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TM 11-662, 20 February 1952, is changed as
follows:

Page 36, paragraph £7. Make the following
changes in paragraph 27:

a. Line 12. Delete “—(i,Xr,)” from the equa~
tion.

a. Delete lines 14 and 15.

Delete b.

Page 43, paragraph 32f(2). Line 4. Change
“in reference to ground” to read: in reference to
the cathode.

Page 60, paragraph j6a. Make the following
changes:

Second column, line 15. Change ‘It is & pure”
to read: The amplification factor is a pure.

Line 30. Change “n—l—{)=100” to read:

10
b=7= 100.

Page 61, figure 55. In the figure caption,
change the word “amplifiaction” to read:
amplification.

Page 64, paragraph 48¢. Change the heading
to read: Ac Plate Resistance.

Page 65, paragraph 48. Make the following
changes in paragraph 48:

¢(3). Line 15. Change “C” to read: 0.

e. Change ‘“Re” in the heading to read: r,.

Page 66, paragraph 49d. Change “G,’’ in the
heading to read: gp,.

Page 67, paragraph 49e.
heading to read: gn,.

Page 67, paragraph 50. Change ‘R,” in the
heading to read: 7,.

Change “Gy” in the
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Page 72, paragraph 52¢(2). Make the following
changes:

In line 17 of the second column, on the page,
change “Eu,” to read: E,.

Line 19 of the second column. Change ‘‘hori-
zontal” to read: vertical.

Page 78, paragraph 652¢(2).
“horizontal” to read: vertical.

Page 74.

f. (Added) Use of Load Line to Illustrate
Amplification. The output signal voltage and
plate current that will result from a given input
(grid) signal voltage can be clearly seen by using
a load line on a plate family of characteristics.
The grid input signal causes the grid voltage to
vary along the load line. If an input signal with
& swing of 0 to —8 volts is drawn perpendicular
to the load line (e,, fig. 61.1), the output signal
voltage may be obtained by drawing vertical
lines from the maximum and minimum grid
voltage points on the load line to the plate voltage
axis. It can be seen that the plate voltage
swing, e,, and consequently, the output signal, is
125 volts.” Therefore, an input grid signal of 8
volts is amplified by the tube to an output signal
of 125 volts. However, the output wave form
(fig. 61.1) may appear smaller than the input.
This is because the scale on which the output
voltage is drawn (plate volts scale) differs from
that on which the input signal is drawn (grid bias
scale). The plate current variation, i,, can be
seen by drawing horizontal lines to the plate
current axis. This shows that the plate current
varies between 5.3 and 10.3 milliamperes. Thus,
by plotting the input signal wave form on a load
line, the relationship, at any instant, between the
input and output signdls may be quickly and
easily determined.

Line 5. Change
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Figure 61.1.

Page 91, paragraph 62h. Line 4. Change “.5”
to read: 1.5.

Page 94, paragraph 66. Make the following
changes in a:

Line 2of the second column of the page. Delete
“ag in figure 75.”

Line 4. Change “in other types, the connection
is” to read: in other types as in figure 78, the
connection is.

(Added) Plate characteristics showing signal vollage amplification.

Page 95, paragraph 67a. Line 6. Change
“Gg=¢n" to read: 05=E».

Page 116, figure 96. Place the letter ‘“L” at the
intersection of the plate current axis and the
characteristic curve.

Page 130, paragraph 90a(l). Line 18. Change
“changes negligibly and” to read: changes negli-
gibly throughout the middle frequency range and.
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Page 130, paragraph 90b(1). Line 5. Change
“lJow-middle and high-frequency” to read: low-,
middle-, and high-frequency.

Page 135, paragraph 92d. Line 9 in the second
column on the page. Change ‘“20X20=40" to
read: 20X2=40.

Page 138, paragraph 95a.
“minus’’ to read: equals.

Page 144, paragraph 1015(1). Delete the fourth
sentence and substitute the following: The direc-
tion of the electron current flow is opposite to the

[AG 413.44 (4 Oct 55)]

BY ORDER OF THE SECRETARY OF THE ARMY:

Line 5. Change

OrriciAL:

JOHN A. KLEIN,

Major General, United States Army,
The Adjutant General.

D1sTRIBUTION:
Active Army:

direction of the arrowhead in the
symbol for the crystal.

Page 146, figure 118. Reverse the connections
to the symbol for the crystal. Connect point A
to the arrowhead and connect the flat portion of
the crystal symbol to the resistor:

Page 145, figure 119.- Reverse the connections
to the symbol for the crystal. Connect the
generator to the arrowhead and connect the flat
portion of the crystal symbol to the junction of the
capacitor and the resistor.
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TECHNICAL MANUAL
BASIC THEORY AND APPLICATION OF ELECTRON TUBES
T™M 11-662 HEADQUARTERS,
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TM 11-662, 20 February 1952, is changed as follows:
Change “Rp=25,000V”’ on the loadline to: R;,=25,0002 in the following places:
Page 72, figure 61.
Page 74, figure 61.1 (page 2 of C 1).
Page 17, paragraph 16b. Make the following changes:
Line 4. Change “attract” to repel.
Line 5. Change “repel” to attract.
Page 38, paragraph 30f. Delete subparagraph f and substitute:
J. Static characteristics are obtained with different dc potentials applied to the tube electrodes,
whereas dynamic characteristics are obtained with a load in the circuit.
Page 58, paragraph 43d(3), last sentence. Change ‘“‘charge’” to change.
Page 62, paragraph 475(3), line 4. Change “-9” to -8.
Page 64, paragraph 48¢c. Make the following changes:
Line 6. Change 265" to 285.
Line 8. Change “33,100” to 35,625.
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Figure 1. The electron tube is a vital element in modern signal communication facilities.




CHAPTER 1
ELECTRON TUBES—THEIR DEVELOPMENT AND USE

1. Introduction

a. The success of modern military operations,
as well as of the peacetime activities of the
armed forces, depends in a great measure on
signal communication facilities. Whether on
the offense or the defense, in the front lines
or far behind the lines, exchange of information
is vital to the successful movement of personnel
and equipment. On the ground, in the air, or
below the surface of the seas, electronic devices
are in daily use, and in every one of these uses
the electron tube is a vital element (fig. 1).

b. Fundamentally, the electron tube is a valve
which provides the means of conducting elec-
trons through the enclosed space within a glass
or metal container. As the electrons move from
the end of one metallic conductor, or electrode,
across the intervening space to the other elec-
trode, or conductor, they are controlled more
easily than if the same electrons were passing
through a wire or any other type of conductor.
This power to control electrons or electron cur-
rents and their associated voltages makes the
electron tube the most useful single element
in modern signal communication equipment.
The present high level of signal communication
and its tremendous versatility are due to the
existence of the electron tube. Radio communi-
cation was utilized prior to the development of
electron tubes, but it attained its present ver-
satility only after the electron tube was in-
vented.

2. Importance to Communication

a. In the armed forces, signal communication
means many things and a wide variety of equip-
ment. Radio communication is prominent
among these, but it is just one method of ex-
changing intelligence, or information, between
two points: namely, that method which depends

AGO 2244A

on electromagnetic waves as the link. The in-
telligence that is transmitted in this fashion
may be in code or it may be voice or music in-
tended for specific points or for general recep-
tion over a wide area, or it may be both, plus
other forms.

b. It is equally important to understand that
the telephone, the teletype, and facsimile also
are signal communication facilities, even if they
use wire as the linking medium. These wired
systems frequently are integrated into radio
systems wherein the intelligence first spans a
distance over wires and then is fed into a radio
link for transmission to some remote point or,
possibly, to a point not too distant which cannot
be reached by conducting wire.

¢. Radar, too, in its many forms, is a signal
communication facility. It is conceivable that
it might be placed in a special category, but even
so it is embraced by the broad meaning of the
communication art. Although public address
systems and intercommunication systems are
removed from radio systems, they are part of
military signal communication facilities, as are
many other equipments which transmit in-
telligence.

d. In all of these communication devices, the
electron tube is the vital component and its
unique feature is an extraordinary versatility.
Here is a device which, at first view, appears
to be rather fragile and capable of only limited
types of service. But appearances are deceptive:
The electron tube is unrivaled in sensitivity by
any other electrical or mechanical device, since
it can discriminate between quantities in terms
of millionths of a second of time; yet it can
handle electrical energy in terms of thousands
of watts of power. Following are some of the
types of service in which these tubes play an
important part:

(1) In social life. The long-distance tele-
phone, national and world-wide radio



broadcasting, sound motion pictures,
public address systems, and television
are all well known, and their impact
on social customs and on national and
international relations has been tre-
mendous.

(2) In commercial communication. Air,
land, and sea communication are car-
ried on by means of radiotelegraphy
and radiotelephony. Navigation aids,
both aircraft and marine, have les-
sened the hazards of travel.

(8) In industry. FElectric-eye control de-
vices for automatically controlling
quality, color, and size of manufac-
tured products, and for performing all
kinds of counting, sorting, timing, re-
cording, and similar operations, have
been invaluable to industry. Induction
heating applications for production
soldering, welding, and heat treatment
of metals in metal fabrications have
been instrumental in reducing factory
time and costs.

(4) In medical therapy. X-ray therapy,
diathermy for inducing curative arti-
ficial fevers, and high-frequency ap-
plications in bloodless surgery have
provided vital tools for the medical
profession.

(5) In scientific research. Atomic experi-
mentation, electron microscopy, instru-
mentation, computer and recording de-
vices have become practical realities.

(6) In military communications. Radar,
fire-control apparatus, communication
facilities between fixed and mobile
units have increased the mobility and
the power of land, sea, and air forces.

e. Finally, so numerous and varied are the
applications of electron tubes that a new branch
of engineering has been created, that of elec-
tronics, which encompasses the widespread ap-
plications of electron tubes.

3. Early Experimenters

a. The development of the electron tube and
its associated communication circuits as they
exist today was not the work of any one scien-
tist. Rather it was the cumulative result of
the researches, discoveries, and inventions of

2

numerous investigators. Actually, to trace the
very beginnings of certain important dis-
coveries, which later led to fruitful results,
would necessitate a discussion beyond the scope
of this manual. However, for all practical pur-
poses, modern radio art may be said to have
had its beginnings toward the end of the last
century when, in 1883, Thomas A. Edison was
experimenting with his newly invented incan-
descent lamp.

b. The Edison incandescent lamp may be re-
garded, in a sense, as the forerunner or proto-
type of the modern electron tube. Edison
noticed that the carbon wire filament of these
first incandescent lamps burned out at the point
at which the filament entered the glass bulb.
Looking for an explanation, he inserted a
second conductor or plate into the lamp (this
is basically the structure of the diode, or two-
electrode tube of today), and recorded in his
notebook that this dead end wire or plate, when
connected through a current meter to the posi-
tive side of the battery, showed a flow of cur-
rent (fig. 2) across the space between the fila-
ment and the plate. Normally, such an arrange-
ment constituted an open circuit; therefore,
current flow, according to the knowledge of
electrical circuits at that time, was regarded
as an impossibility, for here was an open cir-
cuit. Edison could find no satisfactory explana-
tion for this phenomenon, which became known
as the Edison effect.

¢. An accurate and epoch-making explana-
tion of the Edison effect was advanced in 1899
by a British scientist, Sir J. J. Thomson. He
presented the theory that small, negative par-
ticles of electricity, called electrons, were emit-
ted by the filament in Edison’s lamp as a result
of operating it at incandescence or white heat.
He said, further, that these electrons, because
of their negative charge, were attracted to the
positively charged plate. Thus, as long as the
filament was heated to the proper temperature,
electrons would flow from it to the plate. This
movement of electrons constituted a flow of
electron current, and the electron stream was
the means by which the gap was bridged across
the intervening space between the filament and
the plate, thus closing the circuit.

d. Thomson’s findings came to be known as
the electron theory. Briefly, this theory views

AGO 2244A
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Figure 2. Circuit of Edison’s two-electrode tube,

the atoms of all matter as being composed of
infinitesimally small, individual negative par-
ticles, or electrons, held within the atom by
the attraction of a central nucleus of positively
charged particles called protons. Under suitable
conditions, as by the application of heat to a
substance, some of the electrons within the
substance could be liberated. This extremely
important theory gave great impetus to subse-
quent research, and led to great developments
in electron tubes.

e. Equipped with this knowledge, other scien-
tists explored further. The next significant de-
velopment of far-reaching importance was the
work of J. A. Fleming, an English scientist,
who designed the first practical electron tube.
Fleming observed from Edison’s work that,
when the plate connection was made to the
negative rather than to the positive side of
the battery, the current was zero (fig. 3). This
property provided the basis for the operation of
the electron tube as a rectifier, that is, as a
device for the conversion of alternating current
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into direct current. Fleming, calling his modi-
fied version of Edison’s two-electrode lamp a
valve (the term still used for the electron tube
in England), thereby provided a superior de.
tector to supplant the comparatively insensi-
tive crystal detectors then being used in radio
receivers in Guglielmo Marconi’s system of
wireless telegraphy. The crystal detector was
a parallel development, which, following the
experiments of numerous predecessors, Marconi
made a reality in 1901 when his historical sig-
nals of the letter S (three dots) spanned the
Atlantic Ocean. With the advent of Fleming’s
valve, the two major lines of discovery and
invention, from which the radio art evolved,
were joined.

f. Fleming’s valve was a two-electrode tube.
For several years it was the only electron device
in use. At this point it seemed that the progress
of wireless communication had reached its prac-
tical limit, a limit determined by the existing
methods and devices used for transmitting and
receiving radio signals. The most powerful
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Figure 3. With plate connected to negative side of
battery, current through tube is zero.



transmitters could transmit signals to receiv-
ing sets more than several hundred miles away,
but the reception of such signals was undepend.-
able. The range and the dependability of radio
communication could be increased only by the
development of some method by which the weak
signal could be amplified. The vacuum tube de-
veloped by Lee DeForest in 1907 supplied this
needed means of amplification. Later improve-
ments of this tube have made possible the recep-
tion of radio signals millions of times too weak
to ‘be audible without amplification.

g. DeForest, by inserting an extra electrode
in the form of a few turns of fine wire between
the filament and the plate of Fleming’s valve,
made the tube an amplifier. DeForest called
the third electrode the control grid. 1t provided
the desired amplification by virtue of the fact
that relatively large plate current and voltage
changes could be controlled by small variations
of control-grid voltage without expenditure of
appreciable power in the control circuit. De-
Forest called his three-electrode tube an audion,
a designation superseded in present-day usage
by the term triode (fig. 4).

4. Tube Types

a. Each kind of electron tube is capable,
generally, of performing many different func-
tions, and therefore initial classification of
these tubes is not based on function but upon
their physical construction (fig. 5). The en-
velopes or housings are made of glass or metal

or, in a few isolated cases, of both materials.
The absence or presence of air or other gases
in the envelope distinguishes the two funda-
mental classes of electron tubes. In the vacuum
tube, all gases have been removed; in the
gaseous tube, after all air has been removed, a
small amount of mercury vapor or inert gas is
placed within the envelope.
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Figure 4. Construction of DeForest’s three-element tube,
or triode.
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" Figure 5. Representative electron tubes.
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b. In all electron tubes, one electrode, called
the cathode, is the emitter of electrons, and it
must be heated to cherry red or to incandes-
cence before the electrons are freed from its
surface to move across to the second electrode,
or anode. In vacuum tubes, sometimes called
high-vacuum or hard-vacuum tubes, the cathode
is in almost every case (the photoelectric tube
is excepted) heated by some external source
of power, and these tubes, therefore, are not
distinguished as to type of cathode. In gaseous
tubes, sometimes called soft tubes, a further
subclassification is made into hot-cathode and
cold-cathode types. In the first type, the cathode
is heated to the proper temperature for emis-
sion by some external source of power; in the
second type, the gas within the tube is ionized,
then the cathode is bombarded by positive ions
which raise the cathode to the correct emission
temperature.

¢. Both vacuum tubes and gaseous tubes of
either the hot- or cold-cathode type are further
classified as to the number of active elements
or electrodes contained inside the envelope.
The simplest of these, described above, con-
tains two elements and is known as a diode.
A tube which contains three elements is known
as a triode, and a tube with four elements is
called a tetrode. If it contains five elements it
is a pentode. In each instance, the type classi-
fication indicates the number of elements which
make up the tube. In the following chapters
each of these tubes is illustrated and the differ-
ences between them fully explained.

NANIANIVA
EAVARVARVAL

5. Tube Functions

The functions performed by electron tubes
are many and varied, but for convenience these
functions may be consolidated into a few gen-
eral groups. Each function is determined not
only by the tube type but also by the circuit and
its associated apparatus.

a. A general capability of the electron tube
is to alter an ac (alternating current) so that
it becomes a pulsating de (direct current) (fig.
6). Associated apparatus can smooth out the
variations in the current, and the system as a
whole can be said to change an alternating cur-
rent into a constant-amplitude direct current.
This function provides convenient sources of
d-c voltage when the only available primary
source of electrical energy is an a-c power line
or an a-c generator. These d-c voltages may be
as low as a fraction of a volt and as high as tens
of thousands of volts. The action of changing
an alternating current into a pulsating direct
current is referred to in general terms as rec-
tification, and the electron tube which does this
is called a rectifier.

b. Another significant and useful capability
of the electron tube, and perhaps its most im-
portant function, is described as amplification
(fig. 7). A stronger signal voltage may be ob-
tained from the tube than is fed into it. In
effect, the tube is a signal voltage magnifier.
A signal equal to 1 volt fed into the input system
of the amplifying tube may appear as 20 volts
at its output. Different arrangements provide
for different amounts of signal amplification.
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Figure 6. Function of tube as rectifier of alternating current.
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Figure 7. Function of tube as amplifier.

(1) This amplification ability of the elec-

(2)

tron tube accounts for the advanced
development of modern-day communi-
cation. It is the basis of all long-dis-
tance telephony, because repeaters
(electron-tube amplifiers) compensate
for the energy losses encountered in
the wires. Also, by means of public
address systems, the electron tube is
used to amplify the voice of an indi-
vidual so that thousands of people
gathered together may hear it clearly.

Amplification by electron tubes makes
radar possible because it strengthens
the echo signal received from the tar-
get so that it can be made visible on
a special screen. It is responsible for
teletype operation. Television would
be impossible without it. Amplification
is essential in radio transmitters and
receivers of all kinds to build up elec-
trical energy to proportions necessary
for proper operation of the various
circuits of the equipment.

D-C VOLTAGE

c. Still another extremely important facility
offered by the vacuum tube is the conversion
of electrical energy existing as direct current
and voltage into alternating current and volt-
age (fig. 8). Used in this manner, the tube
draws energy from a d-c source and, in con-
junction with suitable apparatus, generates
high-frequency oscillations. This function has
been responsible for innumerable developments
in the communication field.

(1) The principle of oscillation underlies
the operation of virtually every type
of radio transmitter, large or small,
fixed or portable. As a generator of
high-frequency oscillation, the electron
tube replaces ponderous rotating ma-
chinery. Even more important is that
specialized oscillators opened up the
very-high- and ultra-high-frequency
and microwave regions for operation.
These extend from approximately 30
me (megacycles) to tens of thousands
of megacycles. The use of these fre-
quencies has helped to overcome the

IAVAAVARV
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Figure 8. Function of electron tube as generator of alternating current.
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communication limitations caused by
changing seasons and the effects of
weather. It helped create new tech-
niques, among which are radar, tele-
vision, and radio facsimile.

(2) Availability of these high-frequencies
has made possible the convenient use
of low power and the design of small
receivers, transmitters, and antennas.
All of these are important contribu-
tions and make feasible radio contact
between planes and tanks, or landing
forces and ships.

d. The electron tube can modify the shape of
electric current and voltage waveforms; that
is, it can change the amplitude of these quan-
tities relative to time. Voltage and current
shaping (figs. 9 and 10) are vital to the opera-
tion of numerous electronic devices. It is used
in code transmission, the timing of circuit ac-
tions in radar, in the production of television
pictures, and in the operation of teletype equip-

ment. Electronic computers could not operate
without waveshaping of the currents and volt-
ages present in the equipment.

e. A singular type of electron tube is capable
of converting light energy into electrical energy.
This is the photoelectric tube, also called the
phototube. In contrast to the conventional elec-
tron tube, the phototube does not employ an
incandescent electron source. Instead, electrons
are liberated from a specially prepared surface
inside the tube when radiant energy strikes the
material. The stream of charges thus developed
is an electric current and gives rise to a voltage
in the system. The net result is a voltage out-
put for visible or invisible light input. Although
not as versatile as the conventional electron
tube, the phototube has many uses. It affords
a means of using light energy to control devices
or systems or to operate many kinds of equip-
ment. The reproduction of sound from a photo-
graphic image on a film is one of many applica-
tions of the phototube.
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Figure 9. One type of waveshaping accomplished by electron tubes. The input signal is a sine wave;
the output is a square wave.
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Figure 10. Amnother type of waveshaping. Onlg/ parts of the positive peaks of the input signal are present
in the output.
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6. Summary

a. The term electron tube is a general one
under which are grouped vacuum tubes, photo-
electric cells, phototubes, cathode-ray tubes,
and many other types. The operation of all
electron tubes is based on the controlled flow
of electrons within the tube structure.

b. In their various forms, electron tubes are
found in devices that perform some necessary
function in almost every phase of social, indus-
trial, scientific, and military life.

¢. Probably the very first important step in
radio development was the discovery of the
Edison effect. Many other scientists contrib-
uted important discoveries and inventions.
Thomas, Fleming, DeForest, and Marconi are
among these early pioneers.

d. DeForest’s original three-electrode tube
was called an audion, a designation now super-
seded by the term triode, and Fleming’s orig-
inal diode was termed a valve, the designation
that still is used in England instead of the term
tube.

e. According to the number of elements they
contain, electron tubes are classified as diodes,
triodes, tetrodes, or pentodes.

f. Among the many special functions which
they are capable of performing, that of amplifi-
cation of electrical energy is perhaps the out-
standing feature of electron tubes. The diode,
however, does not provide amplification, but
it performs another basically important func-
tion—rectification.

7. Review Questions

a. What are the two classifications of electron
tubes as distinguished by the presence or ab-
sence of gas within them?

b. List and describe briefly 12 or more gen-
eral uses for electron tubes.

¢. What are some of the various services in-
cluded under the general term communication?

d. Name some types of signal communication
facilities used by the armed forces.

e. Explain the Edison effect.

f. Explain briefly the contributions to the
radio art by Fleming, Thomson, Marconi, and
DeForest.

¢g. What are the names for two-, three-, four-
and five-element tubes?

h. What is the linking medium in radio
broadcasting, facsimile, teletype, telephone,
radar?

1. Name and describe briefly some of the spe-
cial functions which electron tubes can per-
form.

7. In what sense is an electron tube an ampli-
fier?

k. How does a phototube differ from an ordi-
nary electron tube?

l. What special capabilities of electron tubes
differentiate them from electrical and mechan-
ical devices designed for similar types of serv-
ice?
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CHAPTER 2
ELECTRON EMISSION

8. Basic Theory of Electron Emission

a. The operation of all electron tubes de-
pends on an available supply of electrons. Elec-
tron emission can be accomplished by four
methods, the most important of which is ther-
mionic emission. Thermionic emission is the
liberation of electrons from a metallic emitter
by the application of sufficient heat. Other
methods are secondary emission, photoelectric
emission, and cold-cathode emission. All of
these are discussed later in this chapter.

b. In the vacuum type of electron tube, as
much air as possible is withdrawn from the en-
velope and all the electrons needed for opera-
tion of the device are obtained from the emit-
ter. In the other general category of electron
tubes, known as the gaseous type, all air is re-
moved from the tube and a small amount of
mercury or some inert gas (neon, argon, xenon,
ete.) is placed within the envelope. The emitter
furnishes the primary supply of electrons. The
emitter output provides electron bullets for
lonization of the gas atoms. This process is ex-
plained in a later chapter of this manual.

¢. The atomic theory, which maintained that
the atom was the fundamental building block of
matter, gave way to the electron theory, which
revealed that the electrons and protons which
comprised the atoms were actually the primary
particles of matter. Accordingly, all electron-
tube and electrical phenomena now are ex-
plained in terms of the electron theory.

d. The electron theory states that all matter
consists of two basic electrical charges: posi-
tively charged protons and negatively charged
electrons. These charged particles are the prin-
cipal and fundamental building blocks which
form the atoms comprising the 90-odd elements
constituting all matter. Recent investigations
have disclosed neutrons, positrons, mesotrons,
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and photons, but their study concerns the chem-
ist and the nuclear physicist. The early elec-
tron concept, as suggested by Nels Bohr, is sat-
isfactory to students concerned with electronics
and provides a useful physical picture neces-
sary for the study of the properties of electric-
ity.

e. In any material, confined in a given vol-
ume, the atoms or molecules are in a state of
random motion around a mean position. The
extent of this motion is determined by the na-
ture of the substance and its temperature. In
solids, this random motion is restrained the
greatest amount. In liquids, the restraint is
less, and in gases, it is the least, almost none.
This explains why a solid substance holds its
shape unless forces are applied to change it,
why a liquid changes its shape to suit its con-
tainer, and why a gas attempts to fill the space
in which it is liberated.

f. Inasmuch as the item of concern is the

“emission of electrons from metals which may

or may not bear coatings of certain chemical
elements, it will be well to discuss the action
of atoms and molecules. It is significant to note
that the amount of random motion in atoms
and molecules is a function of temperature. If
the temperature of a metal is reduced, its
amount of random motion is reduced, and its
resistance to the flow of electric current is re-
duced. This action can be explained by saying
that the electrons which comprise the current
meet less opposition and experience fewer col-
lisions with the atoms, because the atoms are
restricted in their movements.

g. On the other hand, if the material is
heated, energy is added to the energy already
possessed by the atoms and the molecules in
motion, and they perform greater movements
at greater velocity. When a fuse blows, the
action is simple. The high current overload
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heats the fuse material so that the kinetic en-
ergy of the atoms and molecules is sufficient to
disrupt the molecular organization of the metal
completely, and it passes instantly through the
stage of liquefaction and turns into vapor. Con-
sequently, it becomes a part of the surrounding
air.

h. In like fashion, the free electrons in a
substance held at normal temperature perform
random motion in their travel between atoms,
as illustrated in exaggerated form in figure 11.
This takes place at a relatively high velocity.
Since these electrons move around so rapidly,
one is tempted to ask the natural questions:
Why don’t they move out of the material—for
instance, a piece of wire? Why don’t they break
through the surface and get into free space?
Some do just that, but they are so few in num-
ber as to be of no importance. The generally
accepted description of what happens is that
there is no liberation of electrons until special
conditions are created deliberately. The reason
for such behavior was first explained by O. W.
Richardson in 1901. Richardson’s theory con-
cerning conditions at the surface of a hot metal
has subsequently been accepted by scientists.
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Figure 11. Free electrons having random motion at
normal temperature within a metal.

i. Richardson advanced the idea that the
boundary of a substance exerts a force in a di-
rection toward the inside of the substance, and
so prevents the electrons from leaving the mate-
rial by penetrating through its surface. For an
electron to break through the surface, it is nec-
essary that its velocity, as it approaches the
surface, be greater than a critical amount, in
order that kinetic energy be sufficient to over-
come the barrier at the surface which tends to
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keep it within (fig. 12). This behavior of dif-
ferent materials is described as the work func-
tion of the substance. As a matter of conven-
ience, this constant usually is expressed in elec-
tron volts of energy or simply electron wvolts.
Consequently, if an electron advances from a
point of zero potential to a point that is 10 volts
positive, it has acquired 10 electron volts of
energy. Under such conditions, the velocity of
the electron is described as 10 electron volts
or, for convenience, 10 volts. Potential barrier
is another name for the action that occurs at the
surface of a material and is also expressed in
electron volts.

ELECTRONS

SURFACE
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Figure 12. Free electrons escaping into air and to
surface of metal.

j. Various substances have certain work
functions. A substance like thoriated tungsten,
which is commonly used in electron tubes as
the source of electrons, has a work function
rating of 2.63 volts. On the other hand, nickel
coated with barium oxide has a work function
rating of about 1 volt. The lower this rating
is the more easily an electron can penetrate the
surface and leave the material. Consequently,
oxide-coated substances often are used as emit-
ters of electrons in electron tubes when a large
electron flow is desired. In terms of electron
velocity, the lower the work function rating,
the less the velocity of the electron needs to be
in order to leave the surface. This gives rise to
the use of different kinds of electron-emitting
substances in electron tubes.

k. The statements made so far show that the
emission of electrons by a substance is possible
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by giving the electrons such velocity that they
will overcome the restraining forces present at
the surface. This means adding energy to the
amount already possessed by the electrons. Sev-
eral methods of doing this will be described
presently.

9. Thermionic Emission

a. Thermionic emission is one means of se-
curing an adequate supply of electrons for the
operation of both vacuum and gaseous kinds of
electron tubes. By definition, thermionic emis-
sion is the emission of charged particles from
a heated cathode or emitter. The acceleration
of the electron to the velocity required for it
to leave an emitter is accomplished by means
of heat applied by any one of a number of proc-
esses. Consequently, the name thermionic tubes
sometimes is used to describe electron tubes.

b. In thermionic emission, heat is the form of
energy that is used to liberate electrons from
the substance. When heat is applied to a metal
and the temperature is raised sufficiently, some
of the heat energy is transferred to the elec-
trons. The electrons then move with greater
velocities than previously. If the temperature
is high, so that the motion of the electrons
reaches sufficient velocity, they will escape
through the potential barrier of the emitter
into space. When this action is controlled, as
in the case of electron tubes, it can be made to
provide a continuous stream of electrons.

¢. For a given type of emitter, there is a
definite rate of thermionic emission at each
temperature. The rate depends on the type of
emitter material used and the temperature of
the emitter. This process is fully described in
chapter 3.

10. Other Types of Electron Emission

a. Thermionic emission sometimes is re-
ferred to as primary emission to distinguish it
from another type of electron emission called
secondary emission. In this comparison, pri-
mary emission signifies that emission takes
piace directly from an emitter substance by the
application of heat, or other means; in sec-
ondary emission, electrons are detached from
a body as the result of its being bombarded by
electrons emitted from a primary source (fig.
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13). When, for example, a stream of high-ve-
locity electrons strikes a metallic substance,
these bombarding electrons impart sufficient
energy to the electrons within the metal to en-
able them to break through the potential bar-
rier. Although in the figure only one secondary
electron is shown to be released for each pri-
mary electron, in actual practice the number of
secondary electrons may be more, depending on
the material from which the body is con-
structed. In some vacuum tubes, secondary
emission takes place in the normal tube opera-
tion, but usually it is undesired and provision
is made to prevent it. However, this condition
is created purposely in other tubes to obtain
special operating characteristics.
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Figure 13. Secondary emission caused by electron
bombardment.

b. Another method of producing electron
emission is by the application of light. Light,
an electromagnetic radiation, is a form of en-
ergy. The theory by which electrons are lib-
erated from substances when electromagnetic
waves of the proper frequency impinge on them
is very complex and is beyond the scope of this
book, but it is an accepted fact that electron
emission does take place. Consequently, when
energy in the form of light strikes a photo-
sensitive metal, electrons are liberated from
this metal under impact of the energy of the
light rays (fig. 14). This is known as photo-
electric emission. The photoelectric current is
directly proportional to the intensity of illu-
mination. All photoelectric tubes, or photo-
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tubes used in countless applications for control
and detection depend on photoelectric emission
for their operation.
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Figure 14. Photoelectric emission of electrons.

¢. Still another method is called cold-cathode
emission. In this type of emission, electrons
are virtually pulled out of a substance by the
power of an extremely strong electric attract-
ing force. Since high voltages which raise
many problems are required in this method,
cold-cathode emission is not commonly used.

11. Typesof Emitters

Electron emitters are classified according to
the method used to heat them. In the direct
method, the emitter is called a filament or di-
rectly heated cathode, and the electric current
is applied directly to the cathode. In the indi-
rect method, the emitter is called an indirectly
heated cathode and the electric current is sent
through a separate heater element which is lo-
cated inside the emitting cathode and transfers
its heat energy to it by conduction. Both meth-
ods can use either alternating current or direct
current.
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a. DIRECTLY HEATED ELECTRON EMITTERS
(fig. 15). A directly heated electron emitter or
filament is usually of the general construction
shown in A. The radio symbol for the filament
in a vacuum tube is shown in B. Physically,
the filament usually is shaped either in the form
of an inverted V or an inverted W. The fila-
ment voltage required to produce electron emis-
sion is applied across the filament prong termi-
nals located in the base of the tube. When cur-
rent flows through the filament circuit, the fila-
ment emits electrons when it reaches emission
temperature. Filament materials are tungsten,
thoriated tungsten, or metals that have been
coated with alkaline-earth oxides. In the latter
case, the electron-emitting material is the coat-
ing; the metal core is used to carry the heating
current. Some directly heated oxide-coated fila-
ments require comparatively little heating
power, and for this reason they are extensively
used in tubes designed for operation from bat-
teries and in portable equipments. An added
advantage of the directly heated electron source
is the rapidity with which it reaches electron-
emitting temperature. Since this is almost in-
stantaneous, many equipments that must be
turned on at infrequent intervals but must be
instantly usable use directly heated tubes.
Usually these are of the oxide-coated variety.

b. INDIRECTLY HEATED ELECTRON EMITTERS
(fig. 16). For the indirectly heated type of
electron emitter, shown in A, the cathode elec-
trode is the emitting element. B represents
the radio symbol as it appears in vacuum tubes.
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Figure 15, Directly heated filaments and schematic
symbol.
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The electron source is an oxide coating on the
cathode electrode. It is heated to emission tem-
perature by the heat from the heater. The elec-
tric current flows through the heater, located
within the cathode that surrounds it. Heat en-
ergy produced in the heater by the electric cur-
rent is conveyed by conduction to the cathode.
The majority of electron tubes are of the in-
directly heated type, because of the practicabil-
ity of operating the tube from alternating-cur-
rent supply lines. Variations in heater current
do not cause a fluctuating output in electron
emission (for all practical purposes) because
the temperature of the cathode remains fairly
constant when the a-c input reverses its direc-
tion. The constant temperature is caused by
the inability of the cathode to cool off quickly
when the alternations are approximately 60
cps. This is not true for directly heated emit-
ters, and, consequently, special circuits are nec-
essary to adapt these tubes to an a-¢ filament
supply.
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Figure 16. Indirectly heated emitter and schematic
symbol.

¢. FACTORS DETERMINING EMISSION. The
amount of electron emission that can be ob-
tained from an incandescent filament or a
cathode depends on various factors. Essen-
tially, it is determined by the temperature of
the emitter, which in ordinary vacuum-tube
operation is determined directly by the amount
of current applied to the filament. In general,
the higher the temperature of the emitter, the
higher is the resultant emission. However, a
practical limit must be considered. The sub-
stances used in the manufacture of emitters are
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designed for operation within definite tempera-
ture limits to assure maximum operating life
and efficiency. Ezxcessive temperature causes
extremely rapid deterioration of the emitter,
which reduces its useful life. This applies
equally to all types of tubes using heated elec-
tron emitters.

12. Materials Used

a. Very high temperatures are required to
produce satisfactory thermionic emission. As
previously mentioned, the materials best suited
for the purpose are tungsten, thoriated tung-
sten, and oxide-coated core materials. Plat-
inum and nickel are examples of oxide-coated
core materials. Of all these substances, tung-
sten possesses the greatest durability, and
therefore, is used in tubes which may be sub-
jected to heavy overloads. Similar service is also
performed by thoriated-tungsten filaments.
Both of these generally are found in equipments
such as transmitters, since they can withstand
high voltages and rigorous conditions.

b. Thoriated-tungsten filaments are manu-
factured by mixing thorium with tungsten. The
thorium coating behaves as a profuse emitter
of electrons and gradually evaporates during
use. As it boils off, it is replenished from inside
the tungsten filament wire. At the same time,
a gradual evaporation of the wire occurs; con-
sequently, it becomes thinner with time. Even-
tually one part of the filament becomes too weak
to carry the current and it burns out.

¢. Thoriated-tungsten filaments usually are
operated at temperatures of about 1,900° C.
At this point, the filament becomes bright yel-
low. Tungsten, on the other hand, is operated
at approximately 2,200° to 2,500° C. and glows
with a white light. The evaporation of tungsten
is like that of thoriated tungsten; consequently,
longest tube life is attained by keeping the volt-
age constant across the filament and allowing
the current to adjust itself in accordance with
the changes in filament resistance as the wire
becomes thinner and thinner.

d. The most efficient electron emitters are
the oxide-coated filaments and cathodes. These
coatings usually are barium or strontium ox-
ides. The electron emission takes place from
the oxide coating; the core carries the heating
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current. The operating temperature is approx-
imately 800° to 1,150° C.

13. Summary

a. According to the electron theory, all mat-
ter is composed of two fundamental electrical
charges—namely, protons and electrons. Dif-
ferent combinations of both form atoms. A
molecule consists of one or more atoms, depend-
ing on the particular element.

b. Free electrons in a substance at normal
temperature perform random motion in their
travels between atoms.

¢. Some types of electron emission are ther-
mionic, secondary, photoelectric, and cold-
cathode.

d. Electron emitters are either directly or
indirectly heated by an electric current. Be-
cause alternating current is the principal
source of electrical power available, the indi-
rect means of heating electron emitters is most
widely used.

e. Oxide-coated materials for cathodes are
used most commonly because of their high emis-
sion rate. Where higher voltages are involved,
mechanical strength is a requirement, and
therefore, tungsten or thoriated tungsten is
used.

14. Review Questions
a. What are the building blocks of matter?
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b. Name the two fundamental particles found
in the atom.

¢. State three methods by which electrons can
be liberated from a material.

d. What enables electrons to leave a mate-
rial?

e. What is meant by the terms work function
and potential barrier?

f. Name three materials which are used as
electron emitters in electron tubes.

g. Which type of substance emits electrons
most profusely?

What is meant by indirect heating of an
emitter? By direct heating of an emitter?

h. What is the name generally applied to an
indirectly heated emitter? To a directly heated
emitter?

1. What is the effect of operating emitters
at excessive temperatures?

j. Why are tungsten and thoriated-tungsten
emitters operated at constant voltage instead
of constant current?

k. What is the difference between primary
emission and secondary emission ?

I. Relative to the source voltage, what advan-
tage does indirect heating offer over direct heat-
ing of emitters?

m. Which operates more rapidly, the indi-
rectly heated emitter or the directly heated
emitter?
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CHAPTER 3
DIODES

15. Construction

a. The simplest type of electron tube is the
diode. Tt consists of two elements or electrodes,
one of which is an emitter of electrons and the
other a collector of electrons. Both elements are
enclosed in an envelope of glass or metal. Al-
though this discussion revolves around the
vacuum diode from which most of the air has
been removed, it should be understood that
gaseous diodes also exist. The term diode refers
to the number of elements within the tube en-
velope rather than to any specific application.
In this connection, the complete electron-emit-
ting system is treated as one element. Different
names are applied to the diode to indicate the
specific function of the tube in any particular
electrical circuit. As one example, the diode
can change alternating current into direct cur-
rent; it is then a rectifier, and the tube is named
accordingly. Therefore, when discussing the
basic diode, reference is made to the tube as a
type, rather than to any of its applications.

b. The electron collector is called the plate
and the electron emitter is called the cathode.
Although the latter term more specifically ap-
plies to the indirectly heated type of emitter,
whereas the directly heated type of emitter is
referred to as the filament, the term cathode
usually is used regardless of the method of heat-
ing. This usage is not so odd as it may seem,
since the majority of tubes in use today are of
the indirectly heated type.

¢. In directly heated tubes, the filament is of
the general construction illustrated in figure 15,
showing two typical filamentary cathodes. The
type shown at the left is known as an inverted
V, and that on the right as an inverted W. The
filament is held in place within the tube enve-
lope (glass or metal) by means of suitable metal
supports firmly resting in the glass stem of the
tube. It is suspended from the top of the tube
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by a metal support which allows for the expan-
sion of the filament wire when heated. The fila-
ment voltage is applied across the prong termi-
nals of the filament in the tube base. Figure 17
is a cross-sectional view of a simple diode tube,
showing the internal construction, tube base,
and wiring.

d. In indirectly heated tubes, the cathode-
heater design can be either of the two common
types shown in figure 16. The heater wire is
usually either U-shaped, as shown on the left,

FILAMENT
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FILAMENT
SUPPORTS

GETTER

PLATE PIN

FILAMENT PINS

T™M 662-26

Figure 17. Cross-sectional view of simple half-wave
diode of filament type.
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in A, or it can be twisted throughout its length,
as on the right, in A. In indirectly heated tubes,
the cathode is an oxide-coated cylindrical sleeve,
usually of nickel, which encloses the heater wire.
The heater is insulated from the nickel sleeve by
an Alundum coating on the heater wire or by
passing the heater wire through fine parallel
holes in an Alundum tube. In directly heated
high-power tubes, the cathode heater is con-
structed of tungsten and thoriated tungsten,
since high voltages tend to destroy oxide-coated
cathodes.

e. The plate is usually of cylindrical construc-
tion, although frequently it has an elliptical
form. In modern tubes it surrounds its associ-
ated emitter, as in figure 18. The metals used
for the diode plate (and the plates of most other
tubes) usually are nickel, molybdenum, monel,
or iron. A tube which contains one emitter and
a single related plate is identified generally as a
half-wave rectifier, for reasons which will be ex-
plained later. Another name for tubes of this
kind is simply diode.

f. Another structural organization of diode
tubes utilizes two diode sections inside a single

envelope, each section consisting of an emitter
with its own heater and its related plate (A of
fig. 18). A tube that contains a pair of diode
sections is called a duo-diode, or a full-wave rec-
tifier. The choice of term depends on the appli-
cation of the tube. Rectifiers usually are asso-
ciated with circuits which change alternating
current to pulsating direct current at reason-
ably high levels of electrical power, whereas
the name diode or duo-diode is applied to tubes
which perform the same function in connection
with radio signals. These represent appreciably
lower levels of electrical power. The differences
will become much clearer later.

g. The circuit symbol for an electron tube
with two cathodes and two plates is shown in
the lower part of A. The two heaters, one for
each cathode, are shown joined in series. The
same heater current flows through both. The
two extreme terminals are arbitrarily labeled
H1 and H2. In some tube types, a center tap
is provided in the heater circuit. This is shown
by the dotted line labeled H3. The two cathodes,
K1 and K2, are independent of each other. The
plates associated with these cathodes are des-
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Figure 18. Construction of duo-diode and its schematic representation.
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ignated appropriately PD1 and PD2, corre-
sponding to the markings for the cathodes. The
circle around all of the electrodes symbolizes
the tube envelope.

h. B shows a different physical arrangement
of two diodes within a single envelope. This is
a directly heated tube in which oval-shaped
plates surround the inverted V-shaped filament
emitters. These filaments are connected in se-
ries, as shown in the related circuit symbol.
Again, the two plates are independent of each
other and each bears its own identifying desig-
nation.

1. Modifications of tube structure occur
among the many diode tube types. Two of these
are illustrated in figure 19. One heater can
serve a single cathode, which has sufficient emis-
sion to serve two independent plates, as in A,
or two series-connected heaters can serve two
cathodes joined to each other internally and
terminated at a single tube base pin, as in B.
The plates are separate from each other for con-
nection to individual circuits.

PDI |y PD2 PDI | | PD2
K
« H
H
A B
T™M 662-28

Figure 19. Other schematic representations of
duo-diodes.

J. One of the essential requirements of a
vacuum tube is that it must remain practically
free of internal gases during operation. Every
precaution is taken during manufacture to
pump all the air from the tube and bring it as
close as possible to a fully evacuated state. When
a tube is not highly evacuated (because of some
defect in manufacture, or deterioration during
use), it is said to be gassy. The flow of current
through a gassy tube may be erratic, and this
can cause erratic operation. It is important to
note that some gases remain after evacuation,
being imbedded in the metal parts. To remove
these imbedded gases, the tube elements first
are brought up to red heat; then a getter, gen-

AGO 2244A

erally magnesium or barium, is flashed within
the tube to absorb the gases released by the
heat. The getter condenses on the inside surface
of the tube envelope as a silver or reddish coat-
ing. The slightest air leak caused by a cracked
glass envelope will result in a chemical reaction
between air and the getter flash, turning it
milky white. The tube interior is evacuated so
completely that it approaches a nearly perfect
vacuum. Fewer than half a trillion air mole-
cules per cubic inch is considered a very effi-
cient vacuum for receiving tubes.

16. Operation

a. It is necessary to review briefly several
fundamentals concerning the behavior of the
electron before proceeding with the explanation
of the operation of the diode. The electron is a
particle of negative electricity. It is attracted
by a charge of opposite polarity and repelled by
a charge of like polarity. Such behavior is in
accordance with the basic laws of electricity
which state that like charges repel and unlike
charges attract. What is true about charges is
true also about bodies or plates which are
charged positively by the removal of electrons
or charged negatively by the addition of elec-
trons. Consequently, if a source of voltage, E,
is connected between two facing plates, N and
M, as in A of figure 20, with the positive termi-
nal to N and the negative terminal to M, a dif-
ference of potential is established between N
and M. This difference in potential equals the
voltage source, E; in addition, plate N is posi-
tive relative to plate M, or plate M is negative
relative to plate N. Finally, as the consequence
of the redistribution of charges on plates N and
M, an electrostatic field is created in the space
between the plates.

b. As explained in TM 11-661, the direction
of a line of force is the direction in which a posi-
tive test charge tends to move when placed in an
electric field. Thus, because like charges attract
and unlike charges repel, a positive test charge
tends to move toward a negative charge and
away from another positive charge, or, from
positive to negative. For this reason, the direc-
tion of the line of force is shown as leaving a
positive charge and entering a negative charge.
The choice of a positive charge as the test
charge is conventional. Actually, if a negative
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Figure 20. Electrostatic fields resulting from two
plates and a battery.

test charge is chosen, the direction of the line
of force will be reversed ; that is, a negative test
charge, when placed in an electric field, tends to
move toward a positive charge and away from
another negative charge, or, from negative to
positive. Actually, it makes no difference
whether a positive test charge or a negative
test charge is selected because, in either case,
the choice is arbitrary. The only difference is
in the direction of the arrows on the lines of
force in the illustrations. Throughout this man-
ual, the use of a negative test charge is assumed
and the direction of arrows on all lines of force
in the illustrations are shown from negative to
positive (A of fig. 20). This choice is a logical
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one because the study of vacuum tubes is con-
cerned largely with the behavior of the electron
in motion, and the electron, being a negative
charge of electricity, always tends to move from
negative to positive. Also, the electron tends to
move in the same direction as the arrows on the
lines of force, the latter being the graphical
representation of the electric field.

¢. No matter where the electron is placed in
the field between N and M, it travels toward N
along the lines of force. Only two lines of force
are shown as a matter of convenience in the
drawing; actually, the entire space between
both plates is full of these imaginary lines of
force. Although they issue from point charges,
the radial arrangement of electrostatic fields
shown for isolated charges is not used here.
Great numbers of these charges are located on
the two parallel plates and the effect of the
forces caused by these charges within the space
bounded by the two plates can best be shown by
parallel lines.

d. If the connections of the voltage source are
reversed so that plate M is joined to the positive
terminal and plate N to the negative terminal,
as in B of figure 20, the reverse condition is
established. The electrostatic field still exists in
the space between the two plates, but now the
direction of the lines of force of the field is re-
versed. Plate M is positive relative to plate N
and the electron advances along the lines of
force toward M, the positively charged plate.
The action of an electron in an electrostatic
field of this kind can be described simply by say-
ing that it advances along the lines of force to
the most positive point in the field. In A of fig-
ure 20, this is plate N; in B of figure 20, it is
plate M.

e. One factor that determines the intensity of
the force of attraction and repulsion acting
upon the unit test charge is the distance be-
tween plates M and N. The smaller the separa-
tion between M and N, the greater is the force
of the field for a given value of applied voltage.
If the applied voltage is doubled, the force of
the field is doubled, and this has the same effect
as reducing the distance between the plates by
half. (Plate separation has the inverse effect
with reference to the applied voltage.) Actually,
the intensity of the electrostatic field can be in-
creased by three methods: an increase in volt-
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age applied to the plates, a reduction in the
separation between the plates, and a combina-
tion of both of these methods. It follows that
any increase in the intensity of the electrostatic
field results in a strengthening of the force act-
ing upon the electron. In effect, the greater this
force, the more powerfully is the electron either
attracted or repelled in its travel between the
plates.

f. Another point of interest that might be
mentioned is that, regardless of the number of
electrons advancing under the influence of the
field, their velocity per unit time is a function of
the difference of potential established between
the limits of the field. The greater the voltage
on plate M relative to plate N, the faster the
electrons travel through the field. If a great
many electrons start from some point near N,
the greater will be the number that will be able
to advance to M in a unit time. The lower the
difference of potential between the two plates,
the lower the velocity of the electrons, and con-
sequently, fewer electrons will span the field
per unit time.

g. All of the preceding leads to the most im-
portant part of the review. It is evident that
the direction of the electron advance is deter-
mined by the polarity of the field. If a source
of electrons is assumed somewhere in the field,
near plate N, and their behavior is examined
relative to plate M, it is seen that the electrons
will feel a force attracting them to plate M when
that plate is positive, and will feel a repelling
force when that plate is negative. Under one
set of conditions, electrons will advance to plate
M and under another set of conditions they will
not go to plate M. The relationship between
electron movement and the polarity of the field
is basic to the operation of the diode and to all
electron tubes.

h. As a preliminary explanation at this time
and without attempting to deal with all of the
pertinent points, reference is made to A of fig-
ure 21. This is an elementary version of a diode
circuit. The emitter is indirectly heated. The
voltage required to drive current through the
heater is secured from a source normally identi-
fied as heater voltage supply. The polarity of
the filament battery can be reversed, since its
only purpose is to heat the filament. In the cir-
cuit shown it is a battery, but it can just as
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readily be a transformer of appropriate voltage
and current rating operated from the a-c power
line. The latter is the usual arrangement.

P+ “CURRENT

T™ 662-30

Figure 21. Different conditions of current flow
through diode.

1. Apart from the heater circuit, the operat-
ing system consists of the emitter, in this in-
stance the cathode, X, plate P, and the external
circuit consisting of a plate-voltage supply
source, B, and a current meter, A. The voltage
applied to the plate is connected between the
plate and the emitter. The purpose of the meter,
which is connected in the circuit, is to indicate
the behavior of the current. The plate battery
is so connected as to make the plate negative
with relation to the cathode.

7. At this point, it is important to understand
a certain action inside the tube. Regardless of
what may be connected between cathode and
plate, or if no apparatus of any kind is joined
to these electrodes, an electron cloud appears
near the cathode as soon as the cathode is heated
to electron-emitting temperature. This electron
cloud is located in the space between the cathode
and the plate. What happens to these negative
charges? The answer is found in the discussion
of charged plates earlier in this chapter. With
plate P negative relative to cathode K, the emit-
ted electrons are prevented from advancing to
the plate; the direction of action of the electro-
static field between K and P repels the electrons.
In the meantime, the continued heating of the
cathode results in continued emission. The net
result is a cloud of electrons in the space near
the cathode, as illustrated by the tiny circles in
A of figure 21. The absence of electron flow be-
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tween cathode and plate makes the interelec-
trode space the equivalent of an open circuit;
consequently, there is no current flow through
the tube circuit formed by the cathode, the plate,
the current meter, and the plate-voltage supply
source.

k. In B of figure 21 the system has been modi-
fied by changing the polarity of the voltage ap-
plied to the plate, making the plate positive rela-
tive to the cathode. What happens to the emit-
ted electrons under such polarity conditions?
The previous discussion concerning the move-
ment of negative charges in an electrostatic
field furnishes the answer. The positively
charged plate now exerts an attracting force on
the emitted electrons. They advance across the
space between cathode and plate. Since moving
charges comprise electric current, the stream
of electrons is the equivalent of an electric cur-
rent without benefit of a wire conductor. The
movement of these charges can be viewed con-
veniently as being from the cathode to the plate,
thence through the meter, A, through the plate-
voltage source, B, and back into the cathode,
completing the circuit.

l. If it is assumed that the cathode is kept at
an emitting temperature and the plate is main-
tained positive relative to the cathode, the move-
ment of electrons continues through the circuit
for as long as the aforementioned conditions
prevail. Because the current flows to the plate
in the tube and through the circuit elements
joined to the plate, it is identified as plate cur-
rent. The electrons shown in B of figure 21,
now are seen to fill the space between the cath-
ode and the plate.

m. This behavior of a diode leads to a num-
ber of important and far-reaching conclusions:

(1) Current flow in a diode occurs only
when the plate is positive relative to
the electron emitter.

(2) Current will not flow in a diode when
the plate is negative relative to the
electron emitter.

(3) Current flow in a diode can be in one
direction only, from cathode to plate,
never from plate to cathode. This ac-
tion is called unidirectional or unilat-
erul conduction.

(4) A diode can behave like a control
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valve, automatically starting and stop-
ping current flow.

n. These capabilities lead to many different
applications of the diode, several of which are
detailed elsewhere in this manual. One of these
can be appreciated here. If the plate battery
in B of figure 21 is replaced by an a-c voltage
source, which alternately changes the polarity
of the plate and the cathode, the tube will alter-
nately conduct and cease conducting. Each time
the plate is made positive, current will flow
through the system and continue flowing until
the polarity of the plate is changed to negative,
at which time, current flow through the plate
circuit will cease. This is the principle of recti-
fication.

0. The fact that two diode systems are con-
tained within a single envelope does not modify
the behavior. Each diode behaves as outlined.
The use of two diode sections is a matter of ac-
complishing certain results conveniently. These
will be explained later.

17. Space Charge

a. The statements made thus far in regard to
the electrons emitted from a cathode (or fila-
ment) and the statements made concerning the
plate voltage as well as the plate current may
well be considered more critically. How much
electron emission is possible? How much plate
current is possible or permissible? How high
can the voltage on the plate be? These questions
deserve answers because they influence the un-
derstanding of the over-all operation of the de-
vice. This leads to the subject of space charge.
In order to make this manual easy to read, the
cathode and filament types of electron emitters
will be treated in like manner. Their physical
differences are taken for granted, but it is nec-
essary to select one or the other term for easiest
reference to emitters. Accordingly, the word
cathode will be used to denote the electron emit-
ter in all cases, unless otherwise specifically
stated. It will have meaning only as a source of
electrons, rather than as a term which distin-
guishes indirectly heated emitters from directly
heated emitters.

b. The number of electrons which traverse
the space between the cathode and the plate in
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a diode per unit time (in other words, the plate
current), is determined by four important fac-
tors:

(1). The temperature of the cathode;

(2) The emission per unit time;

(3) The voltage of the plate relative to the
cathode;

(4) The space charge.

¢. Items (1) and (2) are related to each other
because the temperature of any cathode deter-
mines the number of electrons emitted per unit
time. Logically, a supply of electrons is neces-
sary in order that plate current flow may exist.

d. Item (3), the plate voltage, is another im-
portant factor. It is the force attracting the
emitted electrons. At first thought, it would
seem as if a very low value of positive plate volt-
age would immediately attract all the electrons
which have been liberated by the cathode. This
does not happen because of item (4), the space
charge. The space charge is responsible for the
control of plate current. As a matter of fact,
plate current in diodes generally is described as
being space-charge limited, and an analysis of
the behavior of the space charge explains why
changes in the value of voltage applied to the
plate change the value of plate current. The
term space charge refers to the effect of the elec-
trons which have been liberated and which ac-
cumulate in the neighborhood of the cathode,
with or without plate-current flow in the tube.

e. Imagine for a moment a tube arranged as
illustrated in A of figure 22. The cathode is
heated to an electron-emitting temperature and
the plate is joined to the cathode. Since no volt-
age is applied to the plate, it exerts no attract-
ing force on the emitted electrons. If the cath-
ode is emitting electrons, what happens to them ?
As a beginning, it is necessary to make several
assumptions. The heat applied to the cathode
imparts sufficient velocity to the electrons to
enable them to overcome the work function of
the emitter material. They break through the
potential barrier. But most of the energy pos-
sessed by the electrons is given up in passing
through the potential barrier and very little is
left after they leave the emitter. This is the
first assumption: The electrons are considered
as leaving the cathode at a relatively low veloc-
ity. A few emitted electrons can possess suffi-
cient velocity to complete the excursion to the

AGO 2244A

plate, without any attracting pull from the
plate. These are so few in number that they
can be disregarded in terms of normal function-
ing of the tube.

f. The second assumption is that the shape of
the emitting surface of the cathode is a straight
side or a plane surface. The third and final as-
sumption is that the electrons leave the cathode
in an orderly manner and have orderly motion,
something like the movement of troops in col-
umns. This is not really true because emission
is haphazard and in random directions away
from the surface, but the assumption does no
harm. An idea of what is meant is illustrated
in B; the disposition of the electrons is shown
more accurately in A. The orderly emission aids
the understanding of what follows. Let us start
with the emission of the first row of electrons,
in B. They have nothing in front of them to
impede their progress. However, their low ve-
locity of emission is a limiting factor, and they
do have to contend with the second row in back
of them, the third group in back of the second,
the fourth group in back of the third, and so
on. Since the basic law of charged bodies states
that like charges repel one another, the elec-
trons back of the first group are experiencing a
repelling force exerted by the electrons in front
of them, and the direction of this force is such
as to retard the motion of the electrons in their
advance away from the cathode.

g. Layers after layers of electrons feel these
forces acting on both sides of them and, while
they do move under the velocity of emission,
the net result is a cloud of electrons near the
cathode. The density of this cloud is greatest
near the cathode, and less and less dense
away from the cathode, as in A. To complete
the picture, it is necessary to consider two other
points. Since each charge in space exerts an in-
fluence upon each neighboring charge, the ac-
cumulation of the charges in space gives rise to
an accumulative effect of great importance.
This is the condition created in the proximity
of the cathode. It is spoken of as the space
charge. Actually it is an electrostatic field that
exists between the boundary of the electron
cloud facing the cathode and the emitting sur-
face of the cathode, as shown in C.

h. One limit of this electrostatic field is the
number of charges and the other is the emitting
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Figure 22. Electron accumulation in diode.

surface of the cathode. The direction of the
lines of force in terms of emitted electrons is
away from the electron cloud. The cathode sur-
face, on the other hand, is assumed to be the
positive boundary of the field, because as each
electron leaves it during emission, the cathode
contains one additional positive ion (an atom
lacking one or more electrons) and tends to at-
tract electrons back into itself. It might seem
that the density of the space charge will in-
crease as long as the cathode is emitting elec-
trons. Such is not the case. For any one given
temperature of the cathode, the emission of elec-
trons is definitely limited, as is the density of
the space charge. The reason for this is the re-
pelling action of the space charge. Having ac-
quired a critical density, the space charge de-
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velops a field of such intensity as to repel back
into the cathode one electron for every electron
which enters the electron cloud. This condition
of equilibrium in the space charge is called
emission saturation.

i. Every value of cathode temperature has a
condition of emission saturation. This is under-
standable because an increase in cathode tem-
perature increases the velocity of the emitted
electrons and these new electrons will enter the
space charge and make it more dense. After the
density has been increased to the point where
the field strength can offset the increased veloc-
ity of the emitted electron, a new level of emis-
sion saturation is reached for the new cathode
temperature. It is evident, therefore, that the
space charge has a controlling influence upon
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the emission of electrons from the cathode. The
control exerted by the space charge on the plate
current can be seen by reference to figure 23.
The positive plate voltage is applied to that elec-
trode, giving it a positive charge. The plate is
positive relative to the cathode, but in between
these two electrodes is the space charge with
its retarding influence on the emitted electrons.

SPACE CHARGE

FIELD DUE TO
SPACE CHARGE

the field created by the voltage applied to the
plate. The field between the space charge and
the cathode is treated separately. The move-
ment of an electron between cathode and plate
can, therefore, be viewed as being first into the
space charge and then out of the space charge
to the plate. In this way equilibrium or constant
electron density is maintained in the space
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Figure 23. Electrostatic fields present between cathode and plate as result of space charge.

j. Two electrostatic fields are, therefore,
present between the cathode and the plate: one
between the cathode and the space charge and
the other between the space charge and the
plate. Because of the presence of the space
charge, it is entirely proper to view the attract-
ing force of the positively charged plate as act-
ing on the electrons in the space charge, rather
than directly on the electrons being emitted.

k. The reason for this is as follows : The lines
of force going to the positively charged plate
represent a certain number of excess positive
charges <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>