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PREFACE

This book is the outgrowth of several courses that were organized by
the author on electron-tube circuits and applications and that covered
many of the important circuits in widespread use during the Second World
War. It seeks to achieve the following: (1) to develop in the student a
clear analytical method in the study of electron-tube circuits; (2) to
present and study the various classes of circuits which find widespread
application; (3) to indicate with examples how one proceeds to combine
circuits of various types to achieve either one or a multiplicity of opera-
tions. It is not intended to include either a comprehensive discussion of
all aspects of any given field or all possible circuits or methods for achiev-
ing a given result. It is hoped that representative circuits have been
included and studied and that the reader may find some suggestions that
will be of assistance to him in a particular development.

The choice of material to be included and the detail of coverage were
the subject of much thought. The principle adopted was to present a
coordinated account of each broad field of application, with the main
emphasis on the operation of many of the significant circuits. No claim
is made to completeness of coverage, nor are the fine points of any given
field discussed in detail. Where general practice has favored a given type
of circuit, the major emphasis is on these.

Approximately one-half the content is of a radio-engineering character,
the remaining material being extensively used in radar, television, pulse
communication, and general electronic control. Sufficient material is
contained for a course in radio-engineering circuits and for one in non-
radio electronic circuits. Sufficient diversity exists for the instructor to
choose topics to satisfy almost any course requirements. It has been
assumed that the student has completed his basic studies in a-c circuit
theory and in basic electronics before undertaking a study of the text.

The order of presentation of the material has been dictated by the
character of the analysis rather than by the application. Because of this,
circuits of diverse application may be found in a given chapter. How-
ever, the book divides itself quite naturally into a number of major
sections. The first part of the volume is devoted to a review of the
fundamental properties of electron tubes and their basic circuit applica-
tions. The next part of the volume includes a discussion of a variety of
amplifiers of the untuned variety. This includes circuits in which the
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vi PREFACE

tube is operated as a linear device and other circuits in which the non-
linear capabilities of the tube are employed. The former include simple
voltage amplifiers, video amplifiers, power amplifiers, and electronic com-
puting circuits. The latter include circuits which utilize the tube as a
switch. The third part of the book contains a discussion of circuits of the
tuned variety and discusses such topics as tuned voltage amplifiers,
tuned power amplifiers, and oscillators. A comprehensive treatment of
power rectifiers, filters, and regulators is followed by a discussion of
amplitude modulation and demodulation and frequency modulation and
detection. The latter part of the text includes a treatment of circuits
that have been largely extended by developments in radar applications
during the course of the war. This discussion is considerably more
detailed and more extensive than has heretofore appeared in any general
text.

An effort has been made to include sufficient analysis of the operation
of the circuits to indicate clearly the operation and the various factors on
which the operation depends. This has a twofold purpose, one of which
is to indicate the procedure that must be adopted in effecting an analysis
and the second of which is to indicate the factors on which the operation
depends. This is considered to be very important, since in some instances
the tube plays a direct part in the operation of the circuit, whereas in
others it may serve simply in the capacity of a switch. However, the
mathematical developments are only a part of the analysis, since the
discussion attempts to introduce the physical aspects of the problem and
then to incorporate the mathematical results into the complete analysis.

A rather regrettable situation will be found to exist in the matter of
notation. This arises from the author’s desire to conform to the Institute
of Radio Engineers standards on vacuum-tube notation. However, such
single-subscript notation in electron-tube circuits is often inadequate, and
double-subscript notation is employed, except for those particular cases
where no confusion is likely to arise. The result is a mixed single-sub-
script and double-subscript system of notation, the single-subscript terms
generally conforming to the IRE notation.

A controversial matter is also to be noted. Throughout the text the
symbols a-c and d-c are used as adjectives. Purists might object that the
word current in a-c current is redundant and that the phrase a-c voltage is
fundamentally meaningless. However, the use of the symbols a-¢ and
d-c as descriptive adjectives is becoming increasingly widespread and does
provide a clear and convenient abbreviation.

A number of problems have been included at the end of each chapter.
These have been formulated in a way that requires an understanding of
the subject matter. As a result, all text assignments may be supple-
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mented by problem assignments. Problems which entail nothing more
difficult than the substitution of numbers into equations have been kept
to a minimum. Wherever possible, the problems are based on practical
data in order to familiarize the student with such practical details.

To provide proper acknowledgment of the source of much of this
material proves to be an impossible task. Much of the material that is
principally of a radio-engineering character has appeared in one form or
another in a wide variety of sources over many years, and the significant
original sources seem to have been generally neglected. The principal
source of many of the circuits which were extended for use in radar
applications was the M.L.T. Radiation Laboratory, of which the author
was a staff member during the war. However, it is known that many of
these circuits were adapted from existing circuits of diverse origin, whereas
some were developed at other laboratories, including British laboratories.
In only a few cases is the identity of the groups who did some of this work
known.

Special mention must be made of the freedom with which the author
drew on his earlier text, ‘“Electronics” (by J. Millman and 8. Seely,
McGraw-Hill Book Company, Inc., New York, 1941). Certain of the
material closely parallels that in the earlier book.

The author wishes to acknowledge many helpful discussions with a
number of his colleagues. He is particularly indebted to Professors
David K. Cheng and Glenn M. Glasford, both for such discussions and for
their assistance in proofreading portions of the text. Thanks are also
due to the General Electric Co. and the RCA Manufacturing Co. for
freely supplying many photographs and tube characteristics.

SAMUEL SEELY
Syracusg, N. Y.
November, 1949
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CHAPTER 1
INTRODUCTION

BEFORE one undertakes a study of circuits that incorporate electron
tubes, it might be well to examine, even superficially, certain of the funda-
mental physical principles which govern the operation of these tubes.
There are two important basic questions that relate to such tubes. One
relates to the actual source of the electrons and their liberation, and the
second relates to the control of the electron beam. A brief discussion of
these matters will be included.

According to modern theory, all matter is electrical in nature. The
atom, which is one of the fundamental building blocks of all matter,
consists of a central core or nucleus which is positively charged and which
carries nearly all the mass of the atom. Enough negatively charged
electrons surround the nucleus so that the atom is electrically neutral in
its normal state. Since all chemical substances consist of groups of these
atoms which are bound to each other, then all matter, whether it is in the
solid, the liquid, or the gaseous state, is a potential source of electrons.
All three states of matter do, in fact, serve as sources of electrons. A
number of different processes serve to effect the release of electrons, those
which are of importance in electron tubes being (1) thermionic emission,
“ (2) secondary emission, (3) photoelectric emission, (4) high field emis-
sion, and (5) ionization. These processes will be considered in some detail
in what follows.

With the release of the electrons, a means for their control must be
provided. Such control is effected by means of externally controlled
electric or magnetic fields, or both. These fields perform one or both
of the following functions: (1) control of the number of electrons that
leave the region near the emitter; (2) control of the paths of the electrons
after they leave the emitter. Control method 1 is the more common, and
such a control method is incorporated in almost all electron tubes, except
those of the field-deflected variety. The cathode-ray tube is a very
important example of a field-deflected tube. However, even in this
latter case, a control of type 1 is incorporated to control the electron-tube
current, even though the subsequent motion is controlled by means of an
electric or a magnetic field, or both.

1



2 ELECTRON-TUBE CIRCUITS [Cuar. 1

1=1. Thermionic Emission. Consider matter in the metallic state.
Metals are most generally employed in the form of a wire or ribbon
filament. If such a filament contains electrons and if these are relatively
free to move about in the metal (and this is the case since the application
of a small potential difference between the ends of the wire will result in a
current flow), it might be expected that some electrons might ‘“leak”
out of the metal of their own accord. This does not occur, however.

Consider what happens to an electron as it seeks to escape from a metal.
The escaping, negatively charged electron will induce a positive charge
on the metal. There will then be a force of attraction between the
induced charge and the electron. Unless the escaping electron possesses
sufficient energy to carry it out of the region of influence of this image
force of attraction, it will be returned to the metal. The minimum
amount of energy that is required to release the electron against this
attractive force is known as the work function of the metal. This
requisite minimum amount of energy may be supplied by any one of a
number of different methods. One of the most important methods is to
heat the metal to a high temperature. In this way, some of the thermal
energy supplied to the metal is transferred from the lattice of the heated
metal crystals into kinetic energy of the electrons.

An explicit expression relating the thermionic-emission current density
and the temperature of the metal can be derived."* The expression so
derived has the form

bo
th = AoTze—?' (1—])

where A, is a constant for all metals and has the value of 120 X 104
amp/(m?)(°K2) and by is a constant that is characteristic of the metal.
The quantity b, is related to the work function Ey of the metal by

bo = 11,600Er  °K (1-2)

It has been found experimentally that Eq. (1-1) does represent the form
of the variation of current with temperature for most metals, although
the value obtained for A, may differ materially from the theoretical value
of 120 X 10* amp/(m?)(°K?).

It follows from Eq. (1-1) that metals that have a low work function
will provide copious emission at moderately low temperatures. Unfor-
tunately, however, the low-work-function metals melt in some cases and
boil in others, at the temperatures necessary for appreciable thermionic
emission. The important emitters in present day use are pure tungsten,
thoriated-tungsten, and oxide-coated cathodes. The thermionic-emis-
sion constants of these emitters are contained in Table 1-1.

* Superior numbers refer to references at the end of each chapter.
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TABLE 1-1

THE IMPORTANT THERMIONIC EMITTERS AND THE THERMIONIC-
EMISSION CONSTANTS

Emitter Ay, amp/(m?)(°K2)| Ew, volts
Tungsten.............. ... . ... L 60 X 10¢ 4.52
Thoriated-tungsten..................... 3 X 10¢ 2.63
Oxide-coated.................. ... .... 0.01 X 10¢ 1

Tungsten is used extensively for thermionic filaments despite its rela-
tively high work function. In fact, this material is particularly impor-
tant because it is virtually the only material that can be used successfully
as the filament in high-voltage tubes. It is used in high-voltage X-ray
tubes, in high-voltage rectifier tubes, and in the large power-amplifier
tubes that are used in radio and communication applications. It has the
disadvantage that the cathode emission effictency, defined as the ratio of
the emission current in milliamperes to the heating power in watts, is
small. Despite this, it can be operated at a sufficiently high temperature,
between 2600 and 2800°K, to provide an adequate emission.

It has been found that the application of a very thin layer of low-work-
function material on filaments of tungsten will materially reduce the
work function of the resulting surface. A thoriated-tungsten filament is
obtained by adding a small amount of thorium oxide to the tungsten
before it is drawn. Such filaments, when properly activated, will yield
an efficient emitter at about 1800°K. It is found desirable to carbonize
such an emitter, since the rate of evaporation of the thorium layer from
the filament is thus reduced by about a factor of 6. Thoriated-tungsten
filaments are limited in application to tubes that operate at intermediate
voltages, say 10,000 volts or less. Higher voltage tubes use pure tungsten
filaments.

The oxide-coated cathode is very efficient (about twenty times as
efficient as tungsten) and provides a high emission current at the rela-
tively low temperature of 1000°K. It consists of a metal sleeve of konal
(an alloy of nickel, cobalt, iron, and titanium) or some other metal, which
is coated with the oxides of barium and strontium. These cathodes are
limited for a number of reasons to use in the lower voltage tubes, say
about 1,000 volts or less. They are used almost exclusively in receiving-
type tubes and provide efficient operation with long life.

Curves showing the relative cathode efficiencies of tungsten, thoriated-
tungsten, and oxide-coated cathodes are illustrated in Fig. 1-1. It will
be seen that tungsten has a considerably lower efficiency than either of
the other two emitters.
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The thermionic emitters in their practical form in electron tubes may
be of the directly heated, or filamentary, type or of the indirectly heated
type, and in the case of gas and vapor tubes the cathode may be of the
heat-shielded type. Typical fila-

22
.20 mentary cathodes are illustrated in
S8 Fig. 1-2. These filamentary cath-
E:i odes may be of the pure tungsten,

thoriated-tungsten, or oxide-coated
type.

/

/

Cathode efficiency,
ON b o ® O o

Tungsten
0 10 20 30 40 50 .60
Per cent rated filament power
Fi1a. 1-1. Cathode efficiency curves of Fi1c. 1-2. Typical directly
an oxide-coated, a thoriated-tungsten, heated cathodes.
and a pure tungsten filament.

The indirectly heated cathode for use in vacuum tubes is illustrated in
Fig. 1-3. The heater wire is contained in a ceramic insulator which is
enclosed by the metal sleeve on which the oxide coating is placed. A
cathode assembly of this type has such a high heat capacity that its tem-

- (Ui

]

S\
F16. 1-3. Typical indirectly heated Fic. 1-4. Different types of heat-
cathodes. shlelded cathodes

perature does not change with instantaneous variation in heater current
when alternating current is used.

Heat-shielded cathodes, which can be used only in gas-filled electron
tubes for reasons to be discussed in Chap. 2, are designed in such a way
as to reduce the radiation of heat energy from the cathode. This mate-
rially increases the efficiency of the cathode. Several different types of
heat-shielded cathodes are illustrated in Fig. 1-4.

1-2. Photoelectric Emission. The energy that is required to release
an electron from a metal surface may be supplied by illuminating the
surface with light. There are certain restrictions on the nature of the
surface and the frequency of the impinging light for such electron emission
to take place. That is, electron emission is possible only if the frequency
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of the impinging light exceeds a certain threshold value that depends on
the work function Ey of the surface according to the equation
eEW
c = T3 ’ 1-

=% (1-3)
where e is the charge of the electron and h is Planck’s constant. The
corresponding threshold wave length beyond which photoelectric emission
cannot take place is given by

ch 12,400 A

Py

(1-4)
where A is the angstrom unit (10—3
cm). For response over the entire
visible region, 4000 to 8000 A, the
work function of the photosensitive
surface must be less than 1.54 volts.
The essential elements of a photo-
tube are the photosensitive cathode
surface and a collecting electrode, con-
tained in a glass envelope that either
is evacuated or contains an inert gas
at low pressure. A photograph of
such a phototube is shown in Fig. 1-5.
The number of photoelectrons per
square millimeter of area of a photo-
cathode is small, and it is customary
to use photocathodes of large area, as FIG. 1-5.
shown.
The current characteristics of such phototubes for different collecting
potentials between the cathode and the collecting anode, with light
20

A typical phototube.

T —
200 footcandles

S 7
M—

100

Plate current,
microamperes
o ;

o

o

10 20 30 40 50 60 10 80
Plate potential, volts

Fic. 1-6. The volt-ampere characteristics of a type PJ-22 vacuum phototube, with
light intensity as a parameter.

intensity as a parameter, are illustrated. Figure 1-6 shows the curves of
a vacuum phototube with light intensity as a parameter. Note that the
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current reaches near saturation values for very low values of applied
potential.

The presence in the glass envelope of an inert gas, such as neon or argon,
at low pressure materially alters the volt-ampere eurves. A set of char-
acteristic curves for a gas phototube are given in Fig. 1-7. The presence
of the gas in a phototube increases the sensitivity of the phototube, the

20

K

aﬂdles

S

45“"/"){6
30

[ 5
0 10 20 3 40 50 60 70 80
Plate potential,volts

Fic. 1-7. The volt-ampere characteristics of a type PJ-23 gas-filled phototube, with
light intensity as a parameter.

\

Plate current,
microamperes

o

current output for a given light intensity increasing with increased plate
potential, whereas the output remains sensibly constant in the vacuum
phototube.

20
/
§[5 '\/?// 7//
+« WA
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=80
s A—4 Lo 00
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Fic. 1-8. Photocurrent as a function of illumination for a PJ-22 vacuum phototube,
and a PJ-23 gas-filled cell.

A significant comparison of the output from two phototubes, one of the
vacuum type and the other of the gas-filled type, other characteristics
of the tubes being the same, is contained in Fig. 1-8. Note that the
photocurrent for the vacuum phototube is a linear function of the illumi-
nation, whereas that for the gas-filled cell shows deviations from the
linear at the higher illuminations. However, the greater sensitivity
of the gas-filled cell is clearly evident.

1-3. Secondary Emission. It is possible for a particle, either an
electron or a positive ion, to strike a metallic surface and transfer all or a
part of its kinetic energy in this collision to one or more of the internal
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electrons. If the energy of the incident particle is sufficiently high, some
of the internal electrons may be emitted. Several tubes have been
designed which incorporate secondary-emission surfaces as part of the
device, and highly sensitive phototubes have such auxiliary elements in
them. Frequently the secondary emission that exists is of a deleterious
nature. This matter will be discussed in explaining certain features of
the characteristics of tetrodes.

1-4. High Field Emission. The presence of a very strong electric field
at the surface of a metal will cause electron emission. Ordinarily the
field in the average electron tube is too small to induce such electron
emission. This process has been suggested to account for the electron
emission from a mercury-pool cathode in a mercury rectifier.

1-6. Ionization. The process in which an atom loses an electron is
known as ionization. The atom that has lost the electron is called a
positive ton. The process of ionization may occur in several ways.

Electron Bombardment. Consider a free electron, which might have
been released from the envelope or from any of the electrodes within the
tube by any of the processes discussed above. Suppose that this free
electron has acquired enough energy from an applied field so that upon
collision with a neutral atom, it removes an electron. Following this
action, two electrons and a positive ion exist. Since there are now two
electrons available, both may collide with gas particles and thus induce
further ionization. Such a process as this may become cumulative, with
consequent, large electron release. This process is very important and
accounts for the successful operation of gas- and vapor-filled rectifier
tubes. Itisalso the basis of the gas amplification in gas-filled phototubes.

Photoelectric Emission. If the gas is exposed to light of the proper
frequency, then this radiant energy may be absorbed by the atom, with
resulting electron emission. This process is important in initiating
certain discharges.

Positive-ion Bombardmeni. The collision between a positive ion and a
neutral gas particle may result in electron release, in much the same
manner as by electron bombardment. This process is very inefficient
and is usually insignificant in normal gas tubes.

Thermal Emission. If the temperature of the gas is high enough, some
electrons may become dislodged from the gas particles. However,
the gas temperature in electron tubes is generally low, and this process
is normally unimportant.

REFERENCE

1. Millman, J., and S. Seely, ‘Electronics,” Chap. V, McGraw-Hill Book Company,
Inc., New York, 1941.



8 ELECTRON-TUBE CIRCUITS [CHar. 1

PROBLEMS

1-1. A tungsten filament, 0.0085 in. diameter, 311{¢ in. long, is operated at
2650°K. What is the temperature-limited current? If the temperature is
increased by 50°K, by what percentage does the emission current increase?

1-2. The filament of an FP-400 tungsten-filament tube is 1.25 in. long and
0.005 in. in diameter. If the total emission current is 30 ma, at what temperature
is the filament operating?

1-3. A simple inverted-V oxide-coated cathode is made of tungsten ribbon
0.125 by 0.020 in. and is 1.4 in. long. It is maintained at a temperature of
1100°K. What is the thermionic-emission current?

1-4. An oxide-coated emitter is operating at 1100°K. Calculate the relative
thermionic-emission currents if by has the value 12,000; the value 11,000.

1-5. At what temperature will a thoriated-tungsten filament give as much
current as a tungsten filament of the same dimensions which is maintained at
2650°K?

1-6. At what temperature will an oxide-coated cathode give the same emission
as a thoriated-tungsten filament of the same physical dimensions which is main-
tained at 1750°K?

1-7. Monochromatic light of wave length 5893 A falls on the following surfaces:

a. Cesium, with a work function 1.8 volts.

b. Platinum, with a work function 5.3 volts.

Is photoelectric emission possible in both cases? Explain.

1-8. A PJ-22 vacuum photocell is to be used to sound an alarm when the light
at a given region of a room falls below 40 ft-c or increases above 120 ft-c. What
are the corresponding photocurrents? A collecting potential of 45 volts is used.



CHAPTER 2

CHARACTERISTICS OF ELECTRON TUBES!

CONSIDER an isolated thermionic source situated in a vacuum. This
cathode will emit electrons, most of which have very little energy when
they emerge. Those electrons that first escape will diffuse throughout
the space within the envelope. An equilibrium condition will soon be
reached when, because of the mutual repulsion between electrons, the
free electrons in the space will prevent any additional electrons from
leaving the cathode. The equilibrium state will be reached when the
space charge of the electron cloud produces a strong enough electric field
to prevent any subsequent emission.

The inclusion of a collecting plate near the thermionic cathode will
allow the collection of electrons from the space charge when this plate is
maintained at a positive potential with respect to the cathode; the higher
the potential, the higher the current. Of course, if the thermionic emis-
sion is limited, then the maximum current possible is the temperature-
saturated value.

In addition to such a simple two-element device, which is the diode,
grids may be interposed between the cathode and plate. If a single grid
is interposed, the tube is a triode. If two grids are present, the tube is a
tetrode; three grids yields a pentode, etec. Details of the characteristics
and operation of such devices will be considered in some detail in the
following pages.

THE HIGH-VACUUM DIODE

2-1. The Potential Distribution between the Electrodes. Consider a
simple diode consisting of a plane cathode and a collecting plate, or anode,
which is parallel to it. It is supposed that the cathode can be heated to
any desired temperature and that the potential between the cathode and
anode may be set at any desired value. It is desired to examine the
potential distribution between the tube elements for various cathode
temperatures and fixed anode-cathode applied potential.

Suppose that the temperature of the cathode is high enough to allow
some electrons to be emitted. An electron space-charge cloud will be
formed in the envelope. The density of the electrons and the potential

9



10 ELECTRON-TUBE CIRCUITS [CHap. 2
at any point in the interelectrode space are related by Poisson’s equation

d’E _ »p
iz e (2-1)
where E is the potential in volts, p is the magnitude of the electronic-
charge density, in coulombs per cubic meter, and e = 10~*/36r is the

permittivity of space. A study of
f— this expression will yield significant
information.

It is supposed that the electrons
that are emitted from the cathode
have zero initial velocities. Under
these conditions, the general char-
acter of the results will have the
forms illustrated in Fig. 2-1. At the
temperature 7'y, which is too low for
any emission, the potential distribu-
tion is a linear function of the dis-
tance from the cathode to the anode.
This follows from Eq. (2-1), since, for zero-charge density,

d’E dE
ol 0 or Frl const

Y

Cathode
Anode
o?j____-___

l<_

Z

¢ Dt A >,
Fic. 2-1. The potential distribution
between plane-parallel electrodes, for
several values of cathode temperature.

This is the equation of a straight line.

At the higher temperature T';, the charge density pisnot zero. Clearly,
the anode-cathode potential, which is externally controlled, will be
independent of the temperature, and all curves must pass through the
fixed end points. Suppose that the potential distribution is somewhat
as illustrated by the curve marked T.. All curves must be concave
upward, since Eq. (2-1), which may be interpreted as a measure of the
curvature, is positive. A positive curvature means that the change in
slope dE/dx between two adjacent points must be positive. Moreover,
the curvature is greater for larger values of p, corresponding to the higher
temperatures. It is possible to justify that the maximum current that
can be drawn from the diode for a fixed plate voltage and any temperature
is obtained under the condition of zero electric field at the surface of the
cathode. TUnder these optimum conditions

—@:

=0 at z=0 (2-2)

This condition is valid under the assumption of zero initial velocities of
emission of the electrons.



Sec. 2-2] CHARACTERISTICS OF ELECTRON TUBES 11

2-2. Equations of Space Charge. An explicit relation between the
current collected and the potential that is applied between the anode
and cathode is possible. In general, the current density is a measure
of the rate at which the electrons pass through unit area per unit time
in the direction of the field. If » denotes the drift velocity in meters
per second, N is the electron density in electrons per cubic meter, and e
is the electronic charge in coulombs, then the current density in amperes
per square meter is

J = Nev = pv (2-3)
Also, neglecting the initial velocity, the velocity of the electron at any
point in the interelectrode space is related to the potential through which
it has fallen by the following expression, which is based on the conserva-
tion of energy:

14my? = eE (2-4)
By combining the foregoing expressions, there results
2 —14
d&*F  JE (2-5)

dz®  e(2e/m)%

This is a differential equation in E as a function of z. The solution of it

is given by
_ € e E% 9
J=5054%m 7 2mp/m (2-6)

For electrons, and in terms of the boundary conditions, there results

J =233 X 10~ 6122%
This equation is known as the Langmuir-Childs or three-halves-power
law. It relates the current den-
sity, and so the current, with the
applied potential and the geom-
etry of the tube. It shows that
the space-charge current is inde- \ Termperature
pendent of the temperature and g (- Jimited
the work function of the cathode.
Thus, no matter how many elec-
trons a cathode may be able to €6
supply, the geometry of the tube F1c. 2-2. The volt-ampere charactenstxcs
and the applied potential will de- of a typical diode.
termine the maximum current that can be collected by the anode. If the
electron supply from the cathode is restricted, the current may be less
than the value predicted by Eq. (2-7). The conditions are somewhat as
represented graphically in Fig. 2-2.

amp,/m? (2-7)

‘
6 Space charge
" imited
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For the case of a tube that possesses cylindrical symmetry, a similar

analysis is possible. The results of such a calculation lead to the follow-
ing expression for the current,

3%

I, = 14.6 X 10-s L B

Ta f?

where [ is the active length of the tube and 82 is a quantity that is deter-

mined from the ratio r,/r, the ratio of anode to cathode radius. For

ratios ry/r% of 8 or more, 32 may be taken as unity.

amp (2-8)
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Fic. 2-3. Experimental results to verify the three-halves power law for tubes with
oxide-coated, thoriated tungsten, and pure tungsten filaments.

Attention is called to the fact that the plate current depends upon the
three-halves power of the plate potential both for the plane parallel and
also for a diode possessing cylindrical symmetry. This is a general
relationship, and it is possible to demonstrate that an expression of the
form I, = kE}® applies for any geometry, provided only that the same
restrictions as imposed in the above developments are true. The specific
value of the constant k that exists in this expression cannot be analytically
determined unless the geometry of the system is specified.

The dependence of the current on the potential for any tube may be
determined by plotting the results obtained experimentally on a loga-
rithmic scale. Theoretically one should find, if the expression I, = kE}*

is valid, that
logm Ib = 10g10 k + % 10g10 Eb (2'9)

The logarithmic plots for three commercial tubes are shown in Fig. 2-3.
The type 10 tube is a triode and was converted into a diode by connecting
grid and plate together. The other tubes are diodes. It will be observed
that the logarithmic plots are straight lines, although the slopes of these
lines are all slightly less than the theoretical 1.5.

2-3. Rating of Vacuum Diodes. The current and potential ratings of
a diode, i.e., the maximum current that the tube may carry and the maxi-
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mum potential difference that may be applied between anode and cathode,
are influenced by a number of factors.

1. A limit is set to the tube current by the cathode efficiency of the
emitter. Thus, for a given input power to the filament, a maximum cur-
rent is specified.

2. There is a maximum temperature limit to which the glass envelope
of the tube may be safely allowed to rise. This is the temperature to
which the tube was raised during the outgassing process. This is about
400°C for soft glass and about 600°C for pyrex. For higher temperatures,
the gases adsorbed by the glass walls may be liberated. Owing to this
limitation, glass bulbs are seldom used for vacuum tubes of more than
about 1 kw capacity.

3. A very important limitation is set by the temperature to which the
anode may rise. In addition to the fraction of the heat radiated by the
cathode that is intercepted by the anode, the anode is also heated by
the energy carried by the anode current. The instantaneous power
carried by the anode current and supplied to the anode is given by e,
where ¢; is the anode-cathode potential and 4, is the anode current. The
temperature to which the anode rises will depend upon the area of the
anode and the material of its construction.

The most common metals used for anodes are nickel and iron for
receiving tubes and tantalum, molybdenum, and graphite for transmit-
ting tubes. The surfaces are often roughened or blackened in order to
increase the thermal emissivity. The anodes of many transmitting tubes
may be operated at a cherry-red heat without excessive gas emission.
To allow for forced cooling of the anode, cooling coils may be provided, or
the tube may be immersed in oil. The newer type of transmitting tubes
are frequently provided with radiator fins for forced-air cooling. Several
different types of transmitting tubes are illustrated in Fig. 2-4.

4. The voltage limitation of a high-vacuum diode is also dependent
on the type of its construction. If the filament and anode leads are
brought out side by side through the same glass press, some conduction
may take place between these leads through the glass. This effect is
particularly marked if the glass is hot, and the resulting electrolysis will
cause the glass to deteriorate and eventually to leak. The highest
voltage permissible between adjacent leads in glass depends upon the
spacing and upon the type of glass but is generally kept below 1,000 volts.
Higher voltage tubes are usually provided with filament leads at one end
of the glass envelope, with the anode at the other end.

The glass envelope must be long enough so that flashover on the outside
of the tube will not occur. In a diode as a rectifier, no current will flow
during the time that the anode is negative with respect to the cathode.
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The maximum safe rating of a rectifying diode is known as the peak
inverse voltage rating.

Commerecial vacuum diodes are made which will rectify current at high
voltages, up to 200,000 volts. Such units are used with X-ray equip-
ment, with high-voltage cable-testing equipment, and with the high-

Fic. 2-4. Photographs of two transmitting tubes. (RCA Mfg. Co.)

voltage equipment for nuclear-physics research. The dimensions and
shape of the glass envelope will depend upon the current capacity of the
tube and the type of cooling to be used, oil-cooled tubes being generally
smaller than air-cooled types.

THE TRIODE

2-4. The Grid. The introduction of a third element between the
cathode and plate of the diode by DeForest in 1907 was the start of
the extensive developments involving vacuum tubes. This new elec-
trode, called the control grid, consists of a wire mesh, or screen, which
surrounds the cathode and is situated close to it. The potential applied
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to the grid in such a tube is usually several volts negative relative to the
cathode, whereas the plate is usually maintained several hundred volts
positive with respect to the cathode. Clearly, the electric field resulting
from the potential of the grid tends to maintain a large space-charge
cloud, whereas the field of the plate tends to reduce the space charge.
However, owing to its proximity to the cathode, a given potential on the
grid will exercise a greater effect on the space charge than the same poten-
tial on the plate. This would seem to imply that a strict proportionality
should exist between the relative effectiveness of the grid and plate
potentials on the space charge and that the plate current should be
represented approximately by the equation

. €p %
w="Fkle + ; (2-10)

where ¢, is the plate-cathode potential, e, is the grid-cathode potential,
and the factor p is a measure of the relative grid-plate potential effective-
ness on the tube current. The factor p is known as the amplification
factor of the grid.

The validity of Eq. (2-10), which is simply a natural extension of the
three-halves-power space-charge equation of the diode, has been verified
experimentally for many triodes. No simple, rigorous theoretical deriva-
tion of this equation is possible, even for a triode of relatively simple
geometry. However, the value of the amplification factor u can be
calculated with a fair degree of accuracy from equations that are based
on electrostatic considerations.

By maintaining the grid at some negative potential with respect to the
cathode, it will repel electrons and will, in part, neutralize the attractive
field of the anode, thus reducing the anode current. If the grid potential
is made positive, the electron .
stream will increase because of the s
combined action of both the grid
and the plate potentials. But,
with a positive potential on the )
grid, some of the space charge will e
be attracted to it, and a current in
the grid will result. The grid
structure must be designed to dis-
sipate the grid power if the grid
potential is to be maintained posi-
tive; otherwise the grid structure
may be seriously damaged. Generally the grid is maintained negative,
although positive-grid triodes for power-amplifier applications are
available,

The variations of the plate and grid currents with variations of grid

Z'b

Current

Grid volts ee
Fre. 2-5. Total space, plate, and grid
current in a triode, as a function of grid
voltage, with fixed plate voltage.
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potential are illustrated in Fig. 2-5. In this diagram, the plate potential
is maintained constant. For sufficiently negative grid potential, cutoff
of the plate current occurs. As the grid potential is made less negative,
the plate current follows a smooth curve, the variation being expressed
analytically by Eq. (2-10). As the grid potential is made positive, grid
current flows, the magnitude of this current increasing rapidly with
increasing grid potential.

2

Fig. 2-6. The plate characteristics of a  IFr1a. 2-7. The transfer characteristics of
triode. a triode.

For positive grid potentials, and with the consequent grid current,
Eq. (2-10) no longer represents the plate eurrent, although it does give a
good representation of the total space current. With increasing grid
potentials, the grid current increases, and the plate current decreases.

2-5. Triode Parameters. In view of Eq. (2-10), the dependence of the
plate current on the plate and the grid potentials may be expressed
functionally by the expression

7 = f(enec) (2-11)

Of course the plate current also depends upon the heater temperature,

but as the heater current is usually maintained at rated value (this is such

as to provide perhaps five to ten times

ec the normal required current), this term

usually does not enter into the functional

relationship. If Eq. (2-11) is plotted on

a three-dimensional system of axes, a

space diagram representing the function

fGene.) = 0 is obtained. The projec-

, € tions of these surfaces on the three co-

Fic. 2-8. The constant-current ordinate planes give three families of

characteristics of a triode. characteristic curves. These curves are
given in Figs. 2-6, 2-7, and 2-8.

The curves of Fig. 2-6 are known as the plate characteristics since they

show the variation of the plate current with plate voltage for various
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values of grid bias. The main effect of making the grid more negative
is to shift the curves to the right, without changing the slopes appreciably.
This is in accord with what would be expected from consideration of
Eq. (2-10).

If the grid potential is made the independent variable, the mutual, or
transfer, characteristics of Fig. 2-7 result. The effect of making the plate
potential less positive is to shift the curves to the right, the slopes again
remaining substantially unchanged.

The simultaneous variation of both the plate and the grid potentials
so that the plate current remains constant gives rise to a third group of
characteristics illustrated in Fig. 2-8. These show the relative effects
of the plate and grid potentials on the plate current of the tube. But
from the discussion of Sec. 2-4 it is the amplification factor that relates
these two effects. Consequently, the amplification factor is defined as
the ratio of the change in plate voltage to the change in grid voltage for a
constant plate current. Mathematically, u is given by the relation

- (% y
p= (ae)“ _ (2-12)

The negative sign takes account of the fact that a decreasing grid poten-
tial must accompany an increasing plate potential if the plate current is
to remain unchanged.

Consider the variation in the plate current. This is obtained by
expanding Eq. (2-11) in a Taylor’s expansion. But it is here assumed
that the variation is small and that it is adequately represented by the
first two terms of the expansion. Subject to this limitation, the expres-

sion has the form
P (92.1, aib
Alb = (%)Ec Aeb + (562)3,) Aec (2-13)

This expression indicates simply that changes both in the plate voltage
Aey, and in the grid voltage Ae. will cause changes in the plate current.

The quantity (de,/d%)z, expresses the ratio of an increment of plate
potential to the corresponding increment of plate current, for constant
E.. This ratio has the units of resistance, is known as the plate resistance
of the tube, and is designated by the symbol r,. Clearly, r, is the slope of
the plate characteristics of Fig, 2-6 and has been indicated there.

The quantity (84,/de.)r,, which gives the ratio of an increment of plate
current to the corresponding increment of grid potential for constant
plate potential E;, has units of conductance. It is known as the plate-
grid transconductance or mutual conductance and is designated by the
symbol g.. The mutual conductance g, is the slope of the mutual-, or
transfer-, characteristic curves of Fig. 2-7.
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To summarize, the triode coefficients have the forms

I

0 .
(6—(3") Tp plate resistance
W/ E,

3y
aec Ey

— (Q@) u amplification factor
6ec Iy

(2-14)

Gom mutual conductance

It is easy to show that u is related to r, and g, by the expression
b= Tolm ' (2-15)

This is obtained by setting A7, = 0in Eq.(2-13) and then using the defini-
tions of Eq. (2-14).

The variations of these parameters for a fixed value of plate potential
for the 6C5 tube are shown in Fig. 2-9. It is noticed that the plate
resistance varies over rather wide
limits, being very high at zero
plate current, and approaches a
constant value at the higher plate
currents. The transconductance
varies from a very small value at
zero plate current and tends to-
ward a constant value at the
higher plate currents. The am-
plification factor remains reason-
0 ot 10 . 20 ably constant over a wide range

@ urrent,ma of currents, although it falls off
rapidly at the low currents. The
corresponding values for other
values of E, may differ numerically, but the general variations will be
similar.

High-power triodes are used extensively in transmitters. The grid of
such a tube is driven positive with respect to the cathode during part
of the cycle, and the current is cut off during part of the cycle. The
characteristics of importance of such tubes are the plate curves and the
constant-current curves. The variations over normal operating limits
are as illustrated in Figs. 2-10 and 2-11 for a type 889A tube.

MULTIELECTRODE TUBES

2-6. Tetrodes. In the tetrode a fourth electrode is interposed between
the grid and the plate. This new electrode is known as the screen grid, or
grid 2, in order to distinguish it from the ‘“‘control’ grid of the triode.

Amplification
factor
n
S
1

Plate resistance, kilohms
Transconductance,micromhos

Fig. 2-9. The parameters p, rp, and gm of
a 6C5 triode as a function of plate current.
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AVERAGE PLATE CHARAQTERISTICS
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ELECTRON-TUBE CIRCUITS
AVERAGE CONSTANT-CURRENT CHARACTERISTICS
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The constant-current characteristics of the power triode of Fig. 2-10.
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Physically, it almost entirely encloses the plate. Because of its design
and disposition, the screen grid affords very complete electrostatic shield-
ing between the plate and the control grid. This shielding is such that
the grid-plate capacitance is reduced by a factor of about 1,000 or more.
However, the screen mesh does not interfere appreciably with the electron
flow. The reduction of the grid-plate capacitance is a very important
improvement over the triode, and this matter will be considered in some
detail in Chap. 3.

Because of the electrostatic shielding of the plate by the screen, the
potential of the plate has almost no effect in producing an electric field
at the cathode. Since the total space current is determined almost
wholly by the field near the cathode surface, the plate exerts little or no
effect on the total space charge drawn from the cathode. There is,
therefore, a significant difference between the triode and the tetrode. In
a triode, the plate performs two distinct functions, that of controlling the
total space current, and that of collecting the plate current. In a
tetrode, the plate serves only to collect those electrons that have passed
through the screen.

The passive character of the plate makes the tetrode a much better
voltage amplifier than the triode. This follows from the fact that in the
triode with a resistance load an increase in load current is accompanied
by a decrecased plate-cathode potential, which results in a decreased space
current. In the tetrode, the decreased plate-cathode potential still
exists, but owing to the secondary role of the plate the space current is
not materially affected.

The disposition of the cathode and the control grid is nearly the same
in both the tetrode and the triode, and therefore the grid-plate trans-
conductance is nearly the same in both tubes. Also, the plate resistance
of the tetrode is considerably higher than that of the triode. This fol-
lows from the fact that the plate voltage has very little effect on the plate
current. Thus, with the high plate resistance and with a g, that is
about the same as for the triode, the tetrode amplification factor is very
high.

2-7. Tetrode Characteristics. In the tetrode with fixed control-grid
and screen-grid potentials, the total space current is practically constant.
Hence, that portion of the space current which is not collected by the
plate must be collected by the screen; where the plate current is large,
the screen current must be small, and vice versa. The general character
of the results is illustrated in Fig. 2-12.

Although the plate potential does not affect the total space current to a
very great extent (although a slight effect is noted in the curve at the
lower plate potentials), it does determine the division of the space current
between plate and screen. At zero plate potential, few of the electrons
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have sufficient energy to reach the anode, and the plate current should be
small. As the plate potential is increased, a rapid rise occurs in the plate
current, with a corresponding reduction of the screen current. When the
plate potential is larger than the screen potential, the plate collects
almost the entire space current and the screen current approaches zero
or a very small value.
An inspection of the curves of Fig. 2-12 shows that the plate current
rises very rapidly with increasing plate potential, but this increase is
) followed by a region of plate-poten-
tial variation in which the plate
current decreases with increasing
plate potential. This region is one
of negative plate resistance, since
an increasing plate potential is ac-
€6 companied by a decreasing plate
F16.2-12. Curves of total space curx:ent, current. The kinks, or folds, in the
tp;:rtsd:“"e"t’ and screen current, in & o ryeg are caused by the emission of
‘ electrons from the plate by the
process of secondary emission. This results from the impact of the pri-
mary electrons with the plate. That is, secondary electrons will be
released from the anode, and if this is the electrode with the highest posi-
tive potential, the electrons will be collected by the anode, without any
noticeable effect. If, however, secondary electrons are liberated from the
anode, and if these electrons are collected by some other electrode, then
the anode current will decrease, whereas the current to the collecting elec-
trode will increase. It is this latter situation which exists in the tetrode
when the plate potential is low and the

screen is at a high potential. ‘s Ey-400
When the plate potential is higher than 750

the screen potential, the secondary elec- Eg,-fixed /

trons from the plate are drawn back, with- / $0

out appreciable effect. If under these 700

potential conditions secondary electrons

are liberated from the screen, these will be

collected by the anode. The correspond- €c
ing plate current will be greater than that Fic. 2-13. The transfer char-
in the absence of secondary emission from acteristics of a tetrode, for a fixed
the screen. screen pote{ltlal, and with the
. plate potential as a parameter.
2-8. Transfer Characteristics. Since
the plate of a tetrode has no appreciable influence on the space current, it
is expected that the cathode, the control grid, and the screen grid should
possess characteristics not unlike those of a triode. This is actually the
case, as illustrated in Fig. 2-13. These curves show the effect of varia-
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tions of plate potential on plate current, for fixed E.,. Because of the
slight influence of the plate, the transfer curves are bunched together.
These curves should be compared with those of the triode in Fig. 2-7,
where the transfer curves are widely separated.

The transfer curves for plate voltages below the screen potential, and
this is the region of operation which is generally avoided in practice,
become separated. In fact, the transfer characteristic for E, = 100
volts actually falls below that for E, = 50 volts. This anomalous
behavior is directly the result of the secondary-emission effects discussed
above.

2-9. Tube Parameters. It is expected, on the basis of the foregoing
discussion, that the plate current may be expressed as a function of the
potential of the various electrodes by an expression of the form

% = f(eb,ec1,602) (2-16)

where e, is the potential of the first, or control, grid, e, is the potential of
the second, or screen, grid, and e, is the potential of the plate, all with
respect to the cathode. This functional relationship is just a natural
extension of that which applies for triodes. In fact, an approximate
explicit form of the dependence is possible. This form, which is an
extension of Eq. (2-10), may be written as

. 161; €co %
B=klex+—+— (2-17)
M1 He2
where u; and 2 are the control-grid and screen-grid amplification factors,

respectively.
The variation in the plate current, second- and higher-order termsin the
Taylor expansion being neglected, is given by

. oty 91y I
== A — Ae, — Ae, 2-1
Av (aeb)ﬂn.lhz o + (6e01)Eb,Ecz Get + (aec2)EbyE¢1 Get ( 8)

Generally, the screen potential is maintained constant at some appro-
priate value, and hence Ae;; = 0. The third term in the expansion may
be omitted under these conditions. The partial-differential coefficients
appearing in this expression furnish the: basis for the definitions of the
tube parameters. These are ‘

(g?) =7, plate resistance
b/ Ecy, Ees

( 6ib>
aecl Ep,Ecy

_ (6%) = amplification factor
8ec1 Iy, Eeo

gm  mutual conductance (2-19)

I
=
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The two subscripts associated with each term indicate the parameters
that are maintained constant during the partial differentiation. It can
be shown that here too the relation u = 7,9, is valid. Nominal values
for the various parameters that appear in this relationship are », = 10° to
2 X 105 ohms, g» = 500 to 3,000 pmhos, and p = 100 to 1,200.

2-10. Pentodes. Although the insertion of the screen grid between the
control grid and the anode in a triode serves to isolate the plate circuit
from the grid circuit, the range of operation of the tube is limited owing to
the effects of secondary emission. This limitation results from the fact
that, if the plate-potential swing is made too large, the instantaneous
plate potential may extend into the region of rapidly falling plate current,
with a resulting marked distortion in the output.

. L‘b
% Tetrode Ey=400
Pentode £y =50
E'CZ-consfanf / 6
E,-fixed
€ €c

F1c. 2-14. The characteristics of a tube  Fia. 2-15. The transfer curves of a pen-
when connected as a tetrode and as a  tode for a fixed screen potential and with
pentode. the plate potential as a parameter.

The kinks, or folds, that appear in the plate-characteristic curves and
that limit the range of operation of the tetrode may be removed by
inserting a coarse suppressor-grid structure between the screen grid and
the plate of the tetrode. Tubes that are provided with this extra grid are
known as pentodes. The suppressor grid must be maintained at a lower
potential than the instantaneous potential reached by the plate at any
time in its potential excursions. Usually the suppressor is connected to
the cathode, either externally or internally. Now since both the screen
and the anode are positive with respect to the suppressor grid, secondary
electrons from either electrode will be returned to the emitting electrode.
The main electron stream will not be materially affected by the presence
of the suppressor grid. The effects of the insertion of the suppressor grid
are shown graphically in Fig. 2-14.

The pentode has displaced the tetrode in radio-frequency (r-f) voltage
amplifiers, because it permits a somewhat higher voltage amplification at
moderate values of plate potential. Likewise it permits a greater plate-
voltage excursion without distortion. Tetrodes are used extensively in
high-power tuned amplifiers.

The transfer curves of a pentode are shown in Fig. 2-15. It is noted
that the curves are almost independent of the plate voltage.
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2-11. Remote-cutoff Tubes. If in a pentode the grid-cathode spacing,
the spacing between grid wires, or the diameter of the grid wires is not
uniform slong the entire length of the control-grid structure, the various
portions of the grid will possess different degrees of electrostatic control
over the plate current. That is, one portion of the grid may cause
electron-flow cutoff, whereas an appreciable current might pass through a
more widely spaced section of the grid.
As a result, the plate-current control by
the grid is considerably less effective than
in a conventional pentode. The general
character of the results is illustrated in
Fig. 2-16. Owing to its construction, a
given grid-voltage increment results in
a plate-current change that is a function
of the bias. This means that the mutual =9 16 The transter curves of a
conductance is a function of the bias. §8J7 sharp-cutoff pentode and a
For this reason, these tubes are called 6SK7 remote-cutoff pentode.
variable-mu tubes. They are also known
as remote-cutoff and supercontrol tubes. They have applications in radio
receivers and may be used in f-m transmitters. These applications will
be considered in later chapters.

2-12. Hexodes, Heptodes. A number of special-purpose tubes con-
taining more grid elements than the pentode are used extensively.
These tubes possess a wide variety of characteristics, depending upon the
grids to which fixed potentials are applied and those to which signals
might be applied. These tubes are used extensively as converters in
superheterodyne receivers and find f-m transmitter and other applica-
tions. More will be said about these in the sections having to do with
such applications. ,

2-13. Beam Power Tubes. The suppressor grid is introduced into the
pentode in order to extend the range of operation of these tubes beyond
that of the tetrode. These tubes are quite satisfactory over wide limits,
and the range of operation is limited when the instantaneous plate
potential falls to the rapidly falling plate-current region at low potentials.
This rapid change in plate current for small changes in plate potential
in the region of low plate voltage results from the overeffectiveness of the
suppressor grid at these low plate potentials.

Because of this, the shape of the suppressor grid in some modern
pentodes has been so dimensioned that the effects of secondary emission
are just suppressed or only admitted slightly at the low anode voltages.
This results in an improved plate characteristic and is manifested by a
sharper break in the plate characteristic.

€c
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The pentode or tetrode beam power tube was designed with these

considerations specifically in mind, and the plate characteristics are
illustrated in Fig. 2-17. The essen-

% Beam power tube tial features of the beam power tube
are illustrated in the schematic view
Power penfode - of Fig. 2-18. One feature of the de-

sign of this tube is that each spiral
turn of the screen is aligned with a

es spiral turn of the control grid. This
F16.2-17. The plate characteristicof a  S€TVES to keep the screen current
heam power tube and a power pentode. Small and hence leaves the plate
current virtually unchanged. Other

features are the flattened cathode, the beam-forming side plates (main-
tained at zero potential), the shape of the plate, the curvature of the

BEAM-
CONE INING =
ELECTRODE

CATHODE ~

F1c. 2-18. Schematic view of the shapes and arrangement of the electrodes in a beam
power tube. (RCA Mjfg. Co.)

grids, and the spacing of the various elements. As a result of these
design characteristics, the electrons flow between the grid wires toward
the plate in sheets, or beams.

The region between the screen and the plate possesses features which
are somewhat analogous to those which exist in the space-charge-limited
diode. That is, there is a flow of charge between two electrodes. How-
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ever, the electrons, when they enter this region do so with an appreciable
velocity. For such a case as this, the considerations of Sec. 2-1 would
have to be modified to take account of the initial velocity. If this is
done, it is found that a potential minimum will exist in the region between
the two electrodes. This potential minimum acts as a virtual suppressor
grid, and any secondary electrons that are emitted from either the plate
or the screen are returned to the emitting electrode.

The actual potential distribution in the screen-plate region will depend
on the instantaneous plate potential and the plate current, for a constant
screen potential. The resulting variable suppressor action proves to be
superior to that possible with a mechanical grid structure, as illustrated.

GAS TUBES

2-14. Electrical Discharge in Gases. There are two important types
of discharge in gases that play roles in electron tubes. One of these is
the glow discharge, and the second is the arc discharge. The glow dis-
charge utilizes a cold cathode and is characterized by a fairly high tube
drop and a low-current-carrying capacity. The voltage drop across the
tube over the operating range is fairly constant and independent of the
current. The arc discharge is characterized by a low voltage drop and a
high current capacity. For an arc tube with a thermionic cathode, the
temperature-limited cathode emission may be drawn with a tube drop
approximately equal to the ionization potential of the gas. For a mer-
cury-pool cathode, extremely high cur-

rent densities exist (of the order of “&

5 ><‘108 amp/m?), with high qurrents A;g;g/’:‘;/’g’"g

possible and a tube drop approximately /

equal to the ionization potential of the

mercury atom. Breakdown
Consider a gas tube which consists of potential

a cold cathode and a collecting anode, /

. . €6
between which is connected asource of . =, o Volt-ampere character-

potential through a current-limiting igic of a glow discharge.
resistor, and an indicating ammeter.
The volt-ampere characteristic of such a tube has the form illustrated in
Fig. 2-19. This curve shows that breakdown occurs at a potential which
is somewhat higher than the maintaining potential but that there is a
region where the tube drop remains substantially constant over an
appreciable range of currents. Visually, the discharge is characterized
by a colored luminous region, the color being a function of the gas present
in the tube.

It is desired to explain the mechanism of operation of these tubes.
Consider, therefore, that a free electron exists within the tube; such an



28 ELECTRON-TUBE CIRCUITS [Chap. 2

electron might have been released by ionization due to collision between
a gas molecule and a cosmic ray or by photoelectric emission. With the
application of the potential between the electrodes, the electron will drift
toward the anode. If the field is large enough, the electron may acquire
enough energy to ionize a molecule when it collides with it. Now two
electrons will be present, the original one and also the electron that has
been liberated by the process of ionization, and a positive ion. The two
electrons and the positive ion will move in the applied field, the electrons
moving toward the anode, and the positive ion toward the cathode. If
the field is large enough, the resulting cumulative ionization may continue
until breakdown occurs. Once breakdown occurs, the potential distribu-
tion within the tube is markedly modified, and most of the region of the
discharge becomes virtually equipotential or force-free, containing as
many positive as negative charges. This is the plasma of the discharge.
Almost the entire potential change occurs in the very narrow region near
the cathode. Normal values for cathode-fall voltage range between
about 59 volts (a potassium surface and helium gas) and 350 volts. The
presence of a low-work-function coating on the cathode will result in a
low cathode fall with any gas. Also, the use of one of the inert gases
(helium, neon, argon, etc.) results in a low cathode fall with any cathode
material. The cathode fall adjusts itself to such a value that each posi-
tive ion, when it falls through this field, will release an electron from the
cathode by secondary emission. The positive ion combines with this
electron and thus becomes neutralized.

Another feature of a normal glow discharge is that the current density
of the cathode remains sensibly constant. Ior higher currents, a greater
portion of the cathode is covered with glow, the area of the glow on the
cathode increasing directly with the magnitude of the current. Once
the cathode is completely covered with glow, any further current through
the tube depends on an excess of secondary emission from the cathode
over that required to neutralize the positive ions. This is accompanied
by a rising cathode fall. This is the ‘“abnormal” glow and is generally
of small practical importance.

The dividing line between an arc and a glow discharge is rather indis-
tinct. The arc discharge allows for the passage of large currents at low
voltage, the current density at the cathode being high. Nevertheless
each discharge has associated with it the cathode fall, the plasma, and
the anode fall (which is of minor significance in both types of discharge).
The discharges differ in respect to the mechanism by which the electrons
are supplied from the cathode. In the glow discharge, as discussed, the
electrons are emitted from the cathode by the process of secondary
emission resulting from positive-ion bombardment of the cathode. In
the arc discharge, the emission of the electrons from the cathode occurs
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through the operation of a supplementary mechanism other than by
positive-ion bombardment. In the thermionic arc, the electrons are
supplied by a cathode that is heated to a high temperature, either by the
discharge or externally by means of an auxiliary heating circuit. The
mechanism for electron release is not fully
understood in the arecs that employ a mercury-
pool cathode or an arc between metal surfaces.
However, in the discharges the primary func-
tion of the gas is to supply a sufficient positive-
ion density to neutralize the electron space
charge. Because of this, the normal potential 5 ™5 54  Rlectrode
drop across an arc tube will be of the order of giructure in 2 VR tube.
the ionization potential of the gas.

2-15. Glow Tube. A glow tube is a cold-cathode gas-discharge tube
which operates in the normal glow-discharge region. The voltage drop
across the tube over the operating range is fairly constant and independent
of the current. When the tube is connected in a circuit, a current-limiting
resistor must be used if serious damage to the tube is to be avoided.

One commercial type of tube consists of a central anode wire which is
coaxial with a cylindrical cathode, as illustrated in Fig. 2-20. The elec-

\\.Starting probe
“Anode

Fi1e. 2-21. Photographs of several low-capacity glow lamps. (General Electric Co.)

trodes are of nickel, the inner surface of the cathode being oxide-coated.
The cathode fall is sometimes lowered by sputtering some misch metal (an
alloy of cerium, lanthanum, and didymium) on the cathode. The gases
that are commonly used are neon, argon, and helium. The tubes con-
taining neon or helium usually contain a small amount of argon. The
presence of the argon lowers the starting voltage. These tubes are
available with normal output potentials of 75, 90, 105, and 150 volts and
bear the designations VR-75, VR-90, etc. The normal maximum current



30 ELECTRON-TUBE CIRCUITS " [CHaP. 2

is 30 ma. The starting probe that is attached to the cathode, as illus-
trated in Fig. 2-20, serves to lower the breakdown voltage of the tube.

Glow lamps are also available for pilot, marker, and test-lamp service.
Such tubes are available in several sizes from 145 to 3 watts capacity.
Photographs of these are given in Fig. 2-21.

2-16. Cold-cathode Triodes. A cold-cathode triode, or grid-glow tube,
contains three elements, the cathode, the anode, and a starter, or control,
anode. The control electrode is placed

400 close to the cathode. The spacing
£ of the electrodes is such that a dis-
1300 charge takes place from the cathode
‘%20 0 to the control electrode at a lower po-
3 AN tential than is required for a discharge
2 100 ™~ from the cathode to the anode. Once
£ ] the control gap has been broken down,

however, it is possible for the discharge

0

0 25 50 75 100 125 150 I75 200225 {0 transfer to the main anode. The

Transfer current, pa . .
.. cathode-anode voltage that is required

Fig. 2-22. Transfer characteristic £ hi f . ¢ .
of an RCA OA4G cold-cathode fOT this transfer to occur 1s a unctl(?n
triode. of the transfer current, the current in
the control electrode-cathode circuit.
Such a “transfer,” or “transition,” characteristic is given in Fig. 2-22.
For zero transfer current, which means that the control electrode is not
connected in the circuit, the anode

the transfer current is increased. /
An increased transfer current in- 0.00!
dicates the presence of greater /
ionization. Regardless of the 0.000]
magnitude of the transfer current, TO 20 40 60 80 100 120
however, the anode-cathode volt- emperafure of condensed mercury,°C
age can never fall below the main-
taining voltage for this gap. The
transfer characteristic approaches this sustaining voltage asymptotically.
2-17. Hot-cathode Gas-filled Diodes. These tubes are thermionic
cathode diodes in which there is an inert gas at low pressure or in which
mercury vapor is added. In the latter case a few drops of mercury are
added to the tube after evacuation. The pressure in the tube is then a

voltage is equal to the breakdown £ -0 M
voltage between cathode and € P
anode. It is observed from the ?:j 0.1
curve that the required anode- £ //
cathode voltage falls rapidly as s 0.0l va

:

s

F1g. 2-23. Mercury-vapor pressure as a
function of condensation temperature.
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function of the mercury-vapor condensation temperature. The relation-
ship between the pressure and the temperature is shown in Fig. 2-23.
Under normal operating conditions, the temperature of the tube will be
15 to 20°C above that of the surroundings (ambient temperature).

As already discussed, the sole function of the gas in these tubes is to
provide ions for the neutralization of space charge, thus permitting the
current to be obtained at much lower voltages than are necessary in

e - SaEnag

Fi1c. 2-24. Commercial mercury-vapor diodes of different capacity. (RCA Mfg. Co.)

R &

vacuum tubes. If more than saturation current is demanded by the
circuit, then gas amplification, resulting from positive-ion bombardment,
of the cathode, will occur. Under these circumstances the cathode fall
increases. The tube drop should not be permitted to exceed the dis-
integration voltage of the cathode (about 22 volts for a mercury diode
with either oxide-coated or thoriated-tungsten cathodes); otherwise the
cathode may be seriously damaged by the positive-ion bombardment.

Two typical commercial mercury-vapor-filled diodes areillustrated in
Fig. 2-24.

2-18. High-pressure Gas Diodes. Diodes are available which contain
argon or a mixture of argon and mercury at a pressure of about 5 cm.
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The cathodes in such tubes consist of a short, heavy thoriated-tungsten
or oxide-coated filament and are located close to heavy graphite anodes.
These tubes, which are known as tungar or rectigon tubes, are used exten-
sively in chargers for storage batteries.

The presence of the fairly high pressure gas serves a twofold purpose.
One is to provide the positive ions for reducing the space charge. The
second is to prevent the evaporation of the thorium or the coating from
the filament. This second factor is extremely important since the fila-
ment is operated at higher than normal temperature in order to provide
the large currents from such a simple cathode structure. The high-
pressure gas in such a tube imposes a limitation on these tubes, and they
are limited to low-voltage operation.

2-19. The Thyratron. The thyratron is a three-electrode tube which
comprises the cathode, the anode, and a massive grid structure between
them. The grid structure is so designed as to pro-
vide almost complete electrostatic shielding between
the cathode and the anode. In such a tube as
this, the initiation of the arc is controlled by control-
ling the potential of the grid. The grid usually con-
sists of a cylindrical structure which surrounds both
the anode and the cathode, a baffle or a series of
bafles containing small holes being inserted between
the anode and the cathode. The electrode structure
of such a tube is illustrated in Fig. 2-25. The
shielding by the grid is so complete that the appli-
Fre. 2-25. Theelec- cation of a small grid potential before conduction is
trode structure of a  started is adequate to overcome the field at the
negative control  gathode resulting from the application of a large
thyratron. .

anode potential.

Once the arc has been initiated, the grid loses complete control over the
arc. Grid control is reestablished only when the anode potential is
reduced to a value less than that necessary to maintain the arec. Once
the arc has been extinguished by lowering the plate voltage, the grid once
more becomes the controlling factor which ‘determines when conduction
will again be initiated. That is, if the grid potential is more positive
than that necessary for the controlling action to prevail, conduction will
take place; if more negative, no conduction will occur.. The curve that
relates the grid ignition potential with the potential of the anode for
conduction just to begin is known as the critical grid curve. In fact, a
knowledge of this static curve is all that is required to determine com-
pletely the behavior of a thyratron in a circuit.

Typical starting characteristic curves.of mercury-vapor thyratrons are
given in Fig. 2-26. Two distinct types of characteristics are illustrated,

A Cathode
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viz., those in which the grid potential must always be positive, and those
in which the grid is generally negative, except for very low plate poten-
tials. The physical distinction between these positive and negative
control tubes lies essentially in the more complete shielding by the grid
in positive control tubes.

In the negative control tube where the shielding is far less complete
than in the positive control type, the effect of the plate voltage is clearly

FG-21A Negative control |FG-33 Positive control tube
80050°f100 3Q° tube 80? Sqo 300
2,800 \ \
S
S 600 \
RN
o N
g N\
a ~
0

-0 -8 6 -4 -2 0 2 4 6 8 10 12
D-c grid potential at start of discharge

Fig. 2-26. Critical grid characteristics of a positive and a negative control thyratron
for different temperatures. *

seen; the higher the plate potential, the more negative must the grid
potential be in order to prevent conduction from taking plate. For low
plate potentials, positive grid potentials must be applied before ionization,
and hence conduction, can begin. If the plate potential is reduced still

more, even below the potential neces- 320

sary for ionization, breakdown can still 20

be obtained by making the grid suffi- N 240 ~
ciently positive. Now, however, the \\ ZOOE
function of the tube may be destroyed, ) 160 E
since the arc may take place between | &
the cathode and the grid, with very N Zg%’
little current to the plate. The thy- N a0 &

ratron will be converted into a gas di- 0
ode under these conditions, the plate -40-36 -3 éZB.;%P-'ZS -lﬁ+ ‘~I!2 -8 -4 0

1 3 orentia

ot s dumny o e g, 30 et e
* istic of an 884 argon-filled thyratron.

It is because of this that alarge current-

limiting resistor is connected in the grid circuit, as it is unwise to draw a

large grid current.

In addition to the mercury-vapor- and gas-filled thyratrons of moder-
ate current capacity, small argon-filled low-current-capacity tubes are
available. The shielding between the cathode and the anode is not so
complete in these tubes as in the higher current units. Also, the critical
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grid curves are independent of temperature, since the number of gas
molecules in the glass envelope remains constant. A typical eritical
grid curve for an 884 is given in Fig. 2-27.

2-20. Shield-grid Thyratrons. Before breakdown of the tube occurs,
the current to the grid of a thyratron such as the FG-27A is a few tenths
of a microampere. Although this current is entirely negligible for many
applications, it will cause trouble in circuits that require very high grid

Shield grid potential
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Control grid voltage

Frg. 2-28. Electrode structure of the Fia. 2-29. Control characteristics of an

FG-98 shield-grid thyratron. FG-98 shield-grid thyratron.

impedances. This is especially true in circuits that employ phototubes.
For this reason, a fourth electrode, or shield grid, has been added to the
thyratron. Such a shield-grid thyratron structure is illustrated in Fig.
2-28. The massive cylindrical shield-grid structure encloses the cathode,
control grid, and anode. Owing to the shielding, the grid current is
reduced to a small fraction of its original value, the preignition current
being of the order of 10—* pamp.

The critical grid starting characteristics of such a tube are shown in
Fig. 2-29. It will be observed that these characteristics are functions of
the shield-grid voltage.

2-21. The Ignitron. The ignitron is a mercury-pool cathode diode
which is provided with a third electrode for initiating the discharge
between the cathode and anode. The third electrode, or ignitor rod, is
made of a suitable refractory material (such as silicon carbide, boron
carbide, and carborundum) which projects into the merecury-pool cathode.
Such a tube is illustrated in Fig. 2-30.
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