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VIEWING THE ANAGLYPHS

The three two-colored anaglyphs facing pages 9,
37, and 122, must be viewed through the red and
blue spectacles that will be found in an envelope
fastened to the inside back cover. Hold the spec-
tacles close to the eyes with the blue filter over the
right eye and the red over the left eye. For a person
with normal eyesight, the stereoscopic effect will be
obtained with the page held at ordinary reading dis-
tance; this distance may vary for persons whose
vision is not normal and uncorrected.

In the case of anyone who may be color blind, he
may be unable to see the stereoscopic effect, depend-
ing on the degree and nature of the visual defect.
In such event, looking at an anaglyph with one eye
through one of the filters will enable him to see the
illustration in at least two dimensions.
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Chapter 1

INTRODUCING THE ELECTRON

For centuries men sought it, yet they knew not what they

were seeking. Over two thousand years ago thinkers started

guessing what it was and strangely enough, some of those ancients’

guesses were surprisingly accurate. They felt there had to be “some-

thing” on which to build their conceptions of the how and why. of

things, but what this something was—there was the rub—that they did
not know.

It was not until men had discovered that research and experiment
going hand-in-hand with logical thinking were the keys to the age-old
puzzle, that any progress was made in the tracking down of this famous
and elusive unknown. Then for a century or so, guesses became better
and better—closer and closer to the truth—and it was finally decided
that men were looking for something common to everything—a uni-
versal building block. Chemists and physicists guessed and experi-
mented and, just about a half century ago, their efforts were at long
last rewarded: they discovered the Electron! As far as'we know, it is
the second smallest thing in the world.

1

Tms 1S A TALE about the second smallest thing in the world.
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It was discovered more than fifty years ago, but has never been
seen. Science knows its weight, its size, its electrical character, how
and when it moves and how fast it travels—yet we have never seen it.
Strange, isn’t it? We know that it has an enormous capacity for doing
many jobs which we are sure it has been doing since the beginning of
everything, but the important fact is today we are learning how to
make it do the many jobs we require done. One of the most important
of these jobs for the benefit of hundreds of millions of people is its
lightning-like flight in a device known as a vacuum tube.

In order to secure a proper understanding of the vacuum tube, that
most valuable of devices which has made possible the many forms of
electrical transmission of intelligence, television, and radar, it is essen-
tial that you have a solid foundation in your knowledge of the electron.
Not that we have any intention of considering the highly technical
aspects of this subject, for, after all, this is an elementary book. But
elementary as it may be, it is our personal feeling, based upon study
and experiment, that every student of the vacuum tube should know
something about the electron and its behavior.

The reason for this is not difficult to understand, if you appreciate
the fact that the operation of the vacuum tube is based upon the ac-
tions of the electron. Realizing that many different types of vacuum
tubes are utilized for many different applications and that the presence
of the electron within the vacuum tube is due to different conditions,
it would seem quite impossible to understand the manner in which
these various kinds of tubes function to accomplish their purposes
unless you understood the behavior of the electron. Under the circum-
stances, there seems to be no more fit starting point than a discussion
of the electron.

The Electron

If we choose to say that electricity is “something” which is capable
of doing work, then that “something” which can do this work for us

Meet e
Electron — who must have ———_?‘_—P@

wings for he .
goes everywhere somelimes nearlyas fastas Light

is carried from place to place by a very tiny particle known as the
electron. In other words, the electron is either a carrier of a certain
amount of electricity or it is a certain amount of electricity. Whichever
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elements. For example, in the manufacture of vacuum tubes use is
made of many compounds as well as elements and it is surprising to
note the number of elements which are employed; particularly those
of the metal, rare earths, and gas variety. Rare earths and metals come
under the general classification of solids.

Recognizing that a chemical compound is the result of a combination
of various chemical elements, it stands to reason that the smallest
possiblé subdivision of a compound which still retains the character-
istics of that substance must be something other than the atom. For,
if the subdivision is carried down to the point where the compound
is subdivided into its constituent atoms, it no longer is the same sub-
stance. It is here that we encounter a new term which helps us to
develop the construction of matter.

The Molecule

Whereas the smallest subdivision of an element is the atom, the
smallest subdivision of a chemical compound is the molecule. For
cvery kind of chemical compound which exists there is that kind of a
molecule. For example, the smallest subdivision of water, as water,
is a molecule of water; for illuminating gas it is a molecule of this
gas; for steel it is a molecule of steel; and so on. Generally speaking
the size of the molecule is larger than the atom, for the molecule is a
structure of atoms. There was a time when it was said that the
molecule, like the atom, was invisible. This is still true in almost all
instances, but not in all, for recent reports about the new electron
microscope, a device capable of tremendous magnification, state that
large  molecules of certain materials have been seen. The molecule,
however, is still an extremely small particle of matter and is generally
considered to be invisible.

Thus we have reached the second building block in the constructional
pattern of matter, first the atom and then the molecule. Lest you build
up the wrong impression concerning the molecule, we wish to add that
molecules are not associated only with compounds; they are to be
found as elements as well, but such molecules of elements differ from
the molecules of compounds in that the molecule of the element is made
up entirely of atoms of that one element, whereas molecules of a com-
pound are made up of different kinds of atoms which, in certain com-
binations, comprise the compound. As to the number of atoms which
form a molecule of an element it is safe to say that it would be one or
more, although this is not of great significance to us. In the case of
compounds, the number varies with the compound; some molecules are
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very complex and others are very simple, as, for example, water, which
has two atoms of hydrogen and one atom of oxygen in each molecule.

WATER, o Compounp,
7 is made up of
L 2 Atoms of | Atom of-

W . O-l')d-

HYDROGEN  OXYGEN

In some instances the arrangement of atoms is quite complex. In a
crystal of common rock salt, the sodium and chlorine atoms are grouped
as shown in the anaglyph, Plate 1. The sodium atom at the center of
the cube is equidistant from six of the chlorine atoms and each chlorine
atom is likewise equidistant from six sodium atoms. This interlocking
formation is carried throughout the entire piece of rock salt. This also
illustrates the fact that the atoms of a substance are not packed tightly
together, but that they are separated by relatively great distances.

The Atom Too Is A Structure

Referring once more to the atom, while it is a fundamental building
block of all matter, it too, is a structure. In other words, it is not an
indivisible particle. If, as we have stated, there are 92 different kinds
of atoms, one for each kind of element, how do they differ? What is
the difference between say an atom of copper and an atom of iron?
The answer may surprise you, for the difference between atoms s the
amount of electricity within the atom and the arrangement of the va-
rious particles of electricity which comprise the atom! If from this
statement you conclude that every material thing in this world is made
up of electricity, then you are correct, for such is the case. In other
words, you may recall comment to the effect that such and such a
device makes electricity. That is not so! . . . Electricity is never
made or created—it already exists in everything! Those devices which
are classified as being producers of electricity, like batteries or genera-
tors, are simply devices which can make electricity (for example
electrons) move in an electrieal system. They never produce elec-
tricity!

As to the atom being a structure, it is a very interesting one. Al-
though there is not entire agreement among all scientists concerning
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The atomic number is the number of planetary electrons which
revolve around the nucleus. Thus, for copper, the atomic number is
29, which means that this atom has 29 electrons revolving at high speed
in its planetary system, with great spaces between the respective
electrons.

The Modern Idea

Today’s theory is sometimes modified although it does not materially
alter the picture. Whereas the old ideas of the structure of the nucleus
of an atom evolved by Bohr considered individual protons and elec-
trons, the modern conception recognizes the existence of the protons
amd electrons within the nucleus, but it states that the electrons within
the nucleus are, to put it in simplest terms, in affinity with an equal
number of protons in the form of pairs, each pair consisting of a proton
and an electron. This new kind of particle is called a neutron and

. F §
be,ms 5

Nzu‘l’ror) — who isp't anylhing electrically

since each of these particles has within it a single plus charge and a
single minus charge, electrically speaking, the net charge of the neutron
is zero. In other words, the neutron is electrically neutral.

This does not of course disturb the electrical balance of the entire
atom, for if an atom (cobalt) has 59 protons and 59 electrons, of
which number of electrons 27 are planetary, the 32 electrons within
the nucleus are in affinity with 32 of the total 59 protons so as to form
32 neutrons. The remaining 27 protons remain within the nucleus to
balance the electrical charge of the 27 planetary electrons.

Actually, other particles have also been identified as being within
the atom, but we need not discuss them for they have no immediate
bearing upon our subject and it is entirely correct technically, con-
sidering the scope of this book, to view the atom as we have, inclusive
of the neutron. Even if we had omitted the reference to the neutron,
it would not have altered the presentation of facts associated with the
operation of vacuum tubes.

Continuing with the atom, we are approaching that portion of this
discussion which is of greatest significance, as far as vacuum tubes are
concerned, As is readily evident, the major difference between atoms
is in the distribution of the electrons and the total number of protons.
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Therein lies the difference between the nature and behaviour of the
various kinds of elements. From the electrical viewpoint, there is an-

Here’'s aon Atom of HELIUM
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other difference between atoms which is associated with the behaviour
of the planetary electrons.

While it is true that the protons within the nucleus display a power-
ful attracting force upon the planetary electrons and the ‘lectrons have
a like attraction for the protons, this force is not the same in all atoms.
In some atoms, the outer electrons, that is, those which revolve in the
outermost orbits, are often under the influence of some external force,
such as collision between atoms or extreme agitation of the atoms,
and will fly out of their orbit or be knocked out of it and so leave
the atom. When this happens, the atom, which is shy one or more elec-
trons, now has a preponderance of positive charges and will therefore
exert an attracting force upon other electrons. Then again, as a result
of some action, one or more electrons which are not attached to any
one atom, having been freed from some other atom, may become
attached to an atom which was originally electrically neutral, thus
making it more negative and giving it a tendency to repel other free
electrons. These excess electrons may then, due to some agitation or
collision, be knocked off the atom and will join some other atom so
that a transfer or movement of electrons is continually taking place
between the atoms of a substance especially in metals. The freedom
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slowly and strike atoms, they may become. attached to these atoms,
or may bounce away from them without any effect. However, if they
strike the atoms at high speed, they may give up all or part of the
energy they possess to the atoms they strike. When this happens the
atoms radiate light and the gas is said to glow. As a rule, the ionization
of a gas atom is accompanied by such a glow of light and this is quite
commonplace in vacuum tubes which contain a gas. The exact color of

When an Electron That is going very fast bumps
ioto an Atom, one of the Aiem's Electropsis
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the glow is dependent upon the kind of gas within the tube. Although
somewhat removed from the subject, neon advertising signs are typical
of such action, wherein light is radiated by the atoms of the gas due
to such bombardment of the gas atoms by high-speed electrons.

To summarize the foregoing we may state that electrons move
within the atom and under proper conditions, move freely between
atoms. Further, since everything upon this earth consists of atoms,
electrons are available in everything. Whether or not they can move
freely is another matter, depending upon the nature of the substance,
that is, the kind of atom. And last, although the particles within the
nucleus of the atom are supposedly packed tightly together (about
this no one is certain), there is plenty of room between the planetary
electrons and the nucleus. In other words, there are great spaces within
the atom.

How about the complete atom? How does that behave? This is
largely a matter of conjecture. Scientists say that the atoms of a
substance are always in a state of agitation and this applies to all
substances. They move about and collide with each other and with
free electrons. The greater the number of free electrons which have
been liberated from atoms, the greater the number of these collisions.
Since the individual atoms are in a state of agitation, it stands to
reason that they are not solidly packed in any substance.
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compressed, the molecules are quite close together. But even here

they are not solidly packed, but have a definite freedom of motion,
and are in a state of agitation.

So much for the subject of electrons as it relates to the electronic
theory of electricity and the atomic theory of matter.
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heat the electron emitter are in use. One is the direct method, wherein
the electric current, which may be either a-c or d-c, is caused to flow
through a filament of wire and heat it to either a cherry red or a white
heat, depending upon the nature of the filament,

The Indirectly Heated Cathode

The second method, and the one which is most common today, em-
ploys an indirectly-heated cathode. The cathode is the element which
is the electron emitter, and this is heated to the electron emitting
temperature, which is usually a cherry-red heat, as a result of the
heat from the heater. The electric current flows through the heater.
The cathode surrounds the heater and the heat energy created in the
heater is conveyed by conduction to the cathode by means of an
electrically insulating sheath. This is somewhat similar to what hap-
pens in an ordinary soldering iron or household iron. The heating ele-
ment is inside and is electrically insulated from the outside surface.
The outer sheath of metal to which the soldering tip is attached in the
soldering iron becomes hot as the result of the heat from the heating
element. Incidentally, such heated surfaces, like the soldering iron,
the curling iron, the heating elements in toasters, all emit electrons
but in such small quantities as to be entirely impractical of use.

The amount of electron emission that can be obtained from an in-
candescent filament or cathode depends upon a number of factors.
Essentially it depends upon the temperature of the emitter which, in
ordinary vacuum tube operation, is determined by the current through
the filament or the heater, depending upon the type of tube, and also
upon the nature of the emitter.

Considering these separately, it would seem that the higher the tem-
perature of the emitter, the higher the emission. That is correct, but
for a limiting agency: the effect of excessive temperature upon the
emitting material. These substances are designed for operation within
certain temperature limits in order to obtain maximum operating life.
Excessive temperature causes an extremely rapid deterioration of the
material, and thereby results in an extremely great reduction in operat-
ing life if not immediate irreparable damage. This applies equally to
the filament, heater, and cathode, hence to all types of tubes which
use heated electron emitters. This topic is further discussed under the
heading of “Plate Dissipation” in Chapter 13.

The abundance with which electrons are emitted also is influenced by
the chemical nature of the emitter. Certain materials, such as oxide-
coated filaments and cathodes, are more.prolific emitters than either
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tungsten or thoriated tungsten. During the early days of vacuum tube
development, filaments and cathodes coated with the oxides of alkaline
earths were used only in special tubes and were very highly prized.
Today they are used in the majority of receiving tubes and in most of
the low-powered transmitting tubes. These electron-emitting surfaces
are in reality surfaces baked upon a core material,

Types of Electron Emitters

In the early days the core material of such oxide-coated filaments,
made famous by the Western Electric “E” and “J” tubes, was either
platinum or an alloy of platinum and iridium. Today it is frequently
an alloy of iron, cobalt, nickel, and titanium, which is commercially
known as Konel. This core is covered by a coating of a paste of
strontium and barium, the oxides of which are formed during manu-
facture. Such tubes are operated at a cherry-red temperature, as are
also the oxide-coated cathodes.

The reasons why such oxide-coated filaments are more prolific emit-
ters of electrons than filaments not coated is still a matter of disagree-
ment. Van der Bijl says that such a coated filament enables electrons
to break through the barrier at a lower speed than they could in the
uncoated filament.

A Thoriated Tungsten 'Fila.ngcof has
a core of Tungsten
covered with a '
layer of
Thorium
one - atom

Hick

Thoriated-tungsten filaments as electron emitters largely supplanted

tungsten filaments in receiving and low-powered transmitting tubes.
This type of filament affords the advantage of greater electron emis-
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tungsten filament, however, a gradual evaporation of the tungsten
accompanies its use, so that the filament becomes thinner and thinner,
and consequently its resistance rises and its current carrying capacity
decreases. In order to maintain the longest possible life, the voltage
across the terminals is usually held constant, rather than keeping the
current through the filament constant. Accordingly filament circuit
indicators used in high-power transmitting systems employing tungsten
filament tubes are voltmeters instead of current meters.

So much for the present about the subject of thermionic emission.
What we have said is by no means a complete explanation of the sub-
ject. Much has been left unsaid, some of it because there will be
further discussion later in this text, and the remainder because it is
too detailed for inclusion in a book of such elementary character.
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any importance, for if we had the negative ion as a carrier of an elec-
trical charge, it would be doing nothing more than could be done by
the electron itself, which is far more mobile than the negative ion.
In gases and liquids however, the negative ion occurs sufficiently often
to justify its recognition as another example of a carrier of a negative
charge.

Now, using this summary of the properties of charges as our basis,
we can make further progress in our effort to clarify the problem of
charges and charged bodies. Actually, the smallest particles of elec-
tricity in order of size are the proton and the electron, so that there
are only these two elemental charges. All things larger than this can
very readily be classified as charged bodies. A distinction should be
made between electrons and ions, which are charges, and a charged
body, which is the material object upon which the charges exist.

Laws of Attraction and Repulsion

Referring again to what Edison found in his incandescent lamp, we
now are in a position to consider the motion of the electrons in that
tube. Why did the electrons move to the metal plate which Edison
connected to the positive end of his filament? The reason is expressed
in the most basic laws of electricity, the laws of attraction and repul-
sion, which state that

1. Like charges repel one another.
2. Unlike charges attract one another.

This means that electrons have no appeal for other electrons; posi-
tive ions do not like other positive ions, and negative ions also do not
like other negative ions. On the other hand, electrons like positive

LIKE Chorges REPEL  and  UNLIKE Cborgzs ATTRACT

@@@

ions, but dislike negative ions. To put this differently, anything which
is electrically negative has an attraction for anything which is elec-
trically positive, and vice-versa, but things electrically positive do not
like other things which are electrically positive, and the same applies

7 \\-—- / 7
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for two things which are electrically negative. Thus, in Edison’s tube
the metal plate which he connected to the positive end of the filament,
became a positively charged body and therefore attracted the electrons
towards it.

Electrostatic Fields (Zone of Influence)

Now, if you ask why this attraction or repulsion takes place, we
cannot give you this answer. All we know is that scientists have estab-
lished these laws of attraction and repulsion and we accept them as
fact. However, some explanation does exist, developed no doubt as a
convenience, which describes some of the conditions involved in this
process of attraction and repulsion, but it still does not answer the
question “why.” That some sort of invisible influence does exist be-
tween charges has been definitely established, and the fact that this
influence is a force, is also conclusively proven since it can cause
objects to move.

This something, which we have referred to as an influence, has been
named an electrostatic field and it is inseparably associated with the

When on Afom loses an Electron, it When an Atsm gains an Electron it~
develops o charge equol 1o thot of qoins o charge equal 1o thet of
e Electron bub opposite ip its the Electron and of the seme
directive force. direclive force,
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elemental charges and ions, and hence it is associated with all objects
larger in dimensions than these elemental charges—for all things are
composed of elemental charges. Where such an elemental charge exists,
such a field also exists, for the two are inseparable. In the normal
atom where there are equal numbers of unlike elemental charges, the
field of each charge exists, but it does not manifest itself. Everywhere
around that atom the fields of the unlike charges are counteracting
each other insofar as influence upon something else outside of the atom
is concerned; hence the net effect is that there is no external electro-
static field. But, if an electron is taken from that atom so that it
becomes a positive ion, then it will be surrounded by an electrostatic
field, having a magnitude representative of that one surplus positive
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Charged bodies need not be solid plates. They can take various
shapes as for example, a wire bent back upon itself to form a ladder-
like structure. The active surface upon which the charge exists upon
such a structure is the wire forming the ladder. If an electrostatic field
exists between this ladder-like structure and a solid plate, the lines of
force are found to extend from the wire rungs to the solid plate. Lines
of force also emanate from the edges where the wire supports.the mesh,
but in this discussion we will neglect their presence. If such a screen
or any form of structure which does not present a solid strface is lo-
cated between two solid plates or two other charged bodies, the center
grid-like structure will act as a partial shield between the solid plates,
so that only part of the electrostatic field of the two outer plates
penetrates through the open spaces between the wires. Naturally the
closer these horizontal wires are to each other, so that there are less
open spaces, the more completely will the screen structure act as a
shield located within the field of the other two plates and which will
affect the nature of the field existing between the two solid plates. An
idea of the electrostatic field which would exist in such an assembly is
shown in a subsequent chapter.

The Force Existing Between Two Parallel Charged Plates

As we stated earlier in this text, the inverse-square law is not used
when examining the force existing in the electrostatic field of structures
which are the equivalent of vacuum tube electrodes. Because of condi-
tions within the tube, it has been found preferable to consider the field
between two parallel plates (theoretically of infinite size, which stipu-
lation we can neglect) as being uniform throughout the space between
the two plates. Lines of force shown between such plates, one of which
is positive and the other negative, would appear as parallel lines start-
ing from one plate and ending upon the other. The direction of the
lines of force are given as they would act upon a negative charge:
namely, from the negative plate to the positive plate.

At first thought, the reference to a uniform field existing between
two parallel plates of infinite size may be confusing; however, a little
further consideration will clear away any misunderstanding that may
exist. :

If a voltage is applied between two parallel plates which are sepa-
rated by a fixed distance and an electron is inserted in the space between
the plates, the force which will be exerted upon this test charge will be
the same no matter where the test charge is located between the two
plates. Although actually only one force acts, for purposes of illus-

i
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tration we may consider that two forces are acting upon this test
charge. As has been shown in the illustrations, the electrostatic lines
of force which fill the space between the plates are in such a direction
as to move the electron to the positively charged plate, but this move-
ment of the electron towards this plate is not due solely to the attrac-
tion of the positively charged plate. A distinct contribution to this
action is made by the negatively charged plate as well. During the
time that the positively charged plate is attracting the test charge, the
negatively charged plate is repelling the charge towards the positively
charged plate. Hence two forces are acting upon the test charge (elec-
tron).

Now if we imagine the electron initially located midway between the
two charged plates, equal forces of attraction and repulsion will move
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The uniform field is due to e existence of two forces acting op
The electron ond the fact that the sum of these force s remains
The same no malfer where e electfon may be located be-
tween The bwo fixed charged plates.

the electron in a single direction, i.e. towards the positively charged
plate. The total force moving the electron will be the sum of these two
individual forces, both, you will remember, acting in the same direction.

If the location of the electron is changed so that it no longer is
located midway between the two plates, but instead is located nearer
the negatively charged plate, the total force acting upon the electron
is still the same as before. Although it is true that the magnitude of
the attracting force has decreased due to the greater separation between
the electron and the positive plate, the magnitude of the repelling force
due to the closer proximity of the electron to the negative plate, has
been correspondingly increased, thus maintaining the total force
constant. »
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For the maximum force of 0.19 dyne upon the unit charge, the voltage
on the control electrode will be

E =0.19 X300 X3 =171 volts

The swing in voltage between the minimum and maximum voltage
limits is 162 volts upon this third electrode, whereas the swing in

s
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90 volts

voltage required upon the original plates, which were separated by 10
centimeters in order to create the same change in the force upon the
unit charge, is 540 volts. Thus we see that this third electrode is about
3.3 times as effective as the positive plate in controlling the force upon
the test charge.

By varying the separation between the original positively charged
plate and the intervening plate, it is possible to arrange for any pre-
determined ratio of effectiveness in the force exerted between the two
plates by the electrostatic fields due to the charges on these plates.
You can see from the example given that by applying a negative
charge to this intervening plate it is possible to offset the force of the
positive charge upon the positive plate at any point which is so located
that the intervening control surface is between it and the positively
charged plate. In like manner a positive charge on the intervening
surface can aid the existing field.

Suppose that we wanted the intervening plate to exercise an even
greater control over the test charge than was the case in the preceding
example. As has already been pointed out, this may be accomplished
by moving the intervening plate still closer to the left-hand plate. Let
us assume that this separation is 1 centimeter and that we still wish
to maintain the force exerted upon a unit test charge at 0.1 dyne.
Applying the equation, we obtain
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Characteristic Curves

In general, characteristic curves are associated with two reference
lines, which in a way act as the boundaries of the chart: one of them
horizontal and the other vertical. These two lines are joined in such
a way, depending upon the form of characteristic curve being shown,
that the bottom of the vertical line joins the horizontal line either at
the left end of the horizontal line or at some point along the length of
the horizontal line. Since we desire to show the simplest illustration,
we shall assume that the bottom of the vertical line joins the left end
of the horizontal line.

Maximum

The vertical lipe is known as e orDINATE or Y-axis and upits

of measure indicoting the magnitude of changes inh eFFecT
are drown upon it

Horizontal projection to or from Yeaxis parallel to
X-axs until ¥ meets curve

e ————— ———

! | Intersections of projections from

i one akis on curve and projections

Verticol P"OJ“""I o olber axis indicote the

t / ions fo and from | maqoikude of cause or eFrect,
X-axis o Y axis | whichever woy e curve is

I ur)hl ﬁiy mat curve | bunq uszd-

—t A 2 e

X" Vclw.s tr;crccbs¢ TB"s wa,y —_ Maximum

o "<= Values increase this way —=

The borizontal line is known as e asscissa or X-axis and
units of measure indicating changes in magnitude of e cause.
are shoay upon (S 4

Certain names are associated with these vertical and horizontal
reference lines. The former is known as the vertical axis, the Y axis,
or the ordinate. The horizontal line on the other hand, is known as
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curve in terms of the plate voltage that is required for a certain plate
current, or the bow-string pull—arrow flight curve in terms of the
percentage pull required for a certain distance of arrow travel, rather
than the effect upon the plate current by a certain change in plate
voltage, or the variation in distance of throw for different amounts of
bow-string pull.

All of this can be described in another manner. The curves operate
with equal facility in two ways, one manner being the resultant change
in effect as the cause is varied, and the other being the required change
in cause to produce a certain change in effect.

If orrow is pulled back to 100% of capacity
of e bow for different angles (ihe 1hird con-
dition), the distances covered will be differeqt:

_ _Angles 1 ground. __ _

Distance

Although such characteristic curves illustrate the relationship be-
tween two variables, one being the result of the other, a third quantity
is usually associated with the curves. This is a fixed quantity and is
required in order to tell a more complete story. For example, getting
back to our bow and arrow illustration, it is not sufficient to show
bow-string pull against distance of arrow travel. It is important to
identify the basic condition which exists and makes possible such a
characteristic curve. In this case the fixed quantity is the initial angle
with the ground at which the arrow is shot from the bow. Thus, if
this angle is 20 degrees in one case and 40 degrees in another case, the
diztance the arrow will travel will be different.

This same applies to the plate voltage—plate current curve. It is
necessary to state the temperature of the cathode, or the current
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this is shown as a characteristic, it will appear as a straight line over
the full range of variation of the voltage and the resultant changes in
the current. In this case, since the resistance remains fixed in value
at all time, the changes in current flow are directly proportional to
the changes in applied voltage.

If the resultant change in e second
quantity is directly proportionol toThe
variations in the first quantity, then
the relationship between THe two

s lipear.

Maximum

O 20 40 60 80 Maximum

To state this quantitatively, if in a circuit the application of 20 volts
causes the flow of 2 milliamperes, 40 volts causes the flow of 4 milli-
amperes, 60 volts causes the flow of 6 milliamperes, you can readily
see that the change in current is proportional to the change in voltage
—hence, the relationship between the two quantities is linear. Such
linear relationships are not necessarily shown by a single line; instead,
three, four, or more such linear characteristics may be contained upon
the same characteristic chart. '

Not many characteristics of vacuum tubes are linear throughout
their length. They may be linear over a certain portion and this por-
tion of the complete curve may be used. Those portions of the curve
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established for any one tube depends upon the information desired,
the more detailed and elaborate the required information, the greater
the number of types of characteristic curves. The manufacturers of
vacuum tubes in general have standardized upon a certain number,
usually either one or two different relationships, and it is these which
they furnish in the handbooks and reference guides. Since we have not
discussed specific tube types as yet, it would be premature to speak
about these specific kinds, but you shall become acquainted with them
in due time.

Families of Curves

In many instances characteristic curves are shown as famalies, that
is, a number of different curves which show the relationship between
the same two quantities but under different conditions, are indicated
upon the same chart. For example, again referring to our archer, we
showed four curves illustrating the distance the arrow would fly when
shot at a number of different angles with the ground. In like manner
we showed different plate voltage—plate current curves for different
values of cathode temperature. Families of characteristic curves are
quite commonplace in tube literature and you will see many of them
later in this book.

The most common and perhaps one of the most important vacuum-
tube characteristics is that which illustrates the magnitude of the elec-
tron stream moving across the inter-electrode space within a vacuum
tube for various values of positive voltage applied to the plate of the
tube. This, as has already been mentioned, is the plate voltage—plate
current characteristic.

That such should be the case is not difficult to understand if you bear
the following in mind. It is in terms of the plate current that most
applications of the vacuum tube are judged, for it is by means of the
flow of this plate current through the various electrical devices asso-
ciated with the vacuum tube and connected externally to it, that the
various functions of the vacuum tube are put to use.

Whether the vacuum tube is a converter of electrical power of alter-
nating character into electrical power of direct character, or is used
inversely as an inverter, or if the device is one wherein electrical power
of alternating character is utilized to control the release of energy
from another electrical source and thus create a state tantamount to
the process of amplification—in all instances, this is expressed in terms
of the plate current which flows through the tube and through the
devices externally connected to the tube. Hence you can expect to find
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the diode, one important point must be mentioned. It is important
not only in connection with the diode, but with regard to all other
tubes. We are referring to the modern conception of current flow in
the vacuum tube based on the electronic viewpoint versus the old
conception of electric current flow which is still prevalent in vacuum-
tube discussions.

In view of all that we have said so far, particularly in Chapter 4,
you naturally conclude that since tlie movement of electrons is from
the emitter to the plate within the vacuum tube, and since the move-
ment of electrons constitute electric current, the electric current flow
within a vacuum tube (plate current) is from the cathode to the plate
or from minus to plus. The movement of this current outside of the
tube is from the plate to the cathode through whatever devices are
connected between the plate and cathode.

That impression is entirely correct, yet we find it necessary to speak
about another and contrary one. Frankly, we do not like to mention
it, let alone discuss it, but it is about time that this old-fashioned and
erroneous idea was completely cast out of text books. However, since
so many authors still use it in their illustrations, we find it necessary
to recognize that it existed at one time.

Back in the dim dawn of electrical knowledge, nothing was known
of electrons nor of our present conception of the atomic make-up of
matter. It was, however, necessary to specify the direction in which
electricity flowed and so, quite arbitrarily, it was decided to say that
electric current flowed from the positive pole of the battery to the
negative pole of the battery through the external circuit. Today, how-
ever, we know that electrons flow from the negative pole of the bat-
tery, through the external circuit, and back to the positive pole of the
battery.

As you can see, our modern idea is exactly opposite to the old one,
but the old conception was universally adopted and has been in use
for a long time. The result is that in many illustrations, in fact, most
illustrations of current flow in vacuum-tube circuits, the current is
shown as flowing from the plate to the emitter within the tube, and
from the plus terminal of a battery or voltage source to the minus
terminal of the voltage source through the external circuit. In order
to be in line with modern thought, a schematic diagram founded upon
the modern concept of electron flow should be shown, wherein the
electrons flow from the emitter to the plate and the current flows from
the negative pole of the battery to the positive pole of the battery
through the external circuit.
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connects the plate to the cathode, the more easily it can be measured.
As to just what you would call this voltage, the best that we can do
is to refer to the name by which it is known, namely, “contact po-
tential.”

The use of this term to identify this voltage is not wholly correct,
yet, for want of a better name, it is used in commercial tube literature,
and we shall therefore use it on those grounds.

Determination of Diode Behaviour

All of this information about the flow of current in a diode, with
a positive, a negative, and zero voltage at the plate, merely supple-
ments the facts given in Chapter. 4. What we wish to determine is the
behaviour of the diode when those conditions which cause the flow
of plate current are varied. Only then can we establish facts relative
to the manner in which the diode is used.

What are the conditions which determine the amount of plate-
current flow in the diode? Since the magnitude of plate current is
partly dependent upon the emission of electrons from the cathode or
filament of the tube, the temperature of the emitter is a factor. In
accordance with what was said in Chapter 4, the electrostatic field
set up at the plate influences the effectiveness of the space charge,
and hence affects the plate current. Consequently, we see that the
value of the plate voltage has an effect upon the amount of plate
current, flowing through the tube.

We must therefore establish characteristic curves, or behaviour
curves, showing the variation in plate current with emitter tempera-
ture and also characteristic curves showing the variation in plate cur-
. rent with plate voltage. These are the two basic characteristic curves
of the diode, although, strange as it may seem, that which can be
considered the more basic, namely, the emitter temperature—plate cur-
rent characteristic curve, is infrequently used. In fact, tube manufac-
turers do not usually show such curves in their tube specifications, the
reason being that tubes are designed to be used at a specific value of
emitter temperature, as determined by the voltage applied across the
filament or heater.

Emitter Temperature—Plate Current Characteristic

To establish the manner in which the plate current of the diode
varies with the emitter temperature, it is necessary to set up a circuit
using a diode wherein it is possible to create various emitter tempera-
tures and to maintain the voltage applied to the plate at a constant
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space charge in the tube increased to the point where its field was
capable of offsetting the effect of the field set up by the voltage
applied to the plate, and a new and higher value of temperature sat-
uration was attained.

Thus, we see from Fig. 6-9 that for every value of plate voltage
there is a limit to the number of electrons which can be drawn over
to the plate in unit time to form the plate current. There is conse-
quently a limit to the value of filament or heater current which need
be applied. Still another significant detail which appears in the curve,
is that if the filament or heater current is not sufficiently great to cre-
ate space-charge-limited current for any particular value of plate
voltage, nothing is gained by increasing the plate voltage. For exam-
ple, in Fig. 6-9 point X corresponds to 5 units of filament current. All
the electrons emitted at this temperature are being attracted over to
the plate when the lower value of plate voltage is being applied. Rais-
ing the plate voltage to the higher value does not produce any increase
in plate current.

Plate Voltage—Plate Current Characteristic

This plate voltage—plate current characteristic curve is far more
frequently employed than the one associated with the temperature of
the emitter. Here again we find a very peculiar condition as it re-
lates to the diode. Certain very significant theoretical facts can be
gleaned from the characteristic curve, but unfortunately it does not
have much practigal significance because the special conditions cre-
ated in making these curves are not usually experienced in practice.

Based upon the general discussion of the relationship between the
space-charge field in a diode and the field due to the plate voltage,
it would seem that a curve which would show the variation in plate
current for variations in plate voltage would begin at zero for zero
plate voltage. From the previous discussion associated with Fig.
6-8A, we know this not to be the case, for, due to the high-speed
electrons which reach the plate without any attracting force being
applied to the plate, a small amount of plate current flows with zero
plate potential.

Granting that to be the case, it would seem that the plate-current
curve would start rising from this small value of plate current for
zero voltage, to higher values as the plate voltage was increased until
a point is reached where all of the electrons being emitted would find
their way to the plate. In other words, the value of plate voltage
would then be sufficient to nullify completely the field due to the space
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TG, 6-11. Plate voltage—plate current characteristic for a typical 6H6 diode tube.
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Fic. 6-11. Plate voltage—plate current characteristic for a typical 6H6 diode tube.
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that is done other elements which tend to keep the plate current to a
safe value are also used in the circuit. Such additions will be discussed
later.

As we discussed earlier in this text, the plate-current curve of a
diode, like that of other vacuum tubes, is of great importance. In this
particular instance it serves to furnish information relative to the
opposition offered by the tube to the flow of plate current; in other
words, it furnishes information about the d-c resistance of the tube.
For example, with 8 volts d-¢c E, applied to the plate, the plate cur-
rent I, as shown upon the vertical axis, is 10 milliamperes or 0.01
ampere. According to the Ohm’s law, these values of plate voltage and
plate current represent a d-c plate resistance of

p=-——-=-—-=8000hms

With 20 volts d-c applied to the plate of the tube, we note from the
curve that the plate current is 40 milliamperes or 0.04 ampere. This
corresponds to a d-c resistance equal to 20/.04 = 500 ohms. With
28 volts d-¢ applied to the plate, the plate current according to the
curve is 66.4 milliamperes or 0.064 ampere and the equivalent d-c
resistance is 28/.0664 = 422 ohms.

Examining these three values of d-c¢ plate resistance for three values
of applied d-c plate voltage, we note a peculiar condition. The oppo-
sition which the diode offers to the flow of the plate current is not
constant, as we are ordinarily accustomed to experiencing in conven-
tional d-c systems. Said differently, the resistance offered by the diode
to the flow of the plate current ts not linear. Judging by the relation-
ship between the plate voltage, plate current, and the equivalent d-c
resistance, it appears that the resistance of the diode decreases as the
plate voltage is increased, and increases as the plate voltage is de-
creased. Were the resistance of the diode linear over the entire range
of plate voltage, the plate-current curve would be a straight line instead
of the curved line appearing in Fig. 6-11. Such a straight line would
indicate that the d-c plate resistance remained constant over whatever
range of plate voltage and plate current is embraced by the upper and
lower limits of the straight line.

Of further interest in connection with the plate voltage—plate cur-
rent characteristic given in Fig. 6-11, is the condition created when the

- two plates of this duo-diode tube are joined in parallel and the two
cathodes are connected in parallel. The plate current for such parallel
connection is equal to twice the amount that would occur if the same

value of plate voltage were applied to a single pair of elements. Thus,


















THE DIODE 109

=T T T T T }
R R AR e T
"r‘[ A I Segne
H - i - H
e kasal F!V‘T#TL]:E{} t T H
Pyl napud nun in puandennie T 2w
| 1> t N 1 T +
& T i RpA R SRR RaSN]
=+ 1A HEr g e HHT
i jSagaasppoaqunngasabn; ng
T T T nYapas
$ L jESERaE NN
1T T inng:
(Wn 1
T T 1
) i T 1 11 T
T T
in T T H
T 1 T
w L T T ui
S F FH silasaascs
560 - asnsaseam T
& ]
P 1
g
iy
gsoi' 1
; ol + T
- | i
240 T
: T
W i T
[ T T
o : ]
LT
2 '1'1‘, R
o e T }
A wad Eewh s u’l’*
u u’ ] T [ 4_‘Bj:
’_2[, H T ~
< R
& "
+ 1 1 B
[T
107 ET IT t tan pan
| A :t ~{> 17 LEAAERAI 1 AgREne: T ‘*F“ »
R4 3" * Tl ! 8
TR T R=10,0000mms Hitmprds :
183 St icag st f i feaagSasaauoss jaaat y]r-—”'. T =
0 = =an mmal nn T FH:HTH'!"H'H'HH‘H‘H'{'% ISANINEEASNARESA}
8 e 20 24 28 32

PL ATE VOLTAGE

Fic. 6-14. Lines 1 and 2 are the plate voltage—plate current characteristics
of a diode having a load resistance of 1000 and 10,000 ohms respectively.

resistance, the straighter is this dynamic curve. At the same time,
however, the lower is the amount of plate current which flows in the
circuit. This is not harmful, provided that the value of the load re-
sistance is kept within reasonable limits.

Having read all of this information about the difference between
the static and the dynamic plate voltage—plate current characteristics,
and the effort to make this curve straight, you may wonder why this
is done. The primary reason is that when the diode characteristic is
straight, its action in certain portions of radio communication systems
is substantially free from the production of distortion and this is
greatly to be desired. There are, however, various applications of the
diode, in which the exact nature of this characteristic is not of par-
ticular significance, although it should be understood that some
straightening action takes place concurrently with the use of a load,
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and some sort of a load is required in order to make the diode of
practical value.

It is also of importance to realize that the higher the load resistance
used in a diode circuit, the greater is the permissible voltage which
may be applied to the plate without fear of causing the flow of such
high values of current that will damage the tube. You can see from
the plate current values shown in Figs. 6-11 and 6-12 that the appli-
cation of several hundred volts to the plate will cause the flow of such
very high values of plate current as to damage the tube, unless high
values of load resistance are used, which reduce the plate current to
permissible values.

A-C Applied to the Diode Plate

It is necessary to speak briefly about the application of an alternat-
ing voltage to the plate of the diode. The reason is that everything
we have said so far has shown d-¢ voltage applied to the plate, al-
though we mentioned that the basic function of the diode was as a
converter of a-¢ power into d-c power. The characteristics we have
mentioned and developed by means of d-¢ voltages upon the plate are
those which exist when a-c¢ voltages are applied to the plate, for, in

* Current flow

ReR=T= 2 though tube and
output circuit™

Input voitage

Plate current flows during positive olternation and plate is positive
wilh respect to calffode. Plate current does not flow whep plate is
negative willi respect tothe cathode. Thus oubpul current and voltage
is unidirectional although input-is alterpating.
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the final analysis, the tube operates only on one half of the a-c voltage
wave, that is, during that time when the plate is positive with respect
to the cathode. Therefore, the conditions which exist in the tube dur-

ing that positive half cycle can be simulated by the application of d-c
voltages.
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It may strike you as peculiar that we should mention such a con-
dition as “active functioning” in connection with this third element,
yet such is the case. If this electrode is not permitted to perform its
proper function as the control element, as would be the case if it were
joined to either the plate or the cathode outside of the tube, the tube
with three elements would act as a simple diode. To realize the proper-
ties of the triode the control grid must be in active service and per-
forming its allotted task.

Grid Structure

This control grid is a metal structure which may take any one of a
number of different shapes, depending upon the design of the tube.
For example, it may be a helix, it may be a ladder-shaped structure,
or it may consist of a lattice network. As has already been mentioned,
its location within the tube is between the emitter and the plate, and
it is usually closer to the cathode than to the plate. When indicated
upon a wiring diagram, the triode is represented by any one of four

B

A W

Fic. 7-1. The old convention for the triode symbol was the use
of a zigzag line for the control grid, but the grid is now repre-
sented by a dashed line as shown in (E).

different symbols, as shown in Fig. 7-1, with a zig-zag or dashed line
representing the control grid. Whichever type of symbol is used de-
pends upon the individual preference of the illustrator, since there has
been no definite and rigid rule. The control grid however, is so fre-
quently indicated by a dashed line in the latest standards instead of
the zig-zag form, that it will be so shown in the illustrations in this
book.

As to the specific relationship between the control grid and the other
electrodes in the triode, there is no hard and fast rule, for this is a
matter of tube design. In most cases the grid structure completely sur-
rounds the emitter, as shown in Fig. 7-2. There are also other arrange-
ments, such as a grid structure which is divided into two halves, one
half being located on one side of the emitter and the other half being
located on the other side of the emitter. This last arrangement was
very common in the early days of radio before the development of the
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and the plate circuit as the input and output systems respectively.
Instead, the cathode circuit may be used as the input system in one
case, while in another it may be used as the output system. At the
moment this may seem confusing, but it will be cleared up in a later
chapter. In the meantime, let us continue with other details.

The tube circuits shown in Figs. 7-3 and 7-4 are, of course, inopera-
tive as illustrated, due to the absence of the operating potentials.

The Triode Operating Potentials

Proper operation of the triode requires the application of three oper-
ating potentials or voltages. The need for two of these voltages is
evident from the opening statement used in this chapter: the triode is
an elaboration of the diode. Since this is the case, it stands to reason
that a voltage is needed to drive the heating current through the fila-
ment or the heater wires in order to raise the emitter temperature to
the correct value. This heater or filament voltage, depending upon the
type of tube that is used, is usually referred to ag the “A’” voltage, as
indicated in Fig. 7-5.

F1c. 7-5. The operating voltage sources of a tri-
ode are designated as follows: the “A” battery
supplies the heater or filament current; the “B”
battery supplies the positive potential on the
plate; and the “C” battery supplies the grid bias.

Ordinarily, this terminology is not used in connection with the
diode, perhaps because in most cases that is the only fixed operating
potential which is normally used with that tube. If this statement
surprises you, in view of the presence of a fixed plate voltage in some
of the diode circuits shown in Chapter 6, you should understand that
those fixed voltages were used only in order to develop the basic tube
characteristics. During normal use, the voltage which is applied be-
tween the emitter and the plate of the diode is an a-c voltage represen-
tative of the a-c electrical power being fed into the tube for conversion
into d-c electrical power.

In the triode, the situation is different. Here, three elements are
given fixed operating potentials, and it is a matter of convenience to
identify them when referring to them. But even in the case of the
triode it has become the custom to refer to the “A” voltage only when
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Electrostatic Fields in the Triode

We have now reached that point in this discussion of the triode
* where we can explain the manner in which the control grid achieves
its remarkable results. In order to describe this action we shall refer
you back to the diode. We said in the opening sentence of this chapter
that the triode was an elaboration of the diode. Now we can advance
a step beyond that and say that a triode is essentially a diode with a
third element added to the tube and located between the emitter and
the plate.

The thought behind this statement is to bring to your attention two
very significant facts. The part played by the emitter is the same in the
triode as it is in the diode and also, the relationship between the plate
and the voltage upon it is the same in the triode as it is in the diode.
Therefore, it follows that the basic electrostatic fields which exist in
the diode are likewise to be found in the triode. These are two in num-
ber as you will recall: one due to the space charge and the other due
to the voltage upon the plate. It is true, as you shall soon see, that
these two electrostatic fields are not the only ones existing in the triode,
but that does not alter the fact that these two basic fields which are
present in the diode, are also present in the triode.

You will remember that during the description of the diode tube
characteristics, we brought certain facts to light. For example, we
showed how the plate resistance, both a-c and d-c, decreased as the
plate voltage was increased and the plate current increased. This
same condition exists in the triode, and while the control grid makes
certain contributions to this effect, it still does not alter the basic con-
ditions associated with variations in plate voltage.

Furthermore, we showed how the plate current in the normal diode
was always space-charge-limited. This too, for the majority of appli-
cations, is a basic condition for the triode. Although the control grid
may determine the exact value of plate current by aiding or bucking
the action of the voltage upon the plate, nevertheless the fact remains
that the plate current in the triode is space-charge-limited.

In the same way, if we imagine a triode which is being operated in
such a manner that all of the electrons emitted find their way to the
plate, the value of plate current would then be controlled by the elec-
tron emission, or, to say this differently, the plate current is limited
by the emitter temperature. Once more, the grid, by virtue of the
voltage that is applied to it, may help the plate in creating this state,
but it would not alter the fundamental condition as described in con-
nection with the diode.
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From this, you can see that there is much similarity between the
diode and the triode, although not necessarily in actual performance,
but rather in the basic conditions existing within the tube. There are,
of course, certain conditions to be found in the triode which do not
have their counterpart in the diode, but this is due to the presence of
the control grid and its action. You should remember that the control
grid in the triode is not an electrode which alters the basic relationships
existing between the action of the space charge upon the emitted elec-
trons and the action of the electrostatic field due to the plate voltage
on the space charge, but rather, that it is an electrode which is capable
of controlling the extent to which the electrostatic field due to the
voltage upon the plate can act upon the space chafge.

A