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PREFACE

IN a comparatively short time the applications of Ther-
mionics have grown to a considerable extent, and are now not
only of great value in engineering fields, but are also penetrating
more and more into university and college laboratories. It is
difficult for those who are interested in the subject, but who have
not had the opportunity or the time to follow its development
closely, to abstract from the literature, which has become quite
voluminous, the principles of operation of thermionic vacuum
tubes. This and the popularity which the remarkable ability of
these tubes to perform a great variety of functions has gained for
them, have created a need for a book describing in a connected
manner the more important phenomena exhibited by the passage
of electrons through high vacua.

In this work I have endeavored to set forth the principles of
operation of thermionic vacuum tubes, and to coordinate the
phenomena encountered in a study of this field. Such a proced-
ure is sure to result in a more valuable book than a detailed descrip-
tion without proper coordination of the many investigations that
have been published on this subject.

I have tried to make the treatment sufficiently elementary to
meet the demands that will necessarily be made on a book of this
kind. This is especially the case with the first few chapters, which
must be regarded as very elementary and are mainly intended
for those who are interested in the applications of thermionic -
tubes but are not sufficiently acquainted with the properties and
behavior of electrons to understand the operation of these tubes.

I wish to express my indebtedness to several of my colleagues
who have read parts or all of the manuscript. In this connection
I wish to mention especially Mr. C. A. Richmond and Dr. P. I.

Wold.
H. J. v. d. B.
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INTRODUCTION

THE achievements in the art of intelligence communication
which we have witnessed in the past seven or eight years are the
result of an extensive series of investigations that stretch over
many decades. It is easy to see the factors that directly influenced
that part of the work that has been conducted in recent years to
develop our systems of telephone and telegraph communication.
But we should not. forget that this work rests on a foundation laid
by such pioneers as Maxwell, Hertz, H. A. Lorentz, J. J. Thomson
and O. W. Richardson—men who conducted their research with-
out any monetary motive and with little or no thought to any
possible future commercial application. Through their efforts
we came into possession of the electromagnetic theory, which has
taught us much about the undulatory propagation of energy,
and the electron theory, which enabled us to explain many a
baffling phenomenon. It is a glowing compliment to scientific
research that just those two theories which seemed so abstruse
and so speculative that hardly anybody believed in them should
have grown into such valuable commercial assets. The electron
theory in particular has been of invaluable assistance in the
development of the audion or three-clectrode thermionic tube,
the device which forms the nucleus of the research and develop-
ment work that was carried on in efforts to improve our means
of intelligence communication. :

The audion tube consists of an evacuated vessel containing a
filament which can be heated by passing a current through it,
an anode which is usually in the form of a plate or pair of plates
or a cylinder, and a third electrode, usually in the form of a wire
grating placed between the filament and the anode. The hot
filament emits electrons, and these are drawn to the anode or
plate under the influence of a potential difference between filament
and plate such as to maintain the plate positive with respect to the
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xii INTRODUCTION

filament. The third electrode, commonly referred to as the grid,
functions as the controlling electrode and is for the purpose of con-
trolling the flow of electrons from filament to anode. By applying
potential variations to the grid the electron current flowing from
filament to plate can be varied.

It has been known for many years that hot bodies possess the
property of imparting a charge to conductors placed in their
neighborhood. This phenomenon was investigated by Elster and
Geitel in the eighties of the last century. They found that if a
metallic filament was placed in a glass vessel and heated to
incandescence a plate placed close to the filament inside the
vessel acquired a positive charge, but when the vessel was ex-
hausted the charge on the plate became negative. About the same
time Edison noticed that if a plate be inserted in a carbon fila-
ment incandescent lamp, a current flowed between the plate and
the filament when the plate was connected to the positive end of
the filament but not when the plate was connected to the negative
end. The direction in which the current appeared to flow was
from plate to filament when the former was positive with respect
to the filament. J. J. Thomson showed in 1899 that the current
flowing through the space between filament and plate was carried
by electrons. He did this by measuring the ratio of the charge
to the mass of the particles that appeared to convey the current,
and found a value from which it was to be concluded that these
particles were electrons. The mechanism of the emission of the
slectrons from the hot filament was explained by O. W. Richardson
in 1901. Richardson made use of a view that had previously been
suggested to explain metallic conduction, namely, that the free
electrons in a metal possess kinetic energy like the molecules of a
gas. He furthermore assumed that there is a force at the surface
of the filament which tends to hold the electrons within the fila-
ment, and in order to escape from it the electrons have to do a cer-
tain amount of work, depending on the value of this force. At
ordinary temperatures the energy of the electrons in the substance
is not sufficient to enable them to overcome this surface force, but
if the temperature of the filament be raised sufficiently high the
energy of the electrons increases enough to enable some of them to
overcome the surface force and escape. According to Richardson,
therefore, the electrons escape from hot bodies solely in virtue
of their kinetic energy. A large number of experiments have been
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made by various investigators on this phenomenon. These
experiments not only verified Richardson’s theory, but also gave
results that have an important bearing on the operation of the
thermionic vacuum tube. The study of the emission of electrons
from a hot filament and their transport to the anode or “ plate ”
involves a large number of problems, the solution of which is
based on the electron theory. The most important developments
of the thermionic vacuum tube were carried out by men who were
familiar with this theory, and indeed their knowledge of its funda-
mental principles contributed in a large measure to the rapidity
with which the thermionic tube was nursed from the stage almost
of a scientific toy to a very important commercial device. For
these reasons the first few chapters of this book are devoted to an
elementary discussion of the properties of electrons and the
phenomena encountered in the conduction of electricity by dis-
lodged charges. The discussion of these phenomena, however,
has to be elementary and concise in consideration of the great
amount of material dealing directly with the applications of the
vacuum tube. In choosing the material for these earlier chapters
I was guided mainly by my own experiences in my work on the
development of this type of device.

When Richardson in 1901 gave an explanation of the mechanism
of the emission of electrons from hot bodies he made an important
contribution to science, but there was at that time no thought of
the practical value that this theory was destined to have. It was
in 1905 that J. A. Fleming conceived the idea of using a thermionic
valve, that is, an evacuated bulb containing a cold anode and a hot
filament as a rectifier for the detection of electromagnetic waves.
At about the same time Wehnelt, who had previously carried out
investigations on the emission of electrons from hot bodies and had
produced the oxide-coated filament which bears his name, and
which gives off electrons much more readily than metallic fila-
ments, also suggested using a hot cathode device as a rectifier and
described experiments that he had conducted with such a tube.
Since electrons are emitted from the hot filament but not from the
cold anode, such a device has a unilateral conductivity, and can
therefore be used to rectify alternating currents. Wehnelt’s
idea in using a hot cathode rectifier was to obtain large currents
for small potential differences between the electrodes. If, for
example, a glow discharge is passed through a partially evacuated
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tube containing cold electrodes the space between the electrodes
contains both electrons and positive ions. The electrons move to
the anode while the positive ions move towards the cathode.
Since the positive ions are large and heavy compared with the
electrons they move more slowly than the electrons under the
influence of the same field. The space in the neighborhood of the
cathode therefore contains more positive ions than electrons,
and this causes the establishment of a positive space charge near the
cathode. This positive space charge is responsible for a large
part of the voltage drop in stich tubes. By using a hot cathode
which spontaneously emits electrons Wehnelt could neutralize
the space charge due to the positive ions, because the electrons
coming from the cathode combine with the positive ions to form
neutral gas molecules. By this means therefore the voltage drop
in the tube was greatly decreased.

If the tube be evacuated to such an extent that there are
practically no collisions between the electrons and the residual
gas molecules, the space between cathode and anode contains prac-
tically only electrons, and therefore there is only a negative space
charge between the electrodes of the tube. We then have what
is commonly known as a thermionic valve. The characteristics
of this device are discussed in Chapter IV, while the influence of
gases in the bulb on the characteristics of the valve is dealt with
in Chapter V.

The tubes discussed in the following pages operate under
conditions that are characterized by the absence of gas. To
maintain this condition it is necessary to insure that the gas
pressure is at all times so low that the mean free path of the
electrons in tlie residual gas is large compared with the distance
between the electrodes. This requires not only that the gases in
the space be removed to a sufficient extent, but also that the elec-
trodes and walls of the vessel be sufficiently freed of occluded gases
by heating these parts during the process of evacuation. This
is necessary because the bombardment of the anode by the elec-
trons and the heating current in the filament during the operation
of the tube would result in a rise in temperature of the electrodes
and walls, thus causing the liberation of occluded gases and a con-
sequent impairment of the vacuum. The extent to which the
electrodes and walls of the tube must be denuded of gases during
evacuation depends on the power dissipated in the device during
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operation. If we are concerned only with electrodes that can be
heated by passing a current through them we can adopt the prac-
tice that lamp manufacturers have been following for the last
twenty or thirty years, viz., passing a current through the elec-
trodes to raise them to a higher temperature than they attain dur-
ing operation, and by baking the bulbs in ovens to as high a tem-
perature as the glass can stand. But thermionic devices of the most
commonly employed types also contain electrodes (anode and grid)
which cannot be heated by passing a current through them.
These electrodes can be heated during evacuation by electron
bombardment; that is, by passing a thermionic current from
cathode to anode through the tube. The amount of this current
and the voltages applied should be higher than the values used
when the tube is subsequently put in operation. Although these
tubes operate under the condition that gas has no influence on the
discharge, the operation of the tube will always be better under-
stood if the effects of small traces of gases are known. Thes_
effects are therefore discussed in Chapter V.

The thermionic valve (by this we mean a two-electrode ther-
mionic tube) is still used at the present time as a rectifier of alter-
nating current, and as such it is a valuable instrument, and is
capable of performing useful functions. Its operation and some
of its uses are discussed in Chapter VI.

As a detector of electromagnetic waves, the valve has no
commercial value. The device whichis used for detecting pur-
poses is the three-electrode tube which in addition to the anode
and hot cathode, also contains a grid to control the flow of
electrons from cathode to anode. The grid was inserted by de
Forest in 1907, who called the device the “ Audion ” and it is the
insertion of the grid which has made the thermionic tube of such
great value. Since the flow of electrops from filament to anode
or plate can be varied by applying potential variations to the
grid, the circuit in which this tube is used consists of two branches:
the output circuit connecting the filament to the plate through a
current or power indicating device and the input circuit connecting
the filament to the grid through the secondary of a transformer or
other means of supplying potential variations to the grid.

The audion was first used as a radio detector but was sub-
sequently found to be capable of performing a number of other
important functions. In fact, the insertion of the grid into
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the valve resulted in a device of tremendous potentialities—
one that can justly be placed in the same category with such
fundamental devices as the steam engine, the dynamo and the
telephone.

Since a mere variation in the potential of the grid produces a
variation in the plate current, it could reasonably be expected
that more power would be developed in the output circuit than the
power expended in the input circuit, and this has actually been
found to be the case. The operation of the tube as an amplifier
is simpler than its operation as a detector. I have therefore found
it best first to discuss the manner in which the tube operates as an
amplifier, reserving its operation as detector for discussion ina
later chapter. Chapter VII not only describes the amplifier and
the manner in which it operates and the circuits that can be used,
but also discusses the characteristics of the three-electrode tube.

Since the power in the output circuit of the audion tube is
greater than the power expended in the input, it is possible to
increase the degree of 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 sustained oscillations.
What is usually done is to connect the tube in an oscillation circuit
having the desired capacity and inductance, and then couple the
output circuit to the input in such a way that current variations
in the output circuit cause potential variations to be impressed
on the grid. There are a great variety of circuits whereby this can
be accomplished. To make a three-electrode tube produce sus-
tained oscillations is an extremely simple matter, but to make it
operate in the most efficient way as an oscillation generator requires
a knowledge of the various factors that influence its operation
as such. These matters are discussed in Chapter VIII.

When the tube is used as an amplifier or oscillation generator
it is desirable that the characteristic representing the relation
between the plate current and the potential of the plate or grid
be as nearly linear as possible. On account of the negative space
charge of the electrons in the space between filament and anode
the characteristic is not linear, but convex towards the axis of
voltage. When the applied voltage becomes sufficiently high to
attract the electrons over to the plate as fast as they are emitted
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from the filament, the characteristic curve becomes concave
towards the voltage axis and finally becomes nearly horizontal,
thus giving the saturation current. In order to obtain the best
operation of the tube as an amplifier, it is necessary to straighten
out the characteristic of the plate circuit. Means whereby this
can be done are discussed in Chapter VII.  The curvature of the
characteristic causes the shape of the current wave in the output
to be distorted, and is therefore a very undesirable feature of the
audion as an amplifier. On the other hand, the fact that the
characteristic is curved simply increases the number of uses to
which the audion can be put. Its ability to detect electromagnetic
waves lies in the curvature of its characteristic. This also makes
it possible to use the tube for modulating high frequency waves for
the purpose of radio or carrier telephony and telegraphy. The
processes involved in detection and modulation are identical,
and these are therefore treated together in Chapter IX.

In Chapter X are described a few miscellaneous applications
of the thermionic tube. This list is intended to exemplify the
manner of applying the principles of the tube and does not make
any pretense at being complete. It is believed that the number of
such applications is destined to increase considerably and that the
tube will become of increasing importance not only in engineering
practice, but also in university and college laboratories.

A large number of names have been used to designate the three«
electrode type of thermionic tube, such as audion, pliotron,
triode, thermionic valve, etc.—an impressive array of names
which certainly attests the importance of this device. To fore-
stall any possible confusion in the mind of the uninitiated reader
I may say that these names all apply to one and the same thing,
namely the audion or three-electrode tube discussed in the
following pages. .

The major portion of the development of the audion has taken
place in the past eight years, but while the number of applications
of the tube increases almost daily, we must frankly admit that
as far as the tube itself is concerned, it was developed to a full
grown and powerful instrument as early as 1914. The rapid
development of this device, both in the United States and Europe
and the popularity it has gained, are due to a number of factors
that have concurred to place it in the foreground. One obvious
reason, of course, is its ability to perform such a large number
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of important functions. No wonder that it has been referred to
as the ¢ versatile talking bottle.”

Another factor which stimulated its development in the
United States was the pressing necessity for a satisfactory system
of telephone communication over long distances—a necessity
which resulted from the recognition of the telephone as a very
important factor in the industrial and commercial development
of the country and the fact that the industries of the country are
scattered over extensive regions. It was evident to those skilled
in the art that the sine qua non of such a system of telephone
communication is a device that will amplify telephone currents
without impairing the quality of the transmitted speech more than
can be tolerated in commercial service. When the audion made
its appearance, telephone amplifiers or repeaters had already been
developed, one of which, the mechanical repeater, still gives
satisfactory service on some of the long distance lines. But the
potentialities of the audion were immediately recognized by the
leading telephone engineers when it came into their hands in 1912.
As the result of a far-sighted policy based on the recognition of the
influence of scientific research on industrial development, the
fate of this device was placed in the hands of a number of well-
trained research physicists and engineers. Its development pro-
ceeded so rapidly that the summer of 1914 saw the three-electrode
tube as the repeater on a commercial system of telephone com-
" munication connecting New York with San Francisco. In order
to use these tubes as repeaters on such a long telephone line, it
stands to reason that the tubes must be carefully designed and
constructed to have not only characteristics of definite prede-
termined value, but characteristics that remain constant over long
periods of time and differ but little from one tube to another.
This required a full understanding of the operation of the device,
something which was secured in the comparatively short time
only as the result of a very intensive and well organized series of
investigations during the years 1912 to 1914. These investiga-
tions were carried out by the engineers of the American Telephone
and Telegraph Company, and the Western Electric Company.
About the same time the engineers of the General Electric Com-
pany made a study of the characteristics of thermionic tubes and
enriched the world with valuable information regarding them.

The research and development work on the tube during these
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years resulted in a large number of other uses to which it might
be applied. Its possibilities in the radio field were recognized,
and its application to this field resulted in Maich, 1915, in the
successful transmission of speech by radio from Montauk Point,
New York, to Wilmington, Delaware. These experiments which
were undertaken by the American Telephone and Telegraph
Company, and the Western Electric Company, were continued
with the cooperation of the U. S. Navy Department and resulted,
in the fall of 1915, in the successful transmission of speech from
Arlington, Va., to Paris and Honolulu, a distance in the latter
case of 5000 miles.

The need for satisfactory systems of intelligence communica-
tion in the war zone and the success of the audion tube resulted
in an industrious development of this device and its applications
in Europe. Most of the work that was done by the British, the
French, the Germans, etc., is only coming to light now after
peace has been declared. Military necessity forbade the exchange
of scientific information that can reasonably be expected in times
of peace. This has caused a great deal of duplication of work,
and makes it extremely difficult to give recognition to individuals
for important contributions. However, the matter of crediting
individual investigators is insignificant in comparison with the
great benefit that the world has derived from a general recognition
of the value of scientific research and the many-sided and intensive
investigations to which this very important and even more prom-
ising device has been subjected.



THE
THERMIONIC VACUUM TUBE
AND ITS APPLICATIONS

CHAPTER 1
PROPERTIES OF ELECTRONS

1. Electron and Corpuscle. The word electron was introduced
by Prof. G. Johnstone Stoney in 1891 to denote the “ natural unit
of electricity,” that is, the quantity of electricity which was
found to be invariably carried by an atom of any univalent ele-
ment (such as hydrogen) in electrolysis. Stoney did not imply
that the electron was a small particle of something that carried
a certain charge—the picture often formed of the electron; ac-
cording to his definition the electron is simply a unit of charge
and that is all. Corpuscle, on the other hand, is the name given
by Sir J. J. Thomson to the carriers of electricity shot off from the
cathodes in vacuum tubes. The researches of Thomson on the
discharge through vacuum tubes showed that this corpuscle has a
negative charge equal to one electron.

The two terms, electron and corpuscle, are frequently used
indiscriminately. For this there is some justification, provided
we understand, as is usually done, by the term electren the natural
unit of negative electricity, and do not extend its meaning to
include both positive and negative units as was originally intended
by Stoney. With this restriction of the word electron there is no
difference between the electron and Thomson’s corpuscle. The
corpuscle was found to have a charge equal to the electron and a
mass which is 1545 of that of the hydrogen atom. But the indis-
criminate use of the terms electron and corpuscle is unfortunate,
because it robs us of a name for the natural unit of charge, irre-
spective of whether it is negative or positive. This objection is
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usually overcome by referring to the unit of positive charge as the
positive electron. This quantity, which has the same absolute
value as the (negative) electron, is found always to be associated
with a mass about 1800 times that associated with the electron.
If the mass of the electron should be found to be entirely electro-
magnetic, then there would be no difference between it and the
ultimate unit of negative charge.

In attempting to form a mental picture of the electron it is
best not to associate in the mind the idea of a small particle
having definite size and mass, in the ordinary sense, because the
size and mass of an electron are things about which we must
speak somewhat reservedly. The electron manifests itself only
in virtue of the electric and magnetic fields created by its presence
in the surrounding medium, but whether or not its mass is
entirely electromagnetic is as yet an open question. Furthermore,
the theory of Abraham and Lorentz, for example, leads to the con-
ception of two masses for the electron, namely, the so-called
transverse and longitudinal masses. As regards the size of the
electron, although an estimate has been made of what might be
considered its effective radius by the simple process of integrating
the energy of the field, due to the slow-moving electron, it is not
unlikely that this represents only one size obtained under one
particular set of conditions. A discussion of these matters is
beyond the scope of this book, and we must content ourselves
with only the most elementary explanation of some of the prop-
erties of electrons, and only insofar as they are needed for under-
standing the more important phenomena encountered in vacuum
tubes.

2. Lines of force and tubes of force. When Faraday,
almost a hundred years ago, found himself in a position to repu-
diate the hypothesis of the action of forces at a distance, he had
formed a conception of the nature of force action between elec-
trically charged bodies which forms the basis of conceptions upon
which modern physics is built. He pointed out that the electrical
energy lies in the medium between charged bodies and not in the
bodies themselves. This conception, which is the parent of the
electromagnetic theory, has also been of valuable service in the
development of the electron theory. The motion of the electron
through the medium, the ether, is somewhat analogous to the
motion of a sphere through a liquid; the moving sphere sets the
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surrounding liquid in motion with a velocity proportional to its
own, so that to move the sphere the surrounding liquid must also
be set in motion, with the result that the sphere behaves as if
its mass were increased. The analogy is not complete because
while the mass of the sphere is apparently increased in virtue of
its being surrounded by the liquid, the mass of the electron is
apparently entirely due to the condition of the surrounding
medium. The analogy would be more nearly complete if the
sphere were supposed to be practically weightless, such as a tennis
ball kept completely immersed in a liquid, say by means of a string
tied to the bottom of the liquid container. If we imagine that the
string could move freely parallel to itself, then the inertia of the
ball when moved in a plane perpendicular to the direction of the
string will be due almost entirely to the motion of the liquid
surrounding the ball. Such is the case when an electron moves
in a plane. There is, however, this important difference: the
moving electron does not drag the ether (that is, the surrounding
medium) with it, as the ball drags the liquid in which it is im-
mersed; what is dragged along is a modification of the ether.
To get an understanding of this it is necessary to introduce the
conception of lines and tubes of force.

The conception of lines of force was introduced by Faraday
to form a mental picture of the processes going on in the electric
field. To him these lines were not mere mathematical abstrac-
tions. He ascribed to them properties that gave them a real
physical significance. They terminate on opposite charges, are
always in a state of tension, tending to shorten themselves, and are
mutually repellent. The direction of a line of force at any point
gives the direction of the field at that point. With the help of these
properties of lines of force it is possible to obtain an idea of the dis-
tribution of the intensity of the field surrounding electrically
charged bodies.

The idea of tubes of force has been introduced to make the
method of Faraday metrical rather than merely descriptive. A
tube of force is obtained by drawing a number of lines of force
through the boundary of any small closed curve. The lines then
form a tubular surface which, it can be proved, will never be cut
by any lines of force, and the extremities of which enclose equal
and opposite charges. By properly choosing the area of the sur-
face enclosed by the curve through which the lines are drawn the



4 THERMIONIC VACUUM TUBE

extremities of the tube can be made to enclose unit charge. Such
a unit tube is called a Faraday tube. Maxwell and J. J. Thomson
have made an exhaustive study of these tubes of force and expressed
their properties in mathematical terms. The result that interests
us here is that a tube of force behaves as though it had inertia,
so that in order to-move a tube work must be done. This explains
why a charge behaves as if it had mass.!

3. Field of the ¢‘Stationary Electron.” The electric field
surrounding a point charge equal to one electron far removed from
other charges may be represented by lines of force in the manner
shown in Fig, 1, If this charge is at rest the field is a symmetrical

Fia. 1

electrostatic field, the lines of force being distributed uniformly
in radial fashion. This is what may be called the field of the
stationary electron. Whether the electron actually consists of a
small charge located at O, or whether the modification of the ether,
as represented by Fig. 1, itself constitutes what is known as the
electron, is as yet an unanswered question. For our present
purposes it makes no difference which of the two views is the cor-
rect one, for the following reasons: It is known from elementary
electrostatics that a charge which is uniformly distributed over the

! It must be remarked that the conception of tubes of forces is used here
merely to aid in understanding the phenomena. Whether or not tubes of
force, or even the ether, possess any physical significance is a question.
Modern developments scem te indicate that this question must be answered
in the negative,
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surface of a sphere acts as if the whole charge were concentrated
at the center of the sphere. Hence, if the isolated electron is only
a symmetrical radial field with lines of force converging uniformly
to a mathematical point, we can still look upon the field as being
due to a charge concentrated at the point, or uniformly distributed
over the surface of a small sphere whose center is at the point.
We can therefore treat the electron as though it had definite
size. When we say that the electronic charge is e we mean
that the electron constitutes an electric field equivalent to that
which would be obtained if a charge equal to ¢ were concentrated
at the center of the field. The intensity E of the field at a dis-

tance r from the center of the field is then :—;. The number of

Faraday tubes passing through unit area at right angles to the
direction of the tubes can be expressed by

D=—="2_ . ... ...

This quantity is often referred to as the electric displacement.
Maxwell’s displacement current is nothing else but the time varia-
tion of the density of the Faraday tubes.

4. Field of the “Moving Electron.” Whenever an electron is in
motion it-is accompanied by a magnetic field. This field is
created by the motion of the Faraday tubes invariably associated
with the electron. J. J. Thomson has shown that if 8 be the angle
between the direction of a Faraday tube and the direction in which
it is moving at a point P with a velocity », the motion of the tube
produces a magnetic force at P equal to 47v sin 6. The direction
of the magnetic force is at right angles to the tube and the direc-
tion in which it is moving. Hence, if a charge at O (Fig. 2) were
moving in the direction OQ the lines of magnetic force would be
circles having their centers along OQ. Here we have a magnetic
field produced by the motion of a charge. But an electric current
always produces a magnetic field. Hence a moving charge and a
current have the same effect. It can be shown that a charge e
moving with a velocity v is equivalent to a current of magnitude
ve, and if there are n charges the current is nev. This result,
though seemingly obvious, is very important. We shall have
occasion to make use of this result in the study of the discharge
through vacuum tubes. A circuit in which a vacuum tube is
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inserted consists of two parts: one, the ordinary metallic circuit,
and the other, the space between the cathode and the anode
in the tube. In the tube we have to deal with the motion of
electrons through space; this constitutes the so-called “ space
current.” Problems encountered in this type of circuit are not so
easily handled as those dealing with ordinary metallic circuits,
because explanations of electrical phenomena in the latter are
based on Ohm’s law, whereas circuits in which vacuum tubes are
included do not obey Ohm’s law. The extent of the deviation
from Ohm’s law in such circuits depends upon the nature of the
discharge through the tube and the relative values of the impe-
dance of the tube and that of the metallic circuit.

P
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6. Mass of the Electron. Let us consider the case of an
electron moving with uniform speed through the ether in the
direction 0OQ (Fig. 2). If the velocity with which the electron
moves is small compared with that of light the tubes of force will
be uniformly distributed as in the case of the stationary electron.

Hence the displacement or density of the Faraday tubes at P is,

as we have seen above, equal to 44;2, and therefore the magnetic
™

force produced at the point P by the moving electron is

S € 1)

ev sin 0
H=—;
r

It is known from elementary physics that the energy in unit volume
of a magnetic field at a point where the magnetic intensity is H
2
is fsl; Hence the energy of the field at the point P is
e%? sin? 9
8mrt
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Integrating this over the whole space from infinity up to a small
2
distance a from O, the total energy of the field is found to be %2.
Now, the kinetic energy of mass m moving with a velocity v is
$mv?.  If the body has a charge e we have to add to this energy

2
63—22, so that the total energy of the system is

2
%<m'+§(‘;—>v2, e . ®

and it therefore appears that the mass of the moving charged body
2
is m’—}-g—z instead of only =/, the mass of the uncharged body.

The second term represents the electromagnetic mass. The
quantity a is what we may term the radius of the electron. This,
however, does not necessarily mean that the electron is a well-
defined sphere of radius a; all it means is that where an electron
manifests itself the modification of the ether is such as would
exist if a charge e¢ were uniformly distributed over the surface
of a sphere of radius equal to a. The quantity a merely represents
one of the limits of integration arbitrarily assumed in summing
the total magnetic energy in the whole space through which the
electron moves.

In deriving the above expression for the energy of the moving
electron, it was assumed that the field of the moving electron
is the same as that of the stationary electron. This is, however,
only the case if the electron moves slowly, because when a Faraday
tube is moved it tends to set itself at right angles to the direction
of motion. The tubes constituting the electron therefore tend to
crowd together in a plane perpendicular to the direction of motion
of the electron. The result is an increase in the inertia or mass
of the electron, because more work must be done to move a
Faraday tube parallel to itself than along its own direction, just
as it is harder to move a log of wood in the water parallel to
itself than to move it endwise. This increase in the mass of the
electron only becomes appreciable when it moves with a speed
greater than about one-tenth that of light; for speeds less than
this the expression (2) can be taken to give the mass of the elec-
tron to a first approximation, but for higher speeds the deter-
mination of the mass becomes more complicated. The mass of
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the electron is measured by the ratio of the force to the accelera-
tion to which it gives rise. According to the theory of Abraham
and Lorentz the electron has two masses: the longitudinal mass,
when it is accelerated in the direction of motion, and the trans-
verse mass, when it is accelerated perpendicular to the direction
of motion of the electron. If m represents the mass of the slow-
moving electron, then the longitudinal and transverse masses
my and m; are given by

m_ 1 7 mg_ 1
m [, A\ m [, A\~
(-5) (1-%)

where c is the speed of light. It is seen that as the speed of the
electron approaches that of light, its electromagnetic mass tends
to become infinitely large. The transverse mass of the high-
speed electron for various speeds has been determined by Kauf-
mann and Bucherer.! Their experiments verify the above ex-
pression for the transverse mass. From this it would seem that
the mass of the electron is entirely electromagnetic. Later
developments of the Theory of Relativity have rendered this con-
clusion somewhat questionable, so that there does not seem to be
definite experimental evidence to indicate that the electronic
mass is entirely electromagnetic.2

On the assumption that the mass is entirely electromagnetic
equation (2) would give the following expression for the simple
mass of the slow-moving electron.

2¢2 .
7R 3)
If the known values of ¢ and m are inserted in this expression
we find a value for a which is 2X 10713 em. This effective radius

of the slow-moving electron is therefore only about one fifty-
thousandth of the radius of the hydrogen atom.

1W. KaurMmaNN, Goott. Nachr. Math.-Phys. Kl., p. 143, 1901; p. 291,.
1902, p. 90, 1903. For later experiments of KAurMaNN, Ann. d. Phys.,
Vol. 19, p. 487, 1906. A. H. BucHERER, Phys. Zeitschr., Vol. 9, p. 755, 1908.

2 For a discussion of this and allied questions, the reader might refer to
H. A. Lorentz, “ The Theory of Electrons’” and L. SiLBERsTEIN, “ The
Theory of Relativity.”
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6. Effect of Electric Field on the Motion of an Electron.
To find the effect of an electric field on an electron is a compara~-
tively simple matter as long as the field is uniform. Suppose we
have two infinitely large parallel plates OY and QR (Fig. 3) with
a potential difference V between them,
and let the electron be projected with ¥

a velocity vo from the point O in the P

direction 0Q. On account of the -
electric field between the plates the L7

velocity of the electron will be con- xd —_

tinually increased on its way to Q.
The kinetic energy of the electron at
the moment of its leaving O is imwo?; 3
if its velocity on reaching @ is v its
kinetic energy at Q will be 3mv?. The Fia. 3.
difference in these values of the kinetic ‘
energy is due to the applied electric field. If E is the intensity
of the field at a point between the plates, the force acting on the
- electron is Ee and the work done on it is e f Eds, where ds is
an element of the path along 0Q. But Eds=dV, the potential
difference between the ends of the element of path ds.

Hence

efEds= Ve=23mv?— jmu® 4)

Now, suppose the electron be projected with a velocity v
in the direction OP, where OP makes an angle ¢ with the direction
0Q of the field. Since the only force acting is the electric force
Xe, we have for the equations of motion:

-

Y=0

PO I

where m is the mass of the electron, e its charge and X the intensity
of the field which is supposed to be constant and uniform between
the plates. The Y component of the initial velocity is v sin ¢,

so that
y=volsing. . . . . . . . . . . (6)
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Integrating (5) and inserting the value of ¢ from (6) we get:

_ Xe y?
“om vo? sm2

+ycotep. . . . . . (7

This equation gives the point R at which the electron will
strike the plate QR when the distance x between the plates and the
intensity of the field are known. If the electron starts from O
in the direction OY, ¢ is 90° and equation (7) becomes

_ Xey? -
2mvo

®)

This equation enables us to calculate the deviation z of an electron
from its path by an electric field perpendicular to the original
direction of motion of the electron.

So far we have assumed that the lines of force between the
plates are straight. If this is not the case the motion of the
electron is not easily determined. The case in which the electron
moves from a straight wire to a plate is one in which the field is
not uniform. Such cases are frequently met with in the study
of discharge through vacuum tubes, and the problems involved
become so difficult that the desired result is often more easily
determined empirically. Such is, for example the case with the
three-electrode thermionic amplifier. The classification of cases
dealing with electric fields that can be represented by straight
lines of force and which can be handled mathematically is a purely
geometrical matter. Such fields are obtained with the following
structures: (a) Both electrodes are infinitely large parallel
plates; (b) one electrode is an infinitely long cylinder and the
other an infinitely long wire in the axis of the cylinder; (c) both
electrodes are infinitely long co-axial cylinders; (d) one electrode
is a sphere and the other a point in the center of the sphere; (e)
both electrodes are concentric spheres. It will be recognized that
in all these cases the lines of electric force are straight.

7. Effect of Magnetic Field on the Motion of an Electron.
Now, instead of an electric field let us apply a magnetic field
to the moving electron. As was shown above an electron moving
with a velocity v is equivalent to an electric current :=ve. We
can therefore directly apply the well-known law connecting the
mechanical force F exerted by a magnetic field of intensity H on
a current 7; namely, F=uH¢, where  is the permeability of the
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medium. Since we are considering the motion of an electron
through space we can put =1, so that the force on the electron is

F=Hew. . . . . . . . . (9

This force is at every instant at right angles to both the direction
of motion of the electron and that of the magnetic field. Thus,
referring to Fig. 3, if the electron starts in the direction OX and
the magnetic field be perpendicular to the plane of the paper
and directed downwards, the electron will be deviated from OX in
the direction OY’. Now, when the force acting on a body is
always at right angles to its direction of motion the body must
describe a circular path, the force being given by
my?

F——r—.........(IO)
where r is the radius of curvature. Hence, we get from (9) and
(10):

my
T—Fe. e e e e e e e (11)

This equation shows how strong the magnetic field must be to
make the electron travel in a circle of any desired radius.

Equation (11) expresses an interesting and useful result.
We shall mention a few of its applications here. We saw above
that a moving electron creates a magnetic field whose lines of force
are circles having their centers along the path of the electron.
Now consider two electrons moving side by side in the same direc-
tion. Obviously the magnetic field produced by each must
exert a mechanical force on the other in the sense explained above.
A consideration of the directions of these mechanical forces will
show that the two moving electrons tend to attract each other.
This result is not contrary to the fundamental law of electrostatics
that like charges are repellent. The mutual attraction exerted by
the electrons is due only to their motion and increases with their
velocity. If they moved in opposite directions they would repel
each other. It follows from this that an electron stream in a
vacuum tube would tend to shrink together if the velocity with
which the electrons move become sufficiently high, the shrinkage
increasing with the velocity with which the electrons comprising
the stream move. In ordinary cases the velocity of the electrons
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in a vacuum tube is so small (of the order of a million centimeters
per second) that the shrinkage of the electron stream due to the
reduction in the mutual electrostatic repulsion is inappreciable.
If the electron source in a vacuum tube is a hot cathode the
electrons are emitted from it in all directions: the electron stream
will therefore generally spread out ‘as the distance from the
cathode increases. This spreading can be prevented by means of a
magnetic field applied in a suitable way to the stream. In Fig.
4 let C be the hot cathode, P an anode and A an electrode with
an aperture in its center. Let A and P be connected and a poten-
tial difference applied between them and the cathode. Of the
electrons moving away from the cathode some go to A and some
shoot through the aperture in A and pass on to P, Between C

[

Fic. 4. Fia. 5.

and A their velocity will be continually increased by the electric
field existing between C and A, but after passing A they will
continue to move with the same velocity which they had on
reaching A, since A and P are at the same potential. If now a
magnetic field in the direction AP be applied by means of a coil
as shown in the figure, it will be seen, by applying the above laws,
that the electrons will travel along a helical path, the diameter
of which decreases as the strength of the magnetic field is in-
creased. In Fig. 5, H represents the direction of the magnetic
field, F the direction of the force on the electron, and S the path
of the electron, which is at right angles to F and H. The motion
due to the force F, when added to the primary motion in the
direction of H, which the electron has when passing through the
aperture in A of Fig. 4, results in the electron describing a helical
path. If the magnetic field be made sufficiently strong the
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diameter of the helix can be made so narrow that the electrons
practically travel in a straight line along the axis of the tube.

The study of the motion of an electron in a magnetic field
has been successfully applied to the determination of the mass of
the electron. Referring to equation (8) it is seen that if we know
the velocity »p with which an electron moves and determine
experimentally the extent y to which the electron stream is de-
flected by an electric field X whose direction is at right angles
to the direction of motion of the electron, we can calculate the

value of "%. In order to obtain the velocity all that is necessary

is to apply a magnetic field in such a way as to counterbalance the
deflection of the electron stream caused by the electric field. Then
the magnetic force given by equation (9) must be equal to the
electric force eX, Hence

vo=§.........(12)

Millikan has accurately determined the value e of the electroniv
charge.! Hence, knowing e and % we can obtain the mass m or

the electron. This value has been found to be 9.01X 10728 grm.
8. The Accelerated Electron. Radiation. We have seen that
an electron possesses inertia. From this it follows that in order
to accelerate an electron work must be done on it and if it is
retarded in its motion it must give up part of its kinetic energy.
If the inertia of an electron is wholly electromagnetic the work
done in accelerating it is work done on lines of force. Suppose a
charge with its connecting lines of force moves through space
with a uniform velocity. If this charge is suddenly retarded the
ends of the lines of force terminating on it will be, so to speak,
jerked backwards. In accordance with the properties of lines
of force this kink created at the end of the line will not be trans-
mitted along the whole line instantaneously but will be propagated
along it with a finite velocity—the velocity of light. These kinks
in the lines are the seat of that part of the energy which the
electron gives up when retarded. It can be shown that the
electric and magnetic forces associated with a kinked line are
more intense than those associated with a straight line. In

1R. A. MiLLikaN, “ The Electron,” University of Chicago Press, 1917.
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the latter case the electric force at a distance r from the center
of the electron is r% electrostatic units, or i—g electromagnetic

units, ¢ being the velocity of light, and the magnetic force that
given by equation (1a). If, however, an electron be retarded the
electric and magnetic forces £ and H at a point distant r from
the center of the electron at the moment the kink passes through
that point are:

E_efsin 6
T (13)
H=ef sin 6 } ’ )
re

where f is the acceleration and 6 the angle between the r and
the direction of motion of the electron. E and H are at right
angles to each other and to the direction of propagation of the
kink in the line. The energy radiated by the electron is there-
fore radiated as electromagnetic encrgy with the speed of light.
2

The total amount of energy radiated by the electron is gf—cf—z

If now such an electromagnetic disturbance passes over an
electron moving with uniform velocity the electric and magnetic
fields associated with it will be modified by the intense fields in
the disturbances and this modification is propagated to the center
of the moving electron along the lines of force constituting it.
The result is a change in the motion of the electron. It is seen
therefore that the energy of a moving electron can be transformed
in;o radiation energy and vice versa, the transformation always
taking place when the electron is retarded or accelerated. This
result is an important agency in the production of dislodged elec-
trons, that is, electrons in such a state that they can be readily
utilized for purposes of discharge in vacuum tubes. An electron
which is bound to an atom of a gas or vapor, or to a substance,
can be dislodged by passing an electromagnetic disturbance in
the form of light or X-rays over it, in which case the energy
imparted to the electron may be so great that it can overcome
the forces that bind it to the atom or substance.

A bound electron can also be dislodged by arresting the
motion of a high-speed electron in its neighborhood. In this case
the kinetic energy of the moving electron is first transformed into
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energy of radiation, part of which is in turn transferred to the
bound electron.

9. Relation between Space Charge and Potential Distribution.
In dealing with the conduction of electricity by dislodged electrons
or positive ions, it is necessary to consider the effect exerted by
their presence on the potential distribution between the electrodes.
The difference between the number of electrons and positive ions
in unit volume, multiplicd by the charge per ion, is usually referred
to as the space charge or volume dengity of electrification.

If, in the space between two electrodes, there are no positive
ions, and 7 electrons, and if the charge on the positive ion and the
electron be ¢o and e, then the distribution of potential between
the electrodes can be expressed by

2 2 2
%g—}-% %T‘;=41r(ne—noeo), N ¢ 1))
where V is the potential at a point having the coordinates z, y
and z. This equation is known as Poisson’s equation. It has been
used extensively in investigations dealing with the conduction of
electricity through gases and high vacua.

In applying this equation to the case in which the charges
are contained between two infinitely large parallel plates, between
which a potential difference is applied, the lines of force are
straight and everywhere perpendicular to the plates, so that the
equipotential surfaces are planes parallel to the plates. The last
two terms on the left-hand side of equation (14) therefore vanish
and we get

BV
dZ = r(ne—noeo)=4rp, . . . . . (15)
where p is the volume density of electrification or space charge.

If there arc no free charges between the plates, or if the total
positive charge in every volume element is equal to the total

negative charge, we have ne—nyny=0, and %/=constant. We

then have the simple case of infinitely large parallel plates at dif-
ferent potentials, but with no charges between them, in which
the potential at different points is a linear function of the distance
z from one plate. For the case of high vacuum tubes in which the
current is carried almost exclusively by electrons, np=0 and
p=ne.



CHAPTER II

DISLODGMENT OF ELECTRONS FROM ATOMS OF
VAPORS AND GASES. IONIZATION

10. Occurrence of Electfons. In this and the following
chapter will be discussed the conditions in which electrons
normally exist and the means whereby they can be brought into
such a state that they are readily available for discharge in
vacuum tubes.

Since all charged bodies attract, or are attracted by, oppositely
charged or uncharged bodies, it is to be expected that there are
comparatively few electrons floating around free in nature.
By far the larger number of electrons exist as the building stones
of which all matter is built up, and they are held in this condition
by very strong forces. These forces are due to the positive elec-
trons in the nuclei of the atoms. Such atomic systems, con-
sisting of electrons and positive electrons, are electrically neutral
and are not affected by an electric field. The fact that the
conductivity of a gas or vapor is very small is an indication that
there can only be very few electrons in the gas or vapor that are
not bound in electrically neutral systems. In the case of con-
ducting solids the number of electrons that are free, or that can
readily be made free by the application of an electrie field, is com-
paratively large, so that such solids are said to be good conduc-
tors of electricity. But such electrons cannot be said to be dis-
lodged. They are only available for discharge through conductors
and not for discharge between conductors separated by a gaseous
or vacuous medium. For the latter purpose they must be dis-
lodged not only from the atoms in the substance but also from the
substance itself.

11. Jonization. The process of the production of dislodged
electrons is known as ionization. In all cases this process involves
overcoming the forces that hold the electrons in the atoms or in
the substance. In accordance with the properties of electrons

16
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described in the preceding chapter it will be evident that this can
be done in three ways, viz.: (a) by méans of the impact of electrons
or positive ions on the atoms or substance; (b) by means of electro-
magnetic radiation: (¢) by means of heat. The first of these
three processes gives rise to the phenomenon of delta rays, or
secondary electron emission, the second gives rise to the so-called
photoelectric effect, and the third forms the basis of the subject
of thermionics. The present chapter will be devoted to a dis-
cussion of the phenomena accompanying the dislodgment of
electrons from the atoms of vapors and gases, the problems of the
dislodgment of electrons from solid substances being reserved
for the next chapter.

12. Constitution of the Atom. Although very little is known
about the exact nature of the processes going on in an atom when
its equilibrium is disturbed, there are nevertheless a certain num-
ber of experimentally determined facts giving rise to theories
that successfully account for many of the phenomena encountered
in the ionization of atoms.

There is very little doubt but that the atom consists of a number
of electrons grouped around a number of positive electrons.
The absolute value of the positive electronic charge is the same
as the electron, but its mass is 1845 times as great. The positive
electrons in an atom form the atomic nucleus, while the electrons
are separated from the nucleus by distances that are large compared
with their size. For our present purposes it does not matter how
these mutually repellent positive electrons are held together in
the nucleus; it is likely that they are held together by electrons
so that the nucleus really consists of a group of positive and nega-
tive electrons having a resultant positive charge equal to the sum
of the electronic charges outside the nucleus. There is reason to
believe that the electrons grouped around the positive nucelus
revolve in nearly circular orbits round the nucleus. If the elec-
trons did not revolve, the force of attraction between them and the
nucleus would cause them to drop into the nucleus. On the
other hand, it follows from ordinary mechanics that when an elec-
tron revolves round a positive nucleus it must be constantly
accelerated and must therefore be constantly radiating energy.
In such case a simple system like the hydrogen atom, which con-
sists of a single positive and one negative electron, would radiate
all of its energy in such a short time that it really could not exist
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at all. An attempt to overcome this difficulty has been made by
Bohr by making an assumption which frankly repudiates New-
tonian mechanics for atomic systems. Bohr assumes that although
the electron revolves round the positive nucleus, it does not
radiate any of its energy as long as it remains at the same distance
from the nucleus, energy being only radiated or absorbed when
this distance is decreased or increased, and this happens only
when the distance is changed by definite amounts so that the
energy is radiated or absorbed in definite quanta. Bohr’s atom
has been successful in explaining and predicting a number of
phenomena, but although there is an element of truth in it, it is
still far from the whole truth. We shall therefore not enter into
any further discussion of it. Suffice it to say that the necessity
for introducing such assumptions as Bohr’s, and the assumption of
energy radiation by definite quanta, which was originated by
Planck, seems to indicate that in dealing with atomic systems
we can apply the Newtonian system of mechanics only when the
atoms are in a steady but not in a varying state. Since Newtonian
mechanics was built up on an experimental basis of large-scale
phenomena, one would not necessarily expect it to give an explana-~
tion of atomic phenomena.

But apart from the question of the behavior of the electrons
in the atom, recent experiments have given conclusive evidence
that the atom consists of a number of electrons held together in
some configuration by a heavy positive nucleus. The total
charge of the nucleus is equal to the sum of the charges of the
electrons, so that the atom is electrically neutral. The total
positive charge, or the number of electrons, determines the chemi-
cal nature of the atom. Starting with the lightest known element,
hydrogen, all the elements with a few slight deviations are obtained,
in the order of their atomic weights, by successively adding one
electron and the equivalent positive charge.

The process of ionization consists in the detachment of one or
more electrons from the atom, thus leaving the atom positively
charged. An atom from which one or more electrons have been
removed is known as a positive ion. If the atoms of a gas be
ionized and a potential difference be applied between two plates
immersed in the gas, the positive ions will move, under the in-
fluence of the electric field, to the negative plate and the electrons
to the positive plate. If the pressure of the gas is not too low
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and the speed of the ions or electrons not too high, the electrons
that have been detached from the atoms will attract other neutral
atoms and thus form negative ions, and these will move to the
positive plate. A negative ion is therefore an atom which has
more electrons than are necessary to balance the charge due
to the positive nucleus.

In order to ionize an atom the forces that hold the electrons
to the nucleus must be overcome. These forces depend partly
on the distance between the electron and the positive nucleus.
Considering the case of an atomic system, consisting of a single
positive and one negative electron, the mass of the former being
very much larger than that of the latter, the electron can revolve
round the positive electron, or escape from it, according as its
kinetic energy is smaller or greater than its potential energy, and
in the formation of the system a certain amount of work is done
by the electrical forces until this equality is attained. This energy
of formation therefore gives a measure of the work which must be
done to remove the electron from the nucleus, and will be greater
the smaller the distance between the electron and the nucleus.
Secondly, the work necessary to remove the electron depends on the
number of electrons grouped round the nucleus, and on the con-
figuration of the system. It can be seen in a general way that if
there are a number of electrons grouped, for example, in a ring
round the nucleus, the repulsion exerted by the other electrons
would make it easier to remove an electron than would be the case
of a system consisiing of only one electron and one positive
electron. Now, the way in which the electrons are grouped
depends upon the number of electrons in the atom. If they are
grouped in rings the heaviest atom that can have all its electrons
in one ring only is that which contains eight electrons, namely, the
oxygen atom. Heavier atoms would then have their electrons
arranged in two rings, still heavier in three rings, and so on. It
can therefore be seen in a general way that it would require a
smaller expenditure of energy to detach an electron from an
oxygen atom than from an atom of hydrogen.

13. Radiation from Atoms caused by Bombardment of Elec-
trons. Let us now look into the process of ionization in greater
detail. Suppose we have a tube containing mercury vapor and
two electrodes, A and B, one of which is a source of electrons.
Let a potential difference be applied between the electrodes so that



20 THERMIONIC VACUUM TUBE

the electrons are driven from the one to the other, say, from A4 to B.
On their way these electrons will collide with some of the atoms
of the vapor, the velocity with which they collide increasing
on their way in virtue of the electric field between the electrodes.
If the electrons start with zero velocity from the electrode A,
their velocity v after having dropped through a potential difference
V is given by Ve=1m?, where ¢ is the electronic charge. Now,
it has been found! that as long as the electrons strike the atoms
of the vapor with a velocity which is less than that corresponding
to a drop through a certain definite voltage, which, in the case of
mercury, is about 5 volts, they are reflected from the atoms with-
out any loss of energy. The impact is therefore elastic. If,
however, the electrons strike the atoms with a velocity greater than
this value, they lose part or all of their energy, and at the same
time the atom radiates energy in the form of monochromatic
light. The frequency » of the light radiated is given by the
following relation:

Ve=hv . . . « . . . .

where V is the voltage through which the electron has dropped,
and h is Planck’s constant of action. The product h» has the
dimensions of energy. The above equation expresses one of the
most important relations of modern physics. It was not derived
from the impact experiments of Franck and Hertz just men-
tioned; these experiments give only one of the experimental
verifications of the relation. It was originally deduced by Ein-
stein on the basis of Planck’s quantum theory of radiation. Ein-
stein’s equation will be more fully discussed when we come to con-
sider the photo-electric effect.

The emission of light in the form of monochromatic radiation
is due to the electron in the atom not acquiring sufficient energy
from the colliding electron to get out of reach of the forces of
attraction of the nucleus, and it consequently drops back to its
original position, thus giving up the energy, in the form of mono-
chromatic radiation, which it has acquired from the colliding
electron. The frequency of the light emitted is characteristic
of the atom and is referred to as characteristic radiation. All
known atoms have a large number of characteristic frequencies.

! Franck aND Hertz, Verh. d. D. Phys. Ges., Vol. 16, pp. 457 and 512,
1914.
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These frequencies form the line spectra observed in the discharge
through gases and vapors.

The blue glow observed in vacuum tubes that are not well
evacuated is due to the impact of electrons on the molecules of the
residual gas and is the resultant of a large number of character-
istic frequencies emitted when the electrons in the atoms that are
displaced by the colliding electrons drop back to their original
positions of equilibrium. Whenever the blue glow appears some of
the electrons in the atoms are displaced beyond the forces of attrac-
tion of the atoms and take part in the current convection through
the tube. This process of completely detaching electrons from the
atoms by means of colliding electrons is known as tonization by
collision. The blue glow in vacuum tubes is therefore always
an indication that ionization by collision takes place.

As was explained in the first chapter, an electron can also
acquire energy from a light wave passing over it. And since
the energy in a wave and the energy of an electron are related as
shown by equation (1), it follows that a wave of frequency » can
produce the same effects explained above that are produced by an
electron that has dropped through a voltage V, where V and »
are related by equation (1).

14. Ionization Voltage and Convergence Frequency. The
least energy with which an electron must collide with an atom
in order to completely detach an electron from the atom of any
gas or vapor is known as the ionization energy of the gas or vapor.
This amount of energy is usually expressed in terms of the voltage
through which the electron drops before it collides with the atom,
and is then referred to as the Zonization wvoltage. The ionization
voltage is the ionization energy divided by the charge of the elec-
tron.

When an electron in the atom is displaced to such an extent
that the force of attraction of the parent atom just manages
to pull it back to its original position within the atom, a character-
istic radiation is emitted whose frequency is known as the converg-
ence frequency. It is the shortest wave length that can be emitted
by the most loosely-bound electrons in the normal atom. Apply-
ing equation (1) we can, if we know the convergence frequency,
compute the ionization voltage. This relation is important be-
cause it is often easier to obtain the ionization voltage by measur-
ing the convergence frequency from observation of the line spectra
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of the gas or vapor than by measuring the ionization voltage
itself. Direct determinations have been made of the ionization
voltage of various gases and vapors, but there is reason to believe
that most of the values obtained are not reliable. The following
values of the ionization voltage, computed from the convergence
frequencies, give an idea of the order of magnitude of this important
quantity.

Substance. Ionization Voltage

Volts.
Mercury vapor.. . ....coveiiieiineienenn.. 10.4
ZINC VAPOT. . . ot ittt e it teeeaeeteanen s 9.24
Magnesium vapor. . . .......ceiveunneen ... 9.13
Calcium vapor. .......ooiviieeeinneeenn ... 9.96
Helium ......... .. i iiiiiiiini .. 29.00
Hydrogen............ccooiiiiiiiiiiinnn.. 13.6

Since an electron can ionize a gas atom after having dropped
through the ionization voltage of the gas, it follows that in a vac-
uum tube which contains some residual gas, ionization always
takes place if the voltage applied between cathode and anode
exceeds the ionization voltage. Now, it is impossible completely
to remove the last traces of gases and vapors from a vacuum tube.
Hence, in thermionic tubes operating on applied voltages greater
than those given in the above table some ionization by collision
always takes place, although the amount of ionization in well-
evacuated tubes may not be large enough to cause an appreciable
effect on the operation of the tube. A discharge which is carried
entirely by electrens is a pure electron discharge. When the term
is applied to the discharge through vacuum tubes, as actually
realized in practice, it does not necessarily mean a discharge which
is carried entirely by electrons, but one in which the number of
positive ions formed by collision ionization is so small as not to
have any appreciable influence on the operation of the tube.



CHAPTER III

DISLODGMENT OF ELECTRONS FROM SOLID
SUBSTANCES

15. Free Electrons. If a substance contains electrons that are
not bound to atoms to form electrically neutral systems, the sub-
stance must be conducting, because if it were placed in an electric
field the free electrons would move in the direction of the field
and thus establish a current in the substance. In order to account
for the conductivity of metallic substances the assumption has been
made that metals contain a large number of free electrons. This
assumption has been questioned. On the other hand, the fact
that a substance conducts electricity indicates that it must enable
electrons to pass freely through it under the application of an
electric field. It is possible that the conductivity of metals is
due to the frequency of collision of the atoms of the metal with each
other. When two atoms collide there is a chance that an electron
originally belonging to one of the atoms comes so well within the
field of force of the other atom that it is attracted with equal
forces by both atoms, so that the resultant force on the electron
is very small. The electron would therefore be essentially free
at that moment and if the metal were placed in an electric field
by applying a potential difference between its ends, the electron
would move in the direction of the field. This would, of course,
leave one of the atoms positively charged, but its loss would
mmmediately be compensated for by électrons coming from the
source of potential difference. On account of the frequency
of collisions of the atoms in the metal a large number of electrons
can thus be set free and made to move along the lines of force of
an applied field. In the case of gases where the atoms are rela-
tively far apart, the chance of this happening is very small, so that
a gas is not a good conductor of electricity.

16. Force that Holds Electrons in Substance. The electrons
and atoms of a solid substance, like the atoms of a gas, possess

23
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kinetic energy and are in a constant state of motion. Now,
if the electrons in a substance possess kinetic energy the ques-
tion arises why do they not escape from the substance. The
answer to this question is an assumption that there exists
at the surface of the substance a force which tends to keep
the electrons in the substance. Being an assumption it is
necessarily a very ursatisfactory answer. But there is a good
reason to believe that this assumption, which was made by O. W.
Richardson in 1901, is one which did not lead us astray. In fact
recent developments regarding the structure of the atom lead us
to believe that such a force which tends to hold electrons in a
substance must necessarily exist at the surface of the substance,
and Richardson’s assumption can be explained in a manner
which is entirely consistent with our physical conceptions. In
order to escape from the surface of the substance an electron
must do work in overcoming the force which tends to hold it in the
substance, and this amount of work it does at the expense of its
own kinetic energy. For all known substances the work which
an electron must do to escape, and the amount of kinetic energy
possessed by the electrons in the substances are of such order of
magnitude that only very few electrons manage to escape at
ordinary temperatures. By far the larger number of them would
have to expend more energy than they possess, so that they are
held within the substance.

The work which an electron must do to escape from the surface
of a substance is sometimes referred to as the “ electron evaporation
constant.” Generally it is expressed in terms of equivalent volts.
The evaporation constant w and the equivalent voltage ¢ are con-
nected by the relation

O=T, o ()
where e is the electron charge. We shall in the following refer to ¢
as the electron affinity. This quantity is the most important con-
stant in thermionics. It determines the thermionic current that
can be obtained from any particular type of cathode at any desired
temperature, and is characteristic of the substance used as cathode.
The smaller ¢ is, the larger is the thermionic current that can be
obtained. It is desirable that cathodes be used in thermionic
tubes for which ¢ is as small as possible, because the power that
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must be dissipated in the heating of the cathode to obtain a definite
thermionic current decreases as ¢ is decreased. This implies
economy of operation as well as increased life of the tube, be-
cause of the lower temperature at which the cathode can be
operated. The coated type of cathode (Wehnelt cathode) is an
example of a cathode that has been so treated as to obtain a low
value of the electron affinity.

To obtain a better insight into the nature of the electron
affinity, let us consider an evacuated enclosure divided into two
parts A and B by a surface S. Let A and B each contain a number
of electrons and suppose that the electrons in B can pass freely
through the surface into 4, but in passing from A to B they must
do a certain amount of work w. The electrons in A and B possess
kinetic energy like the molecules of a gas; they will therefore
move about at random, continually passing through the surface S
in either direction. The steady state will be reached when as many
electrons pass per second from A to B as from B to A. When this
state is attained there will be more electrons in A than in B.
The relation between these numbers is given by Boltzman's
equation:

n=Ne’T or w=leog]nX, A )]

where N and n denote the number of electrons per unit volume in
A and B respectively, T the temperature cf the system, w the work
which an electron must do to move from A to B and k the gas con-
stant per electron, sometimes referred to as Boltzmann’s constant.
This constant k is two-thirds of the average kinetic energy which
an electron possesses at a temperature of 1° absolute and is equal
t0 1.36 X 10716 erg.

We can now replace the part A within our enclosure by a metal,
so that the surface S is the surface of the metal. The replacement
is entirely in accordance with our fundamental assumption that in
escaping from the metal an electron must do a certain definite
amount of work. The number of electrons immediately outside
the surface of the metal will then be related to the number inside
the metal by the above equation (2). It is seen then that the
number 7 that escape from the metal depend upon the two factors
T and w, and that this number increases as the temperature of the
system is increased or as w is decreased. Moreover, it is seen
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that, since both 7 and w appear in the exponent of ¢, a small
change in either of them causes a considerable change in the
number of electrons that escape from the metal. If, on the other
hand, both T and w be kept constant, the number which escapes
increases as the number of electrons N in the metal is increased.
This increase is, however, not nearly as effective as that occasioned
by a decrease in w. These considerations show the importance
of the constant w. Its influence on the phenomena encountered
in the thermionic discharges goes even further than this, as we
shall now proceed to show.

17. Contact Electromotive Force. The advent of galvanic
electricity was the discovery by Volta, over a hundred years ago,
that when two pieces of different metals were placed in contact
and then separated they acquire electric charges. If the two
pieces of different metals were placed in an electrolyte and joined
by a wire outside the electrolyte a current is established in the
circuit so formed. The nature of this force which drives elec-
tricity round the circuit and is known as contact electromotive
force was never understood until recently. It was only in the last
two decades that it was shown conclusively, mainly by O. W.
Richardson and P. Debije, that the contact electromotive force
is an intrinsic property of metals and is determined by the electron
evaporation constant w. The connection between the contact
E.M.F. and the evaporation constant w can be gathered from the
following. Since an electron must do work in escaping through
the surface of a metal, it follows that two points, one outside of
the surface and the other inside, must be at different potentials.
This difference of potential is given by equation (1). Now suppose
we have two slabs of different material, such as copper and zinc.
Let them be connected by a copper wire as shown in Fig. 6, and let
the number of electrons per unit volume in the copper and zinc
be, respectively, N1 and Na. Since the two pieces of metal are
metallically connected all points in the metallic circuit must be
at the same potential, except for a very small potential difference
which occurs at the junction AB of the two metals. Let the
circuit be grounded, so that it can be considered to be at zero
potential. Let the work which an electron must do to escape from
the copper slab be w1, so that in moving from the metal to a point
just outside the surface its potential changes from zero to a value
Vi1, say. Let the corresponding values for the zinc slab be ws
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and Vs, and let us see how much work must be done in moving
an electron from a point in the copper through the space to a point
inside the zinc. In moving through the surface of the copper an
amount of work, w;, must be done by the electron. In moving
from here to a point just outside the zinc surface it does an amount
of work equal to (V1— V2)e, where e is the charge of the electron,
and in moving through the surface of the zinc slab the work done
is —ws. The total amount of work done is therefore

w1+(V[ - Vg)e—’u&..

Cu zn

\

N

N

A
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Fia. 6.

Now, since the number of electrons per unit volume in the copper
and the zinc is N1 and Nq, respectively, we have by equation (2):

VI—V2=£CZI R

The term k—g—’ log % gives rise to the small E.M.F. set up at the
2

junction AB of the metals and accounts for the Peltier effect.
It is so small in comparison with the other terms in equation (3)
that it can be neglected. Hence, referring to equation (1), it
follows that

Vi—Ve=¢1—¢2. . . . . . . (4)

The difference Vi~V is called the contact potential difference
between the two metals, and, as is seen from equation (4), it is
equal to the difference between the electroa affinities of the metals.
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18. Measurement of Contact EXM.F. That this difference of
potential actually exists between the two metals can be shown in
the following way: Suppose the circuit be cut at a place C, and
the two ends connected to the quadrants of a quadrant electrom-
eter. Let us connect one of the plates (say, the copper plate)
and the corresponding pair of quadrants to ground, while the other
side of the system remains insulated. The system constituted by
the plates Cu and Zn, and the quadrants, has a definite electro-
static capacity depending on the distance between the plates.
If the plates first be placed close together and then jerked apart,
the capacity of the system will change, and if a potential differ-
ence exists between the plates the electrometer will show a deflec-
tion. If the potential difference is P and the deflection d;, the
sensitivity of the measuring system is given by

_dl
S—I—J.

Now, instead of directly grounding the copper plate, let it
be connected to ground through a battery which maintains it at
a constant potential ¥, so that-the potential difference between the
two platesis P+V. If the plates are now placed the same distance
apart as they were initially in the first operation, and then again
pulled apart to the same extent as before, the electrometer will
show a different deflection dz, and the sensitivity of the measuring
system is now given by

—_ d2
S_P-}-V'

Equating these two expressions for the sensitivity, the contact
potential difference P between the two plates is:

_y_d
P_de—dl'

We shall see later that the contact potential difference, and
hence also the electron affinity, depends very much on the nature
of the surface of the substance. It can be modified very appre-
ciably by gas occluded in the surface. The notable effect of gas
has led some to believe that the contact potential difference is not
an intrinsic property of metals but is occasioned entirely by the
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presence of gas. There is, however, no doubt but that contact
potential difference must exist between metals in the best obtain-
able vacuum, and that it is determined by the electron affinity.
A film of gas on the surface of the substance can increase or
decrease the electron affinity and so change the contact potential
difference between it and another substance. It will be shown
later that this also produces a change in the thermionic current
obtainable from the substance. Thus, when hydrogen is occluded
in the surface of platinum the work which an electron must do to
escape from the surface of the platinum is decreased, while
oxygen occluded in the surface of calcium increases it.

The following table gives the electron affinities for a number
of substances,! expressed in volts:

Tungsten.. ......... 4.52 Zinc............... 3.4
Platinum. .......... 4.4 Thorium. .......... 3.4
Tantalum.......... 4.3 Aluminium. . .. ..... 3.0
Molybdenum. . . . ... 4.3 Magnesium. . . . ... .. 2.7
Carbon............. 4.1 Titanium.. ... ... ... 2.4
Silver. ............. 4.1 Lithium............ 2.35
Copper............. 4.0 Sodium. ........... 1.82
Bismuth............ 3.7 Mercury........... 4.4
Tin................ 3.8 Calcium............ 3.4
Iron............... 3.7

The difference between any two of these values gives the con-
tact potential difference between the corresponding substances.

We shall see that the contact potential difference plays an
important part in thermionic amplifiers and detectors of electro-
magnetic waves that are so designed as to operate on small plate
voltages.

The values of electron affinities given in the above table are
of such order of magnitude that under normal conditions only very
few of the electrons in the substance possess sufficient kinetic
energy to enable them to escape by overcoming the force of attrac-
tion at the surface. In order to make use of electrons for the
purpose of discharge through vacuum tubes they must first be
dislodged from the parent substance.

We shall now proceed to a discussion of the agencies whereby

! Most of these are averaged values compiled by Langmuir (Trans. Am.
Electro-chem. Soc., Vol. 29, p. 166, 1916) from measurements of RicHARD-
80N, MiILLikAN, HENNING, LANGMUIR, and others.
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the dislodgment of the electrons can be effected. As was stated
in Section (11) these agencies are: (1) heat; (2) electromagnetic
radiation, and (3) impact of electrons. These agencies form the
basis of the subjects of Thermionics, Photo-electricity and Second-
ary Electron Emission, respectively.

19. Elements of Thermionics. The first of these agencies
which is the most important for our immediate purposes has been
known for a considerable time. In fact, it has been known for over
one hundred years that when a metal is brought into a state of
incandescence the air in its neighborhood becomes a conductor of
electricity. The phenomenon was studied in detail by Elster
and Geitel during the years of 1882-1889. They found that
when a metallic filament was placed near a plate the latter acquired
a charge when the filament was heated to incandescence. At red
heat the plate acquired a positive charge, but when the tempera-
ture of the filament was raised to white heat the plate charged up

negatively. If the filament and plate

were placed in an enclosure which could

be evacuated, the tendency for the plate

m F to charge up negatively was increased.

f This effect also came to the notice

H of Edison in 1883. He noticed that if

a metallic plate be inserted in the

vacuous space of an incandescent lamp
and this conductor be connected to the
| positive end of the filament, a current
was established in the shunt circuit so
/e formed, namely, the circuit PFG (Fig.
7). But if the plate was connected to
e o || e——o-"4 the negative end of the filament, the
galvanometer showed no deflection. A

—1m”l+ study of this effect, which is sometimes
[ called the “ Edison Effect” was made
Fe. 7. by J. A. Fleming in 1896,! but the true

nature of the phenomenon was not
understood unt11 the work of J. J. Thomson and O. W. Richardson.
In 1899, the former showed 2 that the phenomenon was the result
of negative electricity given off from the hot filament in the form

1J. A. FLEMING, Phila. Mag., Vol. 42, p. 52, 1896.
2 J. J. THomsoN, Phil. Mag., Vol. 48, p. 547, 1899.
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of electrons. This explained, for example, why in the Edison
effect a current was observed to flow through the galvanometer
G. When the plate was connected to the positive end of the
filament, the filament had a negative potential with respect to the
plate, and the electrons given off by the filament were driven to
the plate. Since the time of Thomson’s experiment there has been
no doubt in the minds of physicists that the carriers of electricity
from the filament are electrons, but the mechanism of the emission
of these electrons from the hot filament was not known until
O. W. Richardson ! showed, in 1901, that the electrons are emitted
solely in virtue of their kinetic energy and need no chemical reac-
tion at the surface of the filament. This result of Richardson’s
work was the first definite expression of what may be termed a
pure electron emission.

Richardson’s theory was based on an assumption that had
previously been made and successfully applied, that the electrons
in a metal, which are free to move under the influence of an
electric field, behave like the molecules of a gas, that is, they
have velocities distributed according to Maxwell’s law. It was
stated in Section 16 that these electrons are held in the substance
by a force existing at the surface of the substance. There is still
some speculation regarding the exact nature of this force which
seems to be closely related to the structure of the atoms or mole-
cules of the substance. At ordinary atmospheric temperatures
very few electrons possess sufficient kinetic energy to overcome
this force. The number escaping at such temperatures is there-
fore extremely small. - According to Maxwell’s law of velocity
distribution some electrons will at one moment have zero velocity,
others again will have extremely high velocities, while the majority
will possess velocities ranging between these two extreme values.
_Only the few electrons with the very high velocities will be able to
escape through the surface. The energy w which an electron must
expend to overcome the force of attraction at the surface is related
to the number of electrons per cubic centimeter inside and
outside the surface by equation (2). From this equation it is seen
that as the temperature is raised the number 7 of electrons outside
the surface increases. Now, in vacuum tubes we are not so much
concerned with the relative number of electrons inside and outside

10, W. RicEARDSON, Proc. Camb. Phil. Soc., Vol. 11, p. 286, 1901. Phil.
Trans. Roy. Soc., Vol. 11, p. 497, 1903,
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of the surface in the state of equilibrium as with the rate at which
they escape when they are carried away as fast as they are emitted.
This can be ascertained by applying a potential difference between
the body which emits the electrons and a conductor placed in its
neighborhood. It will be understood in the following that this
potential difference is always high enough to draw all the electrons
away as fast as they are emitted. Applying the principles of the
kinetic theory of gases it can be shown that, to an approximation
which is sufficiently close for our purposes, the number »n’ of elec-
trons that pass per unit time through unit area of the surface from
the inside is given by:
, kT

n =n 2‘”7/’”, . (5)
where m is the mass of the electron, and n is the number of elec-
trons per cubic centimeter outside the surface.

This number of electrons can be obtained in terms of the
number N per cubic centimeter inside the surface by combining
the relation (5) with equation (2). Thus:

n' = Z\f \/ KT e‘%.
2rm
n' is the number of electrons that would move per second to a
conductor which is charged positively and placed in the neighbor-
hood of the emitting substance. If e be the electronic charge,
then n’e is the saturation current per square centimeter surface
of the emitting substance, or

|e

NS

’ T 1o,
I,=n e=Ne\/§;lT/25 k (6)

or .
I;=AT"”¢7. . . . . . . . . . (D

The constant b in this equation is a temperature and is ex-
pressed in absolute (Kelvin) degrees. It is, however, more con-
venient to use the equivalent constant ¢ expressed in volts. The
relation between ¢ and b is as follows: From equations (6) and (7)
w=kb, and from equation (1) w= ¢e, where ¢ is expressed in elec-
trostatic units, or

¢=?$vvolts. B ¢ )
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Now k is the gas constant for one eleciron and is equal to
1.36X107'6, while e is the electronic charge in electrostatic

units. Hence
¢=§02—k? volts,
ie.,
¢6=8.6X10"%bvolts. . . . . « o (9)

The constant ¢ is the electron affinity, values of which for a
number of substances are given in the table on p. 29. It can
be determined experimentally with a simple device consisting of
a filament of the substance to be investigated and an anode placed
in its neighborhood, the structure being enclosed in a vessel
which can be evacuated to such an extent that the residual gas

Sorturation Current

Temperature of Cathode

Fic. 8.

has no appreciable influence on the discharge. (The influence
of gas will be considered in a later chapter.) Care must be
taken that the voltage applied between the filament and the
anode is so high that any further increase in the voltage does not
appreciably increase the current. The current obtained under
these conditions is then the saturation current given by equation
(7). If the current is observed for different values of the filament
temperature a curve is obtained such as that shown in Fig. 8.
In order to evaluate the constant b or ¢ we can take logarithms
of equation (7). Thus:
4343b

logmlg—%logloT=10g10A——17——. e e (10)



A THERMIONIC VACUUM TUBE

By plotting the expression on the left-hand side against %3
a straight line is obtained the slope of which gives b. We shall
have occasion to return to this equation when we come to con-
sider efficiency problems connected with the thermionic vacuum
tube.

It may be remarked here that the constant b can also be
determined by photo-electric means. The relation between
photo-electric and thermionic phenomena will become apparent
when we come to consider the photo-electric effect.

20. Influence of Surface Conditions on Electron Affinity.
By applying the theory of images Debije! has shown that it is
easier for an electron to escape from a sharp point than from a
smooth flat surface. The theory of images involves a purely
mathematical process that tells us little or nothing about the
nature of the processes going on when a electron escapes from a
surface and can be applied only to that part of the process when
the electron is so far away from the surface that molecular irregu-
larities in the surface can be neglected. We can nevertheless
obtain an indication of the manner in which the configuration of
the surface affects the electron emission, if we comply with the
conditions that govern the application of the theory of images.
This theory states that the force-of attraction between a charged
body and a conductor can be determined by assuming that the
force is the same as if the conductor were replaced by another
charge which is, in respect to size, shape and position, the optical
image of the first charge reflected in the surface of the conductor,
but is of opposite sign. Thus a charge —e at a distance z from a
plane surface would produce an image +e at a distance x behind
the surface. The force of attraction between the charge —e

2
and the plane surface is therefore ;—;2 and the work that must
be done to remove the charge from a distance zo from the surface

to infinity is:
e2d ¢
’wl—-—frxz x—i;o, [ (11)

which, when expressed in equivalent volts becomes:
300e
1= 4
4o
1P. DEBUE, Ann. d. Phys., Vol. 32, p. 465, 1910.



ELECTRONS FROM SOLID SUBSTANCES 35

the condition being that the distance xo is large compared with
molecular dimensions.

The quantity w; does not represent the total amount of
work which an electron must do to escape from a plane surface.
There is still to be added the work w2 done in moving from the
interior of the conductor through the interface and up to the point
distant zp from it. Schottky! and Langmuir 2 have made cer-
tain assumptions regarding the force of attraction within this
region which lead to the result that the work w2 is equal to w;i,

2
so that the total amount of work done is é%,’ Since the nature of
the force very close to and inside the surface is not known and

Fic. 9.

probably depends very materially on the molecular structure of
the material of the conductor,® we shall confine our considerations
to the force at distances which are large compared with the
molecular diameters, and proceed to compute the corresponding
part wy, of the work which an electron must do to escape from a
curved surface of radius 7.

Let the surface be convex toward the electron (Fig. 9). Let
the electron —e be at a distance a and 1ts image —+e; at a distance
a; from the center of curvature of the surface. Then

aay =12’
T PP ¢ )
a e’

1W. ScroTTKY, Phys. Zeitsch., Vol. 15, p. 872, 1914,
2]. LANGMUIR, Trans. Am. Electrochem. Soc., Vol. 29, p. 163, 1916.
3 J. FRENCKEL, Phil. Mag., Vol. 33, p. 297, 1917,
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Now the force of attraction between —e and +-e; is:

—ee1

f=—(a—_‘(—l-l—)2....... (13)

From equations (12) and the geometry of the system, we have, if
z be the distance of the electron from the surface:

a=z+r

a) = ——

z+r

Substituting these values for e;, ¢ and a; in (13) the force of

attraction becomes:
e? < 1+ %)
f= B 1))

4$2(1+2_xr>2- .

This equation holds for values of z greater than zo, where xo
is large compared with molecular dimensions. The work which an
electron must do to move away from the point zo is obtained by
integrating equation (14) between the limits z=x0 and x=o0.
The integration gives:

, e“’(
w1=4-—x‘0

Xo I2
1—§+5§— .. > e e e . . (15)
If we take the radius of curvature of the surface so large that
xo is small compared with it we can write equation (15) in the

form:
. _
wh=to € S ¢ 1))

=m—§ erg.
The equivalent potential in volts is:

¢,1 = 300 <4ixo - 8_e7'> VOltS. . o o . . . (17)

This shows that the work of escape of an electron from a curved
surface of radius r is less than that from a plane surface by an
&2

& It also shows that if the surface is irregular

amount equal to
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contact potential differences must exist between the protru-
sions and the hollows. These potential differences are very
small, but if irregularities are close to one another the resulting
electrostatic fields may be very large. Thus, if we consider a
protrusion and a hollow adjacent to it, each being regarded as
spherical surfaces having a radius of curvature of the order of 10~¢
cm., it follows that the electrostatic field tending to drive electrons
from the protrusion to the hollow may be of the order of several
thousand volts per centimeter. This would necessitate very
high plate potentials to overcome these fields and pull all the
emitted electrons over to the anode.

This result is obtained by the simple application of the theory
of images, which unfortunately does not tell us much about the
physical processes involved. A similar effect is to be expected
when the surface of the cathode contains impurities having
electron affinities which are different from that of the material
of the cathode itself. Langmuir! has ascribed the lack of satu-
ration shown by tungsten filaments contaminated with thorium
to the local fields at the surface of the filament, due to the differ-
ence between the electron affinities of thorium and tungsten.
When the surface of the filament consisted either of pure tungsten
or pure thorium the saturation curve was substantially parallel
to the voltage axis. But when the surface was a mixture of tung-
sten and thorium the thermionic current continually increased
with the applied voltage.

The oxide-coated cathode is an example of a cathode which
generally has an irregular surface. It is obtained by coating a
platinum wire or ribbon 2 with oxides of the alkaline earths. The
coated filament has a much lower electron affinity and therefore
a higher thermionic efficiency than the metals used as sources of
thermionic current. Its surface, however, is rough and possibly
is not uniformly active thermionically. These filaments do not
give such well-defined saturation currents as metallic filaments
do. Lack of well-defined saturation currents is generally not a
disadvantage in thermionic tubes. It is, in fact, sometimes a
distinct advantage, as will become evident from the considerations
given in the following chapters.

1 Paper read at Chicago meeting of Am. Phys. Soc., December, 1919.

2 A. WEHNELT, Ann. d. Phys., Vol. 4, 425, 1904. NicoLso~ & HuLt, U. S.
Pat. 1209324, Brit. Pat. 17580, 1915,
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21. Photo-electric Effect. The process of the dislodgment of
electrons from solid bodies by means of electromagnetic radiation
brings into play the same forces that attend the emission of
electrons from hot bodies, and furnishes valuable evidence to show
the generality of that characteristic constant of solids which plays
such an important part in the operation of thermionic vacuum
tubes, namely, the electron affinity.

In 1887 Hertz observed that when a spark gap was illuminated
with ultra-violet light the discharge passed more readily than
when the electrodes were in the dark. Soon after this Hallwachs
discovered that the incidence of ultra-violet light on a zine plate
caused it to become charged positively, or when the plate was
first charged to a negative potential and then insulated it lost its
negative charge when exposed to the light. This has since been
found to be a general property of all conductors and could be ex-
plained in the light of the electron theory. The energy of the light
wave striking the substance stimulates the electrons in the atoms
of the substance. They thus acquire sufficient energy to overcome
the force of attraction at the surface of the substance and escape
with a velocity which depends upon the energy in the light wave
and the amount of energy they must expend to overcome the
surface force. Thus, if the amount of energy acquired by the
electron in the substance from the light is W and the work which
the electron must do to overcome the surface force is w, then it
escapes from the substance with a kinetic energy.

Im=W—-w . . . . . . . (18

where v is the velocity of escape and m the mass of the electron.
It will be understood that of the electrons in the substance those
that happen to be near to the surface have to overcome only the
surface force, while those that are further in the interior will have
to do an extra amount of work in forcing their way out. We
can therefore expect electrons to be emitted by the light with
velocities ranging from zero to a definite maximum value. This
maximum value expressed in volts is the electron affinity. We
shall in the following consider only those electrons that have
this maximum velocity, and equation (18) will be understood to
refer to these maximum values. If a plate is placed in front
of the electron emitting substance or cathode, the emitted electrons
can be driven back to the cathode by the application of a potential
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difference between it and the anode. If the electron emerges from
the surface with a velocity » it will be capable of moving against
an electric field until it has spent its kinetic energy ime?, where
m is the mass of the electron. If the maximum voltage against
which the electron can move in virtue of its own kinetic energy
is V, then Ve=3mv?. The velocity of an electron is commonly
expressed in terms of the voltage V, instead of centimeters per
second. Equation (18) can then be written

Ve=W—w . . . . . . . (9

where ¢ is the electronic charge.’

This voltage can be determined with the arrangement shown
in Fig. 10. A is the photo-electric cathode which can be illu-
minated with ultra-violet light, and B is the anode. By means of

()
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the potentiometer shown the voltage between A and B can be
adjusted to any desired value tending to drive the electrons in the
direction B to A. Unless this voltage exceeds a definite amount
the electrons emitted from A under the influence of the light will
travel all the way across to B in virtue of the velocity with which
they are emitted, and the resulting current established in the
circuit can be measured with a current-measuring device.
If we now measure the current for increasing values of the voltage
V, the current decreases until the voltage is large enough to return
all the emitted electrons to the cathode before they can reach the
anode. By plotting the photo-current against the voltage V
a curve is obtained such as that shown in Fig. 11. The voltage
is reckoned negative when the receiving plate B is negative with
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respect to the emitting plate A. The point at which the curve
cuts the voltage axis gives the maximum velocity with which the
electrons are emitted from the cathode.

Experiment has shown the remarkable result that the maximum
velocity of emission is independent of the temperature of the
cathode. The maximum velocity of photo-electric emission is
furthermore independent of the intensity of the light with which
the cathode is illuminated. If the intensity of the light is in-
creased only the number of electrons emitted increases but their
velocity stays the same, provided that by changing the intensity
of the light we do not at the same time change its quality, that

==
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is, its wave length distribution. The frequency of the incident
light is the only factor that influences the velocity of emission
when dealing with one substance. For the same light frequency
and different substances, the emission velocity depends upon
the electron affinity of the substances. Millikan! has shown
that if the maximum voltage necessary to keep the emitted elec-
trons from reaching the anode be plotted against the frequency
of the light the linear relation shown in Fig. 12 is obtained.
Thus:

hv
—7—0,.......(20)

where h is a constant and v the frequency of the light falling
on the cathode. Referring to equations (18) and (19) it is seen

1R. A. MiLLikaN, Phys. Rev., Vol. 7, p. 355, 1916.
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that W, the energy acquired from the light by the electron in the
substance is equal to kv, and the constant C is equal to ?. This

extremely important experimental result shows that light energy
can be expressed by the product of the frequency of the light and a
constant. Indeed, Millikan found that this constant is the came
as Planck’s constant of action. Furthermore, C has actually been
found to be equal to the electron affinity ¢. We therefore have
as the fundamental photo-electric equation:

Ve=hv—¢e. . . . . . . . (21

This equation was originally deduced theoretically by Einstein!
on an assumption that he has since abandoned. But Millikan’s ex-
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periments have shown that this equation holds with a high degree
of accuracy and have placed beyond doubt the correctness of this
very simple expression for the light energy necessary to dislodge
an electron.

So far we have considered only the voltage applied between
the plates A and B. This is, however, not the only voltage that
affects the motion of the electrons. There remains to be con-
sidered the contact potential difference between the plates, which
is equal to the difference between the electron affinities of the two
plates. This potential difference, which can be measured by the
method explained in Section 18, must be added to the applied
voltage.

1 A. EInsTEIN, Ann. d. Phys. (4) Vol. 20, p. 199, 1905,
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Referring now to Fig. 12, it is seen that there is a definite
frequency » of the light at which the voltage necessary to drive
the electrons back becomes zero. This means that for frequencies
lower than this value no electrons escape at all. Putting V=0
in equation (21) we get:

2 )

This limiting frequency, commonly referred to as the photo-
electric long wavelength limit is a fundamental property of solids,
and, is equal to a constant multiplied by the electron affinity—
the same constant that plays such an important part in the emission
of electrons from hot filaments in the thermionic vacuum tube.

The quantities & and e are universal constants, that is, their
values are independent of the matter under investigation and the
conditions of the experiments. Their values are h=6.55X10"27
erg. sec., and e=4.77x1071° E.S. units.

22. Control of Space Current by Means of an Auxiliary or
Third Electrode. A convenient and what has proved to be a very
valuable means of varying a space current is obtained by placing
a third electrode in the neighborhood of the cathode and applying
potential variations to it. This scheme was used by de Forest
to control the electron discharge in his audion detector in 1907.1
He later gave the auxiliary electrode the form of a wire gauze or
grid placed in the path of the discharge between cathode and
anode.? About the same time von Baeyer 2 also used an auxiliary
electrode to control a thermionic current from a hot filament.
In von Baeyer’s arrangement the anode was a cylinder and the
cathode a wire placed along its axis. The third electrode was a
wire gauze bent into the form of a cylinder and placed between
cathode and anode. A similar scheme was also used by Lenard *
in 1902 in connection with photo-electric experiments. It is
hardly necessary to say that the insertion of the grid has made the
audion a device of immense practical importance and enabled it
to perform functions that would otherwise have been impossible.

1 Lk pE Forgst, U. S. Patent No. 841387, 1907.
2 Lk pE Foresr, U. 8. Patent No. 879532, 1908.
30. voN BaEYER, Verh. d. D. Phys. Ges., Vol. 7, p. 109, 1908,
4 P. LENARD, Ann. d. Phys., Vol. 8, p. 149, 1902.
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The quantitative effect of the third electrode was first given
by the author! The nature of this effect can be understood
from the following: In Fig. 13 F is the cathode, P the anode
and @G the auxiliary electrode, which may be in the form of a wire
grid or gauze. The battery E, maintains the anode at a positive
potential with respect to F, while G can be given any desired
negative potential by means of the battery E,. The positive
potential on P has the effect of drawing the electrons through the
grid to P, whereas the negative potential on the grid tends to
drive them back to the cathode, and by increasing E, a value
can be reached for which all the emitted electrons are returned
to the cathode. E, therefore takes the place of V in the arrange-
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ment shown in Fig. 10. But there is this difference that while in
Fig. 10 the electric field between the plates is due only to applied
voltage V and the contact potential difference between the plates,
in the present case there is a third factor which influences the field
between the cathode and grid, namely, the potential difference
due to the battery E,. Thus, if E, is zero and the contact potential
difference between F and GP be supposed for the present to be
also zero, then the electric field between F and @G is not zero but
has a definite value depending upon the structural parameters of
the device and the potential difference between P on the one hand
and F and G on the other. (F and @ are now supposed to be
metallically connected.) This is due to the fact that the poten-
tial of P causes a stray field to act through the openings of the
grid. If the potential difference between P and FG be equal to

tH. J. van pEr Bu, Verh. d. D. Phys. Ges., Vol. 15, p. 338, 1913.
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Er the field at a point near F is equivalent to the field that would
be sustained at that point if a potential difference equal to e be
m

applied directly between the cathode A and a plane coincident
with that of the grid. For the usual connection in which the
plate P is positive the direction of this field is such as to draw
electrons away from the cathode. But it does not draw the elec-
trons to the grid, as would be the case if a potential difference were
applied directly between the grid and cathode; it tends to draw
electrons to the anode through the openings of the grid.

Besides this stray field there is also the contact potential
difference K between F and GP. Hence, if K be reckoned positive
when it tends to draw electrons away from the cathode, and if the
maximum velocity of emission, expressed in volts, of the electrons
liberated from the cathode be V, then in order to drive all the
emitted electrons back to the cathode we must apply between
cathode and grid a potential difference equal to

Es=%’+e, N 4]

where e= K+V. This expression can be regarded as the effective
voltage when the potential difference between grid and cathode
is zero. If this potential difference be made equal to E, the
effective voltage becomes

%—’-}-E,,-i-e. B 23]

In this expression E, and E, are the potentials of the anode and
grid with respect to that of the cathode, which can be regarded
as the zero of potential. Hence, when E, is varied the potential
difference between grid and plate also changes. When I first
established this linear stray field relation in 1913, I expressed
the result by the equation

v=§V+n. e . (2

where v is the potential difference between cathode and grid and V
that between grid and anode. I also stated that k is a constant
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depending on the grid and d the distance between grid and anode.
In testing this relation the grid remained grounded while the
potential of the cathode was varied. This made it possible to
keep the potential difference V between grid and anode nearly
constant while varying the potential difference between cathode
and grid. The accuracy with which equation (25) was found
to hold is shown by Fig. 14.!  In the case of the lower curve the
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(listance d between grid and anode was 6.7 mm., while the
upper curve was obtained with d=2.5 mm. If, instead of plot-
ting V as absciss®, we plot g , the two curves coincide.
)
It can readily be seen that if we substitute —F, for v and E,,
the potential of the anode with respect to the cathode for V, the

1 Loc. cit., p. 339,
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potential of the anode with respect to the grid, then (24) and (25)
give the same result provided that

and
%’-‘M—l- e e e e e e o . (25a)

I have since verified this relationship between p and the
structural parameters of the tube on the basis of an extensive series
of experiments carried out in the research laboratories of the
Western Electric Company, and have also expressed k in terms cf
the mesh of the grid and the diameter of the grid wires. (See
Chapter VII, p. 231.)

The constant u is a very important constant of the three-
electrode tube and, as will be shown later, expresses the maximum
voltage amplification obtainable.

Expression (24) or (25) can be regarded as the fundamental
relationship of the three-electrode vacuum tube. The current in
the circuit FPA (Fig. 13) is obviously a function of the expression
(24). Hence, if the potential of the cathode be maintained
constant, the fundamental expression for the current in a three-
electrode tube is

I f( +E+e>,. C e e .. (26)

where E, and E, are the potentials of the anode and grid with
respect to that of the cathode. We shall have occasion to make
extensive use of this relationship in dealmg with the three-
electrode thermionic tube.

It will be shown later that a device like that shown in Fig. 13
and whose current-voltage characteristic can be expressed by
the function (26) can be used as amplifier, radio detector, oscilla-
tion generator, etc.

A device which depends for its current on the emission of
electrons by photo-electric means is not as suitable for these
purposes as thermionic devices, because photo-electric currents
are generally very small and the emission of electrons by heat
is much more practical than emission under the influence of light.
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23. Secondary Electron Emission. Delta Rays. We now
come to a consideration of the third agency whereby electrons
can be dislodged from substances, viz., by the impact of
electrons.

When electrons are made to inpinge on a metallic plate they
give rise to the radiation of X-rays. These X-rays comprise a
general X-radiation superimposed upon which there is under
certain conditions a so-called characteristic radiation. The same
effects are produced when the plate is exposed to X-rays. The
frequency of the characteristic radiation is closely related to the
atomic properties of the substance from which it originates, and
is not produced unless the velocity of the impinging electrons,
which we shall call the primary electrons, exceeds a certain definite
value. When the characteristic radiation is produced there is
also a copious emission of electrons from the plate. These elec-
trons are, of course, returned to the plate by the potential differ-
ence between it and the cathode from which the primary electrons
proceed, and in order to measure them a special circuit arrange-
ment, such as will be described below must be used. Every
metal possesses a number of characteristic frequencies and although
in general X-rays have so far been investigated extensively only
at high frequencies—at voltages corresponding to several thousand
volts, they are also produced by low velocity electrons. Dember !
has, for example, produced X-rays and measured their effect at a
voltage as low as 17 volts. These rays are so soft that they can-
not penetrate the walls of the containing vessel. Their effects
must therefore be studied inside the vessel. Likewise in the case
of the secondary electron emission it is not necessary for the pri-
mary electrons to strike the electrode with high velocities.

The impact voltage at which secondary electrons are emitted
depends on the nature of the surface.of the emitting electrode.
The phenomenon of secondary electron emission, which is some-
times referred to as “ Delta rays ”’ shows this important property
that as the velocity of the primary electrons is increased the num-
ber of secondary electrons emitted per impinging electron increases.
In fact, if the applied voltage, i.e., the velocity with which the
primary electrons strike the emitting electrode, be increased to a
sufficiently high value one primary electron can expel as many as
twenty secondary electrons.

1 H. DEMBER, Verh. d. D. Phys. Ges., Vol. 15, p. 560, 1913,
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The presence of secondary electrons can easily be demon-
strated by means of the circuit arrangement shown in Fig. 15.
The plate P is kept at a constant positive potential with respect to
the filament F by the battery £E. When no potential difference
exists between filament and grid G, the current in the circuit FGA
is very small, because practically all the electrons emitted from the
filament are drawn through the openings of the grid and thrown
on to the plate. If now the potential of the grid (positive with
respect to the filament) be increased the current to the grid! at
first increases, as shown by the part OA in the curve in Fig. 16.
When the grid potential reaches a certain value the current, as
indicated by the ammeter A (Fig. 15) begins to decrease, drops
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down to zero at B and then flows in the reversed direction. The
explanation for this is that while the potential difference between
filament and grid is small, the electrons that strike the grid enter
it, but as the positive grid potential is increased the electrons on
striking the grid emit so-called ‘‘ secondary electrons” from it
and these are drawn to the plate which is maintained by the bat-
tery E at a positive potential with respect to the grid. The net
current as indicated by the ammeter A is the sum of electrons
entering the grid and those leaving it. When the velocity with
which the electrons strike the grid increases beyond a certain
value, one primary electron can knock out more than one second-
ary electron from the grid, and the current in the circuit FGA
reverses. When the positive grid potential is increased to such an

1 The direction of current is here, as throughout the following, taken to
mean the direction in which electrons move.
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extent that the grid becomes positive with respect to the plate,
the secondary electrons are no longer drawn away to the plate,
but are driven back to the grid so that the reversed current in the
grid circuit again decreases, as snown at C (Fig. 16), and finally
assumes the original direction.

Considering now the current as indicated by the ammeter 4
and the voltage between filament and grid, we see that over the
region A BC (Fig. 16), the current decreases as the voltage increases.
The part of the curve ABC therefore represents a negative resist-
ance characteristic. It will be shown later that a device which
possesses a negative resistance can function as an amplifier and a
generator of continuous oscillations.

tA. W. HoLw, Phys. Rev., Vol. 7, p. 1, 1916; Proc. I. R. E,, Vol. 5, p. 5,
1918.



CHAPTER 1V
PHYSICS OF TRE THERMIONIC VALVE

24. Current-voltage Characteristic of the Thermionic Valve.
In discussing the elements of thermionics we considered only the
saturation current, that is, the current obtained from a cathode
at any desired temperature by applying a voltage which is so high
that all the electrons emitted from the cathode are drawn away
to the anode. For all values of the applied voltage greater than
the minimum value necessary to secure this, the current is inde-
pendent of the voltage.! The saturation current is important
in telling us what the maximum current is that can be obtained
from a cathode of given area at a given temperature. In operating
thermionic devices as amplifiers, detectors, etc., we make use of
the variation in current with variation in applied voltage. The
conditions under which the saturation current is obtained are,
therefore, unsuitable for these purposes. In this chapter will be
discussed the phenomena encountered when the applied voltage
is not high enough to draw all the emitted electrons away to the
anode as fast as they are emitted from the cathode.

Let us consider a simple thermionic device consisting of a
cathode which can be heated to any desired temperature and an
anode placed at a convenient distance from it,both being placed in
a vessel which is evacuated to such an extent that the residual
gas plays no appreciable part in the current convection between
cathode and anode. We shall for the present suppose that the
cathode is a plane equipotential surface, and the anode a plane
parallel to the cathode. If the cathode be maintained at a definite
temperature 77 and the current to the anode be observed for

1In practice it is found that this is seldom strictly true. The current
usually increases somewhat with the voltage, but not nearly as fast as for
the lower voltages. If the applied voltage is raised to excessive values gas
can be liberated from the electrodes and then the current may again increase
rapidly with increase in the plate voltage. (See Chapter V.)

50
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various values of the voltage applied between the cathode and
anode, a curve OA; of Fig. 17 is obtained. Any increase in the
voltage beyond the value given by A causes practically no further
increase in the current and we get the part A,B;. In practice
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this line is seldom horizontal but usually slopes upward. This
part of the curve corresponds to the condition when all the emitted
electrons are drawn to the anode as fast as they are emitted from
the cathode. The corresponding current is, therefore, the satura-

Anode Current
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Fig. 18.

tion current. If the temperature of the cathode be increased to
Ty the curve OA2B2 will be obtained. If these values of the
saturation current be plotted against the corresponding tempera~
tures of the cathode, the curve shown in Fig. 18 will be obtained,
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the relation being given by Richardson’s equation (equation (7),
Chapter III).

The fact that a finite, and sometimes a considerable, voltage is
needed to obtain the saturation current, shows that the current
is limited by some means that is equivalent to a resistance. The
current through a piece of wire is in a sense limited because, if
the wire is of finite length, i.e., if it has a finite resistance, a finite
potential difference must be spplied to the ends of the wire to
give a finite current. A deyice which obeys Ohm’s law gives, of
course, a linear relation between current and voltage, that is, when
the voltages and corresponding currents are plotted on rectangular
coordinates the result is a straight line passing through the origin,
and the reason why the line does not coincide with the ordinate
axis is because the wire has a finite resistance which limits the
current. In the passage of current through a gas, the gas itself
resists the flow of current, the resistance being partly due to the
collisions of the carriers with the gas molecules. In a thermionic
vacuum tube, however, this resistive medium is removed, because
the vacuum is so high that the gas contributes practically nothing
to the current convection through the tube.

If there were nothing to limit the current in a vacuum tube, the
current would increase very rapidly with the applied voltage.
This is, however, not the case; there are factors that have a very
pronounced influence in limiting the current in a vacuum tube in
such a way as to give a characteristic somewhat like that shown
in Fig. 17.

One of these factors is the repelling effect of electrons in the
space between cathode and anode on other electrons coming from
the cathode. This is due to the volume density of electrification
or space charge of the electrons in the space. Whenever current
is carried by dislodged charges, their space charge must be
taken into consideration. Thus, in the conduction of electricity
through gases the fundamental equations always contain or involve
the space charge equation, or Poisson’s equation which was given
on page 15, Chapter I.  In conduction through gases we have
to deal with the more general case where both positive and negative
charges are present. The resultant space charge is the difference
between that of the negative and that of the positive carriers,
and since the positives or negatives generally do not move with the
same speed, the problem is generally complicated. In the ther-
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mionic vacuum tube, on the other hand, we have to deal only with
electrons, and therefore encounter in space charge a specific and
comparatively simple manifestation of a general phenomenon
always met with in convection of current by dislodged charges.
The limitation of current by space charge when the current is
carried only by electrons was noticed in the early experiments of
Lenard, Stoletow and von Schweidler on the photo-electric effect.
In these experiments the effect was very small on account of the
smallness of the currents encountered in photo-electric phenomena.

In 1907 Soddy! made use of the property of metallic oxides
discovered by Wehnelt 2 in 1904, namely, that they emit electrons
copiously when heated. Soddy found that if the vacuum was made
high by the vaporization of calcium, the thermionic current sud-
denly decreased to a small fraction of its value at the higher pres-
sure. Soddy thought that this meant that Wehnelt cathodes
became inactive in very high vacuum. An explanation of what
Soddy had observed was given by O. W. Richardson and J. E.
Lilienfeld3 The latter pointed out more specifically that the
vacuum produced in Soddy’s experiment by the vaporization of
calcium resulted in the condition where the number of electrons
carrying the current became large compared with the number of
gas molecules in the path of the discharge. The number of
positive ions formed by collision ionization of the electrons with
the gas molecules became negligibly small, so that there was es-
tablished a negative space charge due to the electrons and this
reduced the current flow observed by Soddy.

We shall see later that the current in thermionic tubes is limited
not only by space charge of the electrons but by other factors as
well. For the present we shall consider only this factor, this being
the simplest of the current limiting factors, and later explain how
other effects contribute to give the current voltage characteristics
of the thermionic tube.

The limitation of current by space charge can be demonstrated
in a qualitative manner as follows: Let a definite voltage E; be
applied between cathode and anode. We shall for the present
assume that the cathode is an equipotential surface. If now the

! Soppy, Nature, Nov., 1907, p. 53.

2 WenNELT, Ann. d. Phys., Vol. 14, p. 425, 1904.

30. W. RicuarpsoN, Nature, Jan., 1908, p. 197; J. E. LiLIENFELD, Phys.
Zeitschr., Vol. 9, p. 193, 1908
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current to the anode be observed as a function of the temperature
of the cathode, the current will at first increase until it reaches a
value indicated by C; (Fig. 18). Any further increase in cathode
temperature causes no further increase in the current, and the
part C1D; of the curve is obtained. The current given by C1D; is
frequently referred to as the ‘ temperature saturation current,”
and the condition characterized by this lack of increase of current
with increase of cathode temperature as temperature saturation.
The reason why under these gonditions the current does not in-
crease along C;C2C3 as would be expected from Richardson’s
equation is because at cathode temperatures greater than that cor-
responding to C1, so many electrons are emitted that the resulting
volume density of their charge causes all other emitted electrons
to be repelled, and these return to the cathode. The applied
voltage F is then not high enough to draw all the emitted electrons
away to the anode. If now the voltage be increased to E2 the
current increases, since more electrons are now drawn away from
the supply at the cathode, the full space charge effect being
maintained by fewer electrons being compelled to return to the
cathode. From Fig. 18 it is seen that with the voltage E. the
cathode must be raised to a minimum temperature corresponding
to C2 before the full space charge effect can manifest itself. It is
seen, then, that the higher the applied voltage, the higher must
be the cathode temperature to obtain the full space charge effect.
It is also seen that the part OC of Fig. 18 corresponds to the part
AB of Fig. 17, and CD of Fig. 18 to OA of Fig. 17. - The saturation
current is obtained when the applied voltage is so high that a
variation of voltage does not cause any appreciable variation in
current, while the condition under which the thermionic tube
operates, as a voltage operating device, is characterized by the
condition that the cathode temperature is so high that the current
does not vary appreciably with variation in cathode temperature.

26. Current-voltage Relation for Infinite Parallel Plates. To
get an understanding of the quantitative effect on the current
by the space charge of the electrons, it may be well first to consider
the ideal and simple case that results when we neglect the com-
plicating factors encountered in practice and then consider the
modifications introduced by these factors. In deriving the equa-
tions for this simple case, we shall therefore assume that the elec-
trodes are infinitely large parallel plates, capable of being main-
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tained at any desired temperature. Both electrodes will be
assumed to be equipotential surfaces. The cathode will be main-
tained at a high temperature, the anode remaining cold. It
follows from Richardson’s theory that the hot plate will emit
electrons, the emission being the result of the kinetic energy of
the electrons becoming sufficiently high to overcome the surface
force that tends to hold the electrons within the cathode. It will
be recognized that the energy and distribution of energy of the
electrons play an important part in the mechanism of electron
emission. A derivation of the relation between current and
voltage, which takes into consideration the energy distribution
between the electrons, is quite complicated. J. J. Thomson !
has given the equations resulting from the assumption that the
electrons all emerge with one initial velocity. In 1911, C. D.
Child 2 gave the full solution, based on the assumption that the
initial velocity of emission is zero.

Langmuir 3 of the General Electric Company and Schottky *
also published derivations of the space charge equation and made
a careful investigation of some of the phenomena observed in
thermionic tubes.

We shall now derive Child’s equation, making the same assump-
tions, and then consider the modifications introduced by a con-
sideration of the factors neglected in the simple derivation, and
more particularly how these factors contribute to produce the
type of current-voltage characteristic generally obtained in prac-
tical thermionic tubes. We shall therefore assume that both
cathode and anode are equipotential parallel surfaces of infinite
extent, and that the electrons emerge from the hot cathode with
zero velocity. The cathode C and anode P (Fig. 19) will be sup-
posed to be in an enclosure in which a perfect vacuum is main-
tained. The degree of vacuum necesséry to approximate this per-
fection will be discussed in the next chapter.

The cathode C can be raised to any desired temperature. Iet
the anode P be raised to a potential V', while the cathode remains
grounded. As long as the temperature of C is so low that practi-
cally no electrons are emitted, the potential gradient between the

1], J. TaomsoN, Conduction of Electricity through Gases, 2d Ed., p. 223.
2 C. D. CriLp, Phys. Rev. Vol. 32, p. 498, 1911.

3 1. LANGMUIR, Phys. Rev., (2), Vol. 2, p. 450, 1913.

¢4 ScHoTTKY, Jahrb. d. Radioaktivitat u. Elektronik. Vol. 12, p. 147, 1915,
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plates is practically constant so that the potential distribution is a
linear function of X, the distance from the plate C, and can be
represented by a straight line OP. But this is no longer the case
when C emits electrons. These electrons are pulled over to P by
the applied electric field and their presence in the space between
C and P modifies the potential distribution. In Section 9 it was
shown that if the plates C and P are infinitely large so that the

P,
< -

Potential >

Distance from Cathode
Fic. 19.

lines of force are straight the potential ¥ at any point distant z
from C is given by
azv

.d—x2=41rp, . . . . . . . . (1)

where p is the volume density of the charge. Now p is itself a

i ],:2 f( ) . . (2
4 (X . . . . . . )

The relation between the potential V and the distance z cannot be
obtained unless the form of the function z is known. We know
that the density of electrons near C is greater than near P. It
can therefore be seen in a general way that because of the presence
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of the electrons the potential distribution curve will be some-
what of the nature shown by OAP (Fig. 19). The potential gradi-
ent at the cathode is still positive, but if the temperature of the
cathode be now raised until the potential difference applied
between C and P is not high enough to draw all the emitted
electrons away from C; and if it is assumed that the electrons
are emitted from C with zero velocity, the potential distribution
curve takes a shape somewhat like OBP, which has a horizontal
tangent at 0. This means that the potential gradient at O is zero.
Any further increase in the number of emitted electrons would
tend to depress the curve at O below the horizontal line OX.
This would be equivalent to establishing a negative potential
gradient at the cathode, which would tend to return the emitted
electrons to the cathode.

The assumption that the electrons emerge from the cathode
with zero velocity does not lead to a correct description of the true
state of matters. The electrons are actually emitted with finite
velocities which are distributed according to Maxwell’s distribu-
tion law. This law forms the basis of Richardson’s equation.
In actual practice the finite velocities with which the electrons
are emitted from C cause the potential distribution curve to be
depressed slightly below the axis OX so that there actually exists
at the cathode a slight negative potential gradient. This will be
discussed more fully below. For the present we shall assume
that the electrons start from the cathode with zero velocity. The
velocity they acquire on their way to the anode P is then due en-
tirely to the potential difference between C and P. The kinetic
energy of an electron at a point distant z from C, i.e., where the
potential is V, is given by

fm?=Ve., . . . . . . . (3

This is obtained from equation (4) Chapter I, by putting the initial
velocity vp=0.

It was shown in Section 4 that if p is the number of electrons
per cubic centimeter multiplied by the electronic charge, that is,
if p is the volume density of electricity or space charge, the motion
of the electrons constitutes a current per square centimeter given

by:
R 3
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where v is the velocity. Both p and » are functions of the distance
from the cathode C, but the product pv is constant, since the num-
ber of electrons passing per second through unit area perpendicu-
lar to the direction of the electric field, that is, the current 7 must
be the same for all points between cathode and anode.

The quantities p and v in the above equations (1), (3) and (4),
are unknown functions of z, and can be eliminated from these

equations. This gives:
a2v-_ . 2m
d_x2 —27!"7,\/5/.. e e e e e e e (5)

The integration of this equation gives

dV\Z  [dV\2 C2m,
(E) —<E>0=8m\/7(V/2—Vo'/’), ... (6

where Vj is the potential of the cathode and <Z%/> the potential
0

gradient at the cathode. Now, the potential of the cathode is
supposed to be zero, and since the initial velocity of emission of the
electrons is assumed to be zero, the limiting condition for full

space charge is that (g) =0. Hence (6) becomes
0

<%>2=8m’\/@. ¢

Integrating this and putting as limits V=0 for x=0 and V=FE
for z=d, the distance between the plates, we obtain the equation
of the current as a function of E and d, namely:

. 1 [2¢ E"2
Z—g\/n:l”d2. e e e e e . (8)

This is the so-called 3-power equation first derived by Child, which
gives the relation between the voltage and current carried by
dislodged charges of one sign only.

By putting the value of % in (8) and writing A for the area

of the cathode the current can be expressed by

34
z‘=2.33x10—6%, N )
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where ¢ is the current in amperes, d the distance between the plates
in centimelers and V the potential difference between the plates in
volts.

It will be noticed that the space charge equation gives the cur-
rent in terms of only the applied voltage and the geometry of the
device. The space charge current does not depend, as in the case
of the saturation current, upon the temperature or electron affinity
of the cathode. On the other hand the saturation current is
independent of the distance between cathode and anode, except
that if this distance be made smaller the saturation current would
be obtained at a lower minimum voltage. Referring to the curve
OA,B, (Fig. 17), it will be seen that the space charge equation
gives the current for values of the voltage less than that corre-
sponding to A;. If the distance between cathode and anode be
decreased the curve obtained would be OHB;.

26. Quantitative Relation for Concentric Cylinders. Ther-
mionic tubes are frequently made in the form in which the anode
is a cylinder and the cathode a wire stretched along its axis. The
quantitative relation for the characteristic of such a device was
published by Langmuir! by making the assumptions that both
cathode and anode are infinitely long, and both are equipotential
surfaces. Here, also, the electrons are assumed to emerge from
the cathode with zero velocity. In the next section it will be
shown what modifications must be made in order to make the
results conform mcre nearly with practical conditions.

The equation (3), for the velocity of the electrons, can be
applied directly to this case. The differential equation for the
potential distribution, however, now takes the form

d/dV
a(Tﬂ;) —41l'p7’, L T T (10)
where r is the distance from the cathode, and the equation for the
current becomes

1=2mrpy, . . . . . . . (11)

where ¢ is the current per unit length.
These equations and equation (3) can be combined to give:

@V dv_ . [om
TE T dr T Neve

1]. LANGMUIR, loc. cit., p. 457,

(12)
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Putting V=E, the potential difference between cathode and
anode, when r is the radius of the cathode, the solution of this
equation can be expressed in the form:

. 2 [2¢ E/
“o\m' g = © * - . . (13)
where 8 is a constant which is determined by the ratio g of the radii

of the anode and the filament. The relation between g and c—:

is given in the following table taken from Langmuir’s paper.

TABLE I

- g — 8

a a
1.00 0.000 5.0 0.775
1.25 0.045 6.0 0.818
1.50 0.116 7.0 0.867
1.75 0.200 8.0 0.902
2.00 0.275 9.0 0.925
2.50 0.405 10.0 0.940
3.00 0.512 15.0 0.978
4.00 - 0.665 © 1.000

It is seen that for most practical cases 8 can be put equal to
unity. If this is done and the length of the filament be put
equal to [, equation (13) may be written:

22€l
=2 = . 2R
zngE”..,......(l3a)

Substituting the value of % and reducing ¢ to amperes, V to volts
and the radius r to centimeters, equation (13a) becomes

1=14.65X 10—6'}E“/?=CE’“/?, R 6]
where [ is the length of the filament in centimeters.

The only difference between equations (9) and (14), besides
the numerical value of the constant, is that in the case of plane



PHYSICS OF THE THERMIONIC VALVE 61

parallel electrodes the current varies inversely as the square of
the distance d between the electrodes, whereas in the case of the
cylindrical structure the current varies inversely as the first
power of the radius r of the anode. This is an important property
when considering the design of thermionic tubes with very small
electrostatic capacity, such as is required when operating at
extremely high frequencies.

27. Influence of Initial Velocities. The two main assumptions
underlying the derivation of equations (8) and (13) are that the
electrons emerge from the cathode with zero velocities and that
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the cathode is an equipotential surface. Let us first see how the
conditions are altered when we do not ignore the effect of the
initial velocities.

By assuming zero initial velocities, the condition is obtained
that the potential gradient at the cathode is zero. This means
that the potential distribution curve OBP, shown in Fig. 19, has
a horizontal tangent at O. The resulting equation (8) states that
the current varies as the -power of the applied voltage for all
voltages up to that necessary to give the saturation current.
This characteristic is shown in Fig. 20. The part OAB represents
the current that is limited only by the space charge of the electrons
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in the space between cathode and anode. At B the applied voltage
becomes large enough to pull all the electrons to the anode as fast
as they are emitted from the cathode. The part BC represents
the saturation current.

The effect of the initial velocities can be understood by referring
to Fig. 21. Suppose the anode were insulated and connected to a
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pair of quadrants of an electrometer. If the cathode be raised
to a high temperature, the anode would acquire a negative charge
which can be measured with the electrometer. Obviously in this
case the potential at all points between cathode and anode must
be negative and the potential distribution can be represented by a
curve such as the curve a of Fig. 21. In this diagram, as in Fig.
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19, the absciss® represent distances from the cathode, and the
ordinates the potentials with respect to that of the cathode which
we shall take as zero. The anode will charge up negatively until
the potential to which it rises is so high that the field at all points
between anode and cathode is sufficiently strong to prevent any
more electrons from reaching the anode under their own kinetie
energy of emission. If the anode now be connected to the cathode
through a battery which maintains the anode at a small positive
potential, the potential distribution can be represented by the
curve b of Fig. 21. This curve shows that the potential gradient
is still negative at the cathode, but in passing from cathode to
anode the gradient passes through zero at a distance x from the
cathode and then becomes positive. The negative gradient at
distances less than r is due to the space charge of the electrons and
the fact that the energy of emission enables the electrons to move
against a negative potential gradient. If the anode potential be
increased the distance z of minimum potential shortens until the
potential distribution finally takes the shape given by curve d.
In this case z is practically zero, so that the potential gradient
vanishes at the cathode. When this condition is reached we have
the case corresponding to the point B of Fig. 20. If the plate
potential be increased still further the potential distribution
straightens out still more (curve ¢) and the current obtained is the
saturation current.

Now, it is the condition represented by the potential distribu-
tion curve d that was assumed in the derivation of the $-power
equation. But this is the condition obtaining when the space
current just becomes equal to the saturation current. It is
therefore to be expected that on account of the initial velocities,
Child’s §-power equation would hold, strictly speaking, only for
currents approximating the saturation current.

The explanation given here for the influence of the initial
velocities of the emitted electrons is based on the solution of the
problem furnished me by T. C. Fry, who also computed the dis-
tance r of the minimum potential for cases approximating the
conditions met with in practice. The values of  depend on the
distance between the electrodes and the potentials applied to the
anode.!

1 The effect of the initial velocities has also been studied by W. ScrorTRY

(Phys. Zeitschr., Vol. 15, 1914), P. S. EpsteIN (Deutsch Phys. Gesell. Verh.
21, p. 85-99, 1919) and others.
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The effect of the initial velocities on the shape of the current-
voltage characteristic is demonstrated in Fig. 22, where the
logarithms of the currents are plotted against the logarithms
of the potential differences applied between anode and cathode.
The characteristic shown in Fig. 20 gives on the logarithmic plot
a straight line AB having a slope equal to §. On account of the
initial velocities, the logarithmic plot takes the form given by the
line CD, the slope of which approximates § at the upper part.

28. Effect of Voltage Drop in the Filament. In practice the
cathode is never an equipotential surface, but takes the form of a

by8

Log ( Ariode Current)
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Fic. 22.

filament which is rendered incandescent by passing a current
through it. There is consequently established a voltage drop in
the filament which causes a marked deviation from the $-power
equation. This deviation is in an opposite sense to that due to the
initial velocities.

The equation for the characteristic resulting from a considera-
tion of the effect of the voltage drop in the filament was given by
W. Wilson.! This derivation is also based on the assumption that
the initial velocities can be neglected.

1 Paper read at the Philadelphia meeting of the American Physical Society,
Dec., 1914.
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Let us consider a structure in which the filament is a single
wire stretched along the axis of a cylindrical anode and let the nega-
tive terminal of the filament be grounded so that we may regard
its potential as zero. Let the potential drop in the filament, due
to the heating current, be E; and let the potential of an interme-
diate point at a distance z from the negative end be V. If [ be
the length of the filament we have for constant current in it:

V =z

E—',—T""""°'(15)
If E be the potential difference between the anode and the negative
end of the filament, the potential difference between the anode and
a point of the filament which is at a potential V is

E—V=E—E,;—c,

and this is zero when
l

p— \

x—EE.........(lﬁ,

This means that current will only flow from the length = of the

filament given by (16) since all points of the filament beyond z
are positive with respect to the anode.

Since a very small length dz of the filament can be regarded
as an cquipotential surface, the current can be taken to vary as
the 3-power of the potential difference between the anode and the
point z, if we ncglect the factors such as the initial velocities,
which cause a deviation from the simple $-power equation. The
potential difference between the anode and the point z of the fila-

ment is E —E,;—c. Hence if A7 be the current from the element

dz of the filament, we get by equation’(13a)

Ai=2 é—e(E E ;>%dx
"9 Vm 1 )

In order to obtain the total current, we have to integrate over
the length of the filament from which the electrons flow to the
anode. We have to distinguish two cases: (a) When the voltage
E between the anode and the negative end of the filament is less
than the voltage drop E, in the filament, due to the heating cur-

rent, and (b) when E is greater than E,.
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Case (a) EXE,. Here the integration is to be performed over
the part z of the filament given by equation (16). Thus

2 [2e EEL/ z\¥2

22 [2 1
De<8,~59\'m 1B,

This gives
) O N e V4|

When E is expressed in volts and ¢ in amperes, we may write
this equation:

1=5.86X10~ 6 l E“/?l

=KE"

(18)

Comparing this constant of proportionality K with C in equation
(14) it will be seen that
C=3EK. . . . . . . . (18)

Equation (18) shows that as long as the potential difference
between the anode and the negative end of the filament is less
than the voltage drop in the filament, the anode current varies
as the 3-power of the anode potential. Except for the fact that
here the limitation of current by the voltage drop in the filament
has been taken care of, this equation is subject to the same limita-
tions as the 3-power equations which were derived on the assump-
tion that the cathode is an equipotential surface.

Case (b) ESE, In this case electrons flow from the whole
surface of the filament to the anode. Hence the current is:

2 [2¢ (" z\¥?
—g —'{0‘ (E_Efl_> dx,

()ese,=K[E*—(E—-E)"], . . . . . (19

which gives:

where
= 26 L_ 6~ !
K= 45 7E, 5.86X 10~ '/
I=length of the filament;
r=radius of the cylindrical anode;
E,=voltage drop in the filament.
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Equation (19) may be expanded into the more convenient form:

3 E, E
=CF2 4
i=CF [1 4Ei24<E> F .. .], . .« . (19a)

where C'=14.65X 10‘ ! , the same constant as appears in the

equation (14).

The lower signs in the series of (19a) pertain to the case in which
the potential of the anode is reckoned with respect to the positive
instead of the negative end of the filament.

RI

— i

Fic. 23.

This series converges so rapidly that for all values of the anode
potential greater than twice the voltage drop in the filament we can
write for the current with close approximation.

—COF" 3 E,
i= CE/2[1:F4E] e e oL (20

In deriving these equations, the length of the filament (and that
of the cylindrical anode) were put equal to a finite valuel. Strictly
speaking [ should be infinitely long so that the distortion of the
field at the ends of the anode can be neglected. This condition
can be realized in practice with a device shown schematically in
Fig. 23.

The anode A4 is in the form of a cylinder and the filament is
stretched along its axis. In order to insure straight lines of
force the guard rings ER’ are placed on either side of AA, the
filament extending beyond the ends of the anode. The anode
and guard rings are electrically connected but the galvanometer G
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is inserted as indicated in the diagram, so that it registers only the
electron current flowing to the anode. The effective length of the
filament is then equal to the length of the anode.

The general effect of the voltage drop in the filament when the
plate is connected to the negative end of the filament, is to make
the space current smaller because the average potential difference
between the filament and the plate is smaller than that between
the negative end of the filament and the plate, this being the
potential difference that is ordinarily measured with a voltmeter.
The general effect is shown by the curve OD of Fig. 20. The curve
OAB represents the theoretical curve in accordance with the simple
2-power equation, and the part AB represents the ideal saturation
current which is supposed to be independent of the applied
voltage. The characteristic which is ordinarily observed is indi-
cated by ODE. For the present we shall consider only the lower
part OD of this characteristic. The deviation at voltages greater
than the voltage corresponding to the point D is due to the limita-
tion of the current by the electron emission from the filament and
will be discussed in the next seetion. The line OAB is computed
from the §-power equation (14), the constant C being put equal
to 50X 10~¢ amperes. If we assume that the voltage drop in the
filament is 10 volts, then referring to equation (18a), we find the
constant K becomes equal to 21076, With the help of equations
(18) and (19) we can then compute the current as a function of the
potential differences E between filament and plate, by putting
E,=10. The values so computed give the curve OD of Fig. 20.
The percentage deviation of this curve from the theroretical
curve OA is quite considerable at the lower voltages. It will be
explained in the next chapter that it is desirable to so design
thermionic tubes that the saturation current is obtained at the
smallest possible voltage. In practice the voltage necessary
for saturation seldom exceeds a few hundred volts. Fig. 24
represents two experimental curves plotted on the logarithmic
scale and obtained in such a way that in the one case (curve 2)
the voltage drop in the filament was effective and in the other
(curve I) it was eliminated. To eliminate the effect of the
voltage drop in the filament we can, as has been done in taking
these curves, resort to a scheme used by von Baeyer! in 1909,
which consists in connecting the ends of the filament and the

10, voN BaeYEr, Phys. Zeits., Vol. 10, p. 168, 1909,
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plate through a commutator which is so arranged that the filament
current and the plate voltage are applied alternatively for short
intervals of time, the plate voltage being applied only while the
filament voltage is cut off. If the alternations are frequent
enough, the filament does not get a chance to cool off markedly
during the time that the filament current is cut off. In this way
the plate current is measured only while there is no voltage drop
in the filament.
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The dotted line in Fig. 24 is drawn to have a slope equal to 3.
For the higher voltages curve 1 is probably close to the theoretical
line, but at the lower voltages it bends to the left on account of the
initial velocities of the emitted electrons. Curve 2 plainly shows
the effect of the voltage drop in the filament; it deviates every-
where to the right of the theoretical line. Hence, the effect of
the voltage drop in the filament is opposite to the effect caused by
the initial velocities. While the latter causes the logarithmic
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plot of the characteristic to deviate to the left from the $-line, the
voltage drop in the filament causes not only a deviation to the right
but also a lateral shift of the whole curve to the right. These
two effects sometimes contribute to give a better £ logarithmic
line than is to be expected from theoretical considerations only,
because their effects are opposite and tend to neutralize each other.
This is especially the case when the filament is operated at a very
high temperature, because the higher the temperature of the
filament, the greater will, of course, be the effect of the initial
velocities.

As far as the lower part of the characteristics of thermionic
valves is concerned, it follows, therefore, that the current is limited
not only by space charge but by the initial velocities of emission of
electrons and by the voltage drop in the filament as well. If we
consider the whole characteristic over which it is sometimes
operated, we find that the current is also limited by another fac-
tor which we will now proceed to explain.

29. Influence of Limitation of Current by Thermionic Emission.
If we consider the characteristics as actually obtained in practice,
we find that on the upper parts they deviate even more from the
theoretical line than the lower part. Referring, for example, to Fig.
20, the curve ODE represents more nearly what is actually obtained
with thermionic tubes, which is quite different from the theoretical
curve OAB. As we proceed up the characteristic from the lower
voltage values, we find that the curve deviates from the theoretical
curve on account of the voltage drop in the filament, but as we
proceed higher up the characteristic the curve bends over gradually
toward saturation. The two things to be noticed are that this
transition region between the lower part and the saturation part
of the characteristic generally starts at comparatively low voltages
and, secondly, the saturation current itself usually increases gradu-
ally up to very high voltages instead of becoming flat, as indicated
by AB. This deviation, which is shown by the part DE, Fig. 20,
is due to the fact that in the neighborhood of D the voltage
approaches values at which the current begins to be limited by
electron emission. The gradual bending of the curve and the
length of this transition region depend on the surface conditions
of the cathode the voltage drop in the filament and on the shape of
the anode. With the Wehnelt cathode the transition part of the
curve is generally much longer than with Tungsten cathode.
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Furthermore, if the anode is in the form of a wire or a small plate,
the transition part is also longer than when the anode is, for ex-
ample, a cylinder surrounding the cathode placed along its axis.

The transition part of the characteristic can best be seen from
diagrams in which are plotted a number of characteristics obtained
with the same tube but with different filament temperatures
such as shown, for example, in Fig. 25. Taking, for example, the
lowest one of these curves, we see that the transition part sets in
at A. In the second curve, it sets in at B, and so on.

Generally speaking, practical thermionic devices operate over
the part of the characteristic indicated by ODE of Fig. 20. This
part we can refer to as the infra-saturation part or the operating
part of the characteristic. From the above explanations it follows
that over this operating part of the characteristic the current is
limited by space charge, initial velocities of emission, the voltage
drop in the filament and by thermionic emission. There is another
factor which limits the current on the lower voltages, namely,
the formation of heavy negative carriers when a small amount
of gas is present in the tube. This will be discussed more fully
in the next chapter. In the case of the three-electrode tube
which contains a grid inserted between the filament and the plate,
the current is further limited by the grid (see Chapter VII). All
these current limiting factors contribute to the production of a
characteristic which is curved and which does not obey a simple
power law when taken over the whole infra-saturation or operating
range of the characteristic. The logarithmic plot of the character-
istic is steepest at the lower voltages where the slope may be as
high as 21. As the voltage increases the slope of the logarithmic
plot decreases until finally it becomes less than unity when satura-
tion is approached.

When dealing with certain small parts of the characteristic,
we can advantageously apply a simple power law. Thus, in the
case of a tube containing a grid, we operate the tube as an amplifier
generally over a range on the lower part of the characteristic where
the relation between current and voltage can be expressed as a
simple quadratic relation (see Chapter VII). When using the
three-electrode tube as an oscillation-generator, on the other hand,
we use the whole characteristic ranging all the way up to saturation

voltages.
In order to obtain a rough indication of the maximum current
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that can be passed through the tube, we can apply the simple
2-power equation in special cases. Thus, if the anode is a cylinder
and the cathode stretched along its axis, the application of equation
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(14) will give an approximate indication of the maximum current
that can be passed through the tube at voltages approximating
to the saturation voltage.
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The application of the §-power equation to the approximate
determination of the current at the saturation voltage, is not based
on the consideration in Section 27 where it was shown that theo-
retically the 3-power equation holds for an equipotential cathode
at voltages approximating the saturation voltage, because the
limitation of current by electron emission which makes itself felt
even on the lower part of the characteristic, causes quite a marked
deviation from the theoretical curve, so that the $-power equa-
tion can be used only to give a very rough indication of the
maximum current.

It is not to be concluded that since the initial velocities and
the voltage drop in the filament both exert effects which become
proportionately smaller as the voltage increases, an agreement with
the -power law can be demonstrated if the upper part of the char-
acteristic gives a slope equal to 3. The fact of the matter is that
on account of the voltage drop in the filament the slope of the
characteristic well below the saturation part is greater than %
and on the saturation part itself it is less than unity and sometimes
almost zero. Since the slope .changes actually from the high
value to the low value, there must, of course, be a region where
the characteristic has a slope equal to §. But, in this region
the current is limited not only by space charge but by the voltage
drop in the filament and by thermionic emission from the filament
as well. This effect can readily be seen by plotting the curves
shown in Fig. 25 on the logarithmic scale, as is shown in Fig. 26.
It will be seen that each of these curves has a slope equal to $
over a more or less restricted region. The three different curves
give three different lines each having a slope equal to 4. This
would mean that this one tube obeys three different $-power
equations which is, of course, impossible. For the $-power
equation to be obeyed, it is not only necessary that the logarith-
mic plot give a line, the slope of which is §, but that line must, of
course, also have a definite intercept on the voltage axis which
gives the constant of proportionality of the $-power equation.

30. Effect of the Curvature of the Characteristic. In the pre-
vious section it was explained how a number of factors contribute
to limiting the current in such a way as to produce a characteristic
which is curved. Of these factors the space charge of the electrons
in the space between filament and anode is responsible for the fact
that the characterictic curves upwards. The limitation of current
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by electron emission, on the other hand, causes the characteristic
gradually to bend over to the right. The fact that the characteristic
is curved is a very great disadvantage in a large number of uses
to which the tube is applied. As will be explained later, it causes
the tube to distort when it is used as an amplifier. When the tube
is used as an oscillation-generator, the curvature of the character-
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tic is also a disadvantage in that it makes the solution of the
problem of the oscillator so much more difficult. In fact, the full
solution for the curved characteristic has not yet been given.
On the other hand, when the tube is used as a modulator or detector
of high frequency oscillations the curvature of the characteristic
is actually made use of. In considering the applications of the
thermionic tube, we shall first deal with those for which it is desir-
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able to have a straight characteristic and then consider the applica-
tions which make use of the curvature of the characteristic.

Whatever has been explained here with reference to the simple
two-electrode valve applies in a general way and with certain
qualifications also to the much more important type of thermionic
device, the three-electrode tube which contains a grid between the
filament and the plate.

31. Energy Dissipation at the Anode. When a thermionic
tube is in operation its anode becomes heated to an extent de-
#pending on the size and nature of its surface and on the voltage
and current at which the tube is operated. If » be the velocity
with which an electron strikes the anode, the energy converted into
heat at the anode is 3mv?. If the number of electrons striking the
anode per second is n the power dissipated is

nmv2=neE=IE

where I is the current through the tube and E the voltage between
anode and cathode. The temperature of the anode will rise until
the rate at which energy is transferred to it by the bombarding
electrons becomes equal to the rate at which it is radiated from it.
If A be the area of the anode and e its thermal emissivity, the
energy radiated per second can be given approximately by the
Stefan-Boltzmann equation:

P=keA(T*=T¢"), . . . . . . (21

where T is the temperature of the anode in Kelvin degrees and
To that of its surroundings. The radiation constant k is the power
radiated by 1 cm.? of a perfect black body at a temperature of
1° K, its surroundings being at absolute zero of temperature.

For tungsten Langmuir! finds the following equation instead
of the above equation (21): -

- T \ 4.74
P=~12,54A(17—03) e (22

When equilibrium is established the power radiated is equal
to the kinetic energy of the bombarding electrons converted per
second into heat. The term To! in equation (21) can generally
be neglected, when the anode temperature is high and we obtain

1]. LangMUIr, Phys. Rev., Vol. 34, p. 401, 1912,



76 THERMIONIC VACUUM TUBE

the following relation between the power dissipation at the anode
and the temperature to which it rises:

El=keAT. . . . . . . . (23)

The constant e has its maximum value unity when the surface
has the full radiating power of a black body. A shiny surface does
not radiate as well as a dull black or dark surface, and is therefore
not as suitable for use in high power tubes. Turthermore, the
power radiated depends upon the area of the anode.

These factors have to be considered in the design of power
tubes. The area of the anode must be so proportioned with respect
to the product EI that its temperature does not rise beyond a
certain value depending upon the nature of the anode and the
extent to which it has been denuded of gas during evacuation of
the tube.

If the anode temperature becomes too high three deleterious
effects can come into play:

(a) It can cause the liberation of gas and so make the discharge
depart from a pure electron discharge. This impairs the operation
of the tube and often, when it does happen, causes the tube to blow
out on account of the increase in current due to ionization and the
consequent increase in power dissipation at the anode. Such
impairment is often only transient since the gas is usually cleaned
up by the hot filament. (See Chapter V.)

(b) It causes a volatilization of the anode resulting in the
formation of a metallic deposit on the bulb (““ blackening of the
bulb ”’). Unless the parts where the lead-in wires are sealed in
are shielded the metallic deposit impairs the insulation between
the wires which must in most cases be very good.

(¢) It can cause the emission of electrons from the anode.
This is generally not so serious in the case of a three-electrode
tube, consisting of filament, grid and anode because there usually
exists a strong electric field between the grid and the anode which
tends to return to the anode all electrons emitted from it. But
in the case of a valve, that is, a tube containing only cathode and
anode, care must be taken that emission of electrons from the
anode does not take place, because if it did, the tube would not
rectify completely.

32. Efficiency of the Cathode. The efficiency of a thermionic
cathode is determined by two factors: its life, and the maximum
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thermionic current obtainable for a given amount of power ex-
pended in maintaining it at the desired temperature. The satura-
tion current, i.e., the maximum obtainable current, depends upon
the area of the cathode, its temperature and its electron affinity.
(Equation 7, Chapter 1I1.) The power necessary to maintain the
cathode at a definite temperature depends upon its area, its tem-
perature and its thermal emissivity (equation 23). By comparing
these two equations it will be seen that the saturation current in-
creases more rapidly with the temperature than does the power.
Hence the saturation current per unit power increases with the
temperature. The relation between these quantities is shown in
the following table which gives the values for tungsten compiled
from a paper by Dushman.! The second column gives the power
in watts per cm.2 necessary to maintain the tungsten cathode at
the temperatuvre given in the first column, and the third column
gives the saturation thermionic current in milliamperes per c¢m.?
of cathode surface. The numbers given under s in the last column
are obtained by dividing I, by p and can be taken as the thermionic
efficiency of tungsten expressed in milliamperes per watt,

TABLE I1
T P Is s
Kelvin Degrees. | Watts per Cm?2, Mils per Cm.2. Mils per Watt.

1000 0.9 1.2x10—1t 1.25%x10~ 1
1500 6.9 6101 8.7X1078
1800 16.4 3X10™1 1.8%10™2
2000 26.9 4.2 1.6X107!
2100 34* 15.1 4.5x107!
2200 43* 48.3 1.12
2300 53* 137.7 2.6
2400 65* 364.8 5.6
2500 77.5 891.0 11.5
2600 90* 2044 22.7

* Obtained by interpolation.

For temperatures above 1800° K. the relation between the
thermionic efficiency s and the power p per cm.? expended in

1S. Dusaman, G. E. Rev., Vol. 18, 156, 1915,
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heating the filament can be expressed with a suﬂiment degree of
accuracy by the simple equation

s=Cp” . . .+ ¢ o . . (29

where C and n are constants.

From this it follows also that for the operating range of tem-
peratures above 1800° K., we can instead of equation (7), Chapter
III, use the simpler equation

-

L=Cp™'. . . . . .. . (2)

For tungsten the constants n and C have the values, n=4.13
and C=1.812X10"7 when s is expressed in milliamperes per
watt, p in watts per cm.2 and ¢ in milliamperes per cm.?

The important quantity is s. In designing tubes it is not
always necessary to know the temperature of the cathode. Instead
of the temperature we can use the quantity p, because, after all,
we are interested only in the power that must be expended in heat-
ing the filament to obtain the desired thermionic current. This
power should not be made too high as this would decrease the life
of the filament. If the desired life is known, we can, from a relation
between the life and the power p dissipated per cm.2 of the fila-
ment, determine the value of p at which the filament must be
operated. From the power that the tube is required to give in
its plate circuit and the permissible voltage between filament and
plate the saturation current can be determined. With the help
of a table such as the above the required area of the filament can
then be obtained. Once this area is known the length and diam-
eter of the filament can be determined from its resistivity at the
operating temperature. The length and diameter can, of course,
be proportional to suit the voltage or current at which it is desired
to operate the filament.

The most important of the factor that influences the thermionic
efficiency of a filament is its electron affinity, i.e., the work which
an electron must do to escape from the filament. A glance at
the following table will show the enormous extent to which this
constant can influence the saturation current. This table also
gives an indication of the manner in which the saturation current
is increased by increasing the temperature of the filament. The
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figures given in the table are only relative, and were computed
from the equation

4343 X105

1
logly—élog T—log{l— 36 ?, -

(26)

where A was put equai to 107. This is the logarithm equivalent
of Richardson’s equation of thermionic emission. (See equations
(9) and (10), Chapter I11.)

TABLE III

Saturation Current in Amperes per Cm.? of Cathode

Temperature - Surface.
of Cathode.

¢=2 Volts. | ¢=3 Volts. ¢ =4 Volts. ¢ =25 volts.

°K.

1000 25x10~3 2X107? 2X10712 2X10—1
1500 72 3X107°2 13x107¢ 6Xx107°
2000 4X10? : 12 361073 1.1x1074
*2500 - 4.6X10¢ 43 4.2 4x10~2

If we take two filaments having different values of electron
affinity, but both filaments having the same area and thermal
emissivity, place them in identical tubes and dissipate the same
power in them, they would give the current voltage curves OA 1B,
and OA2B: (Fig. 27) where ¢2 is less than ¢;. If it is not necessary
for the filament to give a greater saturation current than that given
by A1Bi the filament with the smaller value of ¢ still offers a great
advantage because in such case we could operate the filament at a
lower temperature. The power saved in lowering the temperature
could then be used in increasing the length of the filament. This
would increase the total space current and the characteristic
would take the form OHB,. It will be shown later that the
steepness of the characteristic is a very important factor
in determining the efficiency of thermionic amplifiers, detectors,
etc. The curve OH is therefore more suitable than OA ;.

It is to be seen, therefore, that it is very desirable to use a
filament with as low an electron affinity as possible. This. is
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obtained in the Wehnelt ! cathode, which consists of a platinum
filament coated with an oxide of the alkaline earths.

The type of filament used in Western Electric tubes is the
result of efforts to reduce the electron affinity. A comparison of
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table II for tungsten filaments with the following, which gives the
values for a type of Western Electric filament,2 shows the relative
thermionic efficiencies of the two types.

TABLE 1V
I
P Is =;s
Watts per Cm2 | Mils per Cm?. Mils per Watt.
4 11 2.7
5 35 7
6 80 13
7 160 23
8 300 37.5
9 500 55.5
10 750 75

' A. WEHNELT, Ann. d. Phys., Vol. 14, p. 125, 1904.
2 From measurements of C. J. DAVISSON.
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The values for p, s and I; given in this table also obey equations
(24) and (25) but the constants n and C for this filament have the
values: n=3.59 and C=2.148X 1072,

It is on account of the high thermionic efficiency that the
oxide-coated platinum filament can be operated at such low tem-
‘peratures. These filaments should never be heated above a reddish
yellow (which corresponds approximately to p=8 to 9 watts per
cm.2), whereas a tungsten filament can be heated to brilliancy.

The experimental verificaton of Richardson’s equation for
the Wehnelt type of filament presents greater difficulties than in
the case of pure metallic filaments. For metallic filaments this
equation was verified by Richardson in 1903,! and subsequently
by several others. Accurate determinations of Richardson’s
constants for tungsten, molybdenum and other metals were made
in the laboratories of the General Electric Company. The earliest
experiments that were made to determine the electron affinity
for oxide-coated filaments were those of Wehnelt.2 Richardson’s
equation has been fully verified for oxide-coated filaments by
investigations carried on in the research laboratories of the
Western Electric Company. Some of this work is described
by H. D. Arnold.3

The coated type of filament has now been used by the Western
Electric Company since 1913, and has been in commercial use in
the telephone repeater tubes of the Bell Telephone System since
1914. This filament is sufficiently constant in its behavior to meet.
the very rigid requirements called for by its use on the long dis-
tance telephone lines.

It consists of a core of platinum-iridium (6 per cent iridium
with other impurities found in commercial platinum-iridium)
covered with the oxides of barium and strontium. These oxides
are applied alternately and after each application the filament is
momentarily raised to a temperature of about 1000° C. The
whole process consists of sixteen such applications, After that
the filament is baked at about 1200° C. for two hours. If the

10. W. RicHARDSON, Trans. Roy. Soc., Vol. A-201, p. 497, 1903.

2 A. WERNELT, Ann. d. Phys., Vol. 14, p. 425, 1904. For a full discussion
of these and similar experiments, see O. W. RicHARDSON, “ The Emission of
Electricity from Hot Bodies ”’ (Longmans, London).

3H. D. ArNoLp, paper read at the Chicago meeting of the American
Physical Society, October, 1919.



82 THERMIONIC VACUUM TUBE

filament is not exposed to moisture or carbon dioxide it does not
deteriorate. If kept in vacuum containers they show no deterio-
ration over a period of several years. The tubes containing these
filaments are completely interchangeable even in repeater circuits
where the requirements are held within very close limits.
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The investigation on the thermionic efficiency of the filaments
was simplified by a coordinate system devised by Dr. C. J. Davis-
son, in which the absciss® represent power supplied to the fila-
ment, and the ordinates the thermionic emission. The absciss® of
this system are curved, the coordinate lines being so proportioned
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that if the emission of the filament satisfies Richardson’s equation,
and the thermal radiation the Stefan-Boltzmann law, the relation
between the thermionic ernission and the power supplied to the
filament when plotted on this chart is a straight line. Such a
chart is shown in Fig. 28. The lines represent the average ther-
mionic emission for a large number of different filaments. These
filaments all have the same area, namely, 95 sq. mm. The further
the line lies to the left, the greater is the thermionic efficiency.
Each line shows the percentage of tubes that have a higher ther-
mionic emission than that indicated by the line. For most pur-
poses it is necessary only to insure that the thermionic emission
is greater than a certain value. The thermionic efficiency is

obtained by dividing the ordinates by the abscisse (s=217“).

The broken lines represent the lines of constant thermionic
efficiency, the corresponding thermionic efficiencies indicated on
this line being expressed in milliamperes per watt. The normal
power dissipated in this standard coated filament is from 8 to 9
watts per square centimeter. From this it is seen that the
efficiency of these filaments range from about 10 to 100 milli-
amperes per watt.

: b
The constants of Richardson’s equation (I,=AT1/’e_7'> can
be determined directly from these lines.

The following table gives the constants a and b of Richardson’s
equation for a number of different substances. The values for
the Western Electric oxide-coated filament were obtained by C. J.
Davisson from measurements covering about 4000 filaments.!
The values for the other substances given in the table are taken
from a paper by Langmuir.? :

TABLE V
|
A b
Substance. Amps/Cm?, Kelvin Degrees.

|
Oxide coat (W. . Standard). (8 —24) X10¢ (1.94—2.38) X10*
Tungsten.. ................ 2.36 X107 5.25X10¢
Thorium. ................. 2.0x108 3.9 X104
Tantalum................. 1.12 X107 5.0X10*
Molybdenum. . ............ 2.1X107 5.0Xx10¢

1H. D. ArNoLD, loe. cit.
2], LANGMUIR, Trans. Am. Electrochem. Soc., Vol. 29, p. 138, 1916.
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The thermionic efficiency is determined mainly by b; the smaller
b the greater the efficiency.

To obtain the electron affinity ¢ the equation ¢ =8.6X1075Xb
(Chapter 1II, equation (9)) can be used.

33. Life of a Vacuum Tube. The life of a tube is determined
mainly by two factors:

(a) There is always a small amount of ionization by collision
even in highly evacuated tubes. The positive ions so formed
bombard the filament and this causes excessive local heating.
In the three-electrode type of tube the grid acts as a partial
screen to positive ion bombardment. The electric field in the
region between grid and plate is usually much greater than between
grid and filament. Most of the ionization, therefore, takes place
between grid and plate and a large percentage of the resulting
positive ions go to the grid instead of to the filament, since the grid
is always negative with respect to the plate.

() The rate at which the filament volatilizes increases with
its temperature. In the case of the metallic filaments, the vola-
tilization causes the filament gradually to get thinner and so in-
creases its resistance. If the filament is operated at constant
voltage this will cause a reduction in the heating current, and the
consequent lowering of the temperature lowers the thermionic
emission as well as the thermionic efficiency. If the filament is
operated at constant current the voltage increases, resulting in an
increase of the temperature of the filament. This shortens the
life of the filament. Whether the filament be operated at constant
voltage or constant current, both effects are undesirable and must
be taken into consideration in estimating the life of the filament.

The life of a metallic filament depends also on its diameter.!
A 5-mil tungsten filament operated at a temperature of 2400° K.
has a life of about 4000 hours, while the 10-mil filament operated
at 2500° K. has a life of nearly 3000 hours. The thicker the
filament the longer the life for the same operating temperature.
Or, the same length of life can be obtained by operating the
thicker filament at a higher temperature and so obtain a greater
thermionic emission, as well as a higher thermionic efficiency,
since the thermionic efficiency increases with the temperature.

The following table taken from Dushman’s paper gives an
idea of the effect of the diameter of the filament on its life:

1S. DusumaN, General Electric Review, Vol. 18, p. 156, 1915.
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TABLE VI
|
Filament Safe Temperature I per Watts per
Diameter, Mils | (Life > 2000 Hrs.). Cm. length. Cm. Length.
5 2475 30 3.1
7 2500 50 4.6
10 2550 100 7.2
15 2575 200 11.3

By “safe temperature”’ here is meant a temperature which
is low enough to insure a life of at least 2000 hours. The quanti-
ties given in the third column give the thermionic emission per
centimeter length of filament at the corresponding temperature,
and the fourth column gives the power that must be expended in
maintaining a centimeter length of the filament at that tempera-
ture. The thermionic efficiency can be obtained by dividing the
values in the third column by those in the fourth. It is seen that
the thermionic efficiency of the 15-mil filament is almost twice
that of the 5-mil filament when both are operated at such tempera-
tures as to give approximately the same life.

The coated type of filament retains a constant resistance
throughout its life, because the heating current in this filament
is carried mainly by the core, while what evaporates is mostly the
coating. The nearing of the end of this filament is indicated by
an increase in the temperature over sections of its length. These
are commonly referred to as ‘ bright spots.” This warning is a
desirable and important feature, especially where the tube is used
as a telephone repeater, because it makes possible a timely replace-
ment of the tube without interrupting the service.

Tubes containing the standard Western Electric filament
have a life of several thousand hours, which depends, of course,
upon the temperature at which the filament is operated. Such
tubes have been operated in the laboratory for 20,000 hours con-
tinuously, during which period the thermionic current remained
practically constant.



CHAPTER V
INFLUENCE OF GAS ON THE DISCHARGE

TuE discussion given in the previous chapter and the current
voltage relations that were obtained were based on the assumption
that the residual gas in the device has a negligibly small influence
on the discharge. It now remains to show under what conditions
this assumption is justified and how these conditions can be realized
in practice. It is important to know what are the sources of gas
in thermionic tubes; how the gas influences the discharge and how
the deleterious effects of gas can be eliminated.

There are two principal ways in which the presence of gas in a
thermionic tube can affect the discharge. Firstly, gas in contact
with the surface of a cathode can change the thermionic emission
from the cathode and so change the saturation current, i.e., the
total current obtainable from it at a definite temperature. This
effect may be referred to as the surface effect. Secondly, the pres-
ence of gas in the space between cathode and anode will, if the
velocity of the electrons coming from the cathode exceeds a certain
small value, depending on the nature of the gas, give rise to the
phenomenon of ionization by collision. This can be referred to as
the volume effect.

34. Volume Effect of Gas. Ionization by Collision. In order
to explain the effect of ionization by collision on the discharge, we
shall assume that we have a characteristic corresponding to that
obtained in a perfect vacuum and then see how this characteristic
is changed when gas to a sufficiently high pressure is introduced
into the tube. We shall also assume that the gas which is intro-
duced is entirely neutral as regards the surface effect; that is,
it is of such a nature that its coming in contact with the surface
of the cathode does not change the electron emission from the
cathode. In passing from cathode to anode, some of the electrons
collide with the molecules of the gas and if they strike the mole-
cules with a velocity exceeding a definite minimum amount ioniza-

86
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tion by collision sets in. The voltage through which an electron
must drop to acquire this minimum velocity is called the zoniza-
tion voltage, values of which are given on page 22.

If the voltage between cathode and anode is slightly greater
than the ionization voltage, then, if an electron collides with a gas
molecule just before reaching the anode, ionization will result, but a
collision in the space nearer to the cathode will not result in ioniza-
tion. In the latter case the electron may be reflected without
any loss of energy from the molecule with which it collides, or it
may lose part or all of its energy, this energy being transferred
to the molecule, or it may combine with the molecule, thus forming
a heavy negative carrier. It can readily be seen that if the voltage
between cathode and anode be increased, collision of the electrons
with molecules nearer to the cathode may result in ionization, and
if the voltage just exceeds twice the ionization voltage, an electron
which collides after having dropped through the ionization
voltage in moving from the cathode, thus producing ionization,
stands a chance of ionizing another molecule with which it may
happen to collide just before reaching the anode. For low volt-
ages, therefore, it is to be expected that the amount of ionizatior
would increase with the applied voltage.

In practice we do not deal with a single electron moving from
cathode to anode but with a stream of electrons, and under such
conditions it is generally found that ionization sets in at applied
voltages less than the ionization voltage. It is, for example,
possible to maintain an arc in a gas or vapor by the application
of a voltage which is not as great as the ionization voltage of the
gas or vapor. This is because it takes a smaller amount of energy
to disturb the equilibrium of an atom than it does to completely
detach an electron from an atom. Once the equilibrium of an
atom has been disturbed the potential energy of the atomie
system is increased by an amount equal to the energy given up to
the atom by the colliding electron. Such an atom is more easily
ionized than the normal atom and therefore the potential differ-
ence through which any electron must drop in order to ionize this
atom is less than the ionization voltage of the normal atom.!

The amount of ionization depends also on the pressure of the
gas. The pressure of the gas may be so low that the electron does
not strike a molecule at all in its flight from cathode to anode. On

1 H. J. van pER Bur, Phys. Rev., Vol. 10, p. 546, 1917.
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the other hand, the pressure may be so high that the electron
collides before it has acquired sufficient energy to ionize. The
amount of ionization produced in this case depends on whether or
not the gas is such that the collisions are elastic. If they are
elastic the electrons will rebound from the molecules without losing
their energy and may then strike the next molecules with a greater
amount of energy than the first. If the collisions are inelastic
the electrons lose some or all of their energy on colliding, but the
energy which is transferred to the molecules is again radiated from
them in the form of light, which causes photo-electric effects
in the tube. resulting in a further dislodgment of electrons.

35. Mean Free Path of Electrons in Gases. The chance that
an electron has of colliding with a gas molecule in its passage from
cathode to anode depends on the mean free path of the electrons in
the gas and upon the distance between cathode and anode. The
mean free path is the average distance through which an electron
can move freely without colliding with gas molecules. The
following table gives an idea of the nature of this important quan-
tity. The first column gives the number N of electrons, out of a
total of 100 starting from the cathode, that can move freely through
the distance d given in the second column of the table. The
numbers in the second column are expressed in fractions of the

mean free path L.

d

N L
99 0.01
98 0.02
90 0.1
82 0.2
78 0.25
72 0.333
61 0.5
37 1.
14 2

5 3-
2 4

1 4.6

This table snows that if the distance between cathode and
anode is equal to the mean free path, only 37 per cent of the
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electrons starting from the cathode will strike the anode without
having encountered molecules on their way, and as the ratio of the
distance between cathode and anode to the mean free path is
increased the number of collisions increases. On the other hand,
if the pressure is so low that the mean free path is 100 times the
distance between cathode and anode, only 1 per cent of the
electrons will collide before reaching the anode.

The mean free path increases as the gas pressure is decreased;
in fact, it is inversely proportional to the pressure of the gas. It
also depends upon the size of the molecules. Thus it is greater for
hydrogen than for oxygen. Consequently, since an electron is
much smaller than a gas molecule, the mean free path of electrons
in gases is greater than the mean free path of the gas molecules
themselves. In order to obtain the mean free path of electrons
in the gas from the mean free path of the gas rolecules in the gas
itself, we must multiply by the factor 4v/2. If L is the mean
free path of the gas molecules at atmospheric pressure (760 mm.
of Hg), then the mean free path of elections in that gas, at a pres-
sure p is:

l=760x4\/§%, W

where p is given in millimeters of Hg.

The mean free path for most of the common gases is given in
tables of physical constants.!

The mean free path of a gas or vapor can be obtained if the
coefficient of viscosity is known. The coefficient of viscosity is
given by the equation

n=31pcL; . . . . . . . (2
where
n=coefficient of viscosity;
p=density of gas;
c¢=mean molecular velocity;
L=mean free path;

the quantities being reduced to atmospheric pressure. Now, the
pressure P is given by

P=1pc?
o 3713}- 3)
e C= —

p

18ee, for example, ““ Physical and Chemical Constants,” by G. W. C.
Kaye and T. H. Laby.
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The mean free path for any gas for which the coefficient of
viscosity is known can be obtained readily from the known mean
free path and coefficient of viscosity of some other gas. For
example, from equations (2) and (3) we obtain

L=—7"1__ 4

.31V 3Pp *)
and therefore if Lz isthe known mean free path of one gas at atmos-
pheric pressure, the mean free path L; for the other gas at the
same pressure is given by  °

I_‘l_ﬂ\/f;mm
L2ﬂ2E—n_zﬁ—fl""""(5)

where M| and M, are the molecular weights of the two gases con-
sidered. The mean free path of the electrons in the gas at some
other pressure can then be obtained from equation (1).

36. Ionization at Low Pressures. The application of the
theory of ionization by collision when the pressure is of such order
of magnitude that the mean free path is large compared to the dis-
tance between the electrodes is simpler than when the mean free
path is of the same order as, or less than, the electrode distance.
The relation between ionization current and the pressure is also
simpler. Let us consider the case in which the pressure of the gas
in the tube is so low that the mean free path is large compared
with the distance between cathode and anode. If p is the pres-
sure in millimeters of Hg and N the number of gas molecules per
cubic centimeter at atmospheric pressure, the number of mole-
cules per cubic centimeter at the pressure p is %

Let us suppose that cathode and anode are both in the form of
infinitely large parallel plates, and let the number of electrons
moving away from 1 square centimeter of cathode surface per
second be n;. In moving from cathode to anode some of these
electrons will collide with the gas molecules. If the voltage
between cathode and anode be so high that every collision results
in ionization, the number of positive ions formed will be equal
to the number of collisions, and since the mean free path is large
compared with the electrode distance, the chance of an electron
colliding more than once on its way to the anode will be extremely
small. We can therefore imagine the molecules in the space
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projected on the plane of the anode and compute the ratio
of the area covered by the molecules to area of the anode. This
will then be proportional to the ratio of the positive ions formed
by collision to the number of electrons moving from cathode to

anode. Now, the cross-sectional area formed by the 7—9(; mole-

cules is m*pN where r is the molecular radius. Hence, if n2 be
760

the number of positive ions resulting from collisions in a column

1 square centimeter in cross-section, and n; the number of elec-

trons moving to the-anode per second from 1 square centimeter

of cathode surface, we have

ng _ 1#r’pN
ni IC 76()

or
760k no

=;7:2N;1, e e e s e - e (6)

where k is a constant which becomes unity if all the molecules in
the path of the electron stream are ionized.

The pressure p of the gas is therefore directly proportional
to the ratio of positive ions to electrons. This linear relation has
been observed experimentally by O. E. Buckley ! and on the basis
of this simple relationship he designed a thermionic gauge for the
measurement of pressures below about 1073 mm. of Hg. This
gauge is described in Chapter X, page 375.

37. Effects of Ionization by Collision. When ionization takes
place, the characteristic can be influenced in the following ways:

(a) The splitting of the gas molecules by bombardment of
the electrons, in their passage from cathode to anode, results in
the production of more dislodged charges so that the current is
increased. This increase in current is small under the conditions
prevailing in most thermionic tubes. Thus, if the pressure in the
tube is 0.1 micron,? the increase in current due to this cause alone
is less than 1 per cent.

(b) The positive ions resulting from the collisions move
toward the cathode and since the total space charge is the differ-
ence between that due to the electrons and that due to the positive
ions, the presence of the positive ions naturally reduces the total

10, E. Buckley, Proc. National Academy of Science, Vol. 2, p. 683, 1916.

21 micron =103 mm. of Hg.
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space charge, and this causes an increase in the current. The
extent to which the space charge of the positive ions can reduce
the negative space charge of the electrons depends on the number
of positive ions compared with the number of electrons in the space
at any particular time. It depends, therefore, on the speed with
which the positive ions move toward the cathode; the lower the
speed the greater will be the density of the positive ions. Thus
when the tube contains oxygen the reduction in the negative space
charge is greater than would be the case if the tube contained
hydrogen at such a pressure that the number of positive ions formed
is the same, because the oxygen ions are heavier and move more
slowly than the hydrogen ions.

(c) The positive ions can, under certain conditions, combine
with the electrons at the surface of the cathode and so form a layer
of gasonit. This results in a surface effect which will be explained
in Section 39. '

(d) There is still another way in which ionization by collision
can affect the operation of the tube. If the voltage between
cathode and anode is sufficiently high, the bombardment of the
cathode by the positive ions causes an abnormal heating of the
cathode. This increases the saturation current because of the
increase in the temperature of the cathode. There may also be a
direct emission of electrons from the cathode under the bombard-
ment of its surface by the positive ions. The undue heating caused
by the bombardment wears away the cathode and has a very
deleterious effect on the life of the tube.

(e) When the velocity of the electrons is less than the value
necessary to cause ionization by collision, the electrons attract
the neutral gas molecules and so form heavy negative carriers.
The ease with which this formation of negative carriers takes place
depends on the nature of the gas. Such gases as argon and mer-
cury vapor do not readily form negative carriers, while hydrogen
and oxygen combine with electrons more easily. The effect of
this negative carrier formation is to counteract the reduction in
the negative space charge occasioned by the heavy positive ions
formed by collision ionization. The positive ions are atoms of the
gas from which one or more electrons have been removed. The
ions therefore have very nearly the same weight as the gas atoms.
The negative carriers, on the other hand, may consist of an atom
or molecule to which has been attached an electron. It is also
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possible that the attraction between an electron and the neutral
gas molecules can result in the formation of clusters consisting
of more than one molecule held together by the electron. These
negative carriers, therefore, move as slowly as, and sometimes more
slowly than, the positive ions and consequently have a relatively
great effect in counteracting the tendency of the positive ions to
reduce the negative space charge of the electrons.

38. Influence of Ionization on the Infra-Saturation Part of the
Characteristic. To confine our attention to this part of the char-
acteristic, let us assume that the tube contains gas which has no
effect on the electron affinity of the cathode; in other words, it
has no effect in either reducing or increasing the saturation current
obtainable from the filament at any definite temperature. This
condition can be realized, for example, with a tube containing a
tungsten cathode and mercury vapor because mercury vapor is
neutral as regards the electron emission from tungsten.! Let
us suppose that we measure the current voltage relation of a tube
containing a tungsten cathode and a tungsten anode, and to which
is attached an appendix containing mercury which can be main-
tained at any desired temperature thus maintaining the pressure
of the mercury vapor at any desired value. It is, of course, to be
understood that all other gases and vapors have been driven out
of the electrodes and the walls of the vessel. It will be appre-
ciated that by doing this we do not simulate the conditions ob-
taining in practical thermionic tubes, because the gases remaining
in the practical tubes seldom, if ever, contain mercury vapor, but
do comprise those gases that we are excluding from the experi-
ment at present under consideration. For such an experiment
it is desirable to use a vapor which can be maintained at any
pressure by keeping the parent substance at the corresponding
temperature.

Let us first suppose the appendlx containing the mercury is
immersed in liquid air. Under such conditions the characteristic
will be that obtained in a high vacuum. Then, to study the effect
of the mercury vapor in increasing the current on the infra-satura-
tion part of the characteristic we can, instead of using liquid air,
maintain the mercury at other temperatures by dipping the mer-
cury tube into freezing mixtures or water baths. A set of such
characteristics is shown in Fig. 29. The characteristic marked

1TrvING LaNGMUIR, Physik. Zeitsch., Vol. 15, p. 519, 1914,
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No. 1 was obtained with the mercury tube immersed in liquid air.
The other characteristics were obtained with the mercury at
temperatures ranging from —7.5° C. to 10° C. The temperatures
below 0° C. were obtained by keeping the tube containing the
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mercury immersed in ice and salt freezing mixtures. The following
table shows the temperatures of the mercury and the pressures of
the mercury vapor corresponding to the set of characteristics
shown in Fig. 29.

TABLE VII
Curve No. Temperztture of Hg, Pressure 9f Hg Vapor,
C. Micron.

1 —185 0.009

2 -7.5 0.085

3 0.0 0.18

4 5.0 0.3

5 7.5 0.4

6 10.0 0.5

The pressures of the mercury vapor at these temperzitures are
obtained from a table given by Knudsen.! Referring to this table
1 M. KNupsEN, Ann. d. Phys., Vol. 29, p. 179, 1909.
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and to Fig. 29, it will be seen that as the pressure of the mercury
vapor is increased the current voltage curve becomes steeper and
steeper. When the pressure rises to a value of 0.5 of a micron,
the current shows a rather sudden increase at about 33 volts
(curve 6). Below this pressure there is no sudden increase in
current, on the infra-saturation part. For a still higher pressure of
the mercury vapor, about 2 microns or more, the current
increases sharply at about 15 to 20 volts, as indicated by the
dotted curve in Fig. 29.

At these pressures of the mercury vapor, the formation of
the positive ions by collision of the electrons with the mercury
molecules neutralizes the space charge of the negative electrons
so that the current that can flow through the tube undergoes a
considerable increase. For this neutralization of the negative
space charge it is necessary, firstly, that the potential difference
between cathode and anode be high enough to cause a considerable
amount of positive ionization. In the case of mercury vapor,
this voltage is of the order of 5 volts or less. Secondly, it is neces-
sary that the number of positive ions formed by collision be great
compared with the number of negative carriers formed by com-
bination of the electrons with the neutral molecules. The for-
mation of heavy negative carriers accounts at least partly for the
fact that the negative space charge does not become neutralized
until the voltage becomes considerably greater than the voltage
through which the electrons must drop to produce ionization by
collision. Thus, the current does not increase suddenly until the
filament-plate voltage reaches about 15 volts or more, although
actually a considerable amount of ionization by collision takes
place at much lower voltages. The reason why the current does
not increase when ionization takes place at these low voltages is
because a relatively large number of negative carriers are formed
by the combination of electrons with the neutral gas molecules,
and these negative carriers tend to neutralize the space charge of
the positive ions. Another factor which tends to counteract the
reduction of the space charge of the electrons is the recombina-
tion of the positive and negative charges.

The extent to which the current is increased by ionization
by collision depends of course not only on the pressure of the gas
vapor, but also on the distance between cathode and anode. The
important quantity that determines the amount of collision ioniza-
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tion is the ratio of the mean free path of the electrons in the gas
or vapor to the electrode distance. Since the pressures corre-
sponding to the curves shown in Fig. 29 are known, we can from
these curves find the ratio of the mean free path to the electrode
distance for the maximum pressure at which there is no sudden
change in the characteristic due to the presence of the gas. These
curves show that this maximum pressure of mercury vapor is about
0.4 for the tube with which they were obtained.

Now, the effects as shown by these curves are much greater
for mercury vapor than for-the gases that commonly remain as
residual gases in thermionic tubes. In order to get an indication
of the extent to which the other gases increase the current on the
infra-saturation part of the characteristic, we have to distinguish
between mercury vapor and such gases in three respects: Firstly,
mercury molecules are very heavy compared to the molecules of
the ordinary gases, such as hydrogen, oxygen and nitrogen, and,
therefore, have a greater effect in reducing the negative space
charge. Secondly, the mean free path of electrons in mercury
vapor seems to be considerably less than the mean free path of elec-
trons in the common gases. Thirdly, such gases as oxygen and
hydrogen show a greater tendency to form negative carriers
by combining. with electrons than mercury vapor. It is also
possible that the rate of recombination of the positive ions with
electrons is different for different gases.

In attempting to obtain an indication of the minimum value of
the ratio of mean free path to the electrode distance necessary to
give a characteristic which on the infra-saturation part is not
influenced to a disturbing extent by the presence of gases other
than mercury vapor, the differences mentioned above must be con-
sidered. Little is known with regard to the difference in the
coefficient of recombination or the rate of formation of negative
carriers in different gases and vapors. We can, however, obtain
some indication of the maximum allowable pressure of such gases
as hydrogen and oxygen by considering only the velocity of the
ions and the mean free path of the electrons in the gas.

Suppose that the minimum value of the ratio of mean free path
to electrode distance for mercury has been determined from a set
of curves like that shown in Fig. 29. The extent to which positive
ions reduce the negative space charge depends upon the velocity
of the ions in the electric field, due to the potential difference
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between anode and cathode and is inversely proportional to it.
Thus, if /; is the mean free path of the electrons in mercury vapor
at the maximum permissible pressure, and d the distance between

the electrodes, then the ratio of L for any other gas is

d

§=<§>I%=<Z)IJMZ.. ot

where M, and M are the molecular weights of mercury and the gas
considered, and »; and v are the corresponding velocities of their
ions under the same electro-static field. Take, for example, the
case of hydrogen and mercury vapor, since the molecular weight
of hydrogen is 2 and that of mercury 200, the permissible ratio of
“mean free path to electrode distance is one-tenth as great for
hydrogen as it is for mercury. This does not, however, mean that
when the tube contains hydrogen the pressure can be ten times as
high as when it contains mercury vapor; it can, in fact, be still
higher because the mean free path of electrons in hydrogen is
greater than that of electrons in mercury vapor at.the same pres-
sure. The relation between the pressure and mean free path is
shown by equation (1). If L and L be the mean free paths of the
gas and of mercury vapor at atmospheric pressure, and I and I
the corresponding mean free paths at the pressures p and p;,
then we have
D L,y

m Lyl

Substituting the value of -l-l— from equation (7), we obtain:
1

»_L M
e R

From this equation the maximum allowable pressure p for any
gas can be obtained from the maximum allowable pressure for
mercury vapor. In the case of hydrogen, for example, we have
L=18.5X107% cm. at atmospheric pressure. L;, the mean free
path of mercury vapor at atmospheric pressure, can be taken
to be about 6X1076¢ cm.! If these values be inserted in equa-

1If the mean free path of mercury vapor is computed from equation (5)
by putting its coefficient of viscosity equal to 162X107¢ (figure given by
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tion (8) we find that if the tube contains hydrogen the maximum
allowable pressure is about thirty times as high as when the
tube contains mercury. When the tube contains oxygen or
nitrogen the pressure can be about four times as high as in the case
of mercury vapor.

For the practical operation of thermionic devices it is necessary
that the current over the operating range should not show erratic
changes. It will be apparent from the previous discussions that
the pressure necessary to secure a discharge that is not appreciably
influenced by gas is of such an order of magnitude that it can
readily be obtained. But it is important also to maintain the
pressure constant enough to prevent any appreciable changes in
the effects of ionization on the characteristic. To secure this the
electrodes and walls of the vessel must be freed of gas to such an
extent that the heating of these parts during the operation of
the tubes does not cause the evolution of enough gas to bring
about such pressure changes. The part of the characteristic on
which the great majority of thermionic devices operate is the
infra-saturation part that we have discussed in the previous pages.
The effect of gas on the saturation part of the characteristic will
be discussed in the following section.

39. Effect of Gas on the Electron Emission. Surface Effect.
It was shown in section 19 that the relation between the satura-
tion thermionic current and the temperature of the cathode can
be expressed by Richardson’s equation:

b
I,=AT"%T,

where A is a constant depending on the number of electrons per
cubic centimeter of the cathode, b a measure of the work which
an electron must do to escape from the cathode, and T the tem-
perature of the cathode in absolute Kelvin degrees. If the vacuum
"in the tube is supposed to be perfect and the electrodes entirely
void of gas, the constants A and b of the above equation have
definite fixed values that are determined only by the nature of the
cathode. Richardson’s equation holds for any hot cathode and is
Kave and Lagy) it is found to be 3.5X107¢ cm. at atmospheric pressure.
This value of the viscosity coefficient is obtained by extrapolation and possibly

involves a considerable error. It is likely that the value 6 X10~¢ cm. for the
mean free path of mercury vapor is more nearly correct.
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not dependent on the structural dimensions of the device, it being
understood that the thermionic current I; is the current obtained
from unit area of the cathode surface when the potential difference
between cathode and anode is high enough to draw all the emitted
electrons to the anode as fast as they are emitted from the cathode.
It follows then that if the cathode contains impurities, Richard-
son’s equation must still hold but the constants A and b will have
different values. From the nature of the equation it is seen
that while the current changes in proportion to a change in A4,
a small change in b causes a very considerable change in the
current. It has been known for a long time that small traces of
gas occluded in the cathode can cause large changes in the ther-
mionic emission. H. A. Wilson! has found, for example, that
when a platinum wire is freed of the hydrogen occluded in it,
the thermionic current drops to a very small fraction of the value
obtained from a platinum wire not so treated. J. J. Thomson 2
and O. W. Richardson have pointed out that the effect of the gas
occluded in the surface of the cathode is to change the work
necessary to detach an electron from the cathode, that is, to
change the constant b in Richardson’s equation and so produce
relatively very large changes in the thermionic current. Thus,
if b=5X10* (¢=4.3, see equation (9), Chapter III) and the
temperature of the cathode is 2000° K., an increase in b of 25
per cent can decrease the current to approximately s§y of its
original value. Such changes can readily be produced by very
small quantities of gas coming in contact with the cathode. The
amount of gas that is necessary to produce great changes in the
saturation part of the characteristic.is often so small that its
presence does not noticeably affect the infra-saturation part of
the characteristic. This is shown, for example, in Fig. 30. The
curves shown in this figure were obtained with a bulb containing
two tungsten filaments, one of which was used as cathode and the
other as anode. The bulb was not baked during the process of
evacuation, so that a small trace of gas and water vapor remained
in the tube. It is seen from curve 1 that the pressure of the
residual gas was not sufficient to cause any appreciable increase
in the current on the lower or operating part of the character-

1H. A. WiLson, Phil. Trans., Vol. 202, p. 243, 1903.
2 J. J. THomsoN, “ Conduction of Electricity through Gases,” 2d Ed., p.
202.
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istic. As the voltage and current were increased, however, the
heating of the bulb by the energy dissipated in the tube caused
the liberation of a sufficient amount of gas to give the irregular
curve, as evidenced at voltages higher than about 200 volts. The
readings were obtained in the order indicated by the arrow. Curve
2 was obtained while the whole tube remained immersed in liquid
air. It therefore represents the high vacuum characteristic.
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The reduction in the electron emission caused by the presence
of gas generally becomes more pronounced when ionization takes
place, because this has the effect of directing the flow of gas towards
the filament. When the gas is not ionized the electric field has no
effect on the motion of its molecules, and the chance of their
striking the surface of the filament is determined by he laws of
the kinetic theory of gases applicable at low pressures. When
ionization by collision takes place, however, the molecules in the
space between cathode and anode become positive ions which are
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directed by the electric field towards the cathode where they
recombine with the electrons into neutral gas molecules. When
they recombine before reaching the cathode the resulting neutral
molecules or atoms have an increased momentum in the direction
of the cathode, due to the momentum acquired in the electric
field while they were ions. Ionization by collision therefore causes
more gas molecules to come in contact with the surface of the
cathode. It has been found, for example, that the receiver type
of three-electrode tubes, containing oxide-coated filaments and
that are evacuated sufficiently well to operate very satisfactorily
as amplifiers, may still contain a sufficient amount of gas to
paralyze the tubes when operated as oscillation generators. (See
Chapters VIII and IX.) When the tube is used as an amplifier
most of the ionization of the gas takes place between the grid
and the anode, and since the grid is negative with respect to the
anode, the positive ions formed by collision ionization in this region
are attracted to the grid. On the other hand, when the tube
operates as an oscillation generator, the grid is subject to large
potential variations, so that in this case positive ions are also
formed in the space between filament and grid. These positive
ions move to the filament and there combine with the electrons
to form neutral molecules. If the gas remaining in the tube is of
such a nature as to decrease the electron emission when coming
in contact with the surface of the filament, this effect can easily
become so large that the space current is reduced to practically
zero. This accounts for the phenomenon that has been observed
that a tube will start to oscillate and after a time, ranging from
a fraction of a second to several seconds, the space current will
drop to zero and the tube become inoperative. The normal
condition of the tube can be restored readily by heating the
filament to a higher temperature so as to drive off the gas. Gen-
erally it will recover automatically after a period of time depend-
ing upon the temperature of the filament. This period may range
from a fraction of a second to several seconds or even minutes.
The best way to prevent this paralysis of the tube is to evacuate
it more thoroughly.

Langmuir ! has made extensive investigations on the effects
of gas on electron emission from tungsten filaments. Langmuir

1 1. Langmuir, Phys. Rev., Vol. 2, p. 450, 1913; Phys. Zeitschr., Vol. 15,
p. 516, 1914
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finds that argon, mercury vapor and dry hydrogen have no direct
effect on the emission of electrons from tungsten, but water vapor
has a very large effect.

Pure dry nitrogen has been found by Langmuir to have no
appreciable direct effect in reducing the electron emission when
the amount of nitrogen left in the tube is so small that there is no
appreciable ionization of the nitrogen molecules. But when the
voltage is raised so high that ionization becomes appreciable the
nitrogen ions can bombard the filament with sufficient velocity
to combine with the tungsten. This causes a decrease in the
electron emission from the tungsten. The higher the velocity with
which the nitrogen ions strike the tungsten filament the greater
seems to be the effect on the electron emission, so that in the
presence of nitrogen the current at first increases in the manner
shown in the characteristics of most thermionic devices, and then
suddenly starts to decrease when the voltage is still further
increased. Hence, instead of getting a curve which, for voltages
higher than the saturation voltage, becomes substantially parallel
to the voltage axis, the curve obtained at these voltages has a
negative slope.

40. Influence of Occluded Gases. From the explanations
given in Section 38 it follows that the influence of ionization by
collision of the residual gases in a tube on the infra-saturation part
of the characteristic is generally not disturbing for pressures
lower than of the order of one-tenth to one micron. Such a pres-
sure is easily obtained. Hence, as far as removing the gas in the
space of the tube is concerned, there would be no difficulty in
obtaining a sufficiently high vacuum to realize what may be called
a ‘“ pure electron discharge.”” What is necessary, however, is to
maintain the vacuum in the tube while it is in operation, and it is
therefore necessary not merely to remove the gas from the volume
of the tube, but also to free the electrodes and walls of the vessel of
occluded gases to a sufficient extent. If the electrodes of a device
remain cold during operation the occluded gases are not liberated
very readily, but when the electrodes become hot during the opera-
tion the occluded gases are liberated. In all vacuum devices
using hot electrodes it is therefore necessary previously to free the
electrodes of gases. An incandescent lamp is such a device and
therefore it has always been common practice, in evacuating
incandescent lamps, to heat the bulbs and raise the filaments to
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abnormally high incandescence during the evacuating process.
In thermionic devices usually only the filament is such that
it can be heated during evacuation by passing a current through
it. The other electrodes are heated by applying a positive poten-
tial to them which is sufficiently high to enable the electrodes to
rise to high temperatures by the bombardment of the electrons
coming from the hot filament.

The extent to which the electrodes and walls of the vessel must
be freed of gas depends on the temperature to which these parts
of the tube rise during operation. If, for example, a tube is
designed to operate on voltages ranging, say, from 15 to 50 volts,
such as is the case with the type of tube commonly used as detector
and amplifier in radio-receiving stations, it is not necessary to
evacuate the tube so well that it can also operate satisfactorily
at much higher voltages. Such a tube while operating satis-
factorily as a pure electron discharge device over the operating
voltages stated above, may undergo a sufficient liberation of
gas from electrodes to spoil the tube when the voltage is raised to,
say, 100 volts or more. Tubes that are to operate on higher volt-
ages and currents must have their electrodes more thoroughly
freed of gas during the process of evacuation.

The way in which the characteristic is influenced by the liber-
ation of gas when a tube is subjected to voltages higher than those
for which it is designed is shown in Fig. 31. These curves were
obtained with a standard Western Electric VT1 tube. It contains
an oxide-coated filament and is designed to operate on voltages
not higher than 100 volts. If the voltage is raised much beyond
this value the electrodes become hot enough to liberate some of the
gas occluded in them, and the amount of gas liberated increases
as the potential difference between filament and plate is raised.
This increases the amount of ionization by collision and causes
the filament to be bombarded by the positive ions. The bom-
bardment, of the filament raises its temperature and increases the
space current over the value that it would have if there were no
positive ion bombardment. When the voltage becomes high
enough the current increases rapidly. Such a rapid increase in
the current is shown in the case of curve 1 (Fig. 31) to take place
at about 400 volts, and in the case of curve 2 at about 300 volts.
Tungsten filaments do not seem to be so sensitive to positive
ion bombardment. It sometimes happens that the gas liberated
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from the electrodes has a very pronounced effect in reducing the
electron emission from the cathode and then the current instead
of increasing may decrease at the higher voltages.

If the voltage is raised to an excessive amount so much gas
may be liberated as to spoil the tube permanently. On the other
hand, the gas liberated can be cleaned up by the hot filament
so that the tube automatically restores itself. This is especially
the case with tungsten filaments.
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If the amount of gas liberated by applying an over-voltage is
not excessive the tube will behave like a high vacuum tube on the
lower or operating part of the characteristic, even after the gas
has been liberated at the voltages corresponding to the saturation
part. This is shown, for example, by Fig. 32, which represents
a curve also obtained with a VT1 tube. When the voltage was
raised to about 250 or 300 volts, the current began to increase
rapidly, as shown by the continuous line. The broken line
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shows the currents obtained for decreasing voltage after the voltage
had been raised to about 340 volts. It will be seen that on the
upper part of the characteristic the currents obtained for de-
creasing voltages differ considerably from those obtained for
increasing voltages. On the infra-saturation part of the charac-
teristic, however, the two curves coincide very well, showing that
the amount of gas in the tube is not sufficient to cause any appre-
ciable deviation for voltages lower than about 100 volts.
Thermionic tubes as they are used to-day perform a large
number of different functions, most of which require that the char-
acteristic be steady and reproducible. This is, for example, the
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case where the tube is used as a telephone repeater. In order to
insure this the procedure commonly adopted in practice is to
apply a potential for about a minute or so, to the plate, which
is higher than the normal operating voltages, and then test the
tube to see if it performs properly the function for which it is
designed. This test is commonly referred to as the ‘ over-
voltage test.” If the tube is not sufficiently well evacuated the
gas Is liberated from the electrodes during the time that the over-
voltage is applied. If the tube still functions properly after the
application of the over-voltage, it means that the amount of gas
liberated was not sufficient to have any deleterious effect on the
operating part of the characteristic. The difference between the
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over-voltage to be used in this test and the highest normal operating
voltage depends on the margin of safety that it is desired to secure.
41. Ionization at High Pressures. The ionization phenomena
encountered in thermionic tubes belong to a class where the mean
free path of the electrons in the gas is generally great compared
with the distance between the electrodes. The phenomena
resulting from the discharge at such pressures that the mean
free path is smaller than the distance between the electrodes are
more complicated and show the effect of cumulative ionization.
) In order to show this in an elementary way let us
¢ A . .
8 consider what happens when the mean free path is
AR so small that in passing from cathode to anode an
x> electron has a chance of colliding several times with
gas molecules. Let the number of electrons start-
ing from the cathode be ng, and let the number of
electrons formed by collision ionization in travers-
ing a distance z from the cathode be n. (See Fig.
33.) The total number of electrons arriving at a
plane distant z from the cathode is then n-+nq.
Fia. 33. If each electron in moving through unit distance
can dislodge a other electrons by collision, the
number dislodged in a region of thickness dx at a distance z
from the cathode will be*

dn=(ng+n)adz.

To find the total number N arriving at the anode, we have to in-
tegrate this equation between the limits of n=0 when =0,
and no+n=N when r=d, the distance between cathode and
anode. This gives:

N= noe"d.

This equation shows that the number of electrons reaching the
anode, and therefore also the current through the tube, increases
with increasing distance d between cathode and anode. This
is in marked contrast to the discharge in high vacuum thermionic
tubes in which, as was shown in the previous chapter, the satura-
tion current is independent of the distance between cathode and
anode, while the infra-saturation current decreases as the distance
between cathode and anode is increased.
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42, Difference between Gas-free Discharge and Arc Discharge.
There are other important differences between these two different
types of discharge. The mercury arc is an example of a practical
device which depends for its operation on ionization by collision,
the gaseous medium being mercury vapor in equilibrium with the
liquid mercury used as cathode. In a device containing a consider-
able amount of gas and cold electrodes the discharge will not pass
unless the applied voltage be made so high that the few electrons
in the space can cause a small initial ionization. The positive
ions so formed bombard the cathode and give up sufficient energy
to the cathode to enable the electrons to overcome the force of
attraction at the surface of the cathode and so escape from it.
The discharge may also be started, as is done in the mercury are,
by bringing the cathode in contact with an auxiliary electrode
and then striking the arc by separating them. This furnishes
the initial lonization necessary to start the discharge. Thus,
while electrons are liberated from the cathode in the pure electron
device simply by external heating of the cathode such as passing
a heating current through it, in the gas-filled tube the electrons
are liberated by bombardment of positive ions and also by photo-
electric effects in the tube.

The positive ions formed by collision ionization move toward
the cathode and the electrons toward the anode. There is, thus,
a predominance of positive space charge in the neighborhood
of the cathode and a predominance of negative space charge near
the anode. When the conditions are such that an arc discharge
passes, the total space charge is small compared with that in the
gas-free tube, where the space charge is negative only and has a
maximum value near the cathode. The resistance of the arc is
therefore lower than that of a gas-free tube. In order to maintain
an arc steady it is necessary to connect it in series with an external
resistance. The gas-free tube, on the other hand, does not need
an external resistance to stabilize the discharge. On account of
the frequent collisions in an arc there is also a great deal of recom-
bination and this causes a pronounced blue glow in the tube.
The gas-free tube, on the other hand, shows no blue glow. If a
blue glow does accidentally appear, it is because the tube has been
over-taxed and it may cause the tube to become inoperative.

Another important difference between a pure electron discharge
and an arc discharge is that the latter has a ¢ falling characteris-
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tic ”’; that is, its relation between current and voltage is given

by a c¢urve such as AB (Fig. 34). The gas-free device, on the other

hand, has a characteristic similar to OC. The difference between

tubes containing these characteristics becomes apparent when we

consider the corresponding a-c. resistances. The a-c. resist-

ance for small current or voltage variations at any definite voltage

is given by the reciprocal of

e the slope of the characteristic

A at a point corresponding to

that voltage. Since the slope

of the curve AB is negative,

the arc has a negative resist-

ance, while the resistance of

8 a gas-free tube is positive.

It is the negative resist-

ance of the arc which enables

0 it to produce sustained oscil-

Voltage lations. It will be shown in

Fic. 34. Chapter VIII that a device

containing only two electrodes

can only produce sustained oscillations if it has a negative

resistance or a falling characteristic. The principle involved in

the production of sustained oscillations by the audion or three-

electrode thermionic tube is entirely different and depends on the

controlling action of the grid on the electron flow from filament
to anode.

Current




CHAPTER VI

RECTIFICATION OF CURRENTS BY THE THERMIONIC
VALVE

43. Conditions for Rectification. Let us consider a device
on which can be impressed a simple harmonic voltage and let the
current through the device be any function f(e) of the voltage,
This function can always be expressed in a Fourier series, thus:

f(e)=10+§a,,sinm:+£bncosnx, N ¢ )
1 1

where I, a, and b, are constants.

The summation terms of this series are simple harmonic
functions, and will therefore vanish when integrated over a com-
plete period. On the other hand I,, being a constant, will be
independent of such integration and can be measured with a d. c.
measuring instrument. Hence, provided that I, be not zero,
the function f(e) will be such that the device will rectify. The
fundamental condition for rectification by any device is therefore-

fo(e)dt;éo. N 3

This will be the case either when

- |
f % f(e)dt=0 or f.Tj(e)dt=0 ... @)
0 r

T
f % f(e)dt 2 f Tjedt. . . . . . . @
0 T
2

Devices which comply with condition (3) are: (1) those which
conduct current only in one direction and for which f(e) may be
109

or when
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any function of e in the transmission half period as, for example,
the thermionic rectifier (Fig. 35); (2) those which conduct
current only in one direction and for which f(e) is any finite
function of e for all values of e greater than a minimum value e;.
The electrolytic rectifier practically complies with this condition;

/

Fia. 35.

during the transmission half period it does not conduct unless the
applied voltage exceeds its back EM.F.  (Fig. 36.)

Devices which comply with condition (4) are: (a) those
which conduct current in both directions but for which f(e) is
unsymmetrical with respect to the axis of current (Fig. 37);
(b) those for which f(e) is a linear function of e, provided the
input voltage exceeds a minimum value e; (Fig. 38).

NG

Fig. 36.

The three-electrode thermionic detector, or audion, cannot
be called a rectifier, as far as the plate current is concerned, because
it does not rectify the incoming current. This current only
releases energy in the plate circuit which is supplied by the local
plate battery, and the characteristic of the device is such that more
energy is released during the one-half period than during the other.
I vill be seen that devices represented by the conditions (3) can
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be made to comply with condition (4) by inserting a local battery
in the rectifier circuit so as to shift the axis of current. But
even with this modification they differ from the audion detector
because they actually resolve the incoming currents into d-c.

! I
<
€ - e +
Fic. 37. Fic. 38.

and a-c. components in the measuring circuit. The three-
electrode device or audion therefore differs radically from these
other types of radio detectors.

A full discussion of the operation of the various types of
rectifiers is beyond the scope of these pages. We shall therefore
confine our attention to the thermionic rectifier or valve.

=)

Tel. Rec.
Fic. 39.

44. The Fleming Valve. This device satisfies condition (3)
and has a characteristic such as that shown in Fig. 35 (b). It
consists of a filament which can be heated to incandescence and a
plate, both placed in a highly evacuated bulb. In 1905 Fleming !
recognized the use of the rectifying properties of this device for
the indication of high frequency oscillations, and used it as a

1J. A. FLEMING, Proc. Roy. Soc., Jan., 1905, p. 476; U. S. Pat., 803, 684,
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radio detector. The circuit in which Marconi used this device
as a radio detector is shown in Fig. 39.

4b5. Valve Detector with Auxiliary Anode Battery. By our
present standard of measurement the two-electrode tube is a
very inefficient detector. It can be, and has been used more
efficiently by operating on a chosen point of the current-voltage
characteristic, thus making it fall in the class of rectifiers given by
condition (4) instead of that represented by condition (3). This
can be done by inserting a local battery in the circuit as shown
in Fig. 40.!

The operation of the device when used this way can be under-
stood from the following: By the insertion of the battery E there
is established in the circuit FPE a constant direct current which
has a finite value even when no oscillations are impressed from the
antenna. The current through the device can therefore be repre-
sented by a function of the form

I4+i=f(E4esinpt), . . . . . . (5

where E is the local source of direct voltage, I the direct current
due to E and 7 the superposed a-c. due to e. This can be expanded
into a power series:

f(E+esin pt) =f(E)+f'(E)e sin pt
” ¢? sin? €~ sin® pt e" sin® pt
+1"(B)- 7

SRR AR

1See LEE pDE Forest, Proc. AIE.E. Vol. 25, p. 719, 1906, and J. A.
FLEMING, Proc. Roy. Inst., Great Britain, June, 1909, p. 677.
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that is
2
I+i=f(E)+f”(E)%+ ... +f(E)esin pt

f”(E)e cos 2pt

+ ... (6

If now this be integrated over a complete period the sine
and cosine terms vanish. Of the remainder the term f(E) represents
simply the direct current established in the circuit F. PE by the

2
battery E, and the series f ”(E)%—i— . . . represents direct current

component established by the incoming oscillations. This series
represents second and higher derivatives of the characteristic
and hence if f is a linear function, the series vanishes and the
device does not rectify. But the characteristic of the thermionic
valve is not linear; the derivative series is therefore finite. This
series generally converges so rapidly that all the terms except the

2
first, f’ (E)Z—, can be neglected, so that the rectified current can

be given by the second derivative of the characteristic. It also
follows from this that the rectified current is proportional to the
square of the input voltage e.

As an example let us take an arbitrary case in which the
current in the device is proportional to the nth power of the
voltage, thus: I=aE". The rectified current is then given by

€ _
Zn(n—l)E 2,

If, for example, the current varies as the 3-power of the applied
voltage (n=4%) the rectified current is inversely proportional to
the square root of the locally applied voltage. If n=2 the rectified
current is independent of the local voltage while for higher values
of n, it increases with the local voltage.

It is well known that none of these cases applies to the valve
when used as a radio detector, but that the rectified current shows
a maximum for a definite value of the local voltage. This is due
to the fact that the cathode is not an equipotential surface but a
filament in which is established a voltage drop due to the heating
current.

In Chapter IV it was shown that if the voltage drop in
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the filament is taken into account the characteristic of the valve
can be represented by the two following equations:

k /
(I)Eé_E/=EE5/2 « e e e e . (17 )

for all values of E less than the voltage drop in the filament, E,,
and

(I)Ef’Ef E’—Z[E"'/z—(E—E,)“/?] . ... (18)

for values of E greater than E,.

If 1 be computed from these equations for arbitrary values of
E within the respective limits, the two curves obtained will fit
to form a continuous curve such as the curve OA in Fig. 17 (p. 51).
But this is not the case with the relation between the voltage
and the second derivative of the current. The second derivatives
of the above equations are

(ﬂ) L )

dE?)esE,” E;

d2I k
puclidl =—[EYV:—(E—E)? . .
< b E2> £=g E,[E (E—-Ep)'. . . (8)

Anode Volts
Fig. 41.

If these expressions be plotted for arbitrary values of E, the
result is a curve which shows a distinct maximum at a value
of the local voltage E equal to the voltage drop ! in the filament,
(Fig. 41). This therefore accounts for the observed maximum

1Tt is to be understood that this voltage E is the sum of the voltage applied
and the contact potential difference between filament and anode.
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in rectified current obtained at a suitably adjusted voltage of the
battery in the valve circuit.

But even with this adjustment the valve falls far short of the
three-electrode device which has now completely superseded it
as a radio detector. The discussion of the valve as a radio detec-
tor will therefore be limited to the elementary theoretical considera-
tions given above, which are generally applicable and can with some
modification be adapted to the treatment of the three-electrode
device.

46. Thermionic Valve as High Power Rectifier. The ther-
mionic valve has considerable practical value as a rectifier of
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currents for high-power purposes, and has been used successfully
for the production of unidirectional currents at high-voltages. By
a proper arrangement of circuits it can also be used to convert
alternating current into steady direct current. When this device
is used for rectifying currents at high voltages it does not mean
that it must be so constructed as to transmit current with these
high voltages at its terminals. As a matter of fact, even in cases
where the voltage to be rectified is as high as 100,000 volts and
more, the voltage drop in the valve when it transmits current
is only a few hundred volts and sometimes much less and the
power dissipated in the valve is, comparatively speaking, very
small.

In order to explain the operation of the thermionic valve in a
rectifier circuit, let us consider its d-c. characteristic curve, shown
in Fig. 42. 'When operated under the right conditions the device
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conducts practically no current during the half cycle when the
filament is positive with respect to the anode. During the other
half cycle a current wave shape is obtained depending on the
value of the applied voltage and upon the shape of the d-c. char-

Fia. 43.

acteristic of the valve. As long as the peak value of the applied
simple harmonic voltage is less than E; (Fig. 42) when the fila-
ment temperature is T the current wave shape takes the form
shown by the continuous curves in Fig. 43, the applied voltage
being given by the broken curve in arbitrary scale. The departure
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of the current curve from the simple harmonic shape is due to the
non-linear current-voltage characteristic of the valve.

If the voltage applied between the terminals of the valve
exceeds the value given by E; (Fig. 42) the current curve will be
flattened as shown in Fig. 44.
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47. Optimum Voltage for Rectification. An increase of the
voltage beyond E; causes no further increase in current and the
valve then obviously operates inefficiently. Furthermore, if the
applied voltage is less than E; the valve also operates inefficiently;
because in this case more power is expended in heating the filament
than is necessary. This can be understood by remembering that
the saturation current increases with the temperature. It is seen,
therefore, that the valve operates most efficiently when the maxi-
mum value of the voltage applied between its terminals is equal
to the d.c. voltage that is just sufficient to produce the saturation
current. How this voltage depends on the constants of the
tube can be seen from the following consideration. Theb satura-

tion is given by Richardson’s equation, I,=A,AT""% T, where
A is the area of the cathode, T the temperature of the cathode and
A and b constants the meaning of which was explained in Section
19. This equation holds for the flat portion AB of the char-
acteristic (see Iig. 42).

As was explained in Chapter IV the current on the lower part
of the characteristic is limited by the space charge, the voltage
drop in the filament, etc., so that in general the current cannot be
taken to vary as the $-power of the voltage between filament
and anode. The limitation of the current by the voltage drop
in the filament, for example, causes the current to be smaller than in
the theoretical case of an equipotential cathode, but to increase
at a greater rate than the 3-power of the voltage. We shall
therefore assume that the current on the infra-saturation part
cf the characteristic is proportional to the nth power of the applied
voltage.

Considering that we are interested in determining the optimum
voltage which occurs at the knee of the characteristic, it must
be noted that the limitation of current by electron emission from
the filament, which usually extends into the lower part of the
characteristic and is not confined only to the saturation region,
causes the characteristic to bend over to the right, so that it is
not possible to express the whole infra-saturation part of the char-
acteristic by a simple power relation between current and voltage.
We can, however, in the present consideration neglect this effect
and determine the point A at the intersection of the saturation
current and the current given by I=CE". This would correspond
sufficiently closely to the optimum voltage.
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The current below A will furthermore depend on the areas
of the anode and cathode and the distance between them. Hence:

I=f(A., A, d)E". N ()]

where A.=area of cathode;
As=area of anode;
d=distance between cathode and anode.

At the point A the characteristic is obeyed by both equations
(I=1,). Hence: .

b
_AATV%T

=fAe, A0 d) (10)

E?

This gives the voltage that should be applied to the terminals
of the rectifier to make it operate most efficiently.

Instead of using Richardson’s equation for the saturation
current we can make use of the simpler equation given on p. 78
which holds with sufficient accuracy over the whole range of tem-
peratures that one might want to use in practice. This equation is

I=ACP™, . . . . .. 11

where I is the current from a cathode of area A., p the power
dissipated in heating the cathode and n an empirically determined
exponent.

The voltage E; can then be obtained by eliminating I from
this equation and equation (9). Before doing so let us obtain an
expression for the function f in equation (9). This equation was
written in the functional form to apply it to the case in which both
filament and anode are of finite size. For such a tube in which
the anode is in the form of a plate or plates the current is practi-
cally proportional to the area of both anode and cathode and
inversely proportional to the square of the distance between them.
Equation (9) can therefore be written approximately:

Ac'Aa
I=K. o o A ¢ )]
Hence from (11) and (12) we obtain
) .
E=C T e L 1)

4P



RECTIFICATION OF CURRENTS BY THERMIONIC VALVE 119

where E; is the value of E corresponding to the point where the
characteristic bends over. The constant C depends upon the ther-
mionic efficiency of the filament (see equation (24), Chapter 1V).
For example, for tungsten C has the value 1.8 X107 and for a type
of Western Electric filament the value 2.15X10-2,

It is therefore seen that the optimum voltage drop in the
rectifier depends upon the thermionic efficiency of the cathode,
the power per cm.? used for heating the cathode, the area of the
anode and the distance between cathode and anode.

The minimum voltage E; necessary to obtain the saturation
current is an important ‘quantity, not only in dealing with the
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rectifier but also in designing the three-electrode type of ther.
mionic tube. We shall therefore make the above relationship
somewhat clearer by considering the current-voltage character-
istic. Let us start with a tube having certain values for the
parameters appearing in equation (13), and let the current-
voltage characteristic of this tube be represented in arbitrary
scale by OAB (Fig. 45). The voltage E; of equation (13) is given
by the projection of the point A on the voltage axis. Now let
the size of the anode be increased to have double the area. The
infra-saturation current (given by the curved part of the char-
acteristic) will be doubled, but the saturation current (given by
the horizontal portion) is independent of the area of the anode.
The characteristic will therefore take the form OCB and the
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optimum voltage E; will be less, although the maximum current
is the same as before. The result is therefore a better rectifier.
Now, suppose the distance d between cathode and anode be
increased. This will not change the saturation but will reduce
the infra-saturation current, and the characteristic may be repre-
sented by a curve such as ODB. This increases the voltage E,.
If the anode and cathode be kept as initially but the power dis-
sipated per cm.? at the cathode, i.e., its temperature, be increased
the characteristic takes the form OEG. This increases the voltage
E; but at the same time the total current is increased. Further-
more, an increase in the thermionic ‘efficiency of the cathode
produces a similar effect to that resulting from an increase in the
temperature, so that an appropriate increase in the thermionic
efficiency would also change the characteristic to the curve
OEQG.

It will be noticed that the area of the cathode does not enter
into equation (13), which means that the optimum voltage is
independent of it. This can easily be understood if we consider
that a change in the cathode area, say by changing the length of
the filament, produces an equal change in both the space charge
and saturation currents. Thus, if the filament length be doubled
the characteristic obtained will be OFH instead of OAB, and it
is seen that the voltage Es has the same value as before, namely
that corresponding to the point A or F, but the total current will
be increased.

48 Types of Thermionic Valves. In designing a valve to
operate on very high voltages certain important factors must be
taken into consideration. In the first place the high potential
difference existing between the electrodes during part of the
blocking half period causes a mechanical strain which tends to
pull the filament over to the anode, and this force will be the
greater the smaller the distance between anode and filament.
On the other hand, it was shown above that a decrease in this
distance decreases the voltage drop in the valve. Hence to keep
this voltage drop small the valve has to be designed so as to pre-
vent the filament and anode from being short-circuited by the
strain.

Arcing across the glass is another factor which has to be
reckoned with in designing high voltage valves. Fig. 46 shows a
General Electric valve designed by Dushman to rectify 100,000
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volts.]  Arcing across the glass is prevented by placing anode and
filament terminals at opposite ends of the elongated parts of the
tube. The elongation necessary for the use of such high voltages
necessitates special means of rigidly supporting the electrodes.
For lower voltages the distance between the terminals can be
smaller, which greatly facilitates the construction. A simple type

(

Fic. 46.

of valve is shown in Fig. 47. The re-entrant tubes are made long
enough to give rigid support to the electrodes. The anode can be
in the form of two parallel plates placed on either side of the
filament or in the form of a cylinder or preferably a flattened cylin-
der completely surrounding the filament.

; 1

Fia. 47.

For voltages not exceeding a few hundred volts both electrodes
can be supported from the same press, as shown in Fig. 48. This
is desirable because the whole structure can then be assembled
and the spacing accurately adjusted before sealing it into the
bulb.

If the voltage exceeds a few hundred volts sparking may take
place between the wires in the press. This deleterious effect is

! General Electric Rev., p. 156, March, 1915.
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mainly due to the anode becoming so hot that it volatilizes and

Fia. 48.

forms a metallic deposit on the press.
It can to some extent be overcome in
the tube shown in Fig. 49. In this
tube both electrodes are mounted on
the same re-entrant tube but the leak-
age path along the glass between the
electrodes is considerably lengthened by
taking the anode lead through the side
tube PA which is closed by a small press
at P. Bis simply a glass rod to give
added support to the anode. The pos-
sibility of sparking in this tube depends
almost entirely on the air space between
the wires in the re-entrant tube and
on the insulation of the base plate CD.

The glass press can also be protected against metallic deposit by

means of a metallic shield placed
near the press, as was for example
done by Dushman.!

Although the voltage drop in
the valve when current passes
i1s usually not high and should
never exceed the optimum volt-
age, which generally does not
amount to more than a few
hundred volts, the full voltage of
the generator is impressed on the
valve during the blocking half
period. The tube must therefore
be evacuated to such an extent
that the high voltage does not
start a glow discharge. This
necessitates clearing the elec-
trodes and walls of the bulb of
gases during evacuation to an
extent depending on the tempera-
ture to which these parts are

heated during operation of the tube.

Fic. 49.

If the anode is of tungsten

1 U. S. Pat. 1,287,265.
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the power that could safely be dissipated in it is about 10 watts per
cm2.! This corresponds to a temperature of about 1600° K. If the
anode temperature rises above this value the anode emits electrons
at a sufficiently high rate to make the rectification imperfect.
If the anode is of nickel the safe power dissipation in it is about 5
watts per cm2.  The size of the anode must therefore be chosen in
proportion to the power loss in the rectifier. This is also the case
with the size of the glass container. Of the power radiated from
the internal structure, part is transmitted through the glass,
and part is absorbed and radiated. This part causes a heating
of the glass. The size of the glass tube or bulb must be so
chosen that its area in square inches is not less than the total
power in watts dissipated by the internal structure. This
includes power radiated from the filament as well as from the
anode.

49. Rectification Efficiency. Let us consider the operation of
the thermionic valve in & circuit such as that shown in Fig. 50
in which the valve is supposed to
be connected to a source of con-
stant a-c. voltage e. During the
half cycle that the filament is
positive with respect to the an-
ode no current is transmitted by
the valve and the potential dif-
ference established between its
terminals is equal to the full
voltage supplied by the generator.
During the other half cycle elect- Fig. 50.
rons emitted from the hot filament
are driven to the anode and current flows in the circuit FPGD.
The voltage drop in the valve now depends upon its resistance and
the load resistance r. Suppose that r is initially so large that the
voltage drop E in the valve is less than the optimum voltage E,.
If r be now decreased the current increases and the voltage drop in
the rectifier also increases. How this change takes place can
readily be seen by considering the d-c. values. Suppose a direct
voltage equal to Eg be applied instead of the alternating voltage,
the filament being negative with respect to the anode. If I be the

1S, DusamMaN, General Electric Review, loc. cit.
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current and E the voltage drop in the valve we have E=Ey—Ir.
Putting I =CE" we get:

T—é(ﬁ ﬁ—_l> e e e e e . (14)

This shows that as r is decreased the voltage drop E in the valve
increases slowly at first and then more rapidly. But this equa-
tion only holds until E becomes equal to the optimum voltage drop
in the valve and the current obtained is equal to the saturation
current. If the resistance r be still further decreased there is no
further increase in current and the voltage drop in the valve in-
creases rapidly and may cause a blow out of the tube. By suit-
ably choosing the external resistance r the valve can be made to
rectify extremely high voltages.

It is seen that the thermionic valve acts not only as a rectifier
but also as a current limiting device. When the filament is positive
the emitted electrons are returned to it and there is then con-
sequently no current. When the filament is negative the current
is limited by the saturation value which it cannot exceed and which
is determined by the total number of electrons emitted per second
from the filament at the temperature used.

To obtain an expression for the rectification efficiency let us
consider the general case by supposing that the valve does not
completely block current during
the blocking half period. The
current wave will then have a
shape somewhat like the curve
I,I; (Fig. 51). When the valve
is short-circuited the current
through the external resistance r
is given by the curve I'I’. The
introduction of the valve not only

7! limits the current in both half

Fic. 51. periods due to the addition of its

resistance in the circuit, but it also

changes the shape of the current wave due to its non-linear
current-voltage characteristic. Let D (Fig. 50) be an a-c. measur-
ing instrument such as a dynamometer and G' a galvanometer to
read the d-c. component of the current. Let 7o be the reading
of the a-c. instrument when the valve is in the circuit and 7 the

1,
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reading of the galvanometer. The efficiency is sometimes defined

simply as the ratio 21 To see what this means, let I, be the
0

maximum instantaneous value of the current in the transmission

half period and I> the corresponding maximum in the blocking

half period. Then the dynamometer reading 7o will be given by

. Li+1
10=g(—1_2*;2>,. « v e e .. (1B)

and the galvanometer reading by

=§<h;’2>, C e e .. (16)

where ¢ is the “amplitude factor,” given by the ratio of the
R.M.S. to the maximum values of the current, and f is the “ form
factor,” given by the ratio of the R.M.S. to the true mean current.!
Both g and f depend upon the shape of the wave. For a pure sine
wave ¢=.707 and f=1.111. The above expression for the ef-
ficiency therefore takes the form

_1h-Iy
7«.0 f I+I2

I~

(17)

From this it is seen that if the valve conducts absolutely no cur-
rent during one-half period, i.e., Io=0 and if the current wave
shape during the other half period is that of a pure sine wave,
ie., f=1.111, the efficiency as expressed above has a maximum
value of 90 per cent.

Instead of this method Fleming 2 makes use of the expression

III_IQ and calls it the “ rectifying power.” By a simple trans-
1
formation of equation (17) this can be expressed as:
LI 2
—1—11—2=i_f' . (18)
oty

1J. A. FLEMING, “ Alternating Current Transformer,” Vol. I o. 585.
2J. A. FLEMING, Proc. Roy. Soc., Jan., 1905, p. 484.
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This equation expresses the ratio of unidirectional current
observed to the unidirectional current that would flow if the
rectification produced by the valve were complete. It is seen

that if 12—.0 is equal to the form factor f, that is if Io=0 (equation 17),

this ratio becomes unity, or 100 per cent, irrespective of the shape
of the wave. ,

1t is, however, not sufficient to know how well the device blocks
current in the one direction. It is equally important to know how
much current it transmits in the other direction, and this depends
upon the wave shape of the transmitted current. Furthermore,
the insertion of the valve in the circuit is equivalent to the intro-
duction of an extra resistance. Let J be the dynamometer read-
ing when the valve is short-circuited, i.e., the R.M.S. value of
the current AI’BI’C (Fig. 51). Then the ratio of useful rectified
current to the available alternating current is obtained by dividing
equation (16) by J=gI’. This gives:

i Li—I
T e e (19)

If E; be the maximum value of the applied generator voltage

(see Fig. 50) and r the load resistance, we have I’=E—;l and

L= —E—l, where r; is the resistance of the valve at the maximum

r+r)

voltage across its terminals. The resistance of the valve for any
given voltage between filament and anode is given by the ratio
of that voltage to the current and is a function of the voltage.
Referring to the characteristic curve (Fig. 42) it will be evident
that as the voltage increases from zero to the optimum value E,,
the resistance decreases from infinity to a definite value given by
the reciprocal of the slope ‘of the straight line joining A and O.
What we are concerned with here is the resistance which obtains
when the voltage has its maximum value. We shall refer to this
as the minimum resistance and denote it by r;. Combining the
equations for I’ and I; we obtain

P=<L+ﬁ>h,
r
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and hence with the help of equations (18) and (19):
: 1 )

'7= Z.0 - r\’

(2+)(+)

If the tube conducts nc current in the one direction the form
factor f is equal to %9, the ratio of the dynamometer to the galvano-

meter reading when the valve is in the circuit. This follows from
equation(17) for I>=0. If furthermore r; is negligibly small
compared with the load resistance r, equation (20) reduces to

Hence the rectification efficiency as given by equation (20) would
reach a maximum of 50 per cent (1) if the form factor f were
unity; (2) if the minimum resistance of the valve is negligibly
small compared with the load resistance and (3) if the valve
completely blocks current in one direction. Let us see how
nearly these conditions can be satisfied.

(1) As regards the first condition, the form factor is always
greater than unity for thermionic valves. If the relation between
the applied voltage and the current were linear and a true sinusoi-
dal voltage be impressed on the valve the current loop during the
transmission half period would also be sinusoidal and then the form
factor would be that of a sinusoid, namely 1.111. If this is not
the case but if the current is, let us say, proportional to the nth
power of the applied voltage the current wave will have a shape
somewhat like that shown in Fig. 43 (p. 116), and the form factor
f must be determined from the root mean square and true mean
values of sin® pt. For such cases f and the amplitude factor g
can be obtained from a table of gamma functions by expressing

them in the forms:
n . 2n+1
r<§+1) r< 3 )

f=\‘/7rr<£__;_1> N - - - - @D
1 r<2_n2;H> .. @2

g=%-r—(m......
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The following table gives the values of f and ¢ for a range
of values of the exponent n:

Exponent n. Form Factor, f.| Amplitude Factor ¢.
1.00 1.111 .707
1.25 1.141 .677
1.50 1.170 .652
1.75 1.199 .632
2.00 1.225 .612
2.50 1.275 .584
3.00 1.320 .560

To use the above expression for the rectification efficiency it is
necessary first to determine the relation between the total applied
voltage and the current through the valve and external resistance.
To a first approximation this can be expressed by a simple power
relation in which case the exponent 7 of the voltage can be deter-
mined by plotting the logarithms of the voltages against the logar-
ithms of the currents. The corresponding values of f and g can
then be obtained from the above table.

In this connection it must be pointed out that there is a differ~
ence between the current voltage characteristic of the valve itself
and that of the circuit comprising the valve and external resist-
ance. The effect of this resistance is to straighten out the char-
acteristic, because it means the addition of an ohmic resistance
which partially neutralizes the curvature of the characteristic due
to the non-ohmic resistance of the valve. The effect is obviously
the more marked the larger the external resistance compared
with the valve resistance. However, since the applied voltage
alternates the valve resistance continually changes. During the
half period when the plate is negative with respect to the filament
the resistance of the valve is infinite, and during the other half
period the resistance decreases from infinity to a definite minimum
value and then increases again to infinity. Hence, for low in-
stantaneous values of the applied alternating voltage the external
resistance does not exert a marked effect in straightening out the
characteristie, so that even if the external resistance is large the
current still tends to assume a shape somewhat like that shown
in Fig. 43 although on the whole it approximates more closely
to the shape of the sinusoid.
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(2) Considering now the effect on the efficiency as given by
equation (20) of the relative values of the external or load resist-
ance to the minimum resistance r; of the valve itself, it is to be
noted that when the valve is used to rectify high voltages its
minimum resistance is generally negligibly small compared with
the load resistance. It was shown in Section 47 that the valve is
operated most efficiently when the peak value of the voltage applied
to its terminals is just equal to the minimum voltage necessary to
give the saturation current. This we called the optimum voltage
and it is given by E; in Fig. 42. If, for example, the saturation
current of the valve at a certain filament temperature is 360 milli-
amperes and if the valve is so designed that the minimum voltage
across its terminals necessary to give this current is 150 volts, the
minimum valve resistance is 500 ohms. Now, if the peak value
of the voltage to be rectified is 30,000 volts (about 21,000 volts
effective) the total resistance of the circuit must be 100,000 ohms,
which is very large compared with that of the valve. For higher
voltages the device operates even more efficiently, so that the
second factor in the denominator of equation (20) reduces to
unity.

(3) Coming to the third condition mentioned we can for most
practical purposes regard the thermionic valve as a perfect uni-
lateral device; it completely blocks current in one direction,
provided that the plate does not become so hot that it emits an
appreciable number of clectrons
and provided that the valve be
so constructed that leakage be-
tween its terminals across the
glass does not take place. At _
high frequencies, however, the
rectification becomes imperfect

5
due to the capacity between the
electrodes (see p. 134).
The completeness of the recti-

fication produced by thermionic Fiq. 52.
valves is shown in the oscillogram
given in Fig. 52 and which was obtained by Dushman.! The
upper curve gives the voltage across the tube and the lower curve
the rectified current.

18. Dusuman, General Electric Review, loc. cit.
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Assuming, therefore, that the load resistance is so large that
we can regard the characteristic of the circuit as linear, we have

f=1.111 and %=O. If the valve completely blocks current in

one direction, 279= f. Putting these values into equation (20) we
find that the highest efficiency obtainable is 45 per cent.

If the resistance of a valve during one half period is infinite,
and during the other half period zero, the valve is perfect, and the
rectification efficiency, as expressed by equation (20), becomes
independent of the resistance r, used in the external circuit,
because under these conditions r; is zero. Actually, however,
the resistance of valves during the transmission half period is
not zero, so that according to equation (20) the efficiency increases
the larger the external resistance r becomes in comparison with the
resistance 71 of the valve. Now, it was explained in Section 47
that for most efficient operation the voltage drop in the valve
during the transmission half period should never exceed the value
necessary to give the saturation current. This means that the
external resistance should be so adjusted that the maximum
voltage drop across the valve is equal to the optimum voltage.
In other words, the ratio of r; to r, occurring in the second ex-
pression in the denominator of (20) becomes smaller the larger
the voltage that is to be rectified. The rectification efficiency
of the valve, therefore, increases with the voltage that is to be
rectified and approaches the maximum efficiency that could be
obtained with a perfect valve.

The efficiency can, of course, be doubled by making use of both
half waves so that the rectified current is given by the continuous
lines of Fig. 53 instead of Fig. 43. This can be done by using
two tubes in the circuit shown in Fig. 54. It is seen that for both
half periods the electron current in the load is in the direction
of the arrow. This scheme necessitates dividing the input voltage
on the secondary side of the transformer 7. In order to make
use of the full voltage of the transformer the circuit shown in Fig.
55 can be used.! Here again current flows in the load resistance
during both half periods in the direction of the arrow. Such an
arrangement requires four times the total power necessary to heat
the filaments. The filament heating power is, however, small

! GrRAETZ, Die Elektrizitit und ihre Anwendungen, 15th Edition, p. 444.
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compared with the power that becomes available in the form of
unidirectional current. This is the more marked the higher
the voltage that is to be rectified. Let us, for example, take the
case considered above in which a tube that could give 300 milli-
amperes was made to rectify 21,000 volts. Referring to the

A\
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Fia. 53. Fic. 54.

table on p. 77 it is seen that if the filament is of tungsten and is
operated at a temperature a little under 2500° K. the thermionic
efficiency is 10 m.a. per watt. Since the necessary saturation cur-
rent I; is 300 m.a. the power necessary for heating the filament of
the valve under consideration is 30 watts. The power available
in the form of unidirectional current in the load can be obtained

F1G. 55.

from equation (15). Putting Io =0, the heating equivalent of the
I,

2

2,
the form of unidirectional current is ¢2 I;—r Assuming that the

current in the load resistance is ¢ - and the available power in

current-voltage characteristic of the circuit is, in view of the
high load resistance of about 100,000 ohms, practically linear,
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we can put ¢=.707. This makes the available power about
1KW, which is quite large compared with the power necessary to
heat the filament. It is, in fact, so much larger that it is advan-
tageous to quadruple the filament heating power in order to double
the output power with the arrangement shown in Fig. 55.

Now, what is ordinarily observed in practice is not the heating
current ¢g which must be measured with an a-c. meter, but the
true mean of the unidirectional current 7 measured with an
ordinary d-c. ammeter. The output power can then be readily
obtained from 22f2r, where f is the form factor (equation 17),
assuming that the valve does not conduct current at all in one
direction, an assumption which is justified in most practical cases.

650. Production of Constant Source of High Voltage with the
Thermionic Valve. As a rectifier the thermionic valve offers
three distinct advantages: It can be used to rectify voltages rang-
ing up to the highest met with in practice; it rectifies currents
of comparatively high frequency as well as low frequency currents;
it completely blocks current in one direction, provided the fre-
quency is kept below a certain limit depending on the voltage that
is to be rectified. (This effect will be discussed below.) The value
of these three advantages will become apparent in the following
discussion:

When used as a rectifier under the conditions described in
the previous paragraphs the valve produces a unidirectional pul-
sating current. In some practical applications, such as direct
current high voltage transmission, testing of dielectric strength
of insulators at high voltages, use of a d-c. source of high voltage
for laboratory purposes, etc., it is necessary that the pulsating
current be smoothed out into a constant direct current. We shall
therefore, proceed to a discussion of the means whereby this
smoothing out can be accomplished.

When the required direct current is small and it is not essential
that the wave be completely smoothed out, we can resort to the
simple and well-known expedient of shunting the load with a
sufficiently large condenser, Cy (Fig. 56). This condenser acts as a
reservoir from which a practically constant current can be drawn
continuously, it being charged up in alternate half periods and
always in the same direction. The effect of this condenser (the
inductance L being omitted) can be seen from Fig. 57.!

1 A. W. HuLw, General Electric Rev., Vol. 19, p. 177, 1916.
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The sine wave represents the transformer voltage and the
heavy line the output voltage across the condenser, which initially
becomes charged up to the full peak value of the input voltage.
During the rest of the period it receives no charge until the input
voltage becomes greater than the value to which the condenser
voltage has dropped in virtue of the current drain from it, It is

FiaG. 56.

seen that the advantage offered by this type of valve that it almost
completely blocks current in one direction is an important one;
the condenser never discharges itself through the input circuit
CiTV. The rate at which the condenser discharges through
the load is given by

dE; .

—Cl Tt =1

where E; is the voltage across the condenser plates and ¢ the
average current, which can be regarded as practically constant.

A

Fic. 57.

Hence, integrating between E4 and Es and putting E,— Ep=6E),
the voltage variation across the condenser is:

it

—5E1=C—1, e e e e e e (23)
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where ¢ is almost a complete period and can in the following
calculations be regarded approximately as such. We can therefore
write (23) in the form

6E1 _ 2m
E,  roC

(24)

where r is the load resistance and E, the direct voltage in it.
This equation shows that the condenser C; alone will appreciably
reduce the voltage fluctuation provided the load resistance is suf-
ficiently large. The same result can, of course, also be secured
by increasing the capacity and the frequency of the impressed
generator voltage. If, however, the load resistance is small C;
would have to be made so large as to make its use impracticable
nor can the frequency be made very high, because then the capac-
ity of the tube itself would become effective with the result that
the tube would not rectify completely. That the limiting fre-
quency is lower than is sometimes assumed will be seen from the
following simple consideration.

To operate the valve most efficiently, the voltage across it
during the transmission half period must not exceed the optimum
value, which is generally of the order of a few hundred volts, so
that in rectifying very high voltages, say 100,000 volts, the load
resistance must be very high. But it must always be small com-
pared with the resistance of the valve during the blocking half
period. For low frequencies or d-c. this resistance of the valve is
infinite, but at high frequencies the valve may on account of its
electrostatic capacity have an impedance which is comparable with
the load resistance and then currents of comparable magnitude
will obviously flow in both directions in the load resistance.
Thus, if the capacity of valve be C =10 micro-microfarads, which
is well within the range of the capacities of the valves used in
practice, its impedance at a frequency of 16,000 cycles per second
is 1 megohm. If now the voltage to be rectified is Eq (peak value),
the optimum voltage of the valve E; and the maximum current
obtainable from it I; then the load resistance r is

Eo—E;

I,

E; can usually be neglected in comparison with E,. If the
voltage to be rectified is, say, 100,000 volts, Eo= 140,000 volts,
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and if 7,=100 milliamperes, r will be 1.5 megohms (approx.).
Hence the impedance of the tube due to its electrostatic capacity
at 16,000 cycles is of the same order of magnitude as the load
resistance which is necessary when the voltage to be rectified is
of the order of 100,000. The condenser will therefore partly
discharge itself in alternate half periods through the input circuit
C,TV (Fig. 56). At lower voltages this effect is not so marked,
so that higher frequencies could be used to advantage.

In order to smooth out the voltage fluctuations somewhat more
effectively an inductance L is sometimes inserted in series with the
load, as shown in Fig. 56. When the load resistance is low the
inductance helps appreciably, but for high load resistances it serves
little purpose. Considering this inductance, it is evident that the
voltage fluctuation 6E, across 7 is to the voltage fluctuation 6E;
across the condenser C; as the ratio of r to the impedance of L
and r in series. Thus:

B, 1

@‘—.—-‘.IT. . . . . . .
! 1+.77w

(25)

It is seen that for large values of the load resistance r the inductance
contributes little to smoothing out the fluctuations, but it helps
appreciably at the lower load resistances. Assuming that the
coil L is a pure reactance, the d-c. voltage in r is the same as that
across the condenser C;. Hence the percentage voltage fluctua-
tion can be obtained by combining equations (24) and (25). This
gives - 0
o T
B~ oCVrt+ L cee s @)

The relation between 5E,E

Fig. 58. The curve I gives the relation when the inductance L
is omitted. These curves were computed with the following
values: L =100 henrys, C=10-9 farad. The curves show that
if the load resistance is greater than about a megohm, that is for
resistances of the order of magnitude used when rectifying very
high voltages, practically the same result can be secured by using
only the condenser instead of adding the inductance. On the
other hand the condenser alone is useless at load resistances less
than a megohm.

" and log r is shown by curve II of
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Better results can, of course, be obtained by adding more

sections to the wave filter LC;. Such an arrangement is shown in
Fig. 59, which at the same time shows a circuit that makes possible
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Fig. 58.

the use of both half periods by employing two tubes. It will be
seen that current flows in the direciion of the arrow (say) when
A is positive and B negative as well as when 4 is negative and B

T L
el

£, 12

Fig. 59.

positive, the current being transmitted through the tubes alter-

nately.
Let us now see to what extent the added filter section con-

tributes in reducing the voltage fluctuations in » and how they
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depend on the value of 7. Let 8E,, 6E2 and 6E; be the voltage
fluctuations at the terminals of r, C2 and C; respectively. Then

oFE, r

8E> "t iLzw @)
If Z> be the impedance of the circuit C2Leor, as measured between
the terminals of C2, and 7, the impedance of L; and Z: in series,

then

B2 Z»
6B, Zy
Now since
Zo= r4+jLew ]
1— CQL2w2+_)7‘CQw 28)
Z 7'(1 L102w2)+]w(L1+L2— 1L2C2w) (
1— C2L2w2+]TC2w
we get
OE> r+jLlaw (29)

8B, r(1=L1C2e?)Fjw(ln+Lo— L1 L2Cac?)’

The voltage fluctuation across the terminals of condenser C; is
given by equation (24). Hence, multiplying together (24),
(27) and (29) and expressing the impedances numerically instead
of symbolically the ratio of the voltage fluctuation in r to the d-c.
voltage in r is:

oF, _ 2
E,  wCi[r2(1 =L,1C20%)2+ (L1w+ Law — L1 LoCow?)2P%

(30)

A. W. Hull! described a high voltage rectifying set in which
he used two condensers but only one inductance, L;. Putting
L>=0 in equation (30) the voltage fluctuation for Hull's set
becomes:

SE, 2r

E:wCl[T2(1—L1€2w2)2+L12w2]%’ (Lo=zero). . (31)

and if Co=0 this equation reduces to (26) which is the equation
for the circuit shown in Fig. 56. On the other hand, if the induc-
tance, frequency and second condenser have such values as to
put L; and C: in resonance, i.e., when L;C2w?=1, then the

1 A. W. HuLr, loc. cit. Hull's equations are not the same as these, since
he did not add the imaginary terms in quadrature,
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arrangement corresponding to equation (31) is worse than that of
Fig. 56 in which the second condenser is omitted altogether. It
follows that for this circuit to be better than that of Fig. 56 we must
make L;C20w?2>2. This condition is easily satisfied in practice.
In Hull’s set, for example, the values of L;, C2 and w happen to
be such that their product is about 60. However, although this
circuit, containing one inductance and two capacities is a decided
improvement over the simpler one shown in Fig. 56, it is better to
split the inductance and use the circuit of Fig. 59. This circuit
has a decided advantage at lower load resistances, even when the
inductances L; and L2 are each one-half of the value of L; when
L2=0. The percentage ratio of %’ as a function of log r for these
two cases is shown by curves III and IV of Fig. 58. Curve III
was computed for the following values: C;=C2=10-9 farad,
L;=100 henrys, w=27X4000. In curve IV the values were the
same except that L;=Ly=>50 henrys. It can readily be seen
that a frequency of 4000 is obtained in the filter circuit when
the frequency of the voltage impressed at T is 2000 cycles, since
by using two tubes as shown in Fig. 59, the condensers are charged
up every half period of the voltage in T'.

Curve IV shows the value of a circuit like that shown in Fig. 59,
when it 1s desired to have a rectifying set which is to operate
with large variations in the load resistance.

It will be evident that these circuits simply represent a type of
wave filter which is supposed to filter out all frequencies except
zero, that is, the direct current. The waves obtained in the output
of these circuits comprise not only the fundamental frequency
that we considered in the above computations, but also a number
of harmonics which are generally weak compared with the funda-
mental. It will be evident that harmonics must necessarily be
present, considering that the wave, which has the form shown in
Fig. 53 is not a pure sinusoid. Such a wave can always be ex-
pressed in a Fourier series (equation 1). It will also be seen from
the nature of the above equations for 5—1? that the harmonics
will be damped out more effectively than the fundamental. They
were therefore left out of consideration in the above calculations.

Another type of circuit that could be used for smoothing out
the voltage fluctuations was suggested to me by Mr. T. C. Fry,
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and is a special case of Campbell filter (Fig. 60). It has the ad-
vantage that the capacities and inductances necessary are rela-
tively small, which is always a good thing when rectifying very
high voltages in view of the difficulty of constructing condensers
of high capacity for high voltage work.

Load

Yalve Ovtput

L1

F1c. 60.

—e

The characteristic of this filter is seen from Fig. 61, where the
current attenuation produced by the filter is plotted against the
frequency. The capacities and inductances can be so chosen

that the fundamental frequency, 53, is that which gives infinite
s

attenuation. This frequency will therefore not be present in the

I
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load resistance. The filter would transmit lower frequencies
w
2

2—% represents the fundamental. Hence, for all frequencies helow

than —, but such frequencies, except zero, are not present when
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Zﬁ only direct current is transmitted. The higher frequencies
T

will be transmitted and they will be present in the form of harmon-
ics. These are, however, so weak that when attenuated to the

extent shown by the curve to the right of —23, their effect in the load
™

is practically nel. It will be evident from the nature of the attenu-
ation curve that when using such a filter the frequency of the
input must be adjusted rather accurately to the value determined
by the constants of the filter.

Figs. 59 and 60 show only two filter sections. If desired, better
results can be obtained by adding more sections.

Before leaving this subject let us discuss briefly the relative
value of a few types of circuits, considering mainly the arrange-
ments of the valves irrespective of the type of filter used in the
output circuit.

The circuit shown in Fig. 59 is arranged to make use of both
half waves. The voltage fluctuation at the condenser C; will
therefore be of double the frequency of the wave supplied through
the transformer 7. The potential of points A and B (Fig. 59) will
always be 180° out of phase, but only when they are positive with
respect to O will the voltage be effective in charging up the con-
densers. If the potentials of A and B be represented by the broken
lines A’ and B’ (Fig. 62) the potential fluctuation at the condenser

Fic. 62.

will be represented by the curve CD, which possesses a fundamental
whose frequency is twice that of the waves A’ and B’. This is
an advantage because it follows from equation (32) that the higher
the frequency, the more effectively will the fluctuation be smoothed
out by the filter. On the other hand this circuit has the disad-
vantage that the voltage impressed on the valves is only half that
supplied by the transformer. In order to use the full transformer
voltage we could resort to the arrangement shown in Fig. 55,
replacing r by the filter and load resistance shown in Fig. 59.
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Fig. 63 shows a circuit whereby the transformer voltage ! can
be doubled. When the transformer voltage is such that D is at a
positive potential with respect to O, an electron current will flow
in the direction of the arrow through the valve AD, thus charging
the condenser C such that A is positive with respect to O. But
during this half period no current will flow through DB. During

load

Filter 3

the next half cycle current flows only through DB, charging B
negatively with respect to O. The potential difference between
A and B (if the condensers did not discharge themselves) would
therefore be twice the transformer voltage. What actually
happens is that the one condenser discharges through the load while
the other is being charged. Hence if the broken line (Fig. 64)

Fic. 64.

represents the potential of the point D with respect to O, the curves

A’A’ and B’B’ will represent the potentials of A and B respect-

ively with regard to O. The potential difference between A and B is

therefore obtained by adding the curves A’ and B’ and is given by

EE. Thus, although the condensers are charged only in alternate
1 H. GREINACHER, Verh. d. D. Phys. Gesell., Vol. 16, p. 320, 1914.
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half periods, the voltage fluctuation in the circuit leading to the
filter is double the frequency of the impressed voltage, while the
mean voltage on the filter is approximately twice the impressed
voltage.

It will be observed from the above discussion that there are
various ways in which thermionic valves can be used for increas-
ing frequency.

For laboratory work it is often necessary to have a source of
fairly high constant voltage supplying very small currents, such
as would be needed, for example, in the study of photo-electric
phenomena, ionization of gases by radium or X-rays, measurement
of the intensity of X-rays with the ionization chamber, etc. For
such purposes the thermionic valve could be used to replace the
rather troublesome high voltage batteries frequently used in
university laboratories, which consist of a large number of min-
iature storage or dry cells. In fact, the high voltage desired
could be obtained from any standard storage or dry cell battery
of a few volts, which forms part of the equipment of any physi-
cal laboratory, by connecting the primary of the transformer to
the low voltage battery through an interrupter. This could, for
example, be done by using a small Ruhmkorff coil with an ordi-
nary hammer break. Since the desired current is small the valves
could be designed to operate with very small power expenditure in
the filament. It must, however, be remembered that when using
the device for the purposes mentioned, the load resistance is
usually very high, and hence, in order to prevent the condensers
from discharging through the valves during the blocking half peri-
ods, the valves should be designed to have the lowest possible
electrostatic capacity and the frequency of interruption of the
primary current should not be very high.

61. The Thermionic Valve as a Voltage Regulator. The
rapid increase in the saturation thermionic current with increase
in the filament temperature, or filament heating current, as is
shown by Richardson’s equation, can be utilized to control the
voltage of the generator of varying speed. A scheme whereby
this can be done, and which was devised by H. M. Stoller, is shown
in Fig. 65. Here the tube is used to regulate the voltage supplied
by a wind-driven generator such as has been used on airplanes.
The generator is designed to supply a high voltage for the plate
circuit of thermionic tubes and a low voltage for heating the
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filaments. D and M are the differential and main field windings
of the generator. The thermionic valve is inserted as indicated
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at V. The characteristics of such a valve are shown in Fig. 66.
Suppose, now, that the speed of the generator is so low that the
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current flowing through the filament of the valve is 1.2 amperes.
With this filament current the thermionic current through the valve
and the differential winding is small and practically the full
voltage is obtained. If, now, the speed of the generator increases,
the filament current of the valve increases, but this causes a pro-
portionately much greater increase in the thermionic current
which flows through D. Thus Fig. 66 shows that a small change
in the filament current of from 1.2 to 1.4 amperes causes a five-
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fold increase in the thermionic current. This causes a decrease
in the field flux of the generator, thus restricting the increase in the
output voltage.

The regulation obtained with such a device is shown in Fig. 67.
HH and LL represent the high and low output voltages as a fune-
tion of the speed of the generator, and it will be seen that although
the speed changes from about 4000 to over 12,000 R.P.M., the
voltage output remains practically constant.



CHAPTER VI1
THE THERMIONIC AMPLIFIER

Excer for the derivation in Chapter 111, of a few fundamental
relationships that govern the discharge in three-electrode devices,
we have so far considered only the simple type of device containing
two electrodes. The physical principles underlying the thermionic
tubes discussed in the previous chapters are applicable also to the
three-electrode type of thermionic tube which it is our purpose to
treat in this and the following chapters. This device consists
essentially of a highly evacuated vessel, containing a thermionic
cathode, usually in the form of a filament which can be heated by
passing a current through it, an anode and a discharge-controlling
electrode which generally takes the form of a wire mesh or grid,
and placed between the cathode and anode. This third electrode
can, however, be of any form, since a controlling effect on the
discharge can be obtained by so positioning a conductor with
respect to the path of the discharge that potential variations
applied to it will cause variations in the current flowing between
cathode and anode. The controlling electrode may, for example,
be in the form of a plate placed on the side of the cathode opposite
to that of the anode or in the form of a wire or a plurality of wires
galvanically connected and placed in the plane of the cathode
parallel to that of the anode. The theory of operation of the
device to be given in the following applies to these various struc-
tures, but will be explained with particular reference to the case in
which the auxiliary or discharge-controlling electrode takes the
form most commonly used in practice, namely, a grid placed
between cathode and anode. This was suggested by Lee de
Forest.! Originally he used the device, which he called the
‘“audion ” as a radio detector. It has since developed, however,
that its use is not by any means limited to this field, it being now

1. S. Patents No. 841387, 1907; No. 879532, 1908.
145
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between cathode and anode of a three-electrode device is repre-
sented by means of lines of force. The anode is assumed to
remain at a constant positive potential with respect to the cathode,
the potential of which we can call zero. The three diagrams shown
refer to the cases in which the potential of the grid is positive, zero
and negative. Looking upon the intensity of the field as the num-
ber of lines of force passing through unit area, it will readily be
seen in a general way how the potential of the grid affects the
flow of electrons from the cathode.

But before considering the flow of electrons it must be pointed
out that the diagrams in Fig. 69 represent the distribution of
field intensity only for the case in which the space between cathode

Eq>0
g_ + Ego’o Eg—<0_

+ 0 +

Fic. 69.

and anode is free from any dislodged electric charges. As soou
as charges are introduced, such as electrons moving from cathode
to anode, some of the lines of force proceeding from the anode will
end on the electrons, and hence the density of the lines of force,
i.e., the intensity of the field or the potential gradient, will be
greater near the anode and less near the cathode than indicated
in Fig. 69. This space charge effect can be made clearer by
representing the field intensity as shown in Figs. 70 and 71. Fig.
70 shows the case in which there are no electrons in the space,
such as would be the case if the cathode were cold. BP repre-
sents the potential of the anode, that of the cathode being zero.
The potential gradient (or field intensity) is given by the slope
of the lines PaO, ete. It is easily seen that the field between
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cathode and grid is the resultant of E; and E,. The lines PaO,
Pb0 and PcO therefore represent the distribution of field intensity
for the three cases in which E;+ E, is greater than, equal to or less
than zero.

If, now, the cathode be hot enough to cause a copious emission
of electrons from it, the field intensity is no longer a linear function
of the distance between cathode and anode, but can be represented
in a rough way by the curves shown in Fig. 71. If E4E;>0,
the field distribution can be represented somewhat by the curve
OaP. If E,+E,Z 0, the field between the cathode and the
equivalent grid plane is negative and the emitted electrons are
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returned to the cathode. The curvature of the lines Ob and Oc
is due to the initial velocities of the electrons (see Fig. 21).

The lines of force proceeding from the anode that reach
through the grid represent the stray field due to E;, which therefore
tends to draw the electrons through the grid and throw them on to
the anode. By varying the potential E, of the grid the intensity
of the field between the grid and cathode is varied in such a manner
that the effect of E, is similar to that of E;, and whether or not
electrons will flow away from the cathode depends on the resultant
value of E; and E,. Now, E, is always positive and therefore
E+E, will be positive (1) when Ej, is positive, and (2) if E, is nega-
tive and less than E,.

(1) When E, is positive some of the electrons moving away
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from the cathode are drawn to the grid (see Fig. 69), while the
rest are drawn through the openings of the grid to the anode under
the influence of E;. The relative number of electrons going to
and through the grid depends upon the mesh of the grid, the
diameter of the grid wires and the relative values of E; and E,.
When, for example E; is large compared with E, the number of
electrons going to the grid is comparatively small, but for any
fixed value of E; the grid current increases rapidly with increase
in E,. Hence, for positive values of E, current will be established
in the grid circuit FGE, (Fig. 72).

(2) If, however, E, is negative and less than E;, as is generally
the case, nearly all the electrons drawn away from the cathode pass
to the plate, practically none going to the grid. In this case the
resistance of the grid circuit is practically infinite for low frequen-

¥ i

Fic. 72.

cies. The electrostatic capacities between the electrodes causes the
impedance between filament and grid to have a value depending on
the output circuit. For the present we shall neglect this effect,
which is usually small, and later on investigate the conditions
under which it can manifest itself to a marked extent.

If, now, an alternating E.M_.F. be impressed on the grid circuit
so that the grid becomes alternately positive and negative with
respect to the filament or cathode, the resistance of the grid
circuit FGE, which is usually referred to as the input circuit,
will, if the frequency is not too high, be practically infinite for the
half cycle that the grid is negative and finite but variable for the
positive half cycle. If, on the other hand, the alternating E.M.F.
be superimposed upon a constant negative grid potential, which
is so chosen with respect to the value of the impressed alternating
voltage that the grid always remains negative with respect to the
filament, the resistance of the input circuit is infinite.
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It can now be seen in a general way how the device functions
as a relay. Any variation in the grid potential changes the in-
tensity of the field between filament and grid, resulting in a corre-
sponding change in the number of electrons moving from fila-
ment to plate. Hence potential variations set up between filament
and grid cause variations in current in the output circuit PE,ro,
the power developed in the load 7o being greater than that expended
in the input circuit.

63. Current-voltage Characteristics of the Thermionic Ampli-
fier. Returning now to a consideration of the expression for

the current ,
1,-1(%
"
it 1s to be noticed in the first place thatsince this equation contains
two independent variables, E, and E,, the three-electrode device
possesses two families of characteristics, or the complete charac-
teristic can be represented by a surface. The current as a function
of the filament-plate voltage E, can for various negative values
of filament-grid voltage E, be represented by a series of curves
such as those shown in Fig. 73. It will be noticed that each
of these curves is similar to the current-voltage characteristic of
the simple two-electrode thermionic valve discussed in Chapter IV,
The main difference is that in the three-electrode tube the current
is limited not only by space charge and the voltage drop in the
filament, but also by the grid. For the same potential on the
plate the current in the three-electrode tube will therefore be
smaller than in a simple valve. This follows directly from
quation (2).

The relation between I, and E, for various values of E, can be
expressed by a set of curves similar to those shown in Fig. 73.
Fig. 74 shows such a set of characteristics. The ordinates repre-
sent current to the plate and not necessarily the emission current,
i.e., total current from the filament. When the grid becomes posi-
tive it takes current and so can distort the I,, E; curves. A set
of grid current curves for various plate potentials is shown in Fig.
75. TFor the higher plate potentials these curves show a maximum.
This is due to secondary electron emission from the grid by the
impact of electrons coming from the filament (see p. 47). At the

+E,,+:). R )

. E, .
lower plate potentials the stray field given by —l;” is smaller, and
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fewer electrons are attracted to the plate. The secondary electron
emission is then also less marked, so that the I,— E, curve shows a
rapid increase of I, with increasing E,.

So far it has not been possible to derive the equation of the
whole characteristic theoretically with sufficient accuracy. For
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the operating range of the characteristic, when the tube functions
as an amplifier, the plate current can be expressed by the equation.!

2
I,,=a<%2E’,,+2Eg+e>, )

where ZE, and ZE, are the filament-plate and filament-grid
1 H. J. vaN pER BuL, Phys. Rev., Vol. 12,.p. 180, 1918.
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voltages. 1If, for example, an alternating e.m.f. ¢ sin pt be
impressed on the grid circuit the equation takes the form:

E . 2
I,,=a<-“~’+Eg+esmpt+e . . . 4
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This equation was determined empirically and is subject to
certain limitations. In the first place, it does not apply to the
horizontal part of the characteristic which gives the saturation
current, but only to that part which obtains when the filament is
hot enough to emit more electrons than are needed for the current
convection through the tube. This is the condition under which
the amplifier operates, because here the plate current can be
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varied by varying any of the applied voltages. Another condition
for equation (4) is that the grid should not become sufficiently
positive to distort the characteristic. Under these conditions I
have generally found this equation to hold sufficiently well, to a
first approximation at least, and have been using it in connection
with work on the amplifier tube. The above equation does, how-
ever, not hold sufficiently accurately for purposes of radio detection,
since this is determined by second order quantities.
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Latour ! has derived some equations for the “relay effect ”

of audion tubes. He starts from the general functional expressions
for the plate and grid currents: I,=F(E,, E,;) and I,=f(E,, E,).
In the expansion of these equations he neglects all quantities of
the second and higher order, thus assuming that the current and
voltage variations are very small, or that the characteristic is
linear over the operating range.

1 M. LaTour, Electrician, December, 1916.



154 THERMIONIC VACUUM TUBE

Vallauri! also assumes a linear characteristic by expressing
the equation for the plate current in the form:

I,=aE,+bE,+c.

It will be shown later that it is important to distinguish between
the characteristic of the tube itself and that of the tube and exter-
nal circuit combined. The latter can by taking special precau-
tions be made practically linear. The characteristic of the tube
itself can, however, not be regarded as linear over the range over
which most amplifiers operate. The curvature of the characteris-
tic cannot be neglected because it introduces distortion which,
unless properly taken care of, makes it practically worthless as a
telephone repeater, for example, on long telephone lines. When
treating the tube as an oscillation generator the curvature of the
characteristic can be neglected, because the oscillation current is
established in an oscillation circuit which is usually tuned suf-
ficiently sharply to eliminate the harmonics caused by the curva-
ture of the characteristic.

Equation (3) gives the characteristic of the tube itself; that
is, E, and E, are the potentials of the plate and grid with respect
to the filament, and are not necessarily equal to the plate and grid
battery voltages. E, is, for example, only equal to the plate
battery voltage E;, when the external resistance r¢ is zero (Fig. 72).
When 7o is not zero the potential drop established in ro by the cur-
rent in the plate circuit causes a decrease in Ej, and it can readily
be seen that if the current be varied, by varying the grid potential,
E, becomes a function of the plate current. This effect will be
discussed more fully when we come to consider the characteristic
of the tube and circuit (Section 58).

Langmuir 2 has expressed the equation for the characteristic
as

I,=A(E,+kE,)".

The extent to which the characteristics of practical tubes
depart from the $-power relation was discussed in Chapter IV.
In the case of the two-electrode tube the main cause of the devia-
tion is the voltage drop in the filament. This has a greater

U'G. VaLuaury, L’Elettrotecnica, Vol. 4, 1917, Electrician, Vol. 80, p. 470,

1917.
2 1. LaNGgMUIR, Proc. I.R.E., p. 278, 1915.
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effect at the lower than at the higher voltages. In three-electrode
tubes the limitation of current by the grid accentuates this devia-
tion. Thus, referring to equation (3), the constant u is generally
greater than unity and, therefore, although the plate voltage

may be high, the effective voltage (%+E,,+e> is low, so that

the voltage drop in the filament has a relatively greater effect
in causing a deviation from the §-power relation. As an example,
suppose that E,=100 volts; u=5; the voltage in the filament
E,=10, and E;+e¢=0. Then the effective voltage is only twice
the voltage drop in the filament. Under such conditions the
deviation from the $-power relation is considerable. It isfor this
reason that the quadratic equation (3) is generally found to be more
serviceable at least for that range of the characteristic over which
the tube operates as an amplifier.

The quantity ¢, which depends on the intrinsic potential
difference between the filament and the system constituting the grid
and plate, is usually small, but may, in some types of tubes, vary
considerably. For tubes operating with high effective voltages e
can generally be neglected. But when the effective voltage is low,
as in the detector and small amplifier tubes, variations in e can,
if not corrected for, cause deviations in the exponent of the effect-
ive voltage.

The important thing about the tube equation is that the cur-
rent can be expressed as a function of (E,+uE,)!.

Referring to equation (3) and Fig. 74, we see that the current
is finite for negative values of the grid potential, and is reduced to
zero only when

Ea=—<%+f>=E,. T

This linear relation and equation (3) can be verified experi-
mentally when the constants u and e are known. These constants

1 This expression for the effective voltage in a three-electrode tube was
established experimentally by the author and published in 1913 (Verh. d. D.
Phys. Gesell,, Vol. 15, p. 330, 1913). See also p. 44. The same expression
has also been used by ScHOTTKY (Archiv. f. Elektrotechnik, Vol. 8, p. 1, 1919.
BarRgAAUSEN (Jahrb. d. drahtlosen Tel. & Tel., Vol. 14, p. 27, 1919) and
others. See also W. H. EccLes (Rad. Rev., Vol. 1, p. 69, Nov., 1919).
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can be determined by methods which do not involve the exponent
of equation (3). Let us assume a general exponent g, thus:

I,,=a<E—;p+E,,+e>ﬂ.

Assuming the general case in which both E, and E, are variable,
we have:
dl, 2I, dE,, al,

dE,” 3E,dE," QE,

Now
g—1
S Cas el
I A-1
éaE—:=aﬂ<%’+E,+e> .
Hence
Z—él=a,3<%+Eg+e) <1dE”+1> .. (6
9

Since the current can be varied by varying either one or both
of the independent variables £, and E,, we can make these varia-
tions in accordance with the condition that the current I, remains
constant; for example, the current can be first increased by
increasing E, and then brought back to its original value by
increasing the negative grid voltage E,. The relation between
the variations in £, and E, necessary to keep the current con-
stant, can be obtained by putting I,=constant in equation (6).
Then we have either

%’+E,+e=0 R 1)
or iE,
dE="H e (D)

These equations are therefore independent of the exponent of
(3). Equation (5a) obviously states the condition that the current
has the constant value zero, and shows that the stray field poten-
tial E; is simply equal to the absolute value of the grid potential
which is necessary to reduce the plate current to zero.

Referring to the above equations for the partial derivatives of
I,,it follows that a change in the grid potential produces u-times as
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great a change in the plate current as an equal change in the plate
voltage.

Equation (7) can be interpreted to mean that a potential varia-
tion 6E,=e, impressed between the grid and the filament is equiv-
alent to introducing an E.M.F. in the plate circuit which is equal
to ue,.

This result is of fundamental importance and has been found of
great value in the solution of many vacuum tube problems.
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Integrating equation (7) we get
Eo=E,+uE,. . . . . . . . (8

While equation (5a) gives the relation between E;, and E, necessary
to neutralize the stray field and keep the current zero, equation (7)
gives the relation necessary to keep the current constant at any
convenient value. The verification of these relations is shown
in Fig. 76,1 The slope of these curves is equal to the constant .

' H. J. Van pEr Buw, Phys. Rev., Vol. 12, p. 171, 1918. See also Fig. 14,
p. 45.
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The characteristic equation (3) was verified as follows: The
tube was inserted in a circuit such as shown in Fig. 72, with the
exception that the generator in the input circuit and the resist-
ance ro were omitted. A convenient negative potential was applied
to the grid, so that no current could be established in the grid

[

1
v
4
o
[N
E
B
,E
v
k]
[*3
j=
<

]

| I ¢ Wi o W

0 200 400 600 800

Anoole Volts
Frg. 77.

circuit, and the current in the plate circuit observed as a function
of the plate voltage E,. Since ro was zero E, was always equal
to E,, the plate battery voltage. The grid being kept ata constant
negative potential E, with respect to the filament, current could

not be established in the plate circuit until the %-}-e became

greater than E,. The characteristic obtained is shown in Fig. 77.
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From the value of the plate voltage for which the current is just
reduced to zero we get
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and since u could be determined as explained above, this equation
could be used to give e. Once u and e are known the observed
current can be plotted as a function of the expression

2
(o)
M

for arbitrary values of E, or E,. Some curves obtained in this way

are shown in Fig. 78.
If we obtain a number of characteristics such as those shown
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in Fig. 74, which show the relations between the plate current and
grid potential for a number of different plate potentials and plot
the logarithms of I, against the logarithms of the effective voltage

(Ef—{—E,,) the observed points for all the characteristics shouid,
"

according to equation (3), lie on one straight line. This can be
done by subtracting the applied grid potentials from the grid
potential which is just necessary to reduce the current to zero,
and plotting on logarithmic paper the values so obtained against
the observed currents. (Note that the value of the grid potential

necessary to reduce the current to zero is lﬂ’.) The disadvantage
m

of such a procedure lies in the uncertainty of the voltage at which
the current becomes zero. However, the logarithmie plot of the
curves of Fig. 74, and which is shown in Fig. 79 indicates a substan-
tially good verification of equation (3). The slope of this lumped
logarithmic line is almost exactly 2.

64. Amplification Constant. The constant u appearing in the
above equations is one of the most important constants of the
audion or three-electrode tube. It will be shown later that u is the
maximum voltage amplification obtainable from the tube. This
constant is also very instrumental in determining the current and
power amplification and can therefore be referred to as the ampli-
fication constant. This constant plays an important part in all
functions of the tube, as will be shown later when we come to
consider its use as a radio detector, modulator, oscillation gen-
erator, etc. It will be noticed that since it appears in the stray
field relation (equation (1)), which is a pure potential relation,
the amplification constant is a function only of the geometry of
the tube. It depends, for example, on the mesh of the grid,
diameter of the grid wire and the distance between grid and plate.
It can be determined from E,E;,—curves shown in Fig. 76 and by
methods which will be described later. In practice it is generally
found that p is not quite constant, its value decreasing somewhat
at lower voltages. For the operating range of voltages commonly
employed its value does, however, not vary much. (See Fig. 125.)

55. Plate Resistance and Impedance. The resistance of a tube
is due to the work which the electrons emitted from the cathode
must do in moving from cathode to anode. Let us consider the
case of a single electron emitted from the cathode. In moving
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through the cathode surface it has to do an amount of work
equivalent to the electron affinity and in moving from cathode
to anode it has to do work in overcoming the contact potential
difference between cathode and anode. This may sometimes
assist the electron in moving from cathode to anode. (See Chap-
ter III.) The total amount of work it has to do to overcome these
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forces is generally small and never amounts to more than a drop of
a few volts. If these were the only forces exerted on a large num-
ber of electrons escaping from the cathode the application of a small
voltage between cathode and anode would almost immediately
give rise to the saluration current, and the resistance of the tube
would for all values of current less than the saturation current be
very low. This is, however, not the case, since the electrons
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in the space exert a mutual repelling force on one another. This
is the space charge effect explained in Chapters I and IV, and
causes by far the greatest expenditure of energy on the part of the
electrons in moving to the anode. This expenditure of energy
causes the heating of the anode.

The true d-c. resistance of the tube is, of course, given simply
by the ratio of the total amount of work done to the square of
the current, i.e., by ?” The a-c. resistance on the other hand, is

Y4
given by the slope of the plate current characteristic, and since the
characteristic is non-linear the a-c. and d-c. resistances are not the
same. Referring to Fig. 80, the d-c. resistance at a voltage E, is

b,
;
. '
j /A DD &/ 1y
P 4 o
/// !
e 1
// '
// !
] |
tp
Fia. 80.

given by the reciprocal of the slope of the straight line OC, while the
impedance of the tube is given by the ratio of the alternating
voltage e, between filament and plate to the alternating current
7, in the plate circuit. Now, the flow of electrons in the tube
shows no lag, and for frequencies low enough to make the effect
of the electrostatic capacity of the tube itself negligibly small,
the condensive reactance thus being also practically infinite, the
impedance is simply given by :—”=Z—Z (see Fig. 80), and is then
D
of the nature of a pure resistance. For most tubes used at present
this approximation is satisfactory for frequencies up to the order of
several hundred thousand cycles per second. For a tube like that
shown in Fig. 68, for example the filament-plate capacity is of
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the order of a few micro-microfarads. Now we have Z—”=SIE”

14 D
when e, and ¢, are very small. But in practice we generally do not
deal with very small current variations. To obtain an expression

for the a-c. resistance for finite variations we must evaluate the

oL
ok,
integrate it over a complete cycle of variations, thus:

11 (™ol
E“Eﬁ 0Pt . ... @

For frequencies at which the electrostatic capacity of the
tube cannot be regarded as negligibly small, we have in effect a
condenser in shunt with the tube resistance. If z is the reactance
due to the capacity of the tube the plate impedance Z, can be
obtained from the admittance Y,:

partial derivative from the equation of the characteristic and

1y L ("ol o o N
Z_Y”_%rfo aEpdt Jby=gp—jby . . (1C)
where
e
T 2 2
r+zx
...
B (11)
P_rp2+x2

To evaluate expression (9) let us assume a general exponent
for the characteristic equation:

o
I,,=a<%’+E,,+e+e sin pt) ... 12
Then
oly _an i -1
3, & (E.,+esin pt)®
where
E,
E7= :+Eg+€.
Hence

n—1 [2x n=1
1_ankE, f <1+E‘f— sin pt) . . (13
Jo v

ry  2m

Now the maximum value e of the input voltage is never
greater .than E,; for distortionless amplification e must always
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be less than E, (see Section 60). Referring, for example, to Fig.
81, it will be seen that E, is the intercept c¢d when E,=0 or
fd when E,=c¢f. Taking the latter case it will be seen that the
maximum value of the input voltage e should not exceed the value
fd otherwise we would be working beyond the point d, and then
the lower peaks of the output current wave would be chopped off

£p

Anode Current

COrid Voltage

Fic. &1.

thus introducing harmonics. Furthermore, since the maximum
value of sin pt is unity and its odd powers vanish on integration
the expression in the parentheses can be expanded into a series,
the integral of which converges sufficiently rapidly to enable us to
compute the resistance, for all practical values of n, from a few
terms of the expansion. The integrated series is:
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e B )

+("_1)(2;_4_6)2("—6)<Eiy)6. . J (14)

For the case of the amplifier n=2, and all the terms except
the first vanish so that we get:
r,,=~EL———. N ¢ 1))
2a <TD+E0+6)

The a-c. plate resistance is therefore to a first approximation
independent of the a-c. input voltage.

It is customary to speak generally of the impedance of the tube,
meaning thereby the plate impedance. It must, however, be
remembered that unless the frequency is very high, the wattless
component of the impedance is practically zero, and the impedance
is then given by equation (14) in which case it is of the nature of a
pure resistance. For a parabolic characterictic (n=2) equation
(14) is simply the slope of the I,— E, characteristic.

656. Mutual Conductance. So far we have considered only the
plate voltage-plate current characteristic from which we have
deduced the plate impedance by obtaining an expression for the
variation in plate current as a function of the plate potential
variations. The usual thing in practice is to vary the plate current
by varying the grid potential. As will be scen from the following
the effects in this case can be deduced directly from the previous
considerations by the introduction of the amplification constant p.

Referring to the fundamental equation for the characteristic,
we have

ol,  dl,
Ir_ . . . . .. @6
2E, “3E, (16)
and
] Zwalp u Zralp
m=a— | —ldt=— L.
g %ﬁ aE”dt 2 ), aEﬂd (17)

Equation (16) gives the slope of the plate current-grid potential
characteristic and (17) gives the mutual conductance! g.. It
will be noticed that

g,,.—ﬁ........(IS)

= o
! The expression ‘“ mutual conductance ” for this quantity was suggested
by HazerTine (Proc. I. R. E., Vol. 6, p. 63, 1918),
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This is a very important quantity and is involved, as will be shown
later, in all expressions giving the degree of merit of the tube when
functioning as amplifier, detector, oscillator, etc. It is always
desirable to have the mutual conductance as large as possible.
While 1 depends almost entirely on the structure of the grid and
its position relative to the other electrodes, r, depends upon g
and the the surface areas of cathode and anode as well.

The mutual conductance gives a measure for the effect of the
grid potential on the plate current. The analogous expression for
the effect of the plate potential on the grid current is given by

-1 ("3L
gn“27r aEpdt' S (17a)

o
and may be called the reflex mutual conductance. At frequencies
for which electrode capacities are effective to an appreciable extent
we have to consider the mutual impedances Zn=gn+jTm, etc.,
which cannot be obtained from the static characteristics of the

tube.
57. Shape of Output Wave in Circuit of Low External Im-

pedance. Consider the case of the tube circuit shown in Fig. 82

T|[Es

Fi1G. 82.

and let a voltage e sin pt be impressed between filament and grid.
The resistance r; may be that of the input transformer coil which
is supposed to be wound to work into a practically open circuit.
For the present we shall suppose that the external impedance Zg
in the output is negligibly small compared with the plate-resistance
of the tube, so that the characteristic of the circuit is practically
the same as that of the tube.

If the constant grid voltage E. is sufficiently negative to insure
that the grid never takes current, the wave shape in Zg is deter-
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mined by the characteristic equation (4). Thus if the voltage is
a sinusoid (Fig. 83, curve a) the output current is a lop-sided curve
shown in Fig. 83, curve bb’. This can readily be seen by referring
to Fig. 81, from which it will be seen that if the potential of the

Fig. 83.

grid be varied about the value E.=¢f, the increase ab in plate cur-
rent due to the decrease oa in the negative grid potential is greater
than the decrease a’b’ in current caused by an equal increase
oa’ in the negative grid potential. This would produce distortion
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since the output current is not an exact reproduction of the input.
The curve b of Fig. 83, of course, shows the variation in the output
current from its mean d-c. value which obtains when the input
alternating voltage is zero.

Now, suppose the grid battery be so adjusted that whenever
e sin pt is positive the grid takes current. Since the grid current
characteristic is of the nature shown in Fig. 75, the grid current
wave will be given by d (Fig. 83), providing the grid potential does
not become sufficiently high to cause the emission of secondary
electrons from it. Now this current in the grid circuit causes a
voltage drop in r; thus lowering the potential difference between
filament and grid. The output current wave may therefore take
the shape shown by curve ¢b’. This would therefore minimize
the distortion if the quantities involved were correctly propor-
tioned. On the other hand, once the grid current is established
it increases so rapidly with further increase in the grid voltage
that the increase in plate current during the half cycle when the
grid is positive can become less than the decrease during the other
half cycle, and this materially lowers the amplification.

Referring again to the case in which the grid is kept negative
with respect to the filament, it will be seen on expanding equation
(4) that the curve bb’ (Fig. 83) consists of the following components:

I,,=a<%+Eg+e>2+2a <E-;p+E,,+ e)e sin pt

ae?

2
5 €0S (2pt+) +‘1;—. (19)

+

The first term represents the steady direct current in the plate cir-
cuit which is maintained when the input e is zero, and is the value
about which the plate current varies for finite values of e. The
second term gives the alternating output current (ee, Fig. 83)
which is in phase with the input voltage and which is the only
useful current for amplification purposes. The harmonic repre-
sented by the third term and having double the frequency of the
fundamental is present, as was to be expected from the parabolic
shape of the characteristic. It is shown by the curve ff in Fig. 83.
This is the undesirable term which causes distortion. The last
term, which is proportional to the square of the input voltage
is the change in the d-¢. component due to the alternating input
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voltage (shown by the broken line in Fig.83), and is the only effect-
ive component of the output current when using the device as a
radio detector.

If the output transformer Ty (Fig. 82) has a sharp frequency
characteristic, and a pure note be impressed on the input of the
tube, a current meter A2 inserted in the load circuit would indicate
a current which is proportional only to the second term of equation
(19), that is, to the fundamental, and the distortion produced
by the curvature of the characteristic would not be a serious matter.
In telephony we have to deal, however, with frequencies ranging up
to about 3000 cycles per second, and it is desirable to use a trans-
former with a flat frequency characteristic, so that all frequencies
are transmitted with more or less equal facility. In such case the
harmonic term would cause serious distortion of the speech
wave. Distortion can, however, be reduced to a negligible quan-
tity by properly choosing the impedance of the output transformer.
We have so far assumed that the transformer impedance in the
direction ZoZ, is small compared with the plate resistance of the
tube. In practice this is not so. In fact the best operation as
power amplifier is obtained when this impedance is approxi-
mately equal to the plate resistance. In such case the character-
istic of the circuit is different from that of the tube alone, as we
shall now proceed to show.

68. Characteristic of Circuit Containing Tube and Resistance
in Series. Let us first consider the simple case in which the out-
put circuit is non-reactive and has a resistance ro (Fig. 72). Let
the plate current be measured for different values of grid potential
E,, the plate battery voltage E, remaining constant. When the
grid is so much negative that the current in the plate circuit is
reduced to zero, the plate voltage E, is equal to the plate battery
voltage E». But when current is established in the plate circuit
there is a voltage drop across ro, and E, will be less than E,, being
given by

E,=Ey—rol,, . . . . . . . (20

where I, is the plate current, E, thus becomes a variable. Sub-
stituting this value of E, in the characteristic equation, thus:

11,:“[(@»__&&) +E0+e]2

v
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we get, putting
—E—’f-}-E +e=E',.
M,
() S
I.— I
=

n

@1

2ar f
2

This is the equation for the characteristic of the circuit consisting
of the tube and resistance ro, and it will be seen, if I, be plotted
against E’,, for various values of ro, that the curvature of the
characteristic is reduced as ro is increased, the characteristic
becoming practically linear when r¢ is equal to or greater than the
plate resistance. This is an important result for which I am
indebted to my associate Dr. H. D. Arnold, and has an important
bearing on the problem of distortionless amplification of telephonic
currents.! '

The effect of the resistance on the characteristic of the output
circuit is shown graphically in Figs. 84 and 85. In the first the
plate battery voltage E», had a constant value equal to u(E’,+e¢),
where E’; is given by O0’, while in Fig. 85 the plate battery was
so adjusted for every value of 7o as to keep E, constant for zero
grid voltage. It will be noticed that when ry=r, (8000 ohms),
the characteristic is substantially linear over a considerable range
of input voltage.

b9. Static and Dynamic Characteristics. So far we have con-
sidered only the static characteristics of the tube and its circuit.
We have seen that the static characteristics of the tube itself,
that is, the characteristics which are obtained when the external
resistance is neglibibly small in comparison with the plate resist-
ance of the tube, are given by equation (3), while those of the
output circuit, containing an external resistance as well as the
filament-plate resistance, are given by equation (21). The first
mentioned set of characteristics is shown in Fig. 74, and the
second set in Figs. 8 and 85. It is important to note that in
Fig. 74 each characteristic is for a constant plate-filament voltage
E,, while in Figs. 84 and 85 each characteristic is for a constant
plate battery voltage E,. In this case, as was explained in the

1 Other means for reducing distortion by using special circuit arrangements
are discussed in Section 78.
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previous paragraph, the filament-plate voltage E, is variable,
having a different value for each adjustment of the grid voltage
E,, due to the varying voltage drop in the external resistance.
It is obvious that if the external plate circuit contains reactance
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as well as resistance, the static characteristics take the same shape
as when the reactance is zero, being determined only by the
resistance component of the external impedance.

Now, the thermionic tube is used mostly in a-c. circuits. It
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is therefore necessary to know the shape of the characteristic
that obtains when varying potentials are impressed on the grid,
that is, it is necessary to know the shape of the dynamic character-
istic. It is convenient to distinguish three cases: (1) the dynamic
characteristic of the tube itself; (2) that of the plate circuit
containing tube and non-inductive resistance, and (3) that of
the circuit containing tube and impedance.

(1) The first can be determined with a circuit such as that
shown in Fig. 72, provided that the resistance ro is zero and the
current meter 4 has a resistance which is negligibly small com-
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pared with the plate resistance. As far as the passage of electrons
from cathode to anode is concerned, the thermionic tube, which
operates with a pure electron discharge, shows no lag, such as is
found to exist in an arc which depends for its operation on ioniza-
tion by collision of the contained gas or vapor. The only reactance
yossessed by the tube is capacitive and is due to the electrostatic
capacity between the electrodes. It is, therefore, in effect, a
espacity shunted across the plate resistance. The capacity of
ordinary tubes, is, however, so small (of the order of a few centi-
meters) that this parallel reactance can be regarded as practically
infinite for frequencies ranging up to several hundred thousand
cycles per second. Hence, for this range of frequencies the
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dynamic characteristic of the tube coincides with its static char-
acteristic.

(2) If the external resistance 7o (Fig. 72), instead of being
zero, has a finite value and is non-inductive, the dynamic charac-
teristic still coincides with the static characteristic, but they are
different from the characteristic of the tube itself, being given by
Figs. 84 and 85 instead of those shown in Fig. 74.

The effect of the external non-inductive resistance on the
characteristic of the output circuit, when an alternating potential
is impressed on the grid, can be explained as follows: Referring

Fic. 86.

to Fig. 86, let the three parabolic curves represent the characteris-
ties of the tube itself, the middle one of which, let us say, is the one
obtained when the plate-filament voltage has a definite value E,.
The other two are the characteristics for higher and lower values
of E,. Let the tube be inserted in the circuit shown in Fig. 72.
Let the constant grid battery voltage E, be so adjusted that the
direct current in the plate circuit, as measured with A, is mo.
Now, on account of the voltage drop in 7o, due to the current I,
in it, the plate-filament voltage is E,=Ey—rol,. If I, be varied
by impressing an alternating potential on the grid, E, varies
accordingly since E; is constant. Thus, if the negative grid poten-
tial is decreased the plate current increases. This causes E, to
decrease to the value, say, corresponding to the lower characteris-
tic shown in Fig. 86, and the current instead of increasing to a’,
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as it would if E, remained constant, increases only to a. TFor the
same reason, when the negative grid potential is increased the cur-
rent, decreases only to b instead of to ’. The characteristic there-
fore straightens out and takes the shape given by boa, instead of
b'oa’.

Referring to equation (20), it will be seen that if we represent
the alternating plate voltage and current by e, and 7,, respectively,
we have e,= —i,rg. The plate current and plate voltage are there-
fore 180° out of phase. The plate current is, however, in phase
with the grid potential, so that the grid and plate potentials
differ in phase by 180°.

TFc. 87.

(3) Let the plate circuit now contain reactance as well as
resistance, that is, let it contain an impedance Zo=ro+jro. Here
we have e,= —1,Z, but on account of the reactance zoin the plate
circuit the phase difference between the plate and grid potentials
may differ from 180°. When this happens the dynamic character-
istic of the plate circuit takes the form of a loop. To explain
this we can make use of the theorem stated on page 157, that a
voltage e, applied between filament and grid is equivalent to an
electromotive force pe, impressed on the plate circuit, where u
is the amplification constant of the tube. The phase relations
_le

7o
of the external impedance. Let the plate current be represented

are shown in Fig. 87 for various values of the angle ¢=tan
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by 7, in the direction OQP. The voltage drop 7,r,, in the tube,
due to its plate resistance, is given by 0Q. The drop 7,Z in the
external impedance Zy is given by Qa. Thus, in the case in which
the angle ¢ is 45°, ¢,Zo=Qaz, and is the vector sum 7,7o and 7,z
the total driving E.M.F., ue, in the plate circuit is in this case
given by Oaz. Now e, is equal to —i,Zy and is given by Ocg,
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which is parallel to Qa2. The phase difference between e, and
ue, or e, is therefore equal to the angle a20ce which is 157.5°,
This is for the case in which the external impedance Zgis numeri-
cally equal to the plate resistance r, (0Q=@Qaz), and has an angle
of 45°.

Referring now to Fig. 88, let the negative grid battery voltage
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be equal to MS, so that we operate around the point O of the tube
characteristic AOB, which corresponds to the plate potential
which obtains when the alternating potential impressed on the
grid is zero. The other two tube characteristics are for the maxi-
mum and minimum potentials which the plate acquires when an
alternating potential e sin pt is superimposed on the constant
negative grid potential E;=MS. If we now plot the plate cur-
rent as a function of the varying grid potential e,, considering at the
same time that ¢, and the alternating plate potential e, are 157.5°
out of phase, we obtain the loop shown in Fig. 88. The loop is,
of course, due to the reactance in the external circuit, because there
is no lag within the tube. This loop is not an ellipse, but has a
curved axis CD, the general slope and curvature of which depends
upon the angle between ¢, and e,, which in turn depends upon the
angle ¢ of the external impedance. As ¢ decreases the loop nar-
rows down, its axis straightens out and rotates in a clock-wise
direction until, when ¢ is zero, that is, when the external circuit
contains only non-reactive resistance, the loop degenerates into
the line EF, which is the non-reactive dynamic characteristic boa
shown in Fig. 86. It will be observed that if the angle 6 between
e, and e, is 157.5°, the axis of the loop very nearly coincides with
the approximately straight line EF obtained when 6 is 180°.

The angle 6 depends not only on ¢, the angle of the external
impedance Zo, but also on the value of this impedance compared
with the plate resistance r,. Thus if ¢ is 90° then 7,Zy is given
by Qas, and if Zo is numerically equal to r, the angle asOcs
between ¢, and e, is 6 =135°. But if Z¢=3r,, the angle 6 is about,
160°. In this case also the axis of the dynamic characteristic
coincides very nearly with the line EF which is obtained when
60=180°.

It is important to note the conditions that must be secured
to make the axis of the dynamic characteristic approach a
straight line. While the curvature of the characteristic enables
the thermionic tube to perform certain very important functions,
such as detection and modulation of oscillating currents, it is
nevertheless an undesirable feature when the tube operates as
an amplifier. It follows from the explanation given in Section 57
that unless the characteristic is straight the output current wave is
not an exact cnlarged reproduction of the wave impressed on the
input. This causes distcrtion when amplifying telephonic cur-
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rents, and to avoid it the amplifier must be operated under such
conditions that its characteristic is substantially linear. Now,
it will be shown later that when operating the tube as an ampli-
fier, maximum power amplification is obtained when the external
impedance is numerically equal to the plate resistance of the tube.
If this equality is preserved and the angle of the external imped-
ance is not greater than about 45°, the axis of the characteristic
is, as we have seen, substantially linear over a considerable range
of input voltage. In practice the conditions are often even better,
because the angle of the external impedance is often much less than
45°. This is, for example, the case where the tube is operated as
a telephone repeater; the secondary of the output transformer
feeds into a long line of comparatively high resistance, so that the
angle of the effective impedance into which the tube works is very
small.

In cases where the angle of the external impedance is neces-
sarily large, we can still secure a practically linear axis for the
dynamie characteristic by making the external iinpedance larger
than the plate resistance. We would therefore gain in quality of
transmission at the expense of amplification. But the necessary
sacrifice in amplification would not be large. Although maximum
amplification is secured when the external impedance is equal to
the plate resistance, the decrease in amplification is small even
when the external impedance is twice as large as the plate resist-
ance (see Fig. 112).

If the necessary precautions be taken to secure the conditions
necessary to make the axis of the dynamic characteristic substan-
tially linear, we can extend the theorem deduced on page 157
from the stray field relation: A voltage e, applied between
filament and grid establishes a current in the plate circuit which
is given by

. ney

Zp_ry-i-Zo’ S ¢222))
where p is the amplification constant of the tube,r, its plate resist-
ance and Zg the external impedance in the plate circuit.

If the conditions are not such as to make the characteristic
linear this equation is still true as far as the fundamental frequency
is concerned, but the curvature of the characteristic introduces
harmonics which would necessitate the addition of terms of higher
order of smallness to equation (22),
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The theorem embodied in eauation (22) is of fundamental
importance and is instrumental in the solution of many vacuum
tube problems. We shall have occasion to make extensive use
of it in what follows.

60. Conditions for Distortionless Amplification. Distortion-~
less amplification is obtained if the amplified current in the output
circuit is, for the whole range of frequencies which it is desired to
transmit, an exact enlarged reproduction of the input current.
Distortion can be produced in two ways: (1) When currents of
different frequencies are not amplified in the same proportion;
(2) when the amplification is not independent of the input voltage.

(1) As far as the first effect alone is concerned, the amplifica-
tion will be distortionless if the whole circuit is non-reactive. The
circuits commonly used in connection with the tube are not non-
reactive, but the necessary transformers and condensers can always
be so chosen that for the operating range of frequencies the total
impedance is not unduly affected by the frequency. As far as
the tube itself is concerned it is to be noted that the capacities
between the electrodes introduces a reactance effect. Of these we
distinguish between the capacity between filament and plate, and
the effective input impedance as measured between the filament
and grid. When the amplification is expressed in terms of the
potential actually applied to the grid, the only inter-electrode
capacity that comes into consideration is the capacity between
filament and plate. This is so small that when the amplification
is expressed in this way it is found to be independent of the fre-
quency for frequencies ranging up to several hundred thousand
cycles per second. The power amplification is usually expressed
in terms of the ratio of the power developed in the external output
circuit to the total power impressed on the input. In this case
the effective reactance due to the inter-electrode capacities depends
on the circuit used, as will be explained in Sections 69 to 71. Under
the conditions under which amplifiers are mostly operated, the
electrode capacities usually have a very small effect. The general
effect, however, is to decrease the amplification when the frequency
becomes very high.

(2) The second condition for distortionless amplification will
not be satisfied unless the axis of the dynamic characteristic of
the output circuit is linear over the operating range of voltage.
As was shown in the previous Section, this can be secured by
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making the external impedance in the output circuit sufficiently
large.

It is important to note that another condition for distortionless
amplification is that the input voltage must be kept within certain
limits determined by the d-c. plate and grid voltages and the struc-
ture of the tube. Let us assume that the external impedance is
sufficiently large to straighten out effectively the characteristic.
The question now is what range of input voltage can be employed
without overtaxing the tube. If the input voltage is so large that
the grid becomes sufficiently positive to take appreciable current,
the positive halves of the output wave can be reduced in the man-
ner explained in Section 57. This reduction is more marked the
larger the external impedance in the output circuit, because the
extent to which the grid can become positive without taking appre-
ciable current depends on the potential difference E, existing
between filament and plate at the moment that the grid is positive
and on the structure of the tube. Remembering that the stray
field between filament and grid, due to the potential difference
E,, tends to draw the electrons through the openings of the grid,
it will be seen that the larger E, the higher must be the positive
grid voltage to overcome the stray field and attract the electrons
to the grid. Now the external impedance has the effect of decreas-
ing the plate-filament potential difference when the flow of electrons
from plate to filament through the impedance is increased, that is,
during the half cycle when the grid is positive. This reduces the
stray field and consequently increases the flow of electrons to the
grid. Thisis the effect that gives rise to the bend C in the dynamic
characteristic shown in Fig. 86. If we say that ¢ is the positive
potential with respect to the filament which the grid can acquire
without taking appreciable current, we can state that one condition
for distortionless amplification is

es— | Eote| +g|. .. . . . @23

where E, is the voltage of the grid battery, e the peak value
of the input voltage, and e the intrinsic potential difference
between filament and grid.

Another condition is that the peak value of the input voltage
must not exceed the value given by mn (Fig. 86), otherwise the
negative peaks of the output current wave will be chopped off.
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’
Now sn is given by E—”, where E’; is the potential difference between
M

filament and plate at the moment when the grid has its maximum
negative value, and sm is the voltage K, of the grid battery.
We therefore have the two conditions:

es= | Evte| +[g] ]
, . (24)
S

or when the tube is working at full capacity, that is, when operating
over the whole range of the characteristic.

E’
o= [Eel + ol = | B~ 1B . e

61. Amplification Equations of the Thermionic Amplifier. We
shall now derive quantitative cxpressions for the amplification
produced by the three-electrode thermionic tube. It will be
recognized that when operating as a power amplifier the tube
derives the extra power from the d-c. battery inserted in the
plate circuit. The energy of the plate battery is released by
the influence of the grid potential on the current in the plate
circuit and the amount of power released depends almost entirely
on the influence of the grid potential.

In deriving the following cquations we assume that the grid
is maintained sufficiently negative with respect to the filament to
prevent any appreciable current convection between filament
and grid; that is, the tube will be assumed to operate within the
limits defined by equations (24) and (25). We shall also assume
that the impedance conditions in the plate circuit are such as to
make the characteristic of the plate circuit substantially linear
over the operating range of voltages. These conditions can very
nearly be satisfied in practice even when the circuit constants
are so adjusted as to give a maximum degree of amplification.
Under these conditions the alternating current 7, in the plate
circuit is related to the alternating potential e, applied to the
grid, by equation

Heg

2p=_rp+ZO, e e e e e s (22
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influence the voltage amplification. For example, it follows
directly from equation (26) that the external impedance should
be made several times as large as the plate resistance of the tube.
Now, for the same amount of filament surface the plate resistance
increases approximately as the square of p (see equation 15)
and may acquire such a high value as to necessitate an impracti-
cably high external impedance. It is, therefore, often necessary,
when increasing u, to increase the amount of filament surface so
as to reduce the plate resistance as much as possible. It is, of
course, also possible to decrease the plate resistance by increasing
the d-c. plate voltage, provided we do not operate beyond the
minimum saturation voltage.

Referring now to equation (26) let Zo=ro+jro; the voltage
amplification is then given by

eo_ _ wly
Vo (27)

Suppose the tube is inserted in the circuit shown in Fig. 90,
and that it is desired to obtain the voltage developed between

T A,

Fig. 90.

the ends A and B of the impedance Zo. This voltage o can be
measured by connecting an electrostatic voltmeter between A
and B.! The secondary of the transformer T can be wound to
have as high an impedance as possible, thus impressing the highest
possible voltage e, on the grid for a given voltage in the primary
of T. :

Let us now consider the two extreme cases in which Zg is (1)
a non-inductive resistance ro (zo=0) and (2) a practically pure

1 A thermionic tube can be used as an electrostatic voltmeter in the manner
shown in Section 114.
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reactance xo (ro=0). In the first case the voltage amplification
is given by

€o__ HT0
—= e e e e e ... (28
e TptTy @8)

The relation between Zgand :—O is shown by curve II of Fig. 91
g 14

from which 1t is seen that ? reacnes about 90 per cent of its
g
maximum value g when r70=10 r,. (In computing these curves «

was taken equal to 10.)
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If Zy is a pure reactance xo, the voltage amplification is given by

€o KTo
ey ee—— . . . . . . 29
& VrZtzd (29)

Curve I of Fig 91 shows the relation between z—o and ?. It is
9 Y4

seen that there is a distinct advantage in making the tube work
into a reactance, the voltage amplification rising to about 90 per
cent of its maximum value when zo is numerically only twice r,.
It is, however, advisable to make the reactance as large as possible
in order to minimize distortion due to the curvature of the charac-
teristic. The use of a reactance instead of a resistance has another
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advantage. If Zo is a pure resistance and several times greater
than the plate resistance, a considerable portion of the voltage
of the plate battery is lost in Z, so that to secure the necessary
potential difference between filament and plate it would be neces-
sary to use a rather high plate battery voltage. This can be
avoided by using instead of a pure resistance a choke coil which
has a comparatively small d-c. resistance.

On the other hand, the value of the tube as a voltage amplifier
lies in the fact that it can be operated in a non-inductive circuit,
and in this respect it performs an important function, in that it
serves the purpose of producing high degrees of amplification
with very little distortion. Unlike the transformer, for example,
it furnishes a voltage-amplifying means that is independent of
frequency unless the frequency is very high. And, as a matter of
fact, it can also be used to produce power amplification that is
practically independent of frequency.

When several tubes are used in cascade formation in multi-
stage non-inductive amplifier sets, all but the last tube should be
used as voltage amplifiers, because the tube is a potential operating
device. It works best as an amplifier when its grid does not take
appreciable current; that is, when the tube operates within the
limits defined by equations (24) and (25). The input power
consumed by the tube is therefore usually very small, and all
that is necessary is to make the input voltage applied between
filament and grid as high as possible.

It must be pointed out that unless it is necessary to use a
non-inductive circuit it is best to operate all tubes in a multi-
stage amplifier set as power amplifiers, and usc voltage step-up
transformers between the tubes. Consider, for example, the
circuit in Fig. 92. (The circuits shown here do not include
details that are necessary to give best operation in practice.
They are merely skeleton circuits intended to illustrate the
points under consideration. Complete circuits will be discussed
below.)

If the tube A were to be used as a voltage amplifier, it would
be necessary to make Zg several times as large as r,. This does
not, however, give maximum total amplification, because when
using transformers we have to consider the power, and maximum
amplification is obtained when Zo=r,, T2 being used as a voltage
step-up transformer. This can be shown as follows: The power
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in Zo’ will be a maximum for maximum voltage e, impressed
on the input of the second tube B. Now, the voltage eo in Zo is
given by:

Zope,

rot+Zy

en=

where u is the amplification constant of tube A. Now, the voltage
. . [Z .
ratio of the transformer 7% is ﬁ. Hence, the voltage impressed

on tube B is:

, _ueNVZiZ,
¢o= (ro+Z0o) (30)
Al
73 @
% 00
7

Fic. 92,

It is in all cases desirable to make Z; as large as can possibly
be done in practice. Hence, regarding Z, as fixed and differen-
tiating ¢/, with respect to Zo and equating to zero, it will be
seen that e’; is a maximum when Zo=r,, and this, it will be shown
in the next paragraph, is the condition for maximum power in Z.

63. Power Amplification. The three-electrode thermionic tube
can be used to amplify power, and in this property lies its great
usefulness. It is its amplifying property that enables it to be
used also as an oscillation generator. There are other types of
amplifiers, such as, for example, the arc which amplifies in virtue
of its negative resistance characteristic and therefore operates on
an entirely different principle. But the thermionic amplifier, or
audion, has certain marked advantages over other types. Unlike
the arc it does not depend for its operation on ionization by col-
lision of residual gas, and in fact operates satisfactorily only when
the vacuum is so high that ionization by collision plays a negligibly
small part in current convection in the tube. The discharge is
therefore steady and reproducible. When using the device as a
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telephone relay, for example, steadiness and reproducibility are
conditions that must be complied with, and this is also true of many
other cases where amplifiers are used. It is furthermore capable
of amplifying currents of frequencies ranging all the way up to
several million cycles per second, and if properly designed it can
be made to produce an extraordinarily high degree of amplifica-
tion. I have for example, obtained with a specially designed tube,
a power amplification of 3000-fold.

An equation for the power amplification can be obtained
directly from the equations deduced above. Let us consider
the circuit shown in Fig. 90. It is desired to amplify the power
in the transformer T which may be at the end of a section of tele-
phone line or may, for example, be connected in the output of
the generator G. Let the a-c. potential impressed on the grid
be ¢. Then the alternating current i, in the output circuit
FPABis

where 7, is the plate resistance. The voltage egin Zo is

e = el o
rt+Z,
and hence the power in Zj is
u2e2Z cos ¢

@31

€olp COS p=

where cos ¢ is the power factor.

In order to get the power amplification it is necessary also to
know the power expended in the input. The grid current does not
bear a simple relation to the operating parameters, but to get an
indication of how current in the grid circuit affects the amplifica-
tion, we can expand the obvious functional relationship, I,=f(Ej,
E,) into a Taylor series, thus:

Lt o1, =f(Eyrt-0Ey, Byt 0B) ={(Eyk-B+E, 037 +E, S,
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second and higher order quantities being neglected. By making
the following substitutions:

8l ,=1,, o,
aEp - g"’
SE,=e,,
oI,

6E0 =€y, a—E; =9
we get:
1y =gnep+goes'.

Putting i—”=;q, the input power becomes, if we neglect the power
9

consumption in the input transformer:

esty=€25(go+110n).

Hence the power amplification becomes:

_€olpCOS b _ w2Zycos ¢
€4l (ro+Zo)?(gotmgn)” * " ° (32)

This equation shows how the power amplification is affected
by the grid conductance g,, the amplification factor p and the
reflex mutual conductance gs. For a perfectly unilateral amplifier
the output circuit has no effect on the input and then g,=0.

Conditions can readily be realized in practice which make
both g, and g, negligibly small.2 Conditions under which they
become appreciable will be discussed in Section 69. If we neglect
these quantities the input resistance is infinite and the power loss
in_the input indeterminate. We can, however, shunt the input

1 This equation is equivalent to that derived by Latour. (Electrician,
Dec., 1916.)

2 When there are reactive effects, as, for example, when the output circuit
is reactive, we should, strictly speaking, consider the mutual admittance
and reflex mutual admittance instead of simply the mutual conductances,
because under these conditions the grid potential and plate current are out
of phase. The mutual admittances are then complex quantities involving
the mutual conductances and the mutual susceptances. (See Fig. 87.) When
the circuit constants are so proportioned that the axis of the dynamic char-
acteristic is substantially linear, which is the condition for distortionless
transmission, the angle of the mutual admittance is so small that we can,
to a first approximation, neglect the mutual susceptances.
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with a resistance r, (Fig. 90), as was suggested by H. D. Arnold,

and so proportion its value that the input transformer works most

efficiently. The power expended in this resistance can then be

taken as a measure of the input power. In telephone repeater

circuits this resistance usually has a value of about 600,000 ohms.
Equation (32) then becomes:

wu2Z gry cOS ¢

G %)

or putting Zo=ro+jzo, the power amplification can be expressed
as: :

2cos¢ c e o o . (33a)

Let us first consider the case in which Zy takes the form of a non-
inductive resistance (zo=0). The power amplification is then
simply given by

#27'07'0

ot ey

and it will be seen by differentiating » with respect to 7o and
equating the derivative to zero, that the power amplification is a
maximum when ro=r,.
For the general case in which the reactance z, is not zero, we
To . . .
—————_ Substituting this
\/7‘02 +$02 &

in equation (33) the power amplification becomes:

note that ¢=tan! f—:: and cos ¢=

#27'07'0 #27'07'0
Tt 1d et 2 - 39

This is also a maximum when Z is numerically equal to r,, as is
shown in Fig. 112, page 220, where the curve represents the relation

. . . 7
between the power amplification and the ratio ;9 for the case
p

in which angle of the external impedance Z, is 45°, that is,

tan ¢=9:—(()’= 1. When the tube is used for the purpose of amplify-

ing telephonic currents, the energy is translated into sound waves
through the motion of the receiver diaphragm. In such cases,
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it will be shown later, the ratio %’ can deviate considerably from
Y4

unity before resulting in any serious diminution of the effect
produced upon the organs of hearing.
If we put Z,=nr, equation (33) becomes:

_¥2rycos ¢
1]—'7; (1+77,)2’ L S (36)

which clearly shows the importance of the mutual conductance
;_f- or the steepness of the plate current-grid voltage characteristic.

?
It will be seen later that this quantity plays an equally important
role in the operation of the tube as oscillation generator and radio
detector.
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64. Experimental Verification of Amplification Equations.
The amplification was determined experimentally as a function
of the tube parameters with the circuit arrangement shown in
Fig. 93.! This circuit was made non-inductive throughout.
The input voltage could be varied by means of the resistance r,
and measured with a Duddell thermo-galvanometer G; and resist-
ance re. The grid battery E, was inserted to insure that the tube
was always operated within the limits given by equations (24).
Now the amplifier is always operated with a battery in the plate
circuit, so that there is a constant direct current in this circuit
whether the a-c. input be applied or not. The application of the

1H. J. van pER Bur, Phys. Rev., Vol. 12, p. 194, 1918.



19¢ THERMIONIC VACUUM TUBE

2-c. input voltage establishes an alternating current in the plate
circuit which is superimposed upon the constant direct current,.
This a-c. could not be measured accurately by simply inserting
an a-c. meter in the plate circuit, because it was often small com-
pared with the direct current that would constantly flow through
the galvanometer. A galvanometer that would be capable of
carrying the direct current would, therefore, not be sensitive enough
to measure the increase in current due to the a-c. input with any
degree of accuracy. On the other hand, it was not possible to
separate the a-c. from the d-c. in the usual way with appropriate
inductances and capacities, because then the amplification would
be influenced In a large measure by the constants of the circuit.
For these reasons the balancing scheme was used. The direct
current was measured with the milliammeter G3 and the alternating
current with the thermocouple and milliammeter Gz. In series
with G2 was a battery B2 so poled that when the input voltage was
not Impressed there was no current in G2, the direct current
being by-passed through R’. The resistance of G2 was small
compared with R’ so that practically all the alternating current
established in the plate circuit flowed through Ga. It is evident
that the effective external resistance is ro. The whole system was
carefully shielded and care was taken to avoid any disturbing
effects due to mutual and shunt capacity of the leads and resist-
ances. Such precautions were necessary because the frequency
at which measurements were made ranged from 200 to 350,000
cycles per second. The resistances r; and r2 consisted, for exam-
ple, of thin straight wires stretched on a board.

The amplification was found to be practically independent of
frequency over the range mentioned above. The input voltage
was varied from a few hundredths of a volt to several volts. Fig.
94 shows the relation between the voltage in ro (the output voltage)
and voltage as measured with G; and 7. (the input voltage).
In these measurements ro was made equal to the plate resistance
of the tube. The linear relation obtained shows that the amplifica-
tion is independent of the input voltage, a result which justifies
the use of equation (22).

Equation (28) was verified by measuring the output voltage
for a constant input voltage and different external resistance ro.
The results are shown in Fig. 95 where the circles indicate the
observed values and the curve was computed from equation (28).



THE THERMIONIC AMPLIFIER 191

The abscissz give the ratio :—Oand the ordinates the voltage ampli-
D

fication Z—O. The value of u for this tube was 10.2, and the input
9

voltage in this particular experiment was 3.55 volts. In experi-

ments like this it must be remembered that the plate resistance
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rp of the tube depends upon the potential difference between fila-
ment and plate which, if the voltage of the plate battery remains
constant, changes every time ro is given a different value. In
order to operate the amplifier under the same conditions through-
out the experiment, the plate battery voltage should always be
adjusted to keep the plate resistance constant.
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The power developed in the external resistance ¢ as a function
of rois shown in Fig. 96. The plate resistance of the tube was kept

10,
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constant at 14,800 ohms. The power in rois seen to be a maximum
when o= 15,000 ohms, which is in close argeement with equation
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(34) which requires maximum power amplification when ro=r5.
The input in this experiment remained constant and corresponded
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to an input voltage 3.55 volts. Putting the resistance rz and
that of the galvanometer G in series equal to r, we may express
the input power as %’E Combining this with equation (34) the
power developed 7o is ;iVen by

_ ;,L2e,,2r0_

P=trotr

Now €,=3.55 volts and p=10.2, and if we put rp=1r9=15,000
ohms we find that the power in r¢ according to the above equation
is 22X 10-3 watt, which is in good agreement with the observed
value, namely 23X 10-3 watt.

66. Methods of Measuring the Amplification Constant. The
amplification constant g can be measured with considerable
accuracy in a number of different ways. It is perhaps the most
easily determined constant of the tube.

The first method we describe is not the most accurate nor the
simplest, but furnishes a clear demonstration of the significance of
u. If the equation of the characteristic (equation 3) be differen-
tiated partially first with respect to the plate voltage E, and then
with respect to the grid voltage £, it will be found that

fol

_ Ok,
l‘_ﬁ;
oL,

@37)

(38)

p can therefore be obtained by measuring the slopes of the Ip,
E, and I,, E, characteristics, the slopes being taken at corre-
sponding points of the two curves. In obtaining these curves
care must be taken that the plate circuit does not contain an
appreciable resistance which would influence the slopes of the
characteristics.

Instead of going through the rather tedious process of taking
the characteristic curves and then measuring their slopes at the
desired points, we can determine p by a method indicated by
equation (8), which gives a linear relation between the plate
and grid voltages necessary to keep the plate current constant.
As Fig. 76 (p. 157) indicates, this method is quite accurate. It is
of course not necessary to obtain more than two corresponding
values of plate and grid voltages. For example, let the plate



194 THERMIONIC VACUUM TUBE

current for two definite values of E, and E, be I,. Now let the
plate voltage be increased to E’,. This causes an increase in the
plate current. In order to bring it back to its original value I,
the grid must be made more negative with respect to the filament.
If the necessary grid voltage is E’;, u is given by

E,/—E,
"EE"

(39)

A convenient and rapid means of measuring u is shown in Fig.
97.! E, is a battery of small dry cells of about 10 or 20 volts.
By closing the key K opposite potentials are applied to the grid and

il
(ig@ "

Fic. 97.

plate, their values depending upon those of r; and 72. Since a
potential applied to the grid produces u-times the effect of a
potential applied to the plate, it is evident that no change will
be produced in the reading of the current meter by closing K if
:—lz u.  For convenience in measurement r2 is given a fixed value
2
of 10 ohms and 7; consists of three dial rheostats of 1000, 100
and 10 chms arranged in steps of 100, 10 and 1 ohms each. The
rheostats are marked in tenths of the actual resistances, so that the
setting of the dials gives u directly.

A similar method has also been described by J. M. Miller,2
who used a source of alternating current instead of the battery

1H. J. van pER Bur, Proc. I.R.E,, Vol. 77, p. 112, 1919.
3J. M. MILLER, Prce. LR.E., Vol. 6, p. 141, 1918.
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E,. The meter is replaced by a telephone receiver and the resist-
ances r; and r2 are adjusted until the tone in the receiver is a mini-
mum. The use of an alternating current has the advantage that
it also allows a simple determination of the plate resistance of the
tube.

66. Measurement of the Plate Resistance. We have seen
that the characteristic of the amplifier can to a first approximation
be given by equation (3), in which the exponent is 2. For such a
characteristic the plate resistance is the inverse slope of the
I,, E,-curve and is given by equation (15):

Tp=—E#—. e e e e e (15)
2a<-f+E,,+e>

By multiplying numerator and denominator by the expression in
the parentheses we can express 7, in the simpler form

_Eu+#(Eo+€)
HE L e (40)

or, neglecting the small quantity e and putting E, =0,

E,

= 2;11). (41)

Tp

We can, therefore, obtain a fair estimate of the plate resistance by
simply observing the plate current for the plate voltage at which
it is desired to obtain the resistance. It will be noted that the
plate resistance, by which we mean the a-c. resistance, is half
the d-c. resistance. It is also to be noted that while the amplifica-
tion constant u is a geometrical constant, the plate resistance
depends not only on the structure of the tube but also on the values
of the plate and grid voltages. If can, however, be fully specified
for all operating plate and grid voltages by determining it as a
function of the plate voltage, the grid voltage being kept zero.
The relation between r, and E, can be represented by a curve
like that shown in Fig. 98. Now, the resistance at any specified
plate voltage E, and a grid voltage E, other than zero can be
obtained by applying the stray field relation given in equation (1),
from which it follows (neglecting €) that the effective plate voltage
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is now Ep+uE,! All that is necessary, therefore, to obtain the
plate resistance from the curve in Fig. 98 for any values E, and E,
is to read off the resistance at an abscissa equal to Ep+ull,.

In regard to Fig. 98 it should be noted that the resistance char-
acteristic drops In virtue of the increase in slope of the plate current
characteristic. Let us consider the curve shown in Fig. 99, which
represents the relation between the plate current and the effective
plate voltage E,=(Ep+uFE,). If this voltage has the value
given by ob the direct current in the plate circuit will be repre-
sented by bb’. Let the grid voltage now be varied so that E,
oscillates between oa and oc, ab being equal to bc. The plate
resistance is then the reciprocal of the slope of the line a’c’, and if

Plote Resistonce

Effective Plate Voltage
Fig. 98,

the characteristic is parabolic it follows directly from the proper-
ties of the parabola that a’c’ is parallel to slope of the curve at the
point corresponding to the direct voltage E,=0b. In the case
of the parabolic characteristic the plate resistance is therefcre
simply given by the slope of the characteristic. If E, oscillates
between oc and od the plate resistance is smaller since the slope
of ¢’d’ is larger. If now E, is so large that it oscillatcs between
od and of the resistance increases. This is shown by the broken
part of the resistance characteristic in Fig. 98. In this case the
resistance is no longer given by the slope of the curve at the
point corresponding to the mean value of E,. If E, oscillates
over the whole range oe the resistance is greater than in the case

! This applies for positive values of E,; only as long as the grid is not suf-
ficiently positive to take an appreciable current.



THE THERMIONIC AMPLIFIER 197

where E, oscillates over the range c¢d and the amplification will
be less. This drop in amplification when the input becomes very
large can of course always be avoided by operating at a higher
plate potential E, and increasing the saturation current by in-
creasing the temperature of the filament.

Methods have been devised whereby the plate resistance can
be measured dynamically with comparative ease. It is therefore
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a simple matter to obtain a curve like that shown in Fig. 98.

The following method was published by J. M. Miller.! Consider

the circuit shown in Fig. 100. It will be recognized that with

the key K, open and K closed the circuit is the same as Fig. 97

except that the meter is replaced by the telephone receiver T

and a source S of alternating current is used instead of the battery
! Loc. cit.
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E;. The circuit therefore gives a means of measuring u, which can
be done by adjusting r; until the tone in the receiver T vanishes.
To measure the plate resistance r, let the key K; be closed. If
¢, be the alternating voltage applied between filament and grid
the alternating current in the circuit FPry is, by equation (22),
M and the voltage in 7o is therefore K0 Now it will be
T,+T0 . TpTTo
observed that if A is positive and B negative, the electron current
to the plate will be increased if the effect of the applied grid
voltage exceeds the opposite effect of the voltage simultancously
applied to the plate. The currents in ro and r; are therefore in
phase. Hence, by adjusting 7o until the potential drop in it is equal

iiji—

P

Fia. 100.

to that in 1, the tone in the telephone receiver can be reduced to a
minimum. If this is the case we have

e,r
Koo _ ).
1,

But e,=1Irs, hence the plate resistance is:
rp=r0(;f—2—1), Cee . (42)
(8] .

from which 7, can be computed. Miller puts r; =72 to obtain a
simpler equation. But even so the method involves a calculation.
A very valuable simplification hitherto unpublished was suggested
by G. H. Stevenson. Suppose we adjust r; for minimum tone in
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T when K, is open. Then p =?, and it will be seen from equation
2

(42) that with this relation between r; and r2 it would not be
possible to obtain a balance with K; closed. But if 2 be doubled,
which can be done by opening K>, thus adding a resistance equal to
72, and ro be now adjusted, with K; closed, to give minimum tone
in T, then rp,=ro. This is the simplest method of measuring the
plate resistance. By giving r2 a fixed value of, say, 10 ohms and
calibrating r; in the manner explained with reference to Fig. 97,
we obtain a comparatively simple circuit which enables us to read
the amplification constant and the plate resistance directly in
terms of r; and ro.

67. Direct Measurement of the Mutual Conductance. Once
the amplification constant and plate resistance are known tihe
mutual conductance can be obtained from equation (18) -

—k
g,,.—rp,........(IS)

and it is therefore hardly necessary to measure it directly. How-
ever, since the mutual conductance is a good indication of the
figure of merit of a tube, we shall briefly describe a few methods
whereby it can be measured directly. Referring to equation
(17) it can be seen that the principle of any method of direct meas-
urement of the mutual conductance is to apply a potential differ-
ence between filament and grid by passing a current through a
resistance shunting the grid and filament and balancing this cur-
rent against the resulting current in the plate circuit. There are
various ways in which this can be done. The circuit arrangement
of a method proposed by S. Ballantine ! is shown in Fig. 101.

The coils 1 and 2 are so connected that the currents 21 and 72
flowing in the directions of the arrows tend to neutralize each
other’s effect in the secondary of transformer T. If #; and ¢t
be the inductance due to the coils 1 and 2, respectively, and R; be
so adjusted that the tone in the receiver is a minimum, then

it = i2t2._

Ballantine assumes that 2'2=%q” from which he then obtains,
p

1 S. BALLANTINE, Proc. .LR.E., Vol. 7, p. 134, 1919.
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since e;=11R),

LI S C e (43)

rp—m. L) L] . . L)

The assumption made is, strictly speaking, justifiable only when
the impressed oscillations are very small, because the current-
voltage characteristic of the circuit is not linear unless the external
impedance in the plate circuit (i.e., the impedance of coil 2) is
large. On the other hand, if it is large the current 7z cannot be

s O |

Fia. 101.

expressed by the above simple equation, but is given by equation
(22), namely:

S
Zz—rp_f_Zz. e e e e e e (22)

where Zs is the impedance of coil 2. The mutual conductance
of the tube is then given by:

Tp__Z2

ko2 ou’ (44)
that is, by

To_pl_Z2

# th2 o . (440)

For a simplification of this dynamic method I am indebted to
an hitherto unpublished suggestion of Mr. H. W. Everitt which is
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shown in Fig. 102.1 It consists in replacing the transformer T by
two non-inductive resistances r; and ro, the telephone receiver
being connected directly to them as shown. The effect of the

ii—

Fig. 102,

external resistance is shown in the following table, which gives
observations obtained by Everitt. The second column gives the
values that would be obtained with equation (43), and the last

1
T

T — roRy T

' Tle _l__Q

nooou
100 1.33 1073 1.37 1073
1,000 1.09X1073 1.39X1073
2,100 0.86 X103 1.34X1073
10,000 0.37Xx1073 1.43X1073

column the corrected values according to equation (44a). The

true value of :i computed from separately observed values of x and
P
7» is, for the plate voltage used in these experiments, 1.31X1073.

The values in the last column are not quite in agreement with this
value, since the method is not very accurate, but they are grouped
around a mean value. The values given in the second column are
distinctly influenced by the external resistance, the deviation from

1 This modification was also suggested by Ballantine and given in an adden~
dum to his paper, which appeared about four months after the reading of the
original paper at a meeting of the Institute of Radio Engineers.
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the true value increasing with it. When the external resistance is
so large that it must be taken into consideration the method

becomes tedious and has no advantage over obtaining ; from

p
separate determinations of 4 and r, by the method explained with
reference to Fig. 100.

A simple d-c. method of measuring the mutual conductance,
due to E. V. Appleton ! is of interest. The circuit arrangement is
shown in Fig. 103. When the key K is open the galvanometer G
indicates the normal plate current. When K is closed the poten-
tial difference ¢ applied between filament and grid is I R;, where

) 1
J

I, is the current in B;. This causes a change in the plate current
equal to

>l

!

x
]

AMAAMA
WWWW
Q

i

E

Fig. 103.

1131 61

Now it will be seen that I and I; flow through the galvanometer in
opposite directions. Hence if R; be adjusted until the galvano-
meter reading shows no change, then

11=11R1i1_
0ey
or
ol 1

o~ By R 1))

The plate circuit does not contain any external resistance,
except that of the galvanometer, which is small. * This equation is,

! Wireless World, Vol. 6, p. 458, 1918.
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strictly speaking, correct only when the potential applied to the

grid is small, in which case we can put £=i so that
oe, 1

It will be evident from the
foregoing that the mutual con-
ductance is, like the plate resist-
ance, a function of the d-c. plate
and grid voltages. As in the
case of the plate resistance the
effect of the plate and grid
voltages can be explained with
reference to a curve like that
shown in Fig. 99, except that
here the absciss® would repre-
sent the effective grid voltage,

E7=(§1’+Ea>, instead of the
m

effective plate voltage, E,=
(E,+rE;). It is evident that
E.=uE.,.

68. Circuit for Measuring Yol R,
Amplification Constant, Plate
Resistance and Mutual Conduc-
tance. A set which makes possi-
ble the quick measurement of
all three quantities, u, 7, and gm
was devised by H. W. Everitt.
It consists of the combination
of three circuits shown in Fig.
104. For a certain setting of
the keys on the box the circuit
arrangement is that shown by
circuit I (Fig. 104). As was
explained above, when r2 is so adjusted that the tone in the
receiver is a minimum, then

Tone

="
yrl.........(47)
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The resistance r; has a constant value of 10 ohms and rs is cali-
brated to read tenths of ohms, so that the reading of r2 gives u
directly.

Now, to measure r, the circuit is transformed into circuit 1I
by the simple operation of throwing over a multiple-contact key.
This is done without changing the setting of r2 that gave the value
of 4 in circuit I. It is seen that r2 is now transferred to the grid
circuit and is replaced by a constant resistance r3= 1000 ohms.

Referring to this circuit and applying equations given in the
previous sections, the voltage drop across r3 is

_ Megrs
rptT3
If 7; is the current in the grid circuit,
e,=11(R1+75).

_ w3t (Ry+rs)
(rpt+rs)

When R, is so adjusted that the tone in the receiver is a minimum,
the voltage drop es in r3 is equal to the voltage drop 7172 in the
resistance ro. Hence, putting e3=1172 we get:

Hence

73
rp= T—2,U,(R1+T5) —73.

Now since r2 has the same value that it had in circuit I and
r1 =10 ohms, we have from equation (47)
To=ur;= IOM.
Hence
_TaRy, rars
=" T T

But since 75 is a constant resistance of 10 ohms the last two
terms vanish. Furthermore, r3=1000 ohms, so that the plate
resistance is given directly by

r,=100R:. . . . . . . (48)

The dials of R; are marked 100 times their actual ohmic resistance
so as to make the set direct reading.

Next, to measure the mutual conductance g,,.=;i a second
2
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multiple-contact key is operated which transforms the circuit
into III (Fig. 104). The resistance r2 is the same as that used
in circuits I and II.

It was shown in Section 67 that if r4 is small compared with the
plate resistance of the tube then

B__T2
rpr4R2"""""(49)

By making r4+R2 an’even multiple of 10, we have

B =rx10m
Ty
For the chosen values of r4 and Rz, namely 100 and 1000 ohms,
n=—25, and since the dials of ro are marked in tenths of ohms:

gm=:‘—y=[r2]><10“4’ c e e e e . (50)

[re] being the reading indicated on the dials.

The measurement of the tube constants with this set is a very
quick and simple operation. The complete set is shown in Fig.
105. It includes a tone source, such as that described on page 223.
The tube to be tested is inserted in the socket as indicated. The
transformation of the circuits is accomplished with the keys
2and 3. A and B represent the resistances r2 and R; of Fig. 104.

69. Influence of the Electrode Capacities. The amplification
equations derived in sections 61 to 63 express the quantities
considered in terms of the potential variations actually applied
to the gridl. When considering the power supplied to the input
circuit it is necessary to determine to what extent the electrode
capacities can influence the results. The potential variations
impressed on the grid when the power is supplied to the input
circuit can be influenced by the electrostatic capacities between
the electrodes of the tube. The capacity between grid and
plate effects a coupling between the output and input circuits,
so that the tube is not a perfect unilateral device. The extent
to which the output circuit reacts on the input depends on the
constants of the circuits.

The solution of the network involving the electrode capacities
was given by H. W. Nichols ! and by J. M. Miller.2

1H. W. Nicrors, Phys. Rev., Vol. 13, p. 405, 1919.
2 J. M. MiLLER, Bureau of Standards, Bulletin No. 351.
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Unless the frequency is very high (over a million eycles per
second) we can neglect the capacity C: between filament and
plate, since it is shunted by the plate resistance which is then
low compared with the impedance due to C2. The equation given
by Nichols for the effective input impedance is:

1 14jwCsW

Zy=- . (51)
iCre 1+ij3W+%<1+‘ﬂ>
1 rp
where W=-_"" ZO—; w is 27 X{requency, and j is the imaginary
ry+Zo

unit v —1. The other quantities are indicated in Fig. 106,
P

C3
6 1l
. L
4 el C TN
. (.\ l 20
.//vc’g

z;
—_Z
T g B

i

L
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For most tubes used at present this equation is applicable for
frequencies up to about a million cycles per second.

Let the external output impedance take the general form
Zy=ryt+jze Then equation (51) can be transformed into:

ac+bd , .ad—bc

Zg=_m+] m . . (52)
= —15+JT,
where the coefficients have the values
a= Tp+r0_ wT,,Tng
b = wr,,roC3+xo (53)

c=w?rproC1C3+ wro(C1+Cs+uCs)
d= w2r,,qung— pr(Cl +C3) - wTo(Cl +C3+;LC3)

It will be seen from inspection that the effective input im-
pedance will generally comprise a resistance r, which may be
positive or negative, and a reactance x, which is capacitive.

70. Case 1. Low Frequencies: w<10% In this case we
can neglect w-terms where they occur in the same expression with
terms containing w in a lower order, e.g., neglect w? in comparison
with w.
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Let the output impedance be inductive xo=Low. Evaluation
of the coefficients (53) gives for the input resistance:

r=rpC3(Tp7'OCS+T02#C3+7'0203—#Lo) L (54)
¢ [rp(Cl+C3)+ro(Cl+C3+#C3)]2 ’

and for the input reactance:
1

T,=
{a+&+

(55)

#Tocs]’
Tp+7o

and therefore the effective input capacity is:

- HTg
Q—@+%@+g§ﬁ- N )
Now, C is the electrostatic capacity between filament and grid.
The effective input capacity is greater than the electrostatic
capacity by the amount shown by equation (56). The increase
depends on the electrostatic capacity between grid and plate,
and on the resistance in the output load. It also depends on the
amplification constant u. It will be recognized that this equation
contains the expression for the voltage amplification as a function
of the external output resistance (see equation 28). The effective
input capacity therefore increases with the output load resist-
ance in the manner indicated by Fig. 95, page 192. Miller!
has measured the effective input capacity as a function of the
external output resistance. The following table shows the
agreement between his observed and computed values for the case
of a VT-1 tube.

Input Capacity.

79, Ohms. Computed. Observed.
0 | L 27.9
8.000 51.4 49.0

16,000 64.5 61.5
49,400 78.9 76.1
97,000 84.2 84.3
139,000 86.1 87.6
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Equations (54) and (55) show that the effective input resist-
ance is for low frequencies (w < 10%) independent of the frequency,
but depends, among the other circuit constants, on both resistance
ro and inductance Lo in the external output circuit. The input
reactance, on the other hand, is inversely proportional to the fre-
quency and depends on the resistance ro, but not on the inductance
in the output.

From equation (55) it follows that the amplification given by
the tube would decrease as the frequency is increased. But this
tendency to distort is in itself not due to power consumption in
the input, but is occasioned by the decrease in the input grid
potential, due to the lowering of the input reactance.

The power consumed in the input is determined by the equa-~
tion (54). This equation contains a negative term in the numer-
ator and therefore if the output inductance Lg is large enough,
the input resistance can be negative. Under these conditions the
tube would tend to produce oscillations or “sing” through its
internal capacities. This tendency to sing is frequently a source
of annoyance in amplifier circuits.

Miller has computed the relation between r, and the output
inductance Lo. In amplifier circuits we are usually more inter-
ested in the external output impedance than in the output induct-
ance. Fig. 107 shows the relation between the effective input

resistance r; and the ratio ? of external output impedance to
2

plate resistance for various angles ¢=tan-! f;o of the output
0
impedance Zo=ro+jLo. For a pure inductance in the output
(ro=0), equation (54), reduces to the simple form
_ L003
rp(C1+Csp»” © ° ° 7

and is therefore always negative. As the angle ¢ decreases, the
negative value of 7, decreases and finally becomes positive.

The curves in Fig. 107 were computed with the following
values of the constants:

r»=5X103 ohms
C1=5X%X10"12 farad;
C3=15X10"'2 farad;
r=>5;
w=2X10%

T=

(7)
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These are approximately the constants of a type of tube that is
commonly used for amplifying telephonic currents.
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The corresponding input reactances z, are shown in Fig. 108.
The input reactance is therefore generally much larger than the

input resistance.
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It can be seen from the above equations that if the output
reactance is capacitive, then the input resistance is always positive
This is also the case when the output is a pure resistance (zo=0).
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Under these conditions the tube would absorb power from the
input. But for ordinary frequencies this power absorption is
negligibly small.

The power absorbed in the input can be obtained as follows:
Let us impress an alternating potential ¢, on the grid. Then the
grid current is
€9__ &

Y= 7, rot g,
the condition being that the grid is at all times negative with
respect to the filament, so that there is no convection current
between filament and grid. The power absorption is therefore due
entirely to the reaction of the output on the input circuit. This
power is:

2
. €,°Tr
P,=i2r,=—"""
5 :
(retyzo)?
or
-
P,=¢? —9—1— .
2
e
W02

For w<10% we can neglect r;? in comparison with ;%,2— and write
[
Py=w?er,CA . . . . . . . . (58)

Substituting the values of 7, and C; from equations (54) and
(55), for the case of a pure resistance in the output (Lo=0), we
obtain

Py=uw?? r,C32K(14+pK), . . . . (59)
To
where K= s
capacity that is effective in causing input power loss is C3, the
capacity between grid and anode.

In order to obtain the order of magnitude of P, for a common
type of tube, we can insert the values for the constants given on
page 209 into equation (59). When ro=r, (the condition for

maximum power output), K=3. Putting ¢,=5 volts, we get:

This shows that the only inter-electrode

P;=4.8X10717 X w? watt.

For a tube of the type considered, and for telephonic fre-
quencies (w<2X10%), the ratio of output to total input power
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is about 300, and for an input voltage of 5 volts the power in the
output is about 30X 10—2 watt. The total input power is there-
fore about 1X10~* watt. For w=2X10%, the power P, consumed
in the effective grid resistance is about 2X10~8, which is still
very small compared to the total input power which, in normal
operation of a tube, is consumed in the input transformer, and in
the high resistance usually bridged across filament and grid,
as shown in Fig. 90, page 182. Of course, the power consumption
by the effective grid resistance can become quite large when the
frequency is high, since it increases with the square of the frequency
within the frequency range considered. At extremely high
frequencies the effective grid resistance again becomes negligibly
small, as will be seen from the following.

71. Case II. High Frequencies. When the frequency is
very high, we cannot neglect the capacity C2 between filament and
plate because the impedance due to C2 can obviously become com-
parable with or even lower than the plate resistance 7, with which
it is in parallel. (See Fig. 106.) In this case the effective input
impedance is given by
ac+bd | bc—ad
&t Harae

where the coefficients now have the values:

a=owryrg(Ce+C3)+z,
b= wrpr(C2+CB>_TD—TO ]
c=wro(C1+C3+puC3)+wr,(C14-Cs) i, (60)
) |
J

Zy=

— w?rrg(C1C3+C1C2+C2Cs
d= wxo(Cl +Cg+ﬂC3)+w2r,,r0(01C3+ClC'2+C2C3)

and z, can be Lqw or C’la_: Since w is large we can neglect the
i

w-terms of lower order in comparison with those of the succeeding

and higher orders. This gives:

r,=0
C =0103+0102+0203
g C2+C;

independent of the constants of the external output circuit. At
very high frequencies, therefore, the grid does not absorb power,
but the amplification is lowered because the input current is
practically short-circuited by the electrode capacities.

N ()
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The voltage amplification as a function of the frequency,
for frequencies ranging from 3< 105 to 4 million cycles per second,
can be measured with the circuit arrangement shown in Fig. 109,
for which I am indebted to my associate Dr. J. B. Johnson. A,
is the tube with which the high-frequency current was amplified.
The a-c. output voltage from this tube was measured by means
of a bridge arrangement shown on the right of the figure, in
which the plate-filament resistance of the tube A formed one
arm of the bridge. The other three arms are indicated by B, C
and D. The output from the tube A; is impressed on the grid
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of the tube A, which acts as a detector, so that small potential
variations applied to its grid unbalances the bridge.

The bridge was calibrated by applying known a-c. voltages
to the grid of tube A, and noting the deflection of the galvanometer
G. The known voltage is applied, as is commonly done, by con-
necting between the grid and filament of tube 4, a small resistance
and a thermocouple in series. The high-frequency current is
passed through the resistance and thermocouple, and the input
voltage is given by the known value of the resistance, and the
reading is indicated by the thermocouple. In order to measure
the amplification, the tube A4, is inserted as shown, and the input
voltage measured with resistance and thermocouple as indicated.
In such case we therefore measure the voltage actually applied to
the grid of the tube A}, so that the capacity between filament and
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grid of this tube does not affect the results. Now, the actual
voltage amplification depends on the load in the output of the tube.
This load is constituted by the resistance ro and r, in parallel.
This is, however, not the only impedance in the output of tube 4;,
because there is parallel with o and 71, the bridge circuit connected
through the capacities of tube A, which forms one arm of the
bridge. Hence, unless these capacities are very small the values of
the voltage in the output of tube 4, (and which is impressed on the
input of tube A) will be smaller than the output voltage that would
actually be given by the tube A, if its output were not connected
to the bridge. The galvanometer would therefore indicate read-

'
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ings that are too small. In order to avoid such an effect, the tube
A was specially constructed to have as small a capacity as possible
between its electrodes. This capacity should be small compared
with the capacity between the elements of the tube 4;. Fig. 110
shows two curves obtained by Johnson which indicate the relation
between the voltage amplification and the wave length for a stand-
ard type of tube such as is shown in Fig. 68. The two curves
are for different plate potentials. The higher plate potential of
course gives a higher amplification because the plate resistance
of the tube is lower. It is seen that the amplification at 1000
meters is about three times as large as the amplification at 100
meters, the amplification at both plate potentials dropping to
zero when the frequency comes infinitely high.
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The reduction in the amplification can for a given frequency
be avoided, as Nichols suggested, by shunting the grid-plate
capacity with a inductance of such a value as to make the im-
pedance between grid and plate infinite at the given frequency.
The value of this inductance would, of course, depend on the other
reactances in the circuit. Making the grid-plate impedance
infinite is equivalent to putting C3=0 in equation (61). Then
C,=C), and this is in parallel with the tuning capacity in the
input, which is generally shunted across the input inductance.
By properly adjusting the tuning capacity the filament-grid im-
pedance can be made large, thus increasing the input potential
applied to the grid. This scheme has now been in use for several
years and found to give satisfactory results.

72. Practical Measurement of Amplification. It will be
evident that the amplification that can be produced by a tube
depends not only upon its structural parameters, but also upon
the constants of the circuit in which it is used. When a tube is
designed for a specific purpose and is to be operated in a specific
circuit, the amplification can be measured quickly and conveni-
ently by a method t:at has been in use in telephone practice for
a number of years. The desirability of a method of testing tubes
rapidly for amplification becomes apparent where they are manu-
factured in comparatively large quantities. These tubes are, for
example, used extensively on the long distance telephone lines
of the Bell System and elsewhere as telephone repeaters. Tubes
used for this purpose are made with great care and are designed
to operate in circuits of definite constants, the variation of the
tube constants being kept within close limits.

The method of measuring amplification consists in amplifying
a current of a given frequency with the tube and then passing
the amplified current through an artificial line of variable and
known attenuation before it passes through a telephone receiver.
By means of a switch the current can also be transmitted directly
from the source to the receiver. When the attenuation of the
artificial line is so adjusted that the intensity of the current in
the receiver is the same whether it passes directly to the receiver
or through the tube and line to the receiver, then the current is
attenuated by the line as much as it is amplified by the tube, and
the amplification can therefore be obtained from the known con-
stants of the line.



216 THERMIONIC VACUUM TUBE

The circuit arrangement used for testing audio frequency
amplifiers is shown in Fig. 111. U is a source of alternating
current which will be described later. The current is preferably
passed through a wave filter to obtain a pure note of about 800
cycles per second. By means of the switch W this current can be
transmitted directly to the telephone receiver or be impressed
on the input circuit of the tube. S represents the artificial line
and takes the form of a shunt to the receiver. It is, however,

Fia. 111.

not a simple shunt, but is so designed that the total impedance to
the output current is always constant for all values of the branch
current in the receiver. This is done, as will be explained below,
by the addition of the series resistance r;. In this form the
shunt is known as a “ receiver shunt.”” The direct current in the
plate circuit is supplied through the choke coil, as shown, to
insure that the plate resistance remains constant. Although the
total output impedance remains constant for all adjustments of the
shunt the resistance does not. Hence, if the choke coil were
omitted the potential difference between filament and plate would
change with the shunt adjustment and this would result in a change
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in the plate resistance. The secondary of transformer T is wound
to have as high an impedance as possible, so as to impress the
highest possible voltage between the grid and filament. The
grid battery E, is inserted to keep the grid sufficiently negative
with respect to the filament to prevent it from taking current.
It is important to note that the current drawn from the generator
U must remain the same for both positions of the switch W. The
primary of transformer T is therefore wound so that the im-
pedance as measured across the terminals of the primary is the same
as that of the telephone receiver.

Now, if 7, be the total alternating current in the plate circuit,
and 7p the branch current in the receiver, then we can put

@ze‘“d, B (7))
ip
where d represents the length of artificial line of which « is the
attenuation constant per unit length.

The value of d depends of course upon the relative values of
the series and shunt resistances r; and r2 of the receiver shunt.
If these are so adjusted that the intensity of the note in the tele-
phone receiver is the same for both positions of the switch W,
then the expression e** gives a measure of the current amplifica-
tion produced by the tube provided the following conditions are
satisfied. First, the current 7o in the telephone receiver must
be equal to the current in the primary of transformer Ts. This
can be done by making the impedance Z; of T2 equal to that of the
receiver T. Second, for “ amplification ”’ to have any meaning
the impedance to the input current 7o must be equal to the im-
pedance to the output curvent 7,. Now the total impedance to the
input current is that of the circuit Z’1Z; (which is equal to that of
the circuit Z’1T) and the impedance to the output current is that
of the circuit FPATB. These two impedances must be equal.
The receiver shunt must therefore be so designed that for all the
necessary adjustments of its shunt and series resistances r2 and r;
the total impedance to the output current remains constant.
If the plate resistance differs markedly from the impedance of the
receiver a transformer can be inserted between the coil AB and
the receiver shunt S.

Writing equation (62) in the form

d=Klogz.—(’;, N )
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where
_2.303
-

a

(64)

we can express the current amplification in terms of d instead of
;i.—”, that is, we express it on the logarithmic scale.
0

The constant « is arbitrary and can be given any convenient
value, provided it be definitely specified when the amplification
is expressed in terms of d.  Unfortunately the value of @ commonly
used in telephone practice is not a convenient value, but it has
already found its way into extensive vacuum tube practice and
we shall adopt it here. As commonly used, « is the attenuation
constant per mile of the so-called ‘“ standard No. 19 gauge cable,”
which has a capacity of 0.054 mf., and a resistance of 88 ohms per
mile. It is to be noted that this reference cable has neither
inductance nor leakance. The constant « is determined by these
two quantities and the frequency of the current. If the frequency
is 800 cycles per second, =0.1091. This makes K=21.13 and
the amplification can thus be expressed in terms of miles (d)
of standard cable. And this simply means that if the amplifica-
tion is d miles, it would take a standard No. 19 gauge cable d miles
long to reduce the current to its original value. When expressing
power amplification instead of current amplification the constant
K in equation (63) must be divided by two.

There is an advantage in expressing amplification on the
logarithmic scale which is in accordance with our lack of con-
ception of absolute intensity of sound. By using the logarithmic
scale and taking length of cable as the standard of reference, we
obtain a definite idea of what the energy means when it is to be
used for operating a telephone receiver. The value of the attenua-
tion constant « happens to be such that steps of 1 mile of the
chosen standard cable afford a very convenient unit of measure-
ment. For many purposes‘it is, however, sufficient if the receiver
shunt is calibrated in steps of two miles of the standard cable.
A little practice then makes it possible to estimate amplification
to within 1 mile.

For convenience of reference the following table is attached,
giving the relation between miles of the standard No. 19 gauge
cable and the current and power ratios as computed from equations
(63) and (64).
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Miles of Std. Current Power
Cable. Ratio. Ratio.

1 1.11 1.24

2 1.24 1.54

3 1.38 1.92

4 1.54 2.39

5 1.72 2.97

6 1.92 3.70

7 2.14 4.60

8 2.39 5.72

9 2.66 7.12

10 2.97 8.85

11 3.31 11.02

12 3.70 13.7

13 4.12 17.0

14 4.49 21.1

15 5.12 26.37

16 5.71 32.7

17 6.94 40.7

18 7.11 50.6

19 7.92 62.8

20 8.83 78.3

21 9.84 97 .4

22 11.0 121.1

23 12.25 150.7

24 13.65 187.1

25 15.2 233 .4

26 17.0 289.8

27 18.9 359.8

28 21.1 447 .8

29 23.5 559.2

30 26.3 693.5

32 32.6 1.07 x10?
34 40.5 1.65 X103
36 50.5 2.57 X103
38 62.6 3.96 X103
40 78.1 6.15 X103
42 97.2 9.44 X103
44 120.8 1.47 X104
46 150.6 2.27 X104
48 186.6 3.51 x10¢
50 232.3 5.43 X10*
55 400.0 1.61 X103
60 691.9 4.79 X108
65 1.18 X102 1.43 x10¢
70 2.05x103 4.265x108
75 3.54 X103 1.285%107
80 6.09 <103 3.75 X107
85 10.55 %103 1.13 x108
90 18.16 X103 3.32 X108
95 31.27x10% 9.95 X108
100 53.83 %103 2.95 X10°

219
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Fig. 112 shows the relation between power amplification and
the ratio of external impedance Zo to the plate resistance 7.
The curves were computed from equation (35) with the following
values: p=35, r,=5X10% ohms, r,=6X10% ohms, and the imped-
ance Zo was assumed to have an angle of 45°. The lower curve
gives the amplification expressed in ratio of output to input power,
while the upper curve gives the power amplification expressed in
miles of standard No. 19 gauge cable. It is seen that while the
power ratio varies considerably from the maximum value when the
ratio TZ—O deviates from unity, yet the change in the effect produced

4
on the ear, which is more in accordance with the upper curve
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expressed on the logarithmic scale, is quite small. A change
in amplification of one standard cable mile is not serious. The
external impedance into which the tube works can therefore have
values ranging from about one-half to two and one-half times the
plate resistance without producing any marked change in effect as
heard in the telephone receiver.

Now, it was stated above that the condition to be satisfied by
the receiver shunt is that its insertion in the circuit must not change
the total impedance of that circuit, and this must be true for all
adjustments of its shunt and series resistances. The receiver
shunt is, of course, so arranged that the shunt and series resist-
ances are only inserted in definite pairs, the object being that the
change in the total impedance, due to the insertion of a shunt
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resistance must be compensated for by the addition of a corre-
sponding series resistance.

Referring to Fig. 113, let 71, r2 represent the receiver shunt,
7» the plate resistance of the tube which is non-reactive and con-
stant, and Zp the impedance of the receiver, the angle of which is

tan—! ;0, and this is the angle of the external impedance when the
0

receiver shunt is cut out (r; =0, r2= o). But when the shunt is
inserted the angle of the effective external impedance depends
on the values of 7, and 2, and changes with every adjustment
of r; and r2. When the angle of the receiver is large and if
accuracy is desired, this must be taken into consideration in com-

A Ty .
"
—_—i
P
)
Zo
P 5z n
%
)M Cq 1}
5 !

Fic. 113.

puting receiver shunts. The necessary values of r; and r2 can be
determined graphically or in the following simple manner by first
neglecting the effect of the change in angle and then applying a
simple correction method.

The first condition to be satisfied is that the current 7o in the
impedance Zo must be related to the total output current 7, in
the plate circuit by the equation

s R (i)
ip
where the current attenuation produced by the shunt is then
equivalent to d miles of cable of which « is the attenuation constant
per mile at the frequency of the current, which we shall take to be
800 cycles per second, thus making a=0.109 for the “ standard
cable.”
Now the alternating current established in the circuit (Fig. 113)
is due to the alternating potential e, applied to the grid. The
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impressed E.M.F. is therefore ue, and is applied in the branch
rprira.

If Z be the total impedance of the circuit and R and X the
resistance and reactance, respectively, of the circuit to the right
of AB, we have as a second condition to be satisfied by the receiver
shunt:

Z=’;—e=r,+R+jX=constant. . . . (65)
?

When the shunt 1s cut out (r; =0, ro=00) then R=r;and X =z,.
Summing the E.M.F.’s in the two branches we have

e=iptiritigra—igra . . . . . (66)
O0=igZotigra—ipra. . . . . . . . (67)
From (67) and (62) we obtain directly
2= gaa_
or
— . Z()
2= Sinh ad+coshad—1" (68)

The values of 72 necessary to give any desired attenuation d can
thus be obtained directly from a table of hyperbolic functions.

In deriving equation (68) we made use of equation (62),
which holds for a circuit of zero reactance, while in the receiver
shunt circuit the reactance is not zero. The values of r2 obtained
will therefore not be correct unless the angle of the impedance Z,
is small or.the attenuation large. If the angle of Z,is not greater
than about 45° the values of 72 given by equation (68) are suf-
ficiently accurate for current attenuations greater than those
produced by 6 miles of standard cable (d>6). For smaller atten-
uations or if the impedance Z, has a large angle the values of
r2 obtained from (68) can be corrected as follows: Suppose it
is desired to compute a receiver shunt giving a maximum attenua-
tion of 30 miles of standard cable and allowing the attenuation to
be varied in steps of 1 mile each. This shunt, we shall suppose,
is to operate with a receiver having a large angle, say, 70°. We
can use equation (68) to obtain an idea of the range of values
of rp that would be necessary to give attenuations ranging from
1 to 30 miles, by computing 72 for d equal to 2 and 30, say. By
choosing five or six convenient arbitrary values of r2 covering
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this range, we can compute the corresponding current attenua-
tions ;—”, or d, that would be produced by the chosen values of 7o

0
in parallel with Zo=ro4jzo, and by plotting a curve between
these values of d and the chosen values of ra, the correct shunt
resistances can be read from the curve for all the desired values
of d from 1 to 30 miles. It will be recognized that by this method
the shunt is computed by the quick and simple process of deter-
mining d for chosen values of 72 instead of the lengthy and tedious
way of determining r2 from the desired values of d.
Once the values of the shunt resistances r, are known, the
corresponding serics resistances r; can l L
Il
S

be obtained from the condition stated
by equation (65) that the total im- o
pedance must remain constant.

The generator U (Fig. 111) can
be of any type that gives a constant
note of about 800 cycles per second. A

. Cc
It may, for example, be an audion
oscillator or a microphone generator,
as shown in Fig. 111. This type of A®
generator is very convenient when gg
compactness is desired. Its principle
of operation is like that of an inter-
rupter or ‘ buzzer,” although it is
much superior to the interrupter,
which is for this purpose practically
useless because of its inconstancy and Fic. 114.
need for constant adjustment. The
microphone generator is shown diagrammatically in Fig. 114.
C is a carbon button, the diaphragm d of which is under tension,
due to the pressure of the armature a against the pin p. The
current from the battery causes the armature to be attracted to
the coil. This releases the pressure on the diaphragm and in-
creases the resistance of the carbon. The resulting decrease in
current reverses the process and an alternating current is estab-
lished in a circuit connected to AB. It is seen that the current
is never broken as in the case of an interrupter, but the current
strength is merely varied by the varying pressure exerted on the
carbon. This device is therefore free from troubles attending

M
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amplification would increase with increase in the plate voltage.
If the amplification is measured for increasing plate voltages E,
in the circuit of Fig. 111, which contains a fixed external impedance,
the amplification generally tends toward a maximum value, as
shown in Fig. 118. This is due to the counter balancing effect

occasioned by the deviation of the ratio Zo from unity. (See

Tp
Fig. 112.)
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74. Tube Constants as Functions of the Structural Parameters.
It will be recognized from the foregoing that the amplification
constant x and the plate resistance r, play an important part
in the operation of three-electrode tubes. They are the two main
constants that figure in the design of such tubes. Except at low
effective voltages, u is practically independent of the applied
grid and plate potentials, and is determined by the dimensions of
the grid and the distance between grid and plate. The plate
resistance depends not only on the dimensions and disposition of
the electrodes, but also on the applied voltages. It is important
to know for the purpose of designing tubes, how these constants
depend on the structural dimensions of the tube.
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76. Calculation of Amplification Constant. The constant u is
due to the electrostatic screening effect of the grid. An expression
for this effect had been derived by Maxwell long before the
audion came into existence.! The problem that Maxwell set
himself was to determine the extent to which a wire grating or
gauze could protect apparatus enclosed by it from external elec-
trostatic disturbances. His solution is, however, directly applic-
able to the audion. It was applied and extended to include
cylindrical tubes by Abraham, King, Schottky, and v. Laue.?
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Maxwell’s results can be expressed as follows: Let F and P
(Fig. 119) be two infinitely large parallel planes with a grating @
of parallel wires interposed between them. Let the potentials
of F, G and P be V,, V, and V,, respectively. The wires of the
grid are of the same thickness and have a radius r, the distance
between the wires being a. Let f and p be the distances of F and P
from the grid. The assumption is made that f and p are large

1]J. C. MaxwegLL, ‘‘ Electricity and Magnetism,” Vol. 1, p. 310,

2 Max ABRAHAM, Archiv. fiir Elektrotechnik, Vol. 8, p. 42,1919. R. W.
King, paper read at October meeting of Am. Phys. Soc., Philadelphia, 1919.
ScrorTKY, Archiv. firr Elektrotechnik, Vol. 8, p. 12, 1919. v. LAuEg, Ann d.
Phys., Vol. 59, p. 465, 1919.
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compared with a, which again is large compared with r. If ¢
and ¢’ are the charge densities induced on F and P, respectively,
then

4ra(p+f+%[>=k1+£>V,—Vp——gV,,. . . (69)

a

dmo’ (ﬁfﬂif} -Vt <1+f ) V,,—%‘V,,, . (70)

where .
a=—2a—7rloge (2sin%—r>. A (4))
v; v v, The quantity ¢ gives a measure of
° the intensity of the field near F, which
° affects the flow of electrons from F.
o P These equations apply, of course, to the
6o case in which there are no electrons
F o in the space between the electrodes to
P cause a distortion of the field. As far
e o as the determination of the screening
. -T effect of the grid for most practical pur-
{ o poses is concerned, it is found that

the presence of the electrons in the space
usually does not materially influence
the results. From these equations we can obtain the following
interesting results:

Suppose, first, that the grid wires are infinitely thin, so that

Fic. 119.

>
a is zero. Then « is infinitely large and equation (69) reduces

to the simple form applicable to two plates without the grid,
namely,

dre1(p+)=V=Vee . . . . . . (72)

If, on the other hand, the grid is of finite dimensions, but G
is connected to ¥, i.e., V,=V/,, then

4m(p+f+§f>=v,— Voo o o . . (1)
From these two equations it follows that the charge induced on
F, when the grid is interposed and connected to F, is to the
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charge induced on F by the same potential on P when there is
no grid, as 1 is to
of

oD

This result expresses the screening effect of the grid in its
simplest form.

Another case that is of interest is the relation between the
stray field acting through the grid when the latter is connected
to F and the field obtained when grid and plate P are connected
together, the potential applied to the plate P being the same.
This is readily obtained by putting V,=V, in equation (69).
Thus:

41r03<p+f+£g>=(1+§>(V,—V,,). C .. (19

Comparison with equation (73) gives

B_14P, ... (T5)
o2 o

What we are interested in when using the tube in an a-c. circuit
is the relation between the variation in the field produced at F
by a variation of the grid potential to that produced by an equal
variation in the potential of the plate, both fields acting at the
same time. This can be obtained directly as King?! has done,
by evaluating the partial derivatives of ¢ with respect to V,
and V, (equation 69):

B0 /20 _p

aV,,aV,,a""""'(76)
Let F be the filament of a vacuum tube. Then, applying the
usual notation, V,—V,=E, and V,—V,=E, and substituting
the value of a from (71), we obtain directly from equation (76):

dE, 27p

By oo 2 )
dE, a log, (2 sin %)

1 Loc. cit.
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When the diameter of the wire is small compared with the distance

. . ™ . . .
between adjacent wires, - s small, and we can write approxi-

mately:
2
#=—’L’-’~a—,.........(78)
aloge%
60
o /
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r= .0/ cm
(@)
340
-
=4
5 /
%
=
S /
= 30
e
e
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e
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< o
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v
0
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Fic 120.
where

p=distance between grid and plate;
a=distance between adjacent grid wires;
r=radius of grid wire.

This equation does not give as good results as the empirical
equation that will be given below (equation 79). But for values
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of u ranging from about 2 to 20, equation (78) can be used for
designing tubes with a sufficiently high degree of accuracy for most
practical purposes. The extent of the agreement between cal-
culated and observed values is shown in Figs. 120 and 121. The
points indicate observed values, while the smooth lines represent
equation (78). Each point represents the average of a number
of tubes. The deviation at the higher values of u where the wires
are close together, is inherent in the equation which was derived
on the assumption that the distance between successive wires
is large compared to the thickness of the wires.

40 ’ I
n =788 per cm. /
r= .0/ cm. |
3, / o
+ 30
s L~
g
T 0
£ 20 Vo
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= /
£ /
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Fic. 121.

On account of the accuracy with which tubes must be designed
for telephone repeater purposes, the author carried out an exten-
sive series of measurements in 1914, to establish an empirical for-
mula relating the tube constants with its structural parameters.
The equation which was found to give the best results is:

p=Cprm?+1, . . . . . . . (79
where
p=distance between plate and grid;
r=diameter of grid wires;
n=number of wires per unit length.
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C is a constant which for the parallel-plane type of tube (see Fig.
68) has a value of 80. Since this equation is non-dimensional,
C is independent of the system of units used in expressing the tube
dimensions and is independent of the size of the tube structure.

It will be recognized that this equation is the same as equa-

. . 1
tion (25a) given on page 46 where d=p and k=@h§.
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Equation (79) has been determined from measurements made
on a large number of carefully constructed tubes in which not only
the quantities given in the equation were varied, but also the
distance between filament and plate, and the distance between
filament and grid varied over a wide range. The constant is,
however, independent of these latter two distances, as the equa-
tion shows. This is in accordance with Maxwell’s result, which
also states that the stray field between filament and grid is inde-
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pendent of the distance between them. (See Equation 75.) Equa-
tion (79) is more accurate than the theoretical equation (78) and
therefore has been used by the Western Electric Company for the
design of substantially all its tubes. The accuracy with which this
equation holds is shown in Fig. 122, where u—1 is plotted as a
function of n, the number of wires per centimeter length of the grid
for various distances p between grid and plate. The curves are
computed from equation (79), while the circles and crosses repre-
sent the observed values of u—1.

The radius r of the grid wires in these tubes was 1.02X10-2
em. The relation between u and r is shown in the following
table, which also contains values to indicate the range over which
distances of the grid and plate from the filament were varied.
The agreement between observed and computed values is, as will

be seen from the table, quite good for values of 2 ranging to

about 0.3. The thickest grid wire used in these tubes had a radius
of 2.54X1072 em. It is usually desirable to use thin wires, unless

Amplification Constant x.

ptf f p n T ‘
Calculated.

Observed. (eq. 79)
.635 .158 .475 5.12 .0102 10.8 11.1
.635 .158 .475 5.12 .0191 18.0 19.0
.635 .158 .475 5.12 .0254 25.8 26.1
.318 .158 .158 8.26 .0102 8.4 9.8
.397 .158 .238 8.26 .0102 14.7 14.5
.476 .158 317 8.26 .0102 20.2 18.7
.556 .158 .397 8.26 .0102 23.2 23.0
.635 .158 .476 9.84 .0102 42.0 38.5
.635 .158 .476 6.7 .0102 18.1 18.3
.635 .238 .397 8.26 .0102 24.6 23.1
.635 .317 317 8.26 .0102 16.5 18.6
.635 .397 .238 8.26 .0102 14.0 14.5
.635 .476 .158 8.26 .0102 11.0 9.8
.635 .158 .476 11.4 .0102 50.5 51.5

p=distance grid and plate in centimeters;
f=distance grid and filament in centimeters;
n=number of wires per centimeter;

r =radius of grid wire in centimeters.
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requirements of rigidity necessitate the use of heavy wires, such as
is the case when the grid is in the form of a helix, supported only
at the ends, or sometimes even at one end only.

King in the paper referred to above has also given an equation
for u for the three classes of cylindrical structures shown in Fig.
123. His argument applies particularly to the case in which the
grid wires are parallel to the axis of the structure, but the resulting

Fic. 123.

equation applies almost equally well when the grid is a helix.
The equation is:

:*:27”2%(917-170)
u=-p—l, c e e e .. (80)
loge%

where n=number of grid wires per unit length;
r=radius of grid wires;
pp, pp=radii of anode and grid.

As in the case of parallel-plane structures, u does not depend
on the distance between filament and grid. The negative sign
in equation (80) is to be used for the type of tube shown in Fig.
123C.

Equation (80) gives a reasonably good agreement with observed
values of . With the help of the equations given above, it is
possible to determine beforehand the tube dimensions required
to give the desired value of u.

76. Calculation of Plate Resistance. The plate resistance
can in general not be determined with such simple equations as
those which make possible the calculation of 4. But in designing

tubes it is necessary to make the ratio ;, where r, is the plate
P

resistance, as large as possible. For any given value of u it is
therefore desirable to make 7, as small as possible.
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Now 7, can be decreased by decreasing the distance p+f
between filament and plate. On the other hand u increases with
increasing distance p between grid and plate, but is independent
of the distance f between filament and grid. Hence, in order to
keep u large and r, small, f should be kept as small as possible,
i.e., the grid should be close to the filament.

The plate resistance depends, furthermore, on the size of the
electrodes. It is within certain limits inversely proportional to
the area of the anode as well as that of the cathode. It will be
evident that there are limitations to increasing the area of the
anode. For example, if the cathode is a single straight filament
and the anode a plane parallel to the filament,
there would be a limit to the size of the anode
beyond which any further increase in its size would
not contribute appreciably to a reduction in the
resistance. On the other hand, the resistance can
be reduced very much by using two plates, one on
either side of the filament, as is mostly done. If
the cathode consists of more strands of filament,
the anode area can, of course, be further increased
to advantage.

If the anode is cylindrical, an increase in its
diameter would increase the distance beiween fila-
ment and anode in the same proportion as the
anode area is increased. Considering a surface’ |
element of the anode, the resistance is proportional L ’J
to the square of the distance between the cathode S
and the anode element. But for a cylindrical anode  Tic. 124.
the area can be increased only by increasing the
radius in the same proportion, so that the resistance increases
linearly with the area of the anode; or, what is the same thing, it
increases linearly with the radius.

In this connection, we may note an interesting relation between
cylindrical and parallel-plate tubes, which was pointed out by
R. W. King. Suppose a cylindrical structure, having a thin
filament stretched along the axis of the anode (Fig. 124) be unfurled
so that the anode becomes a plate having a width equal to 2mp,.
Let the filament be replaced by a surface equal to the anode area
and at a distance p, from it. Assuming the cathode to be an
equi-potential surface, the space current per unit area of the

..QP
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parall2l plane structure is given by equation (9) Chapter IV.
Hence the current for this tube is given by

3/
1=2.33x 10-2"PAE"
Py
where [ is length of the structure (perpendicular to the paper).

That is
I=14.65X IO—GLE’/?.
Pp
This is the same equation that applies to the cylindrical tube
(see equation (14), page 60). The two structures, therefore, give
the same space current.

As regards the effect of the area of the cathode, there are also
certain limitations. If the area of the cathode be increased by
increasing its diameter, the resistance will not be reduced propor-
tionately because of the density of the space charge of the electrons
in the neighborhood of the filament. The total saturation current
will, of course, be greater, but will only be obtained at a higher
voltage. The better way to increase the area of the cathode is to
increase its length. However, this generally means an increase
in the voltage drop in the filament, due to the heating current, and
this in itself increases the plate resistance, due to the limitation
of the current by the filament voltage. (See Fig. 20, page 61.)

King has also derived equations for the space current as a
function of the structural parameters for both cylindrical and
parallel-plane structures, on the assumption that the current can
be taken to vary as the $-power of the effective voltage. Since

the effective voltage —Eﬁ-l—E,, is generally not large compared with
"

the voltage drop in the filament, the limitation of space current
by the latter must be taken into account, in which case the current
will be governed by equations (18) and (19) of Chapter IV.
If the voltage drop in the filament be neglected the computed cur-
rent will in general be considerably larger than the observed cur-
rent.

77. Types of Thermionic Amplifiers. The number of different
types of thermionic tubes now in use has become so large that no
attempt will be made to describe or even mention all. The purpose
in describing any is merely to give the reader a quantitative idea
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of characteristics of tubes used in practice. At the outset it muy
be stated that tubes are used ranging from a type that consumes for
its operation a small fraction of a watt, to types that give several
thousand watts’ output in the form of alternating current. This
widely varying range is occasioned by the widely differing condi-
tions to be satisfied, depending on the purpose for which the tube is
to be used. If the tube is to operate as an amplifier with the tele-
phone receiver connected directly in its output circuit, the output
power necessary need not be more than a very small fraction of a
watt—one millionth of a watt is quite sufficient to give a very loud
tone in most well-constructed receivers. If, on the other hand,
the tube is to be used as a telephone repeater, inserted at a point
on the telephone line about midway between the sending and re-
ceiving stations, the tube must give a sufficient amount of power
to give clearly audible speech in the receiver after the telephone
currents have been attenuated by the line between the repeater
and the receiver. Then, again, if the tube is used to amplify
modulated high-frequency oscillations, for example, before being
impressed on an antenna for radio transmission, it must obviously
be capable of giving a much larger output power, the magnitude
of which depends upon the distance over which transmission is to
take place, and can range all the way up to several kilowatts.
When the necessary power is too large to be handled by one tube,
a number of tubes can be used in parallel.

In designing tubes for amplification purposes several factors
have to be taken into consideration. It is, for example, necessary
to consider the output power that is necessary. To obtain best
operation the plate resistance of the tube should be made equal
to the impedance into which the tube works. If this is not possi-
ble or desirable from the point of view of tube construction,
a transformer could be used in the output circuit to match the
tube resistance on the one side and the line impedance or the imped-
ance of the recording apparatus on the other. It is also possible
to use two or more tubes in parallel, thus reducing the total plate
resistance. Referring to equation (31) it will be seen that the
output depends also upon the input voltage e, and the amplifica-
tion constant . The input voltage must be kept within the limits
defined by equations (24) and (25). Furthermore, x and the plate
resistance must be so chosen that the amplification has the
desired value. This is usually as large as possible.
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There are thus a number of requirements to be satisfied and they
differ with different operating conditions. The following tubes
represent a few standard types. The tube characteristics are
specified sufficiently fully by giving the value of g, the filament
constants, the relation between plate current and plate voltage,
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and the relation between plate resistance and plate voltage,

over a range of operating plate voltages. The slope 7’7‘- of the
»

plate current-grid potential characteristic can then be obtained
directly from the known values of x and rp.
The tube shown in Fig. 68, page 146 represents a modern type



THE THERMIONIC AMPLIFIER 239

of telephone repeater manufactured by the Western Electric
Company and used on the lines of the Bell Telephone System.
The overall length of the tube and base is about 4 inches. The
plates are of nickel and their edges are turned up to prevent warp-
ing due to the high temperature to which they rise when bom-
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barded by the electrons during the process of evacuation. It
contains an oxide-coated platinum filament operating on a normal
filament current 1.3 amperes, the voltage being 7 volts. When
operated as a telephone repeater the d-c. plate voltage is 160
volts, and the grid is maintained negative with respect to the
filament by a battery of 9 volts. The characteristics are shown
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in Fig. 125. The plate resistance is shown here and in the follow-
ing curves as a function of the plate potential, the grid potential
being zero. To obtain the plate resistance for any grid potential
other than zero, all that is necessary is to add wE, to the plate
potential and read the resistance from the curve at the value of
plate potential equal to the value so obtained. Thus, since u
is about 5.6, the plate resistance at a plate potential E,=160,
and grid potential E;=—9 is that corresponding to an abscissa
of 160—9X5.6=100 volts, namely, 5000
ohms. The minimum amplification require