used efficiently for radio-
frequency amplification. The limiting factor as regards the
permissible tube resistance is the increase in resistance of the
secondary or tuned circuit. Ample voltage amplification,
that is, good sensitivity, is obtained with a high-resistance
tube which is coupled closely to a tuned secondary winding of
the transformer, but the selectivity is poor because of the
increase in effective resistance of the
circuit. A low-resistance tube can be
used with less coupling than a high-
resistance tube, with improvement in

Fro. 363.—Moethods of Selectivity. But if a low output resist-
stabilizing circuits by use ance results from decreasing the ampli-
3&:’2;3’;‘:;{323“ topre- fication factor, the sensitivity is reduced

and the drain on therectifierisincreased.

Methods of Stabilizing to Awoid Oscillation.—There are
several methods of stabilizing a circuit so that it will not
oscillate. Two common methods are shown in Fig. 363. In
one of these methods the grid return is varied by a potentiome-
ter in such a way that a positive grid-bias voltage may be
applied to the grid. A current then flows in the grid circuit
and has the effect of decreasing the resistance between the
grid and the filament and increasing the effective resistance
of the tuned circuit. The main disadvantages of this method
are the heavy plate current which flows when the grid is
positive, and the increased damping of the tuned circuit. The
other method utilizes an adjustable potentiometer, shown by

d
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the dotted lines, connected across the tuning condenser. Adjust-
ment of the potentiometer varies the voltage applied to the grid
and thus serves as a control of amplification and stability.

A better method than either of the two preceding methods
is shown in Fig. 364 where the grid circuit has a resistance R of
from 100 to 1,000 ohms. The de- R
crease in amplification caused by the
use of the resistance R is more pro-
nounced at high than at low frequen-
cies, which is an advantage because the

. . Fra. 364.—Method of
feed-back increases with the fre- g,pili ing circuits by use
quency. A disadvantage, however, is of grid resistance to pre-
introduced by the broader tuning veut gecllntion,
due to the greater damping of the circuit.

The insertion of resistance in the “B” plus lead may be
used to secure stable operation by lowering the effective plate
voltage. The advantages of this method are the saving in
plate supply current, and the sharper tuning which is possible
because there is not much increase in the damping of the

resonant circuit.
'~ The best method of obtaining
3 : stability is to neutralize the capacity
/}r 3 of the tube by means of another
capacity. Two ways of connecting
F1a. 365.—Rice method . ips . .
of stabilizing by neutral. DiS additional capacity are the Rice
izing the capacity of a tube method and the Hazeltine method.
ko Bmothiee WEpRELLY: The Rice method is shown in Fig. 365.
The center of the input coil is grounded so that the
coils must be carefully arranged. Otherwise, the balance
obtainable may be upset by capacity coupling between the
coils. The capacity effect may be minimized by increasing
the spacing of the coils or by using a shield between the coils.
Some decrease in sensitivity may be expected when this circuit
is used because the input voltage applied to the tube is half of
that obtained across a tuned circuit.
The coils L, and L, required in the Hazeltine method, shown
in Fig. 366, have a double-wound primary winding of the




446 RADIO RECEIVING AND TELEVISION TUBES

transformer, which is used to obtain close coupling. An
‘““alternate’ connection may be made by omitting the induc-
tance L, and connecting the variable condenser C as indicated
by the dotted lines. In this case the inductance L, must be
placed adjacent to the lower portion of the secondary winding
of the transformer in order to obtain close coupling. Either
of the last two methods is nearly independent of frequency
over the usual range of frequen-
cies used in broadcasting.

Circuit Arrangements—In a
radio-frequency amplifier, regen-
eration may be caused not only

by the grid-plate capacities of the
c +8 "

Fig. 366.—Hazeltine method tubes’ but also by lInp(:"dances
of stabilizing by neutralizing the which are common to several
eRpBeLy 6l & hube: stages, and by stray coupling
between coils and between condensers.

Stray coupling can be minimized or even eliminated by
properly locating the pieces of apparatus or by the use of
adequate shields. To reduce electrostatic and magnetic
coupling it may be necessary to shield completely each stage.

Regeneration due to common impedances occurs frequently
where the same supply source provides grid-bias or screen-grid
or plate voltages for several stages. Regeneration from such
causes can be reduced by adequate filtering so that the radio-
frequency currents are by-passed around the voltage-supply
sources (page 321).

The effect of the grid-plate capacity of three-element tubes
may be counter-balanced by the use of various neutralizing
systems. In modern receivers, however, multi-electrode tubes
are used in which a shield is provided between the control
grid and the plate.

Gaseous Discharge Tube as Visual Tuning Indicator for
Amplifiers.—A superheterodyne radio receiver having a sharp
resonance curve must be adjusted exactly to the carrier fre-
quency of a desired station to obtain the most satisfactory
reproduction. This adjustment is frequently difficult to make

s
Sl
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because the signal is received with considerable volume when
the receiver is not accurately tuned. The wisual tuning
indicator was devised to minimize this difficulty in the opera-
tion of radio receivers provided with automatic volume control.
One indicator! of this kind consists of a gaseous discharge or
neon tube (page 206) having a short anode, a long cathode, and
an auxiliary electrode. The use of this device with radio-
frequency amplifier tubes, in which the grid-bias voltage is
controlled, is shown in Fig. 367a. As the current in the plate

Y

<5

F1c. 367a.—Circuit of visual tuning indicator for amplifier.

circuit decreases, the voltage between the points P and P,
of the indicator increases. This increase in voltage across the
indicator tube causes the gas column in the tube to increase
in length, moving up the long cathode. The height of the
discharge is proportional to the increase in voltage between P
and Py above the value when the column is stationary. In the
commercial types of indicator tubes such as the Flashograph,
Tonebeam, Tunalite, and others, the column height also
is directly proportional to the current between the cathode and
the anode (about 2 milliamperes at full height). The initial
ionization of the indicator tube is produced by the use of a third
electrode connected to a point that is more negative than P,,
by about 40 volts. Adjustment of the voltage obtained at the

! “Gaseous Discharge Tubes for Radio Receiver Use,” Electronics,
February, 1933.
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point P; may be necessary to compensate for variations in
line-voltage and amplifier-tube current.

Tuning Indicator Tube.—Type 6E5 is a tube of the high-
vacuum kind designed to indicate visually the effect of a change

———Fluorescent
screen

Target """
\""~Bearm-control
electrode
T;;g%e - Y > Srrioole grid

F1c. 367b.—Tube to indicate visually changes in control voltage.

in the control voltage for the tube. The width of a shaded
area on a fluorescent screen will show how much departure
there is from the condition of resonance. The shaded area
that appears on the screen varies from a very narrow pattern
to approximately a quarter of a circle. The extent of this
Imeg. pattern depends on the grid
voltage of the tube. The tube,
as shown in Fig. 367b consists
of a triode section and a cath-
ode-ray section, both having a
common cathode. The elec-
Z—?,«f-c\,/,c E trode which controls the shape
F1g. 367¢.—Circuit for tuning indi- of the electron beam, and
CAtOT. thereby the shaded area on the
screen, consists of an extension of the triode plate between
the cathode and the target.
This tube may be connected for indicator service as shown
in Fig. 367c. When the receiver approaches a condition of
resonance during tuning, the automatic-volume-control volt-
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age is increasing. This increasing voltage, when applied to
the triode grid of the tube, acts to decrease the triode plate
current and to increase the voltage on the beam- or ray-
control electrode. The width of the shaded area on the
screen decreases as the voltage on the beam-control electrode
is increased.

OTHER TYPES OF RADIO AMPLIFIERS

Superheterodyne Receiver.—It has been shown that the
operation of a multi-stage, radio-frequency amplifier is effec-
tive over only a limited frequency range. In the super-
heterodyne circuit shown in Fig. 368 the high-frequency

IL.LFE. L Second +— A.F.

Py PUS co il p B o B Ampii- | 0oy
n | Ampli- etec-] mpli- etec- mpli- :
(L fie‘:‘ 1 tor Fie’ll [—__tor fiepr' __O%fpuf
Oscil-
lator

Fi16. 368.—Typical superheterodyne receiving set

alternating current of the received signal current is transformed
into an alternating current (generally of lower radio-frequency)
called the beat frequency, which is better suited than the signal
current to the amplifier. This transformation is accomplished
by combining the received signal current with a locally gen-
erated alternating current of suitable frequency. The current
having this beat frequency goes through a filter, which passes
only the desired frequency, and is then amplified in a number
of intermediate stages which are tuned to the beat fre-
quency. The output of the last intermediate-frequency stage
is ““detected’’ and passes through the usual stages of an audio-
frequency amplifier. Beat frequencies of from 30 to 1,100
kilocycles per second have been used, depending on the range
of frequencies to be received. At 50 kilocycles per second the
reactance of the grid-filament capacity of a vacuum tube is
high enough so that it causes very little interference with the
action of the amplifier.

The first oscillator radiates energy from the antenna unless
it is preceded by a properly balanced circuit. In one type



450 RADIO RECEIVING AND TELEVISION TUBES

of superheterodyne circuit the interference from such radiation
is reduced by operating the oscillator at half the required fre-
quency so that its second harmonic (page 131) is used as the
locally generated frequency. In this way the amount of
radiation is reduced and the frequency of the radiated energy
is outside of the range of broadecasting frequencies.

Although the general layout in Fig. 368 includes all the
parts needed for the functions performed by a superheterodyne
receiver, commercial types show some variations in design.
Thus the input radio current may be taken from a loop
antenna instead of an antenna; and the number of stages
in the radio-frequency amplifier will vary. The oscillator
and the first detector stages may be separate tubes, or the
equivalent service may be performed by a single tube. There
is no standard number of stages in the intermediate-frequency
amplifier. The choice of the intermediate frequency varies
over a wide range. The intermediate frequency may be
obtained either by adding the signal-current frequency and
the oscillator frequency, or by subtracting them, but generally
the oscillator frequency is higher than the signal-current fre-
quency. The audio-frequency amplifier may have one or
more stages.

It should be noted that a superheterodyne designed as
indicated has several disadvantages, unless it is provided with
filter circuits of the proper kind, and with an input-current
amplifier which can be adjusted for sharp tuning. First,
there are two settings of the control device for the local
oscillating frequency, either of which in combination with a
given carrier frequency will give the required beat frequency.
Also, for a given oscillating frequency, there are two carrier
frequencies which will combine with it to give the same
beat frequency.

Reflex Amplification.—The reflex system of amplification
was developed to reduce the number of tubes required in a
multi-stage receiver. In this system when used with three-
element tubes, the radio-signal current is first passed through
a number of stages of a radio-frequency amplifier, detected in a
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separate stage and then returned through some of the radio-
frequency stages to obtain audio-frequency amplification.
The inverse reflex system was devised to equalize the load
on the grids of the various tubes. In a receiver having three
radio-frequency tubes, the audio-frequency plate current is
returned to the last or third radio-frequency tube and thence
to the second tube; that is, the third radio-frequency tube
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F1g. 369.—Reflex circuit including pentode and diode for amplifier.

serves also as the first audio-frequency tube and the second
radio-frequency tube serves also as the second audio-frequency
tube. Since two stages of audio-frequency amplification are
ordinarily used, only two tubes may be eliminated by this
method regardless of the number of radio-frequency stages in
the receiver.

The reflex circuit! shown in Fig. 369 illustrates the use of a
diode and of a pentode which are “reflexed”” to amplify both
intermediate and audio-frequency voltages. These two tubes
now are available in one envelope such as in the type 6B7 tube.

1StincHEFIELD and ScHADE, ‘“‘Reflex Circuit Considerations,” Elec-
tronics, June, 1933.
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In the operation of this circuit the input voltage consisting of
an intermediate-frequency signal voltage is applied through
the input transformer T'; to the control grid of the pentode
unit. The audio-frequency load resistance R in the plate
circuit of the pentode unit is by-passed by the condenser C
to provide low impedance for intermediate-frequency currents.
The diode unit is coupled to the intermediate-frequency
amplifier by means of the output transformer T,. The diode
unit serves as a detector, producing an audio-frequency out-
put. The audio-frequency voltage developed across E,C, is
fed back to the pentode control grid through C.. The filter
R.C5 prevents any intermediate-frequency component from
passing back to the control grid. The secondary winding
of the transformer 7', must have a low impedance to audio-fre-
quency currents. The audio-frequency voltage thus applied
to the pentode produces an amplified audio-frequency voltage
across the resistance B. The primary winding of the trans-
former T, must have a low impedance to audio-frequency
currents. Then the voltage developed across load resistance
R can be applied either to an output tube or to another audio-
frequency stage.

In any circuit of the reflex type, the reflexed frequency.
should differ as much as possible from the other frequency.
The cireuit illustrated shows how an audio-frequency voltage
is reflexed through an intermediate-frequency amplifier.
1t is possible but more difficult to reflex intermediate-frequency
voltage through a radio-frequency amplifier.

Direct-coupled Amplifiers.—Multi-stage amplifiers having
transformer or capacity coupling cannot be used to amplify
alternating currents of very low frequency, for example, those
of less than 10 cycles per second, or slow shifts of direct
currents. With some modifications a resistance-coupled
amplifier can be used in such applications. If the grid or
coupling condenser is omitted in a resistance-coupled ampli-
fier, the voltage drop across the coupling resistance is applied
to the grid of the next tube. Thus this grid is at a high
positive voltage with respect to its filament or cathode. In
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one arrangement, as shown in Fig. 370, the necessary voltage
relation between grid and filament is obtained by using
separate plate batteries for each stage, and by applying
through a ‘““bias” battery a grid-bias voltage of sufficient

o— all i
Input gé 4 + Oufpuf‘
— i 1-

Fia. 370.~—Typical direct-coupled amplifier.

value to counteract the voltage drop aecross the coupling
resistance and to maintain the grid negative with respect to
the filament.

When tubes with heater cathodes are used, a different
arrangement is possible. In that case the heaters may be

Type 24 Type 45
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Fia. 371.—Loftin-White direct-coupled amplifier.

operated from the same battery or from a transformer, and
each cathode may have a different grid-bias voltage with
respect to the ground. Then the “bias” batteries mentioned
before are not required, and the plate voltages may be
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obtained from one source of supply. With this connection
the grid of a tube may be negative with respect to its cathode,
but positive with respect to the cathode of the preceding
tube.

The Loftin-White direct-coupled amplifier is designed to
avoid the distortion introduced in audio-frequency amplifiers
by inductances in transformer coupling and by the condensers
in resistance coupling. In this arrangement,! shown in Fig.
371 the cathode grid-bias voltage and also the plate voltage
of the second tube are higher than the plate voltage of the first
tube. Any direct-coupled amplifier must have some stabiliz-
ing arrangement so that the -

l o, operating points of the tubes will
Ry (% RL not move as a result of changes
Input : which may occur during
Ec Ep operation.
=it

INDUSTRIAL TYPE AMPLIFIERS

Simple Amplifier Circuit.—
Many industrial applications of
vacuum tubes require only one
stage of amplification such as
is shown in Fig. 372. The tube
may be of either the filament type or the cathode type,
supplied with heating current from a battery or from a
transformer. In the case of the cathode type the plate
and